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1. Introduction

Current evidence suggests that preserving intact ecosystems and their endemic biodiversity
should generally reduce the prevalence of infectious diseases (Johnson et al., 2019; Keesing et
al., 2010). The world human population is, however, expected to increase to 9.6 billion in 2050
(Gerland et al., 2014) which furthers habitat destruction and competition for resources.
Accelerating population growth rates are seen in areas that are classified as biodiversity
hotspots, which are areas especially rich in endemic species (Cincotta et al., 2000). Yet, the
global rise in human infectious disease outbreaks that are frequently associated with zoonotic
pathogens (Jones et al., 2008; Smith et al., 2014) is a symptom of a growing human-wildlife-
livestock interface (Karesh et al., 2012). There is, therefore, an increased risk of disease
transmission from wildlife to humans and livestock and vice versa. Wildlife diseases can have
a significant economic impact and many of them have the potential to become a major public
health concern (Daszak et al., 2000).

Although human-introduced diseases can likewise become a significant health threat to
wild animals (Dobson and Foufopoulos, 2001), this thesis will focus largely on diseases in
wildlife that are relevant to human health. The first six chapters provide a framework for the
different aspects that are pertinent to understand and investigate diseases in the context of
natural ecosystems. Subsequently, chapter 7 applies this knowledge to investigate Treponema
pallidum infection in wild nonhuman primates (NHPs) as a potential source for human yaws
infection.

2. Basic Principles of Wildlife Disease Ecology

2.1 Natural Ecosystems and the Host-Pathogen Equilibrium

An ecosystem is defined as “all the living things in an area and the way they affect each other
and the environment” (https://dictionary.cambridge.org/dictionary/english/ecosystem).
Microorganisms are an integral part of natural ecosystems and contribute to biodiversity. A
microbe that is capable of causing host damage is defined as a pathogen (Casadevall and
Pirofski, 1999). Yet, the combined biomass of pathogens within an ecosystem can exceed the
biomass of top predators (Kuris et al., 2008). Ecosystems are balanced, which means there is a
host-pathogen equilibrium within a given community of organisms. Intact ecosystems are
therefore characterized through relative stability in diversity with gradual changes through
ecological succession. Similar to predators, pathogens can regulate the trophic cascade (Buck
and Ripple, 2017; Hudson et al., 2006; Roche and Guégan, 2011) and therefore contribute to
the health of ecosystems. The disruption of the host-pathogen equilibrium can impact disease
dynamics within a given host community. The effect becomes visible e.g., in the absence of
predators where increasing numbers of herbivores are first bottom-up regulated through the
availability of resources. The increase in population density leads to increased contact rates
and subsequent exposure and transmission rates. At this stage, the population is at large
regulated by virulent pathogens. A practical example of such an effect is tuberculosis caused
by Mycobacterium bovis in wild boar (Sus scrofa). In the absence of an apex-predator, here the
grey wolf (Canis lupus), tuberculosis prevalence has been estimated four-fold higher than in
areas where the wolf prompted a top-down regulation of the trophic cascade (Tanner et al.,
2019). The reestablishment of a top-down regulated trophic cascade, therefore, contributes to



the reduction of prevalence and subsequently possible disease spillovers from wildlife reservoir
systems to livestock and humans.

2.2 The Evolution of Virulence

A microbe that is capable of causing host damage is defined as a pathogen and virulence is
defined as the microbe’s capacity to damage its host (Casadevall and Pirofski, 1999). The
impact that a pathogen can have on the population level is largely based on its impact on the
individual level, which in turn is influenced by the pathogen’s virulence factors. Virulence
factors are defined as components of a pathogen that damage the host (Casadevall and Pirofski,
1999). Factors can include toxins, bacterial capsules to produce endospores, adherence factors,
serum or antimicrobial resistance factors, or enzymes that enable fibro-lysis. In bacteria, these
factors may be coded on plasmids that can be easily transferred between different organisms.

Hosts and their pathogens are connected through an evolutionary arms race, that often
strives to reduce susceptibility on the host’s side and to maintain infectiousness on the
pathogen’s side. These processes can become visible when hosts and pathogens coevolve
(Burmeister et al., 2016; Goémez et al., 2014). After a long history of coevolution,
herpesviruses, for example, cause little harm to their natural host (Adler et al., 2017). However,
transmission to non-adapted hosts can occur with often fatal consequences as shown for the
macacine herpesvirus 1 (Huff and Barry, 2003) or the suid herpesvirus 1 (Sawitzky, 1997). The
different Leptospira spp. are another example of pathogen-host adaptation. The Leptospira
genus has co-evolved with its maintenance host, e.g. bats (Lei and Olival, 2014) where the
pathogen causes almost no pathogenicity (Gomes-Solecki et al., 2017).

Understanding the evolution and mechanisms of virulence can help to identify pathogen
candidates that have the highest potential to impact population health. Contrary to the idea of
co-evolution and the host-pathogen equilibrium, some pathogens have maintained their
virulence over millennia (Hoeprich, 1989). Although these pathogens have adapted to their
host, they are associated with high pathogenicity. Coevolution and host-adaptation, therefore,
do not always predict mild disease in a host-pathogen system (Anderson and May, 1981;
Ewald, 1998, 1995, 1996, 1991a, 1991b, 1983; Frank, 1996; Lenski and May, 1994; Levin and
Pimentel, 1981; May and Anderson, 1983). Pathogen competition within a single host likely
selects those genotypes that reproduce more rapidly and therefore increases virulence. On the
downside, pathogens that are directly transmitted benefit from the selection of benign
genotypes, as mild diseases ensure stable contact rates between infected and susceptible hosts.
Since the costs of high host mortality are relatively low for pathogens that can survive in the
environment until they can invade and infect a new host (Ewald, 1994, 1987), it is suggested
that pathogen survival in the environment is linked to increased virulence (Walther and Ewald,
2004). As a proof of concept, Walther and Ewald found a significant correlation between
durability and mean mortality rates (as a measure for virulence) in respiratory tract pathogens
of humans (Walther and Ewald, 2004). While the authors were not able to elaborate cause and
effect, their results are supportive for the sit-and-wait hypothesis (Ewald, 1994, 1987) that
argues for increased virulence in pathogenic microbes that have high tenacity. As a
consequence, environmental contamination contributes to a reservoir system of pathogens that
developed the capability to survive in the environment. An example is the bacterium Bacillus
anthracis, which causes fatal anthrax disease in wildlife, livestock and humans (Hoffmann et



al., 2017). The bacterium produces highly resistant endospores that can stay infective for years
(Nicholson et al., 2000).

2.3 Ecological Implications of Pathogens That Manipulate their Host

In addition to virulence factors, microbes have developed a range of strategies to manipulate
their hosts for their advantage and dispersal (Heil, 2016). The majority of manipulating
pathogens use a trophic mode of transmission in preference of a horizontal transmission mode
(Heil, 2016). Manipulation of the host can be as ‘simple’ as inducing hypersensitivity in the
upper airways to promote cuffing and sneezing and subsequent spread of the pathogen as it is
seen in respiratory diseases (Richard et al., 2017) or the painlessness of skin ulcers at the genital
to maintain sexual activity as seen in syphilis caused by the bacterium Treponema pallidum
ssp. pallidum (TPA) (Lafond and Lukehart, 2006). More subtle and complex manipulation
tactics of pathogens involve gradient changes in behaviour. A paramount example of such a
host manipulation is the infection with the protozoon Toxoplasma gondii. It has been reported,
that infected prey species increase their exposure to feline predators (Poirotte et al., 2016), are
sexually more attractive to susceptible hosts (Dass et al., 2011), and (even infected humans)
are more risk-taking (Flegr, 2007; Johnson et al., 2018). Thus, 7. gondii manipulates its host
in ways that are beneficial for the completion of its prey-predator driven lifecycle. Yet, host
manipulation can also be indirect. Pathogens of high virulence, such as B. anthracis, rapidly
kill their host and create conditions that do not favour the bacterium’s survival in its vegetative
form. Instead, endospores of high environmental resistance are produced (sit-and-wait
pathogen) (Dittmann et al., 2015). The decomposing body of the host provides a substantial
nutritional resource for plant growth, which attracts susceptible herbivorous species to visit
sides of high B. anthracis contamination (Turner et al., 2014). This boosts host exposure rates
and subsequently increases the incidence rate of anthrax in the herbivorous host.

On the population scale, the manipulation of the host’s phenotype can significantly
impact population health. In geladas (Theropithecus gelada), monkeys endemic to the alpine
grasslands of Ethiopia, we could show that infection with tapeworms of the genus Taenia and
the resulting coenurosis (geladas function as the intermediate host) adversely impact gelada
survival and reproduction of a course of at least two host generations (Nguyen et al., 2015). In
adult geladas, infection increased mortality rates and interbirth intervals. Offspring of females
with coenurosis had a reduced chance of survival and adult males were less likely to gain
reproductive control over units of females.

When ecologically important hosts are the target of infection, effects become clear on
the ecosystem level. The nematode Physocepahlus sexalatus has been used as an example to
illustrate these processes (Weinersmith and Faulkes, 2014). The parasite infects dung beetles
of the genus Phanaeus and causes reduced uptake of facces which is its main source of food.
High disease prevalence in dung beetles, therefore, leaves a higher rate of faecal-boli
undigested. Since dung beetles are known to reduce the number of infectious helminths in
faecal material through digestion (Nichols and Gémez, 2014), high numbers of undigested
faeces in the environment increases the risk for all other host species within the ecosystem to
get into contact with potentially infectious material.

Examples of host manipulation and phenotypic changes are numerous. Interactions
between the different pathogens in an ecosystem, but also within a single host, challenge our



understanding of diseases. Due to the complexity of natural ecosystems, such knowledge is
often missing, although it is crucial for the understanding of the pathogen’s biology, population
and community ecology (Weinersmith and Faulkes, 2014).

2.4 Host Factors that Influence Disease Susceptibility and Transmission

To be successful, pathogens need to be able to invade, adapt and survive in their host(s). Several
host factors can influence disease susceptibility, exposure and infection (DeCandia et al.,
2018). These factors are responsible for the degree to which a host can avoid infection. Factors
can include genotype, nutritional status, social behaviour and the immune system (Katz et al.,
2014). In general, there are two lines of host defence. The first and most rigid defence line that
a pathogen needs to overcome to convert an exposed and susceptible individual into an infected
host is the behavioural defence. If for example in sexually transmitted diseases a healthy subject
avoids contact by not mating with an infected partner, it will not acquire the disease or in the
case of sit-and-wait pathogens, behavioural defence could keep susceptible hosts away from
areas with high environmental pathogen contamination.

The second line of host defence is the host’s immunological reaction to an invading
pathogen. In mammals, the immune system consists of two main branches. The innate immune
response is the more ancient branch and has an invertebrate origin (Leulier et al., 2003). It
develops within hours after invasion of an infectious organism, but is of limited specificity and
exhibits only limited immunological memory for the pathogen that was previously encountered
(Koenderman et al., 2014). Independent of the respective route of pathogen invasion (skin,
mucosa, respiratory or gastrointestinal), the pathogen is at first confronted with a continuous
epithelial layer that it needs to actively (virulence factors) or passively (e.g., skin abrasions)
overcome. Further host factors that challenge the pathogen’s entry into the host organism are
for example the pH (e.g., in the stomach (Smith, 2003)), the production of lysozyme containing
mucus (Gerson et al., 2000) and ciliary surface activity (e.g., respiratory tract (Bustamante-
Marin and Ostrowski, 2017)). Pathogens that overcome these physical and chemical barriers
are subsequently confronted with some antimicrobial factors. These factors include
complement, lysozyme, interferons and lactoferrin. Cellular response to the invading pathogen
comes from leucocytes. Monocytes, macrophages, neutrophils and dendritic cells can
phagocytize and enzymatically digest microbes. Different kinds of toxic chemicals are
produced and released by activated effector cells such as neutrophilic granulocytes in response
to a pathogen (Kobayashi et al., 2018). Through cytokine release, leucocytes can orchestra a
pro-inflammatory response that attracts more effector cells to the side of inflammation (Zhang
and An, 2007) and which helps to control the spread of the pathogen within a host. The innate
immunity is inherited and germline-encoded (Janeway and Medzhitov, 2002; Kumar et al.,
2009). Toll-like receptors (TRLs) are an evolutionarily ancient recognition and signaling
system with a diverse set of receptor proteins devoted to the recognition of molecular patterns
that are not found in normal vertebrates (e.g., lipoproteins, zymosan of yeast, flagellin, dsSRNA,
ssRNA, or unmethylated CpG DNA) (Murphy et al., 2008a). TRL-receptors are expressed on
sentinel cells such as macrophages and dendritic cells and among others mediate cytokine
release. They recognize patterns that are characteristic of components of pathogenetic
microorganisms but the receptor recognition is not as specific as in the case of the antigen
immune receptors of the adaptive immune system (Akira and Takeda, 2004).



A hallmark of the adaptive immune system, which is the second branch of the
mammalian immune system, is its specific recognition of antigen and the immunological
memory function (Bonilla and Oettgen, 2010). B-lymphocytes are responsible for the
production of antigen-specific antibodies (humoral immunity), whereas the T-lymphocytes are
important regulators for cell-mediated immunity. Both, T- and B-lymphocytes, are the only
cells in the body which are capable of recognizing specific antigenic determinates of foreign
antigen (immunological memory function).

The impact of commensal microorganisms on disease susceptibility is yet not fully understood,
but evidence accumulates that commensal bacteria act with the host to prevent colonization by
invasive pathogens (Abt and Pamer, 2014; Buffie et al., 2015; Dennison et al., 2014). The
human gut alone is colonized by an estimated number of 10'* microorganisms (Gill et al.,
2006). The different niches within a host are ecosystems on their own and microorganisms
within those ecosystems compete and cooperate for resources (McNally and Brown, 2015; van
de Wijgert, 2017). They share and change their environment to a remarkable extent and are
therefore recognized as prodigious ‘nice constructors’ (McNally and Brown, 2015). Similarly,
the vaginal environment in healthy women is dominated by benign microorganisms
(lactobacilli) that help to lower the pH and protect against sexually transmitted diseases
including human immunodeficiency virus (HIV) acquisition (van de Wijgert, 2017). Due to the
relatively recent innovations in sequencing techniques, microbiome analyses are becoming
more and more popular, which will help to gain further insight into the host’s microbiome in
health and diseases.

2.4.1 Factors Determining Human-to-Human Transmissibility of Zoonotic Pathogens via
Contact

The following review provides further details on factors that promote human-to-human
pathogen transmission. It underlines the need to comparatively study common and specific
factors that promote transmission as these factors are critical to assess the risk for zoonotic
pathogens to establish a human-to-human cycle and to mitigate measures that are needed to
control disease outbreaks.
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Introduction

Infectious diseases are the second leading cause of death
worldwide after cardiovascular diseases [1]. More than
half of the known pathogens that are able to infect
humans are of zoonotic origin [2]. Once a zoonotic patho-
gen has crossed the species barrier by infecting humans,
its success in the human population will depend on
whether or not it can acquire the ability of sustained
human-to-human (H2H) transmissibility. A better under-
standing of the factors that determine this ability would
help to prevent the emergence or re-emergence of infec-
tious diseases in the human population.

T'ransmission of infectious pathogens amongst humans
can occur via multiple routes: airborne (aerosols and
respiratory droplets) route, faecal-oral route, contact route
or vector-borne route. In this review, we focused on
pathogens that are transmitted via direct or indirect
contact as their main or substantial routes of transmission.
Pathogens that are mainly transmitted via the faecal-oral
and food-borne routes — which also are types of contact
transmission — were excluded because they are dis-
cussed elsewhere in this issue. Direct contact transmis-
sion requires physical contact between an infected person
and a susceptible person and the transfer of pathogens via
touching, sexual contact, or contact with bodily fluids or
lesions. Indirect contact refers to the infection of a sus-
ceptible person via a contaminated surface. We divided
contact transmission into four modes: skin, sexual, respi-
ratory and multiple. We used the following examples to
illustrate these four modes of contact transmission: 77ep-
onema pallidum pertenue (TPE) for skin contact transmis-
sion, human immunodeficiency virus type 1 (HIV-1) for
sexual contact transmission, coronaviruses (CoV) for re-
spiratory contact transmission and Ebola virus for contact
transmission via multiple routes. For each of these patho-
gens and their specific mode of transmission, we identi-
fied the factors, at the level of the pathogen, host or
environment that promoted or hindered their ability of
sustained H2H transmissibility.

Skin contact transmission

The spirochete bacterium Z7eponema pallidum (ssp. perte-
nue; 'TPE) causes yaws. Another subspecies (ssp. palli-
dum) that causes syphilis is not further discussed here.
Yaws primarily affects the skin, bones and cartilages of
children in hot and humid areas of Africa and Asia and the

www.sciencedirect.com
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Pacific region. The main sources of infection are direct
contact with skin ulcers.

Although TPE is traditionally considered to exclusively
infect humans, it has recently been identified in African
nonhuman primates. The fact that human and simian
‘I'PE strains share a high degree of genetic and functional
similarity suggests that African nonhuman primates may
serve as a reservoir for human infection and highlights the
potential for zoonotic transmission [3].

TPE has obviously acquired the ability of sustained H2H
transmissibility. There are several pathogen factors that
may contribute to this ability. The spirochete evades the
immune response by antigenic variation and abrogation of
opsonizing antibodies [4-6], allowing it to survive perma-
nently in the infected host. It reaches high loads in skin
ulcers and the infectious dose is low. Besides entering a
new host via cuts or abrasions, TPE uses peptides of the
outer membrane to attach to host surface proteins [7] and
is able to penetrate healthy mucous membranes [8]. Host
factors favouring 'T'PE transmission include crowded liv-
ing conditions. High humidity and temperature are envi-
ronmental factors that increase TPE survival outside the
host. Finally, lack of surveillance and inadequate health
care favour the persistence and spread of human yaws in
affected countries.

Sexual transmission

The retrovirus HIV-1 is the archetypal example of a
sexually transmitted human pathogen. Although HIV-1
can be contracted by sexual, percutaneous and perinatal
routes, nearly 70% of infections worldwide result from
heterosexual intercourse [9]. HIV-1 is the causative agent
of Acquired Immune Deficiency Syndrome (AIDS) in
humans, characterised by severe depletion of memory
CD4+ T-lymphocytes early following infection, leading
ultimately to immunodeficiency and death due to oppor-
tunistic infections and rare diseases [10]. Sexual transmis-
sion involves the transfer of virus particles or infected
cells present in contaminated genital secretions or blood
from an infected person to the mucosa of a susceptible
host [11°]. Following transmission, the successfully trans-
mitted founder virus population is established in CD4+
cells in mucosa/submucosa, draining lymphatics, gut-as-
sociated lymphoid tissue and systemic lymphatic tissues.
Viraemia follows and increases exponentially as a result of
massive virus replication in gut associated and other
peripheral lymphoid tissue [11°].

HIV-1 likely originated from nonhuman primates at some
time in the twentieth century. The most genetically
similar and related primate lentivirus described to date
is the simian immunodeficiency virus (SIV) found in
chimpanzees in central Africa (SIVepz) [12]. The majority
of nonhuman primate species appear afflicted with a

single strain of SIV that is mostly non-pathogenic in its
natural host.

Important restriction factors by which infected hosts
control lentiviral infection are tetherin [13], APOBEC3G
[14] and TRIMSa [15]. The ability of the most prevalent
strain of HIV-1, the M strain, to overcome such restriction
factors is believed to have been critical to establish an
infection in humans and to allow sustained H2H trans-
mission, leading to the current global pandemic [16]. In
comparison, the reduced abilities of other HIV-1 strains
(N, O and P) and HIV-2 to counteract these restriction
factors [17-19] may partly explain why they were not able
to spread so effectively within the human population.
Other pathogen factors that have contributed to the
‘success’ of HIV-1 M strain as a human pathogen, despite
its relatively low infectivity (risk estimate of 1 in
1000 exposures for heterosexual transmission; [9]), in-
clude its extraordinary propensity to evolve its genome
through recombination and low-fidelity replication, allow-
ing immune and therapeutic escape [20], the nature of its
long, ‘latent’, often sub-clinical infection, during which
patients can transmit the virus [21], and high viral load.
Host factors that favour transmission are the presence of
other sexually transmitted diseases [9], as well as promis-
cuous sexual behaviour.

Respiratory contact transmission

Of the six known human (CoV), severe acute respiratory
syndrome CoV (SARS-CoV) [22] and Middle East respi-
ratory syndrome CoV (MERS-CoV) [23] are responsible
for high morbidity and mortality in infected individuals.
The other four human CoV (HCoV-229E, NL63, OC43,
HKU1) have low pathogenicity and are associated with
seasonal common colds [24].

The zoonotic origin of four out of six human CoV has
been elucidated. HCoV-229E, SARS-CoV and MERS-
CoV originate from bats and HCoV-OC43 from bovids,
whereas animal ancestors for HCoV-HKU1 and NL63 are
still to be found [25°]. The common cold CoV likely
emerged a long time ago in the human population, as
reflected by a global distribution and a high prevalence in
humans [26]. In contrast, intermediate host species such
as Himalayan palm civets [27] and dromedaries [28°°]
likely played a role in the recent introduction of SARS-
CoV and MERS-CoV, respectively, in the human popu-
lation.

SARS-CoV and MERS-CoV are predominantly transmit-
ted via direct H2H contact, droplets and fomites [29-31],
and have not (yet) established long-term and sustained
H2H transmission. Virus replication occurs mainly in the
lower respiratory tract (LRT) in type II pneumocytes
and alveolar macrophages [32,33°%,34]. Replication in
the LRT may be explained by the protein expression
profile of the respective receptors, the exopeptidases
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angiotensin-converting enzyme 2 (ACE2) in case of
SARS-CoV [35] and dipeptidyl peptidase 4 (DPP4) for
MERS-CoV [36,37]. In addition, antiviral immunity of
the epithelium may reduce viral replication in the upper
respiratory tract (URT) [38]. For contact transmission of
SARS-CoV and MERS-CoV between humans, the quan-
tity of infectious particles seems to be an important factor
as high viral loads in patients facilitated H2H transmis-
sion [39,40]. Pronounced stability of infectious CoV on
surfaces for up to several days [41] could also explain
fomite-related transmissions, a phenomenon that may
contribute to superspreading events [39,42].

In contrast to SARS-CoV and MERS-CoV, the four
common cold CoV are predominantly droplet-transmitted
[43] and efficiently H2H transmissible. Virus replication
occurs mainly in the central and upper parts of the
respiratory tract. For HCoV-229E, this may be explained
in part by the abundant expression of its entry receptor,
aminopeptidase N), on non-ciliated cells of the bronchial
epithelium [44]. However, although HCoV-NL63 uses
the same entry receptor as SARS-CoV (ACE2) [45], it
replicates mainly in the URT, perhaps because it uses
additional attachment factors like heparan sulfate proteo-
glycans [46], or because of other as yet unknown viral
replication-related or immune-related factors.

Comparison of these two groups of CoV suggests that
URT replication and droplet transmission (common cold
CoV) is more advantageous for sustainable H2H trans-
mission than LRT" replication and direct contact trans-
mission (SARS-CoV and MERS-CoV). Replication in the
URT, as well as transmission via the respiratory route, are
also factors that favour the efficient H2H transmission of
human influenza viruses, as compared to zoonotic avian
influenza viruses [47].

In conclusion, high expression levels of a suitable recep-
tor molecule in the URT combined with efficient and
probably well-balanced viral countermeasures against
local immunity may be major pathogen factors for zoo-
notic CoV to attain successful and sustained H2H trans-
mission, as exemplified by the common cold CoV.

Multiroute transmission

Of the five known Ebola virus species, four are known to
cause disease in humans [48]. Infection with Ebola virus
causes Ebola virus disease (EVD), which is an acute
systemic illness with a high case fatality rate [49].

Of all potential transmission routes, direct contact with
patients or bodily fluids from these patients, as well as
contact with contaminated surfaces or materials, is con-
sidered the most important [50,51]. Ebola virus has in-
deed been isolated from several bodily fluids such as
blood, breast milk and semen of infected patients. In
addition, Ebola virus RNA has been detected in sweat,

tears, stool, on skin and from vaginal and rectal samples
[52]. During the 2014 outbreak, several researchers spec-
ulated about the potential for airborne transmission of
Ebola virus [53]. However, the majority of EVD patients
in previous outbreaks were infected by contact transmis-
sionand all EVD outbreaks, including the 2014 epidemic,
have been contained without measures against airborne
transmission in the general population. This suggests
that extensive airborne transmission is unlikely and of
limited epidemiological importance. The 2014 EVD
outbreak revealed the potential for Ebola virus to be
sexually transmitted. Infectious virus and Ebola virus
RNA have been detected in semen from male EVD
survivors as long as 70 and 270 days, respectively, after
recovery from the initial infection [54°]. This detection of
infectious Ebola virus and viral RNA months after re-
covery from EVD highlights the potential for Ebola
virus to seed new outbreaks after patients with clinical
EVD are no longer present and an area is declared Ebola
virus free.

The putative animal reservoirs for Ebola viruses are bats,
and zoonotic transmission is thought to occur either by
direct contact with bats, or via indirect transmission by
contact with bats, or via indirect transmission by contact
with other infected wildlife species, such as gorillas,
chimpanzees or duikers, which — like humans — are
affected by Ebola virus [55].

Amongst the pathogen factors that promote H2H trans-
mission of Ebola virus is the high virus load in secreted
bodily fluids combined with a very low infectious dose, as
low as 10 plaque forming units as measured in experi-
mental infection studies in nonhuman primates [56].
Amongst host factors, ancestral funeral and burial prac-
tices of deceased EVD patients, in which levels of Ebola
virus remain high after death, have been identified as a
major source of human infection [57]. Moreover, the
2014 outbreak of EVD in West Africa, caused by the
Zaire Ebola virus, has shown, for the first time, the ability
of Ebola virus to cause a long-term large-scale epidemic
with sustained H2H transmission [58°°]. In addition to
EVD cases in Guinea, Sierra Leone and Liberia, travel-
associated cases with subsequent nosocomial transmis-
sion have been reported in Mali, Nigeria and the United
States. The 2014 Ebola virus strains were relatively
closely related to viral strains from the previous two Zaire
Ebola virus outbreaks in Democratic Republic of Congo,
and, although the evolution rate of the genome of the
Ebola virus during the 2014 outbreak was higher than the
between-outbreak rate, the virus did not change substan-
tially [58°%,59°°]. The clinical course, for example, incu-
bation time, symptoms and development of the disease,
as well as the transmissibility of the virus (R, basic
reproductive number) were not different from those in
past outbreaks of Ebola virus. Most likely, the unprece-
dented epidemic of Ebola in 2014 was the result of a
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combination of human behavioural and societal factors
[60]. Firstly, West African countries never had experi-
enced an EVD outbreak before, other than a single case of
Tai Forest ebolavirus infection in the 1980s in Ivory
Coast. In addition, Guinea, Sierra Leone and Liberia
are amongst the poorest countries in the world, with
impaired public health infrastructures. Moreover, com-
pared to previous outbreaks of Ebola virus, the virus was
not confined to remote and rural areas and the outbreak
spread into large population centres, such as Monrovia,
Conakry and Freetown. The spatial connectivity provid-
ed by roads and a travelling population allowed for
the rapid dissemination of Ebola virus over these three
countries, before a targeted international response was
initiated.

Figure 1

Concluding remarks

Despite being categorised under one heading, contact-
transmitted pathogens may differ substantially in their
specific modes of transmission: via skin, via genital mu-
cosa, via respiratory mucosa, or via several of these modes.
Nonetheless, several factors were identified that were
common amongst at least two modes of transmission.
Therefore, it is important to identify both factors promot-
ing H2H transmission that are common amongst contact-
transmitted pathogens and factors that are specific for
cach mode of contact transmission (Figure 1). Common
pathogen factors were immune evasion, high viral load,
and low infectious dose. Common host factors were
crowding, promiscuity, and co-infections. Other factors
were specific to one of the modes of transmission and the
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Factors, at the pathogen, host and environmental levels, that promote human-to-human contact transmission of human pathogens of zoonotic or
putative zoonotic origin. The transmissibility of pathogens of zoonotic origin determines their pandemic potential. Common factors, as well as
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pathogen described. Specific factors that may be critical
for efficient H2H transmission are high viral load in skin
lesions for skin contact transmission, promiscuous sexual
behaviour for sexual contact transmission, URT replica-
tion and a switch from contact to aerosol transmission for
respiratory contact transmission and burial practices for
the transmission of Ebola virus. Identification of these
factors is critical to assess the risk of contact-transmitted
zoonotic pathogens gaining efficient H2H transmissibili-
ty, and to implement mitigation measures and large scale
prevention campaigns in case of outbreaks.
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3. The Concept of One Health

The idea of One Health (Figure 1) was conceptualized in 2014 (Destoumieux-Garzon et al.,
2018). The model echoes our understanding of disease ecology and is widely accepted in public
health (Kahn et al., 2008). Of fundamental importance to the concept is that the majority of
diseases can infect both, humans and animals alike. The health of humans is therefore linked
to the health of animals and the environment.

Figure 1. The figure illustrates the concept of One Health, where human health is
interconnected with animal and environmental health. Pathogens and their hosts are integral
part of natural ecosystems. Figure designed by John M. Evans, USGS. ©2017 The Korean
Society of Veterinary Science (Sleeman et al., 2017).

Most pathogens are generalists and infect a wider range of host species and only a few have
evolved high host-specificity (Taylor et al., 2001; Woolhouse and Gowtage-Sequeria, 2005).
It is therefore not surprising that an estimated 60% of human diseases are of zoonotic origin
(Taylor et al., 2001) and that even some of the exclusive human pathogens have an equally
zoonotic origin (Wolfe et al., 2007). A paramount example for the latter is HIV that derived
from at least two NHP-to-human spill-overs of the simian immunodeficiency virus (SIV)
(Hirsch et al., 1995). Per definition, a zoonosis requires at least three species: the pathogen, a
human being and an animal (Karesh et al., 2012). The World Health Organization defines a
zoonosis as a “disease and infection which is naturally transmitted between vertebrate animals
and man” (Shakespeare, 2009). The latter definition therefore not only provides a
directionality, but it also includes the important aspect that disease transmission must happen
under natural conditions. This implies that animal infection experiments alone are not sufficient
to demonstrate the functionality of a disease reservoir in the wild (Hallmaier-Wacker et al.,
2017). Knowledge about reservoir host systems is central to our understanding of infectious
diseases (Delahay et al., 2009). Despite numerous efforts, until today, smallpox which had no
nonhuman reservoir is the single disease that has been eradicated in humans (Fenner et al.,
1988).



4. The Emergence of Diseases and Reservoir Systems

The emergence of infectious diseases is generally the result of rapid change in the ecology of
the host, the pathogen or a combination of both (Daszak et al., 2000). The global increase in
anthropogenic factors such as land-use, resource exploitation, urbanization, the introduction of
new species and climate change impact ecosystems that have evolved over millions of years.
The continuous growth of the human population in our modern world has led to an
unprecedented growth of the human-wildlife(-livestock) interface (Anand and Radhakrishna,
2017; Hassell et al., 2017; Nyhus, 2015), which provides the basis for new and re-emerging
diseases (Hassell et al., 2017).

Historically host-pathogen studies have addressed a single host-single pathogen
system, that in the majority of cases is at best overly simplistic and at worst wrong. Although
the conceptual framework for the definition of a disease reservoir has been defined multiple
times (Ashford, 2003; Haydon et al., 2002; Viana et al., 2014), empirical characterization of
zoonotic reservoir systems remains challenging (Hallmaier-Wacker et al., 2017). There are two
essential requirements that a (wildlife) reservoir system must fulfil until it can be accepted as
a functional disease reservoir (Hallmaier-Wacker et al., 2017). (A) The pathogen must be
maintained in the reservoir system and (B) there must be a feasible transmission route that
allows the pathogen to be transmitted from the reservoir system to the target group, which is
an explicitly defined population of interest (e.g., humans). Both requirements, the pathogen
maintenance in the reservoir and the feasible transmission route, must be demonstrated
multiple times over a reasonable time to demonstrate the stability of the reservoir system.
Furthermore, the respective pathogen that is maintained in the reservoir system must have a
high genetic and functional similarity to the pathogen that is found to infect the target group.
The functional similarity (the pathogen in the reservoir system is functionally able to infect the
target host) is of particular importance since a single point mutation in an otherwise identical
organism could potentially result in changes of virulence in the target group host. This is for
example discussed in the context of the Ebola virus (Bedford and Malik, 2016).

Communicable diseases require feasible transmission routes and therefore spatial
connectivity between the reservoir system and the target group. This becomes clear in vector-
borne diseases. Even if the identical pathogen has been demonstrated in the nonhuman
reservoir and the target group, the potential reservoir system would be functionally irrelevant
in the absence of the vector. Moreover, proof of pathogen involvement in a transmission
pathway needs to be demonstrated as well as proof of the viability of the pathogen during
transmission. The capability of survival in the external environment differs from pathogen to
pathogen (Walther and Ewald, 2004) and some microbes cannot maintain viability outside their
host e.g., the syphilis and yaws bacterium Treponema pallidum (Willcox and Guthe, 1966b).
As a consequence, nucleic acid amplification tests (NAAT) that are commonly applied to detect
the pathogen on the RNA or DNA level, are not predictive for its viability and thus
infectiousness for a new host (Pillai, 1997).

The aforementioned arguments demonstrate, that infectious diseases must be evaluated
within their natural environment. Neither laboratory experiments nor isolated cases alone are
informative to describe the functionality of a disease reservoir. A sophisticated understanding
of reservoir systems is key for the monitoring of potential and known disease reservoirs and to
detect disease emergencies in early stages (Karesh et al., 2012).



4.1 Disease Reservoirs: From Conceptual Frameworks to Applicable Criteria

Central to any disease eradication program is the question of whether or not a pathogen has a
nonhuman reservoir (Hallmaier-Wacker et al., 2017). There is a tendency in published
scientific data to exaggerate positive scientific results and to hype certain areas of science
(Caulfield et al., 2016; Vinkers et al., 2015). This has resulted in an inflationary use of the term
‘reservoir of infection’ across the different research fields. The one-time discovery of a
zoonotic pathogen in a wildlife species is not enough evidence to claim a disease reservoir as
both, the maintenance of the pathogen in the reservoir system and the feasible transmission
route must be demonstrated. The following publication aimed to discuss and define the
requirements for a more standardize acceptance of a disease reservoir across the different
disciplines in One Health. It provides a simple and functional oriented framework that can be
applied at any population-level including multi-species systems and meta-populations.
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Central to the One Health approach and any disease eradication program is the question of whether a pathogen has a
non-human reservoir. Despite well-established conceptual frameworks that define a reservoir of infection, empirical
characterization of reservoirs often remains controversial, challenging and sometimes misleading. What is essentially missing are
applicable requirements that standardize the use of the term ‘reservoir of infection’ across multiple disciplines. We propose an
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A RESERVOIR NEEDS TO MAINTAIN THE PATHOGEN AND
HAVE A FEASIBLE TRANSMISSION ROUTE

The high prevalence of infectious agents of zoonotic and anthro-
pozoonotic origin pose a major health threat to both human and
animal populations. A conceptual framework for understanding a
reservoir of infection has been established through various studies that
have emphasized different aspects of zoonotic diseases.'™ However,
empirical characterization of reservoirs often remains controversial
and challenging. The most applicable and accepted way to investigate
and define a reservoir emphasizes the annotation of a target group
(Figure 1), which is an explicitly defined population of interest in a
dynamic and heterogeneous landscape (for example, humans at the
livestock-wildlife-human interface).** According to Haydon et al.,*
the target group is a matter of definition and may therefore be
disconnected from the ecological reality. The target group provides a
directionality to the study of a reservoir system. All other susceptible
populations (non-target populations), which directly or indirectly
connect epidemiologically to the target (Figures 1 and 2), can be part
of the potential reservoir.! For a non-target population to be
considered an accepted functional reservoir, maintenance of a single
pathogen in the population needs to be shown in combination with a
feasible transmission route between the target and non-target
populations.*

Although the conceptual framework of a disease reservoir is already
well-defined, applicable requirements for an evidence-based rejection
or acceptance of a reservoir are currently missing. In particular,
interdisciplinary standards on genetic and functional similarities of
reservoir and human isolates of pathogens are nonexistent. Consider-
ing the increase in interdisciplinary research, we see the need to

critically discuss and standardize the use of the term ‘reservoir of
infection” across different research fields to oppose the tendency of
published scientific data to exaggerate positive results and hype certain
areas of science.” Although we do not claim absolute standardization
of empirical requirements to accept a reservoir across disciplines, we
present a framework to serve as a basis for a pending discussion in the
growing One Health community. The simplicity and functional
orientation of the presented framework allows for straightforward
application but does not negate more complex populations, as the
same principles can be applied to multi-species systems and metapo-
pulations (Figure 2).

According to the accepted definition of a reservoir proposed by
Haydon et al,* we discuss the requirements in two parts: the
pathogen’s maintenance in a potential population or community
followed by a discussion on proof of a feasible transmission route.
Although the two components are addressed separately, only together
they demonstrate the existence of a functional reservoir.

PROOF OF PATHOGEN MAINTENANCE IN A POTENTIAL
RESERVOIR

Increases in technological advancements (for example, next-generation
sequencing) and vast quantities of available data have not led to
concrete applicable criteria when examining the capacity of a pathogen
to be maintained in a population. Recognizing both the ethical
limitations in regards to animal testing® and the advances in the
molecular detection of pathogens, we propose the following criteria to
demonstrate the maintenance of a pathogen in a population: (i) a
high-genetic similarity of the pathogen found in the reservoir system,
(ii) a high degree of functional similarity (infectivity and viability), and
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Nontarget Nontarget

Figure 1 Three scenarios describing the dynamics of a simple reservoir system. (A) Pathogen maintenance in the non-target population and feasible
transmission route towards the target population. Only this constellation fulfills the requirements of a functional reservoir system. (B) Pathogen maintenance
in the non-target but no feasible transmission route towards the target population. This is a likely situation whether contact rates between the non-target and
target populations are below the threshold. (C) No pathogen maintenance in the non-target, but a feasible transmission route exists. An example of the effect
of a vaccination strategy in the non-target population. The dynamic of the system is indicated by arrows associated with a ‘t’ (time factor). #Maintenance,
*feasible transmission, solid arrows = obligatory, broken line =optional.

A B

Nontarget

~
Target "\

Figure 2 The simplicity and functional orientation of the presented framework allows for straightforward application but does not negate more complex
populations. The same principles apply to multi-species systems and metapopulations. The defined target group may be adjusted based on interest and may
therefore include metapopulations (targets 1 and 2). The non-target group increases in complexity due to the inclusion of multiple populations (a—d).
(A) Similarly, to a simple reservoir system, all susceptible populations that connect to the target either (a) directly or (b-d) indirectly are part of the non-
target population. (B) Temporal shifts in the ecological landscape of the non-target population may lead to the (d) exclusion of populations either due to lack
of connectivity or susceptibility. The dynamic of the system is indicated by arrows associated with a ‘t' (time factor). *Maintenance, *feasible transmission,

solid arrows =obligatory, broken line =optional.

(iii) a longitudinal approach that considers the factor of time
(Table 1). Owing to the functional orientation of the requirements
and for simplicity, all entities involved in the biological lifecycles of a
parasite (for example, primary and intermediate hosts) should be
considered a single functional unit. Appropriate sequence and func-
tional analysis of a pathogen isolated multiple times from a potential
reservoir should be required to prove that a pathogen is maintained in
a population. The ability to quickly and cheaply sequence whole
genomes has allowed for better genetic resolution.***" Sequence data
can be used to examine similarity in the pathogen between a potential
reservoir and a target. However, mutation rates vary significantly
between pathogens®>>? and the threshold for sequence and functional
similarity must be individually defined and accepted by the scientific
community. A single-nucleotide difference can potentially result in a
loss of infectivity, for example, when important invasion mechanisms
are affected (receptor affinity). In bacteria, investigations can be
further complicated by plasmids that can be exchanged and mutated
over time.> A high amount of phylogenetic relatedness of pathogens
isolated from the non-target and target populations does not provide
sufficient evidence for the involvement of a pathogen and its ability to
infect both groups. Importantly, DNA-based analyses only provide
information on the functional potential of a pathogen and must not
reflect the gene-expression within a host.>* For example, the bacterium
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Treponema paraluiscuniculi (which causes syphilis in rabbits), is over
99% identical on the basis of the whole genome to the human
pathogen T. pallidum (which causes human treponematosis), but does
not infect humans.”> As phylogenetic information fails to reflect the
downstream effects of mutations, proof that a pathogen can proliferate
in the potential reservoir is required.”® Information on the transcrip-
tome and proteome of bacteria or the phenotype of viruses are
necessary to see the effect of mutations on pathogen viability.”” There
are different ways to test for the functional ability of a pathogen in
different species. Owing to the ethical concerns, cell and tissue assays
have been increasingly used in therapeutic research instead of animal
models.® Although these assays are limited in their conclusiveness,
they can provide important insight into the molecular mechanisms
involved. For example, the failure to infect primary tissue culture from
rhesus macaques with human immunodeficiency virus 1 (HIV-1)
demonstrates that non-human primates were unlikely to act as a
maintenance population (Table 1).°% In some instances, for example,
with uncultivable bacteria such as Treponema pallidum, it may be
necessary to use animal models to examine the functionality of a
pathogen within a potential reservoir species. Knowledge of the
biology of the pathogen is essential to properly define a sequence
and functional similarity threshold for a particular reservoir system.
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PROOF OF FEASIBLE TRANSMISSION ROUTE

Maintenance of a pathogen in a population alone does not provide
sufficient proof that a functional reservoir exists. A connection
between the target and the non-target populations must be estab-
lished;* otherwise the non-target population remains a maintenance
population with the potential to be a reservoir. Therefore, the
determination of a feasible and somewhat permanent transmission
route between the non-target and target populations is key to
identifying a reservoir system (Figure 1). For multi-species reservoir
systems, the transmission route between the target and non-target
populations may be indirect (Figure 2, connection between b and
target), possibly incorporating different hierarchical levels of a non-
target community.*! The type of transmission route dictates the form
of evidence needed to prove that a feasible transmission route exists
between the reservoir and target. For simplicity, we define vectors as
part of the transmission route, although under certain circumstances
(for example, permanency or substantial amplification in the vector),
they may act as part of the non-target community.’! Four basic
requirements need to be met to make a compelling argument for the
existence of a feasible transmission route: (i) spatial (direct or indirect)
and temporal connectivity between the reservoir system and the target
population, (ii) pathogen involvement in this feasible transmission
route, (iii) proof of viability of the pathogen during the proposed
transmission route and (iv) a longitudinal approach that requires the
isolation of a pathogen multiple times in a given transmission route
(Table 1).

To prove the feasibility of a transmission route, direct or indirect
spatial connectivity as well as temporal overlap between the non-target
and target populations must be present. Connectivity measurements
depend on the type of transmission route; for example, direct contact
transmission requires overlapping territory. Computational tools can
help determine the necessary overlap in a population by modeling the
transmission across an affected population.5? In addition to spatial and
temporal overlap, the involvement of the pathogen in the particular
transmission route needs to be shown, which again requires long-term
field projects. In the case of Lyme disease caused by Borrelia
burgdorferi, nucleic acids from the bacterium were detected in ticks
using PCR.** However, the detection of DNA does not directly prove
that transmission occurs. To gain further confidence that the
transmission is feasible, it is therefore essential to show that the
infectious organism remains viable during the proposed transmission
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all requirements proposed in this study.

Pathogen

Table 1 Applicable requirements that need to be ful

Echinococcus multilocularis (alveolar

echinococcosis)

Treponema pallidum pertenue (yaws)
Hantavirus

Mycobacterium bovis (bovine

tuberculosis)
Borrelia burgdorferi (borreliosis)

Brucella melitensis (localized
Yellow fever virus

Influenza A virus (HIN1)
MERS-Coronavirus
brucellosis)
Immunodeficiency virus
Ebola virus

Classical reservoir systems ful

Rabies virus
Zika virus
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route.*> This means that in addition to PCR detection, the viable
pathogen needs to be isolated during a transmission event, where the
measure of viability depends on the type of pathogen. In airborne
transmission, for example, environmental factors such as size of
droplets, UV light and humidity can greatly influence the transmis-
sibility of a virus (as reviewed in Tang®?). If the amount of viable and
therefore infectious organisms is below the infectious dose, the
particular transmission route is unfeasible. Without a feasible trans-
mission route between target and non-target populations, no func-
tional reservoir exists. Furthermore, to include all parts of a reservoir
population, long-term investigations must focus on the transmission
between the non-target and target groups as well as feasible transmis-
sion within the non-target community.®! Unconnected maintenance
host populations may become a future reservoir through temporal
shifts of the ecosystem.

CHALLENGES OF IMPLEMENTATION

Biological systems are dynamic and can change over time (Figure 1).
Single transmission events do not confirm a reservoir of infection (for
example, HIV,? Table 1). It is therefore important to show continuity
and persistence in both maintenance and transmission, which can only
be achieved through multiple and adequately timed (field) investiga-
tions. Well-designed intervention studies can be used as quasi-
experiments to study a reservoir of infection but should not be used
as a stand-alone test for the existence of a reservoir.! Despite sufficient
planning, the cause and effect of intervention studies are often difficult
to determine"®* and the removal of a pathogen from a particular
ecosystem may cause unanticipated effects. A negative outcome does
not necessary indicate the lack of a reservoir or transmission route.4¢>
Instead, it can show that the intervention may have been incomplete
or that the complexity of a reservoir is not entirely understood.

Pathogens must be studied in the context of natural ecosystems.
The complexity of reservoir systems increases as multiple non-target
populations interact as an ecological entity, which is influenced by
factors such as competition, co-existence or predation.%® Furthermore,
the artificial environment in a laboratory, which is often used to study
the susceptibility of a species, differs substantially from a natural
setting.%” The use of laboratory animals or cell- and tissue-based assays
can be advantageous when studying pathogenicity, but it cannot solely
contribute to the understanding of the epidemiology of a pathogen,
which is largely impacted by variables such as genetic diversity, co-
infection, cross-protective immunity and spatial connectivity. As a
consequence, any epidemiological model requires additional informa-
tion on the geographic range and the ecological landscape.®® This
includes population densities and functional profiles of species that are
involved in the reservoir system.®“% The importance of sample size in
field studies and animal experiments cannot be stressed enough as it
greatly affects the efficacy of analysis, especially in reservoirs with low-
frequency crossover events.

Neither laboratory experiments, nor intervention studies, nor
epidemiological models alone can provide a full understanding of a
natural reservoir of infection. Only the combination of methods that
are based on established and validated species-specific assays and
technically sound field investigations can provide confidence that the
pathogen is maintained in a non-target population and that a feasible
transmission route exists. This, however, requires the political will and
financial support to conduct long-term One Health studies to explore
diseases in their natural context.
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CONCLUSION

The term ‘disease reservoir’ should be used carefully and only if there is
convincing evidence demonstrating the maintenance and a feasible
transmission route of a particular pathogen (Figure 1). We propose
overarching requirements that must be fulfilled to provide ample proof
that a reservoir exists (Table 1). Classical reservoir systems (for
example, Lyme disease caused by Borrelia burgdorferi) fulfill all of the
requirements proposed in this study, whereas some well-known
diseases, such as Ebola, need further research until a reservoir system
can be accepted (Table 1). For the pathogens without an accepted
reservoir, the framework introduced in this study also indicates the
outstanding questions that future research should focus on to
investigate the presence of a reservoir system. A broader expert-based
multidisciplinary discussion is needed to develop standards for the
diversity of pathogens.
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5. Molecular Methods to Investigate Disease Epidemiology in Wildlife

5.1 Serological Tests

Many pathogens induce an antibody response in their host (adaptive immune system; chapter
2.4). As a consequence, circulating antibodies can be measured from collected blood samples
(Murphy et al., 2008b) and in some cases other materials such as faecal material (Neel et al.,
2010; Reed et al., 2014) or urine samples (e.g., echinococcosis (Chirag et al., 2015) and
Helicobacter pylori (Shimoyama et al., 2017)). In contrast to visualization, culture and nucleic
acid amplification, the presence of antibodies against a specific pathogen does only permit the
conclusion that the host has been exposed to the respective pathogen or an anti-genetically
related pathogen (Gardner et al., 1996). Antibodies are characterized through their specificity,
amount, isotype or class, and affinity (Murphy et al., 2008b) and these parameters impact
serological test performance. The sensitivity and specificity of the serological test are critical
parameters that define the confidence in the test results. The number of antibodies can be
measured on a continuous scale, although most studies make use of an ordinary scaling
(according to the dilution of the tested sera e.g., 1:16). A cut-off value that delineates the
positive from the negative test outcome needs to be defined (Gardner et al., 1996). If the cut-
off value is set too high, a high number of false-negative reactions must be expected. On the
contrary, an excessively low cut-off value results in a high number of false-positive test
reactions (Gardner et al., 1996). Although antibodies are highly specific for their corresponding
antigen (Murphy et al., 2008b), immunoglobulins produced in response to anti-genetically
related pathogens are in many cases cross-reactive. Examples are zika and dengue virus sero
cross-reactivity (Dejnirattisai et al., 2016), the cross-reactivity among herpes viruses (Yeo et
al., 1981) and the inability to differentiate infection with 7. pallidum subspecies causing
syphilis (ssp. pallidum), yaws (ssp. pertenue) and bejel (ssp. endemicum) based serology (Antal
et al., 2002).

Samples taken at different time intervals may show the rise and fall of titres, which
provides valuable information on the time of infection as shown for experimentally infected
deer mouse (Peromycus maniculatus) (Botten et al., 2000). Negative test results must be
expected in animals that acquired infection recently. In this case, the host had not enough time
to produce antibodies. This can be a limitation for the serological diagnosis of highly virulent
pathogens that cause peracute death. On the other hand, the detection of antibodies is associated
with a considerable risk of false-positive test results when animals got previously vaccinated
(Barasona et al., 2019) or when very young animals are tested that passively acquired maternal
antibodies as shown for lyssavirus infection in African bats (Hayman et al., 2018). Despite
these limitations, serological tests are (still) an important tool for epidemiological surveys
(Metcalf et al., 2016), which is largely based on the fact that methods to detect antibodies (e.g.,
enzyme-linked immunosorbent assay (ELISA)) are generally robust, associated with low
expenditures as well as they can be automated to allow high-throughput testing.

5.2 Nucleic Acid Amplification Tests

Most of the information on living organisms is coded in deoxyribonucleic acid (DNA) and
ribonucleic acid (RNA). DNA polymers consist of unique sequences of the four different DNA
nucleotides (Adenosine (A), Guanine (G), Cytosine (C) and Thymine(T)) (Watson and Crick,
1953). In 1977, DNA sequencing became available (Maxam and Gilbert, 1977; Sanger et al.,
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1977a) and since then has revolutionized infectious disease research. It provided access to
information (genetic code) of pathogens that previously were inaccessible. Until today, the
determination of nucleotide sequences with high accuracy is of utmost importance. In
particular in disease diagnostics and molecular epidemiology, Sanger sequencing remains an
important method (Heather and Chain, 2016). Fortunately, automated systems made it possible
to move from examining a single gene locus to a genome-wide approach (Hunkapiller et al.,
1991; Smith et al., 1986).

5.2.1 Molecular Typing

The ability to detect differences in the genetic code of a pathogen enables us to reliably and
reproducibly discriminate different strains within a single species or subspecies (Pérez-Losada
et al., 2017). Molecular typing methods, therefore, provide powerful tools to investigate the
epidemiological context of infectious diseases, locally and globally (Foley et al., 2009). There
are different approaches to strain-type pathogens. Outdated, but still in use is the multilocus-
enzyme electrophoresis (Tibayrenc, 2009) where multiple gene loci are amplified and
subsequently digested with restriction enzymes. The resulting restriction fragment length
polymorphisms were visualized on an agarose gel and the information was then used to
distinguish the different types. Some of the current typing systems in pathogens reflect the
transition from the isoenzyme era to the use of modern sequence-based methods. While the
1998 established molecular subtyping system for the syphilis bacterium makes use of the
amplification of the acid-repeat protein (arp) gene that is known to have a varying number of
60-bp repeats in combination with the restriction fragment length polymorphism of 7. pallidum
repeat (pr) genes (Pillay et al., 1998), it was later on modified with an additional gene target
sequence at the #0548 locus (Marra et al., 2010). Due to the ubiquitous availability of
sequencing facilities and the challenges associated with the amplification of repeat patterns and
the homologous #pr-gene family in 7. pallidum, current systems make use of multi-locus
sequence typing (MLST) (Godornes et al., 2017). Briefly, MLST examines nucleotide
variation in multiple sequence parts of the pathogen’s genome (Jolley and Maiden, 2014;
Maiden, 2006; Maiden et al., 2013; Pavon and Maiden, 2009; Pérez-Losada et al., 2013) and
was first introduced in 1998 to identify clones within populations of pathogenic
microorganisms (Maiden et al., 1998). Sequence variations within a species or subspecies are
assigned as distinct alleles and for each analysed organism, the alleles at any of the target genes
are summarized to define the sequence haplotype. At the core of the MLST is the selection of
suitable gene targets. Suitable loci need to be a single copy (Pérez-Losada et al., 2017) and
have a varying degree of genetic drift (variable region) that is flanked by conserved parts of
the genome to allow universal primer binding (Foley et al., 2009). The different candidate
genes should be evenly distributed across the genome and should not be part of a homologous
gene family. Since recombination is a general problem for typing systems in prokaryotes, target
loci ideally focus on housekeeping genes that code for proteins with known function (Glaeser
and Kampfer, 2015) and which are, to a lesser degree, affected by diversifying selection (Pérez-
Losada et al., 2017). Unfortunately, the in silico identification of MLST candidate loci requires
a substantial number of reference genomes. Once suitable target genes are identified, primers
need to be designed and tested in a representative number of known strains (Pérez-Losada et
al.,, 2017). To overcome the difficulties that are associated with low copy numbers and
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restricted amounts of sample material, which is often the case when working with wildlife
samples, nested PCR can be used to amplify the respective target loci.

While MLST can help to identify transmission events at the human-wildlife-livestock
interface (Belkum et al., 2007; Janowicz et al., 2018; Kingry et al., 2016), there are
considerable problems associated with the change of target genes or the use of multiple
systems. Any changes or differences between different MLST systems will annihilate
comparability that is required for the long-term study of infectious diseases (Pérez-Losada et
al., 2017). MLST systems can be adjusted for resolution and can focus on virulence-associated
genes (MVLST) (Chen et al., 2007; Zhang et al., 2004), polymorphic repeat sequences (VNTR)
(Djouaka et al., 2018), the variable number of tandem repeats (MLVA) (Lee et al., 2019),
ribosomal genes (rMLST) (Jolley et al., 2012) or genes of the core-genome (cgMLST) (Lee et
al., 2019).

5.2.2 Metataxonomics

Metataxonomics is a term that describes a high-throughput sequencing (HTS) approach to
characterize the microbiota in a given sample (Marchesi and Ravel, 2015). The approach uses
marker sequences in genes that are omnipresent in a respective group of microorganisms (e.g.,
16S rRNA gene in bacteria and archaea (Edgar, 2018a; Xue et al., 2018) or ITS rRNA gene in
fungi (Edgar, 2018a)). Unlike all other microbiota, viruses do not share a single gene (Sullivan,
2015), which limits the use of metataxonomics in this group of pathogens. The term
metataxonomics is frequently confused with the term metagenomics, which described a
shotgun sequencing approach to investigate the microbiota in a given sample (Marchesi and
Ravel, 2015). Metataxonomics (and metagenomics) can be a useful tool to investigate disease
outbreaks of unknown aetiology. The results provide important information that can be used to
guide further investigations such as target enrichment and subsequent whole genome
sequencing. Technically, the metataxonomics approach follows the HTS methodology
described under 5.2.3 with the difference that includes an amplicon-based library preparation,
which makes the DNA fragmentation step obsolete.

5.2.2.1 A Metataxonomic Tool to Investigate the Diversity of Treponema

The following study established a targeted metataxonomic approach that was designed and
validated to investigate the diversity of Treponema in complex biological samples. Through in
silico analysis of the information content of the hypervariable regions of the 16S rRNA gene
(V2-V8) we could show that the genus Treponema generally achieved a high operational
taxonomic unit (OUT) resolution. Several validation steps show the usefulness of the assay,
which was consequently tested in samples of Gilbert’s potoroos (Potorous gilbertii) that are
infected with a, yet, unclassified Treponema species.
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The genus Treponema contains a number of human and animal pathogenic as well
as symbiotic bacteria that are found in vastly different anatomical and environmental
habitats. Our understanding of the species range, evolution, and biology of these
important bacteria is still limited. To explore the diversity of treponemes, we established,
validated, and tested a novel metataxonomic approach. As the informative nature
of the hypervariable regions of the 16S rRNA gene differ, we first analyzed each
variable region independently. Considering the in silico results obtained, we established
and validated the sequencing of the V4-region of the 16S rRNA gene using known
mixtures of Treponema species as well as a selected number of clinical samples.
The metataxonomic approach was able to identify Treponema to a near-species
level. We demonstrate that using a spirochete-specific enrichment, our method is
applicable to complex microbial communities and large variety of biological samples.
The metataxonomic approach described provides a useful method to unravel the full
diversity and range of Treponema in various ecosystems.
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Spirochaetes, a phylum of spiral-shaped bacteria, range from pathogenic (e.g., Treponema pallidum)
to symbiotic (e.g., Sphaerochaeta coccoides) to free-living (e.g., Exilispira thermophile) species
(Paster, 2001). The ability of spirochetes to inhabit vastly anatomical and ecological habitats
is remarkable and indicates a high diversity of the bacterial members of this phylum (Paster,
2001). Until recently, spirochetes were predominantly discovered and subsequently characterized
using cultivation, microscopical, or serological approaches. These techniques make it difficult and
sometimes impossible to characterize not-yet-cultivated species, to identify species in multiple-
spirochete infections, or to discover commensal microbes. The advent of cultivation-independent
molecular techniques (e.g., nucleic acid amplification technology) has allowed for a broader
detection of Treponema in different biological niches. To date, the 16S rRNA phylogenetic marker
gene has been particularly instrumental in the detection of Treponema diversity (Pace, 1997). Based
on defined similarity thresholds the 16S rRNA sequences can be grouped into phylotypes. For
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example, using a clonal 16S rRNA gene library and subsequent
Sanger sequencing, the termite (Reticulitermes flavipes) gut was
found to harbor more than 67 different treponemal phylotypes
(Lilburn et al., 1999) and the human oral cavity up to 23 different
treponemal clusters (Choi et al., 1994).

More recently, 16S rRNA gene-based metataxonomic studies
have moved from clonal libraries to high-throughput sequencing
approaches. Single hypervariable regions of the 16S rDNA have
been used to examine different microbiomes (Kozich et al.,
2013) and have identified treponemes in many ecological niches
(Hong et al., 2012; Klitgaard et al., 2014; Rodriguez-R et al.,
2015; Clayton et al,, 2018; Hicks et al., 2018). For example,
the gut microbiome of wild western lowland gorillas (Gorilla
gorilla gorilla) (Hicks et al., 2018) and other nonhuman primates
(Clayton et al., 2018) harbors multiple operational taxonomic
units (OTUs) corresponding to the genus Treponema. Yet,
conventional data analysis pipelines used in microbiome studies
still do not allow for species-level characterization (Schloss et al.,
2009; Caporaso et al., 2010). Taxonomic classification for many
bacterial genera is restricted by the limited sequence differences
in the 16S rRNA gene (Wang et al., 2007). Rossi-Tamisier et al.
(2015) showed that spirochetes, in particular Treponema and
Spirochaeta, have an exceptionally large variability in the 16S
rRNA gene. For Treponema, only 2.1% of the analyzed 16S rRNA
sequences fell within the recommended similarity threshold (95-
98.7%) (Rossi-Tamisier et al., 2015).

To explore the range and diversity of Treponema, we
established, validated, and tested a newly designed spirochete-
specific metataxonomic approach that utilizes the 16S rRNA
gene. Based on the known variability of the 165 rRNA
gene, we hypothesized that a single hypervariable region of
this gene provides a good target for a metagenomics-based
assay to examine the diversity of Treponema in various
biological sample types.

MATERIALS AND METHODS

In silico Analysis

Based on the nomenclature of Bergey’s Manual of Systematic
Bacteriology, we selected all bacterial species that are classified
within the phylum Spirochaetes (Paster, 2001). Subsequently,
a representative 16S rRNA gene sequence corresponding to
each Spirochaetes bacterial species was retrieved from the
GenBank database'. Where possible, sequences were chosen
with maximal length and no ambiguous bases. Sequences
shorter than 1,250 base pairs and/or containing more than
two ambiguous bases were not included in the dataset even
if no other sequence of the bacterial species was available
(Supplementary Table S1).

The Perl-based high-throughput software tool V-Xtractor
was used to locate the hypervariable regions (V2-V8) of the
16S rRNA sequences using Hidden Markov Models (Hartmann
et al,, 2010). Subsequently, the sequences of each variable region
were analyzed using the mothur software package (v.1.41.1)

Uhttps://www.ncbi.nlm.nih.gov

(Schloss et al., 2009). In an initial step, identical sequences
were removed using the unique.seq command. Then, the
SILVA bacterial reference database (Quast et al., 2012) was
utilized to align the sequences [align.seqs command using
kmer searching (8mers) and Needleman-Wunsch pairwise
alignment method]. OTU clustering was performed for
distance threshold ranging from 0.01 to 0.10 at increments
of 0.01 (cluster.split command with the OptiClust algorithm)
(Westcott and Schloss, 2017).

Spirochete Mock Community

The spirochete mock community comprised an equal
mixture of 19 strains of the phylum Spirochaetes. Single
bacterial DNA isolates were obtained from the German
Collection of Microorganisms and Cell Cultures (DSMZ).
DNA from rabbit inoculated T. pallidum subsp. pertenue
strain Gauthier (referred to as T. pallidum throughout the
manuscript) was obtained from David Smajs, Department
of Biology, Faculty of Medicine, Masaryk University,
Brno, Czech Republic. The 19 Spirochaetes species
which were used in this study, including the cultivation
method, DSMZ reference number, 16S rRNA gene copy
number, genome size, and NCBI reference, are shown in
Supplementary Table S2.

The DNA of the cultured spirochetes obtained from DSMZ
was quantified using the Qubit 2.0 Fluorometer (Thermo Fisher
Scientific). T. pallidum DNA, due to the rabbit background
DNA from in vivo inoculation experiments, was quantified using
an established TagMan PCR (qPCR) targeting the polA gene
with slight modifications as described previously (Knauf et al,
2018). Based on the DNA content, genome size and 16S rRNA
gene copy number, the 19 spirochetes were mixed together at
equimolar (even) ribosomal RNA operon counts per organism.
The final spirochete mock community contained 100,000 16S
rDNA copies/pul of each species. All dilutions were made using
Microbial DNA-Free water (Qiagen GmbH). Suitable precautions
were taken during all sample handling and processing to avoid
microbial contamination.

Treponema Mock Communities

In addition to the spirochete mock community, we created three
bacterial DNA validation sets to evaluate the intra-metagenomic
assays performance. T. pallidum DNA was quantified using
TagMan PCR as described above. For the first validation set,
the stock of T. pallidum (50,000 16S rRNA copies) was used
to make a 10-fold dilution series. The dilutions of T. pallidum
DNA were subsequently mixed with bacterial DNA contained no
Spirochaetes [Microbial Mock Community, HM-280, Biodefense
and Emerging Infectious Research (BEI) Resources, Manassas,
VA, United States] (Supplementary Table S3). The second
validation set was a mixture of T. pallidum and T. denticola in
different ratios (Supplementary Table $4). The final ratios of the
T. pallidum to T. denticola were 1:100, 1:10, 1:1, 10:1, and 100:1.
The third validation set was a 10-fold serial dilution series of
T. pallidum starting at 50,000 copies of 16S rRNA gene. Dilutions
for all validation sets were made using Microbial DNA-Free
water (Qiagen GmbH).
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Spirochete 16S Ribosomal RNA Gene
Enrichment

Spirochete-selective ~ primers ~ were used to  enrich
spirochetal DNA  (Dewhirst et al, 2010). The primers
F24 (5-GAGTTTGATYMTGGCTCAG-3') and M98 (5'-

GTTACGACTTCACCCYCCT-3') were used to amplify a
~1,450 bp fragment of the 16S rRNA gene covering the VI-
V9 region. This first PCR step was performed in triplicates
using the Phusion Hot Start II High-Fidelity DNA Polymerase
(Thermo Fisher Scientific), which has been validated for the use
in microbiome studies (Hallmaier-Wacker et al., 2018). PCR
reactions consisted of 12.5 pl of 2x PCR master mix, 9.5 pl
of Microbial DNA-Free water (Qiagen GmbH), 1.0 ul of each
primer (0.5 mM each, Metabion), and 1 pl of template in a total
reaction volume of 25 pl. PCR cycling conditions comprised of
a pre-denaturation step of 30 s at 98°C, followed by either 20 or
35 cycles of 98°C for 10 s, 57°C for 15 s and 72°C for 120 s, and
a final 10 min extension step at 72°C. A 16S rRNA amplification
control sample (blank controls; Microbial DNA-Free water)
was included. Subsequently, PCR triplicates were pooled before
library preparation.

Analysis of the V4 Region of the

16S rRNA Gene After an Initial
Spirochete-Specific Amplification Step

A pre-test to re-amplify the V3, V4, and V6 regions was
performed to identify the most suitable variable regions. The
V4 region was selected, as the V3 and V6 region primers
demonstrated technical issues to evenly amplify the variable
regions. A modular, two-step PCR process was used to
specifically re-amplify the V4-region of the 16S rRNA gene and
prepare the samples for sequencing on the MiSeq platform.
In the first step, the V4 region of the 16S rRNA gene was
amplified using TruSeq adaptor-tailed universal primers
515F and 806R. The primers 515F-TruSeq (5'-ACACTCT
TTCCCTCCACGACGCTCTTCCGCTCTGTGTGCCAGCMGC
CGCGGTAA-3") and 806R-TruSeq (5'-GTGACTGGAGTTCA
GACGTGTGCTCTTCCGATCCCGGACTACHVGGGTWTCT
AAT-3') were composed of the universal primer targeting the
V4 region (Caporaso et al., 2011) followed by a linker and the
TruSeq adaptor (Illumina, Inc.). Amplification was performed
in triplicates and each 25.0 pul reaction contained 1.0 pl of PCR
product of the enrichment step, 12.5 jul of 2x Phusion Hot Start
IT High-Fidelity PCR Master Mix (Thermo Fisher Scientific),
9.5 pl of Microbial DNA-Free water (Qiagen GmbH), and 1.0 1
of each V4-targeting 16S primer (0.5 mM each, Metabion). The
cycling conditions were as follows: a pre-denaturation step of
30 s at 98°C, followed by 20 cycles of 98°C for 10 s, 55°C for 15 s
and 72°C for 60 s, and a final 10 min extension step at 72°C. To
monitor contamination, the blank control of the enrichment step
was included as a 16S rDNA amplification control.

In the second-step PCR reaction, sample-specific
Mlumina indices and flow cell adapters were added in
an indexing reaction. Illumina i7 and i5 indices were
added to each amplicon using the indexing primer P5 (5'-
AATGATACGGCGACCACCGAG  ATCTACAC-[i5-INDEX]

-ACACTCTTTCCCTACACGACGCTC-3') and indexing primer
P7 (5'-CAAGCAGAAGACGGCATACGAGAT-[i7-INDEX]-
GTGACTGGAGTTCAGAC GTGT-3). Amplification was
performed in a 50.0 pl reaction containing 2.0 pl of PCR
product from the first-step, 25.0 pl of 2x KAPA HiFi HotStart
ReadyMix (KAPA Biosystems), 21.0 pl of Microbial DNA-Free
water (Qiagen GmbH), and 1.0 1 of each Truseq index primer
(0.5 mM each, Metabion). The cycling conditions were as follows:
a pre-denaturation step of 3 min at 98°C, followed by eight cycles
of 98°C for 20 s, 62°C for 30 s and 72°C for 30 s, and a final
5 min extension step at 72°C. To monitor overall contamination,
the blank control of the first-step PCR reaction was included as a
16S rRNA gene amplification control.

V4-Region 16S rDNA Amplification
Without an Initial Spirochete-Specific
Amplification Step

For comparison the initial enrichment PCR was not performed
on a sample of the spirochete mock community and a sample
of validation set 1 (5,000 16S rDNA copies of T. pallidum). For
these two samples the first-step V4-targeting PCR reaction was
performed for additional 15 cycles (total of 35 cycles). A 16S
rRNA gene amplification control was included for this altered
procedure. All other conditions were kept identical.

Applications to Clinical Samples

The applicability of the metataxonomic approach was tested on
extracted DNA from genital swabs of Gilbert’s potoroo (Potorous
gilbertii), a small marsupial found in Western Australia (Vaughan
etal,, 2009). For more information on sample processing see the
Supplementary Materials.

MiSeq Library Preparation and Pooling

After the indexing reaction, all amplicons were purified using
0.7x AMPure XP beads (Beckman Coulter), and quantified
using the Qubit 2.0 Fluorometer (Thermo Fisher Scientific)
(Supplementary Table S5). The amplicon integrity was verified
for a representative number of four samples using the
BioAnalyzer 2000 (Agilent). Equimolar amounts (2 nM) of
sample amplicons were pooled. For samples with <2 nM
concentration, the maximum volume (5 j1l) was pooled prior
to sequencing. The Transcriptome and Genome Analysis
Laboratory at the University of Goettingen performed the
Ilumina MiSeq 2 x 250 bp paired-end sequencing (Illumina
V2 chemistry) run.

Data Processing and Analysis

Raw reads were processed using the mothur software package
(version 1.41.1) (Schloss et al., 2009). Initial pre-processing
and quality control were performed in accordance with
the MiSeq SOP (Schloss et al, 2009). Briefly, paired-end
reads were assembled using the make.contigs command.
Subsequently, the screen.seqs command was used to trim
sequences and filter out any sequences with ambiguous base
calls. Identical trimmed sequences (unique.seq command)
were aligned (align.seqs command) to the SILVA bacterial
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TABLE 1 | dentifiable in silico OTUs for the different genus within the phylum of Spirochaetes at a 97% threshold.

Variable Total OTU ol Jel L 7] L Borrelia Brachyspira Spironema
region (n =28)* (n=4) (n=16) (n=21) (n=1) n=1) (n=30) (n=14) n=1)
V2 69 25 3 14 1" 1 1 5 8 1

V3 50 25 2 12 4 1 1 3 1 1

V4 53 24 3 138 3 1 1 4 3 1

V56 47 22 3 12 2 1 1 2 3 1

Ve 53 24 4 12 6 1 1 2 3 1

V7 34 12 2 11 3 1 1 2 1 1

V] 47 23 2 11 5 1 1 1 2 1

#(n) indicates the number of unique representative sequences in the in silico.fasta file for each genus.

reference database (Quast et al., 2012). Poorly aligned sequences,
chimeras [chimera.uchime command; UCHIME algorithm
(Edgaretal., 2011)], and other erroneous non-bacterial sequences
(remove.lineage command) were removed. The remaining
sequences were classified using a Bayesian classifier implemented
in mothur and OTUs were assigned based on a distance
threshold of 0.03.

For the species-level classification, Treponema-classified
sequences were extracted from the dataset using the get.lineage
command. Using the Treponema sequence data in the in silico

Spirochete-based mock

}
Spirochete-enrichment
Coc

Voo

V4-specific amplification

| 20c _Jsc
b

Add indices and adapters
20c

!

Pool library & MiSeq run

FIGURE 1 | Study design of the metataxonomic assay targeting the V4-region
of the 16S rRNA gene. The gray boxes show the tested cycle (c) conditions
for each step. The blue shading indicates the modular two-step library
preparation.

fasta file (Supplementary Table S1), a database was created
using the create.database command. Using this database, the
taxonomy of the filtered sequences was assigned using the
classify.otu command.

Data Availability

All  generated read files have been deposited in the
NCBI Sequence Read Archive under the accession
number PRJNA541286.

RESULTS

In silico Analysis of the Information
Content of the V2-V8 Regions of the

16S rRNA Gene

We analyzed each hypervariable region (V2-V8) of the 16S rRNA
gene for its potential to distinguish nine bacterial genera that
make up the phylum Spirochaetes. In total, we analyzed the
information content of the variable regions of 114 representative
sequences in silico (Supplementary Table S1). Hypervariable
regions V2-V8 were able to distinguish the nine bacterial
genera at a similarity threshold of 97% (Table 1). The V2
region identified the largest total number of OTUs (n = 69)
compared to all other tested regions (Table 1). Overall, the
least number of OTUs were identified in the genera Leptospira,
Borrelia, and Brachyspira. For the genus Treponema on the
other hand, all variable regions with the exception of V7 were
able to detect a high number of distinct OTUs (Table 1).
Regions V2 and V3 were both able to detect 25 OTUs at
a threshold of 97% in the in silico dataset containing 28
unique representative sequences. To examine the robustness
of the in silico results for Treponema, we examined the
identifiable OTUs at threshold cutoffs ranging from 90 to 99%
(Supplementary Figure S1). For V2, V3, and V4 regions at
90% similarity threshold, >15 OTUs are distinguishable in the
Treponema genus (Supplementary Figure S1).

V4-Region 16S rDNA Amplification of the
Spirochete Mock Community

We tested three different amplification conditions targeting the
V4-region of the 16S rRNA gene (Figures 1, 2). All 16S rRNA
gene amplification conditions were able to identify all seven
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FIGURE 2 | Actual and observed proportions of a spirochete mock community to a genus and species-level. Relative abundance of OTUs in percentage of reads for
a spirochete microbial mock community amplified using multiple methods. The spirochete enrichment and V4-region-specific PCR cycle numbers are shown below
the taxa plots. The expected strain proportion (actual) of the spirochete mock community represents the theoretical composition and was corrected for differential
copy number of the 16S rRNA gene. Species-level classification only shown for the genus Treponema.

genera that were included in the mock community samples
(Figure 2). The amplification condition without spirochete-
specific 16S rRNA gene enrichment differed less from the
actual mixing proportion than the samples which were enriched
(Figure 2). In all conditions, Treponema, Leptonema, and
Sphaerochaeta were preferentially detected. For the spirochete
enriched samples (20 cycles and 35 cycles), Borrelia, Leptospira,
and Brachyspira made up <1% of the detected sequence reads
(Figure 2). In addition to the genus-level identification, we
classified the Treponema sequences on a species-level using
a Treponema-specific database of the V4-region. At 97%
similarity threshold, the database contains 24 OTUs of which
21 OTUs correspond to single species and 3 OTUs correspond
to species-clusters (denticola-, medium-, and the pallidum-
cluster) (Supplementary Table S6). All 16S rDNA amplification
conditions were able to identify all seven species of Treponema in
the mock community (Figure 2). Independent of amplification
conditions, sequences corresponding to T. pallidum-cluster were
amplified less efficiently.

Amplification control samples (blank samples) were included
for each amplification method to test for contamination during
the amplification process. The blank sample from the 20-
cycle enrichment had the lowest amplicon quantity before
sequencing as well as the lowest overall corresponding number of
sequences reads (Supplementary Figure S2 and Supplementary
Table S5). Compared to the blank control enriched for 20
cycles, the control of the enrichment for 35 cycles had a
100x fold increase in sequence reads (Supplementary Figure
$2). Despite an overall lower cycle count, the sequence reads

corresponding to the nonenriched sample were as high as
for the control enriched for 35 cycles. Unlike the enriched
samples (20 cycle and 35 cycle), which detected minimal
Treponema in the blank sample (<10 sequence reads), the non-
enriched control sample detected 6,364 reads of Treponema
(Supplementary Figure S2).

Intra-Metagenomic Assays Performance
The validation sample sets were used to assess the efficiency of
the spirochete enrichment amplification, the effect of competition
between two species, and the detection limit of the amplicon
sequencing approach. The first validation set was a mixture of
different concentrations of T. pallidum with a microbial mock
community (HM-280). Figure 3 shows that both 20 cycle- and
35 cycle-enrichment steps significantly improve the detection
of T. pallidum compared to the unenriched sample at 5,000
16S rRNA gene copies of T. pallidum. As the input DNA of
T. pallidum decreases, the dilution effect between T. pallidum
to microbial mock community HM-280 can be visualized clearly
(Figure 3). Four to six 16S rRNA gene copies of T. pallidum
were detected for 35 cycle- (44,141 sequence reads) and 20
cycle-enrichment (2,224 sequence reads).

The second validation set was a mixture of T. pallidum and
T. denticola in different ratios (see the section “Materials and
Methods” for details). For all ratios, T. denticola outcompeted
T. pallidum in detected sequence reads (Table 2). However,
both species of Treponema were detected at all tested ratios
(Table 2). The third validation set was a 10-fold serial
dilution series of T. pallidum. Sequence reads were >9,000
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x-axis. The biologically effective range of T. pallidum may differ from theoretically
enrichment and V4-region-specific PCR is shown above the taxa plots.
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FIGURE 3 | The effect of spirochete enrichment on the detection limit of T. pallidum. Relative abundance of OTUs in percentage of reads for a T. pallidum-spiked
microbial mock community (HM-280). The theoretically calculated amount of spike in T. pallidum ranging from 5 to 5,000 16S rDNA copies is shown along the

calculated amount (e.g., 5 copies = 4-6 copies). Cycle number for the spirochete

reads down to 500 16S rRNA gene copies of T. pallidum
(Figure 4). At 50 16S rRNA gene copies, T. pallidum
was detectable but overall sequence reads were markedly
decreased (13,453 sequence reads). For the final two dilutions,
total read numbers were <1,500 and T. pallidum sequence
detection was analogous to the blank control (<10 sequence
reads) (Figure 4).

Applications to Clinical Samples

(Gilbert’s Potoroo)

We examined samples from four Gilbert’s potoroo which had
been found to harbor a Treponema infection (Vaughan et al,
2009). Using the amplicon sequencing technique, we identified a
Treponema species in all four clinical samples (Supplementary
Figure S3). Sequence reads corresponding to the Treponema
made up >75% of the total read count for Gilbert’s potoroo
samples No. 2-4 (Supplementary Figure S3). The Treponema
sequences clustered into a single OTU, which cannot be identified
using the Treponema-specific V4-region database at a 97%
threshold identity.

TABLE 2 | Relative abundance of OTUs in percentage of reads for different
proportions of T. pallidum and T. denticola 16S rRNA gene.

Ratio of T. pallidum % sequence reads % sequence reads
and T. denticola for T. pallidum (read for T. denticola (read
16S rRNA gene count) count)

1:100 0.1(37) 99.9 (81,032)
1:10 0.3 (350) 99.7 (112,402)
1:1 3.0(3,108) 97.0 (100,507)
10:1 26.6 (31,077) 73.4 (85,750)
100:1 77.3(74,179) 22.7 (21,809)
DISCUSSION

We used the in silico analysis to predict the informative nature
of each 16S rDNA hypervariable region for different spirochetes.
Our findings expand on the results of Rossi-Tamisier et al.
(2015), indicating that three genera of spirochetes have low
interspecies sequence similarity with the 16S rRNA gene, which
makes it a suitable gene target for identification (Table 1). The
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FIGURE 4 | Detection limit of the metagenomic approach for Treponema.
Total sequence reads resulting from different input amounts of T. pallidum.
Displayed amounts of T. pallidum (50,000-0.5 16S rDNA copies) represent
theoretically calculated amounts. Biologically effective range may differ from
theoretically calculated amount (e.g., 0.5 copies = 0-2 copies). Blank control
represents the 16S rDNA ampilification control using microbial DNA-free water
as input. For these samples 20 cycles of enrichment PCR was followed by 20
cycles of V4-region-specific PCR (for more detail see the section “Materials
and Methods”).

V3 and V4 region have been previously described for their
discriminatory power (Chakravorty et al., 2007; Yang et al., 2016;
Graspeuntner et al., 2018). In a study of 110 bacterial species,
V2 and V3 were the most suitable candidates (Chakravorty
et al,, 2007). Considering phylogenetic resolution, the variable
regions 4, 5, and 6 have been previously identified as prime
targets (Yang et al., 2016; Graspeuntner et al., 2018). Overall, the
in silico analysis provided good initial data to efficiently design
the in vitro experiments. It is, however, important to note that
technical caveats of NGS sequencing must be considered prior
to the selection of the most appropriate region (Kozich et al.,
2013). For example, for the Illumina MiSeq Platform, paired-
end sequencing can currently cover 300 base pairs. Considering
the overall error rate of this platform [~0.1-0.01% per base,
depending on the data-filtering scheme (Meacham et al., 2011;
Loman et al., 2012)], the ideal read length for a metataxonomic
approach allows for full overlap of the two pair-end reads (Kozich
et al,, 2013). Based on our in silico results and pre-test using
different primers, we selected the V4 region of the 16S rRNA gene
for further in vitro testing.

A spirochete mock community of known species composition
allowed for the systematic comparison between the different
amplification methods (Figure 1; Brooks et al, 2015).
Independent of the amplification method, our metagenomic
approach was able to detect all seven genera of spirochetes in the
mock community, as well as all species of Treponema (Figure 2).
However, not all spirochetes were detected equally well with
all amplification procedures (Figure 2). The spirochete-specific
enrichment step, which was included for a better detection of
spirochetes, led to the distortion of the actual proportions and
favored Treponema, Sphaerochaeta, and Leptonema (Figure 2).
The distortion of the bacterial profiles due to preferential
amplification of multi-template PCR is a known phenomenon
and a major limitation of 16S rRNA gene amplification that
results from sub-optimal primer binding (Polz and Cavanaugh,
1998; Brooks et al., 2015; Hallmaier-Wacker et al., 2018).
It has been previously shown that this distortion effect is
not significantly influenced with decreasing the number of
amplification cycles (Acinas et al.,, 2005; Sipos et al., 2007; Wu
et al., 2010; Brooks et al., 2015). Similarly, our results did not
remarkably change with an increased number of enrichment
cycles (20 cycles vs. 35 cycles; Figure 2). Nevertheless, the use of
unnecessary cycles should be avoided as it can lead to formation
of unwanted side products such as chimeras (Ahn et al., 2012),
as well as a higher risk of overamplifying reads that originate
from contamination (blank controls; Supplementary Figure S2)
(Salter et al., 2014).

To examine the benefits of the spirochete enrichment PCR
(20 cycles and 35 cycles) on the detection limit of analysis,
we tested the metataxonomic approach on mock communities
that simulate bacterial proportions found in clinical samples
(Supplementary Table $3). For these samples, the enrichment
step critically improved the detection of Treponema at low
copy numbers, thus indicating that enrichment is a useful
tool for samples with low spirochete numbers (<5,000 16S
rDNA copies) (Figure 3). We showed that five 16S rRNA gene
copies of T. pallidum were detectable in a sample with 20
other bacterial species (even bacterial mock HM-280). Using
serial dilutions, we were able to detect as little as 50 16S
rRNA gene copies of T. pallidum using 20 cycle enrichment
amplification (Figure 4). These data indicate a sensitivity of
our assay that is comparable to standard TagMan qPCR and
which outcompetes the conventional 16S rRNA clonal approach
(Leslie et al., 2007). Obtaining a high detection limit using a
clonal approach is both time consuming and resource intensive
(Leigh et al, 2010). On the other hand, Sanger sequence
analysis of clone libraries provide greater phylogenetic resolution
due to an increased read length, covering the full 16S rRNA
gene (Leigh et al., 2010). The complex microbial communities
present in many clinical samples is a frequent challenge in
diagnostics and in these sample the occurrence of multi-
Treponema species is not uncommon. For example, in oral
syphilis patients, T. pallidum can be found in combination
with T. denticola (Scott and Flint, 2005). We therefore tested
the effect of competing species by simulating a co-infection
of T. pallidum and T. denticola (Supplementary Table S4).
Overall, the metataxonomic approach underestimated the ratio
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of T. pallidum in the samples (Table 2). Amplicon sequencing
was, however, sufficient to identify both species of Treponema at
all tested ratios (Table 2). We note here that the metataxonomic
approach does not accurately represent absolute abundance of
different species (Widder et al., 2016). The used primers may have
a significant effect in distorting tested ratios and thus alternative
primer should be designed and evaluated for specific research
questions. Additionally, quantitative techniques such as qPCR,
flow cytometry, or fluorescence in situ hybridization (FISH)
may be superior for evaluating known competing species (e.g.,
T. pallidum and T. denticola) (Props et al., 2017). Moreover, the
metataxonomic approach should not be used for defining novel
bacterial species even if species-level clustering is possible using
the 16S rRNA sequence information (e.g., Treponema) (Tindall
et al, 2010). Instead, 16S rRNA gene amplicon sequencing
provides a qualitative view on the diversity of treponemes within
a given DNA sample. For example, we used the metataxonomic
approach to examine clinical samples of the Gilbert’s potoroo
that have been previously found to harbor a Treponema infection
(Vaughan et al,, 2009). As the potoroo clinical samples were
associated with a polymicrobial environment and infection was
believed to be chronic (Vaughan et al., 2009), we performed
a 35 cycle-enrichment in order to detect low concentrations
of spirochetes. We identified a single Treponema species in all
tested samples of the four Gilbert's potoroos, which currently
remains unclassified at a species level. The high percentage
of Treponema in the detected samples (>75%; Supplementary
Figure $3) indicates that the amplicon method is applicable for
clinical samples and guides subsequent approaches that aim to
fully characterize the discovered Treponema species. The results
from the metataxonomic approach can be used to select most
promising samples for whole-genome analysis (WGS), as well as
provide a preliminary understanding of the possible phylogeny,
which may assist in reference-based assembly (Wyres et al., 2014).
Importantly, further WGS sequences of known and unknown
Treponema are crucial to study the evolution and epidemiology
of this ancient group of bacteria and to enhance future shotgun
metagenomic studies. Currently, there is only a limited number
of whole-genome sequences of Treponema, in particular the non-
pathogenic species, due to the difficulty to culture many of the
species [e.g., from the termite gut (Paster et al., 1996)].

