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Abstract

Bacteria are central research organisms across many disciplines and capturing their
diversity is essential for understanding their genomic features, which in turn illuminate
virulence, transmission, and the rapid evolution and spread of antimicrobial resistance.
Advances in whole-genome sequencing has driven an explosion of publicly available
data, with thousands of new datasets deposited daily. However, despite broad data
availability, major hurdles remain in terms of accessibility and comparability due to
heterogeneous processing pipelines, inconsistent quality control, and incomplete or

unstructured metadata.

Streptococcus agalactiae is an opportunistic multi-host pathogen with major relevance
in both human and veterinary medicine. Beyond humans and cattle, S. agalactiae has
also been reported in endangered species such as elephants, but elephant-associated
strains lack detailed genomic characterization to date. Although extensively studied,
existing genomic work is often restricted to specific regions or single outbreaks, offering

only fragmented views of its true diversity.

This thesis addresses these challenges through three linked projects, motivated by
an interest in the diversity of S. agalactiae. Initial attempts to perform a large-scale
comparative analysis of S. agalactiae were hampered by the lack of suitable reference
datasets. To enable robust comparative genomics from uniformly processed public
data, BakRep was developed: A large-scale, searchable web repository built on the
assemblies from the AllTheBacteria project. BakRep connects consistent genome-
based characterizations, like taxonomic information, subtypings and annotations,
with descriptive metadata and provides an integrated search interface complemented
by interactive visualizations of genomic features. As a use case, BakRep was used to
conduct a population-scale comparative analysis of all S. agalactiae genomes in the
repository, confirming dominant stable lineages while exposing substantial metadata
gaps that limited biological interpretation and highlighted the need for curated,
structured metadata. Additionally, isolates from elephant-derived S. agalactiae were

analyzed, to address the present date deficit.
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These isolates were phylogenetically distinct from strains found in other hosts, and

several lineage-specific genes suggested potential niche adaptation.

Together, this work demonstrates how consistent, scalable resources support large-scale
comparative studies across thousands of bacterial species to identify shared patterns
of adaptation, virulence, as well as resistance, to guide focused follow-up research in
lesser-studied hosts and ecological niches. While comparative genomics is crucial for
understanding genetic variation and host adaptation in multi-host pathogens like S.
agalactiae, its impact is undermined when sequencing data are generated and shared
without well-curated metadata. Such metadata gaps present significant obstacles
to biological interpretation and clinical translation, thereby necessitating rigorous
data and metadata quality control. Furthermore, this work identified opportunities
to enhance methods devised here, highlighted new research questions, and set a

foundation for future investigations.



Zusammenfassung

Bakterien sind zentrale Organismen in verschiedensten Forschungsdisziplinen, und
die Erfassung ihrer Vielfalt ist entscheidend, um ihre genomischen Merkmale zu ver-
stehen. Diese Erkenntnisse wiederum beleuchten Virulenz, Ubertragungswege sowie
die rasche Entwicklung und Verbreitung von Antibiotikaresistenzen. Fortschritte in
der Gesamtgenomsequenzierung haben zu einer explosionsartigen Zunahme 6ffentlich
zuganglicher Daten gefiithrt, wobei tdaglich Tausende neuer Datenséitze hinzukom-
men. Trotz der weitreichenden Datenverfiigharkeit bestehen jedoch oft noch grofie
Hiirden hinsichtlich der Zugéanglichkeit und Vergleichbarkeit, die auf heterogene
Verarbeitungsprozesse, uneinheitliche Qualitdtskontrollen und unvollstdndige oder

unstrukturierte Metadaten zuriickzufiithren sind.

Streptococcus agalactiae ist ein opportunistischer Erreger mit einem breiten Wirtsspek-
trum, der sowohl in der Human- als auch in der Veterindrmedizin von grofler Bedeutung
ist. Neben Menschen und Rindern wurde S. agalactiae auch bei gefahrdeten Arten wie
Elefanten nachgewiesen, doch fiir mit Elefanten assoziierte Stamme liegen bisher keine
detaillierten genomischen Charakterisierungen vor. Obwohl umfangreiche Forschung
durchgefithrt wird, beschridnken sich bestehende genomische Arbeiten haufig auf
bestimmte Regionen oder einzelne Ausbriiche und bieten nur einen bruchstiickhaften
Uberblick iiber die tatsichliche Vielfalt des Erregers.

Diese Arbeit befasst sich mit diesen Herausforderungen anhand von drei miteinander
verbundenen Projekten, die durch das Interesse an der Diversitat von S. agalac-
tiae motiviert sind. Um eine robuste vergleichende Genomanalyse aus einheitlich
verarbeiteten Offentlichen Daten zu ermoglichen, wurde BakRep entwickelt, ein um-
fangreiches, durchsuchbares Repository, das auf den Assemblies des AllTheBacteria
Projekt basiert. BakRep verbindet konsistent genomische Charakterisierungen, wie
taxonomische Informationen, Subtypisierungen und Annotationen, mit deskriptiven
Metadaten und bietet eine integrierte Suchschnittstelle ergénzt durch interaktive Visu-
alisierungen genomischer Merkmale. Als Anwendungsbeispiel wurde BakRep genutzt,
um eine populationsweite vergleichende Analyse aller, im Datensatz enthaltenen, S.

agalactiae Genome durchzufiihren, wodurch dominante und stabile Linien bestétigt
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wurden, wahrend gleichzeitig erhebliche Metadatenliicken aufgedeckt wurden, die die
biologische Interpretation einschriankten und die Notwendigkeit kuratierter, strukturi-
erter Metadaten hervorhoben. Dariiber hinaus wurden Genome von aus Elefanten
stammenden S. agalactiae Isolaten untersucht. Diese Isolate unterschieden sich phy-
logenetisch von Stammen die in anderen Wirten identifiziert wurden und mehrere

stammspezifische Gene deuteten auf eine mogliche Nischenanpassung hin.

Zusammengenommen zeigt diese Arbeit, wie konsistente, skalierbare Ressourcen wie
BakRep grofle Vergleichsstudien tiber Tausende von Bakterienarten hinweg fordern kon-
nen, um gemeinsame Muster der Anpassung, Virulenz und Resistenz zu identifizieren
und gezielte Folgestudien in weniger untersuchten Wirten und ¢kologischen Nischen
anzuregen. Wahrend die vergleichende Genomik fiir das Verstdndnis der genetischen
Variation und der Wirtsanpassung bei Pathogenen mit breitem Wirtsspektrum wie
S. agalactiae von entscheidender Bedeutung ist, wird ihre Bedeutung untergraben,
wenn Sequenzierungsdaten ohne gut gepflegte Metadaten generiert und geteilt werden.
Solche Metadatenliicken sind ein grofles Hindernis fiir die biologische Interpretation
und die klinische Anwendung, weshalb eine strenge Daten- und Metadatenkontrolle
unerlésslich ist. Weiterhin ergaben sich aus dieser Arbeit konkrete Moglichkeiten zur
Verbesserung der entwickelten Ansatze, wodurch neue Forschungsfragen aufgezeigt

und eine Grundlage fiir zukiinftige Studien geschaffen wurden.
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1. Motivation and outline

"If you don’t like bacteria,

you are on the wrong planet."

(Stewart Brand - 2010)

Prokaryotes, including bacteria, are considered the oldest life forms on Earth and con-
stitute the most prevalent cellular organisms, playing a significant role in maintaining
the balance and functionality of every biome [1, 2]. Currently, prokaryotic organ-
isms are estimated to account for approximately 60 % of Earth’s biomass, displaying
markedly greater genetic, metabolic, and physiological diversity than plants and
animals [3]. Serving as the main drivers of global biogeochemical processes, prokary-
otes are found in almost all ecosystems and represent a largely untapped reservoir
of genetic and metabolic diversity. Exploring this resource holds great promise for
society, and may deliver benefits in areas such as improved food production, medicine,
waste bioremediation, and agriculture [1, 4]. Despite this dominance, an estimated
42 % of bacterial diversity currently has no genomic representation and only about
10 % of bacterial taxa can be successfully cultured in diagnostic laboratories [2]. This
is because they may grow too slowly to be detected, require tightly defined growth
conditions that are difficult to reproduce, or have their proliferation suppressed by
competing microorganisms or by inhibitory substances produced by other bacteria
[5, 6]. Furthermore, existing molecular tests often do not capture emerging genetic
traits in rapidly evolving pathogens [7]. But still, molecular biology has improved
considerably through studies on prokaryotes, especially bacteria, which have provided
important perspectives on the fundamental components of life: DNA, RNA, and
proteins, as well as key biological processes such as gene expression, cell division and
horizontal gene transfer (HGT) [8].



1. Motivation and outline

For researchers in clinical microbiology and public health, examining bacterial genome
diversity and the dynamics of their functional elements is essential [9]. Although
most bacteria are harmless, or even beneficial, and support human health, a small
fraction are pathogenic, accounting for many serious diseases. In fact, only about
7% of all validly described bacterial species are recognized as human pathogens [10].
Whether a bacterium causes disease, however, is influenced by many traits, including
virulence factors (e.g., toxins and surface proteins) that enable host invasion, as well
as host characteristics such as genetics, lifestyle, and immune status [11]. Moreover,
it is also assumed that pathogenicity determinants are specific features that enable
microorganisms to cause disease, while not being unconditionally essential for their

basic survival [12].

The introduction of next-generation sequencing (NGS) ushered in an era of high-
throughput genomics, enabling the study of bacterial genomes at resolutions previously
unattainable. Nowadays, advances in sequencing technologies, coupled with their
growing accessibility, have led to a rapid expansion in the scale and depth of bacterial
genome data generation [13, 14]. DNA sequencing ranges from high-resolution
approaches that sequence large genomic regions to low-resolution methods targeting
a few conserved genes. For example, one widely used low-resolution approach is
multilocus sequence typing (MLST), which types bacterial isolates by sequencing
DNA fragments (~450—500bp) of typically five to seven housekeeping genes. Fach
unique sequence is assigned an allele number, and the combination of alleles defines the
sequence type (ST). This method allows for billions of possible genotypes and facilitates
global comparisons of isolates using centralized online databases [15-17]. Similarly
important is monitoring the rapid emergence of antimicrobial resistance (AMR).
Bacterial genome sequencing enhances surveillance, improves our understanding of
resistance mechanisms, and provides insight into the dissemination of resistance genes,

therefore supporting a more effective use of current drugs [18].

Nowadays, bacterial genome data from around the world are more accessible, providing
an invaluable resource for microbiologists [19]. However, a noticeable bias favors
clinically or industrially relevant bacterial species, while many other species and
ecological niches remain underrepresented [20, 21]. Half of all publications these days

focus on just a few species, while almost 74 % of all known species have never been
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discussed in a scientific study [22]. This skewed representation means that the true
diversity of bacterial populations remains overlooked, creating significant gaps in our
understanding of their evolution [23]. Consequently, obtaining suitable comparative
data for some scientific analyses proves challenging, particularly for isolates from less

common host species and ecological niches.

The research domain of microbial genomics applies modern sequencing technologies
to study the complete genomes of microorganisms. Additionally, microbial genomics
supports studies on microbial diversity in many different clinical and industrial research
areas [24]. These approaches enable detection, characterization, and functional
analysis of microbes, promoting our understanding of diseases, AMR, and subsequent
drug development. During my Master’s thesis, which involved a comparative genomic
analysis of Streptococcus (S.) uberis, a major cause of bovine mastitis, I was first
introduced to the field of microbial genomics. This work sparked my interest in
the analysis of streptococcal pathogens and their complex ecology. While S. uberis
is typically framed as an opportunistic pathogen associated with environmental
reservoirs, streptococci of the species S. agalactiae merit particular attention as
important agents more closely tied to mucosal colonization. Although S. uberis
also inhabits mucosal sites, S. agalactiae is more prominently associated with these
niches and manifests remarkable host adaptability, with an even greater zoonotic
potential. While S. uberis is mainly known as a pathogen in dairy cattle, S. agalactiae
exemplifies how streptococcal species can cross the host barrier, affecting both humans
and animals. This switch from a mainly host-restricted to a multi-host pathogen
raised my interest in the mechanisms that drive such zoonotic potential, and motivated
me to extend my research focus toward S. agalactiae. Therefore, the initial idea for
my PhD thesis was to perform a comprehensive analysis of S. agalactiae isolates from

different host species, with a particular focus on its zoonotic potential.

While searching public databases for appropriate comparative datasets, I repeatedly
encountered genomes generated with different pipelines, inconsistent quality control,
and vast amounts of unprocessed raw data accompanied by poorly organized metadata.
At one point, I came across the publication of Blackwell et al., which provided an
extensive collection of uniformly processed bacterial genome assemblies [19]. This

work motivated the systematic characterization of the assemblies to create a uniformly
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processed, consistently annotated resource that supports robust comparative analyses
across several bacterial taxa, thereby moving even beyond streptococci. What started
as a side project soon evolved into an independent project and ultimately became a
central component of this thesis. At the same time, a parallel project was initiated
to analyze S. agalactiae isolates from elephants, a previously rather unexplored host
species lacking any comparative data so far. After establishing the standardized
genome dataset, it was applied to a focused use case within streptococci: an in-depth
characterization of S. agalactiae, intending to deepen the understanding of its genomic
diversity, virulence, and epidemiology. This species served as an ideal example to
demonstrate how the resource can be leveraged to systematically explore genomic
diversity, virulence-associated traits, and epidemiological patterns at scale. It also
illustrates an analytical approach that can be applied to many other bacterial species.
This thesis, "To Strepto and beyond!’, reflects how the project evolved from an initial

focus on streptococci into a much more expansive effort.

The following background Chapter 2.1 offers a brief introduction to the genus Strepto-
coccus, a diverse group of bacteria able to colonize and infect a wide range of hosts
and tissues. Followed by a brief summary of S. uberis as preliminary work for this
thesis in Chapter 2.1.1 and more detailed insights into S. agalactiae, as the pathogen
of main interest in the work presented here, in Chapter 2.1.2. Chapter 2.2 addresses
the availability of bacterial genomes and the challenges posed by continuous sequence
data growth. Having introduced the key background of this thesis, Chapter 3 outlines
the resulting research questions and the objectives addressed in this work. Based on
this, Chapter 4 presents the first-autorships that are included in this thesis, followed
by a presentation and discussion of the resulting outcomes in Chapter5. It also
provides a brief outlook on future research directions, proposing strategies to address
remaining challenges and improve current approaches. Finally, Chapter 6, summarizes
the thesis with a concluding statement. In Chapter 7 the scientific contributions
achieved throughout this work are listed. The appendix (A) enumerates the tool calls

and the parameters used in the the bioinformatic analyses.



2. Background

"The enemy was the microbial world, and
over the centuries, it has killed more

people than all of man’s wars combined."