CONCLUSION

We showed that the V4 region of the 16S rRNA gene is a valuable
target to explore the diversity of Treponema in various biological
sample types. To monitor the quality of each sequencing run,
it is essential to including relevant controls with all clinical
samples. When applied appropriately, the presented modular
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FIGURE 1 | Study design of the metataxonomic assay targeting the V4-region
of the 16S rRNA gene. The gray boxes show the tested cycle (c) conditions for
each step. The blue shading indicates the modular two-step library
preparation.
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5.2.3 High-Throughput Whole Genome Sequencing

The bacteriophage ¢X174 was the first pathogen whose genome was fully sequenced (SMbp)
(Maxam and Gilbert, 1977; Sanger et al., 1977b). This achievement was further surpassed with
the sequencing of the much greater Epstein-Barr virus in 1984 (170 Mbp) (Baer et al., 1984).
Since then whole genome sequencing (WGS) has become standard, and two decades after the
Epstein-Barr virus was sequenced with Sanger technology, a new sequencing generation (HTS
technology) was introduced to the market. This technique allowed researchers to push the
boundaries of sequencing in terms of costs, speed, automatization of the remaining manual
processes and sequencing accuracy (El-Metwally et al., 2014) to never-before-seen
dimensions. The sequencing of the human genome is now possible within a single day and at
costs as low as 1,000 USD, compared to the first human genome sequence that was generated
over years and which took hundreds of millions of USDs (Collins and Hamburg, 2013). Since
2005 marked the starting point for the HTS technology (El-Metwally et al., 2014), different
sequencing biochemistries (Roche (454) (Margulies et al., 2005), [llumina (Solex) (Bentley et
al., 2008) and Life Technologies (ABI/SOLiD) (Shendure and Ji, 2008)) have been introduced.
Today, Illumina’s Sequencing-by-Synthesis (SBS) technology is the most widely used and
accepted HTS biochemistry (Buermans and den Dunnen, 2014). Briefly, Illumina HTS
workflows contain four steps: library preparation, cluster generation, sequencing, and data
analysis (Illumina, 2017). DNA libraries are generated from random fragmentation of the target
DNA (or cDNA) samples, either through physical shattering or enzymatic digest. Resulting
DNA fragments are 5’- and 3’-adapter-ligated and subsequently, PCR amplified. In the next
step the library is loaded into flow cells where target DNA is bound to surface-coated oligos
complementary to the library adapters. Amplification of the bound DNA fragments generates
clonal clusters (cluster generation) that are ready for sequencing. Illumina SBS uses a
proprietary reversible terminator-based method that detects single nucleotides as they are
incorporated into the DNA template strands. Resulting paired-sequence reads are adapter and
low quality trimmed, length and duplicate-sequence filtered, as well as error corrected before
they can be reference-, de novo-, or a combination of both, aligned.

A major weakness of the Illumina HTS technology is that DNA libraries are length
restricted. It seems bizarre to fragment high-quality DNA into read pieces of e.g. 250 base pairs
(bps), just to put those pieces back into place to align the full genome. Especially areas of
repetitive sequence parts or genomes that contain a homologous gene family such as the pr-
gene family in 7. pallidum, are prone to errors and fail to be adequately aligned. A relatively
new HTS sequencing technology often referred to as the third-generation of sequencing, is the
Oxford Nanopore Technology (ONT). It was introduced to the market in 2014 (Lu et al., 2016)
and holds promise to overcome some of the Illumina HTS limitations. The MinION device is
a pocked sized (10 x 3 x 2 cm, 90 g) sequencing platform that is equipped with nanopore flow
cells. It can be run in virtually any setting from the polar region to tropical Africa with only
limited technical requirements (Johnson et al., 2017; Pomerantz et al., 2018). When DNA
molecules are guided through the flow cells, changes in the magnitude of the current in the
nanopores code for the four different nucleotides (A, G, C and T). A major advantage over the
high-performance Illumina read technology is Nanopore’s read length profile that has a mean
read length of 10 kb. Unfortunately, the technology is currently limited by its high sequencing
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error rate (Ashton et al., 2015; Ip et al., 2015; Laver et al., 2015; Lu et al., 2016). Even with
the rolling circle to concatemeric consensus (R2D2) method, the median accuracy does not
exceed 94% (Volden et al., 2018). However, in unknown pathogen species (in the absence of
suitable reference genomes) or genomes that are difficult to whole-genome sequence
(homologous genes, long repetitive regions), the ONT can be used to create a draft genome
that is subsequently used as reference for complementary Illumina reads, that have an expected
final sequencing error rate of only ~1%. This way, previously ONT-introduced sequencing
errors will be counterbalanced and the final genome assembly will have high accuracy.
However, it can be expected that Nanopore technology further improves its read accuracy and
that future studies can go without complementary Illumina sequencing for high-accuracy WGS.
A current alternative to ONT is the single molecule, real-time (SMRT) sequencing technology
that uses a DNA polymerase driven uninterrupted template-directed synthesis in the presence
of distinguishable fluorescently labeled deoxyribonucleoside triphosphates (ANTPs) (Eid et al.,
2009). According to Pacific Biosciences (PacBio), a company that has commercialized the
technology, SMRT sequencing provides long read lengths (>50 kb) without compromising
throughput or accuracy. SMRT is reported to achieve a median accuracy of 98.9% and
performs well through AT- or GC-rich regions as well as repetitive sequences, long
homopolymers, and palindromic sequences. While the pre-run cost of flow-cells and reagents
of PacBio and ONT are comparable, the PacBio Sequal sequencer significantly exceeds the
costs of the ONT. Nevertheless, the high accuracy of SMRT is currently unmatched by ONT,
even when a modern method such as R2D2 is used (Volden et al., 2018).

5.2.4 DNA target enrichment
Despite the recent achievements in sequencing technologies, one aspect remains a great
challenge for the WGS of uncultivable pathogens (e.g., 7. pallidum) in complex clinical or
environmental samples: low quantity of target DNA is often paired with high amounts of
background DNA. To enhance the ratio of target DNA to background DNA, and thus to
enhance HTS-performance there are target-unspecific and -specific enrichment methods
available.

Base methylation as a DNA modification is found in all living organisms (Cheng,
1995). In prokaryotes, its main role is to protect the host DNA from enzymatic digest and to a
lesser degree to regulate DNA replication (Jeltsch, 2002; Marinus and Lebner-Olesen, 2014).
In eukaryotes, it has several functions, such as gene regulation and genomic imprinting (Jeltsch,
2002). C3-methyl-cytosine (m5C) is the only known covalent modification of the DNA in
eukaryotes (Jeltsch, 2002) but is, to a lesser extent, also present in prokaryotic DNA (reviewed
in (Sanchez-Romero et al., 2015)). Bacterial genomes, also, contain N*-methyl-cytosine (m4C)
and N°-methyl-adenine (m6A) (Hattman, 2005; Jeltsch, 2002; Ratel et al., 2006).
Commercially available DNA enrichment methods for the unspecific enrichment of bacterial
DNA make use of these differences in DNA methylation. The Looxter® Enrichment kit
(Analytic Jena) uses the specific affinity of the CXXC finger protein 1 (CFPI) for non-
methylated CpG-dinucleotides (Voo et al., 2000) and is thus able to bind bacterial and fungal
DNA (Sachse et al., 2009). Other systems (e.g., NEBNext® Microbiome DNA Enrichment
Kit) are designed to bind the CpG-methylated (m5C) DNA and therefore selectively bind the
background DNA of the mammalian host in clinical samples (Feehery et al., 2013). Currently,
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the most promising technique for the unselective enrichment of prokaryotic DNA in samples
with a high background DNA of mammalian hosts is the Dpn/ method published by Barnes et
al. (Barnes et al., 2014). The method is currently not commercially available and unlike the
other methods that rely on m5C methylation at CpG sides, it uses a restriction endonuclease-
mediated DNA enrichment approach. Dpnl is a methyl-directed endonuclease that is highly
specific for methylated adenine residues (Lacks and Greenberg, 1975; Vovis and Lacks, 1977).
The enzyme activity has been suppressed through manipulation of the reaction conditions so
that the enzyme binds, but not digests the DNA (Barnes et al., 2014).

Target enrichment via hybridization-based capture is the most specific and powerful
tool available today to selectively enrich HTS sequencing libraries. Custom-adapted myBaits®
target capture kits (Arbor Biosciences) are commercially available. After the submission of
reference sequences, the manufacturer designs and produces RNA probes of 80-bp length that
are complementary to the target sequence(s). During in-solution hybridization, target DNA will
bind to the complementary RNA baits, which will subsequently be coupled with magnetic
beats. Unbound DNA is washed out and bait captured DNA can be amplified and subsequently
high-throughput sequenced. The myBaits® system was for example successfully used to
whole-genome sequence 7. pallidum strains of NHP origin (Chapter 7.3.4) (Knauf et al., 2018).

5.3 The Importance of Assay Validation and Standardization

The validation and standardization of assays used to diagnose and characterize pathogens
increase reproducibility and therefore the ability of an assay to deliver trustful results. In a
nutshell, validation is a process that determines the integrity and fitness of an assay (OiE,
2019). It guarantees that a test is working accurately, that it is (species) specific and
reproducible. Few assays that are available for disease testing have been sufficiently validated
for the use in wildlife (Gardner et al., 1996). However, knowledge of the analytic and
diagnostic performance of assays used to investigate infectious diseases is of fundamental
importance, in particular when the results are used for decision making and disease
management. Due to the limit of detection (a measure of assay sensitivity), low copy numbers
of a pathogen in a given sample can result in false-negative test results. Furthermore, degraded
samples might interfere with the technical requirements of an assay. An example of this would
be the lack of amplification in long-range PCR methods that use DNA extracted from faecal
samples, which is generally highly degraded (Chiou and Bergey, 2018). In addition to the host
species specificity, assay development and optimisation efforts must pay due attention to the
sample materials that are used to detect a pathogen (Stallknecht, 2007). Figure 2 illustrates a
flowchart that has been published by the World Organisation for Animal Health (OiE, 2019).
It demonstrates the assay development and validation pathways that need to be considered
when implementing a new diagnostic test. While the extent of assay validation may differ
according to the intended use and availability of appropriate control samples, assay validation
is a principal component of any wildlife disease investigation. Due to differences in selectivity,
the extent to which a method can accurately quantify the pathogen in the presence of
interferents or degradants (OiE, 2019), assays that work at the first stage (Figure 2 analytic
characteristics) do not necessarily perform well in the second stage of the assay validation
(Figure 2: diagnostic characteristics). In the latter, the assay is tested using clinical samples.
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Generally, test results from weakly validated assays should be confirmed by at least one
independent assay before they are reported.

The diagnostic sensitivity (proportion of samples from known infected animals that test
positive) and diagnostic specificity (proportion of samples from known uninfected animals that
test negative) of a test are the primary performance indicators established during the validation
process (Office International des Epizooties, 2019). The reporting of these statistical
parameters requires accuracy and is dependent on an adequate sample size of known positive
and negative reference samples. In many cases, however, sample availability is limited in
wildlife research and a lower confidence interval for the diagnostic sensitivity and specificity
must be accepted but needs to be reported along with the study outcome.
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Figure 2. Proposed assay development and validation pathways with assay validation criteria
highlighted in bold. The figure has been reproduced and modified from © OIE 2018 (World
Organisation for Animal Health), reproduction of Fig. 1 given in chapter 1.1.2 Principles and
methods of validation of diagnostic assays for infectious diseases of the Manual of Diagnostic
Tests and Vaccines for Aquatic Animals, available at
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https://www.oie.int/index.php?id=2439&L=0&htmfile=chapitre validation diagnostics assa
ys.htm.

The magnitude of technological advances during the last two decades, coupled with new and
efficient diagnostic tests has revolutionized the molecular detection of pathogens. On the
downside, the increase in assay sensitivity has magnified laboratory contamination problems.
In particular microbiome-HTS approaches are prone to laboratory contamination, sometimes
to an extent where microorganisms are introduced through ultrapure water systems (Laurence
et al., 2014). Validation efforts, therefore, need to standardize the test performance across the
different species and sample types. This includes all sample storage media and assay test
components that are required to run the reaction (Brooks et al., 2015; Hallmaier-Wacker et al.,
2018) (Chapter 5.3.4). An appropriate number of negative control samples needs to be
included. It is of utmost importance to understand the technical limitations and (unavoidable)
error rates associated with any given assays. Data-rich methods are further prone to
interpretation errors (Tripathi et al., 2016) since the use of different algorithms and databases
can affect the results (Lopez-Garcia et al., 2018; Xue et al., 2018). Another challenge to the
standardization of microbial sequence data is the definition of sequence thresholds that enable
the taxonomic classification of microbial sequence data based on sequence similarity (Cohan,
2002; Fraser et al., 2009; Rossello-Mora and Amann, 2001; Staley, 2006). Yet, this kind of
classification struggles with databases that do not cover the whole range of microorganisms
(and will likely never do). The advanced field of metataxonomics, therefore, applies binning
of sequences into e.g., OTUs (Blaxter et al., 2005; Schloss et al., 2009) or zero-radius OTUs
(Edgar, 2018b; Xue et al., 2018). For 16S rRNA gene sequences, this provides more accuracy
and makes data comparable across the different species without the need to have the
orthologous sequence in a given database such as SILVA or GreenGenes (Schloss, 2016).
However, there is an ongoing debate on the robustness of a generalized cut-off value and this
is not restricted to the 16S rRNA data (Konstantinidis et al., 2006). The 97% threshold, which
is commonly used in data that originate from 16S rRNA amplicon sequencing has been
questioned, as it creates a bias in diversity metrics, which makes it difficult to compare results
across different studies in particular when different sets of primers have been used (Mysara et
al., 2017). To recognize the different evolutionary rates within the different variable regions of
the 16S rRNA gene, Mysara et al. developed a methodology that calculates dynamic and
evolutionary compliant OTU clustering (Mysara et al., 2017). For obvious reasons, it will be
impossible to achieve consensus in every methodology that is used to diagnose and characterize
pathogens. It is therefore in the interest of standardization to share raw research data along with
the presentation of analysis outcomes (Piwowar, 2011).

The following publications, provide examples for the assay validation pathway (5.3.1 and
5.3.3) and the assay development pathway (5.3.2).
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5.3.1 Validation of Serological Tests for the Detection of Antibodies Against Treponema
pallidum in Nonhuman Primates

This study has been conducted to validate the usefulness of commercially available serological
tests for the identification of anti-7. pallidum antibodies in baboons (Papio sp.). The outcome
of the study generated confidence in reporting serological test results from naturally infected
wild NHPs and paved the way for the use of the validated serological test to screen for naturally
occurring infection of NHPs with 7. pallidum.
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Abstract

There is evidence to suggest that the yaws bacterium (Treponema pallidum ssp. pertenue)
may exist in non-human primate populations residing in regions where yaws is endemic in
humans. Especially in light of the fact that the World Health Organizaiton (WHO) recently
launched its second yaws eradication campaign, there is a considerable need for reliable
tools to identify treponemal infection in our closest relatives, African monkeys and great
apes. It was hypothesized that commerecially available serological tests detect simian anti-T.
pallidum antibody in serum samples of baboons, with comparable sensitivity and specificity
to their results on human sera. Test performances of five different treponemal tests (TTs)
and two non-treponemal tests (NTTs) were evaluated using serum samples of 57 naturally
T. pallidum-infected olive baboons (Papio anubis) from Lake Manyara National Park in Tan-
zania. The T. pallidum particle agglutination assay (TP-PA) was used as a gold standard for
comparison. In addition, the overall infection status of the animals was used to further vali-
date test performances. For most accurate results, only samples that originated from ba-
boons of known infection status, as verified in a previous study by clinical inspection, PCR
and immunohistochemistry, were included. All tests, TTs and NTTs, used in this study were
able to reliably detect antibodies against T. pallidum in serum samples of infected baboons.
The sensitivity of TTs ranged from 97.7-100%, while specificity was between 88.0-100.0%.
The two NTTs detected anti-lipoidal antibodies in serum samples of infected baboons with a
sensitivity of 83.3% whereas specificity was 100%. For screening purposes, the TT Espline
TP provided the highest sensitivity and specificity and at the same time provided the most
suitable format for use in the field. The enzyme immune assay Mastblot TP (IgG), however,
could be considered as a confirmatory test.
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Author Summary

The success of any disease eradication campaign depends on considering possible non-
human reservoirs of the disease. Although the first report of T. pallidum infection in ba-
boons was published in the 1970’s and the zoonotic potential was demonstrated by inocu-
lation of a West African simian strain into humans, nonhuman primates have not yet
been considered as a possible reservoir for re-emerging yaws in Africa. Simian strains are
genetically most closely related to the strains that cause yaws in humans. The identification
of baboons as a reservoir for human infection in Africa would be revolutionary and aid im-
portant aspects to yaws eradication programs. Reliable serological tests and a useful stan-
dardized test algorithm for the screening of wild baboon populations are essential for
studying potential transmission events between monkeys and humans.

Introduction

Treponema pallidum is the bacterium that causes venereal syphilis (ssp. pallidum) and the
non-venereal diseases yaws (ssp. pertenue) and endemic syphilis (ssp. endemicum) in humans
[1]. The spirochete is able to cause a life-long chronic infection in untreated individuals [2] and
elicits a strong adaptive immune response against a wide array of antigens [3-4] with strong
serum IgM and IgG response [5-7] towards a number of lipoproteins (e.g., Tp15, 17, and 47),
endoflagellar proteins (e.g., FlaA, FlaB1, 2, and 3), and the Tpr family proteins (e.g.,
TprA-TprL) [6]. Furthermore, infection-related cellular damage is known to induce the pro-
duction of non-treponemal antibodies mainly directed against cardiolipids [8,9].

Recently, we have reported that T. pallidum can infect large numbers of African monkeys
and great apes [10]. To date, all simian isolates seem to be closely related to T. pallidum ssp.
pertenue, the pathogen causing human yaws [11,12] and at least the Fribourg-Blanc simian
strain, which was isolated from a baboon in Guinea [13], has the potential to cause sustainable
infection in humans [14]. Thus, there is evidence to suggest that yaws exists in non-human pri-
mate populations residing in regions where humans are also infected [15]. The clinical mani-
festations in non-human primates (NHPs) however, show regional differences. While West
African simian strains of T. pallidum mostly cause no clinical signs [16], gorillas in the Repub-
lic of the Congo show yaws-like lesions [17] and baboons in East Africa are known to develop
severe genital ulceration [11,18]. However, independent of the clinical manifestations simian
strains induce a pronounced serological response in the respective host [10], which may be
used to screen and identify host populations for their potential as a natural reservoir.

In the context of the possible zoonotic potential of simian strains [14], the identification
and knowledge of a nonhuman reservoir for T. pallidum is crucial to disease elimination or
eradication efforts and could help to identify hot spots for potential simian-to-human disease
transmission. There is therefore considerable need to validate treponemal tests (TTs) and non-
treponemal (NTTs) for their use in NHPs. Due to the close relationship of simian and human
treponemes [12], we hypothesized that A) commercially available serological tests are able to
detect simian anti-T. pallidum IgM and IgG in serum samples of baboons, a NHP species with
high infection rates and B) that the serological tests will be equally reliable in terms of sensitivi-
ty and specificity in baboon sera compared to the human sera.
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Materials and Methods
Ethics statement

Baboon serum samples were taken in accordance with the Tanzania Wildlife Research Insti-
tute’s Guidelines for Conducting Wildlife Research (2001) and with permission of Tanzania
National Parks (TNP/HQ/E.20/08B) as well as Commission for Science and Technology in
Tanzania (2007-56-NA-2006-176). The committee of Tanzania National Parks and Tanzania
Wildlife Research Institute approved sample collection. Baboon serum samples from the Ger-
man Primate Center were granted from the institute’s bio bank and originated from healthy
animals that were sampled during post-mortem examination. The Animal Welfare and Ethics
Committee of the German Primate Center approved the use of samples for this study.

Study site and animals

In a previous study, we were able to detect T. pallidum infection in wild olive baboons (Papio
anubis) at Lake Manyara National Park in Tanzania [18]. Although the isolated strain is most
closely related to T. pallidum ssp. pertenue [11], the pathogen causes severe genital ulceration.
Diagnosis was based on gross pathology, histology, and molecular biological tests. The latter in-
cluded quantitative [19] and qualitative PCR [20], targeting the polA gene of T. pallidum. DNA
was extracted from skin tissue samples [18]. Data and corresponding serum samples that were
constantly stored at -80°C of 57 untreated baboons from this study were available for analysis
in 2013. An additional set of 11 serum samples of healthy captive olive baboons from the Ger-
man Primate Center were included as negative control. The extent of genital ulceration was
used to classify and group animals as clinically healthy, initially-, moderately-, or severely-in-
fected (Fig. 1). It is not known whether simian infection develops in stages similar to

human infection.

Treponemal tests (TTs)

Serodia TP-PA (Fujirebio Diagnostics Inc., Malvern, PA, USA; Cat. No. 201326). The
test uses sensitized colored gelatin particles as carriers of the T. pallidum (Nichols Strain) anti-
gen and is run in microtiter plate reaction wells (high-binding and U-shaped, Cat. No. 650061,
Greiner bio-one, Frickenhausen, Germany). All steps and control standards followed the man-
ufacturer’s protocol. Serum was not heat pre-treated, but sera that showed agglutination with
unsensitized and sensitized gelatin particles were re-tested with a pre-absorption step as rec-
ommended by the manufacturer. A quantitative analysis was carried out using an initial titra-
tion scheme (1:5 to 1:20,480). Serum samples showing high reaction titers of > 1:20,480 were
re-tested until an end-point with negative reaction was reached. Results were interpreted in ac-
cordance with the manufacturer’s protocol. Two independent investigators read each test result
on the day of testing and in addition 24 hours later. Performance characteristics as communi-
cated by the manufacturer are summarized in Table 1. All baboon serum samples were tested
at least twice. In this study and in accordance with the European Guidelines on the Manage-
ment of Syphilis [21-23], T. pallidum particle agglutination assay (TP-PA) was used as the ini-
tial screening test and gold standard to be compared to all other test performances.

Espline TP (Fujirebio Diagnostics Inc., Malvern, PA, USA; Cat. No. 219126). This
screening test comes in a ready-to-use cassette format and is licensed for use in serum or plas-
ma samples. It is based on immunochromatography for the detection of IgM and IgG class an-
tibodies to T. pallidum. The recombinant antigens Tp47 (0.7 ug/cassette), Tp15-17 fusion
protein (0.4 pg/cassette), alkaline phosphatase labeled TP recombinant antigen (Tp 47, 17.0
ng/cassette), and alkaline phosphatase labeled TP recombinant antigen (Tp15-17, 14.8 ng/
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Fig 1. Multiple comparisons of log anti-T. pallidum titers in 4 groups with a different stage of genital ulceration in baboons ([CNA] = clinically non-
affected (n = 20), [INI] = initial (n = 14), [MOD] = moderate (n = 7), and [SEV] = severe genital ulceration (n = 16); for stage definition see [18]), GU = genital
ulceration. Anti-T. pallidum antibody quantification was investigated using the Serodia TP-PA. Kruskal-Wallis test using Dunn’s correction for multiple
comparison: CNA vs. SEV mean rank diff. = -30.04, p < 0.0001; CNA vs. MOD mean rank diff. = -19.95, p < 0.05; INI vs. SEV mean rank diff. = -17.56,

p < 0.05. (mean + SEM).

doi:10.1371/journal.pntd.0003637.9001

cassette) were coated on the reaction membrane. The assay was operated and interpreted ac-
cording to the manufacturer’s instructions. Test results were considered valid when the internal
reference line was present. All baboon serum samples were tested at least twice and were not
heat pre-treated.

Syphilitop Optima (ALL. DIAG S.A.S., Strasbourg, France, Cat. No. 5480). According
to the manufacturer’s protocol, this immunochromatographic test must only be used on
serum. Its membrane is partially coated with a mixture of different T. pallidum-specific anti-
gens (17 kDa and 47kDa). Serum migrates along the test strip through chromatography. IgM
and IgG class anti-T. pallidum antibodies bind to the antigen(s), indicated by the appearance of
purple-colored indicator bands. Only tests that showed an internal reference band were consid-
ered for valid test interpretation. All baboon serum samples were tested at least twice and were
not heat pre-treated.

Mastafluor FTA-ABS IgM and IgG (Mast Diagnostica, Reinfeld, Germany; Cat. No.
6305222). The Fluorescence-T. pallidum-Antibody-Absorption-Test (FTA-ABS) kit for IgM
and IgG was used to test serum samples of baboons. Samples were not heat pre-treated. De-
pending on the conjugate antibody, it was possible to distinguish between IgM or IgG class an-
tibodies. The test procedure followed the manufacturer’s protocol.

Mastablot TP (Mast Diagnostica, Reinfeld, Germany). The immunoblots Mastablot TP
IgM (Cat. No. 6653M24) and IgG (Cat. No. 6653G08) were used to detect anti-T. pallidum an-
tibodies in all serum samples of baboons. Both blots use nitrocellulose strips coated with p15,

Table 1. Performance characteristics of the serological tests used in this study, as reported by the manufacturer. Sen = Sensitivity,
Spec = Specificity, n.p. = not provided.

Serodia TP-PA  Espline TP Syphilitop Mastafluor FTA-ABS Mastablot TP IgG VDRLCHECK CHARBON/ RPR-100
(n) (n) Optima (n) 19G (n) (n) RPR (n) (n)
Sen  100.0% (145)  100.0% 100.0% (103) n.p. n.p. 100.0% (50) n.p.
(145)
Spec  100.0% (935)  99.7% (932)  95.0% (100) n.p. n.p. 100.0% (100) n.p.

doi:10.1371/journal.pntd.0003637.001
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p17, TmpA and p47. Each immunoblot was used according to the manufacturer’s guidance. As
in all tests, serum was used without heat pre-treatment.

Non-treponemal tests (NTTs)

VDRLCHECK CHARBON/RPR (ALL. DIAG S.A.S., Strasbourg, France; Cat. No.

5474). This macroscopic non-treponemal flocculation test for the detection, and to a certain
extent quantification of anti-lipoidal antibodies was used in all serum samples of baboons.
Tests were repeated twice and serum samples were not heat pre-treated. Serum was mixed with
the VDRLCHECK CHARBON/RPR reagent and allowed to react for eight minutes. In case
anti-lipoidal antibodies were present, black macroscopic visible floccules were visible. The test
procedure and test interpretation was operated according to the manufacturer’s protocol. To
avoid false-negative test results due to the prozone phenomenon [24], critical test results were
retested with 1:8 dilution.

RPR-100 (Biorad, Marnes, France; Cat. No. 72505). Similar to the VDRLCHECK
CHARBON/RPR Test, the Rapid Plasma Reagin (RPR) test kit was used in serum samples of
baboons to detect qualitative and semi-quantitative IgM and IgG antibodies against lipoidal
material that originates from host cell damage or lipoprotein-like particles of the spirochete.
Available samples were tested twice. The test procedure and interpretation of results were
based on the manufacturer’s protocol. The presence of antibodies resulted in macroscopic visi-
ble agglutination of carbon-particles coated with a mix of liquid antigens. Carbon particles are
dispersed in a medium that contains not otherwise specified substances to eliminate unspecific
reaction. To avoid false-negative test results due to the prozone phenomenon [24], critical test
results were retested with 1:8 dilution.

At least one researcher and an experienced technician read the test results of each test. Re-
sults of each test were blinded and were communicated independently. If not otherwise speci-
fied, each test was performed on a single day. Performance characteristics of all tests, as
reported by the manufacturer, are summarized in Table 1.

Definition of test results

Generally, the definition of a test result was based on the individual’s overall infection status
(Table 2). Details of infection status including genital ulceration status and each test’s interpre-
tation can be found in the Supporting Information (S1 Table).

True positive (Tpos). For TTs, a true positive test result was assumed, when the result co-
incided with the majority of all other serological test results of TTs, which were positive (3 out
of 5, excluding tests to detect anti-T. pallidum IgM), a positive outcome of the skin tissue PCR,
and/or immunohistochemistry (IHC). NTTs were considered Tpos when molecular biological
tests indicated the presence of T. pallidum and/or when the test result correlated to the overall
outcome of the TT results.

False positive (Fpos). A false positive test result of TTs was presumed when the outcome
of a test was contrary to all other test results of the TTs, which were negative (3 out of 5, exclud-
ing tests to detect anti-T. pallidum IgM), as well as a negative skin tissue PCR and THC result.
NTTs were considered Fpos when molecular identification and the second NTT were negative.

True negative (Tneg). A TT result was defined as true negative when it conformed to the
majority of all other TT results (3 out of 5, excluding tests to detect anti-T. pallidum IgM)
along with a negative outcome of the skin tissue PCR and IHC. NTTs were defined Tneg, when
both NTTs were non-reactive, while the overall TT result could be positive or negative.

False negative (Fneg). False negative TT results were documented when a result was con-
trary to all other test results of the serological tests, which were positive (3 out of 5, excluding
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Table 2. Definitions used to determine the infectious stage of baboons.

Test Results

Genital Ulceration / +- +- - +- -
IHC / +(10of2) - - - |
PCR

Treponemal Tests / +(10f2) - - - -
Serodia TP-PA 3 of 5 tests +- + = + 9
Espline TP

Syphilitop Optima 3 of 5 tests +- + - + -
Mastafluor FTA-ABS IgG 3 of 5 tests +- + - + -
Mastablot TP IgG 3 of 5 tests +- + - + -
Non-Treponemal Tests 3 of 5 tests +- + = + :
VDRLCHECK CHARBON/RPR / +/- + + - -
RPR-100 +- + + - 5
Infection Status / + + - + -

The definition of infection status was based on the outcome of serological (this study) and molecular
biological tests [18, S1 Table].

doi:10.1371/journal.pntd.0003637.t002

tests to detect anti-T. pallidum IgM), along with a positive skin tissue PCR and/or IHC result.
NTTs were considered Fneg, when molecular biological tests indicated the presence of the spi-
rochete and one of the second NTTs, VDRL or RPR, became reactive.

Statistics

Statistical analyses were performed using Prism 6.0 (GraphPad Software). Results of the TTs
were first compared to the result of the Serodia TP-PA and second to the consensus of infection
status, as it is defined in Table 2, and which takes into account the appearance of clinical symp-
toms (genital health status), IHC and skin tissue PCR results of the same animals as published
elsewhere [18]. While the TP-PA was used as the gold standard for TTs, we compared results
to the baboon’s infection status for further verification of test results and accuracy. With regard
to NTTs it was assumed that a significant proportion of tests might become nonreactive in
chronically infected baboons, as it is described for untreated human syphilis infection [25-27].
Test performances of the NTTs were therefore evaluated exclusively on the basis of the consen-
sus of infection.

A non-parametric test for nominal scale data, the two-tailed Fisher’s Exact Test, was used to
compare the proportions among the serological tests, skin tissue PCR results and clinical signs
of infection as well as for the analysis of sensitivity and specificity of the serological tests.

Sensitivity. Proportion of actual positives that are correctly identified as true positives:
Tpos/(Tpos + Fneg).

Specificity. Proportion of negative test results that are correctly identified as being nega-
tive: Tneg/(Tneg + Fpos).

Efficiency. Proportion of true test results within the overall sample size for the test: (Tpos
+ Tneg)/n total.

Positive and negative predictive value. Probability of a positive/negative test result to be
true positive/negative: Tpos/(Tpos + Fpos) and Tneg/(Tneg + Fpos).

Endpoint titers of exponential scale were log;o-transformed to reduce variance. In case of
non-Gaussian distribution and log;,-transformation, zero-titers were converted into 10e-14.
Normal distribution was tested using the D’Agostino & Pearson omnibus normality test and
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the Shapiro-Wilk normality test. Antibody titers were analyzed using four different baboon cat-
egories: clinically non-affected, initial, moderate, and severe stage of the genital ulceration as it
was documented in the field [18]. The non-parametric ANOVA using Krustal-Wallis test was
applied to the log;,-transformed data sets of the antibody titers. Each mean rank of a genital ul-
ceration stage (clinically non-affected [CNA], initial [INI], moderate [MOD], and severe geni-
tal-ulcerated [SEV]) was compared to mean rank of every other genital ulceration stage.
Dunn’s correction for multiple comparisons (significance without confidence intervals) was
applied to the test. In all tests, p < 0.05 was considered statistically significant.

Results
Five treponemal and two non-treponemal tests were evaluated

Tables 3 and 4 summarize sample size, proportions, and performance characteristics of the se-
rological tests that were used in the 57 baboon serum samples from Lake Manyara National
Park and an additional set of 11 serum samples from olive baboons of the German Primate
Center in Germany. The latter were included for the purpose of additional negative control.

Treponemal and non-treponemal tests detect antibodies against T.
pallidum in serum samples of infected baboons

When comparing TT performances with the TP-PA, we observed test sensitivity in the range
of 91.3-100%, and specificity ranging from 94.7-96.0% (Table 3). When test results were com-
pared to the consensus of all test results including PCR, however, the observed sensitivity of
the TTs was in the range of 97.7-100%; whereas the specificity reduced slightly to the range of
88.0-100% (Table 4). This reduction was almost exclusively caused by the test performance of
Syphilitop Optima (Table 4). NTT performances were not compared to TP-PA results since
positive TT results in untreated, chronically infected patients do not necessarily predict reactiv-
ity of the corresponding NTT [25-27]. However, both NTTs used in this study reliably detected
anti-lipoidal antibodies in serum (Table 4) or plasma samples (S2 Table) of baboons. When in-
fection status was considered in the context of all test results including PCR analysis, NTT

Table 3. Comparison of trep ser tests with the results of the Serodia TP-PA.
Assay and Serodia p-Value % Sensitivity (95% % Specificity (95% % Pos. pred. value (95% % Neg. pred. value (95%
Result TP-PA cl (o)} () cl

Pos. Neg.

Treponemal Tests

Espline TP
Positive 42 1 < 0.0001 97.7 (0.877-0.999) 96.0 (0.797-0.999) 97.7 (0.877-0.999) 96.0 (0.797-0.999)
Negative 1 24
Syphilotop Optima
Positive 42 4 < 0.0001 91.3 (0.792-0.976) 95.5 (0.772-0.999) 97.7 (0.877-0.999) 84.0 (0.639-0.955)
Negative 1 21
Mastafluor FTA-ABS IgG
Positive 42 1 < 0.0001 97.7 (0.877-0.999) 96.0 (0.796-0.999) 97.7 (0.877-0.999) 96.0 (0.796-0.999)
Negative 1 24
Mastablot TP IgG
Positive 41 0 < 0.0001 100.0 (0.914-1.000) 94.7 (0.740-0.999) 97.6 (0.874-0.999) 100.0 (0.815-1.000)
Negative 1 18

Two-tailed Fisher's exact test. Pos. pred. value = positive predictive value, Neg. pred. value = negative predictive value.

doi:10.1371/journal.pntd.0003637.t003
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Table 4. Comparison of the serological tests with the consensus of infection status (Table 2).

Assay and Result Serodia TP-PA Espline TP ili Optima TP IgG
FTA-ABS IgG

n Tpos 42 43 43 43 M

n Fpos 2 0 3 0 0

n Tneg 23 25 22 25 19

n Fneg 1 0 0 0 ()

n Total 68 68 68 68 60

% Sensitivity (95% CI) 97.7 (0.877-0.999) 100.0 (0.918-1.000) 100.0 (0.918-1.000) 100.0 (0.918-1.000)
% Specificity (95% CI) 92.0 (0.740-0.990) 100.0 (0.863-1.000) 88.0 (0.688-0.975) 100.0 (0.863-1.000)

% Pos. pred. value  95.5 (0.845-0.994) 100.0 (0.918-1.000) 93.5 (0.821-0.986) 100.0 (0.918-1.000)
(95% ClI)

% Neg. pred. value  95.8 (0.789-0.999) 100.0 (0.863-1.000) 100.0 (0.846-1.000) 100.0 (0.863-1.000)
(95% Cl)

% Efficiency 95.6 100.0 95.6 100.0

100.0 (0.914-1.000)
100.0 (0.824-1.000)
100.0 (0.914-1.000)

100.0 (0.824-1.000)

100.0

VDRL RPR-100
10 10

0 0

27 27

2 2

39 39

83.3 (0.516-0.979) 83.3 (0.516-0.979)
100.0 (0.872-1.000) 100.0 (0.872-1.000)
100.0 (0.692-1.000) 100.0 (0.692—1.000)

93.1(0.772-0.992) 93.1 (0.772-0.992)

94.9 94.9

Two-tailed Fisher's exact test in all serology tests, p < 0.0001. Pos. pred. value = positive predictive value, Neg. pred. value = negative predictive value.
Sample size differs because in some cases sample material was on short supply for further tests. For the NTTs only serum was tested and included here.

Tests in all other animals were preformed with plasma and can be found in S2 Table.

doi:10.1371/journal.pntd.0003637.t004

sensitivity in serum samples was lower (83.3%) than the average of the TTs (99.54%). The spec-

ificity of VDRL and RPR in serum samples was 100% and therefore higher than the perfor-
mance of the standard TP-PA (92.0%) and Syphilitop-Optima rapid test (88.0%). The
performance data of NTTs for plasma samples are listed in S2 Table.

Anti-T. pallidum antibodies were found in 97.3% of baboons with genital ulceration and in

6 of 20 animals that were clinically healthy (30.0%, Table 5, Fig. 1). For comparison, a remark-

able proportion of genital-ulcerated baboons (13.5%; n = 5/37, Table 5) had a negative PCR

outcome of their respective skin tissue biopsy. Vice versa, we found 30% (n = 6/20) genital

non-genital-ulcerated baboons with positive T. pallidum PCR of their corresponding skin biop-

sy. Yet, genital-ulcerated baboons were significantly more often reactive for T. pallidum in se-
rology (TTs, p < 0.0001) and skin tissue PCR (p < 0.0001) compared to clinically healthy and
thus non-ulcerated baboons. Both treponemal rapid tests, Espline TP and Syphilitop Optima,
were more sensitive than the Serodia TP-PA (Two-tailed Fisher’s exact test, p < 0.0001,

Table 4), although specificity in the Syphilitop Optima was much lower than Serodia TP-PA.
The same applied, when Mastafluor FTA-ABS IgG and Mastablot TP IgG were compared to
the Serodia TP-PA particle agglutination assay. In both tests the proportion of positive results
matched the results of the Serodia TP-PA (Two-tailed Fisher’s exact test, p < 0.0001, Table 4).

Anti-T. pallidum 1gM antibodies were not detected

No correlation was found when anti-T. pallidum IgG positive serum samples were tested in the

immunoblot assay Mastablot TP for the presence of IgM antibodies against T. pallidum. Only a
limited number of animals, 6 out of 59 (10.2%), tested positive for both anti-T. pallidum IgG and
IgM antibodies. We did not find any samples that were positive for anti-T. pallidum IgM only.

Severe genital ulceration is associated with high antibody titers

Even after log;o-transformation of antibody titers, the clinically healthy and the initial stage
genital-ulcerated group (Fig. 1; it is not known whether NHPs develop three stages similar to
humans; initial stage refers to the severity of genital ulceration as describe elsewhere [18]) were
not normally distributed. The Kruskal-Wallis test using Dunn’s correction for multiple

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0003637 March 24, 2015
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Table 5. Crosstab of the results obtained from 57 baboon and 11 control samples.

Genital Ulceration CNA Initial Moderate Severe Negative
Control
n 20 14 7 16 "
+ - + - + - + - + -
PCR 6 14 10 4 7 0 15 1 n/t n/t
IHC 2 18 3 1" 4 3 7 9 n/t n/t
Serodia TP-PA 8 12 13 1 7 0 16 0 0 1
Espline TP 6 14 14 0 7 0 16 0 0 11
Syphilitop Optima 9 1 14 0 7 0 16 0 0 11
Mastafluor FTA-ABS IgG 6 14 14 0 7 0 16 0 0 11
Mastablot TP IgG 6 8 12 0 7 0 16 0 0 11
VDRL (Serum) 2 7 1 7 2 3 5 1 0 11
RPR (Serum) 2 7 2 6 2 3 4 2 0 11

CNA = clinically non-affected.

doi:10.1371/journal.pntd.0003637.t005

comparisons showed that antibody titers in the severe genital-ulcerated group of baboons were
significantly higher when compared to clinically healthy animals (mean rank diff. = -30.04,

p < 0.0001) and baboons with an initial stage of genital ulceration (mean rank diff. = -17.56,

p < 0.05). The same was found for moderate genital-ulcerated baboons, which had significant-
ly higher antibody titers against T. pallidum than animals without genital ulceration (mean
rank diff. = -19.95, p < 0.05). Fig. 1 provides an overview.

Discussion

All serological tests used in this study, TTs as well as NTTs, were able to detect anti-T. pallidum
antibodies in serum of infected baboons. While the presence of anti-T. pallidum IgG antibodies
in all infected animals correlates to lifelong antibody titers in human infection [28], the absence
of IgM type antibodies against the spirochete in infected baboons (only 6 animals were positive
for anti-T. pallidum IgM antibodies, Mastablot IgM, S1 Table) could most likely be linked to
the timing of sampling from two weeks to months post infection. This may not be fully consis-
tent with human cases, in which IgM antibody titers are low to moderately high in primary
syphilis, peak in secondary and sometimes tertiary syphilis, and are low in latent syphilis [29];
the majority of baboons, which were tested in this study were unlikely in a latent stage of infec-
tion. Although animals are known to be chronically infected and untreated over many months
to years, genital ulceration in infected baboons rarely heals up. However, the expected lower
amplitude of IgM titers [30] and the expected reduced half-life of IgM [31] may have contribut-
ed to the result. Results were excluded from multiple comparisons analysis and evaluation of
performance characteristics, because of the uncertainty and low number of IgM positive sam-
ples. The finding of few chronically infected individuals positive for IgM antibodies against

T. pallidum could be explained by persisting IgM titers, as described for other human spiro-
chete infections (e.g., borreliosis) [32,33].

All' TTs and NTTs used in this study are commercially available and licensed for use with
human serum or plasma samples. Using TT as a screening test in NHPs (Fig. 2) is in accor-
dance with international standards and EU Guidelines for the Management of Syphilis in hu-
mans [22,34,35] and is often referred to as “reverse testing algorithm” [36]. Although there
were no data about efficiency, sensitivity, and specificity available from testing samples in
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baboons or other NHPs, it was reasonable to assume that a TP-PA would be a reliable standard
in testing baboon serum samples both qualitatively and quantitatively (Table 3). A number of
alternative TTs (Espline TP, Syphilitop Optima, Mastafluor FTA-ABS IgG, and Mastablot TP
IgG) were included in the analysis to rule out uncertainties of TP-PA test performance in ba-
boon sera. Mastafluor FTA-ABS IgG and Mastablot TP IgG were specifically added to cover
different T. pallidum antigens than the rapid TTs Espline TP and Syphilitop Optima (TmpA;
see Material and Methods). Interestingly, sensitivity, specificity, and the corresponding positive
and negative predictive values were lower in Serodia TP-PA when compared to all other TTs,
excluding the Syphilitop Optima, which had a higher sensitivity, but weaker specificity

(Table 4). This was in contrary to the TP-PA manufacturer’s information about performance
characteristics in human test sera (Table 1) and also when compared to FTA-ABS and immu-
noblot IgG results of human samples [21, 37]. In our experience the interpretation of the gela-
tin TP-PA requires a certain level of training and serum pre-absorption in baboon samples.
This was achieved by incubating the test serum with non-sensitized particles so that unspecific
binding factors were pre-absorbed. Another difficulty of the test was related to the endpoints,
which can differ over time. Despite those difficulties, Serodia TP-PA has an advantage in that
the readability was made by the naked eye and may be operated in resource poor laboratory
settings. Also, it was the only TT that can be used for semi quantitative titer quantification. Val-
idation of dried blood spots with a Serodia TP-PA assay for external quality assurance of T.
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pallidum serology as published elsewhere [38], provides an interesting outlook for the confir-
mation of screening test results, e.g., from the use of Espline TP in remote areas at the wildlife-
human interface.

Both rapid TTs that could be used for screening, the Espline TP and Syphilitop Optima,
were easy to perform. Results are reported within 15 min and especially the Espline TP comes
in a handy cassette format. Both tests require only 25 pl of sample material. According to the
manufacture’s description serum and plasma samples can be used for Espline TP, while Syphi-
litop Optima must not use plasma samples. Comparing Espline TP to the Serodia TP-PA in
serum samples of baboons, Espline TP had higher sensitivity (97.7 vs. 91.3%) and nearly the
same specificity (96.0 vs 95.5%; Table 3). When the test performances are compared to the con-
sensus of infection status (Table 2), sensitivity is 100% in both screening tests, but Syphilitop
Optima achieved only 88.0% specificity compared to the Espline TP with 100% (Table 4). The
reason for these differences remains uncertain but might be promoted by protein variations of
the coated filter membrane. Espline TP uses at least one additional antigen (Tp 15) that is not
included into Syphilitop Optima. Also, proteins (Tp 47 and Tp15-17) are used to coat two dif-
ferent areas of the membrane in the Espline TP, but they are combined in one field on the reac-
tion membrane of the Syphilitop Optima. Unfortunately, there was no information available
about the quantity of protein coated to the membrane in Syphilitop Optima. The Espline TP
uses a combination of alkaline and non-phosphatase labeled TP recombinant antigens. Due to
the lack of information, it was not possible to compare the tests in that aspect, but differences
may have an influence on the binding affinity of simian T. pallidum antibodies.

When compared to the consensus of infection status (Table 4) both Mastafluor FTA-ABS
IgG and Mastablot TP IgG have higher sensitivity and specificity and thus can be recom-
mended as a confirmatory test in baboons. However, it may be noted, that in human infection
FTA tests are no longer recommended for the diagnosis of syphilis [22,39], which should make
Mastablot TP IgG the preferred option.

In the context of the performance characteristics that are reported by the manufacturers
(Table 1), Serodia TP-PA had a slightly weaker sensitivity (97.7 vs. 100%) and reduced specific-
ity (92.0 vs. 100%, Table 4). The Espline TP rapid test had nearly identical sensitivity and speci-
ficity as indicated by the manufacturer, whereas Syphilitop Optima had an equal sensitivity
(100%) with a reduced specificity value, 88% vs. 95% as communicated by the manufacturer.
Future studies may benefit from heat pre-treatment of serum samples to reduce interference
caused by complement proteins and unspecific binding of antibodies. Heat pre-treatment was
not part of any manufacturer’s protocol of the tests that were used in this study.

Although the quantification of antibodies may not be of interest for disease prevalence stud-
ies in wild baboons, it may be an important tool for characterizing simian infection. The find-
ing that severe genital-ulcerated baboons had significant higher anti-T. pallidum antibody
titers than clinically non-affected animals (CNA vs. SEV, p < 0.0001; Fig. 1) or those with less
severe genital ulceration (CNA vs. MOD and INI vs. SEV, both p < 0.05; Fig. 1) is consistent
with what can be expected from the course of infection. The rating of chronicity of infection in
baboons at Lake Manyara National Park was based on gross-pathology and histological exami-
nation of skin tissue samples [18].

Treponemal tests as a screening tool for non-human primate infection

The use of a NTT for the initial screening in the traditional algorithm in human infection is to
avoid the detection of previously treated and non-active cases [40]. NTTs are known to pro-
duce a higher percentage of false positives [41] and test performance data of the NTTs as they
are reported in Table 4 need to be interpreted with caution since it is neither known when an
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individual was infected nor how long anti-cardiolipid antibodies can be found in the due
course of infection in wild baboons.

The decision to use and recommend a TT as a screening test for T. pallidum infection in
NHPs was based on the following three reasons and is in accordance with the current European
Guidelines on the Management of Syphilis [23]. First, wild baboons are rarely treated and once
infected, treponemal clearance may be an exception rather than the norm. Second, there is a
paucity of data on cross-reactivity of proteins derived from human T. pallidum strains with an-
tibodies against the simian strain in baboons. Lastly since the majority of baboons were chroni-
cally infected, we had reason to belief that a number of these chronically infected baboons were
non-reactive in NTTs, as it was described in untreated human syphilis infection [25-27]. How-
ever, while a lifelong anti-T. pallidum antibody titer in baboons provides a most useful readout
for the identification of a disease hot spot that offers the possibility for simian-human infection,
therapeutic interventions in wild NHPs, as it is already conducted in baboons at Gombe Stream
National Park in Tanzania (Collins et al. pers. communication) may benefit from the use of the
traditional algorithm since NTTs may allow the differentiation of active and inactive infection.

It is generally believed that yaws has no animal reservoir. Until identical T. pallidum strains
are found circulating in nonhuman primates and humans in their natural environment this un-
derstanding cannot change. Yet, to this end, more research is needed before nonhuman pri-
mates can definitely be ruled out to serve as a natural reservoir for human infection. We have
only recently begun to explore the range of nonhuman primate infection in Africa. Because the
human-livestock-wildlife interface is constantly growing, the potential for inter-species trans-
mission increase significantly. It is also possible that simian strains do naturally infect humans
but do not cause clinical manifestations, as it is the case in Guinea baboons (Papio papio) in
Senegal; or it may be that at least the East African simian strains cause genital ulceration in hu-
mans and may therefore not be diagnosed as yaws based on their genetics. Clearly, further re-
search is needed before any answers can be given and serological surveys are an important tool
to support these investigations and to complete our picture of T. pallidum infection in humans
and nonhuman primates.

Based on the outcome of this study we propose an algorithm for the screening of wild non-
treated NHP populations (Fig. 2). The algorithm aims to identify T. pallidum infection in wild
baboons and other NHPs and may complement the current yaws eradication campaign [42].

Conclusion

All tests used in this study provided reliable results to detect anti-T. pallidum antibodies in
serum of baboons. We therefore favor hypothesis A, which suggests that commercially avail-
able serological tests are able to detect simian anti-T. pallidum IgM and IgG in serum samples
of baboons, with the exception of IgM class anti-T. pallidum antibodies. It would be necessary
to examine more animals in the initial stage of infection in order to test this part of the hypoth-
esis, something that is difficult to achieve since the time of infection in wild baboons in general
is not known. While NTTs may help to plan treatment and control of infections in baboons,
TTs are most useful to screening non-treated baboon population for the presence of T. palli-
dum. Hypothesis B was partly rejected because some serological tests were not equally reliable
in their sensitivity and specificity in baboon samples compared to human serum samples.

For screening purposes, the immunochromatography based Espline TP test provided the
highest sensitivity and specificity values and in addition had the most suitable format for use in
the field. For confirmation, the treponemal test Mastablot TP IgG had the best performance
characteristics and is therefore recommended as a gold standard. Serodia TP-PA was able to
quantify antibodies against T. pallidum in baboons and results were consistent with the
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chronicity of infection. Based on this study a testing algorithm for the screening of NHP popu-
lations for T. pallidum infection is proposed, which may help future yaws eradication cam-
paigns or wildlife management to identify baboons as a potential reservoir for human

yaws infection.
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5.3.2 Gene Target Selection for Loop-Mediated Isothermal Amplification for Rapid
Discrimination of Treponema pallidum Subspecies

The loop-mediated isothermal amplification (LAMP) assay for the yaws bacterium Treponema
pallidum was developed to generate proof of concept for gene targets that can be used to
distinguish between all three subspecies of the bacterium; subsp. pallidum causing syphilis,
subsp. pertenue causing yaws and subsp. endemicum causing bejel.

61



@ PLOS | RS Biseases

L)

Check for
updates

G OPEN ACCESS

Citation: Knauf S, Lilert S, Smajs D, Strouhal M,
Chumal IS, Frischmann S, et al. (2018) Gene target
selection for loop-mediated isothermal
amplification for rapid discrimination of Treponema
pallidum subspecies. PLoS Negl Trop Dis 12(4):
€0006396. https://doi.org/10.1371/journal
pntd.0006396

Editor: Sitara SR Ajiampur, Christian Medical
College, Vellore, INDIA

Received: December 31, 2017
Accepted: March 21,2018
Published: April 12,2018

Copyright: © 2018 Knauf et al. This is an open
access article distributed under the terms of the
Creative Commons Attribution License, which
permits unrestricted use, distribution, and
reproduction in any medium, provided the original
author and source are credited.

Data Availability Statement: All relevant data are
within the paper and its Supporting Information
files. Sequence data of the TP_0619 locus obtained
from the baboon sample were uploaded to NCBI
GenBank (accession number: MG573304).

Funding: The nonhuman primate sample
(6RUM2090716) originates from a study that was
funded by the German Research Foundation (DFG;
hitp:/Awww.dfg.de/) KN1097/3-1 (SK). No author
has been paid to write this article by a

RESEARCH ARTICLE

Gene target selection for loop-mediated
isothermal amplification for rapid
discrimination of Treponema pallidum
subspecies

Sascha Knauf'*, Simone Liiert', David $Smajs?, Michal Strouhal?, Idrissa S. Chuma'?,
Sieghard Frischmann®, Mohammed Bakheit*

1 Work Group Neglected Tropical Diseases, Infection Biology Unit, German Primate Center, Leibniz- Institute
for Primate Research, Géttingen, Germany, 2 Department of Biology, Faculty of Medicine, Masaryk
University, Brno, Czech Republic, 3 Sokoine University of Agriculture, Faculty of Veterinary Medicine,
Morogoro, Tanzania, 4 Mast Diagnostica GmbH, Reinfeld, Germany

* sknauf@dpz.eu

Abstract

We show proof of concept for gene targets (polA, tprL, and TP_0619) that can be used in
loop-mediated isothermal amplification (LAMP) assays to rapidly differentiate infection
with any of the three Treponema pallidum subspecies (pallidum (TPA), pertenue (TPE),
and endemicum (TEN)) and which are known to infect humans and nonhuman primates
(NHPs). Four TPA, six human, and two NHP TPE strains, as well as two human TEN
strains were used to establish and validate the LAMP assays. All three LAMP assays were
highly specific for the target DNA. Amplification was rapid (5—15 min) and within a range of
10E+6 to 10E+2 of target DNA molecules. Performance in NHP clinical samples was simi-
lar to the one seen in human TPE strains. The newly designed LAMP assays provide proof
of concept for a diagnostic tool that enhances yaws clinical diagnosis. It is highly specific
for the target DNA and does not require expensive laboratory equipment. Test results can
potentially be interpreted with the naked eye, which makes it suitable for the use in remote
clinical settings.

Author summary

Sustainable eradication of human yaws benefits from applicable and reliable assays to
detect possible reemerging yaws cases. Our study provides proof of concept for LAMP
assays that are capable of rapid diagnoses and discrimination of active Treponema palli-
dum infection. While current clinical diagnosis is based on the clinical manifestations in
combination with serology, the selected targets and LAMP assays allow for DNA based
differentiation between skin ulcers caused by the subsp. pallidum (syphilis), subsp. perte-
nue (yaws), and the subsp. endemicum (bejel). The presented LAMP assays require limited
expensive technical equipment and can be run in virtually any clinical setting. The method
is thus capable of enhancing yaws diagnosis in particular in a low capacity environment.
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Introduction

Human yaws is a tropical skin disease of children caused by the bacterium Treponema palli-
dum subsp. pertenue (TPE) [1]. Skin ulcers are the most characteristic clinical manifestations
associated with infection in all three active disease stages (primary, secondary, and tertiary
yaws) [2]. The disease is currently subject to global eradication efforts [3], which face chal-
lenges that arise from the biology and distribution of the yaws bacterium as well as its diagnosis
and treatment [4]. It is largely believed that the first yaws eradication campaigns conducted in
the mid-1950s to late 1960s were successful in terms of reducing the prevalence by 95% but
failed to eradicate the disease when local efforts to prevent new cases proved insufficient [5].
The majority of affected populations belong to poor and marginalized societies, with only
rudimentary access to health care systems (‘Where the road ends, yaws begins’) [6]. Until
today, standard diagnosis of yaws in clinical settings is based on clinical manifestations in
combination with serology [1]. T. pallidum (TP) elicits a strong antibody response [7, 8].
Although it is possible to distinguish current infection (active or latent) from past infection
when non-treponemal and treponemal tests are used in combination [9], it remains impossible
based on serology and in some instances clinical manifestations, to differentiate yaws infection
(TPE) from syphilis (caused by subsp. pallidum (TPA)) or bejel (caused by the subsp. endemi-
cum (TEN)). Moreover, it has been shown that other diseases are capable of mimicking yaws
infection. In particular, Haemophilus ducreyi has been reported to cause yaws-like skin ulcers
[10]. Lastly, a larger number of skin ulcers in rural Africa remains etiologically undiagnosed
[11], which increases the chance of overlooked infection with TPE. Other diseases which are
capable of mimicking yaws infection are cutaneous leishmaniasis, scabies, or fungal infections
[1]. Eradication of yaws is further challenged by the finding that nonhuman primates (NHPs)
are infected with TP [12, 13]. Notably, all whole genome sequenced simian strains must be
considered TPE strains [14, 15]. NHPs therefore must be considered as a possible natural res-
ervoir for human infection [13]. The West African simian TPE strain Fribourg-Blanc, which
was isolated from a Guinea baboon (Papio papio) in the 1960s [16], caused sustainable infec-
tion when inoculated into humans [17].

Post-eradication surveillance following the currently ongoing mass-azithromycin treatment
phase [4] would benefit from rapid and cost-effective molecular tests that are able to distin-
guish TPE infection [18] from infections with all other TP subspecies (TPA and TEN) and
bacteria that are involved in tropical skin ulcers and which may fall together with TP seroposi-
tivity. Potentially a single overlooked yaws case would result in a failure of global yaws eradica-
tion. Loop-mediated isothermal amplification (LAMP) was first described by Notomi et al. in
2000 [19] and since then has been extensively used to improve infectious disease diagnostics
[20]. The highly specific method recognizes the DNA target using six distinct sequences ini-
tially and four distinct sequences subsequently [19]. LAMP uses a DNA polymerase with high
strand displacement activity to perform a fast running auto-cycling strand displacement syn-
thesis. Reactions run at constant temperature (isothermal) and therefore do not require expen-
sive technical equipment such as PCR cycling machines. Our objective was to identify suitable
gene targets that can be used for LAMP assay design to rapidly distinguish between yaws infec-
tion, including simian strains, and syphilis or bejel.

Materials and methods
Ethical statement and TP strain selection

DNA samples of human TPA laboratory strain Mexico A, Nichols, Seattle 81-4, SS14, TPE
strain Gauthier, CDC-1, CDC-2, Samoa D, Sei Geringging K403, Kampung Dalan K363, as
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well as the simian TPE strain Fribourg-Blanc were obtained from rabbit-in vivo inoculation
experiments (S.A. Lukehart and DS). These experiments were not directly associated with

this study. DNA extracts from human TEN strain Bosnia A and Iraq B originate from whole
genome amplified clinical samples (DS) that were not directly associated with this study. DNA
from a TP-infected olive baboon (Papio anubis; 6RUM2090716) originates from a clinical sam-
ple collected for a different study at Ruaha National Park (RNP) in Tanzania in 2015 (DFG
KN1097/3-1 (SK)). Details and further reference for each strain included into the study can be
found in the Supplementary S1 Table. ‘Good Veterinary Practice’ rules were applied to all pro-
cedures where animals were handled.

Study design and data collection

Three different LAMP assays were designed. First, we generated a LAMP assay that is able to
detect DNA of all three TP subspecies (TPA, TPE, and TEN). This assay served as an initial
control and was designed for the use in NHPs where little is known about the TP subspecies
that circulate in wild NHP populations. Second, a LAMP assay was designed to distinguish
TPE strain infection from infection with TPA or TEN strains. Third, a LAMP assay that differ-
entiates between infection with TPE or TEN and infection with TPA strains has been estab-
lished. All LAMP reactions were run with four human TPA, six human TPE and two simian
TPE strains, as well as two human TEN strains of known copy number (S1 Table). All tests
were run as triplicates and included a DNA-free negative control.

Dilution series of target DNA were used to identify the analytic limits of detection for each
of the specific LAMP reactions using appropriate strain material. 10-fold serial dilutions of the
target DNA were applied to cover a range of at least five decimal powers, from the maximum
of TP copy numbers (strain Nichols 10E+5, all other strains 10E+6) until 10E+0. Negative con-
trols that contained no DNA and dilution steps that contained <10E+2 TP copies were run as
at least six replicates. A StepOnePlus Real-Time PCR System (ThermoFisher Scientific) was
used to run the reactions and to collect the data. Due to software restrictions, it was necessary
to introduce a (neglectable) thermal cycling step into the protocol. Each LAMP run therefore
encompassed continuous 40 cycling steps each consistent of 63°C for five seconds followed by
64°C for one minute and data collection.

LAMP reactions

LAMP reactions were performed in a volume of 25.0 pl using the Mast Isoplex DNA Kit
(#REF67dnamp, Mast Diagnostica GmbH). According to the manufacture’s guidance, each
reaction consisted of 12.5 ul of the kit’s 2x reaction mix, 1.0 ul Bst polymerase enzyme, 1.0 ul
fluorochrome dye, and 2.0 yl of the primer mix. One microliter target DNA was included and
distilled water (molecular grade) was used to top up the reaction volume until 25.0 pl were
reached. All primers were heat pre-treated at 95°C for 5 min and immediately cooled on ice
prior to adding them to the master mix. The primer mix contained 1.6 uM each FIP and BIP,
0.2 uM each F3 and B3, as well as 0.8 uM each LF and LB primer. All reactions were run on a
MircoAmp Fast Optical 96-well reaction plate (#4346907, ThermoFisher).

Oligonucleotide primer design

Oligonucleotide primers were designed using the PrimerExplorer v5 Software (http://
primerexplorer.jp/e/). Each LAMP primer set consisted of six oligonucleotide primers (Table 1).
The design followed the description given by Yoshida et al. 2005 [21]. Briefly, a set of four prim-
ers (F3, B3, the forward inner primer [FIP], and backward inner primer [BIP]), which bind six
loci of the target gene (F1, F2, F3, B1, B2, and B3) are necessary. The two inner primers (FIP and
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Table 1. Oligonucleotide primers used in this study.

LAMP Type Sequence Gene target
P F3 5-ATTGGTCCTAAGACGGCT polA (TP_0105)

B3 5-GCGGAATACAACAGGAATC
FIP 5-CAGCGCTTCTTTTAAGGAATAGGTAGCACATCTTCTCCACTGT
BIP 5-CGCACGAAGATAGTGTGTGGACATGGTACATCGTCACG
LF 5-CGATAAATACCATCAAGTGTGCCAAA
LB 5-GAAGAAAGATGCATTTTTTTCTCGTTC

TPA/TEN F3 5-TGCAGTCTTTTTTTGTGCGG tprL (TP_1031)
B3 5-TCAAATCATTGGTGGTGCGA
FIP 5-CTGCGGGGCAATGCCTAGCTGCTCCCGGGGTTTGG
BIP 5-GTAACTGGTCACGCCCAGCTGCCCGTGCGTGTACTCGTTC
LF 5-AGAAAAAACGGGCAGTGCG
LB 5-GGGGCATTAAGTTTAAAAAGAACCC

TPE/TEN F3 5-TCCCTCGAGACTCGATTCC TP_0619
B3 5-GTACGCATCTGTCGGTAGC
FIP 5-GTTGCACAGAAGGGGGGTGGCATCCTTCTGatGCGTCAGC
BIP 5-GTGCTTTTCGGGAGGATTCCCGAGTGCACTGCGCTCATCT
LF 5-TTCCGCGTTCGGTGCTC
LB 5-CTTTCGGGACGATGAGATAATGC

https://doi.org/10.1371/journal.pntd.0006396.t001

BIP) are a sequence combination of sense and antisense sequences of the DNA. This is essential
for the priming in the first stage and the self-priming in the later stages. Therefore, FIP primers
consist of the combination of sequences defined as Flc (c = complementary) and F2. Likewise,
BIP primers are composed of primer sequences Blc and B2. To enhance amplification efficacy,
two loop primers LF and LB were added to each of the LAMP primer sets. To confirm the speci-
ficity of the newly designed primers, we performed a search for orthologous sequences using
BLASTn at the NCBI homepage (http://blast.ncbi.nlm.nih.gov/Blast.cgi).

Gene locus selection

The LAMP primer set ‘TP’ targets the polymerase I (polA) gene (TP_0105) of TP. The locus is
highly specific for all TP subspecies [22] and has only one orthologue in the lagomorph infect-
ing Treponema paraluisleporidarum ecovar Cuniculus. The latter is not capable of infecting
humans [23, 24]. This locus therefore allows the reaction to become positive for DNA of any
known TPA, TPE, or TEN strain (Fig 1A).

LAMP primer set ‘TPA/TEN’ targets the tprL gene (TP_1031) of TP. At this locus, a 278-bp
long deletion exists that distinguishes known human TPA and TEN strains from human and
simian TPE strains [25, S1 Fig]. This primer set was specifically designed to bind within the
deletion part, which creates the specificity for TPA and TEN strains (Fig 1B).

LAMP primer set ‘TPE/TEN’ targets the T. pallidum TP_0619 gene, which has recently been
investigated in a multilocus-typing study on TPE strains [26]. This locus has a 179-bp long
sequence part that distinguishes known human and NHP TPE as well as TEN strains from
TPA human strains (Fig 1C, S2 Fig). Primer sequence data of all three LAMP primer sets are
listed in Table 1.

Quantification of strain material

All TP strains used in this study were quantified using an established [27] but slightly modified
TaqMan PCR (qPCR) targeting the polA gene. A dilution series of a plasmid containing the
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Fig 1. Performance characteristics of the three LAMP assays. (A) LAMP targeting the polA gene. All TP strains
become positive. (B) LAMP assay targeting the tprL locus, which results in amplification of TPA and TEN strains. (C)
Only TPE and TEN strains generate positive results in the LAMP assay targeting the TP_0619 locus. Note that the
strain material in the three assays had different TP copy numbers as indicated in S1 Table. Data points are presented as
mean+SEM values. Red cross = Negative control; TPA strains (blue) up-pointing triangle = Mexico A, down-pointing
triangle = $S14, circle = Nichols, square = Seattle 81-4; TPE strains (green) square = Gauthier, square turned = Sei
Geringing K403, hexagon = Kampung Dalan K363, circle = Samoa D, circle with cross = CDC-1, square with cross
CDC-2; TPE simian strains (purple) cross = Fribourg-Blanc, star = RNP; TEN strains (black) square = Bosnia A, circle
with cross = Iraq B.

https://doi.org/10.1371/journal.pntd.0006396.9001
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target amplicon was used as a standard curve from 10E+7 to 10E+0 copy numbers. Briefly,
each reaction volumes contained 10.0 ul TagMan Universal Mastermix II (no Uracil N-glyco-
sylase, Applied Biosystems), 1.8 ul each 10 uM primer and probe, 3.6 pl molecular grade water
(RNase-free; Qiagen), and one microliter of the target DNA. Samples were quantified using a
StepOne Plus Real-time system with the following temperature steps: 50°C for two minutes,
95°C for ten minutes, followed by 50 cycles of 95°C for 15 seconds and 60°C for one minute.
At the end of each cycle, fluorescence was measured. All samples and standards were run as
triplicates.

Data analyses and statistics

LAMP performance as well as qPCR data were retrieved from the StepOnePlus Real-Time
PCR System and extracted as RAW data into Excel sheets utilizing the StepOne Software v2.3
(Life Technologies). Statistical analyses were performed with Prism 7.0 (GraphPad Software).
In LAMP dilution series with low copy numbers (<10E+2) and in qPCR data, single replicate
outliers were excluded.

Results
LAMP assays are highly specific for T. pallidum target DNA

The LAMP assay targeting the polA gene was positive for all tested TP strain samples including
the four TPA, six human TPE, two simian TPE, and the two human TEN strains (Fig 1A,

S1 Table). The tprL targeting LAMP was positive for all tested TPA and TEN strains, while
human and NHP TPE strains did not amplify (Fig 1B). The LAMP assay that uses a part of the
TP_0619 gene generated positive results for all TPE strains including simian TPE strains as
well as the two human TEN strains (Fig 1C). The onset of exponential fluorescence increase
(ARn) started reproducibly between 5 min and 15 min incubation time (Fig 1A-1C). Melting
curves for each LAMP assay are shown in S3 Fig. All curves were of appropriate shape and
without any additional peaks indicative for unwanted side products of primer dimers.

Limits of detection are suitable for clinical samples

Analytic limits of detection were assessed as demonstrated in several published studies [28-
30]. The LAMP assay that targets the polA locus amplifies all TP strains but differed slightly in
its detection limit across the different TP subspecies. While the TPA strain Nichols failed to
amplify between 10E+3 and 10E+2 copies (Fig 2A), the TPE strain Gauthier showed a non-
exponential increase in fluorescence at 10E+2 copies (Fig 2B). TEN strain Bosnia A failed to
exponentially amplify at 10E+1 copies (Fig 2C; Table 2). The LAMP targeting the tprL locus
had a detection limit of 10E+2 copies for Nichols (Fig 2D) and 10E+3 for TEN strain Bosnia A
(Fig 2E; Table 2).

The LAMP assay that utilizes the TP_0619 locus amplified TPE (strain Gauthier) and TEN
(strain Bosnia A) DNA until a total copy number of 10E+2 copies was reached (Fig 2F and 2G;
Table 2).

Discussion

Suitability of the selected gene targets for T. pallidum subsp. discriminating
LAMP assays

In many areas where endemic treponematoses occur, syphilis can also be found at meaningful
prevalence rates (e.g., Ghana 3.7% [31], Papua New Guinea 7.9% (men)-12.9% (women) [32]).
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Fig 2. Detection limits of LAMP assays. (A-C) TP LAMP assay involving (A) TPA strain Nichols with copy numbers
10E+5 to 10E+0, (B) TPE strain Gauthier tested in a range of 10E+6 to 10E+0 copies, and (C) TEN strain Bosnia A in
10E+6 to 10E+0 copy numbers. (D-E) TPA LAMP assay run with TPA strain Nichols from 10E+5 to 10E+0 copy
numbers, and the same LAMP assay run with (E) TEN strain Bosnia A in copy numbers ranging from 10E+6 to 10E+0.
(F-G) TPE/TEN LAMP assay involving (E) TPE strain Gauthier tested in 10E+6 to 10E+0 copy numbers, and (F) TEN
strain Bosnia A tested in 10E+6 to 10E+0 copies. Red cross = Negative control, TPA strain Nichols (blue), TPE strain
Gauthier (green), TEN strain Bosnia A (black); symbols represent copy numbers: circle with cross = 10E+6,

hexagon = 10E+5, square turned = 10E+4, square = 10E+3, circle = 10E+2, down-pointing triangle = 10E+1, up-
pointing triangle = 10E+0.

https://doi.org/10.1371/journal.pntd.0006396.9002
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Table 2. Detection limits for the three LAMP assays. Corresponding graphs can be found in Fig 2. + = exponential amplification, (+) = no exponential amplification,

— = no amplification.

Gene TP Dilution step (total TP copy number per reaction)
LAMP Locus Strain 10E+6 10E+5 10E+4 10E+3 10E+2 10E+1 10E+0

TP polA (TP_0105) Nichols n/a + + + - - -
Gauthier + + + + (+) - -

Bosnia A + + + + + (+) -

TPA/TEN tprL (TP_1031) Nichols n/a + + + + - -
Bosnia A + + + + - - -

TPE/TEN TP_0619 Gauthier + + + + (+) - -
Bosnia A + + + + + - -

https://doi.org/10.1371/journal.pntd.0006396.t002

While this is a problem for the serological based diagnosis of yaws in the presence of etiologi-
cally unrelated skin ulcers, it is not an issue for LAMP assays, which specifically target the
DNA of the pathogen. The TPE/TEN LAMP was able to reliably discriminate yaws and simian
TPE infection from infection with syphilis causing strains. It will, however, not discriminate
yaws-causing strains from those known to cause bejel (TEN strains). While in theory this
could be a problem, bejel is a disease found in the dry areas of Sahelian Africa and Saudia Ara-
bia and thus its spatial distribution does not overlap with yaws reporting countries in Western
and Central Africa, Southeast Asia, and the Pacific Islands [33]. In cases where a clear differen-
tiation between yaws and bejel infection is important, the combination of the LAMP targeting
tprL1 and TP_0619 will enable the distinction of both subspecies since only TEN strains will
amplify in both assays. In the future, either TEN specific assays or a LAMP multiplex assay can
be designed [34]. The latter, however, would require a fluorescence measuring device and thus
may restricts the use in remote tropical health care facilities. Our study used the StepOnePlus
Real-Time PCR System, but all LAMP assays described in this study can be run equally well on
a portable system (e.g., ESEQuant TS2, Qiagen) that allows easy transportation and use under
field conditions. In low-income clinical settings, it would even be possible to detect amplifica-
tion by the naked eye through the detection of turbidity generated by the precipitation of mag-
nesium pyrophosphate or through the addition of calcein, a fluorescent metal indicator [35].
Lyophilization allows for ambient storage of formulated LAMP reagents [36].

As indicated in the methods, all three gene targets that were selected for the LAMP assays
are highly specific for the human and NHPs specific pathogenic TP, but also the lagomorph
infecting T. paraluisleporidarum ecovar Cuniculus and Lepus, respectively. However, lago-
morph infecting treponemes are not capable of infecting humans [23, 24] and most probably
also NHPs. False positive test results due to infection with non-TP bacteria are therefore
unlikely. In light of a recently published report on failure of qPCR due to variations in primer
binding sites [37], it should be noted that the number of published genomes, in particular
non-draft genomes, in any of the TP subspecies is low. At this stage, a general statement on
genome variability at the selected gene target sites is therefore not possible. However, based
on our research, which included representatives of the full range of published TP genomes
(Table 1, S1 and S2 Figs), the relevant primer binding sites are conserved across the different
subspecies and strains.

LAMP as a rapid and reliable discrimination tool

It has been proposed that yaws eradication in humans is possible through total community
treatment in combination with subsequent total target treatment [38]. Rapid and reliable
identification of yaws infection is important because successful global eradication requires an
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infinite zero-case scenario. In the first years after eradication has been declared in humans, it
might well happen that few cases reemerge from yet unidentified relapsing latent yaws cases as
well as there is a theoretical change that sporadic spillover from infected wild NHPs in Africa
occurs. Either way, an available molecular test such as a LAMP assay could effectively and
timely identify new cases from etiologically unrelated skin ulcers at the very beginning and
could help to prevent yaws from re-emerging in areas where PCR machines and expensive lab-
oratory equipment are not available. The analytic limits of detection for all three LAMP assays
were around 10E+2 copies per reaction (Table 2), which is sufficient for clinical samples from
human primary and secondary syphilis infection [39]. The same numbers can be expected for
human yaws samples. Furthermore, the amount of TP in chronically infected monkeys also
falls within the detection range of the TPE/TEN LAMP [27].

Application for epidemiological studies in nonhuman primates and one
health

NHP TPE strains have been discussed as a possible source for human yaws infection in Africa
[13]. The identification of NHP populations that harbor the pathogen, not only in Africa but
also Asia [12], must be considered an important research priority [4]. Post-treatment surveil-
lance needs to focus in particular on areas where NHPs and humans are in close contact. The
TPE/TEN LAMP performance of the NHP samples (strain Fribourg-Blanc and DNA extracted
from a clinical sample of a baboon at Ruaha National Park in Tanzania (RNP)) that were
included into this study were similar to the results obtained for the human yaws-causing
strains (Fig 1C). This is not surprising, given the fact that NHP TPE strains are genetically and
functionally highly similar to human yaws causing strains [14, 15]. However, the full diversity
of NHP infecting TP is unknown and it is possible that monkeys from Sahelian Africa and Sau-
dia Arabia may carry TEN strains. In this case, the TPE/TEN LAMP assay would become posi-
tive. Due to the fact that currently all naturally occurring NHP infections with TP should be
whole genome sequenced to fuel our understanding on yaws epidemiology and evolution, the
TPE/TEN LAMP assay result would be more of academic than practical interest. The whole
genome data derived from simian isolates would reveal the subspecies status of the isolate.

In humans, infections with all TP subspecies have reported potential to cause atypical clini-
cal manifestations. A striking example is the frequent syphilis-like manifestations associated
with TEN strains [40,41]. A rapid, highly sensitive and specific LAMP assay would therefore
contribute to the identification of atypical clinical manifestations caused by TP. It would fur-
ther help to identify possible NHP-to-human infection in countries like Tanzania, where
human yaws has not been reported since decades. Syphilis screening programs in Tanzania
would currently not detect possible NHP-to-human transmission events, since serological
tests cannot discriminate between the TPA and TPE infection. Our target selection for LAMP
assays that discriminate infection with TP from other causes of skin ulcers, represents a basis
for the implementation of a One Health approach in yaws eradication and its post-eradication
surveillance. Fig 3 illustrates the proposed new way of diagnosing TPE infection in humans.
The new LAMP assays would simplify and accelerate yaws diagnosis. We note here that we
have reached proof of concept for the suitability of the described gene targets, but further vali-
dation in a statistically adequate number of clinical samples is necessary to achieve confidence
of the LAMP assays to be used in a non-research environment.

Conclusion

The selected gene targets are suitable for the diagnosis and discrimination of all three TP sub-
species, which is currently not possible using clinical signs of infection in combination with
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serology. The next step must be to conduct tests to evaluate the sensitivity and specificity of the
newly created assays in various clinical samples that originate from humans and NHPs. The
designed LAMP assays do not require expensive laboratory equipment and can be run in virtu-
ally any clinical setting. Results are available within a few minutes and thus outrun the existing
methods, which require reasonable laboratory infrastructure [4].

Supporting information

S1 Fig. tprL alignment showing the sequence differences between TPA/TEN and TPE
strains. Nucleotide position 1 in the alignment refers to nucleotide position 1,125587 in the
TPA str. Nichols genome (CP004010) and nucleotide position 410 to 1,125,993, respectively.
Green annotations on the consensus sequence indicate the outer LAMP primer binding sites
F3 and B3 (Table 1). GenBank accession numbers for TPA: CP010561 str. Nichols Houston
clone J, CP010560 str. Nichols Houston clone E, CP004010 str. Nichols, AE000520 str. Nichols,
HM 585246 str. DAL-1, CP003115 str. DAL-1, CP010558 str. Chicago, CP001752 str. Chicago,
CP010422 str. Seattle Nichols, CP003679 str. Sea 81-4, CP010559 str. CDC-A, CP004011 str.
SS14, CP000805 str. SS14, CP016066 str. PT_SIF1278, CP016057 str. PT_SIF1142, CP016056
str. PT_SIF121140, CP01050 str. PT_SIF0954, CP016049 str. PT_SIF0908, CP016045 str.
PT_SIF0697, CP016055 str. PT_SIF1135, CP016053 str. PT_SIF1063, CP016069 str.
PT_SIF1348, CP016068 str. PT_SIF1299, CP016067 str. PT_SIF1280, CP016065 str.
PT_SIF1261, CP016064 str. PT_SIF1252, CP016063 str. PT_SIF1242, CP016062 str.
PT_SIF1200, CP0116061 str. PT_SIF1196, CP016060 str. PT_SIF1183, CP016058 str.
PT_SIF1156, CP016051 str. PT_SIF1002, CP016048 str. PT_SIF0877, CP016047 str.
PT_SIF0857, CP016046 str. PT_SIF0751, CP016059 str. PT_SIF1167, CP016052 str.
PT_SIF1020, CP016054 str. PT_SIF1127, CP010562 str. UW074B, CP010563 str. UW189B,
CP010565 str. UW254B, CP010564 str. UW228B, CP010566 str. UW391B, CP015162 str.
Amoy, NC_018722 str. MexA, CP003064 str. MexA, HM585253 str. MexA, TEN: CP007548
str. BosA, TPE: JX079830 str. Gauthier, HM585235.1 str. Gauthier, CP002375.1 str. CDC-2,
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JX079832 str. CDC-2, CP020365 str. Ghana-051, CP020366 str. CDC-2575, CP002374.1 str.
SamoaD, JX079831 str. SamoaD, ERR1470330, ERR1470331, ERR1470334, ERR1470338,
ERR1470343, ERR1470344, JX079833 str. Fribourg-Blanc, CP003902.1 str. Fribourg-Blanc.
(DOCX)

S2 Fig. TP_0619 alignment showing the sequence differences between TPA and TPE/TEN
strains. Nucleotide position 1 in the alignment refers to nucleotide position 671,979 in the TPA
str. Nichols genome (CP004010) and nucleotide position 239 to 672,216, respectively. Green
annotations on the consensus sequence indicate the outer LAMP primer binding sites F3

and B3 (Table 1). GenBank accession numbers for TPA: CP003115 str. DAL-1, CP000805 str.
SS14, CP004011 str. SS14, CP001752 str. Chicago, CP003064 str. MexA, CP004010 str. Nichols,
AE000520 str. Nichols, CP003679 str. Sea81-4, CP010559 str. CDC A, CP010558 str. Chicago,
CP010560 str. Nichols Houston, CP010561 str. Nichols Houston, CP016045 str. PT_SIF0697,
CP016046 str. PT_SIF0751, CP016047 str. PT_SIF0857, CP016048 str. PT_SIF0877, CP016049
str. PT_SIF0908, CP016050 str. PT_SIF0954, CP016051 str. PT_SIF1002, CP016052 str.
PT_SIF1020, CP016053 CP016054 str. PT_SIF1127, CP016055 str. PT_SIF1135, CP016056

str. PT_SIF1140, CP016057 str. PT_SIF1142, CP016058 str. PT_SIF1156, CP016059 str.
PT_SIF1167, CP016060 str. PT_SIF1183, CP016061 str. PT_SIF1196, CP016062 str.
PT_SIF1200, CP016063 str. PT_SIF1242, CP016064 str. PT_SIF1252, CP016065 str.
PT_SIF1261, CP016066 str. PT_SIF1278, CP016067 str. PT_SIF1280, CP016068 str.
PT_SIF1299, CP016069 str. PT_SIF1348, CP010422 str. Seattle Nichols, CP10562 str. UW074B,
CP10563 str. UW189B, CP10564 str. UW228B, CP10565 str. UW254B, CP10566 str. UW391B,
TEN: CP007548 str. BosA, KY120834.1 str. IragB, TPE: CP002375 str. CDC2, CP002376 str.
Gauthier, CP002374 str. SamoaD, CP020366 str. CDC2575, CP020365 str. Ghana-051,
CP003902 str. Fribourg-Blanc, MG573304 str. RuahaNP-1 (6RUM2090716).