(Tess Gerritsen — 1999)

2.1. The genus Streptococcus

Several streptococcal species, like S. pneumoniae, S. pyogenes, or S. agalactiae,
contribute to millions of deaths worldwide, driven by their high virulence and severe
impact on human and animal health [25]. Recent reports of streptococcal infections
highlight the ongoing relevance of these bacteria for disease-control. In December
2022, the World Health Organization (WHO) reported a rise in severe and sometimes
fatal invasive human S. pyogenes infections across at least five European countries
[26]. In 2024, the Robert Koch Institute (RKI) documented the highest absolute
value of S. pneumoniae infections in Germany in the past decades [27]. In Japan,
cases of life-threatening human S. pyogenes infections have recently reached record
levels, where in just the first two months of 2024, 378 cases of streptococcal toxic
shock syndrome (STSS) were described, compared to 941 cases in all of 2023 [28].
Furthermore, S. uberis and S. agalactiae are among the leading pathogens causing
bovine mastitis, accounting for an estimated 25-50 % of global cases, which remains

the most widespread and costly disease affecting the dairy industry [29, 30].

Streptococci are members of the lactic acid bacteria and are commonly found in
various warm-blooded animals, including humans. They represent the dominant
species in the oral cavity and upper respiratory tract but can also be widespread
throughout the whole human body [31-33]. The LPSN (List of Prokaryotic names

with standing in Nomenclatur) currently lists 139 validly published streptococcal
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species, many of which are capable of causing invasive disease [34]. Based on their
disease manifestations, pathogenic streptococcal species can be broadly divided into
three groups: those that commonly cause infections, commensal species, and zoonotic
species, with bidirectional transmission between animals and humans, that can cause
infections under certain conditions [33]. However, streptococcal infections are not
considered classical zoonoses. Although disease symptoms appear similar across host
species, streptococci are highly host-adapted, meaning infections typically rely less
on crossing host barriers and more on host-specific virulence mechanisms. Moreover,
distinct genotypes and pathotypes can exist within a single species [35]. Nevertheless,
while most species display host preference, sporadic animal-to-human transmission
can occur [36, 37]. Several comparative studies showed that genotypic and phenotypic
analyses often identify distinctions between strains responsible for human infections
and those from animals [38-40]. Most species are considered commensals, typically
residing on mucosal surfaces, but they can cause both localized and systemic infections

under appropriate conditions [31].

In clinical laboratories, streptococci are traditionally classified using a phenotypic
approach, based on their properties to lyse red blood cells when cultured on blood
agar: Producing greenish discoloration from partial red blood cell lysis (a-hemolysis),
producing clear zones from complete lysis (3-hemolysis), or showing no hemolysis
(y-hemolysis) [31]. Many o-hemolytic species exhibit low virulence, with S. pneumo-
niae and S. suis being notable exceptions, whereas 3-hemolysis is typically associated
with more virulent strains [31, 41]. The most B-hemolytic species can be further
subdivided using the Lancefield serogrouping scheme, a system introduced by Rebecca
Lancefield in 1933 [42]. This approach assigns isolates to groups (A-W) based on the
presence of a specific C-polysaccharide in their cell wall (Figure 2.1). In contrast,
many o-hemolytic streptococci lack a typeable group antigen or do not express one at
detectable levels, and therefore cannot be assigned to a Lancefield group in routine di-
agnostics [43, 44]. While serogrouping and hemolysis patterns remain helpful for rapid
preliminary identification, the reliability of these classifications for precise taxonomic

resolution has diminished with the growing number of described streptococcal species.
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The advent of DNA sequencing has enabled more precise species-level identifications,
leading to the current classification of streptococci into eight phylogenetic groups
based on gene gain and loss analyses: mitis, sanguinis, anginosus, salivarius, downei,
mutans, pyogenic, and bovis [32, 45]. The primary pathogenic species include the
pyogenic group (e.g., S. pyogenes, S. agalactiae, S. uberis), along with S. pneumoniae

from the mitis-group [31].

Streptococci
coccoid-shaped; grow in chains

TS

a-hemolytic B-hemolytic y-hemolytic

partial hemolysis complete hemolysis no hemolysis

L =

mostly commensals
Lancefield grouping
C-polysaccaride A-W

pneumoniae viridans
encapsulated uncapsulated
1
1

some strains non-hemolytic

. b v v b

pyogenes anginosus-group  bovis-group suis
Group A Group B Group C/FIG Group D Group R-T

()

Figure 2.1.: Classification of streptococci by their hemolysis patterns and surface antigens. Initial
classification is based on hemolysis on blood agar. Following this, streptococci are further classified
by capsule production or surface proteins. This classification is not absolute, as some species deviate
from these patterns. Species of main interest for this work are marked in blue. (Figure created with
BioRender.com)
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2.1.1. Preceding research: Streptococcus uberis

S. wberis is a major environmentally associated pathogen responsible for bovine
mastitis, a disease that causes major economic losses in the dairy industry [46].
Mastitis caused by S. uberis can manifest in both subclinical and clinical forms, with
the latter frequently leading to mild-to-severe visible inflammation [47]. Building on
this background, before starting my PhD, I conducted a comparative genomic analysis
of 24 §. wberis isolates obtained from three German dairy farms. Two of the farms
experienced sporadic cases with predominantly mild infections, whereas the third farm
experienced numerous infections within a short time period. The genomic comparison
included virulence genes, AMR genes, and prophage regions, but no specific features
were identified that could explain the severe course observed on one of the farms.
However, nearly all isolates from this farm shared the same previously undescribed
MLST profile (ST1373), suggesting a possible clonal outbreak. In summary, the
results indicated that pathogenicity in S. uberis cannot be explained solely by gene
content but is apparently influenced by host conditions and environmental factors.
This work introduced me to the diversity and adaptability of streptococcal pathogens.
Understanding how such bacteria evolve and adapt across hosts became a central

motivation for my subsequent research.

2.1.2. Streptococcus agalactiae (GBS)

S. agalactiae is a -hemolytic Streptococcus and the only member of the Lancefield
group B, which is why it has earned the common name group B streptococci (GBS).
Like other streptococci GBS strains are non-motile, coccoid-shaped, and typically
form chains when growing in liquid media [31] (Figure 2.2). GBS was initially
recognized as the causative agent of bovine mastitis in the late 19th century, leading
to the name "agalactiae", which literally translates as "without milk" [48, 49]. It is a
common agent of mastitis in dairy herds but rarely leads to systemic disease, unlike
other mastitis-causing pathogens. In most cases, GBS infections are subclinical and
difficult to detect, as they neither causes visible changes at the udder, nor changes

the appearance of the milk [50].
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Figure 2.2.: GBS appearance on sheep blood agar (A), colonies in clusters (B), individual round-
shaped colonies (C), and chains in liquid medium (D). Transmitted light on agar shows 3-hemolysis.
(Photos: Linda Fenske/Hessian State Laboratory)

Since the 1970s, GBS has also been identified as a major pathogen responsible for
invasive neonatal infections [37]. An estimated 20-30 % of pregnant women carry GBS
asymptomatically in their vaginal tract, posing a risk of transmission to the newborn
during childbirth, where it may turn into a deadly pathogen [51]. Approximately 50 %
of newborns become colonized, with around 1% developing invasive disease, which
may result in pneumonia, meningitis, or septicemia [52]. Despite the implementation
of several screening programs in many countries, GBS continues to be the leading
cause of neonatal invasive infections in high-income nations [50]. While GBS research
has largely centered on invasive disease in newborns, adults account for more than
half of GBS-attributable deaths in the United States [53]. GBS is often carried
asymptomatically in the urogenital or intestinal tract. However, in adults, particularly
in the elderly or immunocompremised, it can also cause infections such as sepsis,
meningitis, pneumonia, or endocarditis [54, 55]. Additionally, GBS is among the
leading pathogens isolated from diabetic foot infections (DFIs) [56, 57]. A study
published in 2021 even proposes the hypothesis that GBS may be associated with