(DOCX)

S3 Fig. Melting curves of the different TP LAMP assays. Melting curves were of appropriate
shape and without any additional peaks indicative for unwanted side products or primer
dimers. LAMP targeting (A) the polA gene, (B) the tprL locus, and (C) the TP_0619 locus.
(DOCX)

S1 Table. Details and further reference on T. pallidum strains included into the study.
RNP = Ruaha National Park.
(DOCX)

S1 References.
(DOCX)
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5.3.3 Multiplex Mediator Displacement Loop-Mediated Isothermal Amplification for
Detection of Treponema pallidum and Haemophilus ducreyi

Here we further validated the use of a gene target to detect 7. pallidum for the application of a
multiplex system to detect multiple pathogens in a single reaction.
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Yaws, a neglected tropical disease caused by the bacte-
rium Treponema pallidum subspecies pertenue, manifests
as ulcerative skin lesions. Nucleic acid amplification tests,
like loop-mediated isothermal amplification (LAMP), are ver-
satile tools to distinguish yaws from infections that cause
similar skin lesions, primarily Haemophilus ducreyi. We de-
veloped a novel molecular test to simultaneously detect T.
pallidum and H. ducreyi based on mediator displacement
LAMP. We validated the T. pallidum and H. ducreyi LAMP
(TPHD-LAMP) by testing 293 clinical samples from patients
with yaws-like lesions. Compared with quantitative PCR, the
TPHD-LAMP demonstrated high sensitivity and specific-
ity for T. pallidum (84.7% sensitivity, 95.7% specificity) and
H. ducreyi (91.6% sensitivity, 84.8% specificity). This novel
assay provided rapid molecular confirmation of T. pallidum
and H. ducreyi DNA and might be suitable for use at the
point of care. TPHD-LAMP could support yaws eradication
by improving access to molecular diagnostic tests at the dis-
trict hospital level.
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aws, a neglected tropical disease caused by the

bacterium Treponema pallidum subspecies pertenue,
predominantly affects children living in low-income,
rural communities of warm and humid regions (1).
Clinical manifestations include lesions of the skin,
bone, and cartilage, progressing to severe destructive
lesions if left untreated (2). Manifestations of primary
yaws include papillomas or ulcerative lesions; mani-
festations of secondary yaws include a wide range of
rashes, often accompanied by bone and joint involve-
ment (2). Currently, 15 countries in West and Cen-
tral Africa, Southeast Asia, and the Pacific region are
known to be yaws-endemic. The World Health Orga-
nization (WHO) released a yaws eradication strategy
(the Morges strategy) in 2012 (3). The mainstay of the
strategy is mass drug administration (MDA) with
single-dose azithromycin in yaws-endemic commu-
nities, followed by routine surveillance and retreat-
ment for 3-6 months until no cases remain (3).

Serologic tests, including the T. pallidum particle
agglutination and rapid plasma reagin tests, remain
the primary diagnostic tools for yaws (2). Newer
point-of-care serologic tests have replaced traditional
laboratory-based serologic assays in many settings
(4-7). Despite their central role in yaws diagnosis, se-
rologic assays have several limitations. First, trepone-
mal serologic assays usually remain positive over a
patient’s lifetime, and these tests cannot distinguish
previous from current infection. Second, studies in
Africa and in countries in the Pacific region have
demonstrated that Haemophilus ducreyi causes cutane-
ous lesions similar to those observed in yaws (8-11).
Persons with clinically suspicious lesions caused by

These senior authors contributed equally to this article.
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H. ducreyi can have a reactive serologic test for yaws
because of latent T. pallidum infection. Nucleic acid
amplification tests (NAATSs) can distinguish active
yaws, involving a lesion with detectable T. pallidum
DNA, from latent yaws, in which patients will have
reactive serology without detectectable T. pallidum
DNA from lesions. In addition, before seroconver-
sion, a small proportion of patients with early active
yaws will have a positive NAAT but negative sero-
logic results.

NAATS could play a central role in yaws eradica-
tion efforts, particularly for diagnosis and surveillance
after MDA in yaws-endemic areas (12). PCR has been
standard for molecular diagnosis and has a high speci-
ficity and sensitivity for T. pallidum and H. ducreyi, but
the process is time-consuming and requires expensive
laboratory equipment. Most yaws-endemic coun-
tries have limited access to PCR to aid national yaws
eradication programs. A point-of-care NAAT could
provide reliable post-MDA molecular surveillance, as
well as help in monitoring for azithromycin resistance.
Loop-mediated isothermal amplification (LAMP) is
an alternative for molecular diagnosis that might be
more suitable than PCR as a point-of-care NAAT in re-
source-limited environments. LAMP has fast process-
ing times and high specificity and can be performed
on less expensive devices than those needed for PCR.

Multiplex technologies, such as mediator displace-
ment (MD) LAMP (13), have extended the usability
of LAMP for simultaneous detection of >1 target and
could be an efficient and cost-effective solution. MD
detection uses an MD probe composed of a generic
mediator attached to a generic overhang of a DNA
target-specific sequence and a universal reporter mol-
ecule with a fluorophore and quencher for detection.
We developed and validated a biplex MD LAMP assay
to simultaneously identify T. pallidum and H. ducreyi.

Methods

Participants

We obtained samples from larger trials conducted
on Lihir Island (n = 57) and Karkar Island (n = 184),
Papua New Guinea; and in Ghana (n = 52). Details
of the studies in which the samples were collected
are provided elsewhere (14,15). In brief, samples
were collected as part of a randomized control trial
comparing azithromycin doses of 30 mg/kg against
doses of 20 mg/kg to treat patients in a pilot study
for yaws elimination (14,15). Swabs were collected
from persons with yaws-like ulcers and placed in
AssayAssure Multilock (Sierra Molecular, https://
sierramolecular.com) transport medium, then frozen
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at -20°C until transported to Mast Diagnostica GmbH
laboratory in Reinfeld, Germany. DNA was extracted
from the samples by using innuPREP MP Basic Kit A
(Analytik Jena, https://www.analytik-jena.com) ac-
cording to manufacturer’s instructions. Isolated DNA
was kept frozen at -20°C until it was used for biplex
T. pallidum and H. ducreyi LAMP (TPHD-LAMP), sin-
gleplex T. pallidum and H. ducreyi LAMP assays, and
quantitative PCR (qQPCR) testing.

Ethics Approval

Participants, or parents or guardians of persons <18
years of age, provided written consent for inclusion
in clinical surveys and etiologic studies. Children also
provided assent when appropriate. The studies were
approved by the National Medical Research Advi-
sory Committee of the Papua New Guinea Ministry
of Health (MRAC nos. 12.36 and 14.31), the Ghana
Health Service (approval no. GHS 13/11/14), the
London School of Hygiene & Tropical Medicine (ap-
proval no. 8832), and WHO (approval no. RPC720).

TPHD-LAMP Assay

We devised the TPHD-LAMP assay on the basis of 2
previously published assays: a singleplex LAMP as-
say (16), which we modified by adding an MD probe;
and a biplex LAMP assay of T. pallidum and H. ducreyi
(13). TPHD-LAMP primers target the polymerase I
(polA) gene of T. pallidum and the 16S ribosomal RNA
(16S rRNA) of H. ducreyi. We further optimized the as-
says for improved functionality by redesigning prim-
ers and probes and modifying reagent concentrations
(Appendix Tables 1-3, https://wwwnc.cdc.gov/
EID/article/26/2/19-0505-App1.pdf).

We performed a 2-step validation of the TPHD-
LAMP assay. In the first step, we assessed the analyti-
cal sensitivity and specificity of the assay. In the sec-
ond step, we used clinical samples collected in Ghana
and Papua New Guinea to compare the performance
of TPHD-LAMP against qPCR for individual targets.
In a secondary analysis, we compared the perfor-
mance of singleplex LAMP assays for each individual
target against qPCR assays.

Assessment of Analytical Performance

We determined the analytical limit of detection
(LOD) for the TPHD-LAMP assay by using target
sequences cloned into plasmids. We determined the
LOD of each of the 2 components separately, as well
as the LOD of the biplex TPHD-LAMP assay (Ap-
pendix). We varied the plasmid DNA concentrations
between 3 x 10" copies/reaction and 3 x 10° copies/
reaction in 8 replicates to reproduce the Treponema
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bacterial load in skin infections, which ranges from
10°-10* copies/reaction (17). In addition, we tested
the TPHD-LAMP in the presence of a high number
of copies, 3 x 10° copies/reaction, of H. ducreyi or
T. pallidum in the presenece of a low number of cop-
ies of the second target to optimize each component
and to simulate clinical samples that might contain
both targets. We conducted primer titration experi-
ments to minimize the preferential amplification of
H. ducreyi DNA targets in persons with both infec-
tions. We estimated the LOD by counting the frac-
tion of positive amplifications and performed probit
regression analysis by using SPSS Statistics 25 (IBM,
https:/ /www.ibm.com).

We assessed the analytical specificity of the
primer sets in silico by using ortholog target gene
sequences from GenBank (Appendix Table 4) and
found all primer sets were highly specific for T.
pallidum and H. ducreyi. Based on these results,
we tested the specificity of TPHD-LAMP in vitro
against endemic pathogens associated with cuta-
neous ulcerative syndromes by using a panel of 13
organisms: Escherichia coli, Klebsiella pneumoniae,
Acinetobacter baumannii, Pseudomonas aeruginosa,
Enterobacter cloacae, Salmonella enterica (Paratyphi
and Typhi), Streptococcus pneumoniae, Streptococ-
cus pyogenes, Staphylococcus aureus, Corynebacterium
diphtheria, Corynebacterium ulcerans, Proteus mirabilis,
and Enterococcus faecalis (Appendix). We calculated
interassay and intraassay variability of the TPHD-
LAMP assay by using 3 batches of the TPHD-LAMP
mix, prepared individually on 3 separate days
and processed in different runs of 3 replicates per
batch (Appendix).

Clinical Performance of the TPHD-LAMP

We performed clinical validation by comparing the
performance of the TPHD-LAMP and qPCR assays to
identify T. pallidum and H. ducreyi in patient samples
collected in Ghana and Papua New Guinea. TPHD-
LAMP reactions (10 puL per assay) were composed
of 1x RM MPM buffer (MAST Diagnostica GmbH,
https:/ /mast-group.com), 8 U Bst 2.0 WarmStart
DNA Polymerase (New England Biolabs, https://
www.neb.com), 0.05 pmol/L universal reporter, and
MD primer mix (Appendix). We incubated primer
mixes for 5 m at 70°C before LAMP to prevent non-
specific amplification initiated by primer dimeriza-
tion. We performed real-time TPHD-LAMP reactions
at 64°C in a Rotor-Gene Q (QIAGEN, https:/ /www.
qiagen.com) and acquired fluorescence signals every
minute by using the Cy5-readout gain for T. pallidum
and the FAM-readout gain for H. ducreyi. The single-
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plex LAMP reactions (10 uL per assay) using inter-
calating dye were composed of 1x RM MPM buffer,
8 U Bst 2.0 WarmStart DNA Polymerase, and 1 pL
of 10x SYBR Green staining reagent, DNA free (Ap-
pliChem, https:/ /www.applichem.com) and primer
mix (Appendix Table 1). We also performed single-
plex LAMP reactions in a Rotor-Gene Q at 63°C with
the FAM-readout gain. We used a cutoff of 60 m for
biplex TPHD-LAMP and singleplex LAMP assays
and considered samples with amplification beyond
60 m negative.

For performance analyses, we compared the
TPHD-LAMP assay against TagMan qPCR assays
targeting polA of T. pallidum (18) and an optimized
TagMan qPCR assay targeting the 165 rRNA gene of
H. ducreyi on the same DNA extract (Appendix Table
4, Figure 1). The 16S rRNA gene has been previously
used in qPCR assays to detect H. ducreyi (19). We ran
all tests in duplicate and included positive controls
and DNA-free negative controls in each run. We
used an identical sample volume, 2.5 pL/reaction,
for TPHD-LAMP, singleplex LAMP, and qPCR. For
samples that tested negative by qPCR but positive by
TPHD-LAMP, we repeated qPCR in a single reaction
with higher sample volumes (3 uL) to identify true
negative test results.

Statistical Analysis

For clinical validation, we compared the sensitivity
and specificity of the TPHD-LAMP assay against Taq-
Man qPCR assays. In a secondary analysis, we com-
pared the performance of singleplex LAMP assays to
qPCR. We performed all analysis by using R version
3.4.3 (https:/ /www.R-project.org).

Results

Analytical Sensitivity and Specificity

The LOD for the TPHD-LAMP assay was 357 copies/
reaction (95% CI 265-535 copies/reaction) for T. palli-
dum and 293 copies/reaction (95% CI 199-490 copies/
reaction) for H. ducreyi. When we added the second
target at the higher concentration of 3 x 10° copies/
reaction to simulate clinical samples from persons in-
fected with both bacteria, the LOD increased to 808
copies/reaction (95% CI 550-2,128 copies/reaction)
for T. pallidum and 622 copies/reaction (95% CI 415~
1,687 copies/reaction) for H. ducreyi (Appendix Fig-
ure 2). The TPHD-LAMP assay was negative for all
other pathogens tested within 60 m, demonstrating
high analytical specificity (Appendix Figure 3). We
observed a minimal interassay or intraassay variation
(Appendix Figure 4).
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Validation of TPHD-LAMP in Clinical Samples

For clinical validation, we used a sample set consist-
ing of 293 lesion swabs collected from patients with
suspected T. pallidum infection. Samples were collect-
ed in Lihir Island (n = 57;19.5%) and Karkar Island (n
=184; 62.8%), Papua New Guinea; and in Ghana (n =
52;17.7%). A total of 184 (62.8%) cases were in male
patients and 109 (37.2%) in female patients; the me-
dian age of case-patients was 10 years (interquartile
range [IQR] 8-12 years).

Using qPCR, we detected T. pallidum in 59 (20.1%)
samples, H. ducreyi in 155 (52.9%) samples, and T. pal-
lidum and H. ducreyi co-infection in 19 (6.5%) samples.
When tested by TPHD-LAMP, we detected T. pallidum
in 60 (20.5%) samples and H. ducreyi in 163 (55.6%)
samples. We detected both targets in 12 (4.1%) sam-
ples. Taking qPCR as the reference standard, the diag-
nostic sensitivity of the TPHD-LAMP assay for T. pal-
lidum was 84.7% and the specificity was 95.7%. For H.
ducreyi, the sensitivity of the TPHD-LAMP assay was
91.6% and the specificity was 84.8% (Table 1). Kappa
coefficients (k), ranging from 0.7 to 0.9 for the detection
of T. pallidum and from 0.7 to 0.8 for H. ducreyi, show
substantial to excellent agreement between qPCR and
TPHD-LAMP. Moderate agreement between qPCR
and TPHD-LAMP (x = 0.5) also was demonstrated for
the simultaneous detection of both targets. The medi-
an time to amplification of T. pallidum was 11 min (IQR
9-15 min) and the median time to amplification of H.
ducreyi was 10 min (IQR 8-24 min).

Multiplex LAMP for T. pallidum and H. ducreyi

For samples in which only 1 organism was de-
tected by qPCR, the sensitivity of the TPHD-LAMP
assay was higher for both T. pallidum (92.5%) and H.
ducreyi (94.1%) than for samples with both organisms
confirmed by qPCR. For samples confirmed to con-
tain both bacteria by qPCR, sensitivity for T. pallidum
was 68.4% (p = 0.048) and sensitivity for H. ducreyi
was 73.7% (p = 0.01) (Table 1).

Using qPCR as the reference standard, the single-
plex T. pallidum LAMP assay had a sensitivity of 78.0%
and specificity of 97.9%; for the singleplex H. ducreyi
LAMP assay the sensitivity was 91.0% and specificity
was 75.3% (Table 2). We did not see a noticeable vari-
ation in the performance of the biplex TPHD-LAMP
and singleplex LAMP assays between locations from
which samples were collected (Tables 1 and 2).

Discussion
We provide data demonstrating a high analyti-
cal performance of a multiplex LAMP assay for T.
pallidum and H. ducreyi and a high sensitivity and
specificity comparable to qPCR. The TPHD-LAMP
assay also performed better than singleplex LAMP
assays, likely reflecting better performance of the
MD technology used in the biplex LAMP compared
with standard intercalating dyes used in singleplex
LAMP assays.

The LOD of the TPHD-LAMP assay was 300 cop-
ies/reaction for both targets, which is comparable to
qPCR, which has standard reproducibility in a range

Table 1. Comparison of clinical performance of biplex loop-mediated isothermal amplification for detection of Treponema pallidum and
Haemophilus ducreyi (TPHD-LAMP) against singleplex TagMan quantitative PCR*

Characteristics Sample size Treponema pallidum Haemophilus ducreyi
Total samples, no. 293

No. positive 60 163

Sensitivity, % (95% Cl) 84.7 (72.5-92.4) 91.6 (85.8-95.3)

Specificity, % (95% Cl) 95.7 (92.0-97.8) 84.8 (77.4-90.1)
Lesions containing a single pathogent 195

No. positive 48 151

Sensitivity, % (95% Cl) 92.5 (78.5-98.0) 94.1 (88.4-97.2)

Specificity, % (95% CI) 95.7 (92.0-97.8) 84.8 (77.4-90.1)
Lesions containing both pathogenst 19

No. positive 12 12

Sensitivity, % (95% Cl) 68.4 (43.5-86.4) 73.7 (48.6-89.9)

Specificity, % (95% Cl) NA NA
Samples from Lihir Island, no. 57

No. positive 21 13

Sensitivity, % (95% Cl) 90.5 (68.2-98.3) 76.5 (50.0-92.2)

Specificity, % (95% Cl) 94.4 (80.0-99.0) 100.0 (89.1-100)
Samples from Karkar Island, no. 184

No. positive 33 119

Sensitivity, % (95% Cl) 78.1 (59.6-90.1) 94.2 (87.5-97.7)

Specificity, % (95% Cl) 94.7 (89.5-97.5) 74.7 (63.4-83.5)
Samples from Ghana, no. 52

No. positive
Sensitivity, % (95% Cl)
Specificity, % (95% Cl)

6 31
100.0 (51.7-100) 90.9 (75.5-97.6)
100.0 (90.4-100) 94.7 (71.9-99.7)

*NA, not applicable.
tDetermined by quantitative PCR.
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Table 2. Comparison of clinical performance of singleplex loop-mediated isothermal amplification for detection of Treponema pallidum
and Haemophilus ducreyi against singleplex TagMan quantitative PCR*

Characteristics Sample size Treponema pallidum Haemophilus ducreyi
Total samples, no. 293
No. positive 51 175
Sensitivity, % (95% Cl) 78.0 (64.9-87.3) 91.0 (85.0-94.8)
Specificity, % (95% Cl) 97.9 (94.8-99.2) 75.3 (67.2-82.1)
Lesions containing a single pathogent 195

No. positive
Sensitivity, % (95% CI)
Specificity, % (95% Cl)

34 158
82.5 (66.6-92.1) 92.6 (86.5-96.2)
97.9 (94.8-99.2) 75.4 (67.2-82.1)

Lesions containing both pathogenst 19
No. positive samples
Sensitivity, % (95% CI)
Specificity, % (95% Cl)

17 17
68.4 (43.5-86.4) 78.9 (563.9-93.0)
NA NA

*NA, not applicable.
tDetermined by quantitative PCR.

of 10'-10° copies/reaction. The LOD increased to
~600 copies/reaction in samples that contained both
targets, which is consistent with our clinical valida-
tion of the TPHD-LAMP; sensitivity for both bacteria
was slightly higher when samples contained only a
single target. Kappa coefficients confirmed substan-
tial agreement (x>0.7) for the individual targets and
moderate agreement (x = 0.5) for simultaneous detec-
tion of both targets in a sample.

Detection of T. pallidum is the programmatic pri-
ority, but detection of H. ducreyi is beneficial for clini-
cal management of patients with suspected yaws. The
median time to amplification was <15 m for both T.
pallidum and H. ducreyi, indicating the TPHD-LAMP
assay could provide rapid, molecular confirmation of
the presence of T. pallidum or H. ducreyi. Further op-
timization of the assay to enhance the performance
of the T. pallidum component, particularly in the con-
text of co-infection, will be required to ensure cases of
yaws are not missed.

Implementing qPCR at the point of care is oper-
ationally challenging because it requires relatively
expensive equipment, in particular thermocyclers,
which can cost up to 10 times as much as a tubescan-
ner capable of performing the TPHD-LAMP assay.
Because qPCR is available only in a limited number
of national and international reference laboratories,
TPHD-LAMP might be an alternative molecular test
to support expansion of yaws eradication activities.
We did not conduct a cost-effectiveness analysis
of the TPHD-LAMP assay, but such an assessment
should consider equipment costs, cost per assay,
and the relative performance of each assay to assess
the cost per case diagnosed. However, our data sug-
gest that the TPHD-LAMP assay might be a cost-
saving alternative to qPCR, especially at the point
of care.

Our study had some limitations. We tested
samples from only 2 geographic regions for clinical
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validation of the TPHD-LAMP. Primer binding site
mutations have affected the performance of other di-
agnostic assays for T. pallidum strains. Although we
selected conserved genomic regions when design-
ing the TPHD-LAMP primers, further experimental
validation of the TPHD-LAMP assay with samples
from a broader range of settings is needed. We con-
ducted clinical validation of the assay in a controlled
laboratory setting, but conditions at the point of
care, including temperature, humidity, and a range
of other environmental factors, might affect reagents
in storage and in performing assays. Further opti-
mization, including freeze-dried reagents in combi-
nation with dried oligonucleotides, might improve
robustness and facilitate rollout of the assay in yaws-
endemic countries.

In yaws-endemic countries, clinical manifesta-
tions combined with serologic tests are still the stan-
dard tool for the clinical management of yaws, but
serologic tests have limitations and molecular assays
are needed to support WHO yaws eradication efforts
(12). Molecular assays also can detect mutations in
the 23S RNA gene associated with azithromycin re-
sistance (15,20,21), which is essential to monitor for
drug resistance as yaws eradication efforts expand.
qPCR is the most common NAAT currently avail-
able but remains restricted to a small number of
laboratories in yaws-endemic countries. MD LAMP
could facilitate surveillance for resistance and we
plan further studies to evaluate a modified TPHD-
LAMP assay for this purpose. Further, multicountry
evaluations are warranted to assess performance of
the assay when deployed in yaws-endemic countries
and to assess the role the test could play in support
of national yaws eradication programs. Nonetheless,
the performance characteristics of the TPHD-LAMP
suggest it has the potential to increase access to mo-
lecular diagnosis of yaws, especially at the point
of care.
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5.3.4 The Impact of Storage Buffer, DNA Extraction Method, and Polymerase on
Microbial Analysis

HTS approaches for the characterisation of microbial communities are associated with
technical caveats that can significantly impact the research outcome. The following publication
describes the optimal sample handling protocol to minimize the bias for different sample types.
The use of a standardized microbial mock-community is particularly noteworthy as it
introduced a high level of standardization. The outcome of this study contributed significantly
to the optimisation of sampling and methodology protocols to investigate disease reservoirs in
wildlife in my laboratory.
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Next-generation sequencing approaches used to characterize microbial communities are subject to
technical caveats that can lead to major distortion of acquired data. Determining the optimal sample
handling protocol is essential to minimize the bias for different sample types. Using a mock community
composed of 22 bacterial strains of even concentration, we studied a combination of handling conditions
to determine the optimal conditions for swab material. Examining a combination of effects simulates
the reality of handling environmental samples and may thus provide a better foundation for the
standardization of protocols. We found that the choice of storage buffer and extraction kit affects the
detected bacterial composition, while different 165 rRNA amplification methods only had a minor effect.
All bacterial genera present in the mock community were identified with minimal levels of contamination
independent of the choice of sample processing. Despite this, the observed bacterial profile for all tested
conditions were significantly different from the expected abundance. This highlights the need for proper
validation and standardization for each sample type using a mock community and blank control samples,
to assess the bias in the protocol and reduce variation across the datasets.

Microorganisms colonize various anatomical sites and play a crucial role in the balance of health and disease. The
vaginal microbiome is known to maintain the health of women and thereby prevents urogenital diseases'. The
advent of cultivation-independent molecular approaches, such as 16S rRNA amplicon sequencing, has allowed
for a better understanding of the microbes that inhabit different biological niches. However, these powerful tools
are not without important technical caveats that can lead to a distortion in the acquired data”. Such limitations
have been well documented, and include sample collection, storage buffer, DNA extraction, amplification prim-
ers and methods, sequencing technology, and analysis techniques®*. While it is impossible to negate all of these
influences, it is important to understand the bias inherent in the analysis. Studies focusing on one or two technical
limitations have made recommendations for improving the bias such as reducing the number of PCR cycles® or
adding additional lysis pre-treatment®.

DNA extraction, a critical step in culture-independent bacterial profiling, has been identified as a key driver
of technical variation®. Most common studies on the microbiome of swab material use commercially available
DNA extraction kits that vary in their lysis approach from mechanical to enzymatic treatment. Various studies
have focused on technical variations in extraction kits, yet a field-wide consensus on sample extraction has not
been reached>*~’. Due to the large variety of microbiota and sample types, a single standard for all sample types
is unlikely to be achieved. Despite the knowledge that the choice of extraction kit can have a significant effect on
the results, there is often a lack of proper validation across sample types’.

Similar to DNA extraction kits, the choice of sample storage buffer has been shown to influence the detected
bacterial community'*~'2. The ideal storage choice largely depends on the available resources during sampling
such as the availability of freezing conditions''. Selecting the optimal storage buffers is dependent upon its com-
patibility with all downstream analyses including the extraction method. Many studies, however, only focus on
the effect of a single technical variation instead of examining the effect of different combination of storage buffer,
DNA extraction kit, and amplification methods®. Studying a combination of effects mirrors the reality of sample
handling more closely and may thus provide a better foundation for the standardization of sampling handling
protocols prior to microbial analysis.

1Work Group Neglected Tropical Diseases, Infection Biology Unit, German Primate Center, Leibniz Institute for
Primate Research, Kellnerweg 4, 37077, Gottingen, Germany. 2Primate Genetics Laboratory, German Primate
Center, Leibniz Institute for Primate Research, Kellnerweg 4, 37077, Géttingen, Germany. Correspondence and
requests for materials should be addressed to S.K. (email: sknauf@dpz.eu)
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Figure 1. Outline of experimental design. A schematic showing the different treatment variables.

Extraction Method Abbreviation | Lot# Lysis type Elution Volume
MOBIO PowerLyzer PowerSoil Kit MOBIO PL16C30 Mechanical, Column-based 100

GEN-IAL First All-Tissue Kit GENIAL 0091.01 Enzymatic, Phenol-Chloroform 20

QIAamp DNA Mini Kit QMINI 154035749 Enzymatic, Column-based 70

Table 1. Commercial extraction kits used in this study.

In this study, we used a mock community, composed of an even concentration of cells from 22 bacterial strains
(19 genera), to assess the effect of storage buffers, extraction kits, and amplification methods (Fig. 1). Using a
mock community to examine the effect of different sample handling conditions rather than environmental sam-
ples of unknown microbe composition is essential to be able to systematically compare the effects®. In addition
to the use of a mock community, a blank control was included in all sample procedures to monitor any buffer,
kit, or reagent specific contamination'’. The aim of this study was to evaluate the performance of combinations
of handling conditions commonly used in microbiome studies and to contribute to the ongoing debate on stand-
ardization in microbiome research.

Methods

Preparation of swab mock community samples. A cell mixture of 22 different bacterial strains at a
concentration of 1 x 10° cells/mL of each organism (Microbial mock community, HM-280) in phosphate buffer
saline (PBS) was obtained through Biodefense and Emerging Infectious Research (BEI) Resources, NIAID, NIH
as part of the Human Microbiome Project (Manassas, USA; Supplementary Table S1). To simulate physiological
conditions, 10 pul of mock community containing 1 x 10° cells/mL of each organism was added to a flocked swab
(FLOQSwabs, Copan Improve Diagnostics, Brescia, Italy) and then placed in 500 jul of the respective storage
buffer (Fig. 1). Four different storage buffers were used; PBS (PAN-Biotech GmbH, Aidenbach, Germany), a
custom-made lysis buffer (10 mM Tris, pH 8.0, 0.1 M EDTA, pH 8.0 and 0.5% SDS), RNA-later (Thermo Fisher
Scientific Inc., Waltham, MA, USA), and no buffer (native). A blank control swab sample was placed in each
storage buffer without additive. All swab samples were frozen at —80°C for one week prior to DNA extraction.
Suitable precautions were taken during sample handling and processing to insure sterility during all procedures.

DNA Extraction methods. Three commercially available DNA extraction kits were used in this study to
extract bacterial DNA from swab material stored in four different storage buffers (Table 1). Extraction was per-
formed in triplets and the extracted DNA from each buffer was subsequently pooled prior to 16 S rRNA gene
amplification. Processing of swab samples prior to DNA extraction is illustrated in Supplementary Fig. S1.

QlAamp DNA Mini Kit (QMINI).  Samples were extracted using the QIAamp Mini Kit (Qiagen GmbH,
Hilden, Germany) according to the standard protocol with minor modifications. Briefly, proteinase K (20 mg/jul)
was added and the samples were incubated for 50 minutes at 56 °C. Then, AL buffer (Qiagen GmbH) and ethanol
were added in the appropriate amount. The DNA from the lysate was subsequently purified using the spin col-
umns provided by the manufacturer and eluted in 70 pl AVE buffer (Qiagen GmbH).

MOBIO PowerLyzer PowerSoil Kit (MOBIO). A maximum of 750 il of swab lysate was added to the
0.1 mm PowerLyzer® Glass Bead Tube (Qiagen GmbH). DNA extraction was continued from step 2 as described
in the MOBIO PowerLyzer PowerSoil Kit protocol (Qiagen GmbH). The DNA was eluted in a final volume of
100 pl of Solution C6 provided in the kit.

| (2018) 8:6292 | DOI:10.1038/541598-018-24573-y

86



GEN-IAL First All-Tissue Kit (GENIAL). The first All-Tissue Kit (GEN-IAL, Troisdorf, Germany) was
applied according to the manufacturer’s protocol with minor modifications. Briefly, 5l proteinase K and 5 ul
dithiothreitol (DTT) was added to the lysate and incubated at 65 °C for 60 min at 600 rpm in a thermomixer
(Eppendorf, Hamburg, Germany). The lysate was purified according to the standard protocol and the DNA pellet
was resuspended in 20 pl of C6 buffer (Qiagen GmbH).

165 rRNA gene amplification.  For each pooled extraction, the V4 region of the 16 S ribosomal RNA (16 S
rRNA) gene was amplified in triplets using the universal primers 515 F and 806 R adapted with linker regions and
barcoded sequences used for dual-indexing'". Platinum SuperFi DNA Polymerase (Thermo Fisher Scientific) and
the Phusion Hot Start IT High-Fidelity DNA Polymerase (Thermo Fisher Scientific) were both tested for amplifi-
cation. Each PCR reaction consisted of 12.5 pl of 2x PCR master mix, 6 il of Microbial DNA-Free water (Qiagen
GmbH), 1.25pl of each primer (0.5 mM each, Metabion, Martinsried, Germany) and 4l of template in a total
reaction volume of 25 pl. PCR cycling conditions comprised of a pre-denaturation step of 30s at 98 °C, followed
by 30 cycles of 98°C for 105, 55°C for 15s and 72 °C for 605, and a final 10 min extension step at 72 °C. For a selec-
tion of four samples, five additional cycles were added to the amplification procedure to examine if additional
cycles may be favorable for samples with low concentrations. The amplicon triplets were pooled, purified using
0.7x AMPure XP beads (Beckman Coulter, Brea, USA) and quantified using the Qubit 2.0 Fluorometer (Thermo
Fisher Scientific). Amplicon integrity was verified for a representative number of 11 samples using a BioAnalyzer
2000 (Agilent, Palo Alto, USA) prior to pooling equimolar amounts (10nM) of each amplicon for sequencing. For
the blank samples, the maximum volume (5l) of sample was added to the library, as the concentrations prior to
sequencing were below 10 nM. Illumina MiSeq. 2 x 250 bp paired-end sequencing (Illumina V2 chemistry) was
performed in the Transcriptome and Genome Analysis Laboratory at the University of Géttingen'. All generated
read files analyzed in this study were uploaded to the NCBI Sequence Read Archive (SRA) (SRP125723).

Mock community data processing and analysis. The sequencing reads were processed using the
mothur software package (v.1.36.1)!°. According to the MiSeq SOP'*, contigs were assembled, sequences trimmed,
identical sequences merged, and chimeras removed (UCHIME'®). Subsequently, sequences were aligned to the
SILVA bacterial reference database'”. Non-bacterial sequences, cross-sample singletons, and poorly aligned
sequences were removed. The seq.error command was run for each mock sample in mothur and subsequently
averaged to determine the error rate of the run. Due to low read numbers, blank control sample reads (control
swabs containing no mock community) were removed from the dataset and analyzed separately. As subsampling
is currently still an accepted method of normalization in microbial ecology'?, the reads of the remaining mock
community samples were rarefied to 95,870 sequences/sample. A separate file with the theoretical sequence com-
position (actual) of the 22 bacterial strains of mock community was created and adjusted for the 16 S rRNA copy
number (Supplementary Table S1) and normalized to the sequence count of the run (95,870 reads)". After merg-
ing the actual (theoretical) mock community composition with the practically obtained sequences, the merged
file was classified using the Bayesian classifier implemented in mothur®. Operational taxonomic units (OTUs)
were assigned based on 97% sequence similarity and subsequently the alpha and beta diversity was analyzed. For
alpha diversity, the richness (OTUs observed and Choal) and community diversity (Inverse Simpson Metrix)
was analyzed using the summary.single command in mothur. Additionally, the percentage of contaminant OTUs
(OTUs that do not cluster to the theoretical mock community) was examined. Beta diversity was analyzed using
Bray-Curtis dissimilarity index’!. The dissimilarity matrix was visualized using nonmetric multidimensional scal-
ing (NMDS) plots and Newick formatted dendrograms (visualized in FigTree v.1.4.2, http://tree.bio.ed.ac.uk/
software/figtree/).

Statistical comparison of sequence data. To evaluate and compare the type of extraction and ampli-
fication method used, the values of the alpha or beta diversity measurement were pooled for each variable (e.g.
the buffer type). The statistical significance of the pooled data was analyzed in GraphPad Prism 6 (GraphPad
software, La Jolla, CA, USA). In case of normal distribution (Kolmogorov-Smirnov normality test), the paramet-
ric paired two-tailed students t-test was used for comparison. In all other cases the non-parametric Wilcoxon
matched-pairs signed rank test was used. For multiple comparisons, a one-way ANOVA with Bonferroni’s mul-
tiple comparisons test was applied. Differences in community structure between storage buffers and extraction
methods were tested using analysis of molecular variance (AMOVA) in mothur?’. Non-metric multidimensional
scaling (NMDS) plot of Bray-Curtis dissimilarities and UPGMA-clustered dendrograms (Bray-Curtis) were used
to visualize data points. Parsimony (mothur) hypothesis testing was performed to test whether the differential
clustering of the PBS samples in the dendrograms was significant”. Differences in the 30 most abundant OTUs
were assessed using the metastats command in mothur** and p-values for differences in individual OTUs were
corrected for multiple comparisons using Bonferroni correction. Values of p < 0.05 were considered statistically
significant.

Results

The pooled library (n =28 mock samples, n= 36 blank/control samples) produced 12,968,125 16 S rRNA
sequence reads, of which 9,920,805 reads were retained after quality control (77%). A total of 8,974,393 sequences,
with a mean read count of 249,288 reads per sample, were retained after the sequences corresponding to the blank
control samples were removed. After rarefying to 95,870 sequences per sample, de novo OTU picking returned
228 OTUs, of which 19 OTUs corresponding to the mock community make up more than 99% of the pooled
community. The average error rate of the run was found to be 0.040% (£0.004).
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Figure 2. Clustering of samples amplified with two different polymerases on a non-metric multidimensional
scaling (NMDS) plot of the Bray-Curtis dissimilarities. Points are colored by applied extraction kit. The
encircled pairs correspond to a single sample where each data point represents one 16 S rRNA amplification
with Phusion Hot Start IT High-Fidelity DNA Polymerase and the another with Platinum SuperFi DNA
Polymerase. Sample pairs labeled with * were stored in PBS.

Effect of different amplification method. The choice of polymerase (Platinum SuperFi DNA polymer-
ase vs. Phusion Hot Start II High-Fidelity DNA polymerase) was not found to significantly change the number
of observed OTUs (p =0.08 [paired t-test] or Inverse Simpson index, p = 0.48, [paired t-test]). Furthermore,
pairwise comparison of the Bray-Curtis dissimilarity between the two polymerases yielded only small variations
(maximum difference 0.076, Supplementary Table S2) indicating near identical bacterial community profile for
a single sample (Fig. 2). Since the results indicate that these two applied high-fidelity polymerases do not sig-
nificantly impact the observed microbial diversity, we pooled the data from the two polymerases for identical
sample for the analyses of buffer and extraction kit choice. The addition of five cycles in 16 S rRNA gene ampli-
fication shows only a minor impact on the detected bacterial composition when tested on MOBIO extractions
(Supplementary Fig. S2a). There was, however, a significant increase of the number of OTUs detected with addi-
tional cycles (p =0.029, Supplementary Fig. S2b), indicating that lower cycle numbers are favorable.

Effect of storage buffer. The effect of the four storage buffer (lysis buffer, native, PBS or RNA-later) on the
alpha diversity was assessed based on OTU richness (identified absolute number of taxa) and evenness (Inverse
Simpson index). The choice of storage buffer had no significant influence on the OTU richness of the swab sam-
ples (p=0.158 [ANOVA], Fig. 3a), nor the overall evenness. However, PBS treated samples that were extracted
with MOBIO, detected a lower evenness compared to all other treatment conditions (Wilcoxon test, Fig. 3b).

Pairwise AMOVA of Bray-Curtis dissimilarity showed that the storage buffer choice had a significant impact
on the community structure (p =0.004, AMOVA). A dendrogram of the Bray-Curtis dissimilarity shows that the
PBS stored samples clustered separately from the other buffer types which was confirmed by parsimony analysis
(p=0.001, Fig. 3c). To examine which OTUs drive the differential clustering, we examined the read count for
each OTU. Four bacterial OTUs corresponding to Neisseria, Pseud 1as, Porphyr as and Helicobacter are
significantly different in the PBS stored samples for all extraction kits (Fig. 3d-g). These results indicated that PBS
buffer significantly alters single OTUs as well as the overall bacterial composition compared to all other storage
buffers, independent of extraction kit choice. The bacterial profile of the blank control samples indicated that
this effect is not caused by a buffer specific contamination as there appears to be no obvious buffer or kit specific
profile (Supplementary Fig. S3).

Effect of extraction method. Richness, both the observed number of OTUs and Choal, were analyzed to
see the effect of the extraction kit choice on the alpha diversity. Pairwise comparison showed no significant effect
on OTU richness between the different extraction kits (p =0.893 [ANOVA], Table 2). In general, all extraction
kits detect a higher OTU richness compared to the expected richness of the mock community (Table 2). In addi-
tion to assessing richness, evenness was analyzed using the Inverse Simpson index. The evenness of the samples
extracted using MOBIO was significantly lower compared to the QMINI and GEN-IAL extractions (p = 0.008,
p=0.023, Wilcoxon test, Table 2). The evenness did not significantly vary between QMINI and GEN-IAL. Yet, the
mean (+SEM) observed evenness (5.21 +0.08) was significantly lower than the expected evenness of the mock
community (18.3). The same five OTUs, Enterococcus, Neisseria, Escherichia, Pseudomonas, and Bacillus dominate
the bacterial profile independent of extraction kit choice (Fig. 3¢).

Pairwise AMOVA of Bray-Curtis dissimilarity indicated that the extraction kit choice significantly impacted
the community structure (p=0.001, AMOVA). To assess which extraction kit more accurately represents the
bacterial community structure, a theoretical ideal mock community (actual) composition was created for com-
parison (see methods for details). In the ideal scenario, the experimental data would be identical to the actual
composition and there would be no Bray-Curtis dissimilarity. To assess the extraction kits, Bray-Curtis dissim-
ilarity was calculated between the observed and actual mock community for each sample (Fig. 4). The samples
extracted with the same commercial kit were grouped in a boxplot and pairwise comparison was performed. The
QMINI kit produced a significantly better representation of the bacterial community compared to all other kits
tested (paired t-test, all p < 0.01, Fig. 4). On the contrary, the MOBIO kit performed significantly poorer than all
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Figure 3. PBS stored samples significantly distort individual OTUs and cluster separately from other buffer
types. Boxplots (median = range) of (a) the number of OTUs and (b) the Inverse of the Simpson index for each
buffer type. (c) UPGMA clustering on Bray-Curtis dissimilarities including taxa plots showing the relative
abundance of OTUs in percentage of reads. Differential clustering of PBS to all other buffers was found to be
significant (parsimony test, p=0.001) (d-g) Individual bacterial OTUs are significantly underrepresented for
PBS-stored samples. Number of sequence reads for OTUs corresponding to (d) Neisseria, (e) Pseudomonas, (f)
Porphyromonas, and (g) Helicobacter. (Wilcoxon test, *p < 0.05, **p < 0.01).

other tested kits (all p < 0.01, Fig. 4). Overall, all the extraction kits distort the bacterial profile compared to the
expected bacterial composition of the mock community (Fig. 4).

Discussion

‘We compared a variety of storage buffers, extraction kits, and amplification methods to examine which combina-
tion of handling conditions best represents the microbial diversity of an even mock community (Fig. 1). Different
combinations of factors that most closely resemble the reality of sample handling were analyzed to facilitates the
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Extraction Method Observed OTUs Chaol InvSimpson
MOBIO PowerLyzer PowerSoil Kit 62.88+8.38 69.794+10.31 3.940.40
GEN-IAL First All-Tissue Kit 59.75+5.82 66.024+7.51 5.3+0.09
QIAamp DNA Mini Kit 64.00+4.87 78.04+5.94 51+0.13
Actual/Expected Mock Community | 22 22 183

Table 2. Alpha diversity measurements (mean 4= SEM) for each of the DNA extraction kits (n=38).
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Figure 4. Bray-Curtis dissimilarity between observed and expected strain proportion for each of the tested
extraction methods. The expected strain proportion (actual) was generated for comparison and represents

the theoretically composition of the mock community (see methods for detail). The pair-wise proportions
(expected to observed) from samples extracted with the same commercial kit were grouped in a single boxplot
(mean £ SEM). Symbols illustrate different buffer types (@ PBS, YRNA-later, Anative, ®lysis buffer) (Paired

t-test, *p < 0.05, ***p < 0.001).

establishment of standards for the analyses of microbial compositions in swab samples. We show that the choice
of storage buffer and extraction kit affects the detected bacterial composition, while different amplification meth-
ods had only a minor effect.

Using a mock community, four storage buffers were tested that have been previously used in various stud-
ies?>2%, All samples in this study were frozen at —80 °C rapidly after collection. The samples stored in RNA-later,
lysis buffer and native performed similarly to each other and revealed a similar detected bacterial diversity
(Fig. 3). Samples stored in RNA-later have been previously reported to decrease DNA purity, lower DNA extrac-
tion yields, and to significantly alter the microbial diversity compared to native frozen samples'**’. This, however,
was not observed in our study. It is likely, that this reflects differences in the sample material (microbes on swab
vs. fecal samples) as it has been observed that fecal samples are harder to disperse evenly in RNA-later which may
affect the storage and extraction efficiency!. Interestingly, compared to the other buffer types, swabs stored in
PBS show an altered bacterial composition. There is no indication of a PBS buffer specific contamination profile
in the blank samples that could explain this differential clustering. Moreover, PBS buffer in combination with the
MOBIO extraction kit detected a lower evenness, which indicates that PBS seems to be particularly incompatible
with certain extraction kits. PBS is a balanced salt solution that maintains pH, osmotic balance and is therefore
frequently used as a wash buffer in cell and tissue culture. PBS storage has been recommended by manufacturers
protocols and has been previously used when examining various extraction kits'>*’. Other studies examining
the effect of different storage conditions have not tested PBS despite its use in DNA extraction from swab mate-
rial>!%-'2 It is not clear what properties of PBS effect the mock community differently from other storage buffers.
Due to its properties, the buffer may stabilize certain cell types and therefore create a different bacterial profile.
Interestingly, despite the different bacterial profile, the PBS samples perform similarly to the other buffer types
when comparing them to the mock community. This indicates that the choice of buffer can affect the bacterial
profile and specific OTUs, but does not lead to a significantly worse representation of the bacterial community.
Our findings support the notion that standardization in sample collection and handling is essential to allow com-
parison of data within a study®'. Additionally, field-wide standardization across handling protocols is vital for
each sample type, so that cross-study comparisons become possible.

All extraction methods used in this study identify all 19 OTUs present in the mock microbial community
(22 bacterial strains of 19 genera, Supplement Table S1). However, all kits detected a higher richness compared
to the actual richness of the mock control. A low concentration of mock community (approximately 1 x 107
cells/mL of each organism) was used in this study to simulate the expected bacterial amount in vaginal or oral
swab samples®’. Therefore, it was not surprising that additional OTUs were detected'’. However, 99% of the
pooled library clusters into 19 OTUs which correspond to the bacteria in the mock community. This indicates
that the additionally detected OTUs correspond to a small fraction of sequence reads and may therefore be a
result of contamination. This study in combination with previous work suggests that the expected biomass of
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vaginal and oral swab samples is sufficient for amplicon-based microbial detection without the need of addi-
tional target enrichment'®. The use of a mock microbial community in this study allowed for direct assessment
of the extraction kit performance. This comparison indicated that QMINI provides the best representation
of the bacterial community when compared to MOBIO and GENIAL. Using a mock community, Yuan et al.
also found that an altered version of QMINI provided the best bacterial profile®. A study using oral swabs
confirmed that QMINI extracts DNA with significantly greater yield and good quality compared to other
extraction kits®. This is in contrast to previous studies on fecal and soil samples, which found that MOBIO
most effectively extracts microbial DNA of various bacterial strains®. These reported differences in optimal
extraction kit may be due to the differences in sample type. The overall bacterial DNA and exogenous material
(e.g. fiber) differs substantially between fecal and swab material®’. Standardization of the extraction kit may
thus only be appropriate within each sample type.

In this study, we find that the choice between the two polymerases and the addition of five cycles in amplifica-
tion of the 16S rRNA gene did not have a significant effect on the bacterial community structure (Fig. 2). Contrary
to our findings, Wu et al. report that the choice of polymerase had an effect on the microbial community struc-
ture, however, the two polymerases that were tested had considerable differences in the fidelity (20 times and 4
times higher than Taq)*. The two hot-start polymerases used in our study, had significantly higher fidelity (100
times and 52 times higher compared to Tag) and are both recommended for NGS applications by the manufac-
turers. This may likely explain the lack of observable differences. Unlike polymerase choice, which had no effect
on the detected evenness or richness, the addition of five PCR cycles to the amplification method led to an overes-
timation of the bacterial richness. Previous studies have already suggested that this increase is due to an upsurge
of chimeric structures with increased cycle numbers>>*. This supports the notion that lower cycles numbers are
favorable for amplicon sequencing’.

All tested conditions in this study lead to a distortion of the bacterial community structure compared to
the expected bacterial mock composition (Fig. 4). Enterococcus, Neisseria, Escherichia, and Pseudomonas domi-
nated the detected profile in our study, while other bacteria genera such as Lactobacillus were underrepresented.
Knowledge of which genera are underestimated in the detected bacterial profile (e.g. Lactobacillus) is essential
to properly estimate the bias when studying certain bacterial communities (e.g., the vaginal microbiome). In a
recent study using the same mock community, the bacterial profile resembled the one detected in our study, indi-
cating that the observed distortion is most likely not due to laboratory or kit specific contamination®"*. Instead,
the bias could be attributed to a variety of factors that were not examined in this study, such as differential suscep-
tibility of bacteria to lysis®. To increase lysis efficiency of a broader spectrum of bacteria, enzymatic pre-treatment
has been studied as a potential solution, with mixed results®***”. Another potential cause for the observed bias
is the use of primers for 16 S rRNA gene amplification. Although these are universal, amplification may favour
certain bacterial strains thus creating bias in the analysis’>*. Shotgun metagenomics has been proposed as a
solution as it negates some of the bias caused by the amplification, however, this technique does not negate all of
technical caveats as storage and extraction kit choice can still have a major impact on the results**’. Continual
improvement to the sample handling conditions for both amplicon sequencing and shotgun metagenomics using
mock communities is therefore essential.

Conclusion

For now, investigators should standardize the sample handling methods for each sample type as consistency
among sample collection, sample storage and sample processing is able to significantly reduce variation.
Preliminary tests on specific sample types should be used to ensure that the comparative analysis is as accurate
as possible. Caution is, however, warranted when drawing conclusions about the relative abundance of bacterial
populations in a single sample and when combining data for meta-analyses.
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5.4 The Importance of Baseline Data in Ecology

Independent of the directionality of pathogen transmission (wildlife-to-human or human-to-
wildlife), our perspective on microorganisms is mostly driven by the clinical manifestations
they cause as well as their economic impact. This creates a bias towards virulent
microorganisms that are associated with high morbidity and mortality and neglects the fact that
global preparedness requires baseline data on microbial communities within the context of
natural ecosystems. The comparison of related non-pathogenic and pathogenic microorganisms
can help to identify the potential for microbes to become pathogenic before the emergence of
the next pandemic. Until today, less than 0.1% of the estimated species of bacteria (Locey and
Lennon, 2016; Overmann et al., 2013) and less than 2.0% of estimated fungal species
(Overmann and Scholz, 2017) are known. Moreover, there are an estimated 1.67 million
viruses from key zoonotic viral families that infect mammals and birds which are yet
undiscovered (Carroll et al., 2018). Although wildlife is generally not seen as a source of
pathogen threat, it plays a critical role as an indirect source for candidate pathogens that can
impact human and livestock health (Karesh et al., 2012; Kock, 2014). A good example of this
was the spread of the severe acute respiratory syndrome (SARS) in November 2002 (Drosten
et al., 2003). The syndrome was caused by a newly emerged coronavirus of rhinolophid bat
origin (as reviewed in (Drexler et al., 2014)). The virus infected more than 8,000 individuals
with near to ten percent fatality and caused an approximately 40 billion USD economic loss in
a single year (Lee and McKibbin, 2004). These incidences emphasize the need for
comprehensive epidemiological investigations and disease surveillance in wildlife as a key
requirement to identify and monitor disease reservoirs (Artois et al., 2009). Since a substantial
number of the recent pandemics had a viral aetiology of animal origin, much of the current
work is directed on the discovery of zoonotic viruses (Anthony et al., 2013; Carroll et al.,
2018). An ‘all-pathogen’ inclusive wildlife epidemiosurveillance, in combination with long-
term research monitoring, is the only way to understand infectious diseases beyond the scale
of individual case reports. The ecological and evolutionary perspective on pathogens is a
requirement to adequately manage diseases and to conduct a risk assessment of future
transmission events (Karesh et al., 2012). The importance of baseline data is not restricted to
the simple presence or absence of microbes that have the potential to cause diseases. It should
further include temporal changes in prevalence and virulence (Brearley et al., 2013), which can
be age-specific (Iritani et al., 2019), strain dependant (Alizon et al., 2013) or based on changes
in the host community composition (Roche et al., 2012) or size (Swart et al., 2017).

6. The Control, Elimination and Eradication of Diseases associated with Wildlife
Reservoirs

In its simplest form, the epidemiology of infectious diseases is made up of three components:
the host (defined as infected), the agent (defined as the pathogen), and the environment (defined
as the population of susceptible hosts) (Katz et al., 2014). Eradication programs that target
diseases on the host and environmental level and which do not have a nonhuman reservoir have
a great chance of success as demonstrated by the eradication of smallpox (Fenner, 1982).
However, despite decades-long attempts to eradicate human-relevant dracunculiasis (guinea
worm diseases), poliomyelitis, yaws, malaria, hookworm, and some other diseases
(summarized by (Hopkins, 2013)), smallpox and rinderpest remain the only diseases that have
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been eradicated (Barrett, 2003; Roeder et al., 2013). While in theory eradication appears
feasible in all of the aforementioned human diseases, they share one thing in common that
challenges eradication and that distinguished them from e.g., smallpox: their disease ecology
does either involve a vector (e.g., in malaria (Benelli and Beier, 2017) or dracunculiasis
(Biswas et al., 2013)) and/or is associated with a (potential) nonhuman disease reservoir (e.g.,
dracunculiasis (Callaway, 2016; Eberhard et al., 2014, 2016; Galan-Puchades, 2016; Galan-
Puchades, 2017), yaws (Chapter 7) (Knauf et al., 2018, 2013)) or hookworm infection (George
et al., 2016)). This underscores the need to study infectious diseases under the One Health
concept (Chapter 3). The decision to control, eliminate or eradicate a disease depends on the
technical and biological feasibility including the existence of a nonhuman reservoir (Barrett,
2004, 2003; Hallmaier-Wacker et al., 2017) as well as the benefit in excess of the costs (Barrett,
2004). While the control of diseases requires continuous management and disease surveillance,
these measures become obsolete once eradication is achieved (Barrett, 2004). On the downside,
disease eradication efforts are labour and cost intensive. Moreover, they require political
commitment across all administrative national and international levels (Barrett, 2003) as well
as intensified efforts to detect the last cases in the end stage of eradication (Buyon et al., 2018).
Based on these difficulties, many diseases are subject to elimination, which describes the
absence of a disease in a defined geographic area (e.g., a single country or region) and therefore
does not require an infinite global zero-case scenario as it is the case for eradication (Dowdle,
1998). While elimination programs ease the collaboration and coordination across the different
administrative levels, they require the installation of continuous regional disease control
measures to ensure that the pathogen does not re-emerge from areas that are still endemic for
the pathogen (Siembieda et al., 2011).

Wildlife reservoirs are in particular difficult to control as they are often not well studied
and not directly accessible to surveillance and control measurements (Siembieda et al., 2011).
Moreover, the majority of reservoirs in wildlife are multi-host systems of high complexity
(Viana et al., 2014). In principle, there are three ways to control diseases in wildlife reservoirs:
targeting (A) the pathogen, (B) the host or (C) both. In the first case, vaccination or treatment
efforts can reduce the number of susceptible and infected individuals (Blancou et al., 2009;
Porter et al., 2013). Efforts such as the collection and decontamination of infected carcasses
can help to reduce the risk of environmental contamination with sit-and-wait pathogens
(Chapter 2.1) (Wobeser, 2002). The oldest example for the successful control of a zoonotic
wildlife disease in Europe was the vaccination of the red fox (Canis vulpes) against rabies
(Blancou et al., 2009). Yet, targeting the pathogen requires feasible ways to distinguish infected
from uninfected hosts, is cost and labour intensive and treatment is generally not an option in
wildlife. Furthermore, vaccination and treatment can have unpredictable consequences such as
the evolutionary selection of higher virulent strains (Boots, 2015) or the emergence of drug-
resistance (Radhouani et al., 2014). Protecting hosts from the selection pressure of infection
may, therefore, implement long-term ecological consequences for population health and
resistance to diseases (Woodroffe, 2001).

Targeting the animal host is a double-edged sword as it is generally ethically more
prejudiced (Godfroid, 2017). Also, it induced a perturbation effect that makes the management
outcome harder to predict (Carter et al., 2007). Nevertheless, culling is currently still the most
commonly applied approach to control wildlife diseases (Bolzoni and Leo, 2013). Yet, the
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approach aims to reduce population size to control contact rate and prevalence with varying
success (Prentice et al., 2019) basically because of its influence on the demography, behaviour
and movement patterns as well as immunology (Prentice et al., 2019). Similar to targeting the
pathogen, culling can impact the evolution of virulence if competition among pathogenic
variants in the presence of superinfection exists (Bolzoni and Leo, 2013). Diseases, where host
population control is frequently applied, are for example African swine fever (Vicente et al.,
2019), brucellosis (Harrison et al., 2010) or bovine tuberculosis (Langton, 2019). Further
difficulties are associated with multi-host communities, where it has been shown that the
removal of a single host within a given ecosystem can have only a limited effect on long-term
disease dynamics (Johnson et al., 2019). Due to public opposition to culling, fertility control
has been proposed as an alternative method to regulate host populations (White et al., 1997).
Apart from the classical control of diseases on the pathogen and host level, there are additional
management options that can help to prevent the transmission of pathogens. Fencing (Mysterud
and Rolandsen, 2019), feeding ban (Gortazar et al., 2015), vector control through burning of
forest vegetation to reduce tick populations (Goodenough et al., 2017) or the use of wildlife
corridors in combination with vaccination (Haydon et al., 2006) are just some of these
examples.

Although eradication of infectious diseases seems to be a noble goal and therefore
worthwhile the efforts, there is a justified scepticism associated with the diseases that are
currently subject to eradication efforts (Caplan, 2009). Since the removal of microorganisms
from an ecosystem is likely associated with fundamental ecological implications and long-term
consequences, the control, elimination and eradication of pathogens is ecologically a highly
invasive practice. The ecology of diseases is a dynamic and evolutionary process and
ecological niches will likely get recolonized by other pathogens (Cohan and Kopac, 2017).
These aspects must be considered when diseases are a target to control, elimination or
eradication.

7. Treponema pallidum, an Ancient and Stealthy Pathogen

The following chapter will use Treponema pallidum infection in nonhuman primates as an
example for the investigation of a potential disease reservoir in the context of natural
ecosystems, one health, and wildlife health. The chapter is structured to reflect the different
aspects that have been outlined in the previous introductory parts of the thesis.

7.1 Genetics of Human and Animal Uncultiviable Treponemal Pathogens

This review introduces the pathogen and highlights difficulties associated with its
characterisation.
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Treponema pallidum is an uncultivable bacterium and the causative agent of syphilis (subsp. pallidum [TPA]),
human yaws (subsp. pertenue [TPE]), and bejel (subsp. endemicum). Several species of nonhuman primates in
Africa are infected by tr genetically undistinguishable from known human TPE strains. Besides
Treponema pallidum, the equally uncultivable Treponema carateum causes pinta in humans. In lagomorphs,
Treponema paraluisleporidarum ecovar Cuniculus and ecovar Lepus are the causative agents of rabbit and hare
syphilis, respectively.

All uncultivable pathogenic treponemes harbor a relatively small chromosome (1.1334-1.1405 Mbp) and
show gene synteny with minimal genetic differences (> 98% identity at the DNA level) between subspecies and
species. While uncultivable pathogenic treponemes contain a highly conserved core genome, there are a number
of highly variable and/or recombinant chromosomal loci. This is also reflected in the occurrence of intrastrain
heterogeneity (genetic diversity within an infecting bacterial population). Molecular differences at several dif-
ferent chromosomal loci identified among TPA strains or isolates have been used for molecular typing and the
epidemiological characterization of syphilis isolates. This review summarizes genome structure of uncultivable

pathogenic treponemes including genetically variable regions.

1. Introduction

Bacteria of the genus Treponema belong to a group of spirochetes
that contain several pathogens of global importance for human and
animal health. It includes nonpathogenic and pathogenic species, some
of which are uncultivable (Krieg et al., 2010). While cultivable trepo-
nemes in humans can cause chronic infections in the oral cavity (Visser
and Ellen, 2011), they can also cause a variety of economically im-
portant diseases in animals, e.g. lameness in sheep (Duncan et al., 2014)
and goat populations (Crosby-Durrani et al., 2016) or digital dermatitis
in cattle (Plummer and Krull, 2017). With regard to their global im-
portance for human and animal health, we focus in this review on the
uncultivable treponemes and the diseases they cause in humans and
animals (Table 1).

2. Uncultivable pathogenic treponemes that cause human
diseases

Since the end of the 15" century, the great pox now known as sy-
philis, became one of the most feared diseases. A cure was not available
until the middle of 20" century when penicillin became available to
treat syphilis infections. Subsequently, syphilis experienced the first

* Corresponding author.

and most dramatic decline worldwide. Physiologically, Treponema pal-
lidum subsp. pallidum (TPA) is a flat wave bacterium with a number of
unusual biological characteristics including few outer membrane pro-
teins and a number of efficient immune evasion mechanisms that in-
spired the name “stealth” pathogen (for review see Radolf et al., 2016).
Other uncultivable pathogenic treponemes that cause human diseases
are Treponema pallidum subsp. pertenue (TPE), the causative agent of
yaws, Treponema pallidum subsp. endemicum (TEN), the causative agent
of bejel (also known as endemic syphilis), and Treponema carateum, the
causative agent of pinta. Infections caused by TPE, TEN, and T. car-
ateum are commonly considered to be endemic treponematoses (re-
viewed by Giacani and Lukehart, 2014).

2.1. Overall genome structure of human pathogenic uncultivable treponemes

Difficulties in stuying non-cultivable bacteria affected the avail-
ability of genetic data for these species (Weinstock et al., 2000). This
changed recently, when modern molecular and genomics techniques
resulted in dozens of completely or partially sequenced genomes from
treponemes that were either propagated in rabbits or sequenced di-
rectly from human clinical samples (Table 2).

The genome structure of the currently analyzed human uncultivable
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Table 1
Human and animal uncultivable pathogenic treponemes and the diseases they cause.
Treponema sp. Host Disease Invasiveness/ Geographical occurrence
pathogenicity
T. pallidum subsp. pallidum ~ Humans Syphilis (lues) Highly invasive, vertical Global
transmission
T. pallidum subsp. pertenue Humans Yaws (framboesie) Moderately invasive Endemic; Africa, South America, Asia, Oceania
no vertical transmission
Nonhuman primates ~ Facial and genital lesions Unknown Endemic; Africa
T. pallidum subsp. endemicum ~ Humans Endemic syphilis (bejel) Moderately invasive Endemic; south and Sahel region of Africa,
no vertical transmission Middle East
T. carateum Humans Pinta (carate) Non-invasive Endemic; North and South America
no vertical transmission
T. paraluisleporidarum Rabbits Venereal spirochetosis and facial Not pathogenic for humans Europe
ecovar Cuniculus lesions No vertical transmission
ecovar Lepus Hares Venereal spirochetosis and facial ~ Unknown pathogenicity for Europe
lesions humans
Table 2
An overview of complete and draft genome sequences of human uncultivable pathogenic treponemes available to date.
Strain/isolate Place and year of isolation Genome No. of Clade classification”  Reference” (GenBank/ Genome size No. of predicted
Reference sequence genomes BioProject Acc. No.) (bp) genes*
TPA Nichols Washington, DC, USA; 1912 Complete 1 Nichols-like Fraser et al. (1998), Pétrosova 1,139,633 1,093

Nichols and Hough (1913)

et al. (2013) (CP004010.2)

TPA Chicago Chicago, USA; 1951 Complete 1 Nichols-like Giacani et al., (2010) 1,139,281 1,135

Turner and Hollander (1957)

(CP001752.1)

TPA DAL-1 Dallas, USA; 1991 Complete 1 Nichols-like Zobanikova et al. (2012) 1,139,971 1,122

Wendel Jr. et al. (1991)

(CP003115.1)

TPA Sea81-4 Seattle, USA; 1980 Complete 1 Nichols-like Giacani et al. (2014) 1,139,203 1,116

Giacani et al. (2014)

(CP003679.1)

TPA SS14 Atlanta, USA; 1977 Complete 1 SS14-like Matéjkova et al. (2008), 1,139,569 1,089

Stamm et al. (1983)

Pétrosova et al. (2013)
(CP004011.1)

TPA Mexico A Mexico; 1953 Complete 1 ss14-like Pétrosovd et al. (2012) 1,140,038 1,089
Turner and Hollander (1957) (CP003064.1)

TPA strains/ Austria, Switzerland, Czech Draft 24 Nichols-like: 5; Arora et al. (2016) N/A¢ N/A

isolates* Republic, Argentina, The sS14-like: 19 (PJRNA313497)

Netherlands, USA; 1973-2013
Arora et al. (2016)

TPA isolates Lisbon, Portugal; 2009-2014 Draft 25 ss14-like Pinto et al., (2016) N/A N/A
Pinto et al. (2016) (CP016045-69)

TPA isolates Shanghai, China; 2014-2015 SRA data 8 SS14-like’ Sun et al. (2016) N/A N/A
Sun et al. (2016) (PJRNA305961)

TPA Amoy Xiamen, China; 2011 Draft 1 sS14-like Tong et al. (2017a) N/A N/A
Tong et al. 2017a (CPO15162.1)

TPE Samoa D Western Samoa; 1953 Complete 1 N/A Cejkovd et al. (2012) 1,139,330 1,125
Turner and Hollander (1957) (CP002374.1)

TPE CDC-2 Akorabo, Ghana; 1980 Complete 1 N/A Cejkovd et al. (2012) 1,139,744 1,125
Liska et al. (1982) (CP002375.1)

TPE Gauthier  Congo; 1960 Complete 1 N/A Cejkovd et al. (2012) 1,139,417 1,125
Gastinel et al. (1963) (CP002376.1)

TPE CDC 2575  Akorabo, Ghana; 1980 Complete 1 N/A Strouhal et al. (2017) 1,139,577 1,124
Liska et al. (1982) (CP020366.1)

TPE Ghana-051 ~ Ghana; 1988 Complete 1 N/A Strouhal et al. (2017) 1,139,577 1,124
Engelkens et al., 1989 (CP020365.1)

TPE isolate Indonesia; 1990 Draft 1 N/A Arora et al. (2016) N/A N/A

IND1# Noordhoek et al. (1991) (PJRNA313497)
TEN Bosnia A Bosnia; 1950 Complete 1 N/A Staudovi et al. (2014) 1,137,653 1,125

Turner and Hollander (1957)

(CP007548.1)

2 For clade classification, see end of Section 2.1.

e

Resequenced laboratory TPA, TPE and TEN strains with previously determined

¢ N/A, not applicable.
f

clade (Strouhal et al., 2018).

Only genome sequences published in the scientific journals are listed, for additional treponemal draft sequences search GenBank files.
These genes include 54 genes coding for RNAmolecules not tranlated to proteins.

whole genome sequence are not shown.

Although classified as lineage 2 not related to either Nichols or SS14 clades (Sun et al., 2016), reanalysis of the original data revealed clustering with the SS14

& The IND1 genome represents genome of TPE Kampung Dalan K363 (Noordhoek et al., 1991).

pathogenic treponemes is surprisingly similar with only minor varia-
bility in the genome length (~1.14 Mbp; 1,137,653-1,140,038 bp;
Smajs et al., 2012). Furthermore, complete gene synteny has been ob-
served in analyzed Treponema pallidum (TP) genomes. The minor
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differences in the annotation of treponemal genomes including differ-
ences in the number and length of annotated genes, resulted either from
different annotation algorithms used during genome analyses or from
single short indels (or substitutions) present in individual genomes. The



D. Smajs et al.

gene numbers used throughout this review correspond to the numbers
used in the first author-annotated treponemal genome (AE000520;
Fraser et al., 1998) and not to numbers in automatically annotated
genomes. The number of annotated pseudogenes in treponemes of
human origin is usually less than 1% of all annotated genes (the number
of annotated genes range between 1,089 and 1,135; Smajs et al., 2012).
Moreover, the high genetic clonality in human infecting uncultivable
treponemes corresponds with the lack of mobile genetic elements in-
cluding transposons, pathogenicity islands, prophages and plasmids.
Human pathogenic uncultivable treponemes are thus examples of a
monomorphic bacterial pathogen adapted to a single or limited number
of hosts. The limited metabolic capabilities of uncultivable treponemes
is associated with reduced viability and inability to replicate outside of
a human host (Smajs et al., 2012; Radolf et al., 2016). The overall
whole genome identity between TPA, TPE and TEN strains is greater
than 99.7% (Staudov4 et al., 2014).

While TPE appears to form a single phylogenetic group that includes
isolates or strains derived from African non-human primates (NHP)
(Knauf et al., 2017), human TPA isolates appear to belong to two dis-
tinct genetic groups, which are named by relatedness to reference
strains, i.e. Nichols-like or SS14-like TPA strains (Nichols-like and SS14-
like clades). Compared to the TPA Nichols strain, the TPA SS14 strain
contains seven deletions, six insertions, and 405 single or multiple
nucleotide substitutions (Pétrosova et al., 2013; Smajs et al., 2016). In
addition, there are differences between the Nichols and SS14 groups in
the frequency of occurrence of the tprD and tprD2 alleles (see below).
Additionally, the two alleles (tprD2 and tprD) differ at 328 nucleotide
positions.

2.2. Variable genomic regions of human uncultivable pathogenic treponemes

Most of the chromosomal regions of the uncultivable human pa-
thogenic treponemes are highly conserved. However, several chromo-
somal loci show considerable genetic variability. The most variable
locus of the treponemal genomes is the tprK gene, especially the por-
tions that correspond to variable regions V1-V7 of the encoded TprK
lipoprotein. A population of treponemes infecting a single host differs in
tprK sequences as a result of variation that is governed by a gene con-
version mechanism (Centurion-Lara et al., 2004). It is believed that this
variability produces novel antigenic variants, which are thought to
promote chronic treponemal infections. In support of this assumption,
tprK variability has been seen to increase during the course of human
infections. However, during rabbit infections, tprK variability decreases
(LaFond et al., 2003; LaFond et al., 2006; Heymans et al., 2009). The
decreased tprK variability during rabbit infection is further supported
by genomic data that indicated a deletion of a 1,204-bp region in the
vicinity of TP0126, a locus that contains tprK donor sequences (Smajs
et al., 2002). A larger subpopulation of the TPA strain Nichols (which
had been propagated over a long period in rabbit testes) showed this
1,204-bp long deletion while the remaining subpopulation contained
the original sequence (§majs et al., 2002). Nonetheless, there is still
controversy about the cellular localization of TprK (Centurion-Lara
et al., 1999; Hazlett et al., 2001), though its variability suggests an
important role in evasion of the host immune response and thus in
development of the chronic nature of treponemal infections.

Besides tprK, an additional set of eleven paralogous tpr genes (or tpr
pseudogenes) are present in the treponemal genome. These genes re-
present one of the most variable components of the treponemal chro-
mosome. tpr genes are classified into three subfamilies including sub-
family I, (tprC, D, F, D, Il (tprE, G, J), and III (prA, B, H, K, L)
(Centurion-Lara et al., 2013). Some of the corresponding proteins have
been predicted to reside in the outer membrane (TprB, C, D, E, F, I, J;
Cox et al., 2010). Similar to TprK, some of the Tpr proteins are believed
to contribute to antigenic variance, and thus promote the persistence of
treponemal infections in the immunocompetent hosts (Leader et al.,
2003).
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As shown in earlier studies, some of the TPA strains or clinical
isolates contain the tprD allele at the tprD locus, while others contain
the tprD2 allele at the same position (Centurion-Lara et al., 2013). The
majority of the TPA strains or isolates within the Nichols-like clade
contain the tprD allele (which is identical to the tprC allele), whereas
most of the members of the SS14 clade contain the tprD2 allele. How-
ever, in the SS14 genome, a minor tprD allele has been found in the tprD
locus (Pétrosova et al., 2013); additionally, the tprD2 allele has also
been found in the Nichols-like TPA strain Sea81-4 (Giacani et al., 2014).
A similar situation has been reported for TPE and TEN strains and
isolates, where the tprD allele were denoted as the tprD-like allele
(Centurion-Lara et al., 2013). While some TPE and TEN strains (human
TPE Samoa D and CDC-2 strains, simian TPE strain Fribourg-Blanc,
human TEN strain Bosnia A) contain tprD2 allele in the tprD locus, other
TPE strains (human TPE strains Gauthier, CDC 2575, and Ghana-051,
simian TPE strain LMNP-1) contain the tprD-like allele in this locus. In
TPA, TPE, and TEN strains or isolates the occurrence of tprD alleles does
not correlate with the geographical origin, time of isolation, or with the
host species from which the strain was isolated. This suggests the ex-
istence of a gene conversion mechanism operating between the tprC and
tprD loci and/or the existence of interstrain recombination.

Pathogenic uncultivable treponemes contain two different rRNA-
encoding rrn loci, which differ in regard to intergenic spacers. There are
therefore two possible constitutions of these loci in the genome. A
previous analysis of rrn operons in pathogenic uncultivable treponemes
revealed that the genomic position of intergenic spacers did not cor-
relate with the classification of the treponemal strains (Cejkova et al.,
2013). Both rrn spacer patterns (Ile/Ala and Ala/Ile) appear to combine
independently in the individual treponemal genomes and intragenomic
rearrangements mediated by a RecBCD-like system have been proposed
as the mechanism of the observed differences in rrn spacer patterns
(Cejkova et al., 2013). Despite the variability found in the rrn spacer
patterns (Ile/Ala and Ala/Ile), the sequences of 5S, 16S, and 23S rRNA
genes have always been found to be identical in both operons, even
when the A2058G or A2059G mutations in the 23S rRNA gene (causing
resistance to macrolide antibiotics) were present (Stamm and Bergen,
2000a; Matéjkova et al., 2009; §majs et al., 2015).

Other variable genome positions comprise a 60-bp repeat region in
the arp gene (TP0433) and a number of 24-bp repetitions in the TP0470
gene. The arp gene encodes an acidic repeat protein and the TP0470
gene encodes a tetratricopeptide repeat domain-containing protein.
Both proteins are potentially associated with the cell envelope (Harper
etal., 2008; Naqvi et al., 2015). While the number of repetitions among
TPA strains with a fully sequenced genome (Fig. 1) in the arp gene
varies from 7 to 16, the number among clinical TPA isolates varies from
4 to 19 (Peng et al., 2011) and among TPE from 2 to approximately 15.
Similarly, the number of repetitions among TPA strains in the TP0470
gene varies from 10 to 29, and from 12 to 37 among TPE. As shown in
Fig. 1, TPA strains appear to have a larger number of repetitions in the
arp gene compared to TPE strains of human origin. Moreover, there
appears to be an inverse correlation between the number of repetitions
in the arp gene and TP0470 gene among TPE strains (Fig. 1). As shown
by Harper et al. (2008), another interesting feature of arp gene re-
petitions is the fact that while the arp gene of TPA strains and isolates
contains multiple, but distinct, repeat motifs, arp gene repetitions in
TPE and TEN strains contain only identical repetitive sequences. Ana-
lysis of samples taken from the same patient revealed different number
of arp repetitions in parallel samples suggesting relatively high arp gene
variability and/or difficulties with its amplification (Mikalova et al.,
2013).

The occurrence of pseudogenes is another striking feature of tre-
ponemal genomes; the occurrence of pseudogenes correlates with sub-
species classification of pathogenic treponemes. The overall distribu-
tion of pseudogenes in the complete genomes of uncultivable
treponemes is shown in Table 3.

The analysis of treponemal genomes with respect to the presence of
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Fig. 1. Number of detected repetitions in the arp (TP0433) and TP0470 genes
as found in complete treponemal genomes listed in Table 2. In addition, the
number of repetitions for two TPE strains, TPE Kampung Dalan K363 and Sei
Geringging K403 (Noordhoek et al., 1991), were added (M. Strouhal, un-
published data). The x-axis shows the number of repetitions in arp (TP0433)
and the y-axis shows the number of repetitions in TP0470. Linear regression
analysis showed a significant decrease in number of repetions at the TP0470
locus with the increasing number of repetitions in the arp gene in TPE strains
(A; F17 =5.79, p = 0.0470; Y = —1.17 xX + 34.4; r? = 0.4528). For the TPA
strains (O) linear regression analysis showed no significant relationship be-
tween the number of repetitions in the TP0470 and the arp gene (F; 4 = 0.88,
NS).

conserved regions that differed among TPA, TPE, TEN, and TPeC sub-
species and species as well as between Nichols-like and SS14-like
strains, but which were consistently found among strains or isolates of
the same subspecies/group resulted in the identification of conserved
signature indels (CSIs). CSIs were defined as aggregated nucleotide
changes containing insertions and deletions that were consistently
found in different treponemal subspecies/groups. An overview of such
regions is shown in Fig. 2. Twelve out of the 21 regions presented in
Fig. 2 were found in the intergenic regions (IGRs), which suggests that
alteration of gene expression is a common event that differentiates
treponemal subspecies/groups. However, no transcriptome studies
supporting this hypothesis are available until now, mainly due to in-
herent difficulties in the preparation of samples (Smajs et al., 2005).

2.3. Genetic recombination between T. pallidum strains and subspecies

In addition to several intrastrain recombination events mentioned in
the previous section, there is an increasing body of evidence that re-
combination also occurs between different TP strains and subspecies.
The whole genome sequence for TPA strain Mexico A, as an example,
revealed a mosaic character of the TPAMA _0326 and TPAMA_0488 loci
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(Pétrosovi et al., 2012). It is thought that these loci most likely contain
traces of inter-strain recombination between TPA and TPE strains,
which may have resulted from simultaneous infection of a single host
via horizontal gene transfer. Moreover, the study showed that the
TP0326 of SS14 strain was identical to the sequence found in the TEN
Bosnia A genome. Subsequently, several loci identified in the genome of
TEN strain Bosnia A (Staudovd et al., 2014) revealed surprising
homology to the orthologous sequences of TPA strains in both $S14-like
and Nichols-like clade. Recently, an analysis of the bejel clinical isolate
11q/j, obtained from a swab from an indurated penile ulceration, re-
vealed two recombinant loci including TP0488 and TP0548 (Grange
etal., 2016; Mikalova et al., 2017a). These findings suggested a possible
role of repeated horizontal gene transfer in shaping the TPA, TPE, and
TEN genomes. A set of putative recombinant genes identified in pre-
vious studies are shown in Table 4. It is likely that the number of pu-
tative recombinant genes will increase when more genome data from
TP strains or isolates become available.

2.4. Genetic variability within infecting population of uncultivable
U'EPOHCMES

Genetic heterogeneity within an infecting population is frequently
present among bacterial agents during infection (van der Woude and
Biumler, 2004; Palmer et al., 2009; Golubchik et al., 2013). The idea
that a population of infecting treponemes is not identical but is com-
posed of different subpopulations was presented in 1974 when Baseman
et al., detected two different subpopulations of treponemes coming
from the same infected rabbit tissue. This was further supported by the
identification of a subpopulation of TP, which was resistant to phago-
cytosis (Lukehart et al., 1992). Over time, several examples of genetic
heterogeneity in the infecting treponemal population accumulated in
particular in the tpr gene family (Stamm and Bergen, 2000b; Centurion-
Lara et al., 2000; LaFond et al., 2003; §majs et al., 2002). The first work
mapping genetic heterogeneity on a larger scale was the work of
Matéjkové et al. (2008), which was later extended by the work of
Pétrosova et al. (2013). Both studies revealed that intrastrain hetero-
genous sites are not restricted to tpr genes, tpr donor sequences, or the
vicinity of tpr genes since they are localized equally in other genomic
regions encoding peptidoglycan synthesis enzyme MurC (TP0341),
flagellum specific ATP synthase (TP0402), efflux pump OrpN ortholog
(TP0967; Radolf and Kumar, 2017), tp34 membrane lipoprotein
(TP0971), and RNA binding protein (TP1029; encoding hypothetical
protein). Additional work by Cejkova et al. (2015) mapped genetic
heterogeneity among ten treponemal whole genome TPA, TPE and TEN
sequences; Strouhal et al. (2017) performed an analysis of two TPE
genomes (CDC 2575 and Ghana-051) and Pinto et al. (2016) mapped
this phenomenon among 25 clinical isolates that clustered with the TPA
SS14 genome. The results of these studies are summarized in Table 5
with only the nucleotide changes leading to non-synonymous amino

Table 3
Occurrence of d “ in path uncultivable tr ] strains. Because of missing data in the draft only genome were
analyzed. TPA strains harbor different subsets of pseudogenes compared to TPE strains.
Strain/Pseudogene  TP0009 TP0012 TP0067 TP0082a TP0132 TP0135 TP0136 TP0180 TP0266 TP0316 TP0318 TP0609 TP0896 TP1029 TP1030
TPA Nichols + +
TPA SS14 + +
TPA DAL-1 + + + + +
TPA Mexico A + 4
TPE Samoa D + + + + +
TPE CDC-2 + + 4 + N
TPE Gauthier + + + + +
TPE Fribourg-Blanc + + + + + ¥
TPE CDC 2575 + + + + +
TPE Ghana-051 + + + + +
TEN Bosnia A + + + + + + + +

# Pseudogenes resulting from variable numbers of G or C homopolymers (see Section 2.4) are not listed.
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Fig. 2. Conserved signature indels (CSIs) identified in different treponemal subspecies/groups*. Different grey colors correspond to different CSI while identical grey
colors indicate highly similar sequences. *Recombinant genes were omitted from the analysis (for recombinant genes see Table 4).
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Fig. 3. Genetic differences in the length of homopolymeric tracts (G/C-regions) among and within treponemal strains. Details concerning the affected genes, ORFs
and promoters are summarized in the Table 6. *Only homopolymeric tracts showing differences in the number of G/C residues (=7) are reported; coordinates are
based on to the TPA Nichols genome (CP004010.2; Pétrosova et al., 2013). Color codes, reflecting the the length of homopolymeric tracts are shown right to the
figure. White color indicates absence of homopolymeric tract.

Table 4
A set of putative recombinant genes identified in previous studies among TP of human origin.
Gene" Annotation Recombination type  Reference
TPO117 tprC  Tpr protein C Intra-strain Gray et al. (2006)
TP0131 tprD  Tpr protein D Intra-strain Gray et al. (2006)
TP0133 hypothetical protein Inter-strain Staudova et al. (2014)
TP0317 prG  Tpr protein G Intra-strain Gray et al. (2006)
TP0326 (p92  BamA orthologue and rare outer membrane Inter-strain Harper et al. (2008), Pétrosové et al. (2012), Staudovi et al. (2014)
protein
TP0488 mcp2 Methyl-accepting chemotaxis protein Inter-strain Pétrosova et al. (2012), Staudovd et al. (2014), Mikalova et al. (2017a), Noda et al.
(2018)
TP0548 Putative membrane protein Inter-strain Mikalova et al. (2017a)
TPO577 Putative membrane protein Inter-strain Staudova et al. (2014)
TP0620 tprl  Tpr protein I Intra-strain Gray et al. (2006)
TP0621 tprJ  Tpr protein J Intra-strain Gray et al. (2006)
TP0858 putative lipoprotein Inter-strain Staudova et al. (2014)
TP0865 outer membrane protein Inter-strain Arora et al. (2016)
TP0897 tprK  Tpr protein K Intra-strain Centurion-Lara et al. (2004), Giacani et al. (2010), Giacani et al. (2012)
TP0968 hypothetical protein Inter-strain Staudova et al. (2014)
TP1031 tprl  Tpr protein L Inter-strain Staudova et al. (2014)

(prD/tprD2 alternation
rDNA loci - tRNA spacer alternation

Intra-strain
Intra-strain

Centurion-Lara et al. (2013)
Cejkova et al. (2013)

@ Many genes listed in this table belong to the following 5 paralogous gene families: (TP0040, TP0488, TP0639, TP0640); (TP0136, TP0133, TP0134 TP0462);
(TP0548, TP0858, TP0859, TP0865); (TP0966, TP0967, TPO968, TP0969); (tpr genes).
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Table 5
Treponemal genes® with intrastrain heterogeneity leading to non-synonymous amino acid changes.
Gene # Gene name  Gene function Identified in treponemal No of identified sites  References
strain/isolate
TP0006 Hypothetical gene TPA Nichols Read through stop  Cejkov et al. (2015)
codon
TP0038  pfoR Probable regulatory protein TPA SS14-like clinical isolate 1 Pinto et al. (2016)
TPOOS1  prfA Translation TPA Nichols 1 Cejkovd et al. (2015)
TPO065 SAM dependent methyl transferase TPA DAL-1 1 Cejkova et al. (2015)
TPO117 tprC Virulence TPA S814 8 Matéjkova et al. (2008)
TPA SS14 2 Cejkova et al. (2015)
TPE CDC 2575, TPE Ghana- 1 Strouhal et al. (2017)
051
TPO122  pckG Phosphoenolpyruvate carboxykinase (GTP) TPA SS14-like clinical isolate  Stop codon Pinto et al. (2016)
TP0131 tprD Virulence TPA S814 prD/tprD2" Pétrosovi et al. (2013)
TP0134 Outer membrane protein* TPE Samoa D 1 Cejkova et al. (2015)
TPA SS14-like clinical isolate 2 Pinto et al. (2016)
TP0136 Fibronectin-binding protein TPA SS14-like clinical isolate 1 Pinto et al. (2016)
TP0140 Trk family potassium transporter, membrane protein TPA SS14-like clinical isolate 1 Pinto et al. (2016)
TP0144 thpA Thiamine ABC superfamily ATP binding cassette transporter ~ TPE CDC 2575 1 Strouhal et al. (2017)
TPO151 mfD NADH dehydrogenase (ubiquinone), subunit RnfD TPA SS14-like clinical isolate 1 Pinto et al. (2016)
TP0179 Fe-only hydrogenase® TPA SS14-like clinical isolate 1 Pinto et al. (2016)
TP0215  grpE Chaperone GrpE TPE Ghana-051 1 Strouhal et al. (2017)
TP0216 dnak Chaperone DnaK TPA SS14-like clinical isolate 1 Pinto et al. (2016)
TPO219  rshU2 Probable sigma factor regulatory protein TPA SS14-like clinical isolate ~ Stop codon Pinto et al. (2016)
TP0222 Methyltransferase domain protein TPA Nichols 1 Cejkova et al. (2015)
TP0237 Ik Ribosomal protein L11 TPA SS14-like clinical isolate 1 Pinto et al. (2016)
TP0294  prs Ribose-phosphate diphosphokinase TPA SS14-like clinical isolate 2 Pinto et al. (2016)
TP0307 Penicillin binding- serine/threonine kinase® TPA SS14-like clinical isolate 1 Pinto et al. (2016)
TPO314 Subtilisin-like protein® TEN Bosnia A 2 Cejkova et al. (2015)
TP0316  tprGI' Virulence TEN Bosnia A 1 Cejkova et al. (2015)
TP0324 Outer membrane protein* TPA SS14-like clinical isolate 1 Pinto et al. (2016)
TPO341  murC Peptidoglycan synthesis TPA $S14 1 Pétrosovd et al. (2013), Cejkova
et al. (2015)
TP0363 cheA Sensor histidine kinase TPA SS14-like clinical isolate 1 Pinto et al. (2016)
TP0394 topA DNA metabolism TPA S814 1 Cejkova et al. (2015)
TP0402 ATP synthase TPA S814 2 Maté&jkova et al. (2008), Cejkova
et al. (2015)
TP0417  int Apolipoprotein N-acyltransferase TPA SS14-like clinical isolate ~ Stop codon Pinto et al. (2016)
TP0439 chew2 Chemotaxis protein CheW TPA SS14-like clinical isolate 1 Pinto et al. (2016)
TP0455 Fibronectin type IIT° TPA SS14-like clinical isolate 1 Pinto et al. (2016)
TP0456 Clavaminate synthase-like protein® TPA SS14-like clinical isolate 1 Pinto et al. (2016)
TPO471 Tetratricopeptide repeat containing protein® TPA Nichols 2 Cejkové et al. (2015)
TP0488  mcp-2 Methyl-accepting chemotaxis protein TPE CDC 2575, TPE Ghana- 1 Strouhal et al. (2017)
051
TPO515  ostA Organic solvent tolerance protein TPA SS14-like clinical isolate 1 Pinto et al. (2016)
TP0572 FMN-binding domain protein, putative membrane protein TPE Ghana-051 1 Strouhal et al. (2017)
TPO575  ptsl EI family phosphotransferase system enzyme I TPA $S14-like clinical isolate 1 Pinto et al. (2016)
TPO578  fisY Sec family Type I general secretory pathway protein TPA $S14-like clinical isolate 1 Pinto et al. (2016)
TP0586 leus Leucine—tRNA ligase TPA SS14-like clinical isolate 1 Pinto et al. (2016)
TP0600 Putative membrane-associated zinc protease TPE Ghana-051 1 Strouhal et al. (2017)
TP0610 tprH Virulence TPA SS14-like clinical isolate 1 Pinto et al. (2016)
TP0615 SUF system FeS assembly protein TPA SS14-like clinical isolate 1 Pinto et al. (2016)
TP0620 tprl Virulence TPA SS14 18 Matéjkova et al. (2008)
TPA S814 21 Pétroova et al. (2013)
TP0621 tprJ. Virulence TPA SS14 3 Matéjkova et al. (2008)
TPA SS14 3 Pétrosova et al. (2013)
TP0639 mcp-3 Methyl-accepting chemotaxis protein TPE CDC 2575, TPE Ghana- 1 Strouhal et al. (2017)
051
TP0691 SCpA Segregation and condensation protein ScpA TPA SS14-like clinical isolate 1 Pinto et al. (2016)
TP0705 mrcA i ional b carboxy id. penicillin-binding ~ TPA SS14-like clinical isolate ~ 2 Pinto et al. (2016)
protein
TPO714  flhA ISP family Type III (virulence-related) secretory pathway ~ TPA SS14-like clinical isolate ~ Stop codon Pinto et al. (2016)
protein
TP0720  cheC/fliY ~ Motility, chemotaxis protein TPA DAL-1 2 Cejkova et al. (2015)
TP0731 nudE ADP-ribose diphosphatase TPA SS14-like clinical isolate 1 Pinto et al. (2016)
TPO735 gltD Glutamate synthase (NADPH) TPA SS14-like clinical isolate 1 Pinto et al. (2016)
TP0744 Ribosomal protein TPA SS14-like clinical isolate 1 Pinto et al. (2016)
TPO755  ptsN PTS family fructose/mannitol (fru) porter component TIA TPE Ghana-051 1 Strouhal et al. (2017)
TP0762 PLP-dependent transferase © TPA SS14-like clinical isolate 2 Pinto et al. (2016)
TP0773 hrA1 S1 family peptidase TPE Ghana-051 1 Strouhal et al. (2017)
TP0780 nadE NAD(+) synthase TPA SS14-like clinical isolate 2 Pinto et al. (2016)
TP0817  eno Phosphopyruvate hydratase TPA SS14-like clinical isolate 1 Pinto et al. (2016)
TP0853 fleN2 Probable flagellar synthesis regulator FleN TPA SS14-like clinical isolate 1 Pinto et al. (2016)
TP0864 Tetratricopeptide repeat containing protein® TPA SS14-like clinical isolate 2 Pinto et al. (2016)
TP0882 ABC transporter TPA SS14-like clinical isolate 1 Pinto et al. (2016)
TP0899 NYN domain protein, limkain-b1-type TPA SS14-like clinical isolate 1 Pinto et al. (2016)
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Gene # Gene name  Gene function Identified in treponemal No of identified sites References
strain/isolate
TP0903 murD UDP-N-acet; lani; 1 ligase TPE Ghana-051 1 Strouhal et al. (2017)
TP0908  trmD RNA (guanine-N(1)-)-methyltransferase TPA SS14-like clinical isolate Pinto et al. (2016)
TP0919 Thioredoxin TPE CDC 2575, TPE Ghana- Strouhal et al. (2017)
051
TP0939 Pyruvate synthase TPA SS14-like clinical isolate 2 Pinto et al. (2016)
TP0954 Tetratricopeptide repeat containing protein® TPA SS14-like clinical isolate 1 Pinto et al. (2016)
TP0956 "Helical backbone" metal receptor” TPA SS14-like clinical isolate 1 Pinto et al. (2016)
TP0958 detM TRAP-T family tripartite ATP-independent periplasmic TPA SS14-like clinical isolate 1 Pinto et al. (2016)
transporter, membrane protein
TP0967  orpN Outer membrane protein TPA SS14 3 Pétrosové
TEN Bosnia A 3 Cejkova et
TP0971 Tp34 lipoprotein TPA SS14 1 Matéjkova et al. (2008)
TP0983 Iron ABC transporter ATP-binding protein® TPA SS14-like clinical isolate 1 Pinto et al. (2016)
TPO1006  gyrB DNA topoisomerase (ATP-hydrolyzing) subunit B TPA $S14-like clinical isolate 2 Pinto et al. (2016)

2 Out of annotated treponemal genes, tprK was found to be variable in multiple studies and is not included in this overview. Similarly, intrastrain variability in the

intergenic regions is not listed.

® The tprD2 and tprD alleles differ at 328 nucleotide positions (Centurion-Lara et al., 2013).

© Predictions by Naqvi et al. (2015).
4 Centurion-Lara et al. (2013).

acid changes being shown. Most observed nucleotide changes showing
genetic heterogeneity have resulted in non-synonymous amino acid
changes (Cejkové et al., 2015; Strouhal et al., 2017; Pinto et al., 2016).
With the exception of the highly variable tprK gene, that was not ana-
lyzed in these studies, genetic heterogeneity was found in 71 additional
treponemal genes with 114 variable positions that led to non-synon-
ymous amino acid changes. Most of the variable positions were found
within the tpr gene family (tprC, D, tprGI, tprH, 1, J; the tprGI is a gene
identified only in TEN Bosnia A and TPeC Cuniculi A genomes), which
account for 34 (29.8%) of the variable sites. Besides intrastrain het-
erogeneity detected in six tpr genes, four genes that enable chemotaxis,
six genes encoding chaperons and gene regulators, eleven genes for
outer membrane proteins, and eleven genes encoding transporters were
found to contain such sites. These genes account for 38 (53.5%) out of
the 71 analyzed genes. The remaining genes mostly encoded for me-
tabolic functions.

The presence of intrastrain heterogenous sites among tpr genes,
genes for outer membrane proteins, and genes encoding for transporters
suggest possible mechanisms for immune evasion, while the presence of
intrastrain heterogeneous sites in genes coding for regulators and en-
zymes could argue for adaptive changes during infection of different
host tissues. Future studies on intrastrain heterogenous sites will need
to address the question whether the number of intrastrain heterogenous
sites is limited and if some of the changes co-occur in an individual
genome and are therefore present together.

Another source of genetic variability within an infecting population
of treponemes is represented by homopolymeric tracts, which is a
specific example of simple sequence DNA repeats (SSR; microsatellites).
Repetitive bacterial sequences were shown to be involved in phenotypic
variation in many bacteria through mechanisms of polymerase slip-
page. The generation of variants in SSR loci has been shown to play an
important role in rapid adaptation of pathogenic bacteria to novel en-
vironments (Moxon et al., 2006; Gemayel et al., 2010). Interestingly,
this mechanism is quite common in bacteria with limited metabolic
capabilities (e.g., in Haemophilus influenzae, Neisseria gonorrhoeae, He-
licobacter pylori) and has also been proposed for TP (Giacani et al.,
2007; Giacani et al., 2015).

Analyses of available sequence data have revealed variability in
guanosine/cytosine homopolymeric tracts (G/C-regions) among and
within individual pathogenic treponemal strains. Altogether, 38 chro-
mosomal loci containing variable numbers of G/Cs (i.e., polyG/C tracts)
have been found among different genomes of uncultivable human and
animal infecting treponemes (Table 6). Most homopolymeric tracts

have been found in the intergenic regions suggesting a possible role of
these homopolymers in gene regulation. Out of 38 positions presented
in Table 6, intrastrain genetic variability was found in 22 of the G/C
regions, which argues for a positive correlation of interstrain variability
and high intrastrain genetic variability. Furthermore, several regions in
the genomes of TPA, TPE, and TEN strains suggest important differ-
ences in genome structure between the different TP subspecies. In a
recent analysis of clinical syphilis isolates from Portugal (Pinto et al.,
2016), 31 G/C variable homopolymeric tracts were located within
predicted genes (n = 11) as well as in intergenic regions (n = 20).
While intrastrain genetic variability in the length of homopolymeric
tracts located within genes frequently leads to protein truncation,
variable lengths of homopolymeric tracts in the intergenic regions
likely result in changes in the transcription rate (Giacani et al., 2015).
In both cases, tpr genes and genes encoding for outer membrane pro-
teins or lipoproteins are clearly enriched, which likely helps to promote
phenotypic diversity that is required for host immune evasion. Cur-
rently, there are no analyses of variability in the length of adenine/
thymine homopolymeric tracts (A/T-regions) in uncultivable patho-
genic treponemes (Table 7).

2.5. Mutation rate in uncultivable treponemes that originated from humans
and the evolution of treponematoses in humans

Mutation rates in uncultivable treponemes cannot be estimated
from ex vivo experiments. They must therefore be extrapolated from
available genome data of laboratory maintained (rabbit or hamster
propagated) strains or from clinical samples. A general estimation has
come from studying mutation rates in microbes with DNA-based chro-
mosomes (Drake et al., 1998). In this study it was shown that for many
microorganisms the observed mutation rate was close to 1/300 per
genome per replication which would result in a proposed mutation rate
of 2.92 x 10~ per site per generation in TP. However, the mutation
rate varies among different microorganisms (Ochman et al., 1999;
Eppinger et al., 2006) and data for uncultivable pathogenic treponemes
were not available. A more recent study conducted by de Mélo et al.
(2010) performed an analysis of genetic differences in 21 genetic re-
gions obtained from available genomic data of TPA, TPE, and TEN
strains. This was done in the context of paleo-pathological findings and
the authors concluded that the most probable estimated evolutionary
rate of syphilis treponemes was 8.82 x 10~ ® substitutions per site per
year. Under the assumption that TPA has an average doubling time of
30h (Magnuson et al., 1948; Cumberland and Turner, 1949), this
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A list of genes, ORFs and promoters showing genetic differences in the length of homopolymeric tracts (poly-G/C-regions) among and within 10 treponemal strains

listed in Fig. 3.

G/C region” Affected gene/encoded protein” Intrastrain ORF/Promoter (P)
variability®
12,477-12,486 TPO012 (TonB dependent receptor), TPO013 (HP) + ORE/P
34,077-34,085 TP0025 (Peptidase M16%), TP0026 (fliG), TP0027 (hlyC), TP0028 (hlyC) + P
49,361-49,370 TP0040 (mcp), TPOO41 (Thymidylate synthase-complementing protein®), TP0042 (Peptidoglycan binding + ORF/P
protein), TP0043 (HP)
72,680-72,688 TPO067 (Tetratricopeptide repeat containing protein®) + ORF
94,722-94,730 TP0084 (Thioredoxin®), TPO08S (HP) + P
122,230-122,239 TPO106 (betT), TPO107 (licC) + P
136,738-136,747 TPO117 (prC) + P
140,952-140,960 TPO120 (metN), TP0123 (Tetratricopeptide repeat containing protein®) + N/A®
148,351-148,359 TP0126 (Outer membrane protein), TP0127 (Hepatitis B viral capsid protein®), TP0128 (Nucleoplasmin-like ~ + ORE/P
protein), TP0129 (glutamate 5-kinase)
150,149-150,158 TP0127 (Hepatitis B viral capsid protein®), TP0128 (Nucleoplasmin-like protein”), TP0129 (Glutamate 5- + OREF/P
kinase)
154,140-154,148 TPO130 (Repeat protein K), TPO131 (tprD) - P
156,833-156,841 TP0133 (Outer membrane protein®), TPO134 (Outer membrane protein®), TP0135 (Sec7 domain protein®) + ORF/P
199,677-199,685 TP0179 (Fe-only hydrogenase”), TP0181 (Septum formation initiator"), TP0182 (Telomere recombination + P
protein®)
208,585-208,592 TP0193 (1psS), TP0194 (rplV), TPO195 (1psC) - P
295,406-295,415 TP0279 (1psA) + ORF
329,124-329,134 TP0313 (tprE) + P
333,523-333,531 TP0314 (Subtilisin-like protein®), TP0315 (Type I L-asparaginase®), TP0316 (prF) + p
335,832-335,841 TPO316 (prF), TPO317 (prG) - P
373,208-373,220 TP0347 (DNA-binding domain protein®) - ORF
373,946-373,954 TP0348 (Heptaprenyl diphosphate synthase”) ORF
406,375-406,384 TP0O379 (secA) = P
409,105-409,116 TP0380 (DNA repair helicase), TP0381 (Integral membrane protein), TP0382 (Cell division protein®), + P
TP0383 (HP), TP0384 (S-adenosyl-L-methionine-dependent methyltransferase®)
492,393-492,402 TP0461 (putative transcriptional regulator), TP0462 Subtilisin-like protein? + ORF/P
492,424-492,429 TP0462 (Subtilisin-like protein”) - P
511,059-511,067 TP0479 (ABC transporter ATP-binding protein®) + ORF
648,507-648,512 TP0594 (Signal peptide protein”) - P
671,436-671,444 TP0617 (Pyrogenic exotoxin B'), TPO618 (Proto-oncogene c-Rel protein®) + ORF/P
674,515-674,522 TP0619 (Fe, Mn superoxide dismutase®), TP0620 (tprl) - P
676,829-676,838 TP0620 (tprD), TP0621 (tprJ) + P
767,312-767,320 TP0696 (putative nicotinamidase) = P
938,004-938,013 TP0859 (Outer membrane protein®), TP0860 (HAMP domain-containing protein®) + ORF/P
945,685-945,690 TPO865 (Tetratricopeptide repeat containing protein‘) - ORF
1,006,986-1,006,994  TP0925 (flavodoxin) + P
1,050,787-1,050,792  TP0964 (ABC transporter), TP0965 (macA), TP0966 (Outer membrane protein”) - P
1,051,902-1,051,903  TP0967 (Immunoglobulin-like beta-sandwich protein) - ORF
1,055,553-1,055,561  TP0969 (Outer membrane efflux protein®), - ORF
1,072,168-1,072,175  TP0986 (HP) - P
1,125,670-1,125,680  TP1031 (tprl) - P

@ Only homopolymeric tracts showing differences in the number of G/C residues (=7) are reported (Pinto et al., 2016); coordinates are based on the TPA Nichols

genome (CP004010.2; Pétrosova et al., 2013).

> HP - hypothetical protein; a set of treponemal ORFs associated with poly-G/C-repeats (also described in Giacani et al., 2007).
© Genetic intrastrain heterogeneity in G/C-tracts detected in at least one strain.

4 Predictions by Naqvi et al. (2015).

¢ N/A - not applicable; G/C-region located downstream of the genes.
would correspond to a value of 3.3 x 10~ ' mutations per site per
generation and thus estimates the mutation rate for TP to be about one
order of magnitude lower than the rate coming from the work published
by Drake et al. (1998). Another possible way to estimate the mean
evolutionary rate of TPA is to compare whole genome sequences of
clinical isolates or laboratory strains taken from humans or experi-
mental animals at different time points. Based on sample isolation
dates, a birth-death serial skyline model can be applied (Stadler et al.,
2013). This method was used in a recently published study by Arora
et al. (2016), where the mean evolutionary rate of TPA was estimated to
be 6.6 x 10~ 7 substitutions per site per year, which corresponds to a
value of 2.26 x 10~ ? per nucleotide site per generation. Recent work of
Strouhal et al. (2017) revealed in two TPE strains isolated from patients
in Ghana over a time span of seven years and three months, an identical
genomic consensus sequence. The elapsed time between the isolation of
the two samples and absence of fixed nucleotide changes corresponded
to a maximum mutation rate of 1.21 x 10~ per TPE nucleotide site per
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year or lower or 4.1 x 107 '° per site per generation. Although the
applied methods give estimates of the TPA and TPE mutation rates, they
all fall within one order of magnitude. However, the mutation rate in
uncultivable pathogenic treponemes is probably even below
4.1 x 107 '° per site per generation since only the maximum mutation
rate was estimated (Strouhal et al., 2017) and since other slow growing
human pathogens including Mycobacterium tuberculosis have mutation
rates that are even lower (Ford et al., 2011).

With about 2,000 nucleotide differences between TPE and TPA
strains (Cejkové et al., 2012), and since most of these difference are
neither accumulated in a particular chromosomal regions nor were they
result of recombination events, it likely that the most recent common
ancestor of the syphilis and yaws treponemes dates back more than ten
thousand years. Moreover, if the mutation rate estimated for TPE
strains is applied to TPA strains, the genetic differences between the
Nichols and §S14 clade would date back to a time well before Christ.
The sudden emergence of syphilis followed by the return of Columbus
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Table 7
An overview of studies that performed CDC typing and/or ECDC on TPA isolates of human origin.
Country Number of CDC investigated ~ Number of ECDC investigated ~ References
isolates isolates

Belgium 9 - Mikalova et al., 2017b

Czech Republic 38 - Flasarova et al., 2012

Denmark 197 - Salado-Rasmussen et al., 2016

France - 71° Grange et al., 2013

Italy - 49 Giacani et al., 2018

Ireland - 10 Marra et al., 2010

Portugal 42 - Florindo et al., 2008

Russia - 77 Khairullin et al., 2016

UK 36 5 Cole et al., 2009; Tipple et al., 2011

Canada 36 - Martin et al., 2010

USA 260 273 Pillay et al., 1998; Sutton et al., 2001; Pope et al., 2005; Katz et al., 2010; A2058G Prevalence
Workgroup, 2012

Argentina 23 Gallo Vaulet et al., 2017

Cuba - 37 Noda et al., 2016

Colombia 6 - Cruz et al., 2010

Peru - 7 Flores et al., 2016

China 36 1262 Martin et al., 2009; Marra et al., 2010; Dai et al., 2012; Peng et al., 2012; Tian et al., 2014; Xiao
et al., 2016; Tong et al., 2017b; Zhu et al., 2016; Zhang et al., 2017; Li et al., 2017

Taiwan - 131 Wu et al., 2012; Wu et al., 2014

Madagascar 21 20 Pillay et al., 1998; Marra et al., 2010

South Africa 274 77 Pillay et al., 1998; Pillay et al., 2002; Molepo et al., 2007; Miiller et al., 2012

Australia 88" 191 Azzato et al., 2012; Read et al., 2016

# When more isolates from a single patient were available, number of patients are shown.

from the Americas could thus suggest the introduction of the strains
belonging to one of the clades not present in Europe (either Nichols or
SS14) rather that the rapid evolution of a new TPA pathogen. However,
no data showing differences in infectivity or virulence of SS14 and
Nichols clades are available. The accumulating genetic and genomic
data and the recent estimates of mutation rates in treponemes are more
consistent with a slow evolution of uncultivable pathogenic trepo-
nemes, possibly even reflecting the evolution of modern humans
(Strouhal et al., 2017).

2.6. Molecular typing of syphilis-causing treponemes

Accumulation of genetic data on uncultivable pathogenic trepo-
nemes and deciphering of the first treponemal genome (Fraser et al.,
1998) coincided with the development of the molecular typing system
created by the Centers for Disease Control and Prevention (CDC typing)
(Pillay et al., 1998). CDC typing determines the number of 60-bp
tandem repeats within the arp (TP0433) gene in combination with re-
striction fragment length polymorphism analysis of the genes tprE
(TP0313), tprG (TP0317), and tprJ (TP0621) genes, which can be am-
plified in a single PCR reaction (Pillay et al., 1998). Although the CDC
typing scheme has been supplemented by detection of the number of
poly-G repetitions within the rpsA gene (Katz et al., 2010), or by a se-
quencing analysis of an 83-nt long gene fragment of the TP0548 gene
(enhanced CDC typing scheme [ECDC]; Marra et al., 2010), the prin-
cipal limitations of this scheme remained unsolved. Briefly, there is no
control during multiplex amplification of the genes tprE, G, and J genes,
indicating that all three genes are amplified with equal efficiency. In
addition, polymerases may introduce errors in the number of long re-
peat regions and the repeat region length estimation in the arp gene is
inaccurate due to the limited use of sequencing for this purpose. Fur-
thermore, genetic instability of the arp and tpr loci has been shown
during the examination of parallel samples taken from the same pa-
tients indicating limited applicability of the CDC typing system in epi-
demiological studies (Mikalova et al., 2013). Finally, another principal
limitation of this method is the fact that the detected CDC subtypes do
not correlate with the phylogeny of TPA strains and isolates (see also
Fig. 1; Flasarova et al., 2012; Grillov4 et al., 2014).

Though a considerable amount of genetic variability has been de-
tected in these studies (for reviews see Peng et al., 2011; Ho and
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Lukehart, 2011; Tipple and Graham, 2015), few associations with other
data or with patient parameters have been found, including the pre-
valent 14d/f genotype among neurosyphilis (Marra et al., 2010) and
macrolide resistance (Read et al., 2016), HIV-status (Grimes et al.,
2012), or the increased risk of serofast status (Zhang et al., 2017).
Subsequently, as an alternative for CDC typing, sequencing-based mo-
lecular typing was introduced (Flasarovi et al., 2006; Woznicova et al.,
2007; Flasarova et al., 2012). This typing system is based on sequencing
of variable but relatively stable genetic loci (stable at least for several
years (Flasarova et al., 2012; Strouhal et al., 2017)) and include por-
tions of TP0136 and TP0548 genes together with restriction analysis or
sequencing of both 23S rRNA loci where mutations at nt positions 2,058
or 2,059 (numbered based on E. coli) lead to macrolide resistance
(Stamm and Bergen, 2000a; Matéjkova et al., 2009). Since most clinical
isolates in Europe, China, and North America belong to the clade of TPA
SS14-like strains (see below), this typing system needs to be augmented
by sequencing of additional loci that increase the resolution of SS14-
like isolates. However, few studies have been published that make use
of sequencing-based molecular typing, e.g. Czech Republic (Flasarova
et al., 2006; Flasarova et al., 2012; Grillova et al., 2014), Belgium
(Mikalova et al., 2017b), and Argentina (Gallo Vaulet et al., 2017).
Sequencing based typing has been able to reveal dynamic changes in
genotype distribution (Grillové et al., 2014) and association between
several genotypes with patients age, geographical origin of samples and
men having sex with men (MSM) status (Grillové et al., 2014). Since
2010, when CDC typing has been supplemented by sequencing of an 83-
bp fragment of the TP0548 gene (Marra et al., 2010), the two typing
schemes partially overlap. The sequencing data from the TP0548 gene
can be used to distinguish clinical isolates belonging to either the SS14-
or the Nichols-like clade. Enhanced CDC types of TP0548 “a, b, ¢, d, h,
and o” are related to the TPA Nichols clade, while sequence types “e, f,
8, 1, j, k, m, n, p, and q” are related to the TPA SS14 clade (Fig. 4).
From the 1,989 clinical samples that can be classified with respect
to Nichols-like or SS14-like cluster, only 117 (5.9%) worldwide clinical
isolates are Nichols-like, while the remaining 94.1% of isolates are
SS14-like (Fig. 5). This finding was surprising in the light of the fact
that most of the laboratory maintained TPA strains are Nichols-like
(Smajs et al., 2016). However, while most of the tested TPA clinical
isolates were collected recently, most of the reference laboratory strains
were isolated in the USA during the last century. One possible
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TPA SS14 TP0548 (CP004011.1), coordinates 130 - 215 within TP0548

B P R RGP PG PP S8 G G O OO P 0 (BB P

Typea GTAGCG---GGGTAGTGGTTHEIC GG CHMIGGG GA GC Maraetal, 2010
Typeb G TAGCG---GGGTGGTGGT THEC G GGG GA GC Maraetal,2010
Typec G TAGCG---GGGTAGTGGT THEC GHBICHAIGG G GA G C Marraetal, 2010
Typed GTAGCG---GGGTAGTGGT THEC GHMICHAIG G G GA GMI Marraetal, 2010
TWee GTAGCGTGGGMIGTAGTGGTTGCAGCGAAGGACC Maraetal, 2010
Tef GTAGCGTGGGGGTAGTGGTTGCAGCGAAGGACC Maraetal, 2010
Typeg GTAGCGTHAGGMIGTAGTGGTTGCAGCGAAGGACC Maraetal, 2010
Typeh G TAGCG---GGGTAGTGGT THEC GEICHIG G G GEIG C Marraetal, 2010
Typei GTAGCGTGGMIGGTAGTGGTTGCAGCGAAGGACC Maraetal, 2010
Typej G TGEMGGTGGGGGTIG- - - - - - - - - G C GIGA GHIA C C Grangeetal, 2013
Typek GTAGCGTGMIGGGTAGTGGTTGCAGCGAAGGACC Grilovaetal, 2014
el GTAGCBMITGGGGGTAGTGGTTGCAGCGAAGGACC Tanetal, 2014 Lietal, 2015
Typem GEIAGCGTMAGGMIGTAGTGGTTGCAGCGAAGGACC Readetal, 2016
Typen G TAGCGTGGGGGMAGTGGTTGCAGCGAAGGA CC Readetal, 2016
Type o*MITAGCG---GGGTAGTGGT THEC G GIMAIG GEIGA G C Knaufetal, 2016
Typep GTAGCGTGGGMIGTAGTGGTTGCAGCGAAGGACC Mikalovdetal, 2017
TVeq GTAGCGTGGGGGTAGTGGTHEMIGCAGCGAAGGACC Lietal,2017

Fig. 4. An overview of enhanced CDC types in TP0548 denoted by alphabetical letters. Enhanced CDC types related to TPA Nichols clade are shaded.

*The type “0”, described by Li et al. (2017), should be renamed as type “q” since two new types including

were published before the study of Li et al., 2017, apppeared.

10% 20% 30% 40%  100%
I I I
China 41% ] n=_822
USA [0 "] n=297
Denmark M=% 1 n=197
Australia [M% 1 n=191
Czech Republic [[35% 1 n=114
Taiwan — n=84
France — = n=71
Russia — =3 n=70
Argentina Zoih = n=41
26.5%
Others 1 n=102

@ Nichols-like isolates [ sS14-like isolates

Fig. 5. An overview of studies mapping the occurrence of SS14- (shown in
white) and Nichols-like TPA strains (shown in grey). Smaller sample sizes show
marked differences in the occurrence of SS14- and Nichols-like TPA strains.

explanation for this phenomenon involves a change in the relative
abundance of Nichols-like and SS14-like strains linked to early acqui-
sition of macrolide resistance by SS14-like clade and the subsequent
expansion of SS14-like macrolide-resistant TPA strains (Arora et al.,
2016). An alternative explanation, involving more effective infection of
Nichols-like isolates during inoculation of experimental rabbits or a
selective advantage for SS14-like strains over Nichols-like strains in
human infections, should be considered. However, no data exist that
supports a higher infectivity or virulence of Nichols-like strains relative
to rabbits or higher infectivity or virulence of SS14-like strains relative
to humans. In general, the existence of SS14- and Nichols-like groups of
TPA strains/isolates suggests a historical period, during which there
was independent evolution of both TPA clades, likely in syphilis-in-
fected human populations (§majs et al., 2016).

3. Uncultivable path
animals

7 1 nath

p &

3.1. Uncultivi

in lagomorphs

Although the first description of a rabbit (Oryctolagus cuniculus)

101

106

0” (Knauf et al., 2016) and “p” (Mikalovi et al., 2017b)

infecting spirochete (Spirochaeta paralues-cuniculi; Jacobsthal, 1920)
appeared soon after the description of the syphilis treponeme, surpris-
ingly little data accumulated on treponematoses naturally infecting
lagomorphs. Spirochaeta paralues-cuniculi was subsequently renamed
Treponema paraluiscuniculi and was recently reclassified as T. para-
luisleporidarum ecovar Cuniculus (TPeC) (Lumeij et al., 2013). Rabbit
treponematosis can be sexually transmitted and symptoms like er-
ythema, edema, and crusting ulcers can be found in the anogenital
region. Although TPeC can be transmitted from mother to neonates
during parturition, in-utero infection seems to be uncommon (Posautz
et al., 2014). Interestingly, infection of the nose, eyelids, lips, and paws
can also occur (Smith and Pesetsky, 1967), mimicking some of the
clinical features seen in human yaws. While TP and TPeC are geneti-
cally distinct species, there is a high degree of similarity relative to the
clinical manifestations they produce. Since the first description of a
syphilis-like infection in European brown hares (Lepus europaeus) in
1957 (Jaksi¢, 1957) it has now been reported (based on serology) in
several European countries (Table 8).

Although detailed epidemiological data are lacking, infection is not
limited to European brown hares since it can also be found in mountain
hares (Lepus timidus) (Morner, 1999; Knauf et al., unpublished results).
Clinical infection with T. paraluisleporidarum ecovar Lepus (TPeL) in
hares is often reported during the hunting season when infected ani-
mals are shot. Nonetheless, the impact of TPeL on hare populations is
currently unknown. Clinical manifestations of hare infection include
orofacial and anogenital proliferative crusty skin lesions. However, the
infection seems to be most often clinically inapparent, since clinical
signs of infection are rare compared to the frequency of seroconversion
(Horvath et al., 1980; Lumeij et al., 1994). No data are available with
respect to vertical transmission of TPeL and congenital hare syphilis.

In 2011, the complete genome sequence of T. paraluisleporidarum

Table 8

The reported serological evidence for hare syphilis in Europe.
Country Seroprevalence of hare No. of hares  Reference

syphilis (%) tested
Serbia 20 NA* Jaksi¢, 1957
Hungary 28 202 Horvath et al., 1980
Netherlands 60 100 Lumeij et al., 1994;
Lumeij, 2010

Sweden 1 1118 Morner, 1999
Ttaly 33 154 Verin et al., 2012
Austria 64 112 Posautz et al., 2014
Germany 44 69 Posautz et al., 2014

2 NA, not available.
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ecovar Cuniculus (formerly named T. paraluiscuniculi) strain Cuniculi A
was published (Smajs et al., 2011). A 98.1% sequence identity between
the TPA Nichols and TPeC genomes was found (Smajs et al., 2012),
which indicates a close relatedness of TPeC to human infecting TP.
Compared to TPA, TPE, and TEN, the TPeC Cuniculi A genome was
about 6 kb (0.5% of total genome size) smaller with an overall identical
gene synteny. Several deletions, insertions, and other prominent se-
quence changes in the TPeC Cuniculi A genome were found in 38 Cu-
niculi A gene homologs (Strouhal et al., 2007). These homologs com-
prised mainly tpr genes and the genes in the vicinity of these loci,
suggesting their possible role in the host range and pathogenicity of
TPeC. Interestingly, most of the prominent insertions identified in the
TPeC genome indicated unique sequences with no homologous se-
quences identified during a BLAST search. In contrast to TPA, TPE, and
TEN strains, the tprD2-like allele was identified in both tprC/D loci. In
addition, the TP0136 gene homolog shares a 99.5% identity with the
TP0133 locus, which is an unussually high homology between these
paralogous genes. Moreover, the TPeC genome included a relatively
high number of pseudogenes and gene fragments (n = 51) compared to
TPA and TPE strains (Smajs et al., 2012). The affected genes were
mainly involved in cell envelope biosynthesis and structure as well as in
DNA recombination, cell signaling, and gene regulation. Since down-
sizing of the genome and accumulation of pseudogenes is common for
bacteria adapting to simpler host-associated niches (Pallen and Wren,
2007), the genome decay found in the TPeC genome may be an adap-
tation of TPeC to the rabbit host. At this stage, infectivity to humans
was most probably lost, which suggests that TPeC could be a possible
descendant of human pathogenic TP (Smajs et al., 2011). While more
research is needed in this field, it is currently believed that TPeC is an
exclusive lagomorph pathogen.

The causative agent of hare syphilis was shown to be closely related
to TPeC, although only four nucleotide differences were found during
sequencing of the 16S rRNA gene (Lumeij et al., 2013). Analysis of
additional chromosomal loci (Fig. 6; D. Smajs, unpublished data) re-
vealed clear relatedness between both rabbit and hare pathogens
compared to TP subspecies that infect humans. Future analysis of
genomic structure and diversity of the agents of hare and rabbit syphilis
could be of great importance in clarifying the evolution of syphilis
treponemes and for identification of virulence determinants that allow
infections of human and non-human primate hosts.

1 nath

7

3.2. Uncultivable tr in

°p primates (NHPs)

Infection research on Treponema has a long history in NHPs. As early
as the 20" century, infection experiments with human-isolated TP were
conducted in chimpanzees (Metchnikoff and Roux, 1903; Metchnikoff
and Roux, 1904; Metchnikoff and Roux, 1905) and monkeys (Ashbury
and Craig, 1907; Castellani, 1907; Nichols, 1910). Since then few NHP
models for human treponematoses have been established with limited
success (Turner and Hollander, 1957; Clark and Yobs, 1968; Elsas et al.,
1968; Sepetjian et al., 1969; Sepetjian et al., 1972; Marra et al., 1998).
All of the models, however, indicated the potential for cross-species
transmission of human TP. In the 1960s, the first reports of natural
infections of NHPs with TP appeared (Fribourg-Blanc et al., 1963;
Fribourg-Blanc et al., 1966; Fribourg-Blanc and Mollaret, 1969).
Table 9 summarizes these early findings in African monkeys and great
apes. In Guinea baboons, clinical signs of infection were described as
mild with small keratotic lesions and ulcers on the muzzle, eyelids, and
in the armpits (Baylet et al., 1971b). However, most animals appeared
clinically unaffected. At the same time and compared to what was
found in African NHPs, several investigations using Asian and South
American monkeys showed only few and questionable (weak reactive)
test results for antibodies against TP (Table 9). This suggested that in
Asia and the new world, monkeys were (if ever) not comparably in-
fected with TP, compared to their African counterparts.

From these early investigations, genetic proof of TP has only been
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T. paraluisleporidarum
ecovar Cuniculus

T. paraluisleporidarum
ecovar Lepus

TEN BosniaA

TPA Sea81-4

TPA Nichols, DAL-1 and Chicago
CDC-2

TPA MexicoA 86A4- TPE CC
TPE Fribourg-Blanc
TPE SamoaD TPE Gauthier

0.01

Fig. 6. A phylogenetic tree constructed from concatenated nucleotide regions of
TP0011, TP0072, TP0319, TP0488, TPO511, TP0548, TP0610, and the 16S
rRNA d in T. par idarum ecovar Lepus. The corresponding
sequences of other treponemal strains were taken from published whole
genome sequences (GenBank accession numbers: CP004010.2, CP004011.1,
CP003115.1,  CP003064.1, CP001752.1, CP003679.1, CP002374.1,
CP002375.1, CP002376.1, CP003902.1, CP002103.1, CP007548.1). The max-
imum likelihood, heuristic search, and 1,000 bootstrap replicates were used for
tree construction. The numbers close to branches represent bootstrap support
(%). The agent of hare syphilis is similar but distinct from the agent of rabbit
syphilis. The bar scale represents the number of substitutions per target site.

obtained from a single Guinea baboon (Papio papio) in 1966, from West
Africa (Fribourg-Blanc and Mollaret, 1969). Primary studies of in-
fectivity of this isolate in hamsters and rabbits constituted the basis for
the long-term availability of a laboratory-maintained TP strain of NHP
origin, i.e. the Fribourg-Blanc simian strain (Fribourg-Blanc and
Mollaret, 1969). The morphology of this strain was described to be
identical to that seen in human TPA and TPE strains (Smith et al.,
1971). Ethically questionable inoculation experiments in humans con-
firmed that the Fribourg-Blanc strain was capable of causing sustainable
infection when inoculated into human skin (Smith et al., 1971).
Although gorillas with yaws-like facial skin lesions have been re-
ported since the 1950s (Denis, 1963; Cousins, 1984), a detailed scien-
tific description of clinical manifestations in gorillas from the Republic
of Congo in 2007 indicated the similarity between lesions seen in
gorillas and the lesions seen in human yaws (Levrero et al., 2007). The
possibility of a geographically wide spread infection of African great
apes with TP was further supported by yaws-like bone deformations
that were documented in 14% of 126 investigated gorilla and 20% of
102 chimpanzee skeletons collected in central Africa (Lovell et al.,
2000). There are few reports of animals that have been tested positive
for antibodies against TP (Gorilla gorilla, six positive of nine tested)
(Cousins, 1972; Karesh, 2000; Karesh personal communication). While
genetic confirmation of gorilla infection with TP is still unavailable,
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Table 9
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Summary of the first reported TP cases in NHPs in the 1960-70s. Further details can be found in Harper and Knauf, 2013. We note here that three baboons described
by Baylet et al. (1971b) had ulcerative skin lesions. All other tested animals were either reported clinically healthy (no skin lesions) or the information was missing.

Origin Species Number of tested Number of TP positive References
animals serology
Africa Baboon (Papio sp.) 1,085 317 (Fribourg-Blanc and Mollaret, 1969; Baylet et al., 1971a;
Baylet et al., 1971b)
Gueneons (Chlorocebus sp.) 72 34 (Baylet et al., 1971a; Felsenfeld and Wolf, 1971)
Patas monkey (Erythrocebus patas) 141 1 (Fribourg-Blanc and Mollaret, 1969;, Felsenfeld and Wolf,
1971)
Colobus monkey (species not 1 1 (Fribourg-Blanc and Mollaret, 1969)
determined)
Chimpanzee (Pan troglodytes) 278 52 (Fribourg-Blanc and Mollaret, 1969, Kuhn, 1970, Felsenfeld
and Wolf, 1971)
Asia Macaques (Macaca sp.) 1,309 1" (Felsenfeld and Wolf, 1971)
South America  Owl monkey (Aotus sp.) 96 20 (Levine et al., 1970; Felsenfeld and Wolf, 1971)
Red-bellied titi (Callicebus molochus) 25 5% (Levine et al., 1970; Felsenfeld and Wolf, 1971)
Squirrel monkey (Saimiri sciureus) 91 4 (Levine et al., 1970; Felsenfeld and Wolf, 1971)

# While the authors report positive serological reactions, they do note that positivity was questionable due to weak reactivity.

there is rudimentary evidence of chimpanzee infection with TP from
bone samples (Gogarten et al., 2016).

In the late 1980s, intense investigations started when olive baboons
(P. anubis) with severe genital ulcers were reported from Tanzania
(Wallis and Lee, 1999; Wallis, 2000; Mlengeya, 2004). Genetic analysis
confirmed an association between skin ulcers and TP infections in ba-
boons with yaws-like treponemes at the Lake Manyara National Park
and Serengeti National Park (Harper et al., 2012; Knauf et al., 2012). At
about the same time, our understanding of the treponemes that infect
NHPs entered a new stage when the first whole genome sequence data
of the Fribourg-Blanc simian strain became available in 2013
(Zobanikova et al., 2013). The genome showed a striking genetic si-
milarity to TPE strains of human origin. Specific differences (i.e. dele-
tions, insertions, and substitutions) that separated the strain from
human yaws-causing TPE consisted of 185 nucleotides in 68 genes
(Zobanikova et al., 2013). The strain was much closely related to TPE
than any of the known human TPA and TEN strains. As a consequence,
it was proposed that the Fribourg-Blanc strain be classified as TPE
(Zobanikova et al., 2013). This was further supported by a study that
made eight more whole genome sequences of simian strains available
(Knauf et al., 2017). All eight simian strains, which originated from
Sooty mangabeys (Cercocebus atys) and African green monkeys (Chlor-
ocebus sabaeus), from three different locations in West Africa and olive
baboons from Lake Manyara NP in Tanzania, clustered with human TPE
strains. This indicated that infection in NHPs was caused by the TP
subsp. pertenue. Based on the phylogeny, it is believed that the ancestor
of TPE must have crossed species barriers more than once (Knauf et al.,
2017). Neither human- nor NHP-infecting TPE strains formed host
species-specific clades (Knauf et al., 2017). Moreover, the observed
star-like phylogenetic branching pattern with low bootstrap support for
short basal branches appears to argue for a rapid initial radiation of TPE
among humans and NHPs (Knauf et al., 2017).

The remarkable geographic overlap of historic and present endemic
areas for human yaws and nonhuman primate infection with TPE ar-
gues for a spatial and temporal connectivity between multiple infected
NHP species and humans (Knauf et al., 2013). However, important
questions on disease maintenance and feasible transmission routes be-
tween humans and nonhuman primates remain unanswered
(Hallmaier-Wacker et al., 2017). Based on the reports from Tanzania
(Wallis and Lee, 1999; Wallis, 2000; Mlengeya, 2004; Harper et al.,
2012; Knauf et al., 2012; Knauf et al., 2016), TPE is maintained in wild
NHP populations, as well as there is high genetic and functional simi-
larity of the pathogen in NHPs and humans (Zobanikova et al., 2013;
Knauf et al., 2017). Feasible direct transmission routes between NHPs
and humans exist (Mossoun et al., 2015; Klegarth et al., 2017), as do
indirect transmission through insects has also been discussed (Knauf
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et al., 2016). If transmission between humans and NHPs occurs, bush
meat hunting should be considered a likely source of interspecies dis-
ease transmission since TPE is mainly transmitted through direct con-
tact with the exsudate of infectious lesions (Richard et al., 2017). Im-
portantly, disease transmission under natural circumstances should also
be considered bidirectional (NHP-to-human and human-to-NHP). This
was indicated by a scenario where pet monkeys in Asia, in human yaws
endemic areas, were tested serologically positive for antibodies against
TP, whereas their wild counterparts were serologically negative
(Klegarth et al., 2017).

Infections with other uncultivable Treponema pathogens in NHPs
have rarely been studied. Treponema carateum has been used to infect
chimpanzees (Varela, 1969; Kuhn III et al., 1970; Chandler Jr. et al.,
1972) and the resulting lesions were strikingly similar to corresponding
lesions in humans. However, the endstage of chimpanzee pinta was
hyperpigmentation or normal pigmentation of the affected skin and not
hypopigmentation as commonly seen in humans (Chandler Jr. et al.,
1972). Today, only a few hundred T. carateum cases in humans, from
Mexico and South America, have been reported (Gideon Informatics
Inc., http://web.gideononline.com; last visited 17" Aug 2017), but
nothing is known about infection in wild NHPs.

3.3. Yaws eradication and One Health

Accumulating data on NHP infections with TP (Knauf et al., 2013)
and the recent finding that all whole genome sequenced simian TP
strains fall paraphyletic with human yaws-causing TPE strains (Knauf
et al., 2017) have not yet changed the strategy to follow a One Health
approach. The One Health approach supports the idea that within an
ecological context, human health is wedded to animal and environ-
mental health. The close genetic relationship of simian and human
yaws-causing strains (Zobanikova et al., 2013; Knauf et al., 2017) as
well as the growing nonhuman primate-human interface substantiates
the need for further One Health oriented investigations. Sustainable
yaws eradication can only be reached when TPE is understood in the
context of its natural ecosystem (Hallmaier-Wacker et al., 2017), which
may involve the possibility of a bidirectional transmission, as recently
described for Asiatic macaques kept as pet monkeys (Klegarth et al.,
2017). One Health strategies must therefore find and eliminate possible
niches where pathogens can hide and survive eradication attempts. The
large geographic distribution and high prevalence of human yaws has
led to two mass treatment campaigns of which the second campaign is
currently ongoing. From 1952-1964, the first campaign, which was
supported by WHO and the United Nations Children's Fund (UNICEF),
treated over 50 million yaws cases in 46 countries with injectable pe-
nicillin (Asiedu et al., 2014). This reduced the global burden of endemic
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treponematoses, of which yaws was the dominant disease, to a historic
low of only 2.5 million cases worldwide (Asiedu et al., 2014). While this
was considered to be one of the greatest public health achievements, it
was unfortunate that the implemented screening and treatment pro-
grams came to a stop or were insufficient to tackle the remaining 5% of
yaws cases (Asiedu et al., 2014). Since then, human yaws has re-
emerged in West Africa, Southern Asia, and the Pacific region (Asiedu
et al., 2014). In 2012, the efficacy of a single oral dose of azithromycin
to cure yaws (Mitja et al., 2012) has triggered the second and currently
ongoing eradication campaign. In a 12-month long treatment trial in a
yaws endemic area in Papua New Guinea, the prevalence of active in-
fectious yaws dropped from 2.4% to 0.3% (Mitja et al., 2015). The
combination of an initial round of total community treatment followed
by the subsequent seeking out of active cases and total target treatment
of new cases and their contacts was thought to be able to ultimately
eradicate human yaws globally (Marks et al., 2017). Subsequently, the
Morges Strategy on yaws eradication was announced in 2012 and de-
clared that its goal was to eradicate yaws by 2020 (The World Health
Organization, 2012). Although the envisaged time frame seemed un-
likely to be met globally (Marks, 2016), there are yaws-endemic
countries (e.g., India) that have already reached countrywide yaws
elimination (Narain et al., 2015). A key research question for the epi-
demiology and eradication of human yaws was formulated based on a
dearth of information on the number of active yaws cases in countries
that currently do not report human yaws, but where human yaws has
been historically reported to be endemic (Marks et al., 2015). More-
over, in clinical settings, the current diagnosis of yaws is based on in-
terpretation of clinical manifestations in combination with serology
(Mitja et al., 2013). Other pathogens, of which Haemophilus ducreyi is
the most relevant, can cause yaws-like skin ulcers and create diagnostic
uncertainty (Mitja et al., 2014). Additionally, serological tests are un-
able to distinguish between infections with different TP subspecies
(Centurion-Lara et al., 2006). A low cost and easy to perform rapid test
with high specificity for TPE was understood to be essential to optimize
target treatment as well as for the post-zero-case surveillance phase
(Marks et al., 2015). Multiplex loop-mediated isothermal amplification
(LAMP) assays were seen as a way to significantly shorten the time to a
TPE diagnosis.
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7.2 Nonhuman Primates as a Potential Reservoir for Human Yaws Infection

In the late 1980s, sightings of genital ulcerated olive baboons (P. anubis) in Tanzania (Wallis
and Lee, 1999) triggered new investigations in treponematoses of NHPs Despite the early
evidence of Treponema infection in West African NHPs (as reviewed in (Harper et al., 2013))
the most comprehensive proof of naturally occurring 7. pallidum infection came from Lake
Manyara National Park in northern Tanzania (Harper et al., 2012; Knauf et al., 2011). Today,
infection in Tanzanian monkeys is the best-characterized treponematosis in NHPs (Chuma et
al., 2018; Harper et al., 2012; Knauf et al., 2018, 2015, 2011). Although the whole genome of
the baboon infecting Fribourg-Blanc strain, an isolate that originates from West Africa
(Fribourg-Blanc and Mollaret, 1969), shows already high genetic similarity with human yaws
causing strains (Zobanikova et al., 2013), it took several more years until sufficient data from
multiple whole genomes of 7. pallidum strains of NHP origin became available that allowed
to conclude that humans are not the exclusive host of the yaws bacterium (Knauf et al., 2018)
(genetic similarity, chapter 4). An ethically questionable study conducted infection
experiments and showed that the Fribourg-Blanc baboon strain can cause sustainable infection
in humans (Smith et al., 1971) (functional similarity, chapter 4). There is therefore basic
evidence that 7. pallidum strains of NHP origin have zoonotic potential. It is, however,
currently unknown whether human and NHP infecting strains are epidemiological connected.

7.2.1 Challenges and Key Research Questions for Yaws Eradication

The notion that African NHPs might play a role in the epidemiology of human yaws infection
(Knauf et al., 2013) has led the World Health Organization to discuss this matter along with
other challenges and key research questions during the ‘Third Consultation on Yaws
Eradication’ in Geneva, Switzerland, 2017. The results of this meeting have been summarized
and published in the following publication. The inclusion of NHPs as a potential reservoir and
obstacle for human yaws eradication must be seen as a milestone, since previous eradication
efforts, despite early reports of 7. pallidum infection in NHPs (Fribourg-Blanc et al., 1963;
Fribourg-Blanc and Mollaret, 1969), have not considered further research in this particular field
as relevant to yaws eradication.
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Challenges and key research questions for yaws eradication

Michael Marks, Oriol Mitja, Lasse S Vestergaard, Allan Pillay, Sascha Knauf, Cheng-Yen Chen, Quique Bassat, Diana L Martin, David Fegan,
Fasihah Taleo, Jacob Kool, Sheila Lukehart, Paul M Emerson, Anthony W Solomon, Tun Ye, Ronald C Ballard, David C W Mabey,

Kingsley B Asiedu

Yaws is endemic in west Africa, southeast Asia, and the Pacific region. To eradicate yaws by 2020, WHO has launched
a campaign of mass treatment with azithromycin. Progress has been made towards achievement of this ambitious
goal, including the validation of point-of-care and molecular diagnostic tests and piloting of the strategy in several
countries, including Ghana, Vanuatu, and Papua New Guinea. Gaps in knowledge need to be addressed to allow
refinement of the eradication strategy. Studies exploring determinants of the spatial distribution of yaws are needed
to help with the completion of baseline mapping. The finding that Haemophilus ducreyi causes lesions similar to yaws
is particularly important and further work is needed to assess the effect of azithromycin on these lesions. The
integration of diagnostic tests into different stages of the eradication campaign needs investigation. Finally, studies
must be done to inform the optimum mass-treatment strategy for sustainable interruption of transmission.

Introduction

Yaws, a disease caused by Treponema pallidum subspecies
pertenue,' is one of the three endemic non-venereal
treponemal diseases.” Yaws predominantly affects children
living in poor, remote communities and results in lesions
of the skin, bone, and cartilage. If untreated, the disease
can progress to cause destructive lesions of bones and
cartilage. Previously, yaws was widespread throughout the
tropics,’ but a series of control efforts based on mass
treatment with intramuscular penicillin and case finding
led by WHO and UNICEF in the 20th century is estimated
to have reduced the burden of cases worldwide by up to
95%.* Despite these efforts, regional incidence has
rebounded in west and central Africa, the Pacific region,
and southeast Asia, and yaws remains common in some
of the poorest countries of the world.

Momentum for a new campaign against yaws was
stimulated by the 2012 publication of a study® that showed
single-dose azithromycin was clinically highly effective
and non-inferior to penicillin. The availability of a single-
dose that is oral, well tolerated, and a proven treatment
prompted WHO to develop a new strategy on the basis of
total-community mass treatment with azithromycin,
identification of cases, and targeted treatment to eradicate
the disease worldwide by 2020 (the Morges strategy).®

In the past 3 years, new diagnostic tools to potentially
help to support the WHO eradication effort have been
developed. At the same time, key areas of research have
been identified to ensure the international community
can overcome some of the challenges related to the
delivery of this goal. We review major developments and
present the priority research questions in epidemiology,
diagnostics, and treatment that must be addressed for
the successful completion of this eradication campaign.

Epidemiology and mapping

A major obstacle to interruption of yaws transmission is
the paucity of information about where cases still occur.
Before the mid-20th century eradication programmes,
99 countries reported yaws endemics (panel 1).> Of these
countries, two—India and Ecuador—have reported
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successful elimination of yaws after large, mass-
treatment programmes sponsored by their respective
governments.”* 13 countries are now known to be
endemic for yaws, with the major documented foci being
in the Pacific region, west Africa, and southeast Asia. For
the other 84 countries that had a yaws endemic, little
epidemiological information about yaws is available. To
improve this situation, a substantial increase in the scale
and speed of yaws mapping is needed and these improved
epidemiological data are crucial to inform decisions
about the interventions and resources necessary to
successfully undertake eradication efforts.

To develop a successful mapping strategy, several
questions need to be answered. A key question is: what
are the appropriate evaluation and treatment units for
yaws? The WHO eradication strategy’ defines the
treatment unit as the endemic village or community.
Experience with other disease programmes has shown
that village-level surveys are very labour intensive. Cases
of yaws are known to cluster at both the household and
the village level.** Climatic factors such as rainfall" have
been proposed to explain this spatial heterogeneity but
few data are available to explain the clustered nature of
the disease, of which an increased understanding would
help to refine strategies for defining evaluation units.
Detailed fine-scale mapping at a very high spatial
resolution of people with yaws might be necessary in
some areas to allow this question to be explored in more
detail. As the treatment programme scales up, decision
making about treatment will probably be impractical at
the village level and treatment, in the first round, at a
larger level might be more appropriate (panel 2).

Initial mapping efforts should be focused on the
13 countries known to be endemic, to inform local
efforts about how to interrupt transmission (table).
Mapping should also be done in the countries that were
formerly classified as endemic, but for which no
present data are available. Creation of centralised
systems to store and display data could help to
standardise approaches for their collection and analysis,
as has happened for other diseases such as trachoma,
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Panel 1: Key research questions for the epidemiology,
diagnosis, and treatment of yaws

Epidemiology

1 What is the appropriate evaluation unit for a survey
before mass treatment?

What is the at-risk population and distribution of cases in
the 13 known endemic countries?

3 What is the status of the 84 formerly endemic countries?
4 Which factors affect the spatial heterogeneity of yaws?

N

Diagnostics

1 Canthe Dual Path Platform point-of-care assay replace

traditional serological tests for all phases of the yaws

eradication programme?

Can an instrument be developed to allow diagnosis of

active yaws from a dried blood spot—facilitating

integration of mapping activities with other

programmes?

3 What is the appropriate role of PCR in the implementation
and post-zero-cases surveillance phases of the yaws
eradication programme?

N

Treatment

1 How many rounds of mass treatment should be done to

interrupt transmission?

Is a recommended dose of azithromycin of 20 mg/kg

non-inferior to a recommended dose of 30 mg/kg?

3 Does resistance to azithromycin emerge in Treponema

pallidum subspecies pertenue after mass treatment?

What is the effect of community mass treatment with

azithromycin on other ulcers, including those caused by

Haemophilus ducreyi?

5 What are the best approaches to mobilise and sustain
communities’ support for yaws eradication?

N

IS

as well as the rapid implementation of public health
interventions in regions or countries in which yaws is
established.

Clinical diagnosis of yaws alone is unlikely to be
reliable enough to inform eradication programmes™*
and therefore development of a strategy integrating
robust diagnostics such as point-of-care serological
tests and new molecular tests™ into national health
systems is needed. The case definition used and
requirements for mapping might differ between
settings before community mass treatment (in which a
less specific method might be acceptable), and after
mass treatment (in which high sensitivity and specificity
will be needed to confirm eradication; panel 2).

Finally, efforts should be undertaken to learn from and
integrate with other large-scale mapping projects such as
the Global Trachoma Mapping Project” and the Atlas of
Human African Trypanosomiasis.”? These efforts led
to large numbers of field staff being trained to
internationally recognised standards and development of
standard platforms for data capture, analysis, and
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Panel 2: Key definitions for endemic status,
implementation unit, and case definitions

Endemic status

«  Endemic village: a village containing at least one
indigenous confirmed case

« Endemic country: a country with at least one indigenous
confirmed case

«  Formerly endemic country: a country that formerly
reported yaws but that has either eliminated the disease
or no data are available

Implementation unit

« Initial total community treatment: the implementation
unit will be flexible covering a population of
100 000-250 000 people living in a region in which
endemic villages are known

«  Subsequent treatment rounds: the implementation unit
at the level of the individual endemic village

Case definitions

« Suspected case in the implementation phase: individual
with clinical signs consistent with yaws

« Confirmed case in the implementation phase: a suspected
case with dual positive serology (either Dual Path
Platform dually-positive or Treponema pallidum particle
agglutination assay + rapid plasma reagin positive); PCR
might be used during the implementation phase to
monitor for resistance but is not an essential part of the
case definition

« Confirmed case in the post-zero-cases surveillance phase:
suspected case with both dual positive serological tests
and positive PCR of lesion material for T pallidum
subspecies pertenue

sharing. Development of similar methods to map yaws
should be a priority. Successful integration of yaws and
trachoma mapping has already been accomplished in the
Solomon Islands and Vanuatu® and similar efforts should
be considered elsewhere.

Diagnostics

The renewal of the yaws eradication programme has
stimulated advances in diagnostic methods for
treponemal infections (panel 1). The selection of the
most appropriate diagnostic algorithm at each stage of
the eradication effort will be crucial for success of the
programme. Historically, clinical and serological
diagnostics have been used at all stages of programmes
to certify elimination of the disease, although a refined
approach will probably be needed in the post-mass
drug administration environment to ensure that
transmission has been interrupted.

Several advances in yaws diagnostics might contribute
to the mapping and confirmation of the elimination of
this disease. A major focus has been on the validation
of a new point-of-care assay—the Dual Path Platform
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other DNA-based amplification techniques, such as a
2008 2009 2010 2011 2012 2013 X : oo .
loop-mediated isothermal amplification test, as a simple
Eeni) B B 4 : il - and rapid screening method in the field or with point-of-
Cote d'ivoire g 3740 3343 3092 2256 care tests could be useful in low-resource settings in
Cameroon - g 802 133 59 97 which a sophisticated molecular testing might be
Central African Republic 243 - - - 230 impractical. The application of molecular diagnostics,
Congo (Brazzaville) - 646 - B 197 genotyping, and microbiome analysis with whole
Democratic Republic of the Congo 383 - - - - - genome sequencing might also allow a detailed
Ghana 20525 35248 18157 9674 8980 18702 understanding of the biological mechanisms of
Indonesia 6083 7751 6178 6631 4360 2043 pathogens in cutaneous lesions and the epidemiology of
Papua New Guinea 28989 25822 29061 28989 17560 19710 yaws that will enable careful assessment of the efficacy
Solomon Islands - - 20635 -« 12372 14909 of eradication efforts.
Timor-Leste* - - B - - - Instruments to differentiate patients who had
Togo - 8 15 - - 8 unsuccessful treatment from individuals who remain
Vanuatu 1972 2432 1593 2331 2514 1198 seropositive after successful treatment (serofast status)
) ) » ) need to be developed. This development is particularly
Data taken from the WHO Global Observatory Data Repository. *No recent routine reporting data exist from . . . . . e
Timor-Leste, but reports from both the Ministry of Health and WHO Country office suggest that the disease s sill important in view of the increasing recognition that
known to be endemic n the country.” other organisms might cause chronic skin ulcers in
communities endemic for yaws."* So far, no available
Table: Number of cases of yaws reported by country diagnostic test is shown to be of value for this role.
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(DPP) Syphilis Screen-and-Confirm assay (Chembio
Diagnostic Systems, Medford, NY, USA), which is
based on simultaneous detection of antibodies to
treponemal and non-treponemal antigens. This point-
of-care test has now been shown to be accurate for
community screening in yaws-endemic communities
and for confirmation of clinically suspected cases."
Replacement of central laboratory rapid plasma reagin
testing with the DPP assay might improve the
implementation of surveillance in setting before and
after mass treatment. Although DPP has shown high
sensitivity in strongly seropositive individuals, the
sensitivity is reduced in individuals with low-titre sero-
logical results.® Strategies such as repeat or
confirmatory testing might therefore be necessary in
some settings.

A large-scale surveillance method would be useful to
identify communities needing focal mapping. To this
end, studies are underway to validate serological testing
for yaws on a multiplexed platform that could be
integrated with other elimination or national health
programmes.” Ideally, this strategy would help to
differentiate previous infections from current ones, the
latter of which, applied in appropriate age groups,
might suggest continuing transmission.*

Molecular instruments specific to subspecies that
accurately identify the presence or absence of T pallidum
subspecies pertenue, and the mutations associated
with azithromycin resistance, have also become
available.*#**# Data showing that lesion exudate
samples collected with filter paper in the field generate
reliable results, will help to overcome a major logistical
obstacle previously precluding programmatic application
of PCR, allowing these techniques to be used even for
samples from the most remote communities in which
yaws is identified.” Additionally, the development of
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Detection of treponemal DNA sequences in blood
specimens by PCR has been achieved sporadically in
patients with early syphilis,” but not in patients
with yaws.*

Individuals who had been treated for clinical disease
yet remain serofast will probably need pragmatic
retreatment, possibly with an alternative drug such as
injectable penicillin. If treatment of these individuals
has been successful then such cases will cease to
contribute to transmission of the disease and the
number of clinical cases should decrease. Because yaws
can relapse for up to 5-10 years, disease surveillance in
these individuals will need to be maintained for a
prolonged period to confirm that transmission has truly
been interrupted. As the number of clinical cases falls,
the emphasis of surveillance will switch to serological
surveillance of children aged 5 years or younger to detect
the presence or absence of newly acquired yaws
infections. Use of this measure should avoid the
complexity of monitoring serofast individuals.

Laboratory capacity building is needed for distribution
and deployment of new diagnostic instruments
worldwide. Technology transfer efforts and the
identification of appropriate regional and national
reference laboratories will be very important to support
national control programmes for yaws. Roll out of new
diagnostic techniques to local laboratories will need the
development and implementation of appropriate quality
control and assessment structures.

Non-treponemal causes of yaws-like lesions

The differential diagnosis of ulcerative lesions in tropical
countries is broad and includes treponemal infections,
pyoderma, and  polymicrobial tropical  ulcers.
Haemophilus ducreyi in particular has now been shown
to be an important cause of ulcerative skin lesions
clinically similar to yaws, in Papua New Guinea, the
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Solomon Islands, Vanuatu, and Ghana.** Although
some clinical phenotypes—particularly bony disease—
are likely to be more yaws-specific, the clinical similarity
of non-yaws lesions compared with common skin
features of yaws complicates clinical case reporting by
national surveillance programmes® and shows the need
for integration of point-of-care assays into surveillance
strategies to confirm suspected cases of yaws.

An additional complication of yaws-like ulcers that
should be considered is that these might affect community
perceptions of the efficacy of mass treatment of
azithromycin. Communities might expect mass treatment
to be a solution for all skin diseases as opposed to a
specific programme targeting a particular pathogen. The
best way to educate communities about the intended
benefits of yaws eradication programmes should be an
area of active research, and will need input from social
scientists and medical anthropologists. Integration of case
management for all skin ulcers, irrespective of their cause,
into mass treatment programmes should be considered.

Experimental models* suggest that azithromycin will
also be effective in treating non-genital lesions caused by
H ducreyi, but further studies will be needed to assess
this in the field. Data from pilot studies** of community
mass treatment for yaws eradication showed that the
absolute number of lesions caused by H ducreyi was also
reduced, although not as substantially as those caused
by T pallidum subspecies pertenue. Consideration should
also be given to a syndromic approach to the
management of skin ulcers with an integration of basic
skin care interventions such as provision of soap and
ulcer dressings, alongside mass treatment with
azithromycin, a strategy likely to have collateral benefits
for community engagement and general skin health.

Treatment
Until 2012, long-acting injectable penicillin (typically
benzathine benzylpenicillin) had been the mainstay of
treatment for yaws." A landmark study® in Papua New
Guinea showed that single-dose oral azithromycin at a
recommended dose of 30 mg/kg (maximum 2 g) was
equivalent to treatment with penicillin in both primary
and secondary yaws with 106 (95%) of 110 patients
clinically and serologically cured at 6 months. Treatment
with azithromycin is now central to the WHO eradication
strategy and should be more readily accepted by children
and their guardians than parenteral penicillin.®

The present WHO eradication strategy is initial total
community treatment with single-dose oral azithromycin
and subsequent resurveys with targeted treatment of
patients with residual yaws and their contacts. Selection
of the appropriate treatment unit will be important to
make this strategy both effective and efficient (panel 1).
In earlier campaigns, failure to treat contacts and latent
cases were thought to contribute to rapid return of the
disease.* This risk should theoretically be reduced by the
new mass-treatment recommendation.
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Pilot studies® have shown that implementation of the
WHO eradication strategy results in a reduction of
clinical and latent cases of yaws and might potentially
interrupt transmission.”” For syphilis, mass treatment
with azithromycin was temporarily effective in reducing
the frequency of disease in high-risk groups;” however,
in these studies syphilis subsequently rebounded to
premass treatment levels, emphasising the importance
of follow-up treatment to clear infection from cases
missed from detection and interrupt transmission. The
number of rounds of mass treatment and the population
coverage needed to interrupt transmission for yaws is
unknown. In the successful elimination campaign in
India, community surveillance and targeted treatment
were done every 6 months for a period of 7 years.*
Randomised trials are unlikely to be possible that answer
the questions about the proportion of population
coverage and numbers of rounds of treatment needed to
eradicate yaws. Instead, observational data from pilot
mass drug administration  programmes  and
mathematical models should be reviewed to identify
optimum community treatment strategies.

The recommended dose of azithromycin for patients
with yaws is 30 mg/kg (maximum 2 g).* A major
disadvantage of this regimen is the relatively high
incidence of associated gastrointestinal side-effects of
about 15%. Azithromycin is also used for several other
indications, notably trachoma, at a lower recommended
dose of 20 mg/kg bodyweight (maximum 1 g). Lower
doses of azithromycin are likely to be slightly better
tolerated than higher-dose treatment.” Use of a lower
dose could confer substantial cost savings for health-
care programmes, which is particularly important in
view of the absence of a drug donation programme for
yaws eradication, as well as offering synergies for
countries in the Pacific region where yaws and trachoma
are coendemic. Because three of the most heavily
endemic countries are in the Pacific region, this low-
dose treatment could be particularly beneficial. However,
these potential benefits will need to be carefully balanced
against the possibility of the development of drug
resistance. A WHO-sponsored trial is planned for 2015
(NCT02344628), in Papua New Guinea and Ghana, to
establish whether a 20 mg/kg dose of azithromycin is
effective against yaws.

Emergence of macrolide resistance in T pallidum
subspecies pertenue, which has already occurred with
T pallidum subspecies pallidum, is a major concern.?**
Macrolide resistance in treponemes is mediated by
point mutations in the 23S rRNA gene®”** and is
associated with previous exposure to other macrolides.”
Surveillance for known macrolide resistance mutations
in a very small number of azithromycin-naive settings
has not detected any azithromycin resistant yaws
strains; however, close monitoring after mass treatment
will be essential to ensure the success of the
eradication strategy.
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Other considerations

Human yaws is not known to have an animal reservoir.
However, a substantial number of pathogenic T pallidum
infections, asymptomatic infection, and clinical disease
occur in our closest relatives—non-human primates in
Africa.”* So far, all the sequenced simian samples are
closely related to human yaws-causing strains.?¥
Experimental infection of human beings with the
Fribourg-Blanc simian strain,* and reports on laboratory
infections of non-human primates with human
T pallidum isolates,* suggest that zoonotic transmission
is theoretically possible.® The relevance of these findings
to the yaws eradication campaign is unclear, but further
study is warranted.

Although the focus of this Review has been on yaws,
the two other endemic treponemal diseases, bejel and
pinta, are also worth remembering." Available data for
these two diseases are even more restricted than for
yaws, but the clinical and microbiological similarities
among the diseases suggest that strategies developed for
the control of yaws might be more broadly applicable.
These considerations are particularly important when
mapping strategies are formulated, so that opportunities
to improve our understanding and control of these
diseases are also grasped when feasible.

Although yaws eradication is likely to be a cost-effective
intervention,” financial and political support must be
secured at the national, regional, and international levels.
Pilot projects™* have shown the feasibility of the WHO
strategy and should encourage donations of both funds
and azithromycin. In addition to financial support,
engagement of advocacy groups and endemic com-
munities is needed to increase awareness of yaws and
show the possibility of a successful eradication of the
disease. Links to other control programmes for neglected
tropical diseases should be actively sought to build
synergies at all stages of the eradication campaign. A
major burden of yaws is in west and central Africa, which
has been severely affected by the Ebola virus disease
epidemic. Although this outbreak did not predominantly
affect countries in which yaws is a major problem, the
regional disruption on health-care services and personnel
caused by the epidemic might affect yaws eradication
efforts. Finally, the eradication campaign must develop
strategies to link into the wider public health systems of
the affected countries.

Conclusions

Much progress has been made in the past 3 years in
development strategies and methods for yaws eradication:
a simple, cheap, and well tolerated oral treatment,
azithromycin, is effective in the treatment of yaws; point
of care diagnostic tests have been validated; and new
molecular tests have become available. Studies on the
epidemiology of yaws and pilot mass-treatment
programmes have been rolled out in a few endemic
countries. Additionally, interest and support has increased
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Search strategy and selection criteria

We searched PubMed for studies published between January,
1900, and February, 2015, using the terms “yaws”, “pian”, and
“Treponema pallidum”. Reference lists of identified manuscripts
were reviewed to identify additional relevant material. We
reviewed literature and statistics held at the WHO and data
presented at WHO consultative meetings on yaws eradication.
No language restrictions were made for this Review.

within the academic and global health communities for
yaws eradication efforts, as shown in the increase in
research output related to yaws. The WHO Morges
strategy represents the cornerstone of efforts to eradicate
yaws and international efforts should be focused on
continuing to roll out this strategy in the known endemic
countries, while simultaneously working to answer the
research questions identified in this Review. Advocacy will
be crucial in the upcoming years to transmit to the wider
public health community the importance of addressing
this neglected disease and to trigger permanent plans for
action towards yaws eradication. The present yaws
programme can benefit from the knowledge and
experience of past yaws campaigns and of other inter-
national control initiatives for neglected tropical diseases.
Important opportunities are available for synergy among
disease control efforts to help to lead to a sustained
improvement in the quality of life for some of the world’s
most neglected people.
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7.2.2 Treponemal Infection in Nonhuman Primates as Possible Reservoir for Human
Yaws

The publication summarizes current knowledge and stresses the need to investigate NHPs as a
potential reservoir for human yaws infection. The consolidation of reported 7. pallidum cases
in African NHPs shows a clear geographic overlap with areas that have been reported to be
endemic for human yaws (spatial connectivity, chapter 4).
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Treponemal
Infection in
Nonhuman
Primates as
Possible Reservoir
for Human Yaws

To the Editor: In 2012, the
World Health Organization launched
plans for a second campaign to eradi-
cate the neglected tropical disease,
yaws (). The first campaign, con-
ducted during the mid-20th century,
was tremendously successful in terms
of treatment and reduced the number
of cases by 95%. However, it failed to
eradicate the disease, and when local
efforts to prevent new cases proved
insufficient, yaws resurged in some
arecas. Comments on the new yaws
eradication campaign have empha-
sized the need for sustained support
and resources. Here we draw attention
to an additional concern that could im-
pede yaws eradication efforts.

The success of any eradication
campaign depends on the absence of a
nonhuman reservoir. Smallpox had no
known animal reservoir, and polio and
dracunculiasis (guinea worm disease),
which are currently the focus of the
World Health Organization eradication
campaigns, also have none. By con-
trast, compelling evidence suggests that
yaws exists in wild nonhuman primate
populations residing in regions where
humans are also infected (Figure).

The subspecies of the bacterium
Treponema pallidum that cause the
non-sexually transmitted diseases
yaws (subsp. pertenue infection) and
endemic syphilis (subsp. endemicum
infection) and the sexually transmitted
infection syphilis (subsp. pallidum)
are close relatives. The 3 diseases
cannot be distinguished serologically.
Instead, the diseases they cause are
usually differentiated by clinical char-
acteristics and geographic distribu-
tion. Whereas syphilis is a venereal
disease with a worldwide distribution,
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yaws primarily affects children in hot
and humid areas of Africa and Asia,
and endemic syphilis occurs in arid
regions. Because methods available
to differentiate between the 7. pal-
lidum subspecies were unavailable
in the past, prevalence data for yaws
were sometimes vague and inaccurate.
Recently, molecular tests capable of
distinguishing between the subspecies
by using single nucleotide polymor-
phisms have been developed (2,3).
These tests have enabled us to learn
more about the 7. pallidum strains that
infect wild nonhuman primates.

During the 1960s, researchers re-
ported that many baboons in West Af-
rica were seropositive for treponemal
infection (4). Since then, high levels
of infection have been documented in
other monkey species in West Africa
and in great apes (5). Recently, we
documented 7. pallidum infection in
olive baboons (Papio anubis) at Lake
Manyara National Park in Tanzania
(6). In West Africa, clinical signs of
infection in nonhuman primates are
usually mild, if present at all, con-
sisting of small lesions around the
muzzle, eyelids, and armpits (4). A
recent survey in 2013 at Parc National
du Niokolo-Koba, Senegal, revealed
T. pallidum antibodies in Guinea ba-
boons (P. papio) with no signs of in-
fection (S. Knauf et al, unpub. data).
By contrast, severe manifestations
resembling tertiary-stage yaws have
been reported in wild gorillas (5). In
terms of genetic distance, studies thus
far indicate that the organisms infect-
ing baboons in West and East Africa
closely resemble 7. pallidum subsp.
pertenue, the agent responsible for
yaws in humans (2,7). In fact, the ge-
nome sequence of a 7. pallidum strain
collected from a baboon in Guinea
indicates that it should be considered
a T pallidum subsp. pertenue strain
(8). Infection has been confirmed by
serologic tests in a variety of nonhu-
man primate species in the yaws belt
of Africa and by PCR in baboons from
East and West Africa (Figure).
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The high prevalence of nonhu-
man primate infection in areas of
tropical Africa where yaws is com-
mon in humans (Figure) suggests
that cross-species infection may oc-
cur. Decades ago, researchers re-
ported that the Fribourg-Blanc sim-
ian strain, collected in Guinea, can
cause sustained infection in humans
after inoculation (9). Such experi-
ments are ethically questionable and
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the details given are scant, but this
work suggests that simian strains
have zoonotic potential. Addition-
al research is needed to determine
whether interspecies transmission
of T. pallidum occurs under natural
conditions. Bush meat preparation is
common in many African countries
and a major source of zoonotic infec-
tion. It involves frequent skin-to-skin
contact, which is the preferred mode
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Figure. Geographic proximity between human yaws and endemic syphilis, as estimated
by the World Health Organization, and locations in which treponemal infection has been
identified in nonhuman primates (NHPs), Africa, 1990s. Red dots indicate infection in
NHPs confirmed by sensitive and specific treponemal serologic tests (TPI/FTA-ABS/MHA-
TP [Treponema-pallidum-immobilization  reaction/fluorescence-Treponema-antibody-
absorption test/Treponema pallidum microhemagglutination assay]) and, in some cases,
PCR. Stars indicate suspected infection (i.e., sightings of NHPs with lesions consistent
with infection). Sources include the following: 1) Cameroon: Gorilla gorilla, observation
(W. Karesh, pers. comm.); Pan troglodytes, G. gorilla, and Papio sp., skeletal analysis
and serology (4;71 in online Technical Appendix: wwwnc.cdc.gov/ElD/articlepdfs/19/12/13-
0863-Techapp1.pdf). 2) Chad: Erythrocebus patas, serology (4). 3) Democratic Republic of
Congo (DRC): Pan troglodytes, serology (4). 4) Gabon: G. gorilla, observation (W. Karesh,
pers. comm.). 5) Guinea: Papio sp., serology and PCR (4,8). 6) Kenya: Papio anubis and
Chlorocebus sp., observation and serology (J. Fischer, pers. comm.); 72 in online Technical
Appendix). 7) Nigeria, Papio anubis (J. Wallis, pers. comm.). 8) Republic of Congo: G.
gorilla, serology and observation (W. Karesh, unpub. data; 5). 9) Tanzania: P. anubis;
observation, serology, PCR (6,7; 13 in online Technical Appendix; S. Knauf, unpub. data).
10) Senegal: Papio sp., Chlorocebus sp., colobus monkeys, and Erythrocebus patas;
serology (S. Knauf, unpub. data; 4; 74 in online Technical Appendix). Scale bar = 1,000 km.
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of transmission for yaws. Insects also
have been proposed to be vectors of
infection, although this has not been
documented(/0). If evidence of inter-
species yaws transmission, either di-
rect or by vector, is discovered, then
nonhuman primates may be a major
reservoir of infection for humans.

Additional studies comparing
human and simian strains may show
whether zoonotic transmission of 7.
pallidum occurs frequently, an im-
portant consideration with regard to
disease eradication and the conser-
vation of great apes and other en-
dangered nonhuman primates. To
eradicate yaws, all host species and
any possible reservoirs need to be
taken into account. We, like the rest
of the world, want the second yaws
eradication campaign to succeed and
hope that nonhuman primate infec-
tion will be evaluated as a factor in
disease transmission.
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Porcine Hokovirus
in Domestic Pigs,
Cameroon

To the Editor: Since 2005, new
parvoviruses forming a novel genus
of the proposed name Partetravirus,
within the subfamily Parvovirinae,
have been described (/). Human par-
vovirus 4 (PARV4) with 3 different
genotypes globally infects humans
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(2). A related porcine virus, hokovirus
(HoV or porcine partetravirus), was
found in wild boar and domestic pig
populations in Germany, Romania,
China, and the United States, with
prevalences of 12%—47%, forming 1
common genotype (3—6). Prevalence
figures from sub-Saharan Africa are
not available. Furthermore, no infor-
mation about possibly region-associ-
ated genotypes is available for porcine
HoV, although it is for human PARV4
from the same genus. We therefore
used samples (collected during Feb-
ruary-March 2012) from a study in-
vestigating hepatitis E virus (HEV)
in pigs from Cameroon (7) to analyze
the occurrence of porcine HoV in pigs
in Africa and to determine the respec-
tive genotype.

Viral DNA was extracted from
liver samples by using the RTP DNA/
RNA Virus Mini Kit I (STRATEC-
Molecular, Berlin, Germany) accord-
ing to the manufacturer’s instructions.
DNA samples were pooled, with each
pool containing 3 different samples. A
total of 94 pooled samples from 282
animals originating from 3 districts
in Cameroon (Doula, Yaoundé, and
Bamenda) were investigated by us-
ing quantitative real-time PCR (3,7).
Samples from pools that tested posi-
tive were analyzed individually.

We detected HoV in 65 (69%) of
the 94 pooled samples: 2 (15%) of 13
from Bamenda, 39 (70%) of 56 from
Douala, and 24 (96%) of 25 from
Yaoundé. We used an online tool to es-
timate the individual prevalence from
pooled samples for fixed pool size and
perfect test with exact 5% upper and
lower ClIs (http://epitools.ausvet.com.
au/content.php?page = PooledPreva-
lence). A pool size of 3 with a total
of 94 pooled samples and 65 posi-
tive samples resulted in an estimated
general prevalence of 32.4% (95% CI
27%-39%). For Bamenda, the esti-
mated prevalence was 5.4% (95% CI
1%-16%); for Douala, 32.8% (95%
CI 25%-41%); and for Yaoundé,
65.8% (95% CI 44%-87%).
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From 94 positive pools, a total of
184 samples were available for indi-
vidual testing: 6 from Bamenda, 110
from Douala, and 68 from Yaoundé;
12 were missing. Using the results
from the negative tested pools and
the individual testing, we found an
estimated general prevalence of 47%
(128/270). The regional prevalence
was 10% (4/39) for Bamenda, 41%
(65/160) for Douala, and 83% (59/71)
for Yaoundé.

These prevalences are higher than
the estimates, but lie within the region-
al estimates within the range of the CI
determined with the online tool. The
discrepancy in the total prevalence
might be due to the missing samples
for the individual testing. Our results
show that pooled sample testing can
yield a good approximation of the ac-
tual prevalence, at least for settings in
Africa. The varying prevalence and
inhomogeneous regional distribution
of porcine HoV correspond to previ-
ous findings from Europe, China, and
the United States in wild boar and
domestic pigs (3,5,6). Overall, no
general defined pig-breeding program
is in place in Cameroon. Douala and
Yaoundé are the main markets for pig
trade. Yaoundé, the main town for
pig purchase and slaughter, gets live
pigs from northwestern (Bamenda),
western, and northern Cameroon,
and Douala receives pigs from north-
western (Bamenda), western, and
southwestern Cameroon. To fully un-
derstand the observed regional preva-
lences, the presence of HoV needs to
be investigated in detail in the south-
west, west, and north, where intensive
farming systems are in place and pig
farming is of economic importance.

Near full-length genome data
were generated from 3 positive sam-
ples, and partial sequence informa-
tion was retrieved for 8 additional
samples (Figure) as described (3).
The phylogenetic analysis showed a
very close relation, with 98%-99%
homology between the porcine HoV
isolates from Cameroon, Europe, the
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7.3 Pathogen Maintenance in the Potential Nonhuman Reservoir

To define a functional reservoir, two important requirements must be fulfilled: pathogen
maintenance in the reservoir system (chapter 7.3) and the existence of feasible transmission
routes (chapter 7.4) (Hallmaier-Wacker et al., 2017). The following publications are
investigating the epidemiology and maintenance of 7. pallidum in NHPs and humans.

7.3.1 High Prevalence of Antibodies Against the Bacterium Treponema pallidum in
Senegalese Guinea Baboons (Papio papio)

124
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Abstract

The bacterium Treponema pallidum is known to cause syphilis (ssp. pallidum), yaws (ssp.
pertenue), and endemic syphilis (ssp. endemicum) in humans. Nonhuman primates have
also been reported to be infected with the bacterium with equally versatile clinical manifesta-
tions, from severe skin ulcerations to asymptomatic. At present all simian strains are closely
related to human yaws-causing strains, an important consideration for yaws eradication.
We tested clinically healthy Guinea baboons (Papio papio) at Parc National Niokolo Koba in
south eastern Senegal for the presence of anti-T. pallidum antibodies. Since T. pallidum
infection in this species was identified 50 years ago, and there has been no attempt to treat
non-human primates for infection, it was hypothesized that a large number of West African
baboons are still infected with simian strains of the yaws-bacterium. All animals were with-
out clinical signs of treponematoses, but 18 of 20 (90%) baboons tested positive for antibod-
ies against T. pallidum based on treponemal tests. Yet, Guinea baboons seem to develop
no clinical symptoms, though it must be assumed that infection is chronic or comparable to
the latent stage in human yaws infection. The non-active character is supported by the low
anti-T. pallidum serum titers in Guinea baboons (median = 1:2,560) versus serum titers that
are found in genital-ulcerated olive baboons with active infection in Tanzania (range of
medians among the groups of initial, moderate, and severe infected animals = 1:15,360 to
1:2.097e+7). Our findings provide evidence for simian infection with T. pallidum in wild Sen-
egalese baboons. Potentially, Guinea baboons in West Africa serve as a natural reservoir
for human infection, as the West African simian strain has been shown to cause sustainable
yaws infection when inoculated into humans. The present study pinpoints an area where
further research is needed to support the currently on-going second WHO led yaws eradica-
tion campaign with its goal to eradicate yaws by 2020.
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to all PLOS policies on sharing data and materials.