Alzheimer’s disease [58].
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While the majority of GBS research focuses on human and bovine infections, it has
also been linked to pyogenic diseases in other dairy species, like sheep [59], goats
[60] and camels [50], as well as a multitude of additional, even exotic and wildlife
species like rats [61], crocodiles [62], aquatic species such as frogs, seals, and dolphins
[63, 64], and even elephants [65]. The ability of GBS to infect these and even a
wider range of host species is ascribed to its high genomic plasticity, which promotes
the integration of various accessory genes into its chromosome. This ability allows
the organism to establish itself in a wide range of ecological niches, conferring an
evolutionary benefit [66, 67]. Although a high number of streptococci are strictly
host specific, cross-species transmission of GBS is periodically documented, but the
full zoonotic potential has not yet been completely elucidated. A well-known case of
dissemination occurred in Singapore in 2017, when healthy adults developed infections
after the consumption of raw fish [68]. This was also the first case, describing a
major foodborne outbreak linked to GBS. However, several studies also highlight
strong host adaptation, defined by specific STs, which can further be clustered into
clonal complexes (CCs) of related isolates that likely share a common ancestor [69].
Isolates belonging to CC17, for instance, are recognized as a hypervirulent lineage
increasingly linked to neonatal infections [70, 71], while CC61 is mainly associated
with bovine infections [72]. But, studies have likewise shown the presence of identical
STs across different host species. CC1, including its namesake ST1, for instance, has
been identified in multiple studies in both human and cattle isolates [73, 74], while
CC283 was found in humans and fish [68]. CC23 has likewise been found across

multiple host species, including cows [66], crocodiles [62], and seals [63].

Such host versatility is likely facilitated by an array of virulence-associated traits,
the most prominent of which are summarized in Table 2.1. Virulence genes can
be categorized according to their function into four categories: Regulation, Ad-
herence, Invasion, and Immune evasion [67]. One key immune evasion factor and
potential vaccine target of GBS is the sialic acid-rich capsule, which has a vital
role in the bacterium’s ability to persist and survive within the host [75]. This
capsule is encoded by the capsular polysaccharide (¢ps) locus, consisting of 16 to
18 genes [76, 77]. Variations within these gene sequences serve as the basis for
GBS serotyping. To date, ten different serotypes are recognized (Ia, Ib, II-IX),
with serotype III additionally being subdivided into four subtypes (I1I-1-111-4) [78].
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The prevalence and distribution of serotypes differ depending on geographic region,
host species, and clinical presentation, with certain serotypes also linked to vary-
ing levels of virulence [79]. For example, serotype III seems to be responsible for
most cases of meningitis in neonates [80, 81], whereas serotypes Ia and V are more
commonly associated with invasive infections in non-pregnant adults [23, 55]. In
cases of bovine infections, the serotypes differ significantly by geographic region.
Studies conducted in Argentina, New York State, Brazil and Iran identified serotype
IIT as the most prevalent [82-85], while studies from China found serotype Ia in
most bovine mastitis cases [86, 87]. A study from Denmark reported serotype V
predominating, which was previously only found in human isolates [88]. Some GBS
isolates remain phenotypically non-typeable because they do not react with available
anti-capsular sera, which may result from low or absent capsule expression or from
polysaccharide variants unrecognized by current antisera [89]. The growing diversity
of GBS serotypes, combined with the potential for capsular switching, poses a ma-
jor challenge for vaccine development, since cps-based vaccines may exert selective
pressure that enables virulent genotypes to escape coverage. Different studies already
demonstrated such switching from serotype III to IV within the hypervirulent CC17
lineage, underscoring that even highly conserved clones can alter one of their main
vaccine targets [90, 91]. The likelihood of this occurring may increase if horizontal
transfer of capsular operons between strains, or even across different host species,
becomes more frequent. Furthermore, certain serotypes are often associated with
specific CCs, illustrating a relationship between capsular type and genetic lineage. For
example, ST1/V is likely accountable for a high percentage of bloodstream infections
in nonpregnant adults [92, 93|, while CC17 /111 represents the most virulent lineage,
being responsible for the majority of neonatal meningitis cases [71]. A recent study
from Brazil, examining bovine mastitis cases, reported an association of CC103 with
serotype Ia and CC91 with serotype III [94].

Moreover, some lineages are also linked to elevated levels of AMR, which is an
increasing concern [94, 95]. More than 80 % of GBS strains exhibit resistance to
tetracyclines [96]. This is mainly caused by the acquisition of resistance genes such
as tetM or tetO by certain GBS clones, due to the extensive use of tetracyclines
since 1948, which has contributed to the clonal expansion [97]. As the majority

of clinical GBS isolates have been classified as susceptible to B-lactam antibiotics,
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these agents remain the current first-line choice for both treatment and prevention
of GBS infections, while clindamycin and erythromycin are commonly prescribed
for patients with penicillin allergies. However, intrapartum antibiotic prophylaxis
(TAP) is given to expectant mothers based on established risk factors or screening
protocols, pointing to the need for ongoing surveillance of resistance trends [96]. For
mastitis cases, the extensive use of antimicrobials, including broad-spectrum and
critically important antimicrobials, drives resistance and limits therapeutic options
[98]. In recent years, resistance to clindamycin and erythromycin has risen [99], and
reduced susceptibility to penicillin has also been observed, mainly linked to several
amino acid (AA) substitutions in the penicillin-binding proteins (PBPs), which impair
antibiotic binding [96, 100, 101]. Continuing efforts to develop vaccines against GBS
aim not only to prevent disease but also to reduce the preventive use of antibiotics.
But, achieving this goal necessitates a thorough comprehension of the clinical and

microbiological characteristics of GBS [102].

Multiple virulence and resistance genes are further linked to known or suspected
mobile genetic elements (MGEs). In many bacterial pathogens, shifts into new hosts
or ecological niches have been strongly connected to the uptake of a broad range of
MGEs [50]. Genetic exchange between coexisting streptococcal species is common
and significantly shapes their pathogenic potential. MGEs transferred through HGT
drive species diversity, host adaptation, and the emergence of virulence traits [66].
Moreover, certain AMR determinants are often carried on conjugative transposons
and can spread swiftly across GBS lineages, amplifying the risk of AMR dissemination
[103].
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2. Background

2.2. The availability of bacterial genomes

Over the past decades, bacterial whole-genome sequencing (WGS) has greatly ex-
panded our knowledge of microbial life by revealing the immense diversity within
populations as well as the elaborate complexity of ecosystems [7, 104]. The growing
availability of genome data has given rise to a new discipline that merges informatics
with biological research: bioinformatics [105]. Today, DNA-based bioinformatics has
become indispensable for the field of microbial genomics, and access to cost-effective
sequencing platforms have accelerated bacterial WGS to a new level [7]. Sequence-
based analyses have become an essential tool for public health tasks, such as detecting
bacterial outbreaks, tracking AMR, or simply monitoring bacterial pathogens [106].
Today, high-throughput sequencing has produced vast amounts of bacterial genomic
data from around the world, much of which is openly deposited in public repositories,
creating a uniquely valuable resource for research [19]. Moreover, the submission of
genomic data to public repositories has become a central and often mandatory step,
as most journals now require accession numbers as a prerequisite for publication [107].
Due to this, public databases comprise tens of thousands of bacterial genomes, and
there is no end in sight to this data growth. For example: In 2024, the International
Nucleotide Sequence Database Collaboration (INSCD) published, that it currently
contains 32 million NGS runs and 4.76 billion assembled sequences [108]. And at the
end of 2025, the GenBank release 269.0 (published in 12/2025), maintained by the
National Center for Biotechnology Information (NCBI), stated that an average of
12952 sequence datasets are added or updated per day, with the repository containing
4.5 billion WGS records with more than 42 trillion base pairs [109] (Figure 2.3A+B).