Introduction

In the mid-1960s, serological surveys demonstrated that the bacterium Treponema pallidum
infected large numbers of nonhuman primates in Guinea Bissau, Senegal, and Cameroon [1-
4]. While the bacterium, which belongs to the order of Spirochaetales, is known to cause syphi-
lis (ssp. pallidum), yaws (ssp. pertenue, TPE), and endemic syphilis (ssp. endemicum) in
humans, simian isolates have been reported to cause equally versatile clinical manifestations
(reviewed in [5]). At present, all simian isolates are genetically most closely related to human
yaws-causing strains [6, 7]. Currently the Fribourg-Blanc simian strain, which was isolated
from a baboon in West Africa [4], is the most profoundly characterized simian isolate. It has
been whole genome sequenced and due to its similar genetic characteristics, matching those of
other TPE strains, it has been proposed to be renamed as T. pallidum ssp. pertenue strain Fri-
bourg-Blanc [6]. It is furthermore the only simian strain that has been shown to infect humans
when inoculated into skin [8], though it should be noted that the indicated study must be con-
sidered as ethically questionable. Nevertheless, the findings suggest that simian strains may
successfully cross species barriers, an important observation for the ongoing second WHO led
yaws eradication campaign [9]. In the 1960’s, the isolated West African simian strain was
described to cause mild skin lesions in some baboons that included small keratotic lesions and
ulcers on the muzzle, eyelids, and armpits. However, most serologically positive animals were
free of any clinical symptoms [2].

We tested clinically healthy Guinea baboons (Papio papio) at Parc National Niokolo Koba
(PNNK) in south eastern Senegal for the presence of anti-T. pallidum antibodies. It was
hypothesized that infection is present even five decades after its first description in West Africa,
especially because the baboons had no history of treatment against the spirochete in this area.

Material and Methods
Ethical statement

All animal work was conducted according to relevant national and international guidelines.
Baboon serum samples were taken with permission of the National Parks Direction and the
Ministry of Environment and Sustainable Development of Senegal (Attestation 0383/24/03/
2009, 0373/10/03/2011, and 1089/02/09/2013). In addition, the Animal Welfare and Ethics
Committee of the German Primate Center approved the entire study. ‘Good Veterinary Prac-
tice’ rules were applied to all procedures whenever animals were handled, e.g. during blood
sampling. A veterinarian closely monitored anaesthetized animals until they were fully recov-
ered and able to make their way back to their group.

Study site and animals

PNNK is located in the south eastern part of Senegal and bordersGuinea to the south. While
poaching threatens several species of native wildlife in the park and has reduced their numbers,
the park’s population of Guinea baboons is stable and on the rise [10]. The study area lies next
to the ‘Centre de Recherche de Primatologie’ (CRP) at Simenti (GPS N13.026111,
W13.294722), which is located next to the Gambia River. The field site is operated by the Ger-
man Primate Center, and its main focus is on the behavioral ecology, social system, and cogni-
tion of Guinea baboons in their natural environment. The study population consists of ~300
baboons of which ~150 are habituated to the close presence of human observers [11]. The
home range encompasses about 25 km? [11]. Since 2007, behavioral research has been ongoing
with students and park rangers performing daily focal observations, following the habituated
baboons from 6:00 AM- 12:00 PM and 4:00 PM- 7:00 PM. To track the whereabouts of the
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Table 1. Spatial-, demography- and life-time data of animals that were sampled for blood. GPS data indicate the sampling site. All baboons were clini-
cally healthy. The baboon ID ends with the date of sampling. n/m = not measured.

Case Baboon ID

1 3-OSM-25.04.13*
2 4-MST-25.04.13
3 5-MSA-26.04.13
4 6-AMT-28.04.13
5 7-HOK-28.04.13
6 8-SNE-29.04.13
7 9-NDO-30.04.13
8 10-JLA-01.05.13
9 11-BNT-02.05.13
10 15-JHN-09.05.13
11 16-MRM-10.05.13
12 18-FRD-12.05.13
13 1-RBT-23.11.14

14 2-ANT-24.11.14

15 3-FDL-25.11.14

16 4-NDR-26.11.14
17 5-DRK-30.11.14

18 6-OSM-01.12.14*
19 9-JKY-07.12.14

20 10-BAA-11.12.14
21 11-FDR-12.12.14

*The same animal sampled in 2013 and 2014

doi:10.1371/journal.pone.0143100.t001

Sampling Site (GPS Data, Decimal Degrees, N and W)

13.03314, -13.28127
13.02652, -13.29628
13.02549, -13.29602
13.02959, -13.27823
13.02892, -13.27821
13.01826, -13.28522
13.00957, -13.27582
13.02788, -13.28452
13.03016, -13.28543
13.02344, -13.28742
13.03697, -13.27967
13.02019, -13.28528
13.03775, -13.31649
13.02555, -13.29417
13.02559, -13.29420
13.02559, -13.29420
13.02555, -1329421

13.02559, -13.29420
13.02558, -13.29417
13.02788, -13.28452
13.01089, -13.26952

20.0
23.0
22.0
12.0
20.0
215
20.0
14.0
n/m
21.0
10.0
22.0
20.0
20.5
20.0
205
19.5
19.0
225
20.0
21.0

Body Weight (kg)

Sex

Male
Male
Male
Female
Male
Male
Male
Female
Female
Male
Female
Male
Male
Male
Male
Male
Male
Male
Male
Male
Male

different study groups, a number of adult female and male baboons were collared e.g., with
VHEF radio transmitters collar devices (M2320, 130 g, ATS, Isanti, MN, USA). In order to col-
lar, remove or exchange transmitters, 20 animals, 4 females and 16 males, underwent routine

anesthesia, which allowed access for blood sampling in April to May 2013 (n = 12) and Novem-

ber to December 2014 (n = 9; Table 1, one baboon was captured in 2013 and 2014 and is

counted in total as a single individual).

Continuous health data are available from all baboons of the habituated study group. Signs

of discomfort (e.g., fatigue or reduced grooming behavior), lesions caused by trauma, or
chronic skin alterations or rash were recorded and reported on a regular basis.

Anesthesia and sampling

Baboons were either short-term immobilized while they were ranging in their group, or when
trapped in a custom-made baboon trap. Chemical immobilization was achieved using a mix-

ture of 5.5 mg ketamine/kg body weight (bm) (Ketavet, Pfizer, Berlin, Germany), 1.1 mg xyla-
zine/kg bw (Rompun, Bayer, Leverkusen, Germany), and 0.01 mg atropine/kg bm (Atropium
sulfuricum, Eifelfango, Bad Neuenahr-Ahrweiler, Germany). Injection was done by intramus-

cular remote distance injection using blowpipe or cold-gas immobilization rifle.
Body weight was measured using a spring scale and animals were monitored for vital

parameters, such as breath and heart frequency as well as internal body temperature, followed
by a routine health check with special focus on skin lesions such as chronic skin ulcers, rash, or

bone deformation.

PLOS ONE | DOI:10.1371/journal.pone.0143100 November 20, 2015
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Blood sampling was performed away from the other baboons and in the shade. After proper
disinfection of the skin the femoral vein was punctured using a closed blood collection system
with a 20G needle (S-Monovette-Kaniile 20Gx1/1.5, #85.1160) to protect the researcher from
direct contact with blood. Briefly, a total of 27 ml whole blood was collected with one Lithium-
Heparine (S-Monovette 9 ml LH, #02.1065.001), one EDTA (S-Monovette 9 ml K3E,
#02.1066.001), and one serum collection tube (S-Monovette 9 ml Z, #02.1063). After removal
of the needle, firm pressure was applied to the puncture side to prevent formation of hema-
toma. Blood samples were kept cool utilizing a recoolx-bag (Recoolx Sievers, Bramsche, Ger-
many) until proper storage facilities were reached after return to the field camp. Samples were
kept in upright position until sedimentation was achieved.

Sample processing occurred in the late evening of the sampling day. Plasma and serum sam-
ples were divided into 1.0-ml aliquots and transferred into 1.5-ml Protein LoBind tubes
(Eppendorf, Hamburg, Germany). All steps were performed using sterile syringes and needles.
Plasma and serum aliquots were stored at approximately -10°C using a gas-operated freezer
(Dometic RC 2200 50mbar, Waeco, Emsdetten, Germany) until samples were exported to the
German Primate Center, where they were stored at -80°C until they were used for the different
serological tests.

Serology

Validation of serological tests and performance characteristics with baboon sera (sensitivity,
specificity, positive and negative predictive values) excluding the detection of cardiolipin can
be found elsewhere [12]. Due to sample loss and degradation during export, animals sampled
in 2014 were only tested in the field with the treponemal test (TT) ESPLINE TP (Fujirebio
Diagnostics Inc., Malvern, PA, USA), whereas baboons sampled in 2013 were tested extensively
for the presence of anti-T. pallidum antibodies as it is described below.

Treponemal tests

Briefly, serum samples were tested for anti-T. pallidum antibodies in the field using the
ESPLINE TP (Fujirebio Diagnostics Inc., Malvern, PA, USA) TT. Four other TTs were used to
detect antibodies against Treponema in one of our German laboratories (SF): Syphilitop
Optima (ALL. DIAG S.A.S,, Strasbourg, France), Mastafluor FTA-ABS IgM and IgG (Mast
Diagnostica, Reinfeld, Germany), Mastablot TP (Mast Diagnostica, Reinfeld, Germany), and
Serodia TP-PA (Fujirebio Diagnostics Inc., Malvern, PA, USA). The latter was used to assess
anti-T. pallidum titres. All TTs were performed as described elsewhere [12].

Non-treponemal tests

Non-treponemal tests (NTTs) were used to detect antibodies to lipid antigens and were per-
formed at the German Primate Center (SK). While the RPR-100 (Biorad, Marnes, France) and
the VDRLCHECK Charbon/RPR (ALL. DIAG S.A.S., Strasbourg, France) were used as
described elsewhere [12], we also included a cardiolipin IgG (cut-off value > 10 U) (Mast Diag-
nostica, Reinfeld, Germany) and IgM assay (cut-off value > 8 U) (Mast Diagnostica, Reinfeld,
Germany) to further evaluate the presence of IgG and IgM-class antibodies against cardioli-
pins. Cardiolipin IgG and IgM assays were run at Mast Diagnostica, Reinfeld, Germany (SF).
Purified cardiolipin antigens of bovine heart origin were bound to an enzyme immunoassay
(EIA) solid phase. The assay procedure as well as baboon sera dilution were performed accord-
ing to the kit’s instruction. For the differentiation between anti-IgG and anti-IgM-antibodies,
specific conjugates were used to detect the different antibody-antigen immune complexes. The
results were obtained by using an EIA plate reader (Sunrise, Tecan, Mannedorf, Switzerland;
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filter setting (450/620 nm)), calculating the serum concentration from a 4-parameter calibra-
tion curve, which was performed for the IgG and IgM assay separately.

Statistics

Statistical analyses were performed using Prism 6.0 (GraphPad Software, La Jolla, CA, USA).
Endpoint titers of exponential scale were log;, transformed to reduce variance. In case of non-
Gaussian distribution and log transformation, zero-titers were converted into 10e-14. Normal
distribution was tested using the D’Agostino & Pearson omnibus normality test and the Sha-
piro-Wilk normality test. Antibody titers from this study were compared to the results of anti-
T. pallidum titers from a different study [12], which were assorted into four different baboon
categories: clinically non-affected, initially, moderately, and severely genital-ulcerated [13].
The non-parametric Kruskal-Wallis test was applied to the log'’-transformed data sets of the
antibody titers. Each mean rank was compared to the mean rank of every other group. Dunn’s
correction for multiple comparisons (significance without confidence intervals) was applied to
the test. In all tests, p < 0.05 was considered statistically significant.

Results
Sero-positivity is not associated with clinical signs of infection

No signs of chronic skin ulceration or rash have been reported from baboons in the study area
at PNNK since behavioral research started in 2007. Also, animals that were chemically immo-
bilized were thoroughly clinically inspected and showed no abnormalities that could be associ-
ated with T. pallidum infection. The only skin lesions found were due to acute or partly healed
skin wounds from trauma, especially in elderly males.

High sero-prevalence in Guinea baboons at PNNK

Although all animals were without clinical signs of treponematosis, 18 of 20 (90%) examined
baboons were tested positive for antibodies against T. pallidum based on the outcome of the
TTs. The only exception was one female of the 12 animals tested in 2013 and one male baboon
of the 9 animals tested in 2014. The female was negative for antibodies against T. pallidum in
all serological tests (case 4, Table 2, S1 Table), while the male baboon in 2014 was only tested
using the ESPLINE TP.

Results of the Mastafluor FTA-ABS IgG were in accordance to the ESPLINE TP findings,
while Mastafluor FTA-ABS IgM detected antibodies of the IgM class against T. pallidum in
only a single baboon (8.3%, case 6, Table 2, S1 Table). The same finding was present when
serum was tested with the Mastablot TP for IgG and IgM. Again, the female 6-AMT-28.04.13
(case 4, Table 2, S1 Table) was negative for IgG antibodies against the pathogen, whereas all
other baboons tested positive. IgM, however, was detected in only a single animal using Masta-
blot TP IgM. This animal (case 10, Table 2, S1 Table) was different from the one that was iden-
tified to have IgM antibodies against T. pallidum in the Mastafluor FTA-ABS IgM test (case 6,
Table 2, S1 Table).

VDRLCHECK and RPR-100 results differ in two cases (2 and 7, Table 2, S1 Table). In both
cases the VDRLCHECK result was positive, while the RPR-100 test result was negative. The
female that was negative in all TTs was equally negative in both NTTs. Antibodies of the IgM
class directed against cardiolipins exceeded the cut-off value in 3 animals (case 1, 6, and 7,
Table 2) and thus were considered to be positive. Only one animal had a positive outcome for
IgG anti-cardiolipin antibodies against the spirochete (case 1, Table 2, S1 Table).
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Anti-T. pallidum antibody titers are not as high as in East African
baboons

In all sero-positive baboons that were sampled in 2013, antibody titers had a median titer of
1:2,560 with a range of 1:1,280 to 20,480 (S1 Table). The log;o-transformed data for the anti-
body titers obtained from the PNNK baboons did not follow a Gaussian distribution and thus
were analyzed using a non-parametric test. The comparison of anti-T. pallidum antibody titers
obtained from clinically non-affected (CNA) sero-positive Guinea baboons showed no signifi-
cant difference to the results of CNA olive baboons at Lake Manyara National Park in Tanza-
nia, as they are published elsewhere ([12], Fig 1). However, there is a tendency of higher
antibody titers in the CNA baboons from Senegal with a median of 1:2,560 (range 0 to
1:20,480) compared to the titers of CNA Tanzanian baboons (median = 0, range 0 to 1:81,920).
The same applies when compared to the group of initially (median = 1:15,360, range 0 to
1:81,920) and moderately genital-ulcerated and T. pallidum infected baboons of East Africa
(median = 1:40,960, range 1:1,280 to 1.311e+6). In our analysis, there was a significantly lower
antibody titer in the baboons sampled in 2013 at PNNK compared to severely infected (SEV)
baboons at Lake Manyara National Park (p = 0.0004, SEV median = 1:81,920, range 1:20,480
to 2.097e+7; Fig 1).

Discussion
Transmission of T. pallidum in Senegalese baboons remains elusive

T. pallidum infection in baboons has been reported in many areas of tropical Africa [14].
Although the high number of T. pallidum sero-positive Guinea baboons at PNNK (90%,

n = 18/20) was expected based on reports of the 1960s to 70s [1-4], it is currently not clear how
T. pallidum is transmitted within a population of clinically non-affected baboons. In humans,
yaws affects primarily young children and is generally transmitted through direct skin contact
[15]. In primary yaws, lesions can be found commonly on the legs and ankles but can also be
on arms and face. The primary lesion usually heals up within 3-6 months and is followed by
secondary lesions that result from lymphatic and hematogenous spread (reviewed in [15]).
These lesions are teeming with spirochetes and support the transmission of the pathogen by
close contact with a susceptible new host. However, skin ulcers in baboons have not been
reported from PNNK since behavioral research started in 2007. We have not yet detected trep-
onemal DNA from blood collected in 2013 and 2014, though analysis is currently ongoing. The
possibility to not only identify pathogen specific antibodies against T. pallidum, but also to
study the genetic information of the simian strain(s) circulating in south east Senegal, would
provide a better understanding of disease ecology and transmission pathways.

All simian T. pallidum strains analyzed thus far are genetically closely related to human
yaws-causing strains [6, 7] and the Fribourg-Blanc simian strain must be considered as the
most likely candidate to infect the baboons at PNNK. Historically, it was isolated from a
baboon in West Africa and infection was not commonly associated with clinical manifestations
[2]. It is possible that some baboons did sero-convert before macroscopic lesions became visi-
ble. This, however, is mostly unlikely since baboons are long-term monitored and all animals
had no history of skin lesions before and after blood was sampled in 2013 and 2014. PNNK’s
habituated baboons allow researchers to approach them very closely, sometimes closer than 2
meters of distance. If present, skin lesions would have been identified during some of the daily
focal observations.

In humans, T. pallidum is recognized as an obligate pathogen, which has a very low infec-
tious dose of ~50 inoculated microorganisms (at least for the syphilis causing ssp. pallidum,
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[16]). Congenital infection is a common feature in syphilis [17] but rarely reported in yaws
[18]. It is not known whether simian strains can be transmitted from an infected mother via
the placenta to an unborn child, but neither at the PNNK nor in the clinically affected East
African baboon population has an increase in neonatal or sub-adult mortality rate been noted.
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Future studies at PNNK should include representative sampling of all age classes and long-
term serological monitoring of individuals, starting at an early age and considering pedigrees.
This could help to identify possible patterns of sero-conversion and may contribute to the iden-
tification and modeling of possible transmission routes in Guinea baboons.

Noteworthy, there is some evidence that other monkey species may in addition play a role
as a reservoir for T. pallidum in Senegal. Interestingly, some green monkeys (Chlorocebus
sabaeus) at PNNK do show signs of clinical infection that represent classic yaws-induce lesions
in the face (Fig 2). A major task for future research activities must therefore include sampling
of clinically infected green monkeys. Transmission between the latter and baboons may occur
when juveniles play together or in the rare event, when adult baboons prey on green monkeys,
as described for other baboon species [19]. It is possible that different species develop different
clinical manifestations upon infection with the spirochete. This again underscores the impor-
tance to enhance research activities on transmission routs. Baboons and green monkeys tend
to share resources (e.g., food and water) with humans. Even if monkey consumption has no
recent history in Senegal, nonhuman primates may often be chased and killed to minimize
crop raiding. At the same time, hunting provides a major potential source of cross-species
infection with direct skin contact. The likelihood that infection in nonhuman primates is wide
spread across West Africa, plus the tradition of primate bush meat hunting in neighboring
countries such as Guinea, may provide a potential hotspot of nonhuman primate to human
infection.

Serology indicates a latent stage infection

All tests that were used in this study have been validated for the use in baboons [12]. Individ-
ual-based testing results of the TTs were constant for anti-T. pallidum antibodies of the IgG
class in all assays. However, test results for IgM differed and were not always consistent. For
example, one baboon was tested positive with the Mastafluor FTA-ABS IgM (case 6, Table 2,
S1 Table), but tested negative with the Mastablot TP IgM. The opposite applied to case 11
(Table 2, S1 Table). All other animals were negative for IgM anti-T. pallidum antibodies. IgG
antibodies against the spirochete are known to be stable and persistent throughout life [20],
which correlates well with the reads of the IgG detecting TTs in this study. In contrast, IgM
antibodies are the first to be produced post-infection but have a lower amplitude than IgG titers
[21] and a reduced half-life compared to IgG [22]. In human treponematoses, antigen-specific
IgM antibodies start to decline ~8 weeks post infection and may reach baseline levels after 2
years of infection [20]. Due to the high sero-prevalence of T. pallidum in baboons at PNNK, it
can be assumed that infection is well established in the population and most animals are long-
term infected with IgM titers that most likely reached baseline level already. However, it must
be taken into consideration that at least some of the IgM results are false negative. IgM is sensi-
tive to freeze-thaw cycles, which can contribute to the formation of cryoglobulins [23]. In this
case, IgM may no longer be detected as it is precipitated. No free-floating detectable IgM will
be found in such sera.

The inconsistent results of the cardiolipin EIA when compared to the corresponding NTT
results (Table 2, S1 Table) may be due to the fact that cardiolipin is immobilized onto a solid
phase using co-factors such as bovine sera. Co-factor related antigen structures, however, seem
to be more specific for (human) phospholipid syndrome detection than for the use as a NTT.
Thus, antibodies binding to VDRL and RPR may not be detected to the same level by an EIA.

Although Guinea baboons seem to develop no clinical symptoms of treponematosis, it is
likely that infection is chronic or comparable to the latent stage in human yaws infection. This
is supported by the low anti-T. pallidum serum titers in asymptomatic Guinea baboons
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Fig 2. An adult green (Chlor b with facial lesions at PNNK. The clinical
manifestations resemble lesions known from tertiary human yaws infection.

doiz10.1371/journal.pone.0143100.9002

(median = 1:2,560) versus serum titers that are found in genital-ulcerated baboons with active
infection (median INI = 1:15,360, MOD = 1:40,960, and SEV = 1:81,920, [12]). Yet, low but
consistent antibody levels again raise the question, why Senegalese Guinea baboons do not
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develop yaws- or syphilis-like lesions. This might be explained by strain specific genetic factors,
which we do not understand yet and which are subject to functional analyses once the genomes
of a substantial number of T. pallidum simian isolates have been sequenced and compared to
human yaws and syphilis strains. In addition, host factors might be responsible for subtle
changes in the immunological response, which is known to be a main driver for tissue damage
during active infection in T. pallidum infection [24]. It is also possible that some species have
coevolved with the bacterium and thus show different clinical manifestations through adapta-
tion. However, Guinea baboons are parapatric with western olive baboons and hybridization
among both species is likely [25-27]. It would thus be important to include western olive
baboons in future investigations.

Conclusion

Five decades after its first description from West Africa, south-eastern Senegalese Guinea
baboons are (still) infected with T. pallidum, which is demonstrated by the specific antibodies
against the spirochete. Though molecular detection of spirochete DNA is currently under
investigation, the most likely strain that infects baboons in West Africa is the Fribourg-Blanc
simian strain. This strain has been whole genome sequenced and shows close relationship to
human yaws-causing T. pallidum strains [6]. In addition, it has been demonstrated to be infec-
tious to humans [8]. This underlines the theoretic potential for Guinea baboons in West Africa,
especially in areas where bush meat is consumed, to serve as a natural reservoir of human yaws
infection. The reported results from our investigation in West Africa are of importance for the
on-going second WHO led yaws eradication campaign [28] with its goal to eradicate yaws by
2020 [29].

Supporting Information

S1 Table. Individual-based dataset on clinical manifestations and serological test results.
(XLSX)
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Human yaws has historically been endemic to Kenya, but
current epidemiologic data are lacking. We report serop-
revalence for Treponema pallidum antibodies in olive ba-
boons (Papio anubis) and vervet monkeys (Chlorocebus
pygerythrus) in Laikipia County, Kenya. Our results suggest
endemicity of the yaws bacterium in monkeys, posing a
possible zoonotic threat to humans.

“ 7 aws is a disease caused by the bacterium Treponema
pallidum subsp. pertenue, which is believed to be an
exclusively human pathogen (7). However, this bacterium
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has recently been identified in African nonhuman pri-
mates (NHPs) (2), raising concerns about a possible
zoonotic reservoir for human infection. Kenya is 1 of 76
countries that the World Health Organization categorizes
as previously endemic for yaws, but no current data sup-
port its presence or absence (http://apps.who.int/gho/data/
node.main NTDYAWSEND). However, sustainable yaws
eradication will rely on information about transmission
dynamics and potential links between human and NHP 7.
pallidum strains (3).

In the early 1960s, Fribourg-Blanc and Mollaret tested
150 serum samples from wild-caught baboons (Papio sp.)
from Guinea and Kenya (4). Although 72 (65%) of 111
serum samples from Guinea were positive for 7. pallidum
antibodies, none of the samples from Kenya were positive.
In subsequent years, an additional 276 serum samples from
baboons in Kenya supported the absence of 7. pallidum in-
fection. However, a more recent study of baboon samples
collected during 1977-1994 in Kenya reported serologic
evidence of T. pallidum infection in Nanyuki, Laikipia
County (prevalence 57.5%) (5). For our study, we hypoth-
esized that 39 years after the first samples were positive for
antibodies against 7. pallidum in Nanyuki (5), infection is
still present in the NHP population.

All animal protocols were approved by the Kenya
Wildlife Service (permit #4004), the Institute of Primate
Research Scientific and Ethics Review Committee, and the
Smithsonian Institution Animal Use and Care Committee.
In October 2016, we sampled 65 olive baboons (Papio
anubis) and 2 vervet monkeys (Chlorocebus pygerythrus)
at sites surrounding the Mpala Research Centre in Laiki-
pia County, Kenya. We performed a preliminary serologic
screening by using the immunochromatographic Dual
Path Platform (DPP) HIV-Syphilis Assay (Chembio Di-
agnostic Systems, Inc., http://chembio.com) according to
the manufacturer guidelines. This syphilis (7. pallidum)
assay is a useful screening tool because antibodies against
Treponema subspecies are cross-reactive (6). We tested
67 samples with the DPP assay; 49 were positive and
18 negative.

However, because this test is not certified for use with
NHPs, we subsequently confirmed results by using the 7.
pallidum Particle Agglutination Assay (TPPA) (SERODIA
TPPA, https://www.fujirebio-us.com), which has been vali-
dated for use in baboons (7). Of the 52 samples tested with
the TPPA assay, there were 33 positive, 6 negative, and 13
inconclusive results. Inconclusive TPPA results indicate
nonspecific antibodies reacting with nonsensitized par-
ticles. Because of limited sample material, we were unable
to perform repeated testing with a preabsorption step to
remove all nonspecific binding antibodies (as described in
the assay manual) and therefore excluded the inconclusive
TPPA results from our analysis.
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If we defined seropositive monkeys as those with posi-
tive results for the TPPA or DPP, 1 of 2 vervet monkeys
and 53 (85.5%) of 62 baboons were seropositive. Male ba-
boons (90.4%, 38/42) had a relative seropositivity risk ratio
of 1.3 (95% CI 0.984-1.858) when compared with female
baboons (72.2%, 13/18); however, this difference was not
significant (p = 0.111 by Fisher exact test). If we includ-
ed age, in addition to sex, in the analysis, adult male and
female baboons both showed 100% seropositivity (21/21
and 10/10, respectively). Subadult males and females also
showed seropositivity of 100% (6/6 and 1/1, respectively).
Juveniles had a combined seropositivity of 61.1%: a total
of 81.8% (9/11) of males and 28.6% (2/7) of females were
seropositive. Infants had the lowest seroprevalence rate
(50%, 2/4) (Table).

None of the tested NHPs had overt clinical signs of in-
fection, such as skin lesions, which might have contained 7.
pallidum DNA. However, several other studies found that
NHPs are frequently seropositive for 7. pallidum antibod-
ies without clinical lesions (5,8,9). Because wild NHPs are
not treated and bacterial clearance is unlikely, the absence
of lesions presumably corresponds to the latency stage of
infection, which is also a key characteristic of human trepo-
nematoses (/0). Future molecular investigations should in-
clude nontreponemal tests to further support the assump-
tion that animals are in the latency stage and should target
the DNA of the pathogen, which would enable compari-
son of T. pallidum strains of NHP origin from Kenya with
those infecting NHPs in neighboring countries and possibly
humans. In Tanzania, a country that has a similar history
of previous yaws endemicity in humans and lacks current
prevalence data, clinical lesions have been documented
in olive baboons, vervet monkeys, yellow baboons, and
blue monkeys, in addition to widespread seroprevalence

Table. Demographic data and serologic results for nonhuman
primates sampled for Treponema pallidum antibodies, Laikipia
County, Kenya, October 2016*

No. positive/no. tested (%)
Male Female

Species, age groupt
Olive baboon (Papio anubis)

Adult 21/21 (100) 10/10 (100)
Subadult 6/6 (100) 1/1 (100)
Juvenile 9/11 (82) 217 (29)
Infant 2/4 (50) ND
Subtotal 38/42 (90) 13/18 (72)
Vervet monkey (Chlorocebus pygerythrus)
Adult 0/1 (0) ND
Juvenile 1/1 (100) ND
Subtotal 1/2 (50) ND
Total 39/44 (89) 13/18 (72)

*Samples were tested by using the Dual Path Platform Assay or the
Treponema pallidum Particle Agglutination Assay. ND, not done.

tAge ranges for P. anubis baboons, infant, <1.3 y; male juvenile, 1.3-6 y;
female juvenile, 1.3-5 y; male subadult, 6-9 y; female subadult 5-6 y;
male adult, >10 y; female adult, >6 y (Appendix reference 17,
https://wwwnc.cdc.gov/EID/article/25/11/19-0716-App1.pdf). Age ranges
for C. pygerythrus monkeys: juvenile, 22—40 mo; adult, >40 months
(Appendix reference 2).
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in NHPs closely matching previous human infection geo-
graphic distribution (9).

Our results suggest that evidence of Treponema expo-
sure in NHPs continues to be present in Laikipia County al-
most 4 decades after it was first detected. Our data provide
further evidence that, in East Africa, 7. pallidum infection
is endemic to NHPs and that multiple NHP taxa contain
antibodies indicating latent infection. Providing reliable
information on the epidemiology of treponematoses in hu-
mans and NHPs has major programmatic implications for
yaws eradication. Under a One Health approach, we call
for additional yaws surveillance in communities in Kenya,
especially in regions where NHPs and humans coexist.
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We characterized exposures and demographics of Middle
East respiratory syndrome coronavirus cases reported to the
Saudi Arabia Ministry of Health during July 1-October 31,
2017, and June 1-September 16, 2018. Molecular character-
ization of available specimens showed that circulating virus-
es during these periods continued to cluster within lineage 5.
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Middle East respiratory syndrome (MERS) coronavi-
rus (MERS-CoV) epidemiology in Saudi Arabia is charac-
terized by healthcare-associated outbreaks (/,2), occasion-
al household-contact transmission (3), and sporadic cases
without apparent links to other known cases (4,5). Since
2015, healthcare-associated transmission has decreased as
infection prevention and control practices have improved
(6); however, sporadic cases continue to be reported, of-
ten associated with contact with dromedaries (4,7). Sur-
veillance and routine investigation of recent MERS cases
are critical to monitor the epidemiology of this emerging
pathogen. We characterized exposures and demographics
of MERS cases reported to the Saudi Arabia Ministry of
Health during July 1-October 31, 2017, and June 1-Sep-
tember 16, 2018, and performed molecular characterization
of available specimens to describe circulating viruses dur-
ing these periods.

We summarized demographics and exposures using
Ministry of Health investigation data. To further character-
ize exposures among sporadic cases (no known epidemio-
logic link to a hospital outbreak or known case) reported
during July 1-October 31, 2017, we conducted telephone
interviews using a standardized questionnaire addressing
demographics and activities during the 14 days before
symptom onset (exposure period). For deceased or un-
available patients, we interviewed proxies. We did not con-
duct interviews for cases reported during June 1-Septem-
ber 16, 2018; this period was selected because of specimen
availability. Cases were confirmed by testing respiratory
specimens with MERS-CoV real-time reverse transcrip-
tion PCR assays (&8). We shipped 20 specimens to the US
Centers for Disease Control and Prevention for genome
sequence analysis (9).

During July 1-October 31, 2017, a total of 61 MERS
cases were reported from 12 of 13 administrative re-
gions. Median patient age was 50 (range 10-89) years; 43
(70%) were male, and 23 (38%) died. Nine (15%) cases
were associated with a hospital outbreak, 10 (16%) were
household contacts of known cases, and 42 (69%) were
classified as sporadic and further investigated. During
November 2017, we interviewed 35 (83%) sporadic case-
patients, 9 directly and 26 by proxy; 7 were unavailable.
Among the 42 sporadic case-patients, median age was 57
(range 25-89) years; 35 (83%) were male, and 33 (79%)
reported underlying conditions, most commonly diabetes
(n = 24) and hypertension (n = 23). All were symptom-
atic and hospitalized; 22 (52%) died. During the exposure
period, 21 (50%) sporadic case-patients reported camel
contact: 12 had direct contact (touching), 5 indirect con-
tact (visiting a setting with camels or exposure to others
with direct camel contact), and 4 contact that could not
be further classified. Among patients with camel contact, 6
also reported visiting a healthcare facility without a known
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Widespread Treponema
pallidum Infection in
Nonhuman Primates, Tanzania
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We investigated Treponema pallidum infection in 8 nonhu-
man primate species (289 animals) in Tanzania during 2015—
2017. We used a serologic treponemal test to detect anti-
bodies against the bacterium. Infection was further confirmed
from tissue samples of skin-ulcerated animals by 3 indepen-
dent PCRs (polA, tp47, and TP_0619). Our findings indicate
that T. pallidum infection is geographically widespread in
Tanzania and occurs in several species (olive baboons, yel-
low baboons, vervet monkeys, and blue monkeys). We found
the bacterium at 11 of 14 investigated geographic locations.
Anogenital ulceration was the most common clinical manifes-
tation; orofacial lesions also were observed. Molecular data
show that nonhuman primates in Tanzania are most likely
infected with T. pallidum subsp. pertenue-like strains, which
could have implications for human yaws eradication.

he geographic distribution of infection with the bac-

terium Treponema pallidum in nonhuman primates
(NHPs) in Africa has been reported to closely match the
one seen in human yaws in Africa before the first yaws
eradication campaign (/). Some Africa countries, such as
Tanzania, have a history of human yaws but lack recent
epidemiologic data that support elimination (2). At the
same time, many of these countries report NHP infection
with 7. pallidum strains that are highly similar to the hu-
man yaws—causing 7. pallidum subsp. pertenue (TPE) (3,4;
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S. Knauf et al., unpub. data, https://www.biorxiv.org/
content/early/2017/05/10/135491) and thus make NHP in-
fection an important issue for a One Health approach.

The first published report of T. pallidum infection in
Tanzanian NHPs came from anogenital ulcerated olive
baboons (Papio anubis) at Gombe National Park (GNP)
in the late 1980s (5), followed by cases reported from
olive baboons at Lake Manyara National Park (LMNP)
(3,6,7) and Serengeti National Park (SNP) (3). Clinical
manifestations of 7. pallidum infection in NHPs ranged
from asymptomatic to severe skin ulceration mainly af-
fecting the face or genitalia (8). Although early serologic
investigations conducted by Fribourg-Blanc in West Af-
rica confirmed widespread infection in several NHP spe-
cies (e.g., baboons [Papio sp.], guenons [Cercopithecus
sp.], red colobus [Piliocolobus badius], and chimpan-
zees [Pan trogoldytes]) (9), the infection in Tanzania
was exclusively reported from olive baboons in northern
parts of the country. Despite the close genetic relation-
ship to human yaws—causing TPE strains (3,4; S. Knauf
et al., unpub. data, https://www.biorxiv.org/content/
early/2017/05/10/135491), and in the absence of recent
reports of human yaws in Tanzania (/0), it is currently
unclear whether NHP strains naturally infect humans.

As a starting point and basis for advanced epidemio-
logic investigations, our main objective was to investigate
the geographic distribution and host species composition of
T. pallidum infection in free-ranging NHPs in Tanzania. We
hypothesized that, in Tanzania, A) NHPs other than olive
baboons are infected with the 7. pallidum bacterium and B)
that infection is not restricted to northern parts of the country.

Materials and Methods
Study Design, Sampling Sites, and Animals

We applied a cross-sectional study design using semiran-
dom selection of free-ranging NHPs in selected areas in

'Deceased.
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Tanzania. Selection of NHPs was biased toward animals
with visible skin ulcers. Sampling took place at Arusha
National Park (ANP), GNP, Katavi NP (KNP), LMNP,
Mahale NP (MNP), Mikumi NP (MKNP), Ngorong-
oro Conservation Area (NCA), Ruaha NP (RNP), Sel-
ous Game Reserve (SGR), SNP, Tarangire NP (TNP),
Udzungwa NP (UNP), and Issa Valley (Issa), as well as
Jozani-Chwaka Bay NP-Masingini Forest (JCBNP) on
Unguja Island, Zanzibar (Figure 1). We investigated the
following species: olive baboon, yellow baboon (Papio
cynocephalus), blue monkey (Cercopithecus mitis), red-
tailed monkey (Cercopithecus ascanius), vervet monkey
(Chlorocebus pygerythrus), Udzungwa red colobus (Pil-
iocolobus gordonorum), Zanzibar red colobus (Pilio-
colobus kirkii), and Ugandan red colobus (Piliocolobus
tephrosceles). Using FreeCalc (http://epitools.ausvet.
com.au/content.php?page=FreeCalc2), and based on our
previous study at LMNP (6) that showed a disease preva-
lence of 85%, we calculated a sample size of >4 (expected

Figure 1. Protected areas

and sites where free-ranging
nonhuman primates (NHPs)
were sampled in a study of
Treponema pallidum infection,
Tanzania. 1, Serengeti National
Park (41 NHPs); 2, Ngorongoro
Conservation Area (18 NHPs); 3,
Lake Manyara National Park (38
NHPs); 4, Tarangire National Park
(26 NHPs); 5, Arusha National
Park (14 NHPs); 6, Gombe
National Park (32 NHPs); 7,
Mahale National Park (17 NHPs);
8, Issa Valley (2 NHPs); 9, Katavi
National Park (12 NHPs); 10,
Ruaha National Park (18 NHPs);
11, Udzungwa National Park

(25 NHPs); 12, Mikumi National
Park (25 NHPs); 13, Selous
Game Reserve (8 NHPs); 14,
Jozani-Chwaka Bay National
Park—Masingini Forest on Unguja
Island, Zanzibar (13 NHPs).

Dark green indicates national
parks; light green indicates
game reserves; yellow indicates
conservation area. Circle graphs:
black, NHPs T. pallidum—
positive (serology and/or PCR);
white, NHPs T. pallidum-negative
(serology and PCR). The map
was produced with ArcMap
version 10.0 (ESRI, Redlands,
CA, USA) by using shape files

T. pallidum in Nonhuman Primates, Tanzania

disease prevalence 85%) to 21 (expected disease preva-
lence 25%) per sample site as statistically sufficient to
demonstrate freedom from 7. pallidum infection using
imperfect tests and allowing for small populations (on-
line Technical Appendix 1, https://wwwnc.cdc.gov/EID/
article/24/6/18-0037-Techapp.pdf).

Anesthesia and Sampling

We studied the animals in accordance with applicable
regulations and guidelines (online Technical Appen-
dix 1). The sampling of blood and skin tissue followed
a standardized protocol that we previously applied for
baboons (6,11). In brief, the NHPs were chemically im-
mobilized by remote distance injection of 10.0 mg ket-
amine/kg body mass (Kyron Laboratories, Johannesburg,
South Africa) in combination with 0.2 mg/kg medeto-
midine (Domitor; Pfizer, Berlin, Germany). Anesthet-
ics were intramuscularly injected using a cold-gas im-
mobilization rifle (MOD JM; Dan-Inject ApS, Berkop,

available from ESRI (national boundary of Tanzania, water bodies of Africa, main rivers of Africa). The shape files of the conservation
areas of Tanzania were provided by the Tanzania National Park Authority and are available free from http://www.arcgis.com/home/
item.html?id = 9b06fe723ad14991b30b1b85953224c1. Prevalence circles were generated using Excel version 15.38 (Microsoft,

Redmond, WA, USA).
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Denmark) and appropriate projectiles. Immobilized
NHPs were continuously observed for vital parameters
such as respirations, pulse frequency, and internal body
temperature. We monitored pulse frequency and blood
oxygen saturation using a Nellcor OxiMax N65 Pulse
Oximeter (Tyco Healthcare Deutschland GmbH, Neus-
tadt, Germany). Anesthetized animals underwent a stan-
dardized health check with special focus on skin lesions.
We collected whole blood from the femoral vein using
an S-Monovette closed blood collection system (Sarstedt,
Niimbrecht, Germany) mounted with a 20G needle. We
collected two 9-mL serum tubes under aseptic condi-
tions. We then centrifuged serum tubes at 55,000 rela-
tive centrifugation force for 15 min, transferred serum
into cryovials, and stored the vials in liquid nitrogen. In
animals with skin lesions, we took a 6-mm biopsy from
the skin ulcer using a sterile dermal biopsy punch. From
each animal (and ulcer), we preserved tissue samples in
lysis buffer (10 mmol/L Tris [pH 8.0], 0.1 EDTA, and
0.5% sodium dodecyl sulfate).

We treated animal wounds with Silverspray (Silver
Aluminum Aerosol; Henry Schein, Langen, Germany)
and allowed animals to recover under close supervision.
Samples were temporarily stored at —80°C at the Tan-
zania Wildlife Research Institute headquarters (Arusha,
Tanzania). Aliquots were exported to the German Primate
Center (Gottingen, Germany) for further analysis and ad-
ditional confirmation.

Serologic Testing

We used a commercially available treponemal test (ES-
PLINE TP; Fujirebio Diagnostics, Hannover, Germany)
to check all serum samples for 7. pallidum antibodies.
The assay has been validated for use in baboons (/2),
where it performed with 97.7% (95% CI 87.7%-99.9%)
sensitivity and 96.0% (95% CI 79.7%-99.9%) specific-
ity. We tested serum samples on the day of sampling and
operated and interpreted test cassettes according to the
manufacturer’s guidance.

DNA Extraction from Skin Tissue

We extracted DNA following the standard protocol of the
QIAmp DNA Mini Kit (QIAGEN, Hilden, Germany), with
some minor modifications. In brief, we cut =25 mg tissue
into small pieces and incubated in 180 pL lysis buffer, in
which the sample had been stored since collection. After
adding 20 pL proteinase K, samples were digested over-
night at 56°C and 900 rpm (Thermomixer Comfort; Eppen-
dorf, Hamburg, Germany). We added an additional wash-
ing step using 300 uL. AW1 buffer and eluted the DNA
twice with 100 uL AE buffer. We further purified extracted
DNA using glycogen precipitation according to the proto-
col published in Knauf et al. (13).

1004

TP_0105 (polA) Amplification and Sequencing

We performed PCR targeting the polymerase 1 gene
(TP _0105, polA) of T. pallidum by using primers de-
signed by Liu et al. (/4). This assay has a reported sen-
sitivity of 95.8% and a specificity of 95.7% and has been
demonstrated to segregate pathogenic 7. pallidum subspe-
cies from nonpathogenic treponemes, other spirochetes,
and 59 species of bacteria and viruses including those
causing genital ulcers in humans (/4). The 50-uL reac-
tion volume comprised 25 pL 2 x Universe High-Fidelity
Hot Start DNA Polymerase Master Mix (Biotool, Munich,
Germany), 17 pL RNAase free water, 2 uL of each 10
pmol/L primer, I uL DNA polymerase (1 U/uL), 1 pL
of 10 mmol/L each dNTP, and 2 uL template DNA, in-
dependent of DNA concentration. We conducted ampli-
fication in a SensoQuest Labcycler using the following
thermocycling conditions: predenaturation at 95°C for 3
min, followed by 50 cycles each with 95°C for 15 s, 60°C
for 15 s, and 72°C for 30 s. The profile was completed
with a postextension step at 72°C for 5 min and indefi-
nite cooling of the PCR product at 8°C. All pol4 PCR
products were run on a 1% agarose gel to check for PCR
performance and correct amplicon size. We gel extracted
a representative subset of the PCR products (n = 19), pu-
rified with the QIAGEN Gel Extraction Kit (QIAGEN),
and Sanger sequenced using the BigDye Terminator
Cycle Sequencing Kit (Applied Biosystems, Foster City,
CA, USA) and the amplification primers. Sequencing was
performed by Seqlab Sequence Laboratories (Microsynth,
Gottingen, Germany).

TP_0574 (tp47) Quantitative PCR

We performed TaqMan real-time PCR targeting a 132-bp
fragment of the 7P_(0574 gene. Primers and probe used were
published elsewhere (/5). The reaction encompassed 10 pL
TagMan Universal MasterMix II (no Uracil-N glycosylase;
Applied Biosystems) and 1.8 puL of each 10 umol/L primer
and the probe. Total genomic DNA concentration added to
each reaction was normalized to 100 ng. Molecular-grade
water was used to adjust the reaction volume to 20 uL. Cy-
cling conditions were as follows: 50°C for 2 min, 95°C for
10 min, followed by 50 cycles each at 95°C for 15 s and
60°C for 60 s. Reactions were run on a StepOnePlus Real-
Time PCR System (Applied Biosystems). We measured all
samples as triplicates and analyzed data using StepOne ver-
sion 2.3 software (Applied Biosystems).

TP_0619 Amplification and Sequencing

We performed PCR targeting the 7P 0619 gene of T. palli-
dum to distinguish infection with TPE or 7. pallidum subsp.
endemicum (TEN) strains from infection with 7. pallidum
subsp. pallidum (TPA) strains. At this locus, TPA differs
from TPE and TEN in >73 positions (online Technical
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Appendix 1 Figure). We used primers 5'-TTACCCAGA-
CATTTTTCTCCACATA-3' and 5-TACAAGCTCCCA-
CAATGCCA-3' to amplify a 608-bp fragment. The PCR
conditions and working steps were identical to the PCR tar-
geting the polA gene, except that the annealing temperature
was adjusted to 55°C.

Data Analysis

We performed statistical analyses using GraphPad Prism
version 7.0c (GraphPad Software, La Jolla, CA, USA),
and R version 3.3.2 (R Foundation for Statistical Comput-
ing, Vienna, Austria). We compared variables such as the
presence of 7. pallidum antibodies and clinical manifesta-
tions per species by using 2 x 2 x n contingency tables and
a 2-tailed Fisher exact test. We used a y? test to compare
the outcome of >2 sampling sites using # x 2 contingency
tables. Proportions were tested at a critical probability of
0.05 and 95% CI. We considered p<0.05 as statistically
significant.

We analyzed and edited retrieved sequence data
using 4Peaks 1.8 (http://www.nucleobytes.com) and
SeaView 4.5.4 software (/6). We compared sequences
with respective orthologs available in GenBank using a
standard nucleotide BLAST search (http://blast.ncbi.nlm.
nih.gov/Blast.cgi).

Results

NHP Species

We sampled 289 NHPs (Table) and confirmed previ-
ously reported 7. pallidum infection in olive baboons at
GNP (5,17,18), SNP (3), NCA (3), and LMNP (3,6,7). In
addition, we report 7. pallidum infection in yellow ba-
boons, vervet monkeys, and blue monkeys in different
regions of Tanzania (Table; Figure 1; online Technical
Appendix 2, https://wwwnc.cdc.gov/EID/article/24/6/
18-0037-Techapp2.xlsx).

T. pallidum in Nonhuman Primates, Tanzania

The overall mean seropositivity of T. pallidum infec-
tion in the NHP samples was 53.3% (154/289). More fe-
male (82/135 [60.7%]) than male (72/154 [46.8%]) NHPs
had T. pallidum antibodies. Overall, 35/45 (77.8%) vervet
monkeys, 85/137 (62.0%) olive baboons, 33/75 (44.0%)
yellow baboons and 1/15 (6.7%) blue monkeys had anti-
bodies against the bacterium. Most (94 [61.0%]) of the 154
seropositive NHPs appeared healthy without any clinical
skin lesions. The association between 7. pallidum antibod-
ies and skin ulceration was tested using 2-tailed Fisher
exact test and was significant in olive baboons (n = 137;
odds ratio [OR] 15.95 [95% CI 4.7-51.1]; p<0.0001) and
yellow baboons (n = 75; OR 11.04 [95% CI 1.7-126.8]; p
= 0.0185), but not in vervet (n = 45; OR o [95% CI 0.0—
1.0]; p = 0.0888) and blue monkeys (n = 15; OR 0.00 [95%
CI 0.0-126.0]; p>0.9999 [dataset is provided in online
Technical Appendix 2]). No 7. pallidum antibodies were
detected in the 10 Zanzibar red colobus, 3 Udzungwa red
colobus, 2 Ugandan red colobus, and 2 red-tailed monkeys
sampled. Moreover, none of these 4 species showed any
kind of skin ulceration (Table).

Clinical Manifestations

Among the 156 T. pallidum—seropositive and/or PCR-
positive NHPs (including 2 serologically negative but
PCR-positive animals) and across the different sampling
sites, we found anogenital ulcers associated with the in-
fection (Figure 2, panel A) in 59.8% £ 23.9% of the yel-
low baboons (mean = SEM, 6 investigated sites; data were
analyzed as fraction of 7. pallidum—infected animals with
anogenital lesions per sampling site); 45.6% £ 16.2% of
the olive baboons (mean = SEM, 6 investigated sites); and
31.6% * 9.4% of the infected vervet monkeys (mean +
SEM, 9 investigated sites). One of the 2 T. pallidum—in-
fected blue monkeys showed anogenital skin ulceration;
the second animal was clinically healthy. Orofacial le-
sions (Figure 2, panel B) were exclusively observed in

Table. Test results of Treponema pallidum infection in samples of free-ranging nonhuman primate species, Tanzania*

Total/seropositive/skin lesion/PCR positivet

Positive Negative
Species No. (%) Total Male Female Total Male Female
Olive baboon (Papio anubis) 137 (47.4) 86  34/34/12/12 52/51/31/30% 51 29/0/1F/NA  22/0/13/NA
Yellow baboon (Papio cynocephalus) 75 (26.0) 33 171171212 16/16/5/5 42 27/011§/NA  15/0/0/NA
Vervet monkey (Chlorocebus pygerythrus) 45 (15.6) 35 21/21/10/8f  14/14/1/1 10 7/0/0/NA 3/0/0/NA
Blue monkey (Cercopithecus mitis) 15 (5.2) 2 1/0M/1 1/1/0/0 13 8/0/0/NA 5/0/0/NA
Red-tailed monkey (Cercopithecus ascanius) 2(0.7) 0 NA NA 2 2/0/0/NA NA
Zanzibar red colobus (Piliocolobus Kirkii) 10 (3.5) 0 NA NA 10 4/0/0/NA 6/0/0/NA
Udzungwa red colobus (Piliocolobus 3(1.0) 0 NA NA 3 2/0/0/NA 1/0/0/NA
gordonorum)
Ugandan red colobus (Piliocolobus 2(0.7) 0 0/0/0/0 0/0/0/0 2 2/0/0/NA NA
tephrosceles)
Total 289 (100.0) 156 73 83 133 81 52

*Results are based on the consensus of detected T. pallidum antibodies (ESPLINE TP) and PCR results of 3 independent gene targets (polA, tp47, and

TP_0619). NA, not applicable.

1PCR was conducted only on animals with skin lesions.

1No skin sample was available for some positive animals.

§Skin lesion at the genitalia most likely from fight; no tissue sample available.
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Figure 2. Treponema pallidum—induced clinical manifestations
affecting olive baboons (Papio anubis), Tanzania. A). Lesions
on the anogenital area of animal at Lake Manyara National
Park. B) Facial lesions of animal at Tarangire National Park.
Orofacial lesions were found only in olive baboonsA color version
of this figure is available online (http://wwwnc.cdc.gov/EID/
article/24/6/18-0037-F2.htm).

olive baboons at SNP, TNP, and LMNP, of which 2 olive
baboons at TNP and 1 at SNP were included in our study.
These animals represent 3.5% of the 86 T. pallidum—sero-
positive and/or PCR-positive sampled olive baboons. One
animal from TNP had concurrent orofacial and anogenital
skin ulcerations. We also observed these ulcerations in ol-
ive baboons at LMNP, although capture and sampling of
these animals was not possible.

Geographic Distribution

Our results provide evidence for T. pallidum infection in
NHPs at 11 of the 14 sites investigated (Figure 1; online
Technical Appendix 2). The only sites where infection was
not detected were ANP (14 NHPs), SGR (9 NHPs), and
JCBNP (13 NHPs). We found 7. pallidum—positive vervet
monkeys in all areas where the species was examined (GNP,
KNP, LMNP, MKNP, MNP, RNP, SNP, TNP, UNP) ex-
cept for the 1 animal from Zanzibar (JCBNP). One PCR-
positive and anogenital ulcerated blue monkey from LMNP

1006

had reproducibly negative serologic results. Because sam-
pling was biased toward animals with skin lesions, we more
objectively compared field sites by analyzing data from
animals that appeared to be clinically unaffected. Healthy-
looking olive baboons were significantly more often 7. pal-
lidum—positive at LMNP (n = 6/6) than at any other sam-
pling area in Tanzania where the species is present (ANP
[n = 0/12], GNP [n = 8/23], NCA [1/9], SNP [n = 16/25],
TNP [n = 12/17]; 6 x 2 contingency table: x> =30.15, df=5;
p<0.0001). Likewise, clinically unaffected yellow baboons
were significantly more often 7. pallidum—infected at MKNP
(n=16/19) than at any of the other sampling areas in Tanza-
nia where the species is present (KNP [n = 0/6], MNP [n =
0/10], RNP [n=8/16], SGR [n=0/7], UNP [n=2/17]; 6 x 2
contingency table: 2 = 38.39, df = 5; p<0.0001). In the ver-
vet monkeys, we found no differences among sampling sites
(GNP [n = 3/3], KNP [n = 2/5], LMNP [n = 1/2], MKNP [n
=2/3], MNP [n= 1/2], RNP [n=4/4], SNP [n=8/8], TNP [n
=3/6], JCBNP [n=0/1]; 9 x 2 contingency table: x*=12.97,
df = 8; p=0.1130), but sample size per site was low (online
Technical Appendix 2).

Molecular Characterization of T. pallidum Samples

In the 65 animals with skin ulcers, we confirmed 7. pal-
lidum by amplification of a part of the pol4 gene (classic
PCR) and/or the p47 locus (quantitative PCR; 59/60 ani-
mals tested positive; online Technical Appendix 2). For 5
animals, we did not perform PCR because of limited quanti-
ties of samples. All obtained sequences were identical. We
deposited a representative sequence of the po/4 gene from
a yellow baboon (16RUF8140716) in GenBank (accession
no. MF627733). Of 58 tested animals, 56 were positive in
the PCR targeting the 7P_0619 locus. For 7 NHPs, no PCR
was performed because of sample limitations. Again, all 41
sequences obtained were identical. We deposited a repre-
sentative sequence from a vervet monkey (4KNF2121016)
in GenBank (accession no. MF754122). The haplotype was
identical to those derived from TPE and TEN strains but
different from TPA strains in >73 positions (online Techni-
cal Appendix 1 Figure).

Discussion

We confirmed 7. pallidum infection in 4 free-ranging NHP
species at 11 of 14 investigated sites in Tanzania. Our data
for GNP must be interpreted with caution. GNP has a his-
tory of treating infected baboons with antimicrobial drugs
(17), which might have affected prevalence rates and clin-
ical manifestations. The finding that clinically unaffected
olive baboons at LMNP, but also many animals at SNP
and TNP, were infected with the bacterium (as indicated
by serology; Table) shows that clinical manifestations are
not representative of the actual prevalence of the disease.
This finding is consistent with reports from an earlier
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investigation of olive baboons at LMNP in 2007 (6) and
in Guinea baboons (Papio papio) in the Niokolo Koba
National Park, Senegal (/7). In the context of human 7.
pallidum infection, where a latent stage is a key feature of
infection (/9) and which equally features positive serol-
ogy in the absence of active skin lesions (20), this finding
could argue for a similarity of disease progression in the
NHP host. However, in the absence of long-term monitor-
ing data for infected NHPs, relapsing cases, which would
indicate the latent stage, cannot be identified, and stan-
dardized laboratory infection might be needed to obtain
those data.

Although reduced susceptibility for 7. pallidum infec-
tion is possible in some of the investigated species (colo-
bines), it is likely that infection is not yet present because
of behavioral and ecologic constraints between the infected
and noninfected species. At least in a recent publication,
a Ugandan red colobus was described with suspected ac-
tive yaws-like lesions in Uganda (27). Consequently, we
note that our sample size for colobines and red-tailed mon-
keys was insufficient. As a result, a conclusive evaluation
on possible 7. pallidum infection in these species was not
possible. The same applied for sites where the number of
infected NHPs was critically low, for example, UNP and
MNP or the negative tested areas at ANP (14 animals),
SGR (9 animals), and JCBNP (13 animals), as well as the
NCA crater region where all 8 olive baboons were tested
negative. We found 7. pallidum—infected vervet monkeys
with and without skin ulcers in 9 of the 10 sites where the
species has been investigated. This finding and the larger
number and geographic extent of 7. pallidum infection in
Chlorocebus sp. (4,11,22—24) deserve further attention in
prospective studies, especially in areas where the species is
present but has not yet been tested.

Al T. pallidum—positive NHPs in this study revealed a
TP 0619 sequence that points toward infection with either
TPE or TEN strains (online Technical Appendix 1 Figure).
In the context of the geographic distribution of TEN strains
(dry areas in Sahelian Africa and western Asia) (25) as
well as the information obtained from the whole-genome
sequences of the Tanzanian simian strains LMNP1 and 2
(S. Knauf et al., unpub. data, https://www.biorxiv.org/con-
tent/early/2017/05/10/135491), which are considered TPE
strains, we assume that TPE is the dominant, if not exclu-
sive, 7. pallidum subspecies infecting Tanzanian NHPs.
Further clarification will be achieved when multilocus
strain typing data and whole-genome sequence data of the
NHP samples become available.

In humans, TPE is mainly transmitted by direct skin-
to-skin contact (26). A possible important alternate route
of infection has been discussed through the involvement
of flies as a vector (27,28). Although both options are at
least theoretically possible for NHPs (/3), direct contact
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should be considered the most likely way of intraspe-
cies and interspecies transmission. Such transmission is
further supported by reports of the close association and
interaction (play, fight, or hunt) among different NHP spe-
cies (29-31). Again, multilocus strain typing and whole-
genome sequence data of the strains infecting NHPs in
Tanzania are likely to contribute to a better understanding
of host—pathogen coevolution and will provide details of
the relatedness of the 7. pallidum subspecies that infect the
different NHP taxa.

Human yaws is known to be endemic to 13 countries,
but Tanzania is among the 76 countries with a known his-
tory of the disease that lack recent epidemiologic data (2).
More precisely, the disease was reported to be endemic
in humans in the western areas along Lake Tanganyika
and in southern Tanzania (32). Extensive elimination ef-
forts decreased the reported incidence of human yaws in
Tanzania from 120,000 cases in 1927 to 52,000 in 1950
(33) and 71 in 1978 (https://web.gideononline.com). At
the same time, the wide distribution of 7. pallidum infec-
tion in NHP on Tanzania’s mainland (7) and the chronic
infection with locally high prevalence rates (e.g., LMNP
[6]) suggest the pathogen has been present in the respec-
tive NHP populations for at least several decades. How-
ever, current data are insufficient to develop a conclusive
biogeographic scenario about the origin and spread of the
infection. The first published report on T. pallidum infec-
tion in NHPs in 1989 (5) involved olive baboons at GNP.
Although this is no evidence for the origin of 7. pallidum
infection in NHPs in Tanzania, it is interesting in the con-
text of a possible anthropozoonotic introduction of the
disease. GNP is in the region that has been historically
classified as an area to which human yaws in Tanzania is
endemic (33). Furthermore, GNP is close to the Demo-
cratic Republic of the Congo, a country that still reports
cases of human yaws (34). However, all of this is specula-
tive, and whole-genome data are needed from NHPs and
human strains from the same area to provide a deeper un-
derstanding on the origin and transmission of 7. pallidum
in NHPs in Tanzania.

In a larger context, neighboring countries currently
do not report NHPs with 7. pallidum—confirmed skin le-
sions, although animals from East Africa (not further clas-
sified) (22) and Kenya (3) have tested serologically posi-
tive. Because T. pallidum infection in NHPs in Africa is
widespread (7), further investigations should specifically
include more East Africa countries, particularly those that
share their borders with Tanzania.

We showed that T pallidum infection in NHPs in Tan-
zania is geographically widespread and present in several
Old World monkey species, namely olive and yellow ba-
boons, vervet monkeys, and blue monkeys (hypothesis A).
We identified the pathogen in almost all investigated sites
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covering large parts of Tanzania’s mainland (hypothesis B)
and showed that NHPs in Tanzania are most likely infected
by TPE strains. Nevertheless, our overall sample size does
not permit a conclusive statement on 7. pallidum prevalence
in NHPs at any of the sampled sites. Further studies on the
spatial distribution of NHP infection with 7. pallidum and
advanced genetic characterization of simian strains are cru-
cial for identifying NHPs as a possible reservoir for human
infection (35). In light of the data and for a sustainable eradi-
cation of human yaws, a One Health approach in which ani-
mal and human health is investigated (36) is needed.
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Nonhuman primates across sub-Saharan
Africa are infected with the yaws bacterium
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Dear Editor,

The bacterium Treponema pallidum (TP) causes
human syphilis (subsp. pallidum; TPA), bejel (subsp.
endemicum; TEN), and yaws (subsp. pertenue; TPE)'.
Although syphilis has reached a worldwide distribution?,
bejel and yaws have remained endemic diseases. Bejel
affects individuals in dry areas of Sahelian Africa and
Saudi Arabia, whereas yaws affects those living in the
humid tropics'. Yaws is currently reported as endemic in
14 countries, and an additional 84 countries have a known
history of yaws but lack recent epidemiological data™.
Although this disease was subject to global eradication
efforts in the mid-20th century, it later reemerged in West
Africa, Southern Asia, and the Pacific regions. New large-
scale treatment options triggered the ongoing second
eradication campaign, the goal of which is to eradicate
yaws globally by 2020°.

TPE is typically considered to be a strictly human
pathogen, a perception that may partially have arisen from
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a lack of detailed data on nonhuman primate (NHP)-
infecting treponemes. Indeed, a number of African NHPs
show skin ulcerations that are suggestive of treponemal
infections, and antibodies against 7P have been detected
in wild NHP populations®’. Although genetic studies
confirmed that monkeys and great apes are infected with
TP strains®™'’, most of these analyses only used short
DNA sequences. Thus, the small number of examined
polymorphic sites largely precluded assignment of these
strains to a particular TP subspecies’, especially con-
sidering that sporadic recombination events between
subspecies have been reported'’. The only simian strain
whose whole genome has been sequenced (Fribourg-
Blanc, isolated from a Guinea baboon (Papio papio) in
19667) unambiguously clustered with human-infecting
TPE strains'”.

A fundamental question with regard to yaws evolution,
and possibly yaws eradication, is whether humans and
NHPs are commonly infected with the same pathogen
(TPE) and whether transmission between NHPs and
humans occurs. To determine which pathogen causes
treponematoses in NHPs across sub-Saharan Africa, we
collected samples from symptomatic wild individuals
belonging to three NHP species (Cercocebus atys, Chlor-
ocebus sabaeus, and Papio anubis) from four independent
populations in West and East Africa (Fig. 1, Supplemen-
tary Table S1, Supplementary Materials). Samples were
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strains. NHP-infecting Treponema pallidum strains are

collected from NHPs at Tai National Park (TaiNP;
Cote d’lvoire), Bijilo Forest Park (BFP, the Gambia),
Niokolo-Koba National Park (NKNP, Senegal), and Lake
Manyara National Park (LMNP, Tanzania). Monkeys
presented yaws-like orofacial and limb lesions (TaiNP and
BFP) or ulcerative anogenital skin lesions (BFP, NKNP,
and LMNP)’.

Using a PCR-based assay, we demonstrated the pre-
sence of TP in skin lesion biopsies or swabs from NHPs
inhabiting TaiNP (C. atys), BFP, and NKNP (C. sabaeus).
TP infection in olive baboons (P. anubis) from LMNP had
previously been confirmed®. Two samples per NHP
population were selected for whole-genome sequencing
based on a high TP copy number or the ability to amplify
long PCR fragments (Supplementary Table S2). To
overcome the presence of background host genomic
DNA, we used targeted DNA capture coupled with next
generation sequencing to reconstruct whole TP gen-
omes™®. Following quality filtering, removal of PCR
duplicates, merging of different sequencing runs from the
same sample, and mapping against the TPE strain
Fribourg-Blanc reference genome, we obtained a range of
22,886-470,303 DNA sequencing reads per sample. All
samples showed at least an 80% coverage of the reference

genome with a depth coverage of three or higher; the
average genome coverage depth was between 6.1-fold and
121.0-fold (Supplementary Table S3).

We generated maximum likelihood, Bayesian and
maximum parsimony trees based on the genomes
reconstructed in our study and all available reference
genomes (total sequence length: 1,133,379 nucleotides).
In all trees, the TPE and TPA strains formed reciprocally
monophyletic groups, with a mean TPE/TPA strain
divergence of 0.099%. NHP-infecting TP strains all clus-
tered with human-infecting TPE strains (Fig. 1; Supple-
mentary Figure S1). The TPE clade exhibited a star-like
branching pattern with basal branches that were very
short and received low statistical support. Importantly,
this pattern does not support a clear reciprocal mono-
phyly of the TPE strains infecting humans and NHPs. In
line with this result, the minimum divergence between
strains infecting humans and NHPs was lower than the
maximum divergence among human or NHP-infecting
strains (0.011% versus 0.015% and 0.024%). The human-
infecting TPE strains Samoa D, CDC-2, CDC-2575,
Ghana-051, and Gauthier, which span a broad geographic
and temporal range (at least four decades), were less
divergent from each other than the two strains infecting
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sooty mangabeys from a single social group at
TaiNP, which were collected in the same week (0.011%
versus 0.017% sequence divergence, respectively). While
intra-group strain divergence was low for the two African
green monkey populations and the olive baboons
(0.0003% and 0.0017%, respectively), intra-species strain
divergence among African green monkeys was relatively
high compared to the divergence observed between the
two most divergent human strains (0.0094% versus
0.015%).

We determined the complete genome sequence and
structure for the TPE strain from sample LMNP-1
(average depth of coverage: x169; GenBank: CP021113;
Supplementary Table S5-6)'”. The genome structure of
the LMNP-1 strain was the same as those of published
complete genomes of human-infecting TPE strains and
that of the simian strain Fribourg-Blanc. Furthermore, the
genome of the LMNP-1 strain was more similar to that of
the human-infecting TPE Gauthier strain than the simian
isolate Fribourg-Blanc, showing differences at 266 and
325 chromosomal positions, respectively. Most differ-
ences were single-nucleotide substitutions or small indels
(Supplementary Table S7). The LMNP-1 and Gauthier
strains exhibited the same number of 24-bp repeats in the
TP_0470 gene (n = 25), and the Gauthier strain had only
one 60-bp repeat more than the LMNP-1 strain in the arp
gene (LMNP-1 n=9 vs. Gauthier #»=10). All 60-bp
repeats in the arp gene of the LMNP-1 strain were of
Type II and were identical to other TPE strains'. The
tprK gene of the LMNP-1 strain had only three variable
regions, V5-V7, compared to other TPE strains. In
addition to differences in the TP_0433, TP_0470, and tprK
genes, relatively large indels were identified in TPE-
GAU_0136 (33-nt long deletion; specific for the strains
Gauthier and Samoa D), TPFB_0548 (42-nt long deletion;
specific for strain Fribourg-Blanc), and TPEGAU_0858
(79-nt long deletion; specific for strain Gauthier), and in
the intergenic regions (IGRs) between TPEGAU_0628 and
TPEGAU_0629 (302-nt long deletion; specific for strain
Gauthier) and TPFB_0696 and TPFB_0697 (430-nt long
insertion; specific for strain Fribourg-Blanc); the lengths
of the other sequence differences ranged between 1 and
15 nt. The structures of the rRNA operons in the LMNP-1
genome (coordinates 231,180-236,139; 279,584—284,533;
according to TPE strain Gauthier: NC_016843.1)
were similar to those in strains Gauthier, CDC-2, and
Fribourg-Blanc, but were different than those in strains
Samoa D, Samoa F, and CDC-1. The LMNP-1
16S-5S-23S region was identical in both operons, and
the 23S rRNA sequences were identical to those in other
TPE strains except for strain Fribourg-Blanc (having a
single-nucleotide difference at position 458). We did
not observe any mutations associated with macrolide
resistance (e.g., A2058G, A2059G)"*. When the two
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NHP-infecting TPE strains (Fribourg-Blanc and LMNP-1)
were compared to the closest human-pathogenic TPE
strains (CDC-2 and Gauthier) only 7.2 and 9.1% of all
coding sequences (77 and 97 coding sequences out of
1065) contained amino acid substitutions, respectively,
suggesting limited functional divergence among these
strains (Supplementary Table S7-9).

Our findings unambiguously indicate that at least
three African NHP species (representing four popula-
tions) from West and East Africa currently suffer from
treponematosis caused by TPE. Taking into account the
isolation of the Fribourg-Blanc strain from Guinea
baboons in 1966 and its recent sequencing and identi-
fication as a member of the TPE clade'?, there are cur-
rently four African NHP species and five populations
whose symptoms can be explained by TPE infections.
Coupled with a growing number of clinical and ser-
ological observations®”*'°, these findings suggest that
infection of NHPs with TPE is common throughout sub-
Saharan Africa. Thus, humans are not the exclusive host
for the yaws bacterium, as NHPs are infected with the
same bacterial agent.

TPE strains in NHPs exhibit considerable genetic
diversity, which at least equals that found among pub-
lished human-infecting TPE strains. Importantly, we
found no evidence for a clear sub-differentiation of NHP-
infecting and human-infecting TPE strains, i.e., these
strains did not form well-supported reciprocally mono-
phyletic groups. Rather, the star-like topology of our
phylogenomic tree suggests a rapid initial radiation of the
ancestor of TPE, which may have involved transmission
across primate species barriers in the relatively distant
past (with respect to the TPE clade depth). These results
neither support nor allow us to exclude a possible recent
transmission of TPE between NHPs and humans, espe-
cially due to the large geographic and temporal separation
between the two groups of samples compared in this
study. A major hurdle in identifying such potential
transmission events is the availability of bacterial gen-
omes. Despite large numbers of human cases, very few
genomes have been determined from human-infecting
TPE strains and only from a very limited geographic
range. Generating additional human-infecting TPE gen-
omes represents an important area of research, the results
of which, when coupled with the genomes of the NHP-
infecting TPE strains presented here, could enable the
detection of recent zoonotic transmission events, should
any exist.

Since yaws has not been reported for several decades in
humans in countries where we observed NHPs to be
infected with TPE, we expect that if transmission of TPE
between NHPs and humans occurs, it does so at a very
low frequency (as is the case for many zoonotic diseases).
Of course, such a low frequency of zoonotic transmission
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would not alone explain the reemergence of yaws, which
is largely (or entirely) the consequence of continued
human-to-human transmission. However, now that era-
dication of yaws appears within reach'®, the finding that
TPE strains circulate in NHPs certainly supports the call
for more research into their diversity and zoonotic
potential.

Data availability
All raw sequence read files have been deposited in NCBI as part of the
BioProject PRINA343706.
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Abstract

Background

Treponema pallidum subsp. pertenue (TPE) is the causative agent of yaws, a multistage
disease endemic in tropical regions in Africa, Asia, Oceania, and South America. To date,
seven TPE strains have been completely sequenced and analyzed including five TPE
strains of human origin (CDC-2, CDC 2575, Gauthier, Ghana-051, and Samoa D) and two
TPE strains isolated from the baboons (Fribourg-Blanc and LMNP-1). This study revealed
the complete genome sequences of two TPE strains, Kampung Dalan K363 and Sei Gering-
ging K403, isolated in 1990 from villages in the Pariaman region of Sumatra, Indonesia and
compared these genome sequences with other known TPE genomes.

Methodology/principal findings

The genomes were determined using the pooled segment genome sequencing method
combined with the lllumina sequencing platform resulting in an average coverage depth of
1,021x and 644x for the TPE Kampung Dalan K363 and TPE Sei Geringging K403
genomes, respectively. Both Indonesian TPE strains were genetically related to each other
and were more distantly related to other, previously characterized TPE strains. The modular
character of several genes, including TP0136 and TP0858 gene orthologs, was identified by
analysis of the corresponding sequences. To systematically detect genes potentially having
amodular genetic structure, we performed a whole genome analysis-of-occurrence of direct
or inverted repeats of 17 or more nucleotides in length. Besides in tprgenes, a frequent
presence of repeats was found in the genetic regions spanning TP0126-TP0136, TP0856—
TP0858, and TP0896 genes.

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0006867 October 10, 2018
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Conclusions/significance

Comparisons of genome sequences of TPE Kampung Dalan K363 and Sei Geringging
K403 with other TPE strains revealed a modular structure of several genomic loci including
the TP0136, TP0856, and TP0858 genes. Diversification of TPE genomes appears to be
facilitated by intra-strain genome recombination events.

Author summary

Treponema pallidum subsp. pertenue (TPE) is the causative agent of yaws, a multi-stage
disease that is endemic in tropical regions of Africa, Asia, Oceania, and South America.
TPE belongs to the pathogenic treponemes and causes several human and animal infec-
tions. Whole genome sequences of two TPE strains isolated from patients in Indonesia
were determined in this study. While both strains were highly related to other TPE strains
isolated from humans and baboons, detailed genetic analyses revealed a modular charac-
ter of several genes and genomic regions. While TPE genomes appear to be the most con-
served genomes of uncultivable pathogenic treponemes, diversification of TPE genomes
appears to be facilitated by intra-strain genome recombination events. In addition to
genes with an identified modular structure, we identified additional genes that have direct
or inverted repeats and thus have the potential for genetic reshuffling.

Introduction

The infectious agent of yaws, Treponema pallidum subsp. pertenue (TPE), causes chronic infec-
tions in children and young adults, which is characterized by skin lesions including nodules and
ulcerations of the skin, which is later accompanied by joint, soft tissue, and bone manifestations
(reviewed in [1]). Unlike the syphilis treponemes, Treponema pallidum subsp. pallidum (TPA),
TPE and Treponema pallidum subsp. endemicum (TEN, the causative agent of endemic syphilis)
are transmitted between individuals mostly through direct skin contact. However, possible sex-
ual transmission has been reported for TEN, a treponeme highly related to TPE [2-4].

Only a limited number of TPE strains/isolates have been characterized to date, mainly as a
result of the uncultivable character of TPE, low number of available laboratory strains, and a
limited number of clinical isolates with sufficient numbers of treponemal DNA copies per sam-
ple. However, the recent study by Edmonson et al. [5] showed a successful long-time in vitro
cultivation of syphilis treponemes that could be also potentially applied to TPE strains. This
could result in an increase in the number of characterized TPE strains. So far, seven TPE strains
have been completely sequenced, including five strains of human origin (CDC-2, CDC 2575,
Gauthier, Ghana-051, and Samoa D) [6,7] and two TPE strains (Fribourg-Blanc and LMNP-1)
isolated from a Guinea baboon (Papio papio) in West Africa [8] and an olive baboon (Papio
anubis) from Tanzania [9], respectively. In addition to these complete genomes, genomes of 6
other TPE isolates of human origin [10] and 7 from nonhuman primates have been sequenced
to draft genome quality [9]. TPE strains have been shown to be highly similar to syphilis-caus-
ing strains of T. pallidum subsp. pallidum (TPA) [6] and to the TEN strain Bosnia A [11].

While there is an increasing understanding of genome structure and plasticity in TPA and
TEN [12,13], the genome characteristics of TPE remain largely unexplored. As a result, little is
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known about intra-strain recombinations that occur in TPE strains and their role in genome
evolution and diversification.

In this communication, we compared the complete genome sequences of two strains of
TPE isolated in Indonesia to other available TPE whole genome sequences and identified
regions resulting from intra-strain genome recombinations. While TPE genomes appear to be
relatively conserved compared to the genomes of other uncultivable pathogenic treponemes,
including TPA and TEN strains, genetic diversification of TPE genomes appears to be facili-
tated by intra-strain genome rearrangements.

Material and methods
Ethics statement

TPE strains Kampung Dalan K363 and Sei Geringging K403 originated from the study of
Noordhoek et al. [14], where involved persons or parents of involved children gave informed
consent for sample collection. No vertebrate animals were used in the study.

Strains used in this study

Two TPE strains, Kampung Dalan K363 and Sei Geringging K403, were used in this study.
TPE Kampung Dalan K363 was isolated on January 5, 1990 and TPE Sei Geringging K403 on
May 14, 1990 in villages in the Pariaman region of Sumatra, Indonesia. Both TPE strains were
isolated from patients having skin lesions. Skin biopsies were first homogenized in PBS and
intra-dermally inoculated into the shaved inguinal areas of Syrian Golden hamsters, which
were later transported to the Netherlands [14]. Hamsters that developed skin lesions were sac-
rificed and the inguinal lymph nodes were homogenized in PBS and inoculated into the testes
of New Zealand White rabbits. Several serial passages in rabbits were performed before sam-
ples were taken for isolation of treponemal DNA. TPE strains Kampung Dalan K363 and Sei
Geringging K403 were provided as DNA samples by Dr. S. Bruisten (Public Health Laboratory,
Department of Infectious Diseases GGD Amsterdam) who derived the DNA samples from
crude treponemal lysates which were kindly donated by Dr. G. Noordhoek who collected these
samples in Indonesia and processed them in the Netherlands [14]. The determination of the
number of treponemal DNA copies per pl of samples was not performed.

Amplification of TPE genomic DNA

Total DNA of both samples was first amplified using multiple displacement amplification
(REPLI-g kit, QTAGEN, Valencia, CA, USA) according to the manufacturer’s instructions.
The amplified DNA was then diluted 50-times and used as a template for TPE whole genome
amplification, which was performed with treponemal specific primers as described previously
[6-8,11,15]. For amplification of individual amplicons (n = 278, S1 Table), PrimeSTAR GXL
DNA Polymerase (Takara Bio Inc., Otsu, Japan) was used. PCR products were generated using
touchdown PCR under the following cycling conditions: initial denaturation at 94°C for 1
min; 8 cycles: 98°C for 10's, 68°C for 15 s (annealing temperature gradually reduced by 1°C/
every cycle), and 68°C for 6 min; 35 cycles: 98°C for 10's, 61°C for 15 s, and 68°C for 6 min (43
cycles in total); followed by final extension at 68°C for 7 min. All overlapping PCR products
were purified using a QIAquick PCR Purification Kit (QIAGEN, Valencia, CA, USA) and
mixed in equimolar amounts. Each pool of PCR products (n = 4 for each of TPE strains, S1
Table) was then used for whole genome sequencing.
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Whole genome sequencing and de novo assembly of the TPE genomes

Individual pools of both TPE samples were used for Illumina Nextera XT library preparation
and subsequently sequenced on a MiSeq platform (2x300 bp) at the sequencing facility of CEI-
TEC (Brno, Czech Republic). Resultant sequencing data were quality pre-processed using
Trimmomatic (v0.32) [16] with a sliding window length of 4 bp and a Phred quality threshold
value equal to 17. After pre-processing, sequencing reads shorter than 50 bp were removed.
Sequencing results for individual pools are summarized in S2 Table.

The Illumina sequencing reads corresponding to individual pools of both TPE samples
were handled separately and de novo assembled using SeqMan NGen v4.1.0 software (DNAS-
TAR, Madison, WI, USA) using default parameters. A total of 222, 249, 158, and 265 contigs
from the TPE Kampung Dalan K363 strain and 124, 92, 93, and 87 contigs from the TPE Sei
Geringging K403 strain were obtained for Pools 1-4, respectively (S2 Table). The resulting
contigs obtained from both strains were then separately aligned to the TPE Samoa D genome
(CP002374.1 [6]) using Lasergene software (DNASTAR, Madison, W1, USA). In parallel, the
Illumina sequencing reads corresponding to individual pools were mapped to the correspond-
ing pool sequences (S2 Table) of the TPE Samoa D genome (CP002374.1 [6]) and both the de
novo and reference-guided approaches were compared. All genome gaps and discrepancies
were resolved using Sanger sequencing. Altogether, 11 and 6 genomic regions of the TPE
Kampung Dalan K363 and TPE Sei Geringging K403 strains were Sanger sequenced, respec-
tively. The consensual sequences for individual pools were then used to compile the complete
genome sequences of both TPE strains.

To determine the number of repetitions within the arp (TP0433) gene, the repetitive
sequences (between coordinates 462430-463157 in the TPE Samoa D genome [6]) were ampli-
fied and Sanger sequenced using the primers 32BrepF1 (5'-CGTTTGGTTTCCCCTTTGTC-
3’) and 32BrepR1 (5-GTGGGATGGCTGCTTCGTATG-3') as described elsewhere [17]. Sim-
ilarly, the repetitive sequences within the TP0470 gene (Samoa D coordinates 498895-499200)
were amplified and sequenced using the primers TPI34F4 (5-GTCTTGTGCACATTATTCA
AG-3') and TPI34R5 (5'-CTTCGTGCAACATCGCTACG-3'). The intra-strain variability, rel-
ative to the length of several G/C-homopolymeric tracts, was identified in both genomes and
the prevailing length of G/C regions was used in the final genome sequences.

Gene identification, annotation, and classification

Genes were annotated using Geneious software (v5.6.5) [18] as described previously [11] and
were tagged with TPEKDK363_ and TPESGK403_ prefixes. Locus tag numbering corre-
sponded to tag numbering for the orthologous genes annotated in the TPE Samoa D genome
(CP002374.1 [6]). The TPE Samoa D genome contains one (TPESAMD_0005a) additionally
annotated gene compared to the TPE Kampung Dalan K363 and TPE Sei Geringging K403
genomes. This gene is fused to TP0006 and is designated as TPEKDK363_0006 and
TPESGK403_0006, respectively. Four genes (TPEKDK363_0146, TPEKDK363_0520,
TPEKDK363_0812, and TPEKDK363_0856a) and eight genes (TPESGK403_0126,
TPESGK403_0146, TPESGK403_0312a, TPESGK403_0435a, TPESGK403_0520,
TPESGK403_0812, TPESGK403_0865, and TPESGK403_0924a) were annotated as pseudo-
genes in the TPE Kampung Dalan K363 and TPE Sei Geringging K403 genomes, respectively.
Since the fprK gene showed intra-strain variability, the corresponding nucleotide positions
were denoted with an “N” in the complete genome sequences. For proteins with unpredicted
functions, a 150 bp-gene size limit was applied.
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Identification of genetic heterogeneity in the sequenced genomes

The identification of genetic heterogeneity was carried out as described by Strouhal et al. [7].
Briefly, individual Illumina reads were mapped to the final version of the genome sequence
using SeqMan NGen (v4.1.0) software with default parameters and requiring at least a 93%
read identity relative to the reference genome. For the determination of the frequency of each
nucleotide in every single genome position, the haploid Bayesian method was used for SNP
calculation using the same software. Individual reads supporting a less frequent allele located
at the 3’-terminus (i.e., five or less nucleotides) were omitted. At least thirty independent reads
from both directions were required. Nucleotide positions located within homopolymeric tracts
(defined as a stretch of six or more identical nucleotides) were excluded from analysis. Chro-
mosomal loci showing genetic heterogeneity within TPE genomes were defined as those con-
taining more than 8% alternative reads in regions having a coverage depth greater than 100x.
Candidate sites were then visually inspected using SeqMan NGen (v4.1.0) software; the tprK
(TP0897) gene, showing intra-strain variability, was excluded from the analysis.

Analysis of whole genome sequences

Phylogenetic trees of the TPE strains were constructed from available whole genome sequences
(S3 Table) including the Samoa D (CP002374.1 [6]), CDC-2 (CP002375.1 [6]), Gauthier
(CP002376.1 [6]), Fribourg-Blanc (CP003902.1 [8]), Ghana-051 (CP020365.1 [7]), CDC 2575
(CP020366.1 [7]), and LMNP-1 (CP021113.1 [9]) strains. Moreover, 6 additional draft
genomes of TPE strains isolated on Solomon Islands [10] were used to determine the phyloge-
netic relatedness of TPE Kampung Dalan K363 and Sei Geringging K403 strains. The genome
of TEN Bosnia A strain (CP007548.1 [11]) was used as an outgroup.

Whole genome alignment was constructed using SeqMan software (DNASTAR, Madison,
WI, USA) and phylogenetic trees were constructed using the Maximum Likelihood method
based on Tamura-Nei model [19] and with MEGA software [20]. Since there were chromo-
somal regions that included: (1) the tprD and tprK genes, (2) intergenic regions within both rrn
operons, and (3) sequences in the arp and in the TP0470 genes, which are recombinant or repet-
itive in TPE strains (S3 Table), these regions were excluded from the phylogenetic analyses.

For analysis of the modular structure of the TP0136, TP0856, and TP0858 genes, additional
available treponemal whole genome sequences were used including: TPA strains Nichols
(CP004010.2 [21]), SS14 (CP004011.1 [21]), DAL-1 (CP003115.1 [22], Mexico A (CP003064.1
[23]), Chicago (CP001752.1 [24]), and Sea81-4 (CP003679.1 [25]) and T. paraluisleporidarum
ecovar Cuniculus strain Cuniculi A (CP002103.1 [26]).

Identification of sequentially unique k-mers

For each TPE genome sequence (n = 9; S3 Table), the number of canonical k-mers of length
9-33 nt were determined using Jellyfish software (v2.0.0) [27]. The number of unique k-mers
saturated at a length of 17 nts and the 17-mers and longer k-mers were used for further evalua-
tion. In order to determine their exact locations and their exact numbers, the detected k-mers
were mapped to the TPE genomes using EMBOSS fuzznuc (v6.6.0) [28]. Subsequently, k-mers
were divided into two groups with the first group comprised of k-mers with exactly the same
numbers in all tested TPE genomes and the second group comprised of k-mers with different
numbers in at least one TPE genome. Localization of k-mers in the annotated genes of each
TPE genome was carried out using BEDTools intersect (v2.26.0) [29]. For each gene, the num-
ber and type of overlapping k-mers was determined using R (v3.4.1, packages rio v0.5.5, dplyr
v0.7.3) [30]. Similarly, for each k-mer, the number and type of overlapping genes was deter-
mined and k-mers with more than a single localization in at least one genome were extracted.
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Nucleotide sequence accession numbers

The complete genome sequences from TPE Kampung Dalan K363 and TPE Sei Geringging
K403 were deposited in the GenBank under accession number CP024088.1 and CP024089.1,
respectively.

Results

Whole genome sequencing of the TPE Kampung Dalan K363 and TPE Sei
Geringging K403 strains and de novo assembly of the genomes

Both TPE strains were sequenced using the pooled segment genomic sequencing (PSGS) pro-
tocol as previously described [6-8,11,15]. Illumina sequencing resulted in 7,545,122 paired
reads and 1,241,564,236 total bases, with an average coverage depth of 1,021x for the TPE
Kampung Dalan K363 genome, and 3,784,916 paired reads and 784,165,636 total bases, with
an average coverage depth of 644x for the TPE Sei Geringging K403 genome. A total of 222,
249, 158, and 265 contigs for each of the pools 1-4 of the TPE Kampung Dalan K363 strain
and 124, 92, 93, and 87 contigs for the 4 pools of the TPE Sei Geringging K403 strain were
obtained by de novo assembly. Detailed characteristics of Illumina sequencing and de novo
assembly are shown in S2 Table. The genome structures of both TPE strains were similar to
other previously characterized TPE strains with no major chromosomal rearrangements. The
summarized genomic features of TPE Kampung Dalan K363 and TPE Sei Geringging K403
were compared to the most closely related TPE Samoa D genome (CP002374.1 [6]). Details
are shown in Table 1.

Analysis of whole genome sequences

The genomes of TPE Kampung Dalan K363 and TPE Sei Geringging K403 strains differed in
the number of repetitions within the arp (TP0433) and TP0470 genes (S3 Table). The TPE
Kampung Dalan K363 strain contained 4 and 35 repetitions in the arp and TP0470 genes,
respectively, while the TPE Sei Geringging K403 strain contained 2 and 28 repetitions within
these genes, respectively. In both strains, the same repeat motif (Type II) within the arp gene
was identified as previously shown in other TPE strains [31]. Both TPE genomes showed the
same constitution of intergenic spacer regions within the rrn operons, i.e., tRNA-Ile/tRNA-Ala
pattern [13,32] (S3 Table), and both contained the tprD2 allele in the tprD locus [33] (S3
Table). Moreover, both TPE genomes differed in the sequences of the tprK gene variable
regions [34-37].

The whole genome sequences of the TPE Kampung Dalan K363 and TPE Sei Geringging
K403 strains were analyzed with respect to the occurrence of nucleotide diversity between
both strains. As a result, the genomes differed in 38 single nucleotide positions (S4 Table). In
addition, both genomes differed in 18 nucleotide positions within the TP0858 gene. Moreover,
there were differences in both genomes in the number of 2 nt-long (TG) and 9 nt-long
(TCCTCCCCC) repetitive sequences between coordinates 390964-390969 and 1051995
1052003 (according to the TPE Samoa D genome [6]), respectively. The genome of the TPE
Kampung Dalan K363 strain contained 2 and 2 of these repetitive sequences, while the TPE
Sei Geringging K403 genome contained 3 and 1 of these repetitions (S4 Table), respectively.
Since both TPE strains Kampung Dalan K363 and Sei Geringging K403 underwent serial pas-
sages in hamsters and rabbits after their isolation from human patients, the identified genetic
differences resulted either from the cultivation experiments in animals or were already present
during infection of humans.
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Table 1. Basic characteristics of the TPE Kampung Dalan K363 and TPE Sei Geringging K403 genomes and their comparison to the published TPE Samoa D

genome,

Genome parameter TPE Kampung Dalan K363 TPE Sei Geringging K403 TPE Samoa D*

GenBank Accession No. CP024088.1 CP024089.1 CP002374.1

Genome size 1,139,764 bp 1,139,464 bp 1,139,330 bp

G+C content 52.78% 52.77% 52.80%

No. of predicted genes 1124 including 54 untranslated 1124 including 54 untranslated 1125 including 54 untranslated
genes” genes” genes”

Sum of the intergenic region length (% of the genome 53,026 bp (4.65%) 53,213 bp (4.67%) 52,844 bp (4.64%)

length)

Average/median gene length

981.4/834.0 bp

981.5/834.0 bp

980.3/831.0 bp

Average/median gene length of genes with unknown 819.1/636.0 bp 821.1/640.5 bp 843.4/657.0 bp
function

No. of genes encoded on plus/minus DNA strand 599/525 599/525 600/525
No. of annotated pseudogenes 4 8 6

No. of tRNA loci 45 45 45

No. of rRNA loci

6 (2 operons)

6 (2 operons)

6 (2 operons)

No. of ncRNAs

“le]

3

3

3

® The TPE Samoa D genome contains one (TPESAMD_0005a) additionally annotated gene compared to the TPE Kampung Dalan K363 and TPE Sei Geringging K403
genomes where this gene is fused to TP0006 and is designated as TPEKDK363_0006 and TPESGK403_0006, respectively.

https://doi.org/10.1371/journal.pntd.0006867.t001

As revealed by our phylogenetic analyses, the TPE Kampung Dalan K363 and TPE Sei Ger-

ingging K403 strains clustered together and were more distantly related to other complete
genomes of TPE strains of human or baboon origin (Fig 1). In contrast to the Indonesian

strains used in this study, all other TPE strains originated from Africa with the exception of
the TPE Samoa D strain, which was isolated in Western Samoa in 1953 (S3 Table). Neverthe-
less, additional phylogenetic analysis including the recently published TPE draft genome
sequences from 6 individuals from Solomon Islands [10] did not show clustering of TPE Kam-
pung Dalan K363 and TPE Sei Geringging K403 with these strains (S1 File). While all Solomon
Island isolates [10] clustered together and were more closely related to TPE Samoa D, TPE
Kampung Dalan K363 and TPE Sei Geringging K403 belonged to distinct cluster.

Intra-strain heterogeneity in the TPE Kampung Dalan K363 and TPE Sei
Geringging K403 genomes

The TPE Kampung Dalan K363 and TPE Sei Geringging K403 genomes were inspected for the
presence of genetic intra-strain heterogeneity [38]. While the genome of the TPE Kampung
Dalan K363 strain contained 3 intra-strain heterogeneous sites, the genome of the TPE Sei
Geringging K403 strain harbored only a single such site (S5 Table). The TPE Kampung Dalan
K363 strain contained heterogeneous sites in genes TP0448 (encoding uracil phosphoribosyl-
transferase), TP0488 (coding for methyl-accepting chemotaxis protein), and TP1032 (encod-
ing hypothetical protein). In the TPE Sei Geringging K403 strain, a single heterogeneous site
was found in the TP0363 gene, encoding chemotaxis protein CheA, which is a sensor histidine
kinase. All four heterogeneous sites resulted in amino acid replacements in the corresponding
proteins (S5 Table).

In both TPE genomes, intra-strain variability in the length of G/C-homopolymeric tracts
was identified as previously shown in other treponemal genomes [7,39,40]. Based on the pre-
vailing length of G/C regions in the final genome sequences, 16 out of 44 such regions were
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TPE Kampung Dalan K363

TPE Sei Geringging K403

TPE Samoa D

TPE Gauthier

TPE Fribourg-Blanc

TPE LMNP-1

—— TPECDC-2

15
TPECDC 2575

TPE Ghana-051

TEN Bosnia A

0.0001

Fig 1. A phylogenetic tree constructed from the whole genome sequence alignment of available TPE and TEN
complete genome sequences (S3 Table). The tree was constructed using the Maximum Likelihood method based on
the Tamura-Nei model [19] and MEGA software [20]. The bar scale corresponds to a difference of 0.0001 nucleotides
per site. Bootstrap values based on 1,000 replications are shown next to the branches. There were a total of 1,189
informative positions in the final dataset. Genome sequence of TEN strain Bosnia A was used as an outgroup. Both TPE
strains of Indonesian origin were highly related to each other when compared to the genetic diversity detected among
other, previously characterized TPE strains. Both intergenic spacer regions within the rrn operons, the tprK (TP0897)
and tprD (TP0131) gene sequences and the repetitive sequences within the arp (TP0433) and TP0470 genes were
omitted from the analysis. The TPE Kampung Dalan K363 and TPE Sei Geringging K403 strains are shown in bold.

https://doi.org/10.1371/journal.pntd.0006867.9001

found to be different when comparing the TPE Kampung Dalan K363 and TPE Sei Geringging
K403 genomes (S6 Table). Therefore, four genes (TPESGK403_0126, TPESGK403_0312a,
TPESGK403_0865, and TPESGK403_0924a) were annotated as pseudogenes in the TPE Sei
Geringging K403 genome (S6 Table).

Modular structure of the TP0856 and TP0858 genes

Although both Indonesian TPE strains were highly related to each other, a relatively long
stretch of nucleotide differences in the TP0858 gene sequence of both analyzed strains suggests
a potential recombination event. Compared to the TP0858 sequence of the TPE Sei Geringging
K403 strain (which was similar to the other TPE strains), the TP0858 sequence in the TPE
Kampung Dalan K363 strain differed in 18 nucleotide positions (coordinates 819-853 in the
TP0858 gene of the TPE Samoa D [6]). Moreover, the nucleotide sequence present in the
TP0858 gene of the TPE Kampung Dalan K363 strain (i.e., r5 sequence; see Fig 2) was found
to be identical with the one found between coordinates 798-832 in the TP0856 gene (TPE
Samoa D gene coordinates). Interestingly, the same sequence (i.e., r5 sequence; see Fig 2) was
detected also in the TP0858 gene of the TPA Sea 81-4 (coordinates 819-853 according to the
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A. TPO856 (934709-935893*; 1185 nt) TP0858 (935995-937224*; 1230 nt)
TPE Kampung Dalan K363 — (e
1 r3 rdr5 r7 185
TPE Sei Geringging K403, CDC-2,
Samoa D, CDC2575, Ghana 051, ———_ T }———A TP }——
Gauthier, Fribourg-Blanc, LMNP-1 1 r3 rdr5 17 18 16
TPANichols DAL Chicago, [ T+ +—
SS14, Mexico A
4 rr3 r4r5 17 1416
TPA Sea 81-4 — [ —
r1 r3 rd4r5 r3 r4r5
TEN Bosnia A — e T
r2 r3 r4r6 17 1416
TPL ec. Cuniculus — [T
r2 r3 r4r5 17 19 16
B.
r1 ! GCGTCGATGCGTATGTTTTTCCCTGAATCTGGGTTTGACTTTTCTCCCTCCACGGGGCCCGT (TPE Samoa D; TP0856, 349-410, 62 nt)
r2 E AGTTCGATACGGGCGTTTCTCCCTGAGGGCTGGGTGGGCCTCAGTACCCTCGGTACGGTAATCGGACA (TPL ec. Cuniculus; TPO856, 349-416, 68 nt)
r3 D AACGCACCTGTCGCTGGGTACCGACGTGGGTCTGCAA (TPA Sea 81-4; TP0856, 537-573, 37 nt; TP0858, 573-609, 37 nt)
r4 D CTGCTGCAACGGCGAGAAGCCGTGCTGCAAGGACTGCGA (TPA Sea 81-4; TP0856, 750-788, 39 nt; TP0858, 765-803, 39 nt)
r5 D TCCCTGCCAGGACGAAGCAACGCCGGGCTCACGGC (TPE Kampung Dalan K363; TP0856, 798-832, 35 nt; TP0858, 819-853, 35 nt)
6 ! CCCCTGTCAGGACTGCAAAGACAAAGGTTCGGTGC (TEN Bosnia A; TP0856, 804-838, 35 nt; TP0858, 816-850, 35 nt)
(74 D AGCACACCTCTGTCTCCAGTGACATCGGTTTGCAG (TPE Samoa D; TP0858, 578-612, 35 nt)
8 E CTGCTGCAACGGTAGTACGTGCTGCACGAAGAAGTGCGAAGG (TPE Samoa D; TP0858; 768-809; 42 nt)
r9 I:l CTGTTGCAGCAAAGAGAAGTGCTGCACGAAGAAGTGCGAGGG (TPL ec. Cuniculus; TP0858; 768-809; 42 nt)
*according to TPE Samoa D (GenBank Acc. No. CP002374.1)
Fig 2. The modular structure of the TP0856 and TP0858 genes among 1 d I strains. A. Please note the differences between sequence

patterns of TPE Kampung Dalan K363 and the other TPE strains, the TPA Sea81-4 and the other TPA strains, and TPE and TPA/TEN strains in TP0858 gene. The r3
sequence (in TPA Sea81-4), r4 sequence (in TPA and TEN strains), r5 sequence (in Kampung Dalan K363 and TPA Sea81-4) and r6 sequence (in TEN Bosnia A)
within TP0858 or TP0856 genes resulted probably from intra-strain recombination events. B. A list of repetitive (r3, r4, r5, r6) and non-repetitive (unique) sequences
(rl,r2,17,18,19).

https://doi.org/10.1371/journal.pntd.0006867.9002

TPE Samoa D TP0858 gene). Analysis of additional treponemal genomes revealed that the
TEN Bosnia A strain contained identical sequences in the above described regions of both the
TP0856 and TP0858 genes (i.e., r6 sequence; see Fig 2), even though these sequences in the
TEN Bosnia A strain and the TPE Kampung Dalan K363 strain differed (Fig 2). Upstream of
this sequence, between coordinates 768-809 in the TP0858 gene (TPE Samoa D gene coordi-
nates), there was a 42 nt-long DNA region (i.e., r8 and r4 sequences; see Fig 2) showing identi-
cal sequences within TPE and TPA/TEN strains, respectively, but different in the TPE and
TPA/TEN comparison (Fig 2). In addition, the TPA Sea81-4 strain contained identical
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sequences (i.e., 13 sequence; see Fig 2) in both the TP0856 and TP0858 genes between coordi-
nates 538-573 and 579-612 (TPE Samoa D gene coordinates), respectively. The modular
structure of the TP0856 and TP0858 genes comprising all completely sequenced treponemal
strains is depicted in more detail in Fig 2.

Protein sequence analyses revealed that the repetitive modules found within both TP0856
and TP0858 genes (e.g., r3 in TPA Sea81-4, r4 in TPA and TEN strains, r5 in TPE Kampung
Dalan K363 and TPA Sea81-4, and r6 in TEN Bosnia A) used the same reading frame and
therefore yielded the same amino acid sequence in both TP0856 and TP0858 proteins. Protein
function analysis of TP0856 and TP0858 revealed presence of UPF0164, an uncharacterized
protein family found only among T. pallidum strains. Members of this protein family belong
to the membrane beta barrel superfamily. No motifs were found within these genes using the
Motif search (https://www.genome.jp/tools/motif) and Pfam, NCBI-CDD and PROSITE Pro-
file databases. However, as described recently [41], TP0856 and TP0858 proteins showed struc-
tural similarity to FadL, a long fatty acid transporter.

In addition, the sequences of TP0856 and TP0858 were analyzed by I-TASSER server [42]
to predict the protein structure. The analyses revealed that most of the variable sites (i.e., r1, r2,
r4, r5, 16, r8 and r9) of TP0856 and TP0858 represent coil sequences at the outer surface of -
barrels suggesting that these protein loci are exposed to the external milieu. The detailed over-
view of predicted structure for module sequences in TP0856 and TP0858 genes are shown in
S7 Table.

Modular structure of the TP0136 gene

An alignment of both whole genome sequences of the TPE Kampung Dalan K363 and TPE Sei
Geringging K403 strains revealed striking sequence differences in the TP0136 gene compared
to other TPE strains. A detailed analysis of treponemal TP0136 gene orthologs identified a
modular structure in the region between coordinates 158103-158250 (coordinates according
to the TPE Samoa D genome [6]; see Fig 3). While in the TPE Samoa D and TPE Gauthier
strains, the DNA region between coordinates 158196-158228 is represented by a 33-nt long
sequence (i.e., r6 and r4 sequences; see Fig 3), in TPE strains CDC-2, CDC 2575, Fribourg-
Blanc, and LMNP-1, the same region contains an additional copy of this 33-nt long sequence
(Fig 3). In contrast, the TPE Kampung Dalan K363 and TPE Sei Geringging K403 strains con-
tain within this region a duplicated segment from coordinates 158229-158250 (i.e., r5 and r2
sequences; see Fig 3), followed by another duplicated sequence from positions 158128-158195
(i.e., r3 and r4 sequences; see Fig 3). The sequence of the TP0136 gene from the TPE Kampung
Dalan K363 and TPE Sei Geringging K403 strains thus resembles the TP0136 gene sequences
found in TPA strains (Fig 3), where two 96 nt-long repetitions are present (i.e., comprising
rl-r2-r3-r4 sequences). The modular structure of the TP0136 gene comprising all completely
sequenced treponemal strains is depicted in more detail in Fig 3.

Prediction of treponemal genes with a modular structure in TPE genomes

To systematically detect genes showing a modular genetic structure, a whole genome analysis
of the presence of direct or inverted repeats of 17 or more nucleotides in length was per-
formed. The length of 17 or more nucleotides was based on an analysis of identified sequen-
tially unique k-mers present in TPE genomes. Starting with k-mers 9 nts in length, the number
of different k-mers increases with the length of k-mers until it reaches a maximum at 11 nts
and then decreasing (Fig 4). In k-mers 17 nt in length, the number of detected different k-mers
remains stable and therefore this length of k-mers was selected for identification of positions
and multiplicity of these k-mers in the TPE strain genomes. The results of position- and
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Fig 3. A. Modular structure of the TP0136 gene of the TPE Kampung Dalan K363, TPE Sei Geringging K403 and
additional TPE, TEN, and TPA strains. While the TPE Kampung Dalan K363 and TPE Sei Geringging K403 strains
resemble TPA strains, other TPE strains showed a deleted version of the TP0136 gene (Samoa D and Gauthier) or a
deleted version with a duplicated subregion r6 and r4 (CDC-2, CDC 2575, Ghana-051, Fribourg-Blanc, and LMNP-1).
The sequence of the TP0136 gene from the Treponema paraluisleporidarum ecovar Cuniculus strain Cuniculi A was
not included in this analysis since this gene locus contains a genetically different sequence, which is identical (99.7% at
the DNA level) to the TP0133 gene sequence. B. A list of repetitive sequences (rl, r2, 3, r4, r5, r6).

https://doi.org/10.1371/journal.pntd.0006867.9003

multiplicity-mapping of k-mers are summarized in Table 2. Besides tpr genes (tprCDEFGIJK),
a frequent presence of repeats was found in the region spanning the TP0126-TP0136 genes,
and in TP0856, TP0858, and TP0896 genes. Examples of other treponemal genes showing a
different modular structure are presented in Fig 5.

Discussion

Two TPE strains isolated in 1990 from villages in the Pariaman region of Sumatra, Indonesia,
were completely sequenced in this study using the pooled segment genomic sequencing
(PSGS) approach. This approach allowed assembly and compilation of complete genome
sequences without gaps or ambiguous nucleotide positions. The only exception was the vari-
able regions within the tprK gene where consensus sequences were not determined due to
intra-strain nucleotide sequence variability [34-37]. Both Indonesian TPE strains, i.e.,
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of 17 nts, which was subsequently used as the cutoff length for further evaluations.

https://doi.org/10.1371/journal.pntd.0006867.9004

Table 2. The list of detected genes with direct or inverted repeats of 17 or more nucleotides in length.

Gene Gene name Identical repeat found in Prediction of protein function
TPO117 tprC tprDFI Tpr protein C

TP0126abc TP0129, TP0129ab hypothetical protein

TP0129 TP0126abc, TP0129ab glutamate 5-kinase

TP0130 tprK repeat protein K*

TPO131 tprD tprCFI Tpr protein D

TP0136 TP0133, TP0134 fibronectin binding protein, outer membrane protein®
TP0136a tprK hypothetical protein

TP0313 tprE tprGJ. Tpr protein E

TP0316 tprF tprCDI Tpr protein F

TP0317 tprG tprE] Tpr protein G

TP0620 tprl tprCDF Tpr protein I

TP0621 tpr] tprGE Tpr protein ]

TP0856 TP0858 lipoprotein®

TP0896 TP0126a, tprK ATP synthase CF1 alpha subunit*

“protein predictions by Naqvi et al. [43]

https://doi.org/10.1371/journal.pntd.0006867.t002

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0006867 October 10, 2018

168

12/20



@' PLOS NEGLECTED
N2/ TROPICAL DISEASES Intra-strain recombination in yaws treponemes

A. B.
TP0126, TPO126b* TPO126¢ TP0127b TP0128 TP0130 TP0898

TPE Fribourg-Blanc [N TEN Bosnia A | S, O, F—
Othergenomes** [ W]  Other genomes** | | |

C. [» R
TP0O117 TPO131 TP0316 TP0620 TPO117 TPO131 TP0316 TP0620

TPE LMNP-1 ) [ (S| | TPE LMNP-1, TEN Bosnia A [FRR] (R (R
Other genomes** [ — — Other genomes** [——

E.xor TPO117 TPO131 TPO316 TP0620
TPE LMNP-1 | | — —|
R *sequence present in region where both genes overlap
TPE Gauthier, Ghana-051, CDC 2575 [T | *+10 genomes were analyzed (see 53 Table)
*xdifferent sequences compared to panel C
Other genomes™* [o— wenndifferent sequences compared to panel Cand D
Fig 5. A sch i ion of les of detected modular structure in several treponemal genes. A. The modular

structure ofTP0126/TP0126b and TP0126c¢ genes (coordinates 148661-148691 and 149217-149247, respectively, according to the
TPE Samoa D genome [6]). The TPE Fribourg-Blanc strain has identical sequences between regions where the TP0126 and
TP0126b genes overlap and in TP0126¢, while other analyzed genomes have different sequences in the TP0126/TP0126b. B. The
modular structure of the TP0127b, TP0128, TP0130, and TP0898 genes (coordinates 150108-150120, 150605-150619, 151643
151659, and 977776-977789, respectively, according to the TPE Samoa D genome [6]). The TEN Bosnia A strain has identical
sequences in regions of TP0128, TP0130, and TP0898 genes, while other genomes have the same sequences between regions of the
TP0128 and TP0130 genes and between the TP0127b and TP0898 genes. C. The modular structure of the TP0117, TP0131,
TP0316, and TP0620 genes (coordinates 134610134655, 152056-152101, 331882-331927, and 672661-672706, respectively,
according to the TPE Samoa D genome [6]). The TPE LMNP-1 strain has identical sequences in all of these genes while other
genomes have the same sequences between regions of the TP0117 and TP0131 genes and between the TP0316 and TP0620 genes.
D. The modular structure of the TP0117, TP0131, TP0316, and TP0620 genes (coordinates 134676-134672, 152122-152138,
331948-331964, and 672727-672743, respectively, according to the TPE Samoa D genome [6]). The TPE LMNP-1 and TEN
Bosnia A strains have identical sequences in all of these genes while other genomes have the same sequences between regions of
the TP0117 and TP0131 genes and between the TP0316 and TP0620 genes. E. The modular structure of the TP0117, TP0131,
TP0316, and TP0620 genes (coordinates 134780-134804, 152226-152250, 332052-332076, and 672831672855, respectively,
according to the TPE Samoa D genome [6]). The TPE LMNP-1 strain has identical sequences in all these genes while TPE strains
Gauthier, CDC 2575, and Ghana-051 have identical sequences between regions of the TP0117 and TP0131 genes and between the
TP0316 and TP0620 genes. The remaining genomes have the same sequences between the TP0316 and TP0620 genes.

https://doi.org/10.1371/journal.pntd.0006867.9005

Kampung Dalan K363 and Sei Geringging K403, were genetically related to each other and
both strains were more distantly related to other, previously characterized TPE strains.

Most of the available complete genome sequences of TPE strains originated in Africa except
for the TPE Kampung Dalan K363 and Sei Geringging K403 strains that were isolated in Indo-
nesia [14] and the TPE Samoa D strain that was isolated from the Samoan Islands in the cen-
tral South Pacific, forming part of Polynesia [44]. This opens the question of whether TPE
strains differ with respect to their geographical origin as shown by molecular typing studies of
TPA [13]. A recent paper on TPE isolates sequenced from the Solomon Islands revealed 8
draft genome TPE sequences from 6 patients [10] showing that the Solomon Islands genome
sequences represented a discrete TPE clade that was distinct from all previously sequenced
TPE strains. Nevertheless, the phylogenetic analysis including also TPE strains from Solomon
Islands [10] did not show clustering of TPE Kampung Dalan K363 and TPE Sei Geringging
K403 with these strains (S1 File) despite their close geographical origin. However, the draft
genome status of TPE Solomon Islands strains needs to be taken into account in the interpreta-
tion of the phylogeny shown in S1 File. Interestingly, the genetic features within the TP0858
gene of the TPE Kampung Dalan K363 strain, presented in this study, was similar to those
found in all of the Solomon Islands isolates. This comprised a short sequence within the
TP0858 gene that was conserved in all the Solomon Islands isolates suggesting that this
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sequence is representative of isolates from the South Pacific region [10]. Moreover, this
sequence is a part of the reverse primer binding site within the TP0858 gene, which was the
target of a PCR assay designed by Chi and colleagues [45], which leads to false-negative PCR
results on samples with this recombination [10,46].

A limited amount of genetic diversity within individual TPE strains was found in this
study. Although it has been shown that the number of identified intra-strain heterogeneous
sites correlates positively with the average depth of sequencing coverage, these genomes
revealed just one and three such sites, although the average depth of sequencing coverage was
well above 600x. Cejkova et al. [38] proposed that the number of heterogeneous sites also
reflects T. pallidum subspecies classification, where the majority of heterogeneous sites were
found among TPA strains and not among TPE strains. This work appears to be consistent
with this prediction same as the recently sequenced genomes of TPE strains Ghana-051 and
CDC 2575, which showed a relatively limited number of heterogeneous sites (n = 13, n = 5;
respectively) [7]. As shown in previous studies, all the alternative alleles identified in this study
encoded non-synonymous amino acid replacements, suggesting an adaptive character for this
genetic variability [38].

In general, pathogenic treponemes comprising TPA, TPE, and TEN strains or isolates, lack
mobile genetic elements including pathogenicity islands, prophages, and plasmids [12,13]. It
was long believed that the lack of mobile genetic elements is related to the absence of genetic
recombination both within and between treponemal strains. Yet, due to recent accumulation
of genetic data, treponemes appear to recombine genetic material both within and between
genomes. One of the first observations describing intra-strain genetic recombinations (recom-
binations within genomes) came from studies on the tprK gene, which shows increasing vari-
ability during the course of human infection [35,36]. The underlying mechanism here is gene
conversion using sequences from the flanking regions of tprD [34]. Later, Gray et al. [47] dem-
onstrated that intra-genomic recombination has played a significant role in the evolution of
tpr genes (tprCDIGJK), which have evolved through gene duplication and gene conversion. As
an example, the occurrence of tprD and tprD2, both found within TPA clusters (Nichols-like
and SS14-like) and within TPE strains [33], suggests a gene conversion mechanism in copying
the tprC allele (that is identical with the tprD allele) to the tprD locus [33,47]. Similarly, the
TP0136 locus of the Treponema paraluisleporidarum ecovar Cuniculus strain Cuniculi A con-
tains an almost identical copy of the TP0133 gene sequence, suggesting the same mechanism
as for tprD/tprD2 allele alternation [13,26]. A similar situation was recently found in TPE sam-
ples isolated on Lihir Island, Papua New Guinea [48], where the TP0136 allele also had an
intriguing sequence identity to the TP0133 gene. The authors proposed a possible interstrain
recombination between treponemal species, however, intra-strain recombination by copying
the TP0133 allele to the TP0136 locus appears to be more plausible. As shown in Cejkové et al.
[32], two rRNA (rrn) operons occurred in two different rrn spacer patterns (i.e., tRNA-Ala/
tRNA-Ile and tRNA-Ile/tRNA-Ala patterns) and these variants were found independently of
species/subspecies classification, time, and geographical source of the treponemal strains, sug-
gesting the existence of reciprocal recombination in treponemes. Besides intra-genomic
recombination events, traces of interstrain (intergenomic) recombination between TPA, TPE,
and TEN strains have been proposed for several genetic loci [3,11,23].

Comparisons of genome sequences of the TPE Kampung Dalan K363 and TPE Sei Gering-
ging K403 strains as well as analysis of other TPE strains revealed a modular structure for at
least three gene loci including TP0136, TP0856, and TP0858, suggesting that the recombina-
tion within treponemal genomes can result in substantial changes in gene and protein
sequences. Further systematic analyses revealed additional gene loci with a modular genetic
structure that differ in certain strain(s) compared to others, these genes included TP0126,
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TP0126b, TP0126¢, TP0127b, TP0128, TP0130, TP0898, and tprCDFI (TP0117, TP0131,
TP0316, and TP0620), indicating that this mechanism, which enables genetic diversification, is
quite common in treponemal genomes. Moreover, there were additional genes identified that
have direct or inverted repeats (summarized in Table 2) and thus have the potential for genetic
reshuffling. The analysis of these genes revealed that these loci were limited to specific and rel-
atively short genomic regions. In addition, these regions were often found in paralogous gene
families including tpr genes (tprCDEFGIJK), the paralogous family of TP0133, TP0134,
TP0136, and TP0462 genes, and the paralogous family of TP0548, TP0856, TP0858, TP0859,
and TP0865 genes.

As a consequence of the inherent variability of these paralogous families, restriction frag-
ment length polymorphism (RFLP) analysis of the tprE (TP0313), tprG (TP0317), and tpr]
(TP0621) genes became a part of the CDC-typing scheme that determines, in addition to the
tprEGJ RFLP pattern, a number of 60-bp tandem repeats within arp (TP0433) [49]. Interest-
ingly, members of two additional paralogous families including TP0136 and TP0548 are tar-
gets of sequencing-based molecular typing [50-55].

Similar to the TP0136 protein, TP0856 and TP0858 are predicted lipoproteins [43]. Structure
similarity of TP0856 and TP0858 proteins to FadL, a long chain fatty acid transporter, was
recently published [41] and both proteins are members of a FadL-like family (TP0548, TP0856,
TP0858, TP0859, TP0865) found in T. pallidum. Moreover, most of the variable sites (i.e., r1, r2,
r4, 15, 16, r8 and r9) of TP0856 and TP0858 were located in loops suggesting that these protein
loci are exposed to the external milieu. The TP0136 gene has been shown to have heterogeneous
sequences among T. pallidum strains [56,57]. Moreover, the TP0136 lipoprotein was demon-
strated to be exposed on the surface of the bacterial outer membrane and was shown to bind to
the extracellular matrix glycoproteins fibronectin and laminin [56]. Immunization with recom-
binant TP0136 delayed ulceration in experimentally infected rabbits but did not prevent infec-
tion or the formation of skin lesions [56]. The NH,-terminus of the TP0136 protein comprises a
region with a modular structure overlapping the major fibronectin binding activity domain
[57]. The modular structure was identified within the two 96 nt-long repetitions that are present
in TPA strains and in the TEN Bosnia A strain. Interestingly, the sequence of the TP0136 gene
in the TPE Kampung Dalan K363 and TPE Sei Geringging K403 strains resembled the TP0136
gene sequences found in TPA strains representing a new molecular type in the yaws MLST typ-
ing scheme [48]. Moreover, the specific insertion in TP0136 in the DAL-1 genome [22] was pre-
dicted to contain donor sequences for the tprK gene of T. pallidum [58].

In the case of TprC protein, one of the predicted antigenic epitopes on the 3D predicted
structure, E3 (residues 575-583), partially overlaps with a recombinant region [59,60]. Our
findings are therefore consistent with relatively frequent genetic recombinations operating at
certain treponemal loci and these recombinations likely result in novel amino acid sequences
exposed to the external milieu.

In summary, although TPE genomes appear to be the most conserved genomes of the
uncultivable pathogenic treponemes [12,13], diversification of TPE genomes appears to be
facilitated by intra-strain genome recombination events and rearrangements. Analysis of addi-
tional genomes will likely reveal more potential recombinations in the future.
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TPE Sei Geringging K403 strains.

(XLSX)

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0006867 October 10, 2018 15/20

171



@' PLOS NEGLECTED
N2/ . TROPICAL DISEASES Intra-strain recombination in yaws treponemes

S2 Table. Next-generation sequencing statistics for the TPE Sei Geringging K403 and TPE
Kampung Dalan K363 genomes.
(XLSX)

S3 Table. Trep strains/g used in analyses.
(XLSX)

S4 Table. Nucleotide differences between the TPE Kampung Dalan K363 and TPE Sei Ger-
ingging K403 genomes. tprK (TP0897) and TP0858 genes were excluded from the analysis.
(XLSX)

S5 Table. Intra-strain heterogeneity found in the TPE Kampung Dalan K363 and TPE Sei
Geringging K403 genomes. Minor alleles with a frequency over 8% and coverage depth over
100x are shown. The tprK (TP0897) gene was excluded from the analysis.

(XLSX)

S6 Table. Differences in G/C-homopolymeric tracts when comparing the TPE Kampung
Dalan K363 and TPE Sei Geringging K403 genomes.

(XLSX)

S7 Table. The overview of predicted structure for module sequences in TP0856 and
TP0858 genes.

(PDF)

S1 File. A tree constructed from the whole g q e ali t of available TPE

and TEN genome sequences including also the draft genomes of TPE strains isolated on
Solomon Islands [10]. The tree was constructed using the Maximum Likelihood method
based on the Tamura-Nei model [19] and MEGA software [20]. The bar scale corresponds to a
difference of 0.0001 nucleotides per site. Bootstrap values based on 1,000 replications are
shown next to the branches. There were a total of 1,104,654 positions in the final dataset. Both
TPE strains of Indonesian origin were highly related to each other when compared to the
genetic diversity detected among other, previously characterized TPE strains. TPE strains
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Survey results showed treponemal infection among pet ma-
caques in Southeast Asia, a region with a high prevalence
of human yaws. This finding, along with studies showing
treponemal infection in nonhuman primates in Africa, should
encourage a One Health approach to yaws eradication and
surveillance activities, possibly including monitoring of non-
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aws, an endemic tropical disease distinguished by

bone and skin lesions, is caused by infection with
Treponema pallidum subsp. pertenue treponemes. Suc-
cessful yaws treatment campaigns during 1950-1965
were followed by a resurgence of disease, and the World
Health Organization (WHO) consequently mounted a
yaws eradication campaign (/). Although the agent of
yaws is spread among humans via direct contact, research
has shown that nonhuman primates (NHPs) may serve as
mammalian host reservoirs with the potential for zoonotic
transmission (2). Successful eradication campaigns de-
pend on there being no reservoir shielding the agent from
eradication efforts; thus, the role that NHPs play in yaws
among humans must be determined (3).
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African Old World primates (OWPs) can be infected
by T. pallidum and exhibit symptoms of yaws (2). Of note,
the Treponema Fribourg-Blanc strain (isolated from a ba-
boon in western Africa in 1966) exhibits remarkable genet-
ic similarity to strains that cause yaws in humans (4) and in
experiments, was shown capable of infecting humans (3).
More recently, studies focusing on treponemal infections
among NHPs in eastern Africa and the Republic of Congo
showed that the NHP geographic range overlaps consider-
ably with areas having a formerly high prevalence of yaws
in humans (2).

Macaques (Macaca spp.), OWPs native to Asia and
northern Africa, are susceptible to and have been experi-
mentally infected with T. pallidum (6). After the initial
WHO eradication efforts, yaws was believed to be largely
eliminated from countries of mainland Asia, although re-
porting and active case detection have not been uniform
throughout the region (7). Several island nations in Asia,
however, continue to report active human yaws cases (8,9).

Macaques, the most widely distributed and numerous
NHPs in the world, are sympatric with humans throughout
Asia, thriving in human-altered environments and com-
monly kept as pets. To further characterize the role NHPs
might play in the maintenance of 7. pallidum subspecies,
we screened an extensive archive of serum samples col-
lected from free-ranging and captive macaques.

The Study
As part of a project characterizing the pathogen landscape
among macaques and humans, we collected blood samples
from NHPs during 1999-2012 and stored them at —80°C
(10). We retrospectively screened samples from 734 ma-
caques representing 13 species distributed throughout the
animal’s natural geographic range (Table 1). Study proto-
cols were approved by the University of Washington Insti-
tutional Animal Care and Use Committee (no. 4233-01)
and adhered to the American Society of Primatologists
Principles for the Ethical Treatment of NHPs (https://www.
asp.org/society/resolutions/Ethical TreatmentOfNonHu-
manPrimates.cfm).

We used a Macro-Vue RPR Card Test Kit (BD, Frank-
lin Lakes, NJ, USA) to screen the 734 blood samples; 11
(1.5%) were positive (Table 2). The RPR (rapid plasma
reagin) test, a lipoidal test (nontreponemal) for IgG and
IgM typically associated with treponemal infection, can
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Treponemal Infections in Macaques, 1999-2012

Table 1. Number and species of free-ranging and captive macaques tested for treponemal infection, by location, 2000-2014*

Country, species Year(s) sampled Total no. sampled No. captive No. free-ranging
Nepal 2003
Macaca mulatta 28 0 28
Bangladesh 2008-2012
M. mulatta 137 14 123
Thailand 2003
M. arctoides 2 2 0
M. assamensis 5 5 0
M. fascicularis 2 2 0
M. mulatta 9 9 0
M. nemestrina 4 4 0
Cambodia 2011
M. fascicularis 39 0 39
M. leonina 5 0 5
M. nemestrina 1 0 1
M. spp. (hybrid) 3 0 3
Singapore 2003, 2005-2006, 2009
M. fascicularis 76 0 76
Gibraltar 2004, 2009, 2013-2014
M. sylvanus 124 0 124
Indonesia
Bali 2000-2003
M. fascicularis 157 0 157
Java 2002
M. fascicularis 25 25 0
Sulawesi 2000-2002
M. balantak 5 5 0
M. fascicularis 5 5 0
M. hecki 7 7 0
M. maura 9 9 0
M. nemestrina 2 2 0
M. nigra 22 14 8
M. nigrescens 11 11 0
M. ochreata 1 1 0
M. tonkeana 40 40 0
Macaca spp. (hybrid) 15 15 0
Total 2003-2014 734 170 564

*The 734 tested macaques represented 13 species. Captive category included pets, macaques used in performances, and macaques in zoos; free-
ranging included wild macaques, urban macaques, and those at temples, shrines, and reserve parks.

occasionally elicit nonspecific responses. To confirm RPR-
positive samples, we used ESPLINE TP (Fujirebio, Tokyo,
Japan), an enzyme immunoassay for measuring reactivity
to 2 recombinant 7. pallidum antigens, Tp47 and Tpl7.
ESPLINE TP and RPR tests have been validated for use
in OWPs (/7). Of the 11 RPR test—positive samples, 1 was
from Singapore; 2 from Bali, Indonesia; and 8 from Su-
lawesi, Indonesia. Six samples (all from Sulawesi) yielded
confirmatory positive results on the ESPLINE TP assay.
Of note, in Sulawesi, the only positive macaques were pets
sampled from South Sulawesi and West Sulawesi Prov-
inces, which make up the island’s southwestern peninsula
(Figure). We also used ESPLINE TP to test the 28 RPR
test-negative samples from Sulawesi’s southwestern pen-
insula; none tested positive.

At the time of sampling, the macaques underwent a
physical examination, including close inspection of head,
trunk, extremities, oral cavity, and genitals. We conducted
a retrospective review of the data and found that none of
the macaques had lesions typical of treponemal infection
(4). Of the 734 macaques, 13, including 2 seropositive
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macaques from Sulawesi’s southwestern peninsula, had hy-
popigmentation on the palms of their hands, feet, or both.
Hypopigmentation is rarely seen in yaws but is a common
manifestation of pinta, which is caused by infection with T
carateum, a close relative of T. p. pertenue.

Conclusions

Our findings show that pet macaques in Southeast Asia can
be infected with Treponema spp. related to those that infect
humans. The overall prevalence of infection was low in
our survey, but the pocket of infection detected among pets
in Sulawesi’s southwestern peninsula is noteworthy. The
demonstration of reactivity in the serologic tests provides
unequivocal evidence that the macaques had been infect-
ed with 7. pallidum or a highly related pathogen. We had
hoped to amplify a portion of 1p0548, a locus in the 7. palli-
dum genome used for molecular typing, but no amplifiable
pathogen DNA was found in the whole-blood samples that
had been held in storage for >10 years. Therefore, we could
not determine whether the treponemal strains from NHPs
in Sulawesi resembled strains that cause human yaws.
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Table 2. Treponemal infections in blood samples from free-
ranging and pet macaques, by geographic location, 1999-2012*
No. macaques No. macaques

positive/no. negative tested/no.
Location (% reactive)t positivet
Indonesia
Bali 2/155 (1.3) 2/0
Java 0/25 (0) NA
Sulawesi 8/109 (7.3) 8/6
Nepal 0/28 (0) NA
Singapore 1/75 (1.3) 1/0
Bangladesh 0/137 (0) NA
Thailand 0/22 (0) NA
Cambodia 0/48 (0) NA
Gibraltar 0/124 (0) NA
Total 11/734 (1.5) 11/0

*NA, indicates that samples in the region were not tested.

tDetermined by using the Macro-Vue RPR (rapid plasma reagin) test (BD,
Franklin Lakes, NJ, USA).

FDetermined by using ESPLINE TP (Fujirebio Inc., Tokyo, Japan), a
_reagent for the detection of Treponema pallidum antibodies.

Sulawesi, the third largest island in the Indonesian
archipelago, has a population of 17 million persons and
7 endemic macaque species. The seropositive samples
from South Sulawesi and West Sulawesi Provinces were
collected in July and August of 2000, immediately pre-

North .
Sulawesi

Macaque sampling sites

+ Macaques negative for
treponemal infection

* Macaques positive for
treponemal infection

West
Sulawesi -~/ Central
Sulawesi . No. yaws cases
] No. cases reported

[ nsufficient data

[ Low no. of cases.

[ High ro. of cases
Southeast N
Sulawesi
W E
South Y
Sulawesi ~
R S
' L
w
- % 0 100 200 400 km

Figure. Individual sampling sites where macaques were tested for
infection with Treponema spp. during 1999-2012 and the number
of human yaws cases during 2001-2011, Sulawesi, Indonesia.
Numbers in parentheses indicate number nonhuman primates
sampled in each of the 6 provinces. ESPLINE TP (Fujirebio Inc.,
Tokyo, Japan) reagent for the detection of T. pallidum antibodies
was used to determine whether macaque samples were positive
for treponemal infection. The number of human yaws cases was
determined by the World Health Organization (7). Inset map
shows the location of Sulawesi in Indonesia (gray shading). NA,
not available.
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dating an active yaws outbreak among humans in the re-
gion that caused 241 documented cases in the neighbor-
ing southeastern peninsula during 2001-2011 (WHO,
http://apps.who.int/iris/bitstream/10665/75528/1/
WHO_HTM_NTD_IDM 2012.2 eng.pdf) (Figure).
During that outbreak, WHO characterized the South Su-
lawesi and West Sulawesi Provinces as “data deficient”
regions in regard to the status of yaws among the human
population. Most macaques whose samples were used
in this study were free-ranging, but all of the macaques
sampled in South Sulawesi and West Sulawesi Provinc-
es had been captured at a young age for use as pets. The
association between humans and pet macaques is often
intimate, with the sharing of food; space; and physi-
cal contact through grooming, play, or aggression (/2).
Two of the Treponema spp.—infected pets were owned
by the same person and housed together. Studies of pet
macaques in Sulawesi and their owners have indicated
that infectious agents can move between these popula-
tions (/2,13). Although the treponemal serologic status
of the pet owners in this study is unavailable, the fact
that seropositive pet NHPs from a region neighboring an
area with a high number of human yaws cases suggests
that the NHP cases resulted from treponeme transmis-
sion from humans to pets.

All macaques in this study, with the exception of M.
sylvanus from Gibraltar, were from historically yaws-
endemic areas where WHO conducted past yaws eradica-
tion campaigns. Much of Asia has a rich tradition of hu-
man-NHP commensalism, and macaques are common
in villages, often as pets (/0). Moreover, we previously
showed that macaques can harbor an array of mammalian
picornaviruses, astroviruses, and mycobacteria (/3—15),
underscoring the role of macaques in the ecology of these
pathogens. However, as with our current study of trepo-
nemal infections, definitive evidence for transmission and
the direction of transmission have not been established for
these pathogens.

Our findings of treponemal infections among macaques
in Southeast Asia, along with published work showing in-
fection in NHPs in Africa (4), should encourage holistic
and One-Health approaches to eradication and surveillance
activities, including consideration of monitoring NHPs in
yaws-endemic regions. Such approaches are particularly
relevant for pet NHPs, which can easily be assessed and
treated. The human—NHP interface is ancient and complex,
and continued research, particularly in yaws-endemic re-
gions, can help to ameliorate concerns as a second WHO
yaws eradication campaign moves forward.
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7.4 Feasible Transmission Routes for 7. pallidum Infection

A functional reservoir does not only require the maintenance of a pathogen but also feasible
transmission routes (chapter 7.4) (Hallmaier-Wacker et al., 2017). This is in particular
important for 7. pallidum which is highly susceptible to drying and temperature changes
(Willcox and Guthe, 1966a). The bacterium does not survive a long time outside of its host and
therefore primary requires direct contact between a diseased and susceptible individual to get
transmitted. However, other transmission pathways are thinkable as shown for insect
transmission (Knauf et al., 2016). The following publications are themed to describe possible
transmission routes and their investigation in NHPs.

7.4.1 Strain Diversity of Treponema pallidum subsp. pertenue suggests rare interspecies
transmission in African nonhuman primates
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In our most recent study, we found that in Tanzania infection with Treponema pallidum (TP) subsp.
pertenue (TPE) is present in four different monkey species. In order to gain information on the diversity
and epidemiological spread of the infection in Tanzanian nonhuman primates (NHP), we identified two
suitable candidate genes for multi-locus sequence typing (MLST). We demonstrate the functionality
of the MLST system in invasively and non-invasively collected samples. While we were not able to
demonstrate frequent interspecies transmission of TPE in Tanzanian monkeys, our results show a
clustering of TPE strains according to geography and not host species, which is suggestive for rare
transmission events between different NHP species. In addition to the geographic stability, we describe
the relative temporal stability of the strains infecting NHPs and identified multi-strain infection.
Differences between TPE strains of NHP and human origin are highlighted. Our results show that
antibiotic resistance does not occur in Tanzanian TPE strains of NHP origin.

Nonhuman primates (NHPs) in Africa are naturally infected with Treponema pallidum subsp. pertenue (TPE)',
the bacterium causing human yaws. In our most recent study, we found that in Tanzania infection with TPE is
present in four different NHP species (olive baboon (Papio anubis), yellow baboon (Papio cynocephalus), vervet
monkey (Chlorocebus pygerythrus), and blue monkey (Cercopithecus mitis))’. Moreover, we showed that infection
is geographically widespread within Tanzania. Although we confirmed infection by serology and PCR, the data
were insufficient to describe the epidemiology of the disease. Further insights into the inter- and intraspecies
spread of the TPE bacterium in Tanzanian NHPs will contribute to our understanding of transmission pathways
and pathogen maintenance, which are crucial elements for the identification of a functional disease reservoir’.
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Locus® Length | Protein function No. of variable sites | SNVs frequency/kbp
TPESAMD_0136 1,412 FIBRONECTIN-BINDING protein 41 29.04
TPESAMD_0548 1,298 FadL ortholog, outer membrane protein | 36 27.73
TPESAMD_0858 1,229 FadL ortholog 33 26.85
TPESAMD_0488 2,537 METHYL-accepting chemotaxis protein | 31 12.22
TPESAMD_0865 1,445 FadL ortholog 26 17.99
TPESAMD_0326 2,502 BamA 22 8.40

Table 1. Genes with the highest SNV frequency per kbp containing 22 and more SNVs among samples listed
in Table S1. SAnotation and length of the genes were identified according to the TPE reference genome Samoa D
(GenBank accession number CP002374.1). Protein predictions by Brinkman et al.** and Radolf and Kumar™.

The chance that NHPs infected with TPE are a potential source for human infection has been discussed for
tropical Africa’. However, naturally occurring transmission from NHPs to humans and vice versa has not been
confirmed by current data, although phylogenetic analyses of whole genome sequences from TPEs of human and
NHP origin suggest a rapid initial radiation of the ancestor of TPE across the different primate taxa, including
humans'.

Molecular typing is used to accurately distinguish between different strains of T. pallidum (TP) for epidemi-
ological and surveillance analysis. The method has been extensively applied to the syphilis—causing bacterium
(subsp. pallidum, TPA)® where it is used to describe its spatial, e.g.”, and temporal, e.g."’, subtype composition.
Two recent studies suggested new typing systems for human yaws'"'2. It was unclear though, whether the existing
molecular typing systems for TPA or TPE of human origin can be applied to TP strains originating from NHPs.

In the current study, we identified suitable candidate genes for multi-locus sequence typing (MLST) in TP
samples of NHP origin and investigated strain diversity of the NHP infecting strains in Tanzania. We hypothe-
sized that interspecies transmission in NHPs is ongoing. Moreover, we show that our typing system can be applied
to samples from other regions of Africa and to analyze TP in non-invasively collected fecal samples.

Materials and Methods

Ethical statement. No animals were handled specifically for this study. The ethical statement for the
Tanzanian NHP samples has been published elsewhere®'*. Lesion swabs from Ethiopian grivet monkeys
(Chlorocebus aethiops) were taken as part of a research investigation conducted by AA under the Ethiopian
Wildlife Conservation Authority reference number 15ET-0000-BS-01. Noninvasively collected fecal samples of
western lowland gorillas (Gorilla gorilla gorilla) from the southern part of Odzala-Kokoua National Park (OKNP)
originate from a collaboration signed under a MoU between the Foundation Odzala-Kokoua, the German
Primate Center, and the Institute of Vertebrate Biology, Czech Academy of Sciences in November 2017.

Design of the multi-locus sequence typing system. In order to identify most suitable candidate genes
for MLST in TPE strains of NHP origin, we used 23 available complete and draft genome sequences of TPE from
both human and NHPs from Africa and the Pacific regions (Table S1). Several criteria were applied to obtain most
suitable gene loci for TPE MLST. First, we identified the most variable genes with accumulated single nucleotide
variants (SN'Vs) in short DNA fragments (genes containing the highest SNV’ frequency per kbp) and, at the same
time, with potential ability to distinguish all strains used for this analysis (containing 22 and more variable sites;
Table S1). We identified six candidate genes (Table 1) and compared the resolution power of phylogenetic trees
based on genome-wide data and phylogenetic trees based on sequences of individual genes.

With this approach, we propose a new MLST scheme for TPE strains of NHP origin, based on sequencing
of two variable loci (TP0548 and TP0488). The typing scheme is able to reveal 70% of whole genome resolution.
Further details on the identification of most variable genes, resolution power, and the selection of most suitable
typing loci are provided in the Technical Appendix.

Samplesincluded into the study and DNA extraction.  Our study used TP positive DNA samples from
85 NHPs of six different species and three African countries (Tables 2 and S3). The samples originated from pre-
viously published®'” and ongoing research investigations. The different methods of DNA extraction are presented
in the Technical Appendix.

DNA target enrichment. Before MLST, DNA extracted from fecal samples was enriched for bacterial DNA
using the Looxter Enrichment Kit (Analytik Jena, Jena, Germany) following the manufacturer’s protocol.

Polymerase chain reactions.  Multi-Locus Sequence Typing system. TP0548: Amplification of a fragment
of the TP0548 gene was achieved using a nested PCR. The two-step PCR amplified a 1,065-bp long fragment of
the target gene. Amplification and sequencing primers were used as reported elsewhere'". Briefly, the 50-pl reac-
tion volume comprised 25l of the 2x Universe buffer (Universe High Fidelity Hot Start DNA Polymerase Kit,
Biotool, Munich, Germany), 17 ul RNAase free water, 2 ul of each 10 uM primer, 1 ul DNA polymerase (1 U/pl),
1l of the dNTP mix (10 mM each), and 2 pl template DNA, independent of DNA concentration. Amplification
was performed in a SensoQuest Labcycler using the following thermocycler conditions: pre-denaturation at 95°C
for 3 min, followed by 40 and 30 cycles, respectively, each with 95°C for 15 sec, 48 °C for 15 sec, and 72 °C for
30sec. Each of the PCR runs ended with a post-extension step at 72 °C for 5 min.
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NHP species Sample type (n NHPs)* Geographic origin Reference

Olive baboon (Papio anubis) Skin (61)*, lesion swab (3) | Tanzania @)

Yellow baboon (Papio cynocephalus) Skin (7) Tanzania 2)

Vervet monkey (Chlorocebus pygerythrus) Skin (8) Tanzania 2]

Blue monkey (Cercopithecus mitis) Skin (1) Tanzania 2

Grivet monkey (Chlorocebus acthiops) Lesion swabs (2) Ethiopia Ongoing research, unpublished
Western lowland gorilla (Gorilla gorilla gorilla) | Feces (4) Republic of the Congo | Ongoing research, unpublished

Table 2. Overview of NHP species, sample types, and geographic origin. Only previously TP positive tested
samples have been included. $The number of NHPs (n) which were sampled is not necessarily equal to the
number of strain sequences. In a few cases (n = 3) multi-strain infection was present, which increased the
sequence data output. “Including one lymph node aspiration sample.

TP0488: The PCR amplified a 837 bp-long fragment of the TP0488 gene using 5'-CCC TGC GCA CCA
AGC TC-3' and 5-ACA CAG GCC CCA TAA ACT-3' primers. Briefly, the 51-pl reaction volume comprised
45l Platinum PCR Super Mix High Fidelity (ThermoFisher Scientific, Munich, Germany), 2 ul of each 10
umol/L primer, and 2 ul template DNA, independent of DNA concentration. Amplification was performed in a
SensoQuest Labcycler using the following thermocycler conditions: pre-denaturation at 94 °C for 2 min, followed
by 80 cycles each with 94 °C for 15sec, 59 °C for 15 sec, and 68 °C for 1 min.

Additional gene targets. TP0619: Although the TP0619 locus is not part of the newly designed typing system, it
was amplified to further discriminate between TPA and Treponema pallidum subsp. endemicum (TEN) strains.
We performed the PCR as described previously’. PCR conditions included a pre-denaturation at 95 °C for 3 min,
followed by 40 cycles each with 95°C for 15 sec, 55°C for 15sec, and 72 °C for 30 sec. The PCR run ended with a
post-extension step at 72 °C for 5min.

Gel electrophoresis, purification, and DNA sequencing.  All PCR products were run on 1% agarose
gels to check for PCR performance and correct amplicon size. Products of the appropriate size were gel extracted
and purified with the Qiagen Gel Extraction Kit (Qiagen, Hilden, Germany) and subsequently Sanger sequenced
using the Microsynth SeqLab Laboratory service (Microsynth, Gottingen, Germany).

23S ribosomal RNA gene restriction enzyme analysis. ~ Additional analyses of the 23 S ribosomal RNA
gene was conducted to identify the two point-mutations including A2058G and A2059G that encode for mac-
rolide resistance'*~'°. We note here that this locus is not part of the MLST, but it provides an essential information
on macrolide resistance in NHP infecting TP strains. Methods were performed according to the procedures
described by Lukehart et al.'” with minor modifications. Amplification was done using a semi-nested PCR. The
primers of the first PCR were S-primer 5'-GTA CCG CAA ACC GAC ACA G-3' and AS-primer 5'-GCG CGA
ACA CCT CTT TTT AC-3’ using an annealing temperature of 62 °C and 35 cycles. All other PCR conditions
were identical with those for TP0619. The second PCR was performed with the S-primer from the first PCR and
AS-primer 5'-AGT CAA ACC GCC CAC CTA C-3'. Amplification was conducted with an annealing temperature
of 63°C and 30 cycles. Again, all other PCR conditions were the same as for TP0619. PCR products were run on
1% agarose gels to check for the expected 628 bp-sized PCR product. Subsequently, each sample was digested
overnight with restriction enzyme Mbo II (R0148, BioLabs New England, Beverly, MA, USA) at 37°C and in a sec-
ond reaction with Bsa I (R0535, BioLabs New England, Beverly, MA, USA) at 50 °C. Interpretation of results was
performed as published previously'’. TPA strains Street 14 (known mutation at A2058G, digested with Mbo II)
and UW330B (known mutation at A2059G, digested with Bsa I) were included as positive controls.

Data analysis. Sequence data were analyzed, edited, and aligned using Geneious v11.1.4 (Biomatters Ltd.,
Auckland, New Zealand). We compared sequences with respective orthologs available in GenBank using BLAST
search (http://blast.ncbi.nlm.nih.gov/Blast.cgi) with megablast or blastn tools. The Free Phylogenetic Network
Software (www.fluxus-eneineering.com) was used to create a median-joining network as described elsewhere'®.
The respective concatenated sequence alignment (TP0548 and TP0488) was used in combination with the
assigned traits ‘NHP species’ and ‘sample location trait. Maximum-parsimony (MP) trees, with gaps coded as fifth
character, were constructed with SeaView 4.5.6"". Maximum-likelihood (ML) trees were calculated in IQ-TREE
1.6.1* with the respective best-fit models. To obtain node support, all trees were constructed with 1,000 bootstrap
replicates.

Results

PCR results obtained from 85 NHP samples, of which 79 originated from Tanzanian monkeys (olive baboon,
yellow baboon, vervet monkey, and blue monkey), two from Ethiopian grivet monkeys (Chlorocebus aethiops),
and four from western lowland gorillas (Gorilla gorilla gorilla) from the Republic of the Congo, are summarized
in Table S3. In general, PCR performances of the two gene targets used for the strain typing were equivalent with
78 (TP0548) and 67 (TP0488) resulting sequence data. This created a total of 59 concatenated sequences (the
two gene targets combined) that were used for further analysis. We excluded the grivet monkey and the gorilla
sample from the network analysis (Fig. 1) in order to maintain the highest possible resolution for the Tanzanian
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Figure 1. Median-joining network using 1,773 bp - long concatemer of TP0488 and TP0548 loci from 57
Tanzanian NHPs samples. The number of mutations, when >1, is given close to branches. Inferred allelic
variants (median vectors) are shown as small black connecting circles. If contiguous, indels were considered as
a single event only. The number of individuals, when >1, is shown inside the circles and are dependent on circle
size. Species trait is given in the geometric form: circle = Papio anubis (n =46); squares = Papio cynocephalus
(n=5); triangles = Chlorocebus pygerythrus (n = 5); hexagon = Cercopithecus mitis (n = 1). Sample location
trait is given by the color code: blue =UG (n = 3); orange =TN (n = 1); brown = Ruaha National Park (n=4);
red = Lake Manyara National Park (n = 34); grey = Serengeti National Park (n=7); green = Ngorongoro
Conservation Area (n = 5); violet = Gombe National Park (n = 3).

NHP samples where a high number of samples came from one geographic location. However, we used the com-
plete concatenated sequence alignment, including the data obtained from the grivet monkey and gorilla samples,
to construct ML (Fig. 2) and MP (Fig. S6) trees. For the latter, gaps were coded as fifth character. NHP strains
included in this study clustered with human yaws-causing strains and were clearly separated from the TEN strain
Bosnia A as well as the human syphilis-causing TPA strains (Figs 2 and 7). Within the TPE clade, bootstrap
support was mostly weak (<80%) with some exceptions. One of these notable exceptions was the separation of
the grivet monkey infecting strain from Ethiopia and the strain that was generated from a gorilla fecal sample.
Sequences of both strains (14AWM2051017 and 3DZAKM13280917) differed in only one nucleotide position
and always clustered together (Figs 2 and S6). Overall, we found a geographic clustering of TPE strains, instead
of clustering by host species. None of the samples from the Tanzanian NHPs (n =72/76; four samples did not
generate a PCR product) has been tested positive for the mutations in the 23 S ribosomal RNA genes that code for
macrolide resistance. The grivet monkey and the gorilla samples were not tested for microbial resistance.

Sequences obtained from the TP0619 gene were identical across all NHP species and sampling sites, includ-
ing the grivet monkey and the gorilla samples. A representative sequence obtained from a vervet monkey sam-
pled at Katavi National Park (4KNF2121016) was published previously under the GenBank accession number
MF754122°.

In general, all NHP-derived sequences of the TP0548 locus including the grivet monkey and the gorilla
sequence, contained one section of the sequence where most of the nucleotide variation is found (Fig. S1). This
distinguishes them not only from human syphilis- (TPA) and bejel-causing (TEN) strains but also from TPE
strains of human origin, where there are three and two variable regions, respectively. Sequences of the TP0548
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Figure 2. Rooted ML tree based on the concatenated sequences used for MLST (TP0548 and TP0488). The
tree is based on 1,773 nts and 1,000 bootstrap replicates. Bootstrap values from 80-100% are highlighted as
light blue circles of respective size. NHP species and/or GenBank accession numbers of published strains
are provided in parentheses following the name of the strain. In all cases were the species is not mentioned,
sequences are from TP of human origin. Blue = subsp. pallidum, green = subsp. pertenue, red = subsp.
endemicum. The pathogen causing rabbit syphilis, Treponema paraluisleporidarum ecovar Cuniculus strain
Cuniculi A, is used as an outgroup. The bar refers to substitutions per site.

and TP0488 loci showed comprehensive variability within and across the different sampling locations as well as
between the different NHP species in Tanzania. Corresponding ML and MP trees each constructed for TP0548
(Figs S2 and S3) and TP0488 (Figs S4 and S5) were similar in topology. We note here that sample size was low
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Figure 3. Temporal strain composition for samples collected from olive baboons at Lake Manyara National
Park. The different colors indicate different genotypes. Sampling of olive baboons at LMNP was conducted in
2007 and 2015. The strain “E” (light green; e.g., 4LMF8160815) was the dominating strain in 2007 and was still
present in baboons sampled eight years later (2015).

for some of the species (e.g., blue monkey) and that we included here only the Tanzanian samples to match the
network analysis (Fig. 1).

Since the largest number of samples was taken at Lake Manyara National Park (LMNP) and samples were col-
lected in 2007, 2015, and 2017, respectively, we were able to plot the temporal strain composition for this specific
sampling location. Figure 3 illustrates the temporal strain composition for all samples that originate from olive
baboons. Using a sequence alignment and base-by-base comparison, we found that in 2007 there were six strains,
with a dominating strain “E” (e.g., 4LMF8160815). Samples from olive baboons at LMNP taken eight years later
reconfirmed the existence of this strain. The temporal stability of strains was further supported by strain “P” (e.g.,
10NCM8170516) that was collected from two olive baboons at the Ngorongoro Conservation Area in 2015 and
one olive baboon in 2016 (Table S4).

Discussion

Frequent transmission of TPE strains across the different NHP species would likely result in a higher number of
shared and identical sequences in different species at the same geographic site. Although we found no identical
strain sequences in different primate species at one site (Table S4), we still observed a geographic clustering of
(closely related) TPE strain sequences and not a clustering according to NHP host species (Fig. 1). This sug-
gests that interspecies transmission occurs, albeit rarely. That we found no identical strain sequences in different
primate species could be due to the small sample size for some of the investigated NHP species, but generally
argues against frequent transmission. This gains further support by our finding that the strains of NHP origin
are relatively stable over time as we show for LMNP (Fig. 3, Table S4). This is consistent with what we know
from human infecting TPA strains®'~*. The 2007 dominating strain “E” (e.g., 4LMF8160815), which was isolated
from olive baboons was still present in the infected baboon population in 2015. Although we do not see a strict
geographic pattern when the two target genes were analyzed individually (Figs S2-S5), when examining the
concatenated alignment (median-joining network (Fig. 1) and the ML tree (Fig. 2)), geographic strain clustering
can be observed. This is another indicator for the relative temporal and geographic stability of the strains that
infect NHPs. The recently estimated low mutation rate in human TPE strains® coincides with the genetic stability
observed among NHP TPE strains analyzed in this study. Yet, feasible interspecies transmission routes for TP
exist’ and have been discussed for flies** and were proven for sexual intercourse between different NHP species
based on host genetic data”.

Despite the differences in the number of variable sites at the TP0548 locus (Fig. S1), we see a close association
of NHP and human infecting TPE strains. This was expected, since the genome of TPE LMNP-1 strain (GenBank
accession number CP021113), which was obtained from an olive baboon at LMNP in 2007, was found to be
closely related to human yaws causing strains similar to all other TPE strains of NHP origin'.

‘The absence of antibiotic resistance to azithromycin in all tested TP strains from NHPs in Tanzania is a posi-
tive sign and is probably related to the absence of treatment of infected monkeys. Currently only Gombe National
Park has a history of treating infected baboons with antimicrobials”. In human yaws, it has been shown that after
a single treatment round with antibiotic macrolides, resistance emerges®” even though the de novo emergence
of such mutations is lower than 1073 per treated patient®. The risk of emerging antimicrobial resistance is of
major concern for human infection and would also draw major implications for the conservation of endangered
NHP species such as gorillas (Gorilla gorilla). Similar to human yaws elimination”’, responsible treatment of
infected NHP populations requires resistance monitoring and possible ring-fencing with effective alternative
antimicrobials.

The identification of two different strains obtained from independent PCRs in three different NHPs (TP0548:
11LMF8190815 (P. anubis; 15-bp indel); TP0488: 2UGF8101016 (P. cynocephalus; one SNV) and 24SNM5151115
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(P. anubis; three SNVs); Table S4) supports the concept of absence of cross immunity between different TP
strains® and boosts evidence for recombination events found in the TP bacterium®-*? under natural conditions.

The initial CDC typing system for TPA made use of the number of 60-bp repeats found in the acidic repeat
protein (arp (TP0433)) gene in combination with differences found in the tpr subfamily II genes (tprE (TP0313),
tprG (TP0317), and tpr] (TP0621)°. A subsequently introduced enhanced typing system included a portion of
the TP0548 locus*. While the enhanced typing system has also been used for the typing of human TPE strains'?,
it did not overcome the difficulties associated with amplification of 60-bp repeats of the arp gene or the uncer-
tainties associated with amplification of three different tpr-subfamily II genes in one single assay, followed by
subsequent restriction enzyme analysis''. A recently published alternative method for MLST included the widely
used TP0548 locus but also two additional loci located in the TP0136 and TP0326 genes''. We took these loci into
account, but in our analysis, it became evident that the TP0136 locus in the Tanzanian TP strains of NHP origin
was highly conserved. A representative sequence is accessible under GenBank accession number CP021113.1
(nt158,275-159,195). Whether this is a characteristic of NHP infecting strains or a spatial property of strains orig-
inating from Tanzania is unknown. It underlines, however, that a globally applied strain typing system for TPE
requires a comprehensive database of high-quality genomes obtained from larger numbers of clinical samples
from yaws endemic areas.

We identified several gene loci as suitable candidates to be used in TPE strains of human and NHP origin. The
two gene targets that we selected for MLST (TP0548 and TP0488) originated from a number of suitable candi-
dates (Table 2) and selection was based on best PCR performance in the clinical NHP samples that were included
in this study. We neither aimed for the design of a TPE typing system that can be used in a clinical environment
for human infection, nor did we anticipate a typing system that is suitable for a global approach. Amplification of
relatively long sequence parts (e.g., TP0548 enhanced typing system determines 84 bp™ vs. 1,065 bp determined
in this study) was therefore not considered an issue. Both loci that were used for the typing, TP0548 and TP0488,
are reported to show signs of recombination in human syphilis causing TPA strains®*-*2. This, however, was not
considered a limitation since our MLST typing system was designed to describe strain variability within a given
population of NHPs and is not used to describe a detailed geophylogeny of TP. While the TP0619 sequence,
which codes for a protein family of Domains of Unknown Function (DUF)2715 and which appear to be restricted
to TP, is not part of our typing system, it is useful to support the difference of the TP strains of NHP origin ana-
lyzed in this study from human syphilis-causing TPA strains. It is currently unclear if wild NHPs are also naturally
infected with TPA strains.

Invasive sampling of NHPs in the wild is generally associated with challenges in terms of ethics and logistics.
As a consequence, it is easier to obtain a greater number of non-invasively collected fecal samples than samples
that originate from invasively sampled individuals. Moreover, prospective epidemiological studies would benefit
from sampling regimes that allow the screening and subsequent typing of TP strains in non-invasively collected
samples from a greater geographic area. For this reason, we tested our newly established MLST system in non-
invasively collected fecal samples from gorillas at Odzala-Kokoua National Park in the Republic of the Congo,
a place where gorillas with ulcerative skin lesions have been frequently sighted** (Fig. S7). We were able to suc-
cessfully strain type the gorilla samples and could show that the strain from which we obtained all three target
sequences, clusters with a strain isolated from a grivet monkey in Ethiopia. The reason for the close association
of the strain of the grivet monkey and the gorilla origin is currently unclear and answering this question requires
intensified sampling in the respective geographic areas and in-between to obtain more sequence data.

Conclusion

The high number of TP infected NHPs in Africa, the different species that have been confirmed as hosts>*, as well
as the recently documented close genetic and functional similarity of NHP and human infecting TPE' requires
epidemiological data for a better understanding on how the infection is maintained in primate populations and
whether or not it is transmitted to humans. Our study provides an important contribution to answer the question
on interspecies transmission in primate infecting TP, although further sampling is needed to increase confidence
in the results. However, with our data we were able to show that interspecies transmission in Tanzanian mon-
keys is likely although rare. As humans are primates, the most important question to answer in future studies is,
whether or not TPE strains of NHP origin transmit to humans and/or vice versa. The interspecies transmission of
TPE in nonhuman primates, is not necessarily predictive for spillovers to humans.

Data Availability

GenBank accession numbers for the sequences generated in this study can be found in Table S5.
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Background: Recently, the World Health Organization launched a campaign to eradicate the tropical disease yaws,
caused by the bacterium Treponema pallidum subsp. pertenue; however, for decades researchers have questioned
whether flies act as a vector for the pathogen that could facilitate transmission.

Methods: A total of 207 fly specimens were trapped in areas of Africa in which T. pallidum-induced skin ulcera-
tions are common in wild baboons; 88 flies from Tarangire National Park and 119 from Lake Manyara National
Park in Tanzania were analyzed by PCR for the presence of T. pallidum DNA.

K ds: N, N - . . .
T:e};/:f{ema pallidum Findings: We report that in the two study areas, T. pallidum DNA was found in 17-24% of wild-caught flies of the
Dipteria order Diptera. Treponemal DNA sequences obtained from many of the flies match sequences derived from nearby

Yaws baboon T. pallidum strains, and one of the fly species with an especially high prevalence of T. pallidum DNA, Musca
Nonhuman primates sorbens, has previously been shown to transmit yaws in an experimental setting.
Transmission Interpretation: Our results raise the possibility that flies play a role in yaws transmission; further research is war-
ranted, given how important understanding transmission is for the eradication of this disfiguring disease.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Human yaws, a neglected tropical disease caused by T. pallidum subsp.
pertenue (TPE), has been targeted for global eradication by 2020, after
previous attempts in the 1950's (Mitja et al., 2013) did not eradicate the
disease (Asiedu et al.,, 2014). Factors involved in the natural history of
yaws, including transmission by flies and a possible nonhuman reservoir
(Knauf et al., 2013), may have contributed to yaws re-emergence. In
humans, Treponema pallidum subsp. pallidum (TPA) causes syphilis,
while TPE causes yaws (Lukehart, 2008; Giacani and Lukehart, 2014).
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We reported previously high levels of treponemal infection in nonhuman
primates (NHPs) with strains closely related to the human yaws-causing
strains (Knauf et al., 2013). This was shown on the basis of DNA polymor-
phisms that are known to distinguish among the subspecies of T. pallidum
(Harper et al,, 2012; Knauf et al., 2012) as well as on the basis of the ge-
nome sequence of the Fribourg-Blanc strain (str. F-B) (Zobanikova et al,,
2013), which was isolated from a baboon in Guinea in 1966 (Fribourg-
Blanc and Mollaret, 1969). In addition, the subspecies of T. pallidum in
humans (Sena et al., 2010) and those in NHPs (Knauf et al., 2015) are
not distinguishable based on serology. The transmission of pathogenic
treponemes by insects has been debated for over a century (Barnard,
1952a; Gudger, 1911; Gudger, 1910a; Gudger, 1910b; Barnard, 1952b;
Lamborn, 1936), although there are no recent published studies.

The observation that flies function as carriers of human pathogens
such as Chlamydia trachomatis (causing blinding trachoma) under

2352-3964/© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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natural conditions has already been reported (Emerson et al., 2000;
Emerson et al,, 1999). In contrast, the role of necrophagous flies in the
transmission of yaws and other treponematoses, despite the early
notes and models at the beginning of the last century (Lamborn, 1936;
Castellani, 1907; Kumm, 1935a; Kumm et al, 1935; Kumm and
Turner, 1936; Satchell and Harrison, 1953), is not clear. Treponema spe-
cies have not yet been reported to be present on necrophagous flies
caught in a natural ecosystem and, most importantly, molecular evi-
dence of the presence of the different subspecies has not been presented
in any reported studies to date. In addition, a better understanding of
different modes of transmission of T. pallidum is important for the devel-
opment of sustainable control strategies. Vector transmission of the
yaws bacterium for example, would underline the importance of addi-
tional hygiene measures and wound coverage when treating infected
individuals. Moreover, if the simian yaws-like treponemes were dem-
onstrated to be infectious to humans (Knauf et al,, 2013), it could add
an additional route of inter-species transmission. The West African sim-
ian isolate (str. F-B) is reported to have caused a sustained infection
after experimental inoculation into humans (Smith et al., 1971).

Based on previous reports, we hypothesized that flies function as a
mechanical vector for the transmission of T. pallidum in areas of high
prevalence of Treponema-induced skin ulceration in primates. To test
this hypothesis, we performed a prospective cross-sectional study in
areas that have populations of olive baboons (Papio anubis) with T.
pallidum-associated genital ulcerations at Tarangire National Park
(TNP; unpublished data) and Lake Manyara National Park (LMNP)
(Knauf et al,, 2012) in Tanzania.

2. Materials and Methods
2.1. Study Sites and Sample Size

TNP (latitude (lat.): —3-83333, longitude (long.): 36-00000) and
LMNP (lat.: —3-58333, long.: 35-83333) are located in the north of
Tanzania. The two parks are about 60 km apart and both belong to the
same greater ecosystem (Fig. S1). TNP is mainly dominated by savanna
grassland, while LMNP consists of a variety of different vegetation types:
groundwater forest with freshwater sources, open grassland, and sea-
sonal swamps in the north, savanna bush land in the center and acacia
forest in the far south of the park. Though TNP is much greater in size
(2600 qkm TNP vs. 330 gkm LMNP), both national parks face a substan-
tial pressure of human activities along their borders (Kiffner et al.,
2015). Wildlife corridors are narrowed down and are almost closed by
human settlements. Baboons are often found crop-raiding in neighbor-
ing villages and thus are in very frequent conflict with humans.

Reports of T. pallidum infected NHPs at TNP were investigated in
2015 and were confirmed by clinical manifestations, serology, and PCR
in 2016 (unpublished data; Chuma et al.). At LMNP, infection in olive ba-
boons has been reported since 1994 and was extensively characterized
by a study in 2007 (Harper et al., 2012; Knauf et al., 2012).

A total of 207 fly specimens were trapped in 2014 in areas inhabited
by infected baboons: 88 flies from TNP and 119 from LMNP. Sampling
was conducted along road transects within the national parks and
only in areas where NHPs and in particular baboons were known to
occur Areas with no history of NHPs were excluded from sampling.

Two different conservation methods (RNA Later Solution (Ambion,
Cat# AM7020) and air dried) were used to store fly specimens until
analysis in the laboratory. Further details can be found in the Supple-
mentary material, including a detailed description of flytraps and sam-
pling procedures.

2.2. DNA Extraction
In the laboratory, fly bodies in RNA Later Solution were separated

from the liquid. Supernatant transport fluid was collected in a new reac-
tion tube and immediately stored at 4 °C. All working steps were

performed under a laminar flow workbench (BSL2). DNA extraction of
fly bodies was performed using the First-DNA-All-Tissue-Kit (Gen-ial),
following the manufacturer's instructions with some minor modifica-
tions. Briefly, fly bodies were smashed in their respective reaction
tube using a stamp of a sterile 1-ml syringe. Tissue lysate was then incu-
bated in a mixture of the Gen-ial Kit's lysis buffer #1 (1000 pl) and #2
(100 ) as well as 20 pl of proteinase K and 10 pl 1 M dithiothreitol
(DTT, Cleland’s reagent, Sigma Aldrich, Cat# D9779). The lysate was
continuously mixed at 600 rpm and incubated at 65 °C (Thermomixer
comfort, Eppendorf) for 1 h. Next, temperature was reduced to 37 °C
and samples were constantly shaken at 300 rpm overnight. The remain-
ing protocol followed the manufacturer's instructions. DNA pellets were
re-suspended in 20-50 pl molecular grade water. Total DNA content and
purity were measured using a NanoDrop ND-1000 spectrophotometer
(Thermo Scientific).

DNA from transport fluid was extracted using the (QIAamp DNA
Mini Kit, Qiagen, Cat# 51306) as follows: fluids were centrifuged at
20,000 x g for 30 min at room temperature, followed by the removal
of the supernatant and re-suspension of the cell pellet in 500 pl lysis
buffer (10 mM Tris [pH 8-0],0-1 M EDTA, and 0-5% SDS). After vigorous
mixing, the sample was incubated with 30 pl proteinase K for 30 min at
56 °C. Next, 200 pl of the kit's AL buffer was added and incubation was
prolonged for another 10 min at 70 °C. The subsequent steps followed
the manufacturer's guidance. DNA was eluted from the columns with
200 pl molecular grade water.

DNA extraction from fly specimen supernatant was followed by DNA
precipitation to further purify and concentrate the yielded DNA. There-
fore, 2-5 volumes (500 pl) ethanol 100%, 2 pl glycogen (Thermo Fisher,
Cat# R0561) and 20 pl sodium acetate (3 M, pH 4-8) were added to the
DNA solution, mixed for 1 min and stored at —20 °C overnight. On the
next day, centrifugation followed for 45 min at 4 °C and 17,900 x g. Su-
pernatant was discarded and the remaining DNA pellet was washed
with 800 pl 70% ethanol. This last step was succeeded by immediate dis-
card of the ethanol and drying of the DNA pellet by centrifugation in a
SpeedVac (Concentrator plus, Eppendorf) for 5-10 min (until DNA
was free of ethanol). DNA was re-suspended in 50 pl molecular grade
water.

2.3. Amplification of Treponema DNA and Fly Species Identification

Fly specimens were analyzed by PCR for the presence of T. pallidum
DNA, targeting three different loci: DNA polymerase I (polA) (Liu et al.,
2001), tp0548 (Marra et al., 2010), and tp0574 (tp47) (Marra et al.,
2016). Target regions were selected purposely to achieve high sensitiv-
ity and specificity (polA and tp0574) as well as to identify possible T.
pallidum strain variation, using tp0548, a gene that is commonly used
for multi-locus strain typing of T. pallidum (Marra et al.,, 2010).

2.3.1. DNA Polymerase I (polA)

The PCR targeting the T. pallidum polymerase [ gene (polA) was per-
formed as described elsewhere (Liu et al., 2001). Briefly, PCR was per-
formed in a reaction volume of 30 pl, which contained 1 U Biotherm
Taq 5000 DNA polymerase (Ares Bioscience, Cat# GC-002-1000), 1 x re-
action buffer including MgCl,, 0-64 mM dNTPs, 0-33 pM for each prim-
er, 0-6 mg/ml BSA, 0-7% TritonX-100 and 2 pl template DNA. PCR
conditions comprised a pre-denaturation step at 94 °C for 2 min, follow-
ed by 50 cycles of denaturation at 94 °C for 1 min, annealing at 60 °C for
1 min, and elongation at 72 °C for another min. Amplification was com-
pleted with a final extension step at 72 °C for 5 min.

2.3.2.tp0548

Amplification of tp0548 was performed in a reaction volume of 25 pl
using primers published elsewhere (Marra et al., 2010). Briefly, the re-
action mix consisted of 12-5 pl Universe Hot Start High-Fidelity 2 x
PCR Master Mix (Biotool, Cat# 22,101) containing Universal Hot Start
High-Fidelity DNA polymerase. The mix was completed with 1 pl of
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each 10 uM primer and 4 pl DNA extract, independent of the overall ge-
nomic DNA content. PCR conditions comprised a pre-denaturation step
at 95 °C for 3 min, followed by 50 cycles of denaturation at 95 °Cfor 15s,
annealing at 62 °Cfor 155, and elongation at 72 °C for 30 s. Amplification
was completed with a final extension step at 72 °C for 5 min.

2.3.3.tp0574 (tp47)

Amplification of a 132 bp-long fragment of the tp47 gene was per-
formed in a reaction volume of 25 pl. Primers were used as published
elsewhere (Marra et al., 2016). The reaction mix was identical to the
one described for tp0548. PCR conditions comprised a pre-denaturation
step at 94 °C for 3 min, followed by 45 cycles of denaturation at 94 °C for
155, annealing at 55 °C for 15 s, and elongation at 72 °C for 15 s. Ampli-
fication was completed with a final extension step at 72 °C for 5 min.

2.34. rDNA Internal Transcribed Spacer 2 (ITS-2) for Diptera Species
Identification

Fly species identification was performed utilizing a PCR targeting
a 500 bp-long fragment of the ITS-2 gene as described elsewhere
(Song et al., 2008). PCR conditions were equal to the ones described
for amplification of polA, with the exception of the annealing temperature
(52°C).

2.4. Gel Electrophoresis, Purification and DNA Sequencing

All PCR products were run on 1% agarose gels to check for PCR per-
formance and correct amplicon size. PCR products of polA and tp0548
of the correct size were excised from the gel and purified with the
Qiagen Gel Extraction Kit (Qiagen, Cat# 28,706) according to the
manufacturer's protocol. Unspecific PCR products were occasionally ob-
served, but ignored for further analysis. No sequence variation was ex-
pected for tp0574 (tp47). Therefore, only PCR products amplified from
two independent fly samples were Sanger sequenced to receive final
proof of the correct PCR product (data not shown). Sanger sequencing
was performed utilizing the BigDye Terminator Cycle Sequencing kit
(Applied Biosystems, Cat# 4,337,455) and the respective forward and
reverse amplification primers. Sequencing was conducted on an ABI
3130xI sequencer.

2.5. Data Analysis

Sequences were analyzed and edited using 4Peaks 1.8 (Griekspoor
and Groothuis, nucleobytes.com) and SeaView 4.5.4 software (Gouy et
al,, 2010). Sequences were compared to respective orthologous se-
quences available in GenBank using the standard nucleotide (nt)
BLAST search option (http://blast.ncbi.nlm.nih.gov/Blast.cgi) at the
NCBI homepage.