Although most sequence data is publicly available, certain difficulties with data
accessibility persist. The accelerating generation of sequence data, has shifted the
trend away from submitting complete or draft genomes to predominantly deposit-
ing raw sequence reads. These typically require extensive preprocessing before any
further analysis [19]. This trend is also evident in GenBank, where contig- and

scaffold-level assemblies by now outnumber fully complete genomes (Figure 2.3C).
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Consequently, comparing WGS data analysis results is increasingly challenging. On
the path from raw sequencing data to tangible biological information, several factors
act as critical bottlenecks. Each sequencing run can generate terabytes (TBs) of
data, demanding efficient strategies for storage, processing, and analysis. The massive
output of NGS is increasingly exceeding the capacity of traditional storage systems,
making scalable and accessible cloud-based solutions increasingly essential [110].
Moreover, NGS data analysis involves multiple steps, and manual data processing is
not only time-consuming but also compromises comparability, as diverse workflows
often employ different software tools, parameter settings, and reference datasets.
Ideally, to avoid any bias and to ensure reproducibility, every dataset in a project has
to be processed with identical tools, software versions, and parameters. Achieving
this typically requires reprocessing large portions of the data to avoid unwanted
variability arising from mixed tools, settings, and databases [19, 111]. In addition,
many researchers lack access to computational infrastructure needed for large-scale
genomic analyses. Although cloud- and high-performance computing (HPC) systems
offer powerful resources, their use is often limited by cost, access, or technical expertise
[110]. Another major challenge is the need for specialized bioinformatics expertise,
including programming skills and the use of varied computational tools to generate
precise and meaningful results [112]. Yet, the value of genomic datasets exists
not only in the sequences themselves but also in the accuracy and completeness
of the accompanying metadata. A sequence uploaded in a database that gives no
additional information, like isolation time or source, is often practically worthless for
comparative examinations and reliable interpretations. To improve the availability
and usability of (meta)-data in public repositories, the FAIR (findability, accessibility,
interoperability, reusability) principles were introduced in 2016 and have since been
widely adopted. Accordingly, many databases request and collect metadata associated
with the uploaded data. Still, filtering and searching this metadata to generate specific

bacterial cohorts for downstream comparative analyses is a tedious task.
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Figure 2.3.: Sequence data growth in the NCBI. The number of bases (A) and the number of
sequences (B) in each GenBank (blue) and WGS (pink) record listed in the NCBI. (C) Number of
genome assemblies at different assembly levels in the GenBank section of the NCBI [113, 114].

To address some of the beforementioned challenges, the team of Zamin Igbal at the
European Bioinformatics Institute (EMBL-EBI) in London began taking steps toward
a more uniform processing of public bacterial genome data. In 2021, they reported
the systematic assembly of all bacterial genomes available in the European Nucleotide
Archive (ENA) as of November 2018. This initial effort resulted in a collection of
661405 standardized assemblies, including 311006 that had never been assembled
before [19]. To improve accessibility and usability, they provided several indices along
with the assemblies: the Compact Bit-sliced Signature (COBS) index [115], which
enables users to search for sequences by breaking them into constituent k-mers, the
MinHash index [116] allowing for the identification of similar genomes, and an index

generated using the library sketching function of PopPUNK [117], which provides
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precomputed distances between the assemblies. Nevertheless, users without advanced
bioinformatics expertise, command line interface (CLI) skills, or access to larger
compute infrastructure still face serious challenges in locating and extracting genomes
or genes of interest from those assemblies. All genome FASTA files were bundled into
a single archive, and even though the assemblies are pre-indexed, there remains a
barrier to findability and accessibility. Furthermore, the authors themselves stated
that they had not included additional valuable information beyond the assemblies,
such as gene annotations or MLST. Genomic sequences alone have limited value
for research if we cannot identify which genes are present. When the 661k dataset
was published, there was already great anticipation that this vast resource would be
widely utilized. However, it soon became evident that analyzing and processing such
an enormous volume of data is a major task. So, it became clear that this large-scale

project would benefit from contributions from the wider scientific community.
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3. Aim and objectives of this thesis

This thesis is based on three interconnected projects, all driven by an interest in the
zoonotic potential of GBS as a multi-host pathogen. Suitable comparative data for
the initially planned GBS analysis were either lacking or inconsistent. In addition,
such data were often processed in a non-reproducible way. Therefore, the 661k dataset
generated by Blackwell et al. served as the basis for creating a consistently charac-
terized dataset meant to increase the consistency of sequenced bacterial genomes
stored in public data repositories. Additionally, GBS isolates from elephants were
analyzed, a rarely studied host species with no prior public comparative data. The
first-mentioned dataset allowed for a renewed analysis of GBS. This led to another
objective focused on a comprehensive comparison of all GBS genomes contained in
this dataset. The following sections provide a brief overview of the requirements for

each task, sorted by publication date:

1.) Generation and provision of a large-scale, consistently characterized bacterial

genome dataset.

2.) Genomic characterization of GBS in elephants.

3.) Detailed profiling of GBS using a comprehensive, uniformly processed dataset.
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3. Aim and objectives of this thesis

3.1. Uniform bacterial genome data for comprehensive,

comparative analyses

As previously mentioned, databases are overflowing with sequencing data, forming
an ever-growing reservoir of genetic information. For the planned comparative
analyses of GBS, this abundance is both an advantage and a challenge. Despite the
public availability of most genome data, they are often processed with heterogeneous
pipelines or variable quality control, all of which limit scientific reusability. To obtain
a robust set of GBS genomes, it was therefore necessary to work from a consistently
processed resource. The uniformly assembled genomes from the 661k project offer
a wealth of such data with substantial untapped potential. Given the scale of the
dataset, extracting and analyzing the GBS subset would require the development
of an automated and reproducible workflow. Therefore, the goals of this objective

were:

» Developing of a reproducible workflow for large-scale GBS analysis.
o Identifying all GBS assemblies in the 661k dataset.

o Characterizing all GBS assemblies included in the 661k dataset.

However, identifying and extracting the GBS assemblies from the full dataset proved
difficult. Although some species were stored within individual ENA projects, it was
not fully clear whether all GBS entries had been taxonomically classified correctly.
Indeed, as the authors noted, the database used for taxonomic assignment had some
limitations. Because this was not sufficiently reliable for my purposes, reclassifying
the entire dataset would have been necessary in any case. All assemblies would need
to be processed through a consistent workflow. After identifying the GBS subset, a
comparable workflow was also required to characterize it. Therefore, it was a natural
step to extend the whole pipeline beyond GBS. The same pipeline planned for the
GBS analysis can be applied to the remaining assemblies with minimal modifications.

It can also be run at scale with my available compute resources and throughput
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capacity. At the same time, broadening the characterization to the full dataset would
substantially increase its value for the wider community. Many researchers, as I
did, are actively searching for well-described and characterized genomes. Instead of
stopping when my analysis requirements are met, systematically process the remaining
assemblies makes the collection more reusable, greatly increasing accessibility and
downstream utility for little extra cost. Furthermore, making the resulting processed
data publicly available would additionally support the FAIR principles to ensure

findability, accessibility, and reusability. Hence, further goals were:

» Processing all data contained in the 661k dataset.

e Providing a large number of uniformly characterized bacterial genomes.

o Integrating information like assembly statistics, taxonomic classification, MLST,

annotations, and metadata in one place.

» Creating a curated resource that supports robust comparative studies.

« Providing comprehensive statistics to allow insights into bacterial diversity.
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3.2. Uncovering GBS in elephants

Most existing GBS research has focused on human isolates, while studies involving
animal-derived isolates remain limited. Nonetheless, GBS is a multi-host pathogen.
Even though it is best known for human and bovine infections, GBS has also been
isolated from endangered species such as elephants [65, 118, 119]. However, a detailed
genomic characterization of GBS in elephants is lacking. Despite scant reporting,
pododermatitis is widespread in captive elephants [120]. Parallels between the role
of GBS in human DFIs and similar elephant lesions point to a potential common
mechanism [65]. An aspect that should not be underestimated is that isolates in less-
studied hosts may serve as reservoirs where resistance and virulence genes can evolve
undetected. A thorough understanding of bacterial species, particularly pathogenic
ones, requires closer examination of exactly these kinds of ecological niches. Investi-
gating elephant-derived GBS in detail aims to contribute to a better understanding
of GBS diversity, virulence, and zoonotic potential, pointing out the importance of
including isolates from diverse geographic and host backgrounds. Therefore, the goals

of this objective were to:

Characterize the genotype of elephant-derived GBS isolates.

Assess the prevalence and etiology of GBS in elephants.

Identify AMR genes in a less-studied ecological niche of GBS.

» Provide insights insights into GBS population evolution specific to elephants.
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3.3. Epidemiological profiling of GBS using a

large-scale cohort

GBS is a widely adaptable pathogen capable of infecting multiple host species. This
host range is facilitated by substantial genome flexibility and the uptake of acces-
sory genetic elements that support niche and host adaptation. Worldwide, GBS
populations are structured into numerous capsular serotypes and CCs, which vary
in their likelihood of causing invasive disease [121]. Although GBS has been studied
extensively, the available literature is often dominated by region-specific surveys or
single-outbreak investigations, yielding an incomplete and uneven view of global
diversity. The comprehensive genomic and metadata resource introduced in the
first objective offers a way to overcome these constraints. By providing a large set
of consistently processed genomes together with contextual information, it enables
consistent comparisons across studies, locations, and host settings. Therefore, the

goals of this objective were to:

Conduct a comparative analysis of a large-scale global GBS cohort.

Characterize the microbiological features of a comprehensive set of GBS genomes.

Analyze the trends in the current research landscape of GBS.

Identify understudied areas in publicly available GBS datasets.
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4. Thesis contributions

This thesis encompasses two peer-reviewed publications and one unrefereed preprint,

which are outlined and summarized in the subsequent sections.

BakRep - a searchable large-scale web repository for bacterial genomes,
characterizations and metadata

Linda Fenske, Lukas Jelonek, Alexander Goesmann, Oliver Schwengers.

Microbial Genomics (2024), DOI: 10.1099/mgen.0.001305

Evidence of a novel sublineage of Streptococcus agalactiae in elephants
from zoo populations in Germany

Linda Fenske, Elita Jauneikaite, Maria Getino, Yu Wan, Alexander Goesmann,
Tobias Eisenberg.

Microbial Genomics (2025), DOI: 0.1099/mgen.0.001489

Towards a holistic epidemiology of Streptococcus agalactiae using the
BakRep repository

Linda Fenske, Oliver Schwengers, Alexander Goesmann.

bioRxiv (2026), DOI: 10.64898/2026.03.02.709001 (Preprint)

25



4. Thesis contributions

4.1. BakRep

BakRep:
A searchable large-scale web repository for bacterial genomes,

characterizations and metadata

Linda Fenske, Lukas Jelonek, Alexander Goesmann, Oliver Schwengers (2024).

Microbial Genomics
DOI: 10. 1099/mgen .0.001305

This publication describes BakRep, an innovative web-based repository developed
to improve the findability and accessibility of publicly available bacterial genome
data. The widespread availability of affordable sequencing technologies has dra-
matically increased bacterial WGS output, but this rapid growth has also brought
serious challenges in data access, computational capacity, and inconsistent analytical
pipelines, which together constrain scientific utility. In response to this obstacles, a
previous study published a uniformly processed collection of 661405 bacterial genome
assemblies from the ENA as of November 2018. Building upon that foundation,
BakRep serves as a searchable, large-scale web repository for bacterial genomes,
augmented with consistent genome characterizations and associated metadata. All
genomes included in the repository were consistently quality controlled, taxonomically
classified, multilocus sequence typed, and annotated. Furthermore, the repository
provides a flexible search engine combining taxonomic, genomic, and metadata in-
formation, as well as interactive elements to visualize genomic features. Results are
presented in standard bioinformatic file formats and can be downloaded for offline
analyses via an accompanying command-line tool. By providing a uniformly processed
dataset, BakRep addresses key challenges in microbiological research, including data
normalization, integration, and practical reusability. With its user-friendly interface
and wide-ranging dataset, BakRep offers a valuable resource for comparative and
clinical studies, fostering new insights and discoveries in microbial genomics. The
platform can be accessed via bakrep.computational.bio. It has been demonstrated
that specific cohorts of bacteria can easily be filtered out, downloaded, and used for
further analyses. One project demonstrating the function and benefits of BakRep is
described in Chapter 5.3.
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4.2. GBS in elephants

Evidence of a novel sublineage of Streptococcus agalactiae

in elephants from zoo populations in Germany

Linda Fenske, Elita Jauneikaite, Maria Getino, Yu Wan, Alexander Goesmann,
Tobias Eisenberg (2025).

Microbial Genomics
DOI: 10.1099/mgen.0.001489

This publication presents the first comprehensive whole-genome characterization of
GBS isolates from elephants. GBS studies have mainly focused on human disease and
on bovine mastitis. However, GBS is known to affect a broader host range and can
cause infections in many animal species. Although GBS has been repeatedly isolated
from elephants, few studies have reported infections in wild or captive populations. To
address this gap, a comparative genomic analysis of 24 elephant-derived isolates from
three German zoos was conducted. Their phylogenetic placement within the broader
GBS population was evaluated, and the genomes were screened for features associated
with host adaptation. The elephant-derived isolates showed pronounced phylogenetic
divergence from GBS originating from other host species and formed well-defined
clusters that aligned with the zoo of origin and MLST profiles. Notably, capsular
serotypes could not be predicted for most isolates (20/24), pointing to atypical
or highly divergent capsular loci and raising questions about immune evasion and
virulence mechanisms in this host context. In addition, several accessory genes were
found to be associated with the elephant-derived isolates, potentially contributing to
increased fitness, persistence, or pathogenicity in the elephant host and its husbandry
environment. This study broadens the current view of GBS diversity and provides a
genomic foundation for future research into disease ecology in exotic animals. The
results demonstrate the need for further research across additional zoos, countries, and
wild populations. Such efforts will be essential to better understand GBS evolution,
host adaptation, and virulence, and to more accurately evaluate potential zoonotic

risks.
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4.3. GBS in BakRep

Towards a holistic epidemiology of Streptococcus agalactiae using the

BakRep repository

Linda Fenske, Oliver Schwengers, Alexander Goesmann (2026).

bioRxiv (Preprint)
DOI: 10.64898/2026.03.02.709001

This study conducted a large-scale comparative analysis of all GBS genomes contained
in BakRep. With its extensive genomic content and accompanying metadata, the
BakRep repository serves as a valuable resource for gaining a broad overview of
publicly available sequence data, enabling analyses that extend beyond separate
studies. In total, 37970 GBS genomes were analyzed and characterized by MLST,
capsular serotypes, AMR genes, and putative lineage-specific genes. These genomic
features were further integrated with metadata on geographic origin, host species, and
disease association. The results largely recapitulated the currently reported population
structure, with serotypes I1I, Ia, and V being most prevalent and stable serotype/clonal
complex associations, alongside evidence of increasing serotype diversity. Lineages
showed distinct accessory gene repertoires: 111-2/CC17 was enriched for virulence and
adhesion factors, while other lineages displayed greater MGE content or signatures
matching niche specialization. AMR determinants were common, including very
high tetracycline resistance, frequent macrolide-lincosamide-streptogramin B (MLSB)
resistance genes, and the emergence of aminoglycoside resistance in a subset of
genomes. However, the analysis also revealed substantial gaps in associated metadata.
Missing or incomplete contextual information constrains biological interpretation and
reinforces the need for well-curated, structured metadata to fully realize the value of

large-scale sequencing efforts.
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5. Results and discussion

"While a lot of modern computation,
may look like magic, it isn’t.