Phylogenetic tree reconstruction was conducted using 26 tp0548 se-
quences obtained from fly samples (accession numbers can be found
under 2.6 or in Table S2) and one of 28 identical sequences from
LMNP baboon skin tissue isolates as well as TPA and TPE reference strain
sequence data obtained from GenBank. Accession numbers of reference
strain sequences are as follows: TPE str.: Gauthier [CP002376], and CDC-
2 [CP002375]; TP str. F-B [CP003902]; TPA str.: Nichols [AE000520], Dal-
las 1 [CP003115], Chicago [CP001752], and Seattle 81-4 [CP003679]); T.
p. subsp. endemicum (TPEN) str. Bosnia A [CP007548]. The accession
number of a sequence of tp0548 of type “j”, which was obtained from
a human, was not available. Data were copied from the respective pub-
lication (Grange et al., 2013) and the extension of these data to cover the
full sequence (nt 40 to 344) that was obtained from the flies was added
from unpublished data (DS). A maximum parsimony (MP) tree with
gaps as fifth character and 1000 bootstrap replicates was constructed
in SeaView. Tree visualization and editing was performed in FigTree
1.4.2 (http://tree.bio.ed.ac.uk/software/figtree/). Alignment data of se-
quences used in this study can be found in Fig. S3.
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2.6. GenBank Accession Numbers

Sequences obtained from fly specimens are deposited in GenBank
under the following accession numbers: KX301264-7 and KX301269-
71. The baboon skin tissue isolate from LMNP is deposited under acces-
sion number KX301268. Details can be found in Table S2.

3. Results

Overall, 17-0% of the TNP and 23-5% of the LMNP fly specimens were
positive for T. pallidum DNA (Table 1). Not all samples were positive or
were tested for all three loci (Tables 1 and 2, and Table S2). The polA PCR
reaction was positive less frequently than the detection rates obtained
from the PCRs targeting tp0548 or tp0574.

In 17 fly specimens, DNA extracts from both the body and the corre-
sponding transport fluid were tested (Table S2). Two of the specimens
were positive for tp0548 in the body extract and transport fluid and
seven specimens became positive only when the transport fluid was
PCR analyzed. Sequences derived from both extracts of the same fly
specimen were identical (fly# 105, Table S2). For the tp0547 gene, ex-
tracts from eight fly bodies were positive, of which seven were also pos-
itive in the transport fluid.

The seven polA and two tp0574 sequences were identical to pub-
lished orthologs from other T. pallidum subspecies (reference sequences
in GenBank: U57757 [polA], M88769 [tp0574]). There was no variation
at these two loci in all tested fly specimens.

In contrast, in the tp0548 gene (nt 40 to 347, GenBank: CPO00805;
Fig. S3) variation was found among various T. pallidum subspecies and
strains, which were included as reference, as well as among sequence
data obtained from the fly samples. Among the 308 investigated sites,
66 were variable, of which 24 were parsimony-informative (including
gaps; Fig. S3). Phylogenetic tree reconstructions based on tp0548 se-
quence data (Fig. 1) show that the T. pallidum sequences obtained
from fly specimens were diverse. This does not change even when a
neighbor-joining tree is constructed (Fig. S4). Most sequences obtained
from flies cluster with human reference TPE strains (str. Gauthier and
str. CDC2), as well as str. F-B, and the sequences derived from T.
pallidum-infected baboons at LMNP (n = 28, sample material originates
from a study published elsewhere (Knaufet al., 2012)). Interestingly, 19
of the fly specimens (TNP n = 9, LMNP n = 10) exhibit a tp0548 se-
quence that is identical to that obtained from samples of infected ba-
boons as well as the type “j” sequence that was obtained from a
human patient with genital ulceration and infected with a strain closely
related to T. pallidum subsp. endemicum (Grange et al., 2013) (unpub-
lished data; Smajs et al.). Four additional sequences (three haplotypes)
obtained from fly specimens, all from LMNP, also cluster within the TPE-
containing clade, each differing from the LMNP baboon strain sequence
in just a single nucleotide.

tp0548 sequence data were also evaluated on the basis of the en-
hanced typing system (Marra et al., 2010), which uses only the se-
quence region between nt 130 and 215 (with reference to GenBank:
CP000805) (Marra et al., 2010). As a result and with regard to the cur-
rently described subtypes (Read et al., 2016), the subtype distribution
within the fly samples encompasses 23 sequences of dominating type
“j", two sequences of subtype “a” and a yet undescribed subtype “0”
(n = 1; Fig. S5, Table S2).

Fly species varied between the national parks (Fig. 2). Two fly spe-
cies, Chrysomya putoria and Musca sorbens, seem to be disproportionally
involved in the acquisition of T. pallidum. A full dataset of all fly speci-
mens is presented in the Supplementary material.

4. Discussion
Our results indicate that T. pallidum DNA can be frequently detected

on wild caught flies, at least in areas of high prevalence of T. pallidum in-
fection in primates. The molecular confirmation of T. pallidum DNA
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Table 1

Summary of genetic analysis in 207 fly specimens. Qualitative PCR results obtained from DNA extracted from individual fly bodies as well as transport fluids. “Overall” refers to the number
of specimens tested positive in at least one of the gene targets. For details, see Supplementary material. Body = Fly body, TF = Transport fluid (RNA-Later Solution).

polA tp0548 tp0574 (tp47) Overall
Body Body TF Body TF Body + TF
TNP n tested 88 88 8 40 5 88
n positive (%) 0(0%) 10 (11-4%) 4 (50-0%) 6 (15-0%) 4 (80-0%) 15 (17-0%)
LMNP n tested 118 118 11 46 6 119
n positive (%) 6(5-1%) 17 (14-4%) 6 (54-5%) 10 (21-7%) 4(66-7%) 28 (23-5%)

isolated from flies in this study, together with the recent detection of
treponemal DNA on fly specimens from a yaws-endemic area of Papua
New Guinea (unpublished data; Mitja et al.), supports the hypothesis
of vector carriage of treponematoses, including yaws.

Variation in frequency of loci tested positive in fly specimens (Table
2) is most likely associated with a low copy number of treponemes in fly
specimens as well as differences of sensitivity of the different PCR as-
says. However, it must be noted that also the amount of template DNA
might have influenced the results since we have used 2 instead of 4 pl
template DNA in the polA PCR. All PCRs applied in this study have
been published elsewhere and are frequently used for the detection of
T. pallidum in humans. The identity of the tp0548 sequence isolated
from olive baboons and the recovery of the same sequence from multi-
ple fly specimens from Tanzania strongly suggests that flies often come
into contact with the spirochete on NHPs. Our data are limited in that
we did not attempt to isolate viable T. pallidum from the flies, which
would be necessary to investigate the contagiousness of insects that
carry the bacterium or the organism's ubiquity in the environment. T.
pallidum is still not cultivable by standard microbiological techniques.
Furthermore, based on the three loci that were amplified, it is not possi-
ble to identify the sources of contact with the bacteria, although it is
most likely that, within the national park, baboon lesions are the
major target for necrophagous flies near baboon groups. Our findings
are consistent with earlier studies that demonstrated the presence
(Kumm et al,, 1935; Kumm, 1935b), and fly-associated transmission of
treponemes (Lamborn, 1936; Castellani, 1907; Kumm and Turner,
1936; Satchell and Harrison, 1953; Thomson and Lamborn, 1934).

The finding that four additional tp0548 sequences (three haplo-
types) obtained from fly specimens, all from LMNP and which cluster
within the TPE-containing clade, differ from the LMNP baboon strain se-
quence in just a single nucleotide, is likely caused by intra-strain varia-
tion and therefore does not argue for significant separation from the
LMNP simian strain isolate. In contrast, three other fly-derived se-
quences (two from TNP and one from LMNP) cluster with human TPA
reference strains (str. Nichols, str. Dallas 1, str. Chicago, and str. Seattle
81-4) as well as a TPEN str. Bosnia A. These findings may be explained
either by the fact that different simian strains are present within the
two baboon populations or that some flies had contact with human
TPA strains circulating in villages surrounding the national parks. Labo-
ratory contamination with TPA DNA is highly unlikely (Supplementary
material).

Geographically, fly specimens with sequences that differ from the
dominating tp0548 sequence (Fig. 1), were collected in the northeastern
zone of TNP (Fig. S1: A. TNP sampling sites 2 and 4) and in the north (Fig.
S1: B. LMNP sampling sites 2, 6, and 7) and south (Fig. S1: B. LMNP

Table 2
Number of loci tested for T. pallidum per fly sample. TNP and LMNP samples are combined.
Details can be found in Table 1 and Table S2.

3loci tested 2 loci tested (polA and tp0548)
n samples tested (total n = 207) 86 121
3 loci positive/sample 3 n/a
2 loci positive/sample 6 1
1 locus positive/sample 16 17

sampling site 12) of LMNP. The finding that two of the three tp0548 sub-
types (“j” and “a”) were recovered multiple times as well as at least two
independent PCRs generated the same sequence of the yet undescribed
subtype “o” provides evidence that these subtypes are not associated
with sequencing error. Technically, tp0548 sequencing errors were min-
imized by using proof-reading polymerases and by repeating PCR am-
plification and sequencing.

A substantial number of samples with negative test results for the
fly's body DNA extract became positive for T. pallidum DNA when the
corresponding transport fluid was analyzed. This may be explained by
two different mechanisms. First, the biology of necrophagous flies forces
the insects to land directly on infectious lesions and treponemes may
stick to the fly's exoskeleton. Second, Treponema-containing lesion exu-
date from the fly's esophagous may have been vomited into the trans-
port medium when numbed fly specimens were transferred from the
trapping chamber into the reaction tubes. Presumably a combination
of both happened. However, since many samples were positive only
when the transport fluid was analyzed, this strongly suggests that the
treponemes are located mainly on the outside of the exoskeleton. If
the esophagous were the major source of contamination of the trans-
port fluid, one would expect that more DNA samples extracted from
the fly bodies would be positive.

The variation of fly species composition between the national parks
(Fig. 2) reflects the different ecologies of the two sampling areas. While
TNP is dominated by dry grassland and is heavily influenced by the
Masai people herding their livestock in the surrounding area (Kiffner et
al,, 2015), LMNP represents a more isolated area, bordered on one side
by Lake Manyara and on the other side by the Great East African Rift. At
TNP, more livestock-associated flies were found (e.g., Stomoxys spp.),
whereas LMNP seems to harbor a more primate/wildlife/wetland-domi-
nated species composition (e.g., Musca spp.) (Fig. 2). In past studies, M.
sorbens and M. domestica were demonstrated to transmit treponemes
under experimental conditions (Lamborn, 1936; Castellani, 1907;
Satchell and Harrison, 1953; Thomson and Lamborn, 1934; Robertson,
1908), although the molecular identification of the spirochetes in these
old studies was not possible. Interestingly, M. sorbens was also one of
the two fly species that were disproportionally often PCR positive for T.
pallidum DNA in the two investigated study areas in Tanzania.

Though the risk for primates to acquire treponemal infection
through fly transmission was not examined here, necrophagous flies
may play a role as a potential vector for transmission. This is particularly
relevant in areas where NHPs have a high prevalence of moist lesions
that contain T. pallidum (Knauf et al., 2012). It has been shown that mo-
tile spirochetes are demonstrable in the esophagus of flies for up to 7 h
following consumption of infectious lesion material (Kumm et al.,
1935). Although the spirochetes in those studies were not definitively
shown to be T. pallidum, this would provide a reasonable window of
time for transmission in a setting where host abundance is high.
While there are no recent reports of human yaws cases in East Africa,
the area is known to have been endemic for yaws in the past and the
current level of surveillance for yaws is unknown. Despite this uncer-
tainty, if fly carriage of viable T. pallidum bacteria is confirmed, in com-
bination with a possible nonhuman reservoir, flies could possibly
facilitate the (inter-species) transmission of T. pallidum, which may re-
sult in new index cases even if yaws is eradicated in humans. This
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Fig. 1. Unrooted maximum parsimony tree based on tp0548 sequence data of human TPA, TPE, and TPEN strains as well as orthologs of T. pallidum from LMNP baboons and fly isolates from
TNP and LMNP. The tree includes tp0548 sequences from 26 flies and 28 baboons plus TPA, TPE, and TPEN reference strains as indicated in the Materials and Methods. The type “j" sequence
(Grange etal., 2013), which is identical to the baboon derived sequence, has been re-amplified and sequenced to cover a greater part of the previously published tp0548 sequence. It should
be noted, however, that despite the tp0548 identity, other gene sequences differ from the TP str. LMNP sequence (unpublished data). The tree is based on 308 sites of which 24 are
parsimony-informative. Gaps were coded as fifth character and 1000 bootstrap replicates were performed. Bootstrap values greater than 90% are displayed at respective nodes.
Genbank accession numbers are provided in the Materials and Methods and Table S2, as well as the corresponding sequence data alignment, which can be seen in Fig. S3. TPA = T. p.
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The findings and conclusion in this report are those of the authors
and do not necessarily represent the views of the Centers for Disease
Control and Prevention.

underlines the importance of continued intense surveillance after mass
drug administration to eradicate human yaws, particularly in areas
where NHPs are infected with treponemes, e.g. Cote d'Ivoire, Cameroon,
Republic of Congo (Knauf et al., 2013).

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.ebiom.2016.07.033.
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Abstract

Background

Haemophilus ducreyi and Treponema pallidum subsp. pertenue are major causes of leg
ulcers in children in Africa and the Pacific Region. We investigated the presence of DNA
(PCR positivity) from these bacteria on asymptomatic people, flies, and household linens in
an endemic setting.

Methodology/Principal findings

We performed a cross-sectional study in rural villages of Lihir Island, Papua New Guinea
during a yaws elimination campaign. Participants were asymptomatic subjects recruited
from households with cases of leg ulcers, and from households without cases of leg ulcers.
We rubbed swabs on the intact skin of the leg of asymptomatic individuals, and collected
flies and swabs of environmental surfaces. All specimens were tested by PCR for H. ducreyi
and T. p. pertenue DNA. Of 78 asymptomatic participants that had an adequate specimen
for DNA detection, H. ducreyi-PCR positivity was identified in 16 (21%) and T. p. pertenue-
PCR positivity in 1 (1%). In subgroup analyses, H. ducreyi-PCR positivity did not differ in
participants exposed or not exposed to a case of H. ducreyi ulcer in the household (24% vs
18%; p = 0.76). Of 17 cultures obtained from asymptomatic participants, 2 (12%) yielded a
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definitive diagnosis of H. ducreyi, proving skin colonization. Of 10 flies tested, 9 (90%) had
H. ducreyiDNA and 5 (50%) had T. p. pertenue DNA. Of 6 bed sheets sampled, 2 (33%)
had H. ducreyiDNA and 1 (17%) had T. p. pertenue DNA.

Conclusions/Significance

This is the first time that H. ducreyi DNA and colonization has been demonstrated on the
skin of asymptomatic children and that H. ducreyiDNA and T. p. pertenue DNA has been
identified in flies and on fomites. The ubiquity of H. ducreyiin the environment is a contribut-
ing factor to the spread of the organism.

Author summary

Children in rural communities of tropical countries often suffer skin ulcers that are caused
by the bacteria Haemophilus ducreyi-causative agent of chancroid- and Treponema palli-
dum subsp. pertenue -causative agent of yaws-. The currently recommended strategy for
yaws eradication is one round of mass drug administration (MDA) with azithromycin.
We attempted to find reasons for the limited impact of yaws MDA on the prevalence of
H. ducreyileg ulcers by examining potential sources of infection in healthy carriers, flies,
and bed linen. H. ducreyi DNA was found in skin swabs from 20% of asymptomatic chil-
dren, in 9/10 flies, and 3/6 bed sheets from the houses of children with ulcers. While H.
ducreyi DNA has been detected in the genital tract of asymptomatic women without geni-
tal ulcers, this is the first report of such detection on the skin of asymptomatic individuals.
Importantly, skin cultures obtained from two asymptomatic children yielded viable H.
ducreyi, confirming colonization and a potential reservoir of infection. If confirmed to
contain viable bacteria, flies and fomites may also contribute to the continued presence of
this infection after mass treatment with azithromycin. Our findings provide evidence that
persistence of H. ducreyi ulcers after antibiotic MDA is due to the ubiquity of the organ-
ism in the environment. Improved hygiene and additional strategies such as repeated
rounds of MDA could be able to control such a reservoir.

Introduction

During recent yaws eradication studies, Haemophilus ducreyi was shown to be a major cause of
chronic cutaneous ulcers in rural tropical-regions in the South Pacific islands and equatorial
Africa [1-5]. Studies from yaws-endemic villages in Papua New Guinea (PNG), Vanuatu, and
Ghana reported that 27% to 60% of all skin ulcers were caused by H. ducreyi, while 15% to 34%
had detectable Treponema pallidum subsp. pertenue [1, 3-5]. Mixed infections with both path-
ogens were seen in 3% to 13% of skin ulcers. Unlike yaws, H. ducreyi infection appears to be
restricted to the skin and does not result in inflammatory lesions of the bones [6]. The infectiv-
ity of H. ducreyi is high [7], and reinfections following clinical and microbiological cure of H.
ducreyi genital ulcers are common [8].

A single oral dose of 30 mg/kg azithromycin is highly effective for treatment of yaws [9],
while 15 mg/kg generally provides effective treatment and prophylaxis against H. ducreyi geni-
tal ulcer strains [10]. Cutaneous strains of H. ducreyi are also susceptible to macrolides in vitro
[11]. In the context of yaws eradication, the use of mass drug administration (MDA) with oral
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azithromycin might be expected to be effective for both yaws and H. ducreyi. However, in
rural villages of Lihir Island, MDA drastically decreased the proportion of ulcers containing
T. p. pertenue DNA, but had limited impact on H. ducreyi [12].

Both infections are thought to be exclusively transmitted through non-intact skin contact
with infectious lesions. Nevertheless, the persistence of H. ducreyi skin ulcers after mass azi-
thromycin treatment [12,13] raises the possibility that the bacteria may exist in a natural reser-
voir. If H. ducreyi adheres and survives on the healthy skin of asymptomatic carriers, this
could enhance its persistence in the community and its transmission, because skin-colonizing
bacteria might escape systemic azithromycin treatment and could infect the skin after a minor
abrasion. Asymptomatic colonization of exposed skin may serve as a reservoir for transmission
to family members, classmates, or playmates. Asymptomatic carriage of H. ducreyi was dem-
onstrated by PCR in the genital mucosa of about 2% of sex workers in The Gambia [14], but
no studies address whether either H. ducreyi or T. p. pertenue potentially colonize non-genital
skin.

Another source of re-infection after MDA could be fomites, such as household linens, or
insects, such as flies. Linens harboring bacteria could facilitate colonization of skin or allow the
bacteria to gain access to new hosts with wounds or abrasions. Indirect transmission of yaws
by non-biting flies has been suggested in the older literature on the basis that Musca spp. and
Hippelates spp. flies fed on scrapings from yaws lesions produced infection in experimental
animals [15-17]. Infected flies were shown to have motile spirochetes (not formally shown to
be T. p. pertenue) in their esophageal diverticula that could be regurgitated and deposited on
the skin or into wounds [15,18]. Nevertheless, there is no clear evidence of H. ducreyi or yaws
transmission by insects or fomites.

The demonstration of bacterial colonization or carriage usually requires a positive culture
as an indication of presence and multiplication of microorganisms. However, culture of
H. ducreyi is expensive and technically difficult and T. p. pertenue cannot be grown in vitro.
Highly sensitive PCR methods cannot determine whether the source of DNA is viable organ-
isms, but identification of bacterial DNA on the skin or a body surface is useful for exploratory
analyses and helps to formulate hypotheses that could lead to new experimental studies.

The primary objective of this study was to examine the skin of asymptomatic children for
the presence of H. ducreyi and T. p. pertenue DNA. Secondary objectives were to demonstrate
the presence of viable H. ducreyi in cultures from a subset of these children, to examine
whether contacts of an ulcer case are more likely to carry bacterial DNA than persons from
households without ulcer disease, and to identify potential environmental sources, such as lin-
ens and flies, for the presence of H. ducreyi and T. p. pertenue DNA.

Methods
Study setting and participants

During October 2014 and May 2015 we performed a cross sectional study examining the skin
of asymptomatic children and environmental sources for the presence of H. ducreyi and T. p.
pertenue DNA in villages of Lihir Island, PNG. All villages in Lihir Island had received mass
azithromycin treatment for yaws elimination in May 2013 followed by active surveillance and
treatment of ulcer cases and their contacts at 6-month intervals.

Children with skin ulcers were identified during active case surveillance during the yaws
elimination campaign as previously reported [12], and these were designated as “index cases”.
Index cases with leg ulcers or their parents identified household relatives. We enrolled a conve-
nience sample of asymptomatic children and young adults without ulcers from households of
index cases. We also enrolled a convenience sample of asymptomatic subjects from households
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without cases of leg ulcers in randomly selected villages. Villages were selected with probability
proportional to size sampling.

Ethics statement

All participants, or their parents or guardians, provided written informed consent to be
enrolled in this study. The protocol was approved by the National Medical Research Advisory
Committee of the PNG National Department of Health (MRAC no. 17.01).

Procedures

To assess participants for the presence of bacterial DNA, we rubbed a sterile unmoistened
dacron swab on intact skin of the anterior aspect of the lower legs over a 5- by 5-cm area. Swab
specimens were placed into tubes containing 1 mL of lysis buffer (10mM Tris-HCI, 0.1M
EDTA, and 0.5% SDS) to stabilize DNA prior to shipment for PCR testing. Cultures were
attempted on a subset of swab specimens. A structured questionnaire was administered to all
asymptomatic participants to collect household-level sociodemographic information and to
assess health-related, hygiene-related, and other household-level hypothesized risk factors for
intra-household transmission of skin pathogens.

To assess environmental sources, we collected flies from verandas and surrounding areas
immediately outside the houses of patients with cutaneous ulcers, and we swabbed the surface
of their bed linens to cover 5 separate areas of 10 by 10 cm. We considered fomite (bed linens)
transmission to family members, because of the standard practice of bed sharing in PNG. Flies
and swabs from the linens were placed in tubes containing Tris-EDTA-SDS bulffer and frozen
for transportation to the laboratory.

Laboratory assessment

The skin swab samples were sent to the University of Washington (Seattle, WA, USA) for PCR
testing to detect T. p. pertenue and H. ducreyi DNA. As described [1], T. pallidum DNA was
assayed by standard PCR for TP0548 and by TagMan real time PCR for T47 (TP0574). The
pertenue subspecies was confirmed by TprL PCR amplicon size. H. ducreyi DNA was assayed
by standard PCR and by TagMan PCR. All samples were tested by PCR for human beta-globin
DNA, as a control for sample adequacy and DNA integrity.

We cultured a subset of swabs that were collected from ulcers of index cases and intact skin
of asymptomatic participants for H. ducreyi on C-HgCh (Mueller Hinton agar with 5% choco-
latized hemoglobin + 3 mg/ml vancomycin) culture plates in the field; these were transported
in a candle jar to the laboratory within 4 hours and transferred to an incubator with BD Gas-
Pak system and incubated at 33°C for 48 h. If cultures grew organisms presumptively identi-
fied as H. ducreyi (small yellow-gray colonies whose gram stain showed small gram negative
rods [6]), we transferred the plate grown colonies to a tube containing Assay Assure medium
for transport, DNA extraction, and definitive species identification by PCR [19].

The flies and the Tris-EDTA-SDS buffer used for transport of flies were tested separately.
Organisms passively adhering to the outside of the fly would likely be reflected in the DNA
extracted from the buffer, while regurgitating pathogens would be inside the gut. Fly DNA was
extracted using Gen-ial All-Tissue DNA Extraction kit. Briefly, the flies were completely dis-
rupted in Lysis Buffer #1 using a pestle. Proteinase K, Lysis Buffer #2, and 0.01M DTT were
added to the individual tubes and incubated for 48 hours at 37°C. Following centrifugation at
16,000 g, the supernatant was treated with chloroform and the aqueous phase was washed with
Lysis Buffer #3. DNA was precipitated using glycogen and isopropanol. We tested each fly and
transport buffer specimen using the standard PCR and TaqMan assays mentioned above. In
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the TagMan assays, DNA from each fly was tested in 21 replicates (7 from the transport buffer
and 14 from the extracted fly DNA). Multiple negative control PCR reactions were run in each
assay, and were uniformly negative.

Statistical analyses

The primary outcome measure was PCR-positivity rate for T. p. pertenue or H. ducreyi in
asymptomatic participants. We compared PCR-positivity rates of contacts of an H. ducreyi
ulcer case to those of participants from a household without an H. ducreyi skin ulcer case with
Fisher exact tests. We reported odds ratios with 95% CIs from univariate logistic regression to
compare the living conditions of PCR positive and negative participants. We accounted for
clustering by household among exposed subjects using a penalized maximum likelihood esti-
mation method in the regression model [20]. All analyses were done with Stata version 14.0.

Results

Household visits were completed for 21 patients who had ulcerative lesions and agreed to par-
ticipate. Of 21 patients with leg ulcers, 12 (57%) had detectable H. ducreyi DNA and 1 (5%)
had detectable T. p. pertenue DNA in their ulcers; neither pathogen was detected in 8 (38%) of
the index cases. Of 7 cultures obtained from leg ulcers, 2 (29%) yielded no growth and 5 (71%)
yielded small gram negative rods or coccobacilli. Of the 5 gram negative organisms, 2 were
confirmed by PCR to be H. ducreyi.

We identified 71 asymptomatic subjects exposed to a skin ulcer case, and these were all
enrolled (Fig 1). We also enrolled 20 asymptomatic subjects from households without an ulcer
case. Of 91 asymptomatic participants tested, 12 (17%) in the group exposed to an ulcer case,
and 1 (5%) in the group not exposed to an ulcer case in the household had negative beta-globin
and bacterial-DNA amplification results, and were excluded from subsequent comparative
analyses, so a total of 78 asymptomatic participants were evaluated.

21 patients
with ulcers
Exposed participants Unexposed participants
71 enrolled from 21 20 enrolled from 20
households with an ulcer households without ulcer
case cases
12 negative B- 1 negative B-
globin globin
59 included for comparative 19 included for comparative
analyses analyses
Fig 1. Trial profile.
https://doi.org/10.1371/journal.pntd.0004958.9001
PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0004958 May 10, 2017 5/10
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Table 1. H. ducreyiskin PCR positivity rates.

Group 1 Group 2 Group3 Odds ratio Odds ratio
Exposed to HD positive | Exposed to HD negative | Not exposed to ulcer case in the (95%Cl) Group 1 (95%Cl) Group 1
case (n=34) case (n=25) household (n = 19) vs. Group 2 vs. Group 3
H. ducreyiDNA | 8 (24%) 4(16%) 4(21%) 1.62(0.42-6.18) | 1.15(0.30-4.49)
amplified

HD, H. ducreyi. Data are n (%).

https://doi.org/10.1371/journal.pntd.0004958.t001

Overall, 16 (21%, 95%CI 12-31) of 78 asymptomatic participants had H. ducreyi bacterial
DNA on the skin, and 1 (1%) had T. p. pertenue DNA. Of 17 cultures obtained from asymp-
tomatic contacts, 8 (47%) yielded no growth and 9 (53%) yielded small gram negative rods or
coccobacilli. Six of the gram negative organisms were tested by PCR and 2 were confirmed to
be H. ducreyi.

By exposure status, 8 (24%) of 34 asymptomatic participants in the group exposed to an
H. ducreyi positive ulcer, and 8 (18%) of 44 participants not exposed to an H. ducreyi positive
ulcer were H. ducreyi DNA positive (OR 1.38; 95%CI 0.46-4.17; p = 0.76) (Table 1, analyses by
subgroups—exposed to HD negative case and not exposed to an ulcer case). The single asymp-
tomatic participant with detectable T. p. pertenue DNA was identified in a household of an
index case with H. ducreyi mono-infection.

When we compared individual household-level socio-demographic factors, the living con-
ditions of asymptomatic PCR-positive participants and PCR-negative participants were very
similar (Table 2). Mean age (SD) of PCR-positive participants was 7.7 (3.7) years, and of PCR-
negative participants was 10.3 (8.0) years. PCR-positive participants were significantly more
likely to change bed linens less than once per week than participants without detectable bacte-
rial DNA.

Flies (n = 10) were caught outside 10 houses of patients with ulcers; 9 (90%) of 10 flies
had H. ducreyi DNA and 5 (50%) had amplifiable T. p. pertenue DNA (Table 3). For 2 flies,

Table 2. Socioeconomic, environmental and behavioral factors that may predispose to PCR positivity with H. ducreyi.

Variable PCR-negative (n =61) PCR-positive (n =17) OR (95%Cl) P value

Exposed to an ulcer case 46 (75%) 13 (76%) 1.06 (0.30-3.75) 0.819
Sex (male) 31 (51%) 8 (47%) 1.15 (0.41-3.28) 0.788
Age (mean, SD)’ 10.3(8.0) 7.7(3.7) 0.95 (0.86-1.04) 0.280
No fixed indoor shower or bath? 60 (98%) 17 (100%) 0.93 (0.03-27.10) 0.967
No indoor toilet? 48 (79%) 17 (100%) 9.61 (0.54-169.69) 0.122
Sand or mud in the floor? 54 (89%) 17 (100%) 5.13 (0.27-95.88) 0.274
Traditional (temporary) housing® 24 (39%) 9 (53%) 1.71(0.60-4.88) 0.319
Livestock in the house? 54 (89%) 17 (100%) 4.86 (0.26-89.47) 0.288
Walking bare-foot? 53 (87%) 17 (100%) 5.65 (0.31-103.16) 0.243
Frequency of changing bed-linen less 1 per week® 19 (31%) 10 (59%) 3.03(1.03-8.87) 0.043
Frequency of bathing less 1 per day* 32 (52%) 9 (53%) 1.02 (0.35-2.99) 0.811
Children share towel 2 35 (57%) 10 (59%) 1.06 (0.36-3.10) 0.919

Univariate model adjusted for exposure to an ulcer case

1 Odds ratio per unit increase,
2 Odds ratio for yes vs. no,

2 Odds ratio for less 1 per week vs. more than 1 per week
4 Qdds ratio for less 1 per day vs. more than 1 per day

https://doi.org/10.1371/journal.pntd.0004958.t002
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Table 3. Presence of H. ducreyiand T. p. pertenue DNA on flies.
Setting by specimen H. ducreyi(n=10) T. p. pertenue (n = 10)
All specimens 9 (90%) 5 (50%)
Type of PCR
Standard 5 (50%) 4 (40%)
Tagman 9 (90%) 5 (50%)
Specimen
Whole fly 7 (70%) 5 (50%)
Lysis buffer 6 (60%) 0(0%)

Data are n (%)

https://doi.org/10.1371/journal.pntd.0004958.t003

H. ducreyi was detected reproducibly by standard PCR and in 21/21 replicates by real-time
PCR, suggesting relatively abundant H. ducreyi on these flies. Lower amounts of H. ducreyi
DNA (1-3 positive tests of 21 replicates) were found in 7 other flies. We detected T. p. pertenue
positive results in standard and real-time PCR for 4 flies and only in real-time PCR for the 5th
fly. All of the T. p. pertenue-positive flies also carried detectable H. ducreyi DNA. Three of the
5 flies with detectable T. p. pertenue DNA were collected from a community where active yaws
prevalence remained high after MDA. The buffer used to transport the flies yielded amplifiable
H. ducreyi DNA in 6 (60%) of 10 specimens, but none yielded amplifiable T. p. pertenue DNA,
perhaps suggesting different location of the two bacteria in flies (i.e. T. p. pertenue as a regurgi-
tating pathogen in the gut), or dilution effect related to differential bacterial load of H. ducreyi
and T. p. pertenue carried by affected flies.

Environmental contamination was observed in 3 (50%) of 6 bed sheets sampled from 6
households with index cases; 2 sheets had detectable H. ducreyi DNA and 1 had detectable
T. p. pertenue DNA. One of the 2 sheets with H. ducreyi and the T. p. pertenue sheet were from
households with H. ducreyi positive index cases, while the other H. ducreyi sheet was from a
household with a PCR-negative ulcer case.

Discussion

We used PCR techniques to demonstrate that 20% of asymptomatic children living in H.
ducreyi-endemic communities had detectable H. ducreyi DNA on the skin. These children had
no evidence of cutaneous ulceration, and no other symptoms or signs of infection. This is the
first report of asymptomatic carriage of H. ducreyi DNA on skin. Notably, people from house-
holds without an ulcer case had positivity rates that were similar to people with an H. ducreyi
ulcer case in the household. Hence, a member of a household without a case should still have
been exposed to an infectious case in the community, such as in school.

To detect possible H. ducreyi colonization, we chose PCR as the primary diagnostic method
instead of culture because of our limited capability of performing a large number of cultures
for this fastidious organism. Compared to PCR, single plate culture systems are only ~ 50%
sensitive for detecting H. ducreyi in patients with chancroid [21,22], which is why PCR is the
preferred diagnostic test for chancroid. However, PCR can detect nonviable bacteria or con-
taminating DNA; hence, a swab positive for DNA does not give definitive evidence of coloni-
zation. In our attempts to culture the organism from a subset of samples, we presumptively
identified H. ducreyi in approximately half of the cultures, and two of them were positive by
PCR for definitive species identification. Further studies using optimal culturing techniques
are required to elucidate the true extent of the biological reservoir of H. ducreyi on the skin in
this population.
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Our study was significantly limited in its ability to assess asymptomatic carriage of T. p.
pertenue because the mass azithromycin treatment conducted earlier in these communities
was so effective in reducing the prevalence of yaws ulcers [12]. Since only few contacts of one
yaws case were included in this study, our findings should be interpreted with caution. The
viability of T. p. pertenue on skin surfaces or sheets is unknown. This organism is thought to
be highly fragile outside of a susceptible host and would not be expected to survive on
fomites.

We previously reported that approximately 2% of the total population in Lihir Island
and 7% of the children aged 5-15 years had ulcers containing H. ducreyi DNA. Although
H. ducreyi cutaneous ulcer strains might be exclusively transmitted through contact of
wounds with infectious lesions, it seems unlikely that this mode of transmission could
account for the high prevalence of infection or persistence after MDA using azithromycin.
Our findings suggest that H. ducreyi survives on healthy non-genital skin where even minor
trauma could initiate infection. In human volunteers, placement of up to 10° colony forming
units (CFU) of the genital ulcer strain 35000HP on intact skin fails to cause infection; how-
ever, as few as 1 CFU delivered by a 2 mm puncture wound is sufficient to initiate infection
[7,23]. Other factors may impact the initiation of disease in carriers of H. ducreyi. For exam-
ple, recent human inoculation experiments raise the possibility that the composition of the
skin microbiome could influence host susceptibility to H. ducreyi skin infection and ulcer
formation [24].

Our findings suggest a possible role for flies in the transmission of H. ducreyi and yaws
under natural conditions. Flies have also been discussed as possible vectors of the related tre-
ponematoes, pinta and bejel [25,26] and T. pallidum DNA has been detected on flies related to
treponemal infections in non-human primates [27], but direct evidence of transmission is
lacking. Although we did not test whether flies carry viable bacteria, a high proportion of flies
collected had detectable H. ducreyi DNA and half carried both H. ducreyi and T. p. pertenue
DNA. Further study is necessary to unravel whether bacterial DNA in the flies reflects the
ubiquity of the organism in the environment or carriage of live organisms.

The minimal effect of MDA with azithromycin on the prevalence of skin ulcers due to H.
ducreyi, compared to the profound effect on the prevalence of yaws, is puzzling. H. ducreyi col-
onization of asymptomatic villagers, flies, and fomites could explain the continued presence of
this infection after MDA. If azithromycin does not reach the outer surface of skin, it may not
interrupt colonization, and these sources may perpetuate the infection in the community.
Given the prolonged prophylactic effect of azithromycin against experimental H. ducreyi infec-
tion, it is plausible that repeated mass treatment can confer a prophylactic effect to the popula-
tion for long enough to clear the asymptomatic reservoir [10].

New strategies to control H. ducreyi along with yaws need to be explored. Syndromic care
for ulcers using azithromycin and multiple rounds of MDA could be included in future itera-
tions of the Morges Strategy for yaws eradication. Indeed mathematical modeling has shown
the value of multiple rounds of MDA to reduce T. p. pertenue infection [28], and this could, in
parallel, reduce H. ducreyi infection and potentially skin carriage. In addition, skin hygiene
and effective wound management using non-adherent dressings must be emphasized; given
the potential carriage of H. ducreyi and T. p. pertenue by flies, covering ulcers may also help to
prevent transmission.
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Mating avoidance in female olive baboons (Papio anubis)

infected by Treponema pallidum

F. M. D. Paciéncia'?*, J. Rushmore?, I. S. Chuma®, I. F. Lipende®, D. Caillaud®, S. Knauf?®!, D. Zinner7t

Sexually transmitted infections (STls) are ubiquitous within wild animal populations, yet it remains largely
unknown whether animals evolved behavioral avoidance mechanisms in response to STl acquisition. We investigated
the mating behavior of a wild population of olive baboons (Papio anubis) infected by the bacterium Treponema
pallidum. This pathogen causes highly conspicuous genital ulcerations in males and females, which signal infectious
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individuals. We analyzed data on 876 mating attempts and associated acceptance or rejection responses in a group
of about 170 baboons. Our findings indicate that females are more likely to avoid copulation if either the mating
partner or females themselves have ulcerated genitals. We suggest that this outcome is linked to the overall higher
choosiness and infection-risk susceptibility typically exhibited by females. Our results show that selection pressures
imposed by pathogens induce individual behavioral modifications, leading to altered mate choice and could reduce

promiscuity in a wild nonhuman primate population.

INTRODUCTION

Infectious diseases are pervasive in the animal kingdom and pose
a serious threat to many wildlife populations (1). Fitness costs
associated with infectious diseases (e.g., reduced fecundity and in-
creased mortality rates) constitute important selection pressures on
individuals and have driven the evolution of sophisticated physio-
logical defenses through complex immune systems (2). In addition,
many species also exhibit behavioral strategies (e.g., grooming
avoidance of parasitized conspecifics and selective foraging to avoid
contaminated grazing areas) that can serve as the first line of defense
against directly or environmentally transmitted pathogens (3-6).

Sexually transmitted infections (STIs) represent a particularly
interesting case, as they are tightly linked to mating behavior and
consequently to reproductive fitness. Costs associated with STIs
include chronic infections with low recovery rates, reduced offspring
survival, sterility, and costly immune defenses (7, 8). However,
unexpectedly, little is known whether individuals avoid mating with
infectious partners.

Syphilis, a disease caused by the bacterium Treponema pallidum
subsp. pallidum, is one of the most common STIs in humans.
Individuals become infected by direct contact, usually sexual,
with an infectious lesion (i.e., primary chancre) in the genital area
(9). In Tanzania, at Lake Manyara National Park (LMNP), olive
baboons (Papio anubis) are infected with a closely related bacterium
[T. pallidum subsp. pertenue (TPE) (10, 11)]. Other nonhuman
primates (NHPs) such as yellow baboons (Papio cynocephalus), blue
monkeys (Cercopithecus mitis), and vervet monkeys (Chlorocebus
pygerythrus) are also found infected (11). In humans, TPE is known
to cause yaws, a nonvenereal disease that spreads via skin-to-skin
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contact and causes skin ulcers in different body regions [e.g., on the
face, arms, and legs (9)]. In contrast, clinical signs of TPE in NHPs
in Tanzania mainly manifest themselves in the anogenital region,
resembling a syphilis-like infection. Infected individuals can be
identified by the appearance of genital ulcerations that lead to partial
or complete mutilation of the external genitalia (Fig. 1) (10, 12, 13).
Nevertheless, in rare cases, facial lesions can also be observed among
TPE-infected baboons (13). T. pallidum is very sensitive to tem-
perature changes and desiccation outside of its host (9). Therefore,
genital skin-to-skin transmission is a highly effective transmission
pathway as the genital area provides a constant moist environment
compared to other regions of the body. This, together with the
high frequency of observed genital ulcerations in sexually mature
NHPs in Tanzania, suggests that TPE in those is most likely sexually
transmitted (10, 12).

Every time a susceptible individual mates with an infectious
partner, it exposes itself to pathogens and subsequent loss of fitness,
but the overall benefit of avoidance behavior might be counter-
balanced by the cost of missed mating opportunities. Theoretical
models have analyzed the potential impacts that STIs might have on
mate choice and on the evolution of mating systems (14-17), but
empirical data on animal host-STI interactions are lacking.

In this study, we investigated the sexual behavior of a wild olive
baboon population to test whether the genital health status (GHS)
had an impact on mate choice and mating behavior. We hypothesized
that olive baboons at LMNP can discriminate between genitally
ulcerated and non-ulcerated individuals and consequently adapt
their mating behavior according to the GHS of the sexual partner.
We assumed that individuals were infectious when genital ulcers
were present, as is the case in humans infected with T. pallidum (9).
We postulated that (i) non-ulcerated individuals avoid mating with
ulcerated conspecifics and that (ii) mating patterns (i.e., the number
of mating attempts and copulations) of ulcerated individuals are
reduced when compared to non-ulcerated individuals.

RESULTS

Frequency of genital ulcers

The prevalence of genitally ulcerated individuals, determined visually,
remained almost stable throughout the 18-month study period. At

1of7
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Fig. 1. Genital ulcerations caused by Treponema pallidum. Clinical signs of infection in adult females (top) and males (bottom) of our study group. Photo credit:

F. M. D. Paciéncia, German Primate Center.

the end of the study, 44% of the 53 adult and subadult females and
47% of the 35 adult and subadult males displayed genital ulcers and
were therefore considered as infectious (Fig. 1). Six baboons (three
males and three females) that showed no ulcers at the beginning of
the study developed genital ulcers, and no recovery was observed.
No clinical signs were detected in infants, but five juveniles (one female
and four males) were observed with genital ulcerations (of an esti-
mated 70 immature individuals). Genital ulcers were observed in 40%
of the females participating in sexual behaviors (of n = 32 cycling
and well-habituated females) and in 53% of the males (1 = 35).

Mating patterns
The majority of the mating behaviors (91% of n = 876 mating attempts)
occurred when a female was in peak estrus, i.e., when a female’s
sexual swelling was at its maximum size. Males initiated most of the
mating attempts (86%; Fig. 2). We observed 876 mating attempts
between 32 females and 35 males (Fig. 3) of which 540 resulted in
copulations. Males with genital ulcers performed fewer pelvic thrusts
during copulations than non-ulcerated males (median of 5 and 8 pelvic
thrusts, respectively; Mann-Whitney U test, W = 63.948; P < 0.001).

Among the 32 focal females (table S1), we observed an average of
2.94 cycles (range, 1 to 6) within the 18-month study period. During
this period, each female had an average of 1.8 mating partners
(range, 1 to 6; Fig. 3), with a median of 1 partner per 3 cycles. Females
spent 95% of the maximum sexual swelling time in consortship with
a male partner.

Contrary to our expectations, the number of mating attempts
observed for each possible female-male dyad revealed no significant
effect of the GHS of the male or the female (fig. S1), indicating a lack

Paciéncia et al,, Sci. Adv. 2019; 5 : eaaw9724 4 December 2019

of support for the hypothesis that GHS status affects mating attempts.
This result was obtained irrespective of whether the mating attempts
were initiated by the males [model TA-1 (total attempt-1); Table 1]
or by the females [model TA-2 (total attempt-1); Table 1]. However,
as we predicted, acceptance of mating attempts was influenced by
the GHS of both baboons in a dyad. Attempts initiated by males
[model SA-1 (successful attempt-1); Table 2] were significantly
less likely to result in copulations if either the male or the female
was genitally ulcerated (male GHS, P = 0.007; female GHS, P = 0.021).
The odds of a successful male-initiated copulation were 3.2 times
higher if the male was non-ulcerated versus ulcerated and 3.1 times
higher if the female was non-ulcerated versus ulcerated. In contrast,
acceptance of mating attempts initiated by females [model SA-2
(successful attempt-2); Table 2] was not significantly influenced by
either male or female GHS (male GHS, P = 0.55; female GHS, P = 0.37),
despite the high number of mating avoidance events by males (Fig. 2).

DISCUSSION

In animal populations, mating is tightly linked to fitness maximiza-
tion, and therefore, the selection of healthy partners is crucial to avoid
fitness costs associated with STIs. We examined whether wild olive
baboons avoided mating with individuals affected by conspicuous
genital ulcers caused by T. pallidum. Our results demonstrate a sig-
nificant effect of clinically apparent T. pallidum infection on the
mating behavior of female baboons. Females were more likely to
avoid copulation if approached by males with ulcerated genitals,
indicating behavioral avoidance of diseased conspecifics. NHP
females are often more susceptible to STI acquisition than males, as
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Male attempts
n=70

n=225

n=155 n =309

100+
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NU x NU ULxUL  NUMXxULF ULM x NUF

NU x NU

Female attempts

n=19

mm Avoidance
mm Copulation

ULxUL  NUMxULF ULM xNUF

Fig. 2. Percentage of male and female mating attempts according to their GHS. Each attempt could result in either copulation (green bar) or avoidance (brown bar).
The percentage of observations is shown on the y axis. The attempts between individuals according to their GHS are shown on the x axis. NU x NU (non-ulcerated x
non-ulcerated), UL x UL (ulcerated X ulcerated), NUM x ULF (non-ulcerated male X ulcerated female), ULM x NUF (ulcerated male x non-ulcerated female). Sample sizes

are shown at the top of each bar.

Fig. 3. Olive baboon mating network. Nodes represent individual baboons and are colored according to each baboon’s GHS. Red nodes represent ulcerated individuals
and gray non-ulcerated. Individuals who switched GHS are colored according to the status which had a higher number of copulations. Squares and circles represent males
and females, respectively. Edges are weighted by the number of copulations among dyads and respective focal time. Edge colors correspond to the pairwise GHS of the
nodes they connect, with red edges representing copulations where at least one of the individuals is ulcerated, while gray edges represent copulations between

non-ulcerated individuals.

is observed in humans (2). Female-biased disease risk avoidance is
widespread across species, and infections can significantly affect
mate choice (18). In general, males that are infected with directly
transmitted parasites (e.g., nematodes, protozoa, bacteria, and
viruses) are less preferred mating partners by their conspecific
females (18). As compared to men, women also exhibit a higher level
of disgust toward potential disease threats (e.g., contaminated en-
vironment and spoiled food) and show a higher tendency to avoid
infected sexual partners [e.g., individuals exhibiting genital lesions
(19, 20)]. The results of our study are in accordance with this gener-

Paciéncia et al,, Sci. Adv. 2019; 5 : eaaw9724 4 December 2019

alized higher disgust reported in females since mating with STI-
infected partners can entail greater costs to females due to obligatory
investment in gestation, lactation, and infant rearing.

We also found that avoidance by females was more frequent if
females themselves had ulcerated genitals. The progressive scarifica-
tion of the genitalia due to infection can lead to a permanently open
state of the vagina and anus, which increases urogenital infections
(i.e., promoting miscarriages) and risk of dystocia. Thus, in addition
to affecting the mate choice of non-ulcerated individuals, T. pallidum
appears to affect mating behavior of ulcerated females, as genital
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Table 1. Total attempt models. Weibull mixed-effects models evaluating whether the total number of mating attempts is influenced by the dyad’s GHS of the
male and/or the female. Mating attempts initiated by males and females are shown in TA-1 and TA-2, respectively. Given are posterior means, SDs, 2.5 and
97.5% confidence intervals (Cls), and effective sample sizes (n). Rhat = 1 (model convergence) for all parameters. Models were run using four chains, each with

2000 iterations, a burn-in of 1000, and thinning setto 1.

TA-1 model
Term Mean sD Cllower Cl upper n (effective)
Intercept q -3.40 0.24 -3.89 —2.94 2799
Intercept B =211 0.20 —2.53 =175 2550
Main effects:
GHS females g 0.04 0.28 —-0.52 0.59 4000
GHS females B 0.17 0.24 -0.31 0.64 4000
GHS males g 037 0.28 -0.18 0.92 2942
GHS males 0.07 0.24 -0.40 0.56 3025
Random effects:
Male ID g 0.24 0.17 0.01 0.63 1803
Male ID B 0.14 0.11 0.01 0.40 2027
Female D g 0.17 0.13 0.01 0.47 2424
Female ID B 0.1 0.09 0.00 033 4000
TA-2 model
Term Mean sD Cllower Clupper n (effective)
Intercept q -3.56 0.28 -4.15 -3.05 4000
Intercept B -1.32 0.25 -1.80 -0.83 4000
Main effects:
GHS females q 0.12 0.32 —0.51 0.73 4000
GHS females B 0.50 0.34 —-0.18 117 4000
GHS males g -0.21 035 -0.92 0.44 4000
GHS males B -0.27 035 -1.00 0.37 4000
Random effects:
Male D q 0.43 0.27 0.02 1.02 1222
Male ID B 0.19 0.16 0.01 0.59 1982
FemaleID q 0.24 0.18 0.01 0.65 2192
Female ID B 0.32 0.22 0.01 0.83 1385

ulcers are likely painful and potentially cause afflicted females to
refrain from mating.

While we found no evidence to support the hypothesis that males
avoid mating opportunities based on their own or their partner’s
GHS, genitally ulcerated individuals performed significantly fewer
pelvic thrusts during copulation than non-ulcerated males. Fewer
pelvic thrusts might result in no or fewer ejaculation events. In
addition, some symptomatic individuals were observed showing un-
usual body contractions with simultaneous vocalizations (e.g., kecking)
during urination. As observed in females, genital ulcers seem to be
equally painful for males, thus, to a certain extent, ulcerated males
might also incur fitness costs.

STIs have been hypothesized to constitute a key selection pressure
in shaping the evolution of mating strategies (14, 15, 21). A model
based on a human hunter-gatherer population indicated that a high
prevalence of STIs in large group sizes could foster the emergence of
socially imposed monogamy (22). Cycling females of yellow and
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olive baboons have been reported to copulate with most of the males
comprising their group (23, 24). In contrast, in our study, female
olive baboons only consorted and mated with few partners (average
of 1.8), despite the large pool of males available (n = 35). While the
reason for this low promiscuity is unclear, and studies reporting on
olive baboon promiscuity are scarce, it would be important to in-
vestigate whether factors such as group size, pathogen incidence,
pathogen virulence, and fitness consequences due to T. pallidum
exert a selective pressure on our baboon population, which, in
return, could lead to altered mating strategies.

A potential limitation of our study is that we were unable to collect
data on male dominance rank; however, we think it is unlikely that
including rank data in our models would significantly affect our
findings. First, the vast majority of sexually mature males (83%) in
our study group engaged in copulations and established consort-
ships with peak-estrous females, indicating a lack of mating skew
according to rank. Second, despite the fact that dominance rank has
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Table 2. Successful attempt models. GLMMs evaluating whether the success of a mating attempt (i.e., likelihood of copulation) is influenced by the dyad’s
GHS of the male and/or the female. Mating attempts initiated by males and females are shown in SA-1 and SA-2, respectively. Estimates, SEs, df, and 2.5 and 97.5%
confidence intervals are shown for fixed effects. Significant variables (P < 0.05) are shown in bold. Intercept with reference category for non-ulcerated

individuals.
SA-1 model
Term Estimate SE Cllower Cl upper x? df P
Intercept 237 0.477 1.628 3.326 * * *
GHS females -1.127 0.480 —1.962 -0.325 7.187 1 0.007
GHS males -1.167 0.481 -2.151 -0.228 5315 1 0.021
SA-2 model
Intercept —-1.542 0.469 —2.782 -0.735 * * *
GHS females 0.577 0.647 —-0.738 1.983 0.794 1 0.373
GHS males -0.396 0.657 -1.727 1.055 0.348 1 0.555

*Not shown due to very limited interpretation

been considered a predictor of mating success in yellow and olive
baboons, it is also a subject of high variation among groups and
individuals, and it appears to depend on multiple factors (25, 26).
This highly contrasts with chacma baboons, where rank and access to
estrous females are strongly connected (27). In addition, in yellow
and olive baboons, group size and composition are important
determinants of mating access among male baboons: High-ranking
males tend to lose their monopoly over cycling females in large
groups (28), and male dominance ranks are less pronounced in large
groups with many cycling females (29). Given that olive baboon groups
at LMNP are extraordinarily large (averaging approximately 150 indi-
viduals), we consider that rank does not play a major role regarding
access to reproductive females in our study population. Instead, our
results indicate that partner preference is crucially important at
LMNP, as we observed cycling females maintaining a consistent male
partner across consecutive estrus cycles.

Empirical studies on mating behavior in relation to STIs are
scarce and mainly confined to arthropods. In these, no evidence
of mating avoidance or discrimination between healthy and sick
conspecifics has been found (30-32). Fitness disadvantages, disgust,
and pain anticipation might be influencing the mating patterns of our
group. Our study reporting on the ability of a long-lived vertebrate
to discriminate among mating partners according to health status
sheds light on how sexually transmitted pathogens can markedly shape
mating dynamics in a group of NHPs. Last, given that T. pallidum is
present in humans in overlapping areas with infected NHPs (11),
the investigation of the underlying mechanisms affecting pathogen
transmission is of the uttermost importance to mitigate health risks
for both human and wildlife communities.

MATERIALS AND METHODS

Study site and subjects

Fieldwork was conducted at LMNP, Northern Tanzania (3°28" S
35°46'E), during two field seasons (April to December) in 2015 and
2016. LMNP is a small protected area (approximately 580 km?) with
almost 220 km? of lake coverage. In 2016, we conducted a survey
estimating the population size of the LMNP baboons in the park
excluding the recently added area of the Marang forest (250 km?).
The population was estimated to consist of approximately 5200 olive
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baboons, and individuals with ulcerated genitals were observed in
most groups within LMNP.

‘We habituated our study group (n ~ 170 baboons) over a 4-month
period before data collection. To enhance location of the group, we
radio-collared three adult females (Advanced Telemetry Systems
Inc,, Isanti, MN, USA). Proceedings on immobilization and anesthesia
are described in (13). Our analyses focused on 26 adult and 11 sub-
adult females (after excluding data of females observed <1.5 hours)
and 28 adult and 7 subadult males. Age categories were defined as
in (33). Adult males were identified by their large body size and
fully developed secondary sexual traits; subadult males were larger
than females but lacked secondary sexual characteristics (e.g., large
shoulder mane and elongated canines). Adult females were identi-
fied as individuals that have reached full body size, whereas sub-
adult females were smaller and lacked elongated nipples (but were
already cycling).

Genital health status

Within our study group, baboons were categorized as either
“genitally ulcerated” or “non-ulcerated,” based on their GHS, using
macroscopic visual cues [as in (10)]. In both males and females,
genital ulcerations were observed ranging from small-medium
ulcers to severe necrotizing dermatitis and mutilation of the outer
genital structures (Fig. 1).

Behavioral data

We conducted focal follows (34) from dawn to dusk on subadult
and adult females. We aimed for full-day focal follows, but if a focal
individual was out of sight for more than 10 min, then another
baboon was selected. We recorded 597 hours of observation data,
with an average of 16.40 + 10.02 hours (mean * SD; range, 1.50 to
39.00 hours) per focal female. We prioritized following females in
their peak estrus [denoted by maximal tumescence of the anogenital
area and bright pink color (35)] to maximize the number of mating
events observed. We collected data on the sexual behavior of focal
females and their partners (table S1), recording when dyads partic-
ipated in consortships in which a male maintained close proximity
to a female and attempted to prevent other males from mating with
her (24). In addition, we collected data on the frequency and success
of mating attempts led by either males or females. Male-led mating
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attempts were identified as a male trying to mount a female with the
performance of pelvic thrusts (36). Attempts led by females were
documented when a female presented her perineum to a male while
lifting her tail (37). Attempts by either sex were considered successful
if they resulted in copulation. Because of the loss of the corpus penis
or phimosis, some males were unable to engage in intromission
and/or ejaculation, precluding our ability to use these behaviors to
define successful mating attempts. An unsuccessful attempt was
defined as a female rejecting a male’s attempt to mount (e.g., by sitting
or fleeing) or a male refraining from mounting a female after she
presented to him. Behavioral data were recorded on a hand-held
device (Samsung Galaxy Hand Note) in the field using Pendragon
5.1.2 software (Pendragon Software Corporation, USA) and trans-
ferred daily onto computers for error checking and data storage.

Statistical analyses

Total attempt model

We first investigated whether the number of mating attempts was
affected by the GHS of a dyad. To examine this, we developed a
dataset that indicated the corresponding number of attempts made
by the male and female of every possible dyad in the study group,
along with their respective GHSs. Including every possible dyad
allowed us to consider all potential mating attempts, as mating could
theoretically occur between any cycling female and any male in the
group. This dataset included a high proportion (96.3%) of zero
attempt data, with data for nonzero attempts showing extremely high
variance (¢° = 149.9). Distributions commonly used in instances of
zero inflation [e.g., zero-inflated Poisson or negative binomial dis-
tributions (38)] were a poor fit for our data; however, the discrete
Weibull distribution (39) proved to be a good fit (fig. S2). In particular,
the discrete Weibull distribution is highly flexible in modeling under-
and overdispersed data relative to the Poisson distribution (40). The
discrete Weibull probability mass function is defined as

B B
P(X = x)=g* — g

with positive shape parameter § and parameter g satisfying 0 < g < 1.
As no current R packages offered the functionality to fit mixed-
effects models with a discrete Weibull distribution, we used the
Bayesian programming language “Stan” to develop discrete Weibull
mixed-effects models (41). We built two models: one predicting
the number of attempts led by males (model TA-1; Table 1) and a
second for attempts led by females (model TA-2; Table 1). Each
model assumed that g and B were a linear combination of the male
GHS and the female GHS (fig. S2). Both linear predictors also
included male and female identities as crossed random effect varia-
bles affecting model intercepts. We used uninformative or weakly
informative priors. Fixed effect coefficients had normally distributed
priors and SDs equal to 100. Random effects were assumed to be
normally distributed with SDs sampled from Cauchy prior distribu-
tions with location parameters equal to zero and scale parameters
equal to 25. All models were fitted using R v 3.4.4 (42) with the “Rstan”
package (43).

Successful attempt model

Here, we examined whether the success of a mating attempt is
affected by the GHS of the dyad. Our dataset included the success
(1/0) of each mating attempt observed, along with the GHS of the
male and female involved in the mating attempt. We built two
generalized linear mixed models (GLMMs) (44): one model for
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attempts led by males (model SA-1; Table 2) and a second model for
attempts led by females (model SA-2; Table 2). Each model assumed
that the probability of a successful mating event depended on the GHS
of the male and GHS of the female. Both models had a binomial
error structure with a logit link function and included the individual
and pair identities as random effects. In addition, we included the
focal observation time as an offset term to account for variation in
observation effort among cycling females. The interactions between
male and female GHS were nonsignificant and were excluded from
the final models. Models were run in R v 3.4.4 (42) with the Ime4
package v 1.1-15 (45), and P values are shown based on likelihood
ratio tests of individual fixed effects [function drop1 with argument
test set to “Chisq”, (46)].

Network visualization

We constructed a mating network (Fig. 3) using a force-directed
(Fruchterman-Reingold) layout in R v 3.4.4 (42) with the igraph
package v 1.2.2. Connections between nodes (edges) were weighted
according to each dyad’s copulation rate (i.e., the number of copu-
lations after controlling for the female’s observation time). To aid in
visualizing connections among nodes, we made minor adjustments
to the final network graphic (e.g., preventing overlapping nodes).

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/5/12/eaaw9724/DC1

Fig. S1. Posterior pr with g and

Fig. S2. Observed and predicted values using a discrete Weibull distribution.

Table S1. Focal females and their respective mating partners.
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ABSTRACT

The olive baboon (Papio anubis) is the most widely distributed baboon species. We report here on the
complete mitochondrial genome of an olive baboon from the south-eastern edge of the species’ range
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from Gombe National Park (NP), Tanzania. The genome (GenBank accession number MG787545) has a

length of 16,490bp and exhibits the typical structure of mammalian mitochondrial genomes.
Phylogenetically, the olive baboon from Gombe NP is most closely related to eastern P. anubis, northern
P. cynocephalus and P. hamadryas. The data are an important addition to further clarify the phylogeog-

raphy of baboons and phylogeny of papionins in general.

Baboons, genus Papio, are widely distributed Old World
monkeys that occur over almost all sub-Saharan Africa and
parts of the Arabian Peninsula. Among the six species, the
olive baboon (Papio anubis) has the largest range and
occurs from Mali and Guinea in the West to Eritrea in the
East, and South to Uganda, Democratic Republic of Congo
and Tanzania (Anandam et al. 2013). Phylogenetic studies
on baboons using fragments of the mitochondrial genome
revealed seven major clades that display a geographic pat-
tern, but disagree with the six species taxonomy. Using
these fragments, the branching pattern among the clades
remained largely unresolved, while complete mitochondrial
genome data revealed a well-supported phylogeny (Zinner
et al. 2013).

We report here on the sequencing of a mitochondrial gen-
ome of an olive baboon from its southernmost range from
Gombe National Park (NP), Tanzania. The skin sample (individ-
ual ID T9GNM2220916; S04°40'41"”, E29°37'15") was collected
for the purpose of screening for Treponema pallidum infection
in non-human primates and not specifically for this study.
Collection was in accordance with Tanzanian and German
laws and guidelines. DNA was extracted with methods out-
lined in Knauf et al. (2016) and the complete mitochondrial
genome was PCR amplified, sequenced and assembled fol-
lowing methods described in Zinner et al. (2013).

KEYWORDS

Sanger sequencing;
Cercopithecidae;
non-human primates

The newly generated mitochondrial genome exhibits and
A+T content of 56.32% and contains 13 protein-coding genes,
22 transfer RNAs, two ribosomal RNAs and the control region
in the order typically found in mammals (Anderson et al. 1981).

We performed phylogenetic reconstructions by adding
mitochondrial genome data of other baboons representing
all species and major clades (Zinner et al. 2009, 2013) and
Theropithecus gelada as an outgroup. Sequences were aligned
with Muscle 3.8.31 (Edgar 2010) in SeaView 4.5.4 (Gouy et al.
2010), and indels and poorly aligned positions were removed
with Gblocks 0.91b (Castresana 2000). A maximum-likelihood
tree was generated in IQ-TREE 1.5.2 (Nguyen et al. 2015)
using the optimal substitution model (TrN +14+-G) as selected
by ModelFinder (Chernomor et al. 2016; Kalyaanamoorthy
et al. 2017) and 10,000 ultrafast bootstrap replicates (Minh
et al. 2013). In the obtained tree (Figure 1), the olive baboon
from Gombe NP forms a strongly supported (100% bootstrap)
sister lineage to a clade consisting of eastern P. anubis,
northern P. cynocephalus and P. hamadryas, thus, further
supporting the previously detected polyphyly of olive
baboons (Zinner et al. 2009, 2013).

The mitochondrial genome of an olive baboon from
Gombe NP, Tanzania is an important addition to understand
the phylogeography of baboons and to further investigate
the phylogeny papionins in general.
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Figure 1. Maximum-likelihood tree showing phylogenetic relationships among baboon lineages. The olive baboon from Gombe NP (highlighted in bold) clusters
with eastern P. anubis, northem P. cynocephalus and P. hamadryas. Numbers on nodes refer to bootstrap values and the bar indicates substitutions per site.

GenBank accession numbers are listed below species.
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ABSTRACT

Recent genetic studies, using maternally inherited mitochondrial DNA, indicate a complex
evolutionary history for baboons Papio spp. in general, and for eastern African baboons in
particular. To further address this topic and to improve our understanding of
phylogeographic patterns of baboons in eastern Africa, mitochondrial cytochrome b
sequence data were analysed from 148 baboon samples from 103 locations in eastern
Africa. The resultant phylogenetic reconstructions suggest an initial split of baboons into
four main clades: southern chacma baboons, baboons from Mahale Mountains in
Tanzania, main southern, and main northern. We confirm that the boundary between
southern and northern clades lies along the Ugalla-Malagarasi River and Ruaha-Rufiji
River of central Tanzania. We detected new mitochondrial haplogroups, most notably the
Mahale Mountains clade, and refined haplogroup distributions. The evolutionary
divergence of baboons in eastern Africa was most likely triggered and maintained by
numerous episodes of population division and reconnection, probably related mainly to
climate change. To better understand these processes, nuclear DNA information is
required, especially to assess gene flow among populations.

Keywords: phylogeography, cytochrome b, Ruaha-Rufiji River, Ugalla-Malagarasi River

INTRODUCTION

Baboons (genus Papio Erxleben, 1777) are widely distributed over most of sub-Saharan
Africa, occupying the greatest diversity of habitats of any genus of non-human primates.
Baboons are found in all terrestrial habitats from moist forest to the edge of deserts, and
from sea level to >3300 m (Swedell, 2011; Butynski et al., 2013; Jolly, 2013). In the
savannas and woodlands of eastern Africa, from northeast Sudan southward to Malawi and
Zambia, baboons are, second to humans, the most abundant catarrhine species. Several taxa
of Papio have been described for eastern Africa (Elliot, 1913; Napier & Napier, 1967; Hill,
1970). Their validity and taxonomic ranks are, however, still disputed (Jolly, 1993, 2013;
Sarmiento, 1998; Groves, 2001; Grubb et al., 2003; Butynski et al., 2013). The main
eastern African forms are olive baboon Papio anubis (Lesson, 1827) and yellow baboon
Papio cynocephalus (Linnaeus, 1766) (figure 1; appendix 1).

Across the distribution of baboons in Africa, morphological clines (Frost et al., 2003; De
Jong & Butynski, 2009) and evidence of interspecific hybridization in contact zones
(P. kindae x P. ursinus griseipes, e.g. Jolly et al., 2011; P. anubis x P. cynocephalus, e.g.
Charpentier et al., 2012; P. hamadryas x P. anubis, e.g. Bergey, 2015) complicate this
problem. Taxa are identified primarily by the colour, length, and texture of the pelage
(including their mane), body size, body shape, and skull morphology (Hill, 1970; Kingdon,
1971, 2015; Jolly, 1993; Rowe, 1996; Alberts & Altmann, 2001; Groves, 2001;
De Jong & Butynski, 2009, 2012; Butynski et al., 2013) (see appendix 1 and visit
http://wildsolutions.nl/photomaps/Papio/ to view a large selection of photographs of Papio
spp. with localities depicted on an interactive digital map). In eastern African baboon
populations, comparisons of cranial and dental morphologies indicate that the morphotypes
are distinct, but that intermediate forms do exist (Hayes et al., 1990; Frost et al., 2003;
Jolly, 2003). Molecular studies, mainly applying mitochondrial (mt) markers, have not
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solved this “taxonomic tangle” (Groves, 2001). Phylogenetic reconstructions, based on parts
or even complete mt-genomes, reveal several mt-haplogroups or clades. These, however, are
only marginally concordant with the morphological variation or taxa (Newman et al., 2004;
Zinner et al., 2009a, 2011, 2013).

Figure 1. Adult male eastern Africa baboons; olive baboon Papio anubis (left) and yellow
baboon Papio cynocephalus. Drawings by Jonathan Kingdon (Kingdon,1971).

The deepest split in the phylogenetic tree of Papio divides the genus into two main mtDNA
clades, a northern clade and a southern clade (Burrell, 2008; Zinner ef al., 2009a, 2013). The
northern clade includes Guinea baboon P. papio (Desmarest, 1820) from West Africa, hamadryas
baboon P. hamadryas (Linnaeus, 1758) from the Horn of Africa and southwest Arabia, P. anubis
from central and northeast Africa, and P. cynocephalus from Somalia and southeast Kenya, as
well as east and central Tanzania. The southern clade includes P. cynocephalus from south
Tanzania to north Mozambique, as well as Kinda baboon P. kindae (Lonnberg, 1919) from
Zambia, and chacma baboon P. wursinus (Kerr, 1792) from southern Africa. The two main
mtDNA clades come into contact within the distribution of P. cynocephalus in central Tanzania,
along a line following the Ruaha-Rufiji River from the coast inland westward to the eastern shore
of Lake Tanganyika at the mouth of the Malagarasi River (5.25°S, 29.81°E; Zinner et al.,
2009a). No morphological differences have been reported among P. cynocephalus within this
contact area. Hill (1970) reports only P. cynocephalus cynocephalus for Tanzania (figure 2).
Others report P. anubis in northwest Tanzania (Groves, 2001; Anandam et al., 2013; Butynski et
al., 2013) and P. kindae in central west Tanzania (Butynski & De Jong, 2009; De Jong &
Butynski, 2012). Based on present knowledge, the Ibean baboon P. cynocephalus ibeanus
Thomas, 1893 of Somalia and Kenya, and the Nyasa baboon P. cynocephalus strepitus Elliot,
1907 from Malawi (Hill, 1970), are distributed at least 500 km north and south, respectively,
from where the two main mtDNA clades meet in central Tanzania.

Although the Papio mtDNA phylogeny has been recently intensively studied, only a few
samples from eastern Africa have been analysed. In particular, central Tanzania, where the
southern and northern clades meet, has not been sampled in detail. To fill this geographic
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Figure 2. Distribution of Papio taxa in eastern Africa according to Hill (1970), and locations of
sampling sites for this study. A photograph of an adult male baboon from each of 21 widely-
spaced sites on this map is presented in appendix 1. More photographs of baboons in the wild
from many sites across Africa can be viewed at: http.//wildsolutions.nl/photomaps/Papio/
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sampling gap, this study focused on P. cynocephalus in Tanzania, Malawi and Zambia, but
also includes samples from P. anubis and P. hamadryas in Eritrea, Ethiopia, Kenya,
Uganda, Democratic Republic of Congo (DRC), and northwest Tanzania. The aim of this
study is to clarify the geographic distribution of Papio mtDNA clades in eastern Africa, and
to relate and combine these clades with previous maps of Papio distributions (e.g. Hill,
1970) and photographs of Papio from the region (e.g. appendix 1).

MATERIAL AND METHODS

Sample Collection

We obtained 147 non-invasively collected baboon faecal samples from sites in eastern Africa
(figure 2, appendix 2). To these we added one P. hamadryas tissue sample from southwest
Saudi Arabia and one museum tissue sample from Somalia [see Zinner et al. (2008) and
Kopp et al. (2014) for detailed information on these samples]. The samples originate from
104 locations (103 in eastern Africa and one from southwest Saudi Arabia). Of the 149
samples, 45 were used in previous studies, including the samples from Saudi Arabia and
Somalia (Zinner et al., 2008, 2009a; Kopp et al., 2014). For those 45 samples we retrieved
respective mtDNA sequence information from GenBank. We also included mtDNA sequence
information for two southern chacma P. ursinus ursinus, two grey-footed chacma baboons
P. ursinus griseipes Pocock, 1911, two P. papio, and, as outgroup, gelada Theropithecus
gelada (Riippell, 1835), from GenBank (accession numbers in appendix 2).

Faecal samples were collected and stored following the two-step protocol of Roeder et al.
(2004) and Nsubuga et al. (2004). Samples were stored at ambient temperature for up to 6
months in the field and at -20°C upon arrival in the laboratory. For each sample, consecutive
number, date, location, and GPS coordinates were recorded. Sample collection complied
with the laws of the respective countries of origin and Germany, and with the guidelines of
the International Primatological Society.

Laboratory Work

We extracted DNA from 104 faecal samples using the QIAamp DNA Stool Mini Kit
(Qiagen, Hilden, Germany) and First DNA All Tissue Kit (Gen-lal, Troisdorf, Germany)
according to the manufacturers’ protocols. DNA was eluted in 20ul water (HPLC grade) and
stored at -20°C until further processing. To avoid contamination, all working steps (i.e.
DNA extraction, PCR set-up, PCR amplification, gel electrophoresis, gel extraction and
sequencing) were performed in separate laboratories. All PCR reactions were performed with
negative (HPLC-grade water) controls.

We amplified and sequenced the complete mitochondrial cytochrome b gene (cyt b, 1140
bp). This allowed us to include published data in the statistical analyses. In addition, this
marker can be reliably amplified from low quality samples, such as faecal material and tissue
samples from museum specimens. We used established protocols (Zinner et al., 2009a) and
amplified cyt b via two over-lapping fragments to ensure that sequences were obtained even if
DNA was degraded. Zinner et al. (2009a) showed that the primers and PCR conditions applied
here solely amplify mtDNA and not nuclear mitochondrial pseudogenes (numts). PCR reactions
with a total volume of 30 pl included 1 U BiothermTaq 5000 DNA polymerase (Genecraft,
Cologne, Germany), 1x reaction buffer, 0.16 mM dNTPs, and 0.33uM of each primer. PCR
conditions for amplification comprised a pre-denaturation step at 94°C for 2 min, followed by
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40 cycles at 94°C for 1 min, 60°C for 1 min, 72°C for 1 min, and a final extension step at
72°C for 5 min. Results of the PCR amplifications were checked on 1% agarose gels. PCR
products were cleaned with the Qiagen PCR Purification Kit and subsequently sequenced on an
ABI 3130xL sequencer using the BigDye Terminator Cycle Sequencing Kit (Applied
Biosystems, Foster City, USA) and both amplification primers.

Phylogenetic Reconstruction

Sequences were checked, edited, and aligned manually using BIOEDIT 7.5.0.2 (Hall, 1999).
The final alignment comprised 156 sequences of which 149 derived from eastern African and
Saudi Arabian baboons, two sequences each from P. papio, P. u. ursinus, and P. u.
griseipes, and as outgroup, one sequence from 7. gelada. All sequences were deposited in
GenBank (details of samples and accession numbers are given in Table S1).

Phylogenetic trees were reconstructed with maximum-likelihood (ML) and Bayesian
methods using RAXML 8 (Stamatakis, 2014) as implemented in raxmlGUI 1.5b.1 (Silvestro
& Michalak, 2012) and MrBayes 3.2.6 (Ronquist ez al., 2012), respectively. ML calculations
were run with the GTR-CAT-I model and 1,000 rapid bootstrapping replications. For
Bayesian tree reconstructions, we conducted four Markov Chain Monte Carlo (MCMC) runs
with a default temperature of 0.2 and the HKY +I+G model as selected as best-fit model in
jModeltest 2.1.7 (Darriba et al., 2012) under the Bayesian information criterion (BIC) and
the Decision Theory Performance-based Selection (DT). All repetitions were run for 1
million generations with tree and parameter sampling setting in every 100 generations. The
first 25% of samples were discarded as burn-in. The adequacy of the burn-in and
convergence of all parameters was assessed via the uncorrected Potential Scale Reduction
Factor (PSRF) (Gelman & Rubin, 1992) as calculated by MrBayes and by visual inspection
of the trace of the parameters across generations using TRACER 1.6 (Rambaut et al., 2014).
To check whether posterior clade probabilities were also converging, AWTY (Nylander et
al., 2008) was applied. Posterior probabilities for each split and a phylogram with mean
branch lengths were calculated from the posterior density of trees. Trees were visualized and
edited in FigTree 1.4.2. Additionally, a haplotype network was built in POPART 1.7 (Leigh
& Bryant, 2015) using the median-joining network algorithm (Bandelt ez al., 1999).

RESULTS

Among the 149 eastern African and Arabian baboon sequences, we detected 69 unique cyt b
haplotypes. Phylogenetic analyses were conducted with these unique sequences, plus the
additional six non-eastern African sequences and the outgroup sequence. The final alignment
comprised 76 sequences. Phylogenetic trees derived from Bayesian inference and the ML
algorithm yielded identical tree topologies and mostly well-supported terminal clades (ML
bootstrap values: >75%, Bayesian posterior probabilities: >0.95) (figure 3). The analysis
suggests that baboons initially divided into four clades [southern chacma, Mahale Mts
(central west Tanania), main southern, main northern], although the branching pattern among
them remains largely unknown. The main southern clade contains Kinda, northern chacma,
and southern yellow baboons, while the main northern clade comprises Guinea, hamadryas,
eastern olive, and northern yellow baboons.

For eastern Africa, our reconstruction shows nine well-supported mt-clades or haplogroups.
These indicate paraphyletic or polyphyletic relationships within at least the two main East African
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Figure 3. Bayesian phylogram of Papio cyt b haplotypes (Bayesian tree reconstruction for
identification of clades) (* Bayesian posterior probabilities > 0.95, ML bootstrap support values
>75%). Tip labels refer to the species (as identified by phenotypic characters; PA = P. anubis;
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is indicated by the listing of more than one site abbreviation at some branch tips.

231



150 D. Zinner et al.

@m samples
Lampie

© P cynocephalus
® P anubis

© P. hamadryas

® P ursinus

Figure 4. Median-joining mt-haplotype network of eastern African baboons (1-9 = haplogroups
or clades of East African baboon as in figure 3; SEA = main southern East African clade; NEA =
main northern East African clade). Papio ursinus are northern chacma baboons from Zambia.
These appear to be P. u. griseipes.

baboon taxa (P. cynocephalus and P. anubis). The nine mt-clades (figures 3 & 4) are: (1) Mahale
Mts baboons; (2) Kinda baboons; (3) Luangwa Valley (Zambia) and west Malawi baboons
(with northern chacma baboons as a sister clade); (4) southern yellow baboons 1 from
southwest Tanzania, north Zambia, and south Malawi; (5) southern yellow baboons 2 from
southeast Tanzania and south Malawi east of the Shire River; (6) yellow baboons from
northeast Tanzania and olive baboons from central Ethiopia; (7) olive baboons from central
Ethiopia; (8) olive baboons from Uganda, east DRC and west Tanzania, and one yellow
baboon from the Ugalla region; and (9) hamadryas baboons from Saudi Arabia, Eritrea, and
Ethiopia, and eastern and northern clades of olive baboons and yellow baboons from Eritrea,
Ethiopia, Somalia, Kenya, and north Tanzania. Clades 2-5 represent the main southern East
African clade, while clades 6-9 represent the main northern East African clade. Within clade
9, distinctions can be made among possible clades 9a to 9e. Hamadryas baboons cluster with
olive baboons from Eritrea (9a) and Ethiopia (9b and 9c). Olive baboons from east of the
Ethiopian Rift Valley form another clade (9d). Northern yellow baboons from Somalia,
Kenya and north Tanzania cluster with olive baboons from Kenya and north Tanzania (%e).

The nine mt-clades are also visible within the haplotype network (figure 4), and the
subdivision within clade 9 becomes even more obvious than in the tree reconstruction.
Among the northern East African clades, olive baboon haplotypes appear in every clade—
usually in combination with yellow baboon or hamadryas baboon haplotypes. Interestingly,
hamadryas and yellow baboons do not share the same clade or subclade.
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Figure 5. Approximate distribution of the nine Papio mt-haplogroups or clades within eastern
Africa and sampling sites. Broken red line depicts the approximate position of the boundary
between the distributions of northern East African and southern East African mt-clades. “?”
indicates an important geographic sampling gap (see Discussion).
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Identical mt-haplotypes were mainly found in samples collected at the same locality (same
social group or neighbouring groups), but identical sequences were found at different sites
and in different taxa. Median distance between sites with identical sequences was 63 km
(quartiles 39-121; n=49 sites with distance > 10 km). Largest distances among sites (figures
2 & 5) with identical haplotypes were between Webi Shebelli River, south Somalia (Web,
yellow baboon) and Lolldaiga Hills Ranch, central Kenya (Lo3, olive baboon; ca. 950 km),
and between Serengeti National Park, north Tanzania (Ni2, olive baboon) and Dodoma-
Iringa, central Tanzania (nlg, yellow baboon; ca. 550 km).

DISCUSSION

The general topology of our phylogenetic tree for Papio in eastern Africa is similar to those
found in earlier studies (Zinner et al., 2009a, 2011, 2013; Liedigk et al., 2014).

There are unresolved relationships between the two main East African clades, and with
the southern chacma and Mahale Mts clades (figures 3 & 4). The major split separates
southern and northern clades. This is the first study to reveal the Mahale Mts clade (as no
samples from Mahale Mts were included in previous studies).

We confirm the previously assumed boundary between the distributions of southern and
northern clades in Tanzania (figure 5; Zinner ef al., 2011). This boundary runs from the lower
Rufiji River in the east across central Tanzania to the mouth of the Malagarasi River at Lake
Tanganyika in the west. These two large rivers are biogeographic barriers, or at least
boundaries, for a number of genera, species, and subspecies of terrestrial mammals (Kingdon,
1971-1982, 2015; Kingdon et al., 2013; Butynski & De Jong, in press). As concerns primates:

- The Ugalla-Malagarasi River appears to be a barrier between P. anubis (north) and
P. cynocephalus (south) (Kano, 1971).

- The Ruaha-Rufiji River represents the south limit for colobus monkeys (subfamily
Colobinae) in coastal eastern Africa (Rodgers, 1981; Butynski et al., 2013; Butynski
& De Jong, in press).

- The Ruaha-Rufiji River seems to be the south limit in coastal Tanzania for the
Zanzibar dwarf galago Galagoides zanzibaricus (Matschie, 1893) (Butynski er al.,
2006, 2013; De Jong, 2012; Butynski & De Jong, in press).

- The Ruaha-Rufiji River appears to be the north limit for the Mozambique dwarf
galago Galagoides granti (Thomas & Wroughton, 1907) (Butynski et al., 2006, 2013;
De Jong, 2012; Butynski & De Jong, in press).

Our phylogenetic reconstruction and the haplotype network reveal nine reasonably well-
supported mt-haplogroups or clades within eastern African baboons. Tree topology and
statistical support values suggest five clades for southern East African baboons: Mahale Mts,
Kinda, Luangwa Valley, and two southern yellow clades. Luangwa Valley baboons form the
sister group of northern chacmas, whereas southern chacmas are either basal among baboons
or represent the first split in the southern baboon clade (Zinner et al., 2009a, 2013). For the
main northern East African clade, the situation looks different. Here we found only three
well-supported haplogroups, but a diverse clade consisting of hamadryas, eastern olive, and
northern yellow baboons stretching from Eritrea and southwest Saudi Arabia south to the
Ruaha-Rufiji River in central Tanzania (clade 9). Within the distribution of clade 9, identical
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haplotypes occur at sites that are almost 1,000 km apart and in different baboon species (e.g.
yellow and olive baboons [this study], and olive and hamadryas baboons [Hapke et al.,
2001]). In general, the distribution pattern of baboon haplotypes appears to be in a
geographic cline—irrespective of their taxonomic relationships.

Mapping the approximate distributions of the mt-haplogroups reveals some disjunct
distributions. Among southern East African baboons, clade 4 was found in southeast
Tanzania and northeast Zambia, but also east of the Shire River in south Malawi. Between
these two distributions, there are haplotypes belonging to clade 3 (Luangwa Valley baboons).
Among northern East African baboons, haplotypes of clade 6 occur in yellow baboons at the
south Kenyan and north Tanzanian coast, and in olive baboons in west Ethiopia. A possible
explanation for such disjunct distributions is that they are relicts of a former wider
distribution; the respective haplotypes are now extinct, having been replaced by haplotypes of
other clades or haplogroups in parts of the former distribution. Alternatively, the disjunct
pattern is a result of incomplete geographic sampling. Increasing the number of samples from
areas in between the two distributions might resolve this question.

As in previous studies, the mt-clades only partly match with recognized baboon taxa, most
obvious in the case of southern and northern yellow baboons. Their mt-genomes diverged
around 2 million years ago (Zinner et al., 2013), though no taxonomic differentiation was
reported among yellow baboons from northeast and southeast Tanzania; both are regarded as
P. c. cynocephalus. Several of the clades, however, occur in areas where Hill (1970)
identified different morphotypes or subspecies of baboons, e.g. Luangwa Valley baboon
P. c. (u.) jubilaeus Schwarz, 1928 and central olive baboon P. a. tesselatum Elliot, 1909
(figure 2, appendix 1). Whether P. c. strepitus Elliot, 1907 is at least partly equivalent with
our clade 4 needs further investigation. MtDNA information is often used to delimit species
within taxonomic groups (e.g. barcoding; Blaxter, 2004; Galimberti et al., 2015; Raupach et
al., 2016). This study, however, indicates that (at least) the two main East African baboon
taxa are paraphyletic or polyphyletic groups. As such, mtDNA information alone cannot
delimit species within Papio in East Africa.

The geographic pattern of mt-haplogroup distributions suggests a complicated
biogeographic history for baboons. Like other savanna-living mammals (Lorenzen et al.,
2012), baboons were impacted by multiple cycles of expansion and retreat of savanna biomes
during Pleistocene glacial and inter-glacial periods, and other climatic changes (Maslin et al.,
2015; Trauth er al., 2015). Recurrent fragmentation and reconnection of populations,
extinctions, and distribution shifts of demes likely led to multiple phases of isolation,
hybridization, and introgression among populations (Zinner ef al., 2009a, 2011).