It’s algorithms all the way down."

(Helena Rasche — 2025)

5.1. Consistent characterization of over 2 million

bacterial assemblies with BakRep

Motivated by the increasing expansion of bacterial WGS data and the consequent loss
of standardization and comparability across public datasets, BakRep was designed:
A searchable, large-scale web repository for bacterial genomes. Through consistent
data processing, it reduces barriers to data integration, normalization, and reusability,
supporting comparative and targeted analyses. Building on the uniformly processed
set of 661405 bacterial genome assemblies from the 661k project [19], BakRep
adds consistent per-genome characterizations such as standard assembly metrics,
robust taxonomic classifications, MLST subtypings, genome annotations, and original
metadata. All genomes in the repository are quality checked with CheckM2, which
uses machine learning approaches to predict completeness and contamination levels
of genomic bins [122]. Basic assembly statistics, such as the number of contigs or the
L50 and N50 metrics, were calculated with assembly-scan to enhance the amount
of information derived from the genomes [123]. A species-specific MLST subtyping
was performed as an established standard to detect lineages below the subspecies
level [124]. To become aware of potential errors in the species information of the
original metadata, a robust taxonomic classification based on the Genome Taxonomy
Database (GTDB) was conducted [125]. By normalizing taxonomic ranks, using

relative evolutionary divergence, the GTDB removes polyphyletic groups (a grouping
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of organisms by superficial similarities despite lacking a single common ancestor)
and enables reproducible, genome-based species assignment [126]. For the genome
annotation, the widely accepted tool Bakta was used, due to its combination of
comprehensive functional annotations and efficient runtimes, which is essential given
the large number of genomes analyzed [127]. Shortly after I finished processing
the 661k dataset, the AllTheBacteria project was introduced, tackling some of the
limitations of the first approach [9]. Since the initial dataset only included data up to
the end of 2018 and, as previously mentioned, public data continues to grow daily, an
update was necessary. In March 2024, version 0.1 of AllTheBacteria was launched,
integrating 1271428 new assemblies and covering all ENA data up to May 2023.
A subsequent update in August 2024 introduced an additional 507 566 assemblies,
which made the entire dataset grow to 2440377 assemblies [128]. T also processed
these assemblies with the established workflow to further expand the dataset for the

subsequent objectives.

The BakRep workflow was built with a modular architecture, allowing for straightfor-
ward integration of additional processing steps. For the initial 661k dataset, it was
run utilizing 2 128 CPU cores across 86 server nodes, each equipped with up to 128 GB
of RAM. The workflow design and cloud-based infrastructure, using the compute
cloud of the German Network for Bioinformatics Infrastructure (de.NBI), ensure
scalability and enable rapid adaptation to expanded analyses and growing datasets.
So, to handle the additional 1.7 million assemblies, provided by the AllTheBacteria
consortium, the cloud project was expanded to 320 nodes, totalling 3 560 CPU cores
and with up to 256 GB of RAM. Output files from all analysis tools were parsed in
JSON format, to enhance technical accessibility. Additionally, annotation results
are provided in GenBank format, along with nucleotide and AA FASTA files for all
annotated coding sequences. In total, 39 TB of genomic result files were generated

and stored in a Simple Storage Service (S3) (Figure 5.1).
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Figure 5.1.: BakRep is a searchable large-scale web repository for bacterial genomes, character-
izations and metadata. Original data were retrieved from the ENA and uniformly assembled by
Blackwell et al. and the AllTheBacteria consortium. Assemblies were consistently processed using
the infrastructure of the de.NBI cloud and stored together with the original metadata in a S3.
Results are available via a searchable web-interface. (Figure created with BioRender.com,)

A substantial amount of research would be limited or even impossible without acces-
sible data. Whilst maintaining a high degree of standardization is essential, ensuring
findability and accessibility is equally important. For instance, in outbreak investi-
gations where detecting specific AMR genes is critical, researchers must be able to
rapidly identify genomes of a given species that exhibit defined characteristics such as
particular MLST types or virulence factors. To advance accessibility, a comprehensive
web interface was created to provide all results as user-friendly and easily accessible
as possible. Furthermore, interactive reports and several filter options are available
via the webpage, found at bakrep.computational.bio. For a general summary of
the repositories’ content, all available genomes can be browsed based on GC content,
number of contigs, genome size, estimated completeness and contamination level, or

the GTDB species. For more in-depth investigations, BakRep provides a powerful
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search engine that supports flexible queries by integrating various information from
the analyses as well as the descriptive metadata (Figure 5.2 and Figure 5.3). In
total, the repository supports searches for 37 distinct query tags (Table 5.1). Search
results are presented as a result table and can be exported in TSV format. Every
single genome is further presented in a human-readable way, including a summary
page summing up all results, a feature table, a genome browser, and a summary of
the most relevant metadata (Figures 5.4). Datasets can be downloaded for offline
analyses either directly via the website or via an accompanying CLI tool, available
at github.com/ag-computational-bio/bakrep-cli, to enable large-scale analyses

and the retrieval of extensive genome datasets.

Species eq b Streptococcus agalactiae IE

Completeness >= v 99

Contamination <= b 1

MLST Sequence type eq v 17

Annotated features

Type All must match A

gene e Add field Add group
gene eq v pbp2X IEI

showing search results 1-20 of 4344 results E Export as tsv.

Id 1= GCIT Contigs T Genome Size T Species (GTDB) T ST Type T Comg £ G ination [T Features

SAMEA1031419 3530% 49 2.02 Mbp Streptococcus agalactiae 17 100 % 0.08 %

SAMEATNR1427 2[R AR 2 Mhn Strantarnccic analactias 17 10N % nn7 o

Figure 5.2.: Overview of the search engine in the BakRep web repository. Users can perform
advanced queries targeting genomes with specific attributes such as (A) species, (B) genome quality,
(C) MLST, or (D) annotated features. For example, to identify all Streptococcus agalactiae genomes
with specific quality criteria, belonging to ST17 and containing the gene pbp2X. Search results
are displayed in a compact summary table (E), with detailed information accessible on individual
dataset pages.
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Dataset: SAMN09699350

Features Genome Viewer Metadata Download

Metadata Assembly
Strain: ? Genome size: 2.014.978 bp
Sub strain: ? GC: 3542 %
Collection Date: 2005-02-12 No. sequences: 88
Country: South Africa: Johannesburg N50: 51.435 bp

Completeness: 99.99 %

Environment Contamination: 0.08 %

-

Biome:
Feature: ?
Material: ?
Isolation Source: cerebrospinal fluid

Taxonomic classification MLST typing

Taxonomy: Bacteria MLST sequence type: 17
Badllota Alleles: glck: 1

phes: 1

sdha: 1

tkt: 1

glnA: 2

atr:1

adhP: 2
Schema: sagalactiae

Refi GCF_000186445.1
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Length 56,864 bp
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Annotation
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tRNA: 52 ncRNA regions: 19 RNA 1 oriC: 2
tmRNA: 1 CRISPR: 1 ne oriv: 0
rRNA: 5 cDs: 1979 cds 55 oril: 0
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Figure 5.3.: Overview of the detailed result page of the BakRep web repository. Presented are:
(A) A short summary of the metadata. (B) The key assembly statistics including estimated
completeness and contamination. (C) A summary of the GTDB taxonomy. (D) A summary of the
MLST subtyping. (E) An interactive contig bar, showing length, GC content and features of each
contig. (F) A summary of the annotation results.
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Table 5.1.: List of all search tags available in the BakRep web interface. 37 query tags derived
from four different tools, along with associated metadata fields, can be used to filter the data.

Search tag Source Description

Dataset ID metadata BioSample accession number

Number of contigs Bakta the number of assembled contigs

Assembly size Bakta size of all assembled contigs

GC content Bakta GC content of all assembled contigs

N ratio Bakta ratio of unknown bps

N50 Bakta shortest contig length that covers 50 %
of the genome

Coding ratio Bakta ratio of annotated bps and genome size

Annotated features Bakta annotated features

Completeness CheckM?2 estimation of genome completeness

Contamination CheckM2 estimation of genome contamination

Domain GTDB taxonomic domain

Phylum GTDB taxonomic phylum

Class GTDB taxonomic class

Order GTDB taxonomic order

Genus GTDB taxonomic genus

Species GTDB taxonomic species

MLST sequence type mlst species-specific ST

Strain metadata submitted strain designation

Study accession metadata ENA internal project accession

Project name metadata submitted project name

Isolation source metadata submitted isolation source

Instrument platform  metadata submitted sequencing platform
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Search tag Source Description

Host species metadata submitted host species

Country metadata submitted isolation country

Collection date metadata submitted date of collection

Accession metadata BioSample accession number

Host sex metadata submitted sex of the host species

Host status metadata submitted host health status

Host taxid metadata numerical identifier for a node in the
NCBI taxonomy tree

Instrument model metadata submitted model of the sequencing plat-
form

Isolate metadata submitted isolate identifier

Sample alias metadata ENA internal sample alias

Secondary sample metadata ENA internal accession number

accession

Secondary study metadata ENA internal secondary study accession

accession

Serotype metadata submitted serotype

Serovar metadata submitted serovar

Submission accession metadata ENA internal submission accession
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Summary Genome Viewer Metadata Download
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Figure 5.4.: Interactive results and visualizations of the BakRep web repository. (A) Dynamic table
of annotated genomic features with detailed information and cross-referenced database links. (B)
Interactive linear genome browser with customizable tracks for genes, non-coding RNAs, CRISPR
arrays, and replication-origin markers. (C) Summary of associated metadata. (D) File-download

preview panel.
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BakRep is not the only effort aimed at making genome data available in a more
uniform manner. Conceptually related initiatives exist, but they emphasize different
aspects. The beforementioned AllTheBacteria consortium focuses on community-
led approaches. Up to now, they have broadened the scope by launching a global
collaborative project to generate species-specific annotations tailored to the needs of
different research communities [128]. But it is less geared toward interactive filtering
of genome and metadata. GTDB offers a strictly curated, phylogenetically consistent
reference taxonomy with standardized genome quality criteria and representative
genomes, making it ideal for robust taxonomic frameworks, but it is not intended as a
metadata-centric exploration platform [129]. Broad repositories such as NCBI RefSeq
[130] or Esemble Bacteria [131] provide comprehensive access to genomes and basic
metadata, but require substantial filtering, harmonizing, and infrastructure to achieve
a BakRep-like level of usability. The latest version of proGenomes [132] compiles a
very large, quality-controlled collection of prokaryotic genomes sourced from the NCBI.
Its main strengths lie in the breadth and depth of downstream analyses, providing
rich functional and ecological annotations and offering species-specific pan genome
computations. But, because input comes from NCBI assemblies, the dataset reflects
the heterogeneity of that repository. Stringent QC filters are applied, meaning not all
available genomes are retained, and the accompanying website is primarily geared
toward browsing species-level results rather than filtering by detailed metadata or

typing schemes.

In conclusion, BakRep offers a unified characterization of one of the largest bacterial
genome collections and serves as a high-quality, open-access resource for large-scale
mibrobial genomics. By delivering a consistently processed genome collection, BakRep
helps overcome obstacles in microbiological research by harmonizing analyses across
studies, bringing genomic data together with contextual information, and making the
resulting resource easier to explore and reuse. Its key advantage is the combination
of consistent processing with user-orientated, populating-focused queying, whereas
comparable resources typically emphasize either broad diversity coverage, a consistent
taxonomic framework, or rich functional annotations, and offer less in terms of an
interactive search interface designed for straightforward downstream reuse. This
enables comparison of a vast number of bacterial genomes and large cohorts, keeping

pace with future research demands.
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5.1.1. Recent progress and challenges ahead

The volume of data in the INSCD has more than doubled between the release of the
initial 661k dataset and the latest AllTheBacteria update in August 2024, with no
signs of slowing down [9]. Including those assemblies, BakRep comprises at the time
of writing 2437963 genomes, and due to its scalable implementation and underlying
cloud infrastructure, it allows for further swift adjustments to extend analysis and
expand datasets. Even though it is obvious that keeping pace with this never-ending
growth is an enormous challenge, continuing to offer such consistent characterization is
of great value. Following the 661k project, the AllTheBacteria project was designed as
an open community project with the goal of engaging a broader research community;,

and especially to have experts who focus on particular topics or species.

BakRep has greatly improved the accessibility and, most importantly, the searchability
of the data assembled so far, but the challenge rests in ensuring this remains feasible.
Not only does the volume of newly generated sequence data grow daily, but tools
and underlying databases are continually updated. Due to that, it is necessary to
periodically rerun the BakRep workflow on the previously stored data to ensure the
repository remains as up-to-date as possible. It is therefore essential to guarantee
that the workflow is reproducible and reusable. Ultimately, the long-term objective
would be to automate some of the updating processes. Over time, the workflow could
also be enhanced by adding additional analyses or populating BakRep with existing
results from the AllTheBacteria project.

As the data keeps growing, ensuring adequate storage capacity becomes a major
challenge. A potential future improvement involves managing data storage with our
in-house tool Aruna [133], which would facilitate more efficient data orchestration

and flexible data handling in alignment with the FAIR principles.

During the statistical analysis of all data contained in the web repository, I observed
a marked bias toward certain phyla, alongside significant gaps in the accompanying
metadata. In the absence of corresponding information, the reusability of genome

data is significantly constrained. Therefore, another long-term objective is to enhance
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metadata availability, potentially by automatically extracting missing information
from associated publications or using tools for metadata normalization like MetaMiner
[134]. In future updates, it could also be considered to restrict inclusion to genomes
with sufficient metadata. This would ensure not only that genuinely reusable data is

released but would also improve scalability by reducing the overall data volume.

Artificial intelligence (AI) and machine-learning approaches are increasingly applied
to extract insights from large data collections. Thus, BakRep would provide a suitable
development platform for such methods, for instance, to address biological questions
using large language models. Several Al-powered tools like these are already in
use, like CellWhisperer, which enables chat-based questions over large-scale gene-
expression data [135], Evo, which learns patterns and functional signals from microbial
genomes [136], or platforms such as PanKB and AskMicrobe that provide chatbot

assistants to query pan genome resources and microbiology knowledge [137, 138].
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5.2. A novel sublineage of GBS in elephants

GBS is a well-known pathogen, most commonly linked