The geographic distribution pattern of mt-haplogroups can provide insights into the
biogeographic history of taxa (Avise, 2000, 2004). We found better supported clades, and
geographically more confined clades, among southern East African baboons than among
northern East African baboons. This suggests that southern East African baboons were
affected more by ecological change, leading to longer periods of isolation (thereby hampering
movement among demes and/or dispersal into new areas), than northern East Africa
baboons. Northern East African baboons, on-the-other-hand, seem to have experienced more
introgression due to more frequent reconnection of populations. Here the possible
introgression of olive baboons into hamadryas and yellow baboons might be of particular
interest (see Zinner et al., 2011 for a more detailed scenario). There is some evidence that
ancient introgression occurred even beyond the species level, as found in kipunji
Rungwecebus kipunji (Ehardt, Butynski, Jones & Davenport, 2005) (Jones et al., 2005).
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Individuals from the Mt Rungwe population carry mitochondrial DNA-sequences that are
highly similar to those in south Tanzanian yellow baboons (Zinner et al., 2009b), whereas
the Udzungwa Mts population seems not to be affected by baboon introgression (Roberts et
al., 2010).

It also might be that at least part of the difference between southern East African and
northern East African populations is the result of incomplete geographic sampling. It is,
therefore, important to collect more samples in under-sampled areas: (1) central and west
Kenya, easten and central Uganda, south South Sudan into Ethiopia; (2) Somalia, north coast
of Kenya; (3) west Uganda, east DRC; (4) southwest Tanzania; (5) north Mozambique, east
of Lake Malawi, and (6) Mahale Mts, Ugalla, east DRC west of Lake Tanganyika. The latter
is of particular interest since the Mahale Mts baboons share morphological traits with Kinda
baboons. Here are two scenarios for this similarity: (1) Kinda baboons once occurred east of
Lake Tanganyika as far north as Mahale Mts; (2) during times of extreme lake level
lowstands a land bridge connected the east and west shores of Lake Tanganyika (Scholz &
Rosendahl, 1988; Lezzar et al., 1996; Cohen et al., 1997; Nevado et al., 2013) that enabled
Kinda baboons from the west side to come into contact with yellow baboons from the east
side—and the possibility of gene flow.

CONCLUSIONS

This study provides further insights into the evolutionary history of eastern African baboons
and confirms the Ugalla-Malagarasi River and Ruaha-Rufiji River as the boundary between
the main southern East African and main northern East African baboon clades. Subclades are
obvious in both of these main clades. Interestingly, the distribution of the subclades seems to
be more geographically structured in southern East African baboons, while a more clinal
pattern is evident in northern East African baboons. A possible explanation is that southern
East African baboons were historically affected more by population division due to changing
ecological conditions, while northern East African baboons were affected more by frequent
reconnection and gene flow among populations.

Although we obtained new information and insights on the phylogeographic pattern of
baboons in eastern Africa, there are several topics that remain to be addressed. For
instance, the disjunct distribution of several subclades could be a relict of a former wide
distribution, but the possibility that the distribution pattern of subclades is due to
incomplete geographic sampling cannot be ruled out. Likewise, it remains unknown (1)
how Mahale Mts baboons are related to Kinda baboons on the west shore of Lake
Tanganyika; (2) which yellow baboon haplotypes occur around Lake Malawi,
particularly in Mozambique, and (3) how baboons in central and west central Ethiopia
are related to baboons in Uganda and DRC. To address these topics, additional sampling
is required. Further, since gene flow and hybridization among baboon populations most
likely occurred repeatedly, nuclear DNA information, ideally nuclear genome data, are
required to better reconstruct the evolutionary history and phylogeography of Papio. In
combination with baboon genomics, spatial and ecological modelling of historic and
current distributions of Papio taxa and clades will provide insights into habitat
preferences (niches) and adaptations.
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Appendix 1a. Supporting information for 22 photographs of adult male baboons from 21 sites in
eastern Africa. The baboons in these 22 photographs represent five Papio species and 11 Papio
subspecies. The taxonomy followed here is that of Hill (1970), except for the Kinda baboon, which is
here recognized as species P. kindae. Numbers in the first column correspond to the numbers on the
map (appendix 1b) and with the photographs (appendix 1c). More than 650 photographs of baboons
in the wild from many sites across Africa can be viewed at: http://wildsolutions.nl/photomaps/Papio/

Number Locality

Taxon

mt-clade

Photographer(s)

1

Raidah Forest,
Saudi Arabia

Papio hamadryas
(Linnaeus, 1758)

9a or 9b

Tom Butynski &
Yvonne de Jong

2 Kafta Sheraro National Papio anubis heuglini 9a  Hakan Pohlstrand
Park, Ethiopia Matschie, 1898
3a Awash National Park, Papio anubis doguera 9c  Hakan Pohlstrand
Ethiopia (Pucheran & Schimper, 1856)
3b Awash National Park, Papio hamadryas 9c  Chris Roche
Ethiopia (Linnaeus, 1758)
4 Kidepo Valley National Papio anubis furax ? Yvonne de Jong
Park, Uganda Elliot, 1907 & Tom Butynski
5 Kalacha, Kenya Papio anubis furax ? Yvonne de Jong
Elliot, 1907 & Tom Butynski
6 Lolldaiga Hills Ranch, Papio anubis neumanni 9e  Yvonne de Jong
Kenya Matschie, 1897 & Tom Butynski
7 Kigezi Game Reserve, Papio anubis tesselatum Elliot, 8 Katerina
Uganda 1909 Guschanski
8 Mpeketoni, Kenya Papio cynocephalus ibeanus ? Yvonne de Jong
Thomas, 1893 & Tom Butynski
9 Diani, Kenya Papio cynocephalus 6 Yvonne de Jong
cynocephalus (Linnaeus, 1766) & Tom Butynski
10 Lake Manyara National Papio anubis neumanni 9e  Tom Butynski &
Park, Tanzania Matschie, 1897 Yvonne de Jong
1 Mahale Mountains Papio c.f. kindae 1 Yvonne de Jong
National Park, Tanzania Lénnberg, 1919 & Tom Butynski
12 Mahenge, Tanzania Papio cynocephalus 5 Yvonne de Jong
cynocephalus (Linnaeus, 1766) & Tom Butynski
13 Niassa National Reserve, Papio cynocephalus ssp.? ? Colleen Begg
Mozambique
14 Quirimbas National Park, Papio cynocephalus ssp.? ? Daniel Cara
Mozambique
15 Senga Hills Forest Papio cynocephalus (u.) 3 Jim Auburn
Reserve, Malawi Jjubilaeus Schwarz, 1928
16 Mfuwe, South Luangwa  Papio cynocephalus (u.) 3 lan Salisbury
National Park, Zambia Jjubilaeus Schwarz, 1928
17 Kasanka National Park,  Papio kindae Lénnberg, 1919 2 Anna Weyher
Zambia
18 Lower Zambezi, Zambia  Papio ursinus griseipes northern Dean Gaffigan

Pocock, 1911 chacma*

19 Lufupa River, Kafue Papio kindae Lénnberg, 1919 2 Jim Auburn

National Park, Zambia
20 Chobe National Park,

Papio ursinus chobiensis northern Mike Haworth

Botswana Roberts, 1932 chacma*
21 Catapu, Mozambique Papio cynocephalus strepitus ? Celesta von
Elliot, 1907 Chamier

* The northern chacma clade is not regarded as an eastern African baboon clade and,
therefore, was not given a number.
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Appendix 1b. Map of eastern Africa with localities where the photographs (1-21) presented in
appendix 1c were taken. See appendix 1a for locality and taxon names.

Vi B . <
‘ 0 200 400 Kilometers ™" b A \A 1 Saudi Arabia
,J )
Omdurman4 Eritrea
Sudan Djibouti -~
El Obeid A
L Tana Gulf of
SRR,
> . N s -
T © Addis Abeba . somalia | N
)f//v}w\ s CA3a omalia
e o . 3b \
South Ethiopia 4 N
4o
Indian
11 A RO Ocean
L..Tanganika s -/ aDar es Salaam
, Tanzania /R J
DRC .+ b Nan
R y 1 S
: & £ \\ =
Mtwara ' 4 10°s
: {
514 s
o)
1 (ggy
~A /;ﬂ:’;agascar 4
Zimbabwe. \
1 . . 4
30°E

243



162 D. Zinner et al.

Appendix 1c. Photographs of adult male baboons in eastern Africa. See appendix 1a for locality,
taxon, and name of the photographer. A map depicting the locations at which these photographs
were taken is presented in appendix 1b. More photographs of baboons in the wild from many
sites across Africa can be viewed at: http://wildsolutions.nl/photomaps/Papio/
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Appendix 2. List of Papio spp. samples. The following information is given: taxon (based on morphotype
and location), sample ID, country and site of origin (coordinates in decimal degrees), haplotype ID, and
GenBank accession number. Abbreviations for taxa are given at the end of this table.

Taxon ID Country Site Site Longitude Latitude Haplo Acc. Num.
Code
Tg 149* EU885487
Pu 463 RSA Hop DeHoop Nature Reserve 20.40658 -34.45621 EU885486
Pu 472 NAM Hak Hakos Gastefarm 16.36463 -23.23708 EU885480
Pp 252 GUI Bak Bakaria, Haute Niger -10.31542  10.54267 EU885463
Pp 518 SEN Ked Kedougou -12.12472  12.57556 EU885449
Pg 566 ZAM Nka Kafue Middle, New Kalala 26.01077 -15.77360 EU885464
Pg 626 ZAM  Bri Lower Zambezi (Bridge Camp) 30.21516 -15.00530 GQ148683
Pc 961 TZA  Mrg north of Morogoro 37.58342 -6.62653 1 KU871141
Pc 963 TZA  Mrg north of Morogoro 37.58342 -6.62653 1 KU871142
Pc 1106 TZA eMw east of Mwindu 38.13203 -6.63574 1 KU871165
Pc 1109 TZA  wMi west of Mwindu 38.06753 -6.63987 1 KU871166
Pc 944 TZA  MkO Mikumi Nat. Park 37.20976  -7.23480 1 KU871137
Pc 970 TZA  Dod 30 km west of Dodoma 3557563 -6.05992 2 KU871143
Pc 978 TZA sDm Dodoma->Iringa 35.98829 -7.13016 3 KU871144
Pc 1110 TZA Wam Wami River 38.38786  -6.24847 4 KU871167
Pc 1112 TZA Wam Wami River 38.38786  -6.24847 4 KU871168
Pc 951 TZA  Mk1 Mikumi Nat. Park 37.18905 -7.26596 5 KU871138
Pc 960 TZA  Mk4 Mikumi Nat. Park 37.16463 -7.34651 6 KU871140
Pc 954 TZA  Mk2 Mikumi Nat. Park 37.06127 -7.35522 6 KU871139
Pc 537 KEN Amb Amboseli 37.39000 -2.29000 7 EUB885431
Pa 295 TZA Ngo Ngorongoro 35.59039 -3.28206 8 KU871123
Pa 1696 TZA Lmy Lake Manyara National Park 35.78283 -3.49483 8 KU871218
Pa 1697 TZA Lmy Lake Manyara National Park 35.78283  -3.49483 8 KU871219
Pa 1698 TZA Lmy Lake Manyara National Park 35.78283  -3.49483 8 KU871220
Pa 351 TZA  Ni2 Serengeti National Park 2 3479356  -2.42233 9 KU871126
Pa 353 TZA  Sw1 Serengeti National Park 1 34.85236 -2.43100 9 EUB885427
Pc 983 TZA nlg Dodoma->Iringa 35.73175 -7.33854 9 KU871145
Pc 507 SOM Web Webi Shebelli 45.43333 242083 10 EU885428
Pa 1699 KEN Lo3 Lolldaiga Hills Ranch 37.12340 0.26432 10 KU871221
Pc 988 TZA nin  Dodoma->Iringa 35.74325 -7.37304 11 KU871146
Pc 990 TZA nin  Dodoma->Iringa 35.74325 -7.37304 11 KU871147
Pa 531 KEN Cho Chololo Ranch 37.06000 0.91000 12 KU871131
Pc 1126 TZA  Sgr Segera 38.65102 -5.38707 13 KU871170
Pa 1609 KEN Lol Lolldaiga Hills Ranch north 37.09806 0.33667 14 KU871183
Pa 1610 KEN Lo1 Lolldaiga Hills Ranch north 37.09806  0.33667 15 KU871184
Pa 1693 KEN Lo2 Lolldaiga Hills Ranch cental 37.13736  0.21279 16 KU871217
Pa 340 ETH Wen Wendo Genet 38.64965  7.07127 17 KM267363
Pa 341 ETH Wen Wendo Genet 38.64965 7.07127 17 KU871124
Pa 343 ETH Wen Wendo Genet 38.64965 7.07127 17 KU871125
Pa 1624 ETH Din Dinsho, Bale Mts. Nat. Park 39.73464 7.12239 18 KU871189
Pa 1625 ETH Din Dinsho, Bale Mts. Nat. Park 39.73464 7.12239 18 KU871190
Pa 1626 ETH Din Dinsho, Bale Mts. Nat. Park 39.73464 7.12239 18 KU871191
Pa 1627 ETH Din Dinsho, Bale Mts. Nat. Park 39.73464 7.12239 18 KU871192
Pa 1628 ETH Din Dinsho, Bale Mts. Nat. Park 39.73464 7.12239 18 KU871193
Pa 1629 ETH Din Dinsho, Bale Mts. Nat. Park 39.73464 7.12239 18 KU871194
Pa 1630 ETH Din Dinsho, Bale Mts. Nat. Park 39.73464 7.12239 18 KU871195
Pa 1623 ETH Odo Odobulu Forest 40.28572 6.86631 18 KU871188
Pa 943 ETH  Har Harenna 2 39.73718  6.61577 18 KU871136
Ph 1604 ERI Dad Dada (Bolo) Assab Area 4240194 13.15556 19 KM267378
Ph Abh24 ARA  Abh Abha 4250523 18.21639 20 KM267380
Ph 312 ETH  Ger Gerba Luku/ Erer Gota 41.53400 9.58740 21 KM267351
Pa 509 ETH  CFr Chilimo Forest 38.16333 9.07167 22 KU871128
Pa 349 ETH Mn2 Managasha Nat. Park 38.57125 8.96838 22 EU885424
Pa 200 ERI Hay Haykota, R. Gash 37.06600 15.15695 23 KM267341
Pa 181 ERI Tes Tesseney, R. Gash 36.70142  15.14510 23 KM267339
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Taxon ID Country Site Site Longitude Latitude Haplo Acc. Num.
Code
Ph 240 ERI  Dur Durfo, SC1 38.96458 15.37370 24 KM267348
Pa 184 ERI Gri  Griset, R. 36.76018 14.88322 25 EU885422
Ph 301 ETH ASt Awash Station 4017775  8.99268 26 EU885444
Ph 1613 ETH  Mgh 3,3 km NW of Menghi, Tigray 38.86666 13.70865 27 KU871185
Pa 1621 ETH  Jib Jibat Forest 37.46302  8.77871 28 KU871186
Pa 1622 ETH Jib  Jibat Forest 37.46302 8.77871 28 KU871187
Pa 338 ETH Ala Alambada 38.74768 7.50463 29 KM267362
Pa 332 ETH Ada AdamiTulu 38.71493  7.82558 30 KM267358
Pa 334 ETH Ada Adami Tulu 38.71493 7.82558 30 KM267359
Pa 335 ETH Ada Adami Tulu 38.71493 7.82558 30 KM267360
Pa 336 ETH Ada Adami Tulu 38.71493 7.82558 30 KM267361
Pa 1576 TZA  Tuv Tubila 30.09739 -5.01438 31 KU871181
Pa 1578 TZA  Tuv Tubila 30.09739 -5.01438 31 KU871182
Pc 1574 TZA  Ngy Nguye 30.42222 -5.22556 31 KU871179
Pa 444 UGA Kb1 Kibale Forest 1 30.43333  0.51667 32 KU871127
Pa 448 UGA Kb2 Kibale Forest 2 30.40000  0.48333 33 EU885420
Pa 512 DCR sBu south Bukavu 28.91092 -2.68258 34 EU885421
Pa 513 DCR sBu south Bukavu 28.91092 -2.68258 34 KU871129
Pa 516 DCR sBu south Bukavu 28.91092 -2.68258 34 KU871130
Pc 529 KEN  Dia opp. TwoFishes Hotel, Diani Beach  39.55000 -4.32000 35 EU885429
Pc 533 KEN Dia opp. TwoFishes Hotel, Diani Beach 39.55000 -4.32000 35 EU885430
Pc 1115 TZA  Ami Amboni River 39.02847  -5.05471 36 KU871169
Pa 1688 ETH BO2 Boginda Forest 36.06189 7.50829 37 KU871214
Pa 1692 ETH BO2 Boginda Forest 36.06189 7.50829 37 KU871216
Pa 942 ETH Tep Tepi 35.40529 7.25132 37 KU871135
Pa 1680 ETH AW2 Bonga, Sheaka Forest, Awurada 36.20730 7.08558 38 KU871207
Valley 2
Pa 940 ETH Kam Kama1 36.07014  7.31731 39 KU871133
Pa 1675 ETH AW1 Bonga, Sheaka Forest, Awurada 36.22529 7.09305 39 KU871204
Valley 1
Pa 1677 ETH AW1 Bonga, Sheaka Forest, Awurada 36.22529 7.09305 39 KU871205
Valley 1
Pa 1679 ETH AW1 Bonga, Sheaka Forest, Awurada 36.22529 7.09305 39 KU871206
Valley 1
Pa 1689 ETH GO1 Saja Forest, Gojeb wetland 36.06092 7.55529 40 KU871215
Pa 941 ETH Kay Kayakela3 36.22385 7.32184 40 KU871134
Pa 1681 ETH BA1 Bonga, Bamboo Forest1 36.45549 7.26829 40 KU871208
Pa 1682 ETH BA2 Bonga, Bamboo Forest2 36.45636 7.24365 40 KU871209
Pa 1683 ETH BA2 Bonga, Bamboo Forest2 36.45636 7.24365 40 KU871210
Pa 1684 ETH BA2 Bonga, Bamboo Forest2 36.45636  7.24365 40 KU871211
Pa 1685 ETH BA2 Bonga, Bamboo Forest2 36.45636  7.24365 40 KU871212
Pa 1686 ETH BA2 Bonga, Bamboo Forest2 36.45636  7.24365 40 KU871213
Pc 1547 TZA  Mhl Kasiha, Mahale Mts Nat. Park 29.72477 -6.11688 41 KU871174
Pc 1548 TZA  Mhl Kasiha, Mahale Mts Nat. Park 29.72477 -6.11688 41 KU871175
Pc 1549 TZA  Mhl Kasiha, Mahale Mts Nat. Park 29.72477 -6.11688 41 KU871176
Pc 1650 TZA  Mhl Kasiha, Mahale Mts Nat. Park 29.72477 -6.11688 41 KU871177
Pc 15651 TZA  Mhl Kasiha, Mahale Mts Nat. Park 29.72477 -6.11688 41 KU871178
Pc 1575 TZA  Ngy Nguye 30.42222 -5.22556 42 KU871180
Pk 641 ZAM KN1 North Kafue (Tar road) 25.95237 -14.95338 43 GQ148708
Pk 645 ZAM Mok North Kafue (Mokambi Lodge) 25.99480 -14.98034 43 GQ148707
Pk 642 ZAM KN2 North Kafue (Tar road) 26.06321 -14.95601 44 GQ148709
Pk 565 ZAM  KfN North Kafue 26.53577 -14.96779 44 EU885438
Pk 649 ZAM  KN3 North Kafue (Tar road) 26.44522 -14.97154 44 GQ148710
Pk 658 ZAM  Kai between Kaingu & New Kalala 2599285 -15.30998 44 GQ148711
Pk 581 ZAM Ka2 Kasanka Nat Park 2 30.24556 -12.57860 45 GQ148705
Pk 582 ZAM Ka2 Kasanka Nat Park 2 30.24556 -12.57860 45 GQ148706
Pk 568 ZAM Kal Kasanka Nat Park 1 30.25202 -12.59059 45 EU885439
Pk 1632 ZAM  Tgy Kalambo Falls, south Lake 31.23650 -8.59283 46 KU871171

Tanganyika
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Taxon ID Country Site Site Longitude Latitude Haplo Acc. Num.
Code
Pk 1533 ZAM  Tgy Kalambo Falls, south L. 31.23650 -8.59283 46 KU871172
Tanganyika
Pk 1536 ZAM  Tgy Kalambo Falls, south L. 31.23650 -8.59283 46 KU871173
Tanganyika
Pk 569 ZAM  Shi Shiwa N'gandu 31.73892 -11.19677 47 EU885440
Pk 593 ZAM  Shi Shiwa N'gandu 31.73892 -11.19677 47 GQ148704
Pc 1031 TZA  sTu Amani (south of Tunduru) 37.51363 -11.26054 48 KU871154
Pc 1037 TZA  sTu Amani (south of Tunduru) 37.51363 -11.26054 49 KU871155
Pc 1057 TZA wMs west of Masasi 38.60093 -10.86915 50 KU871156
Pc 1096 TZA Sin  east of Sinza 39.30755 -8.63751 51 KU871164
Pc 1063 TZA Chw Chiwata 38.98838 -10.59470 51 KU871157
Pc 1028 TZA Che Chem-Chem (south of Tunduru) 37.43273 -11.08541 52 KU871153
Pc 1092 TZA nNa 15 km north of Nangurukuru 39.31910 -8.95165 53 KU871163
Pc 1071 TZA  Min Mingoyo 39.65751 -10.10855 53 KU871158
Pc 1074 TZA  Kit north of Kitaya 40.13528 -10.59522 54 KU871160
Pc 1080 TZA  Dih Dihimbo 39.97846 -10.41007 55 KU871162
Pc 1077 TZA  Dih Dihimbo 39.97846 -10.41007 55 KU871161
Pc 1073 TZA  Nan Nanguruwe 39.99297 -10.49506 55 KU871159
Pc 292 MLW LCh Liwonde Nat. Park 35.26033 -15.01481 56 KU871122
Pc 286 MLW Lb1 Liwonde Nat. Park 35.25392 -15.03905 56 KU871120
Pc 282 MLW Lb2 Liwonde Nat. Park 35.25343 -15.04134 56 KU871119
Pc 151 MLW  Mc2 Michiru Mountains Cons. Area 2 34.98668 -15.72307 57 EU885433
Pc 994 TZA Kma Kamani 34.19086 -8.90926 58 KU871148
Pc 1007 TZA  nSo north of Songea 35.62780 -9.98347 58 KU871150
Pc 1010 TZA wSo west of Songea 35.26643 -10.71346 58 KU871152
Pc 1003 TZA  Son 100 km north of Songea 3550796 -9.90943 59 KU871149
Pc 1009 TZA nSo north of Songea 35.62780 -9.98347 59 KU871151
Pc 288 MLW Mu2 Mulanje Mt. 2 35.51849 -15.93561 60 EU885434
Pc 287 MLW  Mutl Mulanje Mt. 1 35.52112 -15.94492 60 KU871121
Pc 404 TZA Ruk Tanzania, NO Ufer Lake Rukwa 32.15517  -7.58297 61 EU885432
Pc 600 ZAM  Chf Chifunde (North Luangwa) 3243357 -11.86058 62 GQ148698
Pc 409 ZAM  LuS South Luangwa Nat. Park 31.63793 -13.26840 63 EU885435
Pc 617 ZAM  Mfu Mfuwe (Flatdogs) 31.77836 -13.10128 64 GQ148703
Pc 615 ZAM LS2 between Luambe & Mfuwe 32.09203 -12.75000 65 GQ148700
Pc 611 ZAM LS1 between Luambe & Mfuwe 32.12490 -12.66336 66 GQ148701
Pc 612 ZAM LS1 between Luambe & Mfuwe 32.12490 -12.66336 66 KU871132
Pc 616 ZAM LS3 between Luambe & Mfuwe 32.01766 -12.88562 66 GQ148702
Pc 570 ZAM  Lua Luambe Nat. Park 32.14550 -12.45780 67 EUB885437
Pc 604 ZAM Lua Luambe Nat. Park 32.14550 -12.45780 67 GQ148699
Pc 155 MLW LC1 JB, Liwonde Nat. Park 35.30171 -14.85281 68 KU871118
Pc 1639 MLW Bu2 Bua River, SE Nkhotakota GR 34.15217 -12.83150 69 KU871200
Pc 1640 MLW Bu2 Bua River, SE Nkhotakota GR 34.15217 -12.83150 69 KU871201
Pc 1649 MLW Nkh Western Nkhotakota 34.10867 -13.00967 69 KU871202
Pc 1651 MLW Nkh Western Nkhotakota 34.10867 -13.00967 69 KU871203
Pc 411 ZAM  LuS South Luangwa Nat. Park 31.63793 -13.26840 69 EU885436
Pc 1637 MLW  Sf2 Senga Hills Forest Reserve 34.61853 -13.70677 69 KU871199
Pc 1631 MLW  Sf1 Senga Hills Forest Reserve 34.62217 -13.70967 69 KU871196
Pc 1632 MLW  Sf1 Senga Hills Forest Reserve 34.62217 -13.70967 69 KU871197
Pc 1636  MLW  Sf1 Senga Hills Forest Reserve 34.62217 -13.70967 69 KU871198
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Intergeneric hybridization and introgression was reported from one of two
populations of the recently discovered kipunji (Rungwecebus kipunji), a criti-
cally endangered African monkey species of southern Tanzania. Kipunjis of
the introgressed population (from Mount Rungwe) carry a mitochondrial
DNA (mtDNA) haplotype closely related to those of parapatric yellow
baboons (Papio cynocephalus), whereas the second kipunji population, in
the Udzungwa Mountains, carries the original kipunji mtDNA haplotypes,
which diverged from the baboon lineage about 3 million years ago. Interest-
ingly, in our study of yellow baboons in Tanzania, we found that baboons
from the southeastern boundary of the Udzungwa Mountains carry
mtDNA haplotypes closely related to the original kipunji haplotype,
whereas baboons from the northern boundary, as expected, carry mtDNA
haplotypes of the northern yellow baboon clade. These findings provide evi-
dence for a case of inverted intergeneric admixture in primates: (i) a baboon
mtDNA haplotype introgressed the Mount Rungwe kipunji population by
mitochondrial capture and (ii) an Udzungwa Mountains kipunji mtDNA
haplotype introgressed a small subpopulation of yellow baboons by either
mitochondrial capture or nuclear swamping. The baboon—kipunji example
therefore constitutes an interesting system for further studies of the effects
of genetic admixture on fitness and speciation.

1. Introduction

Advances in molecular genetics have tremendously influenced our understand-
ing of the impact of hybridization and introgression on the evolution of animal
taxa [1,2]. Introgression is a long known phenomenon [3,4] and is defined as the
infiltration of genetic material of one species into another through repeated
backcrossing of hybrids to one or both parental species [5]. As a result of intro-
gression certain genetic or phenotypical characters of species ‘A" can be found
in species ‘B’. Strong uni-parental backcrossing can lead to mitochondrial or
Y-chromosomal capture so that species ‘A’ might carry mitochondria or the
Y-chromosome of species ‘B" [1,6]. First indications for introgression are incon-
gruent phylogenies derived from different genetic markers or from genetic and
phenotypic characters [1,7].

A remarkable case of intergeneric introgression in primates was reported
from the kipunji (Rungwecebus kipunji), a critically endangered African
monkey, discovered in 2003 in southern Tanzania [8]. Kipunjis occur in two iso-
lated populations: in the forests of Mount Rungwe and the adjacent Livingstone
Forest and about 350 km to the northeast in the Ndundulu Forest of the

© 2018 The Author(s) Published by the Royal Society. Al rights reserved.
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Figure 1. Map of southern Tanzania with yellow baboon (yellow circle) and kipunji (blue circle) sampling locations and geographical occurrence of mtDNA
haplotypes of northern (small yellow circles) and southern (small red circles) yellow baboons and kipunjis (small blue circles). Protected areas: GR, game reserve;
NP, national park, Pc, Papio cynocephalus; Rk, Rungwecebus kipunji. Details on samples can be found in the electronic supplementary material, table S1.

Udzungwa Mountains [9]. Analyses of mitochondrial DNA
(mtDNA) of the Mount Rungwe population revealed that
the kipunji mtDNA sequences are nested within the geo-
graphically proximate southern yellow baboon (Papio
cynocephalus) clade [6,10,11]. In contrast, the population of
the Udzungwa Mountains carry mitochondria concordant
with a position as sister taxon to baboons [12]. This pattern
was interpreted as a result of introgression with mitochon-
drial capture in the Mount Rungwe population. In contrast
the Ndundulu haplotype from the Udzungwa Mountains
was considered to represent the true, non-introgressed kipunji
haplotype [12]. Here we report on the mtDNA phylogenetic
relationships among the Udzungwa kipunjis and sym- and
parapatric yellow baboons and a case of inverted intergeneric
introgression.

2. Material and methods

During a Tanzania-wide screening for infection of non-human
primates with the pathogenic bacterium Treponema pallidum, we
collected tissue samples from 17 yellow baboons in the
Udzungwa Mountain National Park (see electronic supplemen-
tary material) (figure 1). After DNA extraction, we amplified
and sequenced the Brown region [13] of the mtDNA genome
using methods outlined in Newman et al. [14] and Zinner et al.

253

[15]. Obtained haplotypes were aligned against orthologous
sequences derived from GenBank of other baboons, kipunjis,
and related taxa that were used as outgroups (electronic sup-
plementary material, table S1). We reconstructed maximum-
likelihood (ML) and Bayesian trees and estimated divergence
ages. Full details of all analyses and an ethical note are provided
in the electronic supplementary material.

3. Results and discussion

As in earlier studies on baboon phylogeny using mtDNA
markers [14-19], baboons segregate into various strongly
supported clades (ML bootstrap support (BS): greater than
90%, Bayesian posterior probabilities (PP): greater than
0.90). However, the branching pattern among them is not
well resolved. Moreover, these clades follow a geographical
pattern and their distribution is not always concordant with
the boundaries of the six species now generally recognized.
As in previous studies, yellow, olive (Papio anubis), and
chacma baboons (Papio ursinus) show para- or polyphylies,
which were regarded as results of ancient introgressive
hybridization events [15,20].

In our tree reconstruction, as previously found [10-12],
the mtDNA lineage of Mount Rungwe kipunjis clusters
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Figure 2. Chronogram showing phylogenetic relationships and divergence times among various baboon and kipunji mtDNA lineages. The mtDNA lineage of the
Mount Rungwe kipunji clusters with southern yellow baboons, while yellow baboons from southemn Udzungwa cluster with the Udzungwa kipunji. In contrast,
yellow baboons from northern Udzungwa cluster with their conspecifics of the northern yellow baboon mtDNA clade (see also electronic supplementary material,

figure S1 and table S2). (Online version in colour.)

with southern yellow baboons and the kipunji mtDNA
lineage from Udzungwa constitutes a sister clade to the
Papio clade, with a divergence time of 3.03 million years
ago (Ma) (95% highest posterior density (HPD): 2.06—
4.09 Ma) (figure 2; electronic supplementary material, table
S2). Also expected is the grouping of yellow baboons from
northern Udzungwa with conspecifics of the northern
yellow baboon clade. However, yellow baboons from
southern Udzungwa do not cluster either with southern or
with northern yellow baboons. Instead, they represent a
closely related sister clade to the mtDNA lineage of
Udzungwa kipunjis. We estimated the split of the Mount
Rungwe kipunji mtDNA lineage from its nearest southern
yellow baboon lineage at 0.05 Ma (0.00-0.13 Ma), while the
yellow baboon mtDNA clade from southern Udzungwa
diverged from the Udzungwa kipunji lineage at 0.24 Ma
(0.07-0.44 Ma) (electronic supplementary material, table S2).

The phylogenetic relationships of the two kipunji popu-
lations with respective para- or sympatric yellow baboons
suggest three introgression scenarios. Alternative explanations
for the observed pattern such as incomplete lineage sorting
(ILS) are highly unlikely, because in small populations, as in
kipunjis [21], lineage sorting should be relatively fast and
the distribution pattern of haplotypes follows a geographical
structure, while ILS should be random in respect to geogra-
phy [15,22]. The first scenario assumes the mtDNA lineage
found in Udzungwa kipunjis and baboons represents an
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ancient Papio mtDNA lineage, which would mean that this
is the oldest Papio mtDNA lineage discovered so far and
also that the Udzungwa kipunjis captured baboon mitochon-
dria, similar to the scenario envisioned for the Mount Rungwe
kipunji population [11]. The two other scenarios assume that
the Udzungwa kipunji mtDNA lineage indeed is the original
kipunji mtDNA lineage [12], which would mean that the
southern Udzungwa yellow baboons either captured mito-
chondria from female kipunjis (scenario 2) where
theoretically a single event of a female kipunji breeding suc-
cessfully with a male baboon is sufficient or that baboon
males introgressed a subpopulation (e.g. a small isolated
group) of the Udzungwa kipunji population over generations
leading to nuclear swamping (scenario 3). In scenario 3, male-
mediated gene flow from baboons into kipunjis would alter the
nuclear gene pool of the kipunjis, up to completely converting
the kipunji phenotype into the baboon phenotype, while leav-
ing the ancestral kipunji mtDNA sequences in place. We
believe the first scenario is unlikely, because if the Udzungwa
kipunji mtDNA lineage represented an old Papio lineage, we
would expect to find it more frequently in the baboon popu-
lation of southern Tanzania, which, however, was not the
case [19]. It would be interesting to investigate whether this
lineage can be also found in baboons of the adjacent Selous
Game Reserve. To test the hypothetical scenarios, we would
need to analyse whole nuclear genomes inferring amount
and frequency of gene flow between kipunjis and baboons. It
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would be interesting to see which genes were exchanged, in
which direction and whether similar mosaic genome patterns
can be detected in both kipunji populations. Also, given that
the baboon population carrying the kipunji mtDNA seems to
be rather small, it might be interesting to examine whether
these baboons show any indications of fitness loss related to
genetic admixture, as compared with unadmixed conspecifics.

The kipunji-baboon case is, to our knowledge, the first
reported case of inverted intergeneric introgression in pri-
mates, and maybe mammals overall. However, inverted
introgression among species of the same genus has been
reported e.g. in Lepus. Brown hares of northern Spain (L. euro-
paeus) carry mtDNA lineages of mountain hares (L. timidus),
whereas mountain hares in northern Russia carry mtDNA
lineages of brown hares [23-26]. In the case of Spanish hares,
ancient introgression is obvious, because the mountain hare
went extinct in the region after the last glacial period, whereas
introgressive hybridization is still ongoing in Sweden and
Russia. Ongoing hybridization between Rungwecebus and
Papio, however, is not reported.
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Abstract

Background: The first yaws eradication campaign reduced the prevalence of yaws by 95%. In recent years, however,
yaws has reemerged and is currently subject to a second, ongoing eradication campaign. Yet, the epidemiological
status of Tanzania and 75 other countries with a known history of human yaws is currently unknown. Contrary to the
situation in humans in Tanzania, recent infection of nonhuman primates (NHPs) with the yaws bacterium Treponema
pallidum subsp. pertenue (TPE) have been reported. In this study, we consider a One Health approach to investigate
yaws and describe skin ulcers and corresponding T. pallidum serology results among children living in the Tarangire-
Manyara ecosystem, an area with increasing wildlife-human interaction in northern Tanzania.

Methods: To investigate human yaws in Tanzania, we conducted a cross-sectional study to screen and interview skin-
ulcerated children aged 6 to 15 years, who live in close proximity to two national parks with high numbers of naturally
TPE-infected monkeys. Serum samples from children with skin ulcers were tested for antibodies against the bacterium
using a treponemal (Treponema pallidum Particle Agglutination assay) and a non-treponemal (Rapid Plasma Reagin)
test.

Results: A total of 186 children aged between 6 and 15 years (boys: 10.7 + 2.1 (mean + SD), N=132; girls: 10.9 + 2.0
(mean + SD), N = 54) were enrolled. Seven children were sampled at health care facilities and 179 at primary schools. 38
children (204%) reported active participation in bushmeat hunting and consumption and 26 (13.9%) reported at least
one physical contact with a NHP. None of the lesions seen were pathognomonic for yaws. Two children tested positive
for treponemal antibodies (1.2%) in the treponemal test, but remained negative in the non-treponemal test.
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(Continued from previous page)

Conclusions: We found no serological evidence of yaws among children in the Tarangire-Manyara ecosystem.
Nevertheless, the close genetic relationship of human and NHPs infecting TPE strains should lead to contact prevention
with infected NHPs. Further research investigations are warranted to study the causes and possible prevention
measures of spontaneous chronic ulcers among children in rural Tanzania and to certify that the country is free from

human yaws.
Keywords: Treponema pallidum subsp. pertenue, Yaws, Tropics, Africa, Nonhuman primates, Serology, Syphilis,
Treponematoses

Background Human yaws initially presents with a skin ulcer that

The bacterium Treponema pallidum subsp. pertenue
(TPE) causes a multi-stage disease called yaws, which is
commonly found in tropical areas with high rainfall and
humidity. Children below the age of 15, living in rural
areas with poor hygienic conditions are predominantly af-
fected [1]. In 1948, there were between 50 to 150 million
yaws cases globally [1]. African countries such as Ghana,
Ivory Coast, Cameroon and the Democratic Republic of
the Congo reported more than 100,000 cases annually [1].
The first yaws eradication campaign reduced the preva-
lence of yaws by 95%. In recent years, however, yaws has
reemerged and is currently subject to a second, ongoing
eradication campaign. The epidemiological status of
Tanzania and 75 other countries with a known history of
human yaws is currently unknown [2]. In the 1950s, there
were an estimated 61,800 yaws cases in Tanganyika
and 5400 cases in Zanzibar [3], the two countries that
united to form Tanzania in 1964. Available reports
show that the disease was common in Tanzania. High
infection rates were for example reported along Lake
Tanganyika in the West [3], along Lake Nyasa and
Songea in the South [4], and in Tanga, Newala and
Lindi in the East [5]. In North Tanzania, few cases of
yaws were reported especially among the Maasai and
Hadza communities [6]. Records provided by the Tan-
ganyika Director of Medical Services showed that in 1930
and 1950 an estimated 137,000 and 52,400 yaws patients
respectively received treatment across the country [3].
Like in many other yaws-endemic countries, there was a
dearth of scientific studies to evaluate the epidemiology of
yaws. As a result, the majority of reported prevalence data
from Tanzania were derived from health facilities and ‘co-
lonial traders’ records. There is a possibility that yaws sta-
tistics are biased due to limitations in documentation in
most health facilities, limited access to primary health care
for all patients, and false-positive reports due to cross-
reacting antibodies to syphilis. The last national yaws re-
port to the WHO in 1978 describes only 77 human yaws
cases [7]. Recent studies that evaluate the successful elim-
ination of human yaws in Tanzania do not exist. However,
skin ulcers among children are still commonly seen in
rural areas of Tanzania [8].

occurs at the invasion site. The skin lesion pathogno-
monic to the primary stage of yaws (mother yaws) is typ-
ically painless. Sometimes lesions are itchy with raised
dark margins, an erythematous moist center and they
are commonly covered with crust [9]. Other lesions typ-
ical in the primary stage are small yellow skin bumps
and solitary erythematous papules of two to five centi-
meters in diameter and squamous macules. The primary
skin ulcer is highly infectious and it can take weeks or
months to heal spontaneously, leaving behind a hypopig-
mented or pressed down lesion demarcated by a darker
border [9]. After the primary stage lesion has healed, the
secondary stage ensues with typical lesions including
painful digital swellings and palmar and plantar cracks
or discolorations [10]. If untreated these lesions will heal
spontaneously after weeks or months and the patient
likely enters a latent stage, where evidence of infection
can only be obtained through serological tests. Relapses
of secondary manifestations have been reported after 5
to 10 years (as reviewed in [10]). If untreated, ~ 10% of
patients will proceed to the tertiary stage, which can re-
sult in subcutaneous gummatous nodules and chronic
periostitis [10]. Transmission occurs through direct con-
tact with infectious lesions.

While data on human yaws are currently not available
from Tanzania, infection of nonhuman primates (NHPs)
with TPE have been reported [11]. The disease is wide-
spread in NHPs and involves at least four species, olive
baboons (Papio anubis), yellow baboons (Papio cynoce-
phalus), vervet monkeys (Chlorocebus pygerythrus), and
blue monkeys (Cercopithecus mitis) [12]. Due to the zoo-
notic potential of TPE strains of NHP origin [13] there
is the urgent need to apply a One Health approach to
countries that report NHP infection but lack current in-
formation on human yaws. The One Health approach
dictates that human and animal health are intercon-
nected and should be studied in conjunction [14].

We hypothesized that TPE infection is present in chil-
dren living at the NHP-human interface in rural
Tanzania and predicted that a proportion of children
with skin ulcers have antibodies against T. pallidum
(TP). We present a description of the skin ulcers in
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Tanzanian children and report the corresponding sero-
logical results. Our study was designed to investigate the
presence, but not to estimate the prevalence of yaws dis-
ease in Tanzanian children with a required accuracy.

Methods

Study design, setting and enrollment of participants

We used a cross-sectional study design to screen for TP
infection among children who live in close proximity to
wildlife areas in Tanzania where NHPs are infected with
TPE [12, 15, 16]. In this first study we selected two areas
in the vicinity to Lake Manyara National Park (LMNP)
and Tarangire National Park (TNP), respectively (Add-
itional File 1). Both areas are located in a region that re-
ports increasing wildlife-human conflicts [17]. Since TPE
infection is generally more common in children of pri-
mary school age [18], the study involved children
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between the age of 6 to 15years from 13 primary
schools and three primary health care facilities (Fig. 1).
Enrollment took place from November 2017 to February
2018. Further details on the different institutions are
provided in Additional File 2. After a short session of
health education on yaws, conducted at the primary
schools, we asked children to discuss their skin ulcers at
home and to self-report their skin ulcers in the presence
of their parents or legal guardians on the following day.
Only children whose parents or legal guardians came to
school and submitted their written parental consent and
who in addition to the parental consent expressed their
verbal assent to participate, were enrolled and examined
by the study team to confirm the self-reported skin ul-
cers. Children who were brought to health facilities for
outpatient services and who had skin ulcers were asked
by the attending clinician in the presence of their parent

Total Number of Sample Units
N=16

I

Number of Primary Schools
N=13

| Number of Health Care Facilities |

N=7,784

| Total Number of Children in Primary Schools |

:

Number of Children With Self-Reported
Skin Ulcers Who Present with their
Parent or Legal Guardian at School

Number of Children With Self-Reported
Skin Ulcers Who Present with their Parent
or Legal Guardian at Health Care Facilities
N=7

N=179

Number of Children Enrolled for the
Study
N=186

!
{

{

Children Interviewed
N=186

| Children Blood Sampled |

Children Tested by RPR

Fig. 1 Flowchart illustrating the number of study participants and serological test results

Children Tested by TPPA
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or legal guardian whether or not they were willing to
participate in the study. In case the child and parent/
legal guardian agreed, the research team was called to
visit the health care facility and the same standards
(written consent from parents or a legal guardian and
the children’s verbal assent) were applied before children
were allowed to enroll into the study. Caution was taken
to avoid double enrollment by asking the child and parent
or legal guardian about previous participation. Skin ulcers
of children at schools and health care facilities were
cleaned and dressed. In a primary school setting, we ad-
vised the parents or guardians to present their child to a
clinician at a nearby health facility to receive further treat-
ment for nonhealing wounds. Figure 1 provides a flow-
chart summarizing the key features of the study.

Sample size

From previous studies conducted in Ghana, one of the
current yaws endemic countries, the prevalence of yaws
among primary school children (with and without skin
ulcers) was estimated at 2.5% [19]. In a first approach,
we used this value as a design prevalence to calculate
the required sample size that was needed to rule out the
existence of yaws infection with an error probability of
5% in the subpopulation of children with skin ulcers in
Tanzania. We calculated the sample size using the 1-
Stage Freedom analysis tool implemented into Epitool
software [20, 21], setting the parameters as follows:
population size was set to infinity, an error probability of
0.05 was used and the required test sensitivity and speci-
ficity of the Serodia Treponema Pallidum Particle Agglu-
tination Assay (Serodia TPPA, FujireBio INC, Japan),
which was used to screen for the presence of anti-7. pal-
lidum antibodies, was set to 100% each, based on data
provided by the manufacturer [22]. Under these condi-
tions, a required sample size of at least 119 children re-
sulted. If the design prevalence was strengthened to
2.0%, the minimum sample size amounted to 149 chil-
dren. In both cases, design prevalence at 2.5 and 2.0%,
the actual sample size in the study exceeded the calcu-
lated values.

Study procedures

Children were interviewed by a Tanzanian trained study
physician (CK.C.L.) using a standardized questionnaire
that included questions on demographic data (age, sex,
education, residence and details on the household), dur-
ation and possible causes of their skin ulcer(s), example
given an initial injury as well as any history of pain and
changes in clinical manifestations. Interviews were con-
ducted in Swahili. A recent study in Central Africa re-
ported frequent physical contact between NHPs and
humans [23]. Hence, particular attention was given to
information on skin ulcers in other members of the
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household and the child’s lifetime history of physical
contact with NHPs and their body fluids or excrements.
We furthermore asked the children whether their family
keeps livestock.

After the completion of the interview, up to five ml whole
blood was collected under aseptic conditions using a closed
blood collection system (Vacutainer, Becton Dickinson
Medical, USA). Blood samples were subsequently centri-
fuged at 2000 xg for 15 min at ambient temperature. Ali-
quots of 1.8 ml serum were collected in cryovial tubes and
were kept in liquid nitrogen until they arrived in the labora-
tory where they were stored at — 80 °C.

Skin ulcers were photographed and documented as
shown in the Yaws Recognition Booklet for Communi-
ties published by the World Health Organization [24].
Photographs included an additional length standard and
sample ID. While the information obtained from the
questionnaires was paired with the respective individ-
uals’ blood sample, any personal details that could be
used to identify the child were anonymized. All sampling
procedures were performed by a trained and licensed
physician.

Serology

Work steps with potentially infectious material were per-
formed under a BSL-2 laminar flow bench. We used
treponemal and nontreponemal tests to test for the pres-
ence of anti-T. pallidum antibodies.

Treponemal test

We ran all samples in duplicates using the Serodia TPPA
following the manufacturer’s protocol. The test detects
serum antibodies directed against TP. We considered
the assay valid when the positive control was positive at
a dilution of 1:320, the sample diluent reacted negatively
with both sensitized and unsensitized particles, and each
specimen reacted negatively with unsensitized particles
at the final dilution of 1:40. Two researchers interpreted
the results independently following the manufacturer’s
interpretation guidelines. Samples that reacted with both
sensitized and unsensitized particles were reanalyzed fol-
lowing an absorption procedure described in the assay’s
manual.

Non-treponemal test

Serum samples were tested using the Rapid Plasma Reagin
test (RPR, Bio—Rad, France), following the manufacturer’s
instructions. Non-treponemal tests (NTTs) detect anti-
bodies directed against lipoidal antigens from both trepo-
nemes and damaged host cells [25]. Test results were
interpreted according to the manufacturer’s interpretation
guidance by two independent researchers. We considered
the assay valid, when the positive control (human serum
containing antibodies against-T. pallidum) showed
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agglutination and the negative control (rabbit serum in
phosphate buffer) of the test kit showed no agglutination.
We categorically excluded samples where the no-template
control (NTC) did not remain negative.

Statistical analysis

Statistical analysis was performed utilizing Prism 8
(GraphPad Software Inc). Comparison of categorical var-
iables such as bushmeat hunting and contact to NHPs
was done by using 2 x 2 contingency tables and a two-
tailed Fisher’s exact test. Proportions were tested at a
significance level of 0.05. For prevalence estimation, the
upper-limited one-sided 95% confidence intervals (ClIs)
were calculated using the Wilson/Brown method.

Results

Socio-demographic data

A total of 186 children aged between 6 and 15 years
(boys: 10.7 £2.1 (mean +SD), N=132; girls: 10.9 +2.0
(mean + SD), N = 54; Fig. 1, Additional File 3) were sam-
pled at their respective schools in the Tarangire-
Manyara ecosystem. A mean of 11.6 (+8.6 SD) children
was sampled at each of the 16 locations (Additional File 2)
where the study was conducted. Children attended dif-
ferent classes at primary school and all lived in villages
that were close to wildlife protected areas. The median
proximity of the sampling location to the nearest border
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of a national park that harbors TPE infected NHPs was
15.6km (25th-75th percentile 3.8-31.9, N=16 loca-
tions; Distance and Area Measure Software version
1.2.4). Of all 186 children with skin ulcers, 38 children
(20.4%) reported active participation in bushmeat hunt-
ing and consumption, 26 (13.9%) reported to have had
at least one physical contact with a NHP, and 84 chil-
dren (45.1%) lived in households that keep livestock.
Among children with skin ulcers, those who participate
in bushmeat hunting and consumption were significantly
more often exposed to physical contact with a NHP
(N =186, odds ratio 4.4 [two-sided 95% CI 1.9-10.2];
p=0.0013; 2-tailed Fisher’s exact test). Thirty children
(16.1%) reported that other family members of their
household had similar skin lesions.

Skin ulcers

In our subpopulation of skin ulcerated children, we had
more boys (N=132, 71%) than girls (N =54, 29%). The
ulcers appeared in various shapes, ranging in size be-
tween approximately one to five centimeters (Fig. 2,
Additional File 4). Pathognomonic yaws lesions were not
seen in our group of children. The frequency distribu-
tion of the skin ulcer location from this study is illus-
trated in Additional File 3. Unfortunately, not all data
were available from all ulcers. Some children, for ex-
ample, were unable to answer the question on how long

d e

Fig. 2 Representative skin ulcers in primary school children from Tarangire-Manyara ecosystem. a, b, ¢, d, and f are on lower limbs, (e) is on the
neck. The reported duration of the skin lesions was (a): 60 days, (b): 7 days, (c): 7 days, (d): 14 days, (e): 14 days, and (f): 14 days. A representative
figure for one of the bigger range ulcers (> 5 cm) has been included in the Additional Materials (Additional File 4)
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they experienced the skin ulcer or technical caveats in
combination with time management prevented the study
team from documenting ulcer characteristics. In the fol-
lowing, we consistently report data that were available to
us. 24.7% (N =46/186) of the children reported that their
ulcers are painless. The median duration of ulcers at
examination was 14 days (25th—75th percentile 7-30,
N =183 ulcers). Twelve (6.4%) children reported the
presence of their skin ulcer for 1 year or more. On the
cause of the ulcers, 58.1% (N =108/186) of the children
reported that their ulcers originated from injuries ac-
quired during sports or daily activities at home or
school. However, 41.9% (N =78/186) reported that their
skin lesions started as papules of unknown cause and
later developed into skin ulcers. Majority of the ulcers
were circular in shape (69.9%, N =79/113), had regular
margins (85.0%, N=96/113) and sloping edges (97.3%,
N=110/113). Most of them (58.4%, N =66/113) were
healing, with health granulating tissue on the floor and
serous discharge or no discharge. However, 37.2% (N =
42/113) were spreading, covered with slough or scabs,
with purulent or serosanguinous discharge. The
remaining ulcers (4.4%, N=5/113) were callous, with
chronic unhealthy granulation tissue.

Serology

The T. pallidum specific Serodia TPPA test generated
two positives out of a total of 161 tested sera [1.2%; one-
sided upper 95% confidence limit = 3.86%]). The samples
came from a seven and a thirteen-year-old boy at
Mbugwe Primary School in the school district of Babati.
No samples, including the two TPPA positives, were
positive in the RPR assay. The latter finding, leads to a
one-sided upper 95% confidence limit of 1.84% for the
prevalence of yaws [one-sided upper 95% confidence
limit = 1.84%].

Discussion

In Tanzania, human yaws was last heard of in 1978
where 77 cases were reported to the WHO [7]. Since
then, human yaws seemed to have disappeared most
likely due to the effect of mass-treatment of yaws pa-
tients and their contacts during the first yaws eradication
campaign in the 1950s to mid-1960s. However, TPE
strains have been frequently described in NHPs in
Tanzania and are genetically highly similar to human
yaws causing strains [11]. Given the close genetic simi-
larity of TPE strains of human and NHP origin [11],
transmission may occur between NHPs and humans
with the highest risk at the NHP-human interface in
areas that have a high burden of infected primates. We
therefore strategically selected two known hotspots of
NHP-TPE infection in Tanzania, LMNP and TNP, to
screen children for possible yaws infection. Overall,
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school children are the most affected age group in hu-
man yaws [18], which guided our study design. Although
the presence of anti-T. pallidum antibodies does not
allow for the discrimination of any of the three diseases
caused by the subspecies pallidum (syphilis), pertenue
(yaws), or endemicum (bejel) [10] it is still a very useful
tool for mass-screening of yaws as outlined in the
Morges Strategy [26]. Although our investigations in
Tanzania are ongoing, our findings are supportive of the
notion that human yaws is currently not a major health
concern in the Tarangire-Manyara ecosystem. Addition-
ally, if NHP to human transmission of yaws occurs, these
are most likely very rare events. The WHO is targeting
to eradicate yaws globally by the year 2030 [27]. So far
only India has been certified free from yaws [28]. In
Tanzania, yaws was historically reported from almost
the whole country; in the north among Maasai, Hadzabe
and nearby communities, in the south in Songea, in the
west along Lake Tanganyika, and in the east in Tanga,
Newala and Lindi. This study was conducted in the
north among Maasai and non-Maasai rural communi-
ties. We found skin ulcers to be a common occurrence
but there was no serological evidence of yaws. Research
is warranted in the remaining areas to identify if any
hotspots of infection remain, and if possible certify the
county free of yaws.

Only 1.2% of children had antibodies directed against
T. pallidum. This is similar to findings by Klouman
et al, in rural Kilimanjaro, northern Tanzania where the
seroprevalence of antibodies against 7. pallidum in
school-aged children was 6.4% among girls and 1.1%
among boys [29]. Klouman et al. argue that the most
common route of transmission among girls is most likely
sexual abuse due to higher prevalence of TP antibodies
among girls compared to boys, and an additional lack of
association between parents’ and children’s sero status.
In our study, children who had TP antibodies were both
boys, 7 and 13years old. They did not have non-
treponemal antibodies when tested by RPR, suggesting
that most likely they have been in contact with syphilis
and were treated with antibiotics. Less likely, but still de-
batable is the possibility that the TP-seropositive chil-
dren had a history of yaws and their skin ulcers are of
different aetiology.

While our serological results indicate that children
in the Tarangire-Manyara ecosystem are most likely
not infected with TPE, future research should include
broad range tests, such as metagenomics, to diagnose
the causes of the frequent skin ulcers in children.
These efforts should also include the collection of
paired serum and lesions swab samples to increase
diagnostic sensitivity and specificity. With an error
probability of 0.05, we can conclude that if human
yaws is present in children with skin ulcers in the
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Tarangire-Manyara ecosystem, its true prevalence was
below 3.86% (based on TPPA results) and 1.84%
(based on the results of the RPR assay), respectively.
Moreover, since the study population is given by chil-
dren with skin ulcers, which are an important indica-
tor for active yaws infection, the actual prevalence of
yaws in the whole population of children, might be
even lower in numbers.

The impression that the majority of the skin ulcers
are a result of tissue trauma that became infected is
also supported by the finding that most ulcers were
located at the lower extremities (Additional File 3)
and showed the typical morphology of the skin le-
sions. Most children only had a single chronic skin
lesion which was atypical for yaws and not compar-
able to lesions reported from yaws endemic areas
such as Vanuatu [24]. The majority of the ulcers were
teeming with pus, painful, foul smelling, swollen or
had delayed healing. It became obvious that most of
the children were at risk of skin infections such as
pyodermas, fungal infections and scabies due to poor
hygienic conditions [8]. Skin lesions were neither pro-
tected from the environment nor regularly cleaned. In
sum, this added to morbidity on children as painful
ulcers restricted their participation in daily activities
at school and at home. Additionally, unchecked infec-
tion could lead to debilitating conditions such as
osteomyelitis that carries a risk of permanent disabil-
ity. Some of the documented ulcers in this study re-
semble morphological characteristics seen in skin
ulcers caused by Haemophilus ducreyi. The bacterium
is regionally known to mimic yaws-infection in chil-
dren and has been identified as one of the major dif-
ferential diagnosis for human yaws infection [30].
Future studies that aim to investigate the causes of
skin lesions in children in Tanzania should therefore
specifically test for the presence of H. ducreyi. Yet,
treponemes are a genus of bacteria that infects
humans and animals. Many species of the genus are
currently described exclusively on the 16S RNA gene
level and it must be assumed that a substantial num-
ber of Treponema species is yet undiscovered. Chil-
dren in Tanzania are frequently exposed to livestock
and their excrements (skin ulcer contamination risk).
Since livestock is known to harbor a number of
Treponema species that colonize the gastro-intestinal-
tract or cause hoof diseases [31], we include the in-
formation of livestock contact into our survey. We
considered the possibility that closely, not yet discov-
ered Treponema spp. could challenge the interpret-
ation of test results. This, however, was not an issue
in the current study.

There are several limitations associated with the
present study, some of which have already been
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addressed. Based on the variable prevalence rates doc-
umented for latent yaws in endemic yaws communi-
ties, more studies with an unbiased study design
should be encouraged to equally include children with
and without skin ulcers as well as their contacts.
Sample size is often a limiting factor associated with
restricted resources. Moreover, we acknowledge that
the Serodia TPPA specificity and sensitivity values
that were used to calculate the sample size can be
discussed critically since the outcome of interest in
this study is based on the treponemal (Serodia TPPA)
and non-treponemal test (RPR). Last, future studies
would benefit from validation of the standardized
questionnaire that is used for interviews.

Conclusions

The presence of chronic spontaneous ulcers among
children in Tanzania points towards an unnoticed or
a neglected health concern in rural communities,
which is sustained by low standards of living. We
found no serological evidence of yaws infection in
children in Tarangire-Manyara ecosystem. Further
studies that elucidate the cause and preventive mea-
sures for these ulcers are of public health import-
ance. Furthermore, for a sustainable eradication of
human yaws, it will be essential to understand
whether NHP infecting TPE strains are epidemiologi-
cally connected to human infection. Feasible interspe-
cies transmission routes between humans and NHPs
exist, e.g., through direct contact during bushmeat
butchering [23] or indirect contact through vectors
such as necrophagous flies [32]. However, the proof
of the existence or nonexistence of transmission
events between humans and NHPs requires more
data from other ecosystems endemic for NHP TPE
infection. Our results demonstrate a significant rela-
tionship between history of hunting and increased
likelihood of coming in physical contact with NHPs
(p =0.0013). Although we have found no evidence
for TPE infection in the children in this study, the
close genetic relationship of human and NHP infect-
ing TPE strains should lead to contact prevention
with infected NHPs e.g., during bushmeat hunting as
it puts people at risk to theoretically acquire TPE in-
fection. Funders are encouraged to specifically sup-
port epidemiological studies that are needed to
investigate disease prevalence and which help govern-
ments and health care institutions to gain data that
allow to certify countries free of yaws. At the same
time and based on the recent yaws cases in the
Philippines, which are the first reported cases in the
Philippines since the 1970s [33], the importance of a
robust yaws surveillance cannot be stressed enough.
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Additional File 1. Map showing Lake Manyara and Tarangire National
Park (yellow areas) and the 13 primary schools (red dots) and an
additional three primary health care facilities (red cross) where children
were samples. The corresponding GPS data can be found in the
Additional File 2. The map was constructed using QGIS 3.10.2-A Coruna
with open access map source Bing Aerial©Microsoft (http://ecn.t3 tiles.
virtualearth.net/tiles/a {qljpeg?g = 1).

Additional File 2. Sampling areas and the number of children enrolled
from each sampling location.

Additional File 3. (A) Population pyramidic graph of the age
distribution in children that were enrolled in this study. The total number
of girls (green bars) was 54 compared to 132 boys (blue bars). (B)
Distribution and frequency of 196 skin ulcer locations in 186 children
sampled in this study. Picture source human silhouette (modified, Pixabay
[Internet]. Available from: https://pixabay.com/de/illustrations/junge-
menschliche-silhouette-kinder-2676579/).

Additional File 4. Representative skin ulcers greater than 3 cm. (A)
lower limb, 14-year-old girl (B) lower limb, 13-year-old boy (C) lower limb,
14-year-old girl (D) neck, 14-year-old girl. The reported duration of the
skin lesions was (A): 366 days, (B): 14 days, (C): 30 days and (D): unknown.
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8. General Discussion on the Yaws Case in Nonhuman Primates

In chapters 2 to 6, I outlined the basic principles of wildlife disease ecology, the concept of
One Health and reviewed the principles that functional disease reservoirs must fulfil. This was
followed by an overview of molecular methods that are used to investigate diseases as an
integral part of natural ecosystems. This, in combination with the important aspects of disease
control, elimination and eradication, has been applied to the investigation of Treponema
infection in NHPs in chapter 7.

The endemic treponematoses, which comprise yaws (7. p. subsp. pertenue), bejel (T. p. subsp.
endemicum) and pinta (Treponema carateum) have been subject to eradication efforts since the
early 1950s (Asiedu et al., 2014). Within 12 years of intense treatment efforts, the global
prevalence of human treponematoses dropped by 95%. Until today, the success of this first
eradication campaign marks one of the greatest public health achievements in the history of the
World Health Organization (Asiedu et al., 2014). Unfortunately, yaws was not eradicated and
the remaining yaws cases have let to re-emerging yaws in West Africa, Southern Asia and the
Pacific region (Asiedu et al., 2014). Today, human yaws is endemic in 14 countries and an
additional 84 countries have a history of human yaws but lack recent epidemiological data
(Marks, 2016; World Health Organization, 2018). The currently ongoing second eradication
campaign has been conceptualised on the basis of two assumptions: (A) yaws is officially
believed to be an exclusively human pathogen (Enserink, 2018; Laursen, 2018) and (B)
effective mass-treatment can be achieved in reasonable time through a single orally
administered dose of azithromycin (World Health Organization, 2012). Eradication of the yaws
disease has originally been anticipated until 2020 (World Health Organization, 2012) and is
now projected until 2030 (http://www.who.int/neglected diseases/news/NTD-Roadmap-
targets-2021-2030.pdf?ua=1). On the short-term, the success of human yaws eradication is tied
on multiple variables (Marks et al., 2015), such as the rapid growth of macrolide-resistance
after a single treatment round (Mitja et al., 2018) and the ability to detect the last yaws cases
in the end phase of eradication (Dyson et al., 2018). In the long-term, sustainability, which
equals to an infinite global zero case scenario (chapter 6), will rely on the existence of a
functional nonhuman disease reservoir (Hallmaier-Wacker et al., 2017; Knauf et al., 2018;
Marks et al., 2015).

Treponema pallidum is maintained in NHPs in Africa

Different African NHP taxa have been tested positive for 7. pallidum in the wild (Chuma et
al., 2018; Harper et al., 2013). The six decades-long demonstration of wild NHPs infected with
the bacterium, argues for a well-established host-pathogen relationship and ongoing
transmission cycles, in particular, because T. pallidum, unlike the sit-and-wait pathogens, is
not capable of surviving outside of its host (Fraser et al., 1998). Although there are no
experiments conducted that provide evidence for the lack of metabolic functionality in 7PE
strains of NHP origin, the high genetic similarity between human and NHP infecting 7.
pallidum strains (Knauf et al., 2018) suggests an equally restricted metabolic capacity. As a
result, 7. pallidum has a parasitic relationship to its NHP host as its viability largely depends
on several host nutritional substrates (Fraser et al., 1998).
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There is a clear spatial overlay of areas that have a past and current history of human
yaws and areas where infected wild NHPs have been reported (spatial connectivity, chapter 4)
(Knauf et al., 2013). This overlay, on the one hand, argues that human and NHP infecting
strains of 7. pallidum share the same ecological requirements in terms of climatic conditions,
as well as indicates the potential for interspecies transmission. Similar to human yaws
infection, there is a paucity of information on the current extent of 7PE infection in NHPs. As
outlined in chapter 5.3, there are validated commercially available serological tests (chapter
5.1) for the use in baboons on the market (Knauf et al., 2015b), which makes serological
investigations a valuable tool to investigate the current epidemiology of the yaws bacterium in
NHPs on a temporal and spatial level (chapter 5.3). Even in the absence of clinical lesions
many NHPs in Africa test positive for anti-T. pallidum antibodies (Chuma et al., 2018; Harper
et al., 2012; Knauf et al., 2011; Knauf et al., 2015a; Knauf et al., 2018; Zimmerman et al.,
2019). Since wild NHPs do not get treatment against yaws infection and host clearance of
infection is unlikely, even in the NHP host. Seropositive animals should, therefore, be
considered to be in the latency stage of infection (Chuma et al., 2018; Zimmerman et al., 2019).

There is clear evidence that all NHP infecting 7. pallidum strains belong to the subsp.
pertenue (Knauf et al., 2018). However, despite the major improvements in molecular pathogen
detection, we are still challenged to build a convincing body of evidence for a disease reservoir
in NHPs, when the pathogen (here treponemes) is only identified on the molecular level without
isolation or purification to demonstrate their functional involvement in human infection
(Hallmaier-Wacker et al., 2017; Smolinski et al., 2003). The high genetic similarity (Knauf et
al., 2018; Strouhal et al., 2018) in combination with the historical report of human infection
with the monkey isolate strain Fribourg-Blanc (Smith et al., 1971), however, underline the
functional similarity of TPE strains of human and NHP origin (genetic and functional
similarity, chapter 4). Thus, at least the baboon infecting Lake Manyara National Park
(LMNP)-1 and the Fribourg-Blanc strain should be considered potentially zoonotic. New
possibilities to culture 7. pallidum (Edmondson et al., 2018) promise new avenues to further
investigate the functional and immunological differences between TPE strains that infect
humans and NHPs.

Asian macaques (Macaca sp.) have been used as animal models for human
treponematoses including syphilis (Castellani, 1907; Marra et al., 1998; Nichols, 1910;
Sepetjian et al., 1969; Turner and Hollander, 1957), which renders macaques susceptible for
the yaws bacterium. Yet, despite intense efforts, only a few pet monkeys in a defined area on
Sulawesi have been tested positive for antibodies against 7. pallidum (Klegarth et al., 2017)
indicating that yaws infection is not a problem in wild NHPs in Asia. The reason why macaques
in areas with a high human yaws burden are not infected, whereas the infection in African
NHPs is widespread (Chuma et al., 2018) remains puzzling and contributes to the hypothesis
that interspecies transmission events are rare (Chuma et al., 2019) and that human and NHP
infecting 7. pallidum strains are therefore epidemiologically disconnected (Lubinza et al.,
2020). From the evolutionary perspective, macaques could have left the African continent
before yaws evolved from an ancestor that has rapidly spread across the different primate taxa
(Knauf et al., 2018). However, to answer this question more genome data of T pallidum strains
are required to generate a molecular timescale for the evolution of 7. pallidum in primates.
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Feasible transmission routes exist

As outlined in chapter 4, a disease reservoir can only function when feasible transmission
routes exist (Hallmaier-Wacker et al., 2017). A newly designed MLST system for 7PE strains
in four different Tanzanian NHP species proofed to be a useful tool to gain more insight into
how T. pallidum is maintained in the different NHP populations (Chuma et al., 2019). There is
a remarkable temporal and geographic stability of the strains that infect monkeys in Tanzania
(Chuma et al., 2019), similar to what has been described in human infecting strains (Grillova
etal., 2018).

The biology of treponemes dictates direct skin-to-skin contact as the main source of
infection (Giacani and Lukehart, 2014). The clinical manifestations seen in East African NHPs
are mostly found at the genital (Chuma et al., 2018), which is highly suggestive for a sexual
transmission mode. Behavioural studies like the one conducted at LMNP (chapter 7.4.4)
therefore provide valuable insight into disease transmission dynamics within NHP societies
(Paciéncia et al., 2019). It is necessary to not only focus on the pathogen when studying wildlife
diseases but also on host factors that influence the transmission of a pathogen (chapter 2.4).
TPE infection in baboons seems to impose a selection pressure that induces individual
behavioural modifications that alter mate choice and reduce promiscuity (Paciéncia et al.,
2019). These data are of great value for the epidemiological modelling of T. pallidum infection
and will help to make existing disease models (Nunn et al., 2014) more applicable and
predictive.

Host genetics particularly helpful when a sexual transmission pathway is expected.
Through comparison of mitochondrial clades among the different host species, sexual
interactions can be traced (Kopp et al., 2006; Roos et al., 2011; Zinner et al., 2015, 2012, 20090,
2009a). The finding of inverted intergeneric introgression between two NHP taxa in Tanzania
shows that sexual transmission can also occur across species and even genera (Zinner et al.,
2018) and is not restricted to hybridization zones of closely related subspecies. As described
in chapter 5.4 this kind of investigation generated important baseline data (in this case
mitochondrial genomes (Roos et al., 2018; Zinner et al., 2018, 2015)) that can help to
investigate feasible transmission pathways. Wildlife disease investigations should, therefore,
incorporate pathogen- and host-related investigations to get a sophisticated understanding of
the biology of the pathogen within a given ecosystem.

In addition to the transmission via direct skin contact, early experiments with viable
treponemes have shown that flies may play a role in the transmission of the yaws bacterium
(Castellani, 1907; Kumm, 1935a; Kumm, 1935b; Kumm and Turner, 1936; Lamborn, 1936;
Satchell and Harrison, 1953). The studies conducted in Africa (Knauf et al., 2016) and Papua
New Guinea (Houinei et al., 2017) as well as in Cote d’Ivoire (Gogarten et al., 2019) have
repeatedly shown that necrophagous flies in areas of NHP and human infection carry the DNA
of the spirochete and therefore further support the early findings. However, experiments under
controlled laboratory conditions are warranted to investigate the functional aspect of vector
transmission (chapter 4), which is currently lacking in all of the recent studies. Although fly
transmission is not expected to be a major transmission pathway for 7PE (Knauf et al., 2016),
the existing data support the potential for interspecies transmission.

Despite all the work done to investigate 7. pallidum infection in NHPs, the One Health
concept (chapter 3) requires further investigations into human health, in the same areas where
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NHPs have been reported to be infected. Studies such as the one published my Lubinza et al.
(Lubinza et al., 2020) provide important data on disease transmission and will in the best case,
help health care organizations to certify countries with known yaws history free of yaws.

In conclusion, there is compelling evidence that the yaws bacterium persists in the NHP host
for quite a long time. Although there are some indications that interspecies transmission is
possible, further research is warranted to investigate NHPs as a source for human yaws
infection. Current research data suggest that NHP to human infection, if existent, must be
extremely rare. However, sustainable yaws eradication requires an infinite global zero-case
scenario. While it is clear, based on the presented data in chapter 7, that 7PE cannot be
eradicated, the second and ongoing eradication campaign might be successful to eradicate yaws
infection in humans. However, long-term post-eradication surveillance programs must be
installed to detect possible, though extremely rare transmission events between NHPs and
humans.

9. Summary

The large number of human diseases with zoonotic origin as well as our increasing
understanding of the ecological context in which the disease-causing pathogens subsist, has led
to the conceptualization of the One Health model, where the health of humans is inevitably
linked to the health of animals and the environment. Although wildlife is generally not seen as
a source of pathogen threat, it plays a critical role as an indirect source for candidate pathogens
that can have a major impact on human and livestock health. Microorganisms, including those
capable of causing host damage (pathogens), are an integral part of natural ecosystems. In this
thesis, I use Treponema pallidum subsp. pertenue (TPE), the yaws-bacterium that infects
humans and nonhuman primates (NHPs; 7.2.2 Knauf et al. 2013. Emerging Infectious
Diseases), as an example to investigate a disease reservoir in the context of natural ecosystems,
one health and wildlife health. The identification of NHPs as a disease reservoir for human
infection is of fundamental importance to the success of the currently ongoing yaws eradication
(7.2.1 Marks et al. 2015. Lancet Infectious Diseases).

To diagnose and characterize TPE in NHPs, molecular tests were established (5.2.2.1
Hallmaier-Wacker et al. 2019. Frontiers in Microbiology), validated and standardized (5.3.1
Knaufet al. 2015. PLoS Neglected Tropical Diseases; 5.3.2 Knauf et al. 2018. PLoS Neglected
Tropical Diseases; 5.3.3 Becherer et al. 2019 Emerging Infectious Diseases; 5.3.4 Hallmaier-
Wacker et al. 2018. Scientific Reports). Subsequently, these tools were applied to investigate
TPE in the context of natural ecosystems. Yet, the two essential requirements for a functional
disease reservoir are pathogen maintenance, as demonstrated by genetic and functional
similarity, and the existence of a feasible transmission route (4.1 Hallmaier-Wacker et al. 2017.
Emerging Microbes & Infections). Neither laboratory experiments nor isolated cases alone are
informative to describe the functionality of NHPs as a disease reservoir for human yaws
infection.

Several publications that are part of this thesis indicate that 7. pallidum is
geographically widespread and endemic in African NHPs (7.3.1 Knauf et al. 2015. PLoS One;
7.3.2 Zimmerman et al. 2019. Emerging Infectious Diseases; 7.3.3 Chuma et al. 2018.
Emerging Infectious Diseases). Understanding evolutionary processes and mechanisms of
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virulence are vital to the identification of pathogen candidates that have the highest potential
to impact population health. In the study presented in chapter 7.3.4 (Knauf et al., 2018.
Emerging Microbes & Infections), me and my team have been able to demonstrate that NHPs
across sub-Saharan Africa are infected with the same bacterium that causes human yaws. Based
on whole genome sequences, syphilis (subsp. pallidum) and yaws (subsp. pertenue) causing
strains of T. pallidum of human and NHP origin form reciprocally monophyletic groups and
NHP-infecting strains all cluster with human-infecting 7PE strains. The genome of the baboon
strain LMNP-1 from Tanzania has the same genome structure as human infecting 7PE strains
and the suspected human-pathogenic strain Fribourg-Blanc, which was isolated from a baboon
in West Africa (7.3.4 (Knauf et al. 2018. Emerging Microbes & Infections; 7.3.5 Strouhal et
al. 2018. PLoS Neglected Tropical Diseases). Until this study, TPE was believed to be an
exclusive human pathogen. There is, however, evidence for zoonotic potential in all of the
documented 7PE strains of NHP origin. Interestingly, our survey conducted on treponemal
infections in free-ranging and captive macaques in Asia (7.3.6 Klegarth et al. 2017. Emerging
Infectious Diseases) further supports a One Health approach to eradicate human yaws, as pet
monkeys might function as an additional disease reservoir. However, Asian wild macaques
seem to be free of the disease, even in areas that have a high-human yaws prevalence. While
this finding warrants further investigations, it also supports the perception that even in Africa,
the interspecies transmission of TPE is a rare event (7.4.1 Chuma et al. 2019. Scientific
Reports). Several feasible transmission routes have been discussed, including necrophagous
flies as a vector (7.4.2 Knauf et al. 2016. EBioMedicine; 7.4.3 Houinei et al. 2017. PLoS
Neglected Tropical Diseases). Sexual transmission, however, seems to be the most likely route
of infection in East African NHPs (7.4.4 Paciéncia et al. 2019. Science Advances; 7.4.7 Zinner
et al. 2018. Biology Letters). A striking finding of our work is the discovery that TPE imposed
a selection pressure in NHPs that results in individual behavioural modifications and thus
altered mate choice (7.4.4 Paciéncia et al. 2019. Science Advances). These kinds of
evolutionary processes have rarely been witnesses in long-lived vertebrates and help us to
understand how pathogens shape mating systems.

Based on my research, there is compelling evidence that the yaws bacterium persists in
the NHP host for quite a long time. Our data suggest that NHP-to-human infection, if existent,
must be extremely rare and that long-term post-eradication surveillance programs are needed
to detect possible transmission events between NHPs and humans (7.4.8 Lubinza et al. 2020.
BMC Infectious Diseases). The Treponema case shows, that an ecological and evolutionary
perspective on pathogens is a requirement to adequately manage diseases and to conduct a risk
assessment of future transmission events. This, however, requires baseline data and is not
restricted to the simple presence or absence of microbes that have the potential to cause
diseases. Baseline data must include temporal changes in prevalence and virulence, which can
be age or strain depended or based on changes in the host community composition or size. The
decision to control, eliminate or eradicate a disease depends on the technical and biological
feasibility including the existence of a nonhuman reservoir as well as the benefit in excess of
the costs.
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9.1 Zusammenfassung

Die hohe Anzahl an humanen Krankheitserregern mit zoonotischem Ursprung, als auch das
zunehmende Verstdndnis iiber die Lebensrédume, in denen Krankheitserreger vorkommen, hat
zu dem One Health Konzept gefiihrt, bei dem die Gesundheit des Menschen untrennbar mit
der Gesundheit von Tier und Umwelt verbunden ist. Wildtiere werden allgemein nicht als
direkte Ansteckungsquelle fiir Krankheiten gesehen. Indirekt spielen sie jedoch eine Rolle als
Ursprung von Erregern, die einen erheblichen Einfluss auf die Gesundheit von Menschen und
Nutztieren haben. Mikroorganismen, inklusive solcher, die im Stande sind, ihren Wirt zu
schidigen (Pathogene), sind ein integraler Bestandteil von natiirlichen Okosystemen. In dieser
Habilitationsschrift nutze ich Treponema pallidum subsp. pertenue (TPE), das Frambosie-
Bakterium welches Menschen und nichtmenschliche Primaten (NMPen) infiziert (7.2.2 Knauf
et al. 2013. Emerging Infectious Diseases) als ein Beispiel, wie man ein Krankheitsreservoir
im Kontext von natiirlichen Okosystemen, One Health und der Wildtiergesundheit untersucht.
Der Nachweis eines Krankheitsreservoirs fiir humane Infektionen in NMPen ist fiir den Erfolg
der aktuellen Frambosie-Ausrottungsbemiithungen fundamental wichtig (7.2.1 Marks et al.
2015. Lancet Infectious Diseases).

Um TPE in NMPen zu diagnostizieren und zu charakterisieren (5.2.2.1 Hallmaier-
Wacker et al. 2019. Frontiers in Microbiology), wurden molekulare Tests etabliert, validiert
und standardisiert (5.3.1 Knauf et al. 2015. PLoS Neglected Tropical Diseases; 5.3.2 Knauf et
al. 2018. PLoS Neglected Tropical Diseases; 5.3.3 Becherer et al. 2019 Emerging Infectious
Diseases; 5.3.4 Hallmaier-Wacker et al. 2018. Scientific Reports). Im Folgenden wurden diese
Methoden angewendet, um 7PE im Zusammenhang mit natiirlichen Okosystem zu erforschen.
Zwei wesentliche Voraussetzungen fiir die Anerkennung eines funktionalen Erregerreservoirs
ist die Erhaltung des Pathogens, die durch eine hohe genetische und funktionale Ahnlichkeit
nachgewiesen wird, als auch die Existenz plausibler Ubertragungswege (4.1 Hallmaier-Wacker
et al. 2017. Emerging Microbes & Infections). Weder Laborexperimente, noch isolierte
Fallberichte allein sind informativ genug, um die Funktionalitit von NMPen als
Erregerreservoirs fiir die humane Frambosie zu beschreiben.

Zahlreiche Ver6ffentlichungen, die Bestandteil dieser Habilitationsschrift sind, zeigen,
dass T. pallidum geographisch weitverbreitet ist und endemisch in afrikanischen NMPen
vorkommt (7.3.1 Knauf et al. 2015. PLoS One; 7.3.2 Zimmerman et al. 2019. Emerging
Infectious Diseases; 7.3.3 Chuma et al. 2018. Emerging Infectious Diseases). Das Verstandnis
von evolutiondren Prozessen und Mechanismen der Virulenz ist vital fiir das Ansprechen von
Krankheitserregerkandidaten, die das hochste Potential haben, die Population zu schiadigen. In
der Studie, die im Kapitel 7.3.4 (Knauf et al., 2018. Emerging Microbes & Infections)
présentiert wird, zeige ich mit meinem Team, das NMPen in Sub-Sahara Afrika mit dem
gleichen Bakterium infiziert sind, das auch die humane Frambdsie verursacht. Basierend auf
vollstindigen Genomen, bilden 7. pallidum Stimme, die Syphilis (subsp. pallidum) und
Frambosie (subsp. pertenue) verursachen, reziprokale monophyletische Gruppen und alle
NMPen infizierende Stimme clustern mit 7PE Stdmmen die Human-Infektionen verursachen.
Das Genom des Pavianstammes LMNP-1 aus Tansania hat die gleiche Genomstruktur wie
humane 7PE Stédmme und der mutmaBlich humanpathogene Stamm Fribourg-Blanc, der von
einem Pavian in West Afrika isoliert wurde (7.3.4 Knauf et al. 2018. Emerging Microbes &
Infections; 7.3.5 Strouhal et al. 2018. PLoS Neglected Tropical Diseases). Bis zu dieser Studie
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wurde TPE nur als ein Pathogen des Menschen angesehen. Es gibt jedoch Hinweise auf ein
zoonotisches Potential in allen dokumentierten 7PE Stimmen, die NMPen befallen.
Interessanterweise unterstiitzt unsere Studie {iber Treponematosen in freilebenden und in
menschlicher Obhut gehaltener Makaken in Asien (7.3.6 Klegarth et al. 2017. Emerging
Infectious Diseases) ebenfalls einen One Health Ansatz, um die Frambdsie des Menschen
auszurotten, da Affen, die als Haustiere gehalten werden, als ein zusitzliches
Krankheitsreservoir fungieren konnten. Freilebende asiatische Makaken scheinen jedoch frei
von der Erkrankung zu sein, sogar in Gebieten mit einer hohen Prédvalenz an humaner
Frambosie. Dieser Ergebnisse rechtfertigen einerseits weitere Untersuchungen, sie stiitzen aber
auch die Wahrnehmung, dass auch in Afrika die artiibergreifende Transmission von 7PE ein
seltenes Ereignis ist (7.4.1 Chuma et al. 2019. Scientific Reports). Zahlreiche mogliche
Ubertragungswege wurden diskutiert, einschlieflich der Ubertragung durch nekrophage
Fliegen als Vektor (7.4.2 Knauf et al. 2016. EBioMedicine; 7.4.3 Houinei et al. 2017. PLoS
Neglected Tropical Diseases). Die sexuelle Ubertragung ist jedoch der wahrscheinlichste
Infektionsweg in ostafrikanischen NMPen (7.4.4 Paciéncia et al. 2019. Science Advances;
7.4.7 Zinner et al. 2018. Biology Letters). Ein herausragendes Resultat unserer Forschung war
die Tatsache, dass TPE einen Selektionsdruck auf NMPen ausiibt, der individuelle
Verhaltensmodifikationen verursacht, die in der Folge das Paarungsverhalten verdndern (7.4.4
Paciéncia et al. 2019. Science Advances). Solche evolutiondren Prozesse wurden selten in
langlebigen Vertebraten beobachtet und helfen uns zu verstehen, wie Pathogene das
Paarungsverhalten bestimmen.

Meine Forschung zeigt, dass es {iberzeugende Belege dafiir gibt, dass das
Frambgsiebakterium schon sehr lang in den NMPen persistiert. Unsere Daten zeigen, dass eine
NMPen-zu-Mensch Infektion, sollte diese stattfinden, ein sehr seltenes Ereignis sein muss und
dass Langzeit-post-Eradikationsstudien zur Uberwachung der Frambosiefreiheit benotigt
werden, um ein mogliches Ubertragungsereignis zwischen NMP und Mensch zu erfassen (7.4.8
Lubinza et al. 2020. BMC Infectious Diseases).

Das Treponema-Beispiel zeigt, dass eine 6kologisch-evolutiondre Sichtweise auf
Krankheitserreger notwendig ist, um Krankheiten addquat zu managen und das Risiko von
zukiinftigen Ubertragungen einschétzen zu konnen. Dies wiederum bedarf Basisdaten, die
nicht darauf beschrinkt sind, nur das Vorhandensein- oder Nichtvorhandensein von
Mikroorganismen mit dem Potential, Krankheiten zu verursachen, zu dokumentieren.
Basisdaten miissen zeitliche Verdnderungen in der Priavalenz und Virulenz beinhalten, die
durch das Alter des Wirts, den Stamm oder Verdnderungen in der Zusammensetzung der
Wirtsgemeinschaft beeinflusst sein koénnen. Die Entscheidung dariiber, Erkrankungen zu
kontrollieren, zu eliminieren oder auszurotten, hingt von den technischen und biologischen
Moglichkeiten ab, sowie von der Existenz eines nicht menschlichen Erregerreservoirs und dem
Kosten-Nutzen-Faktor.
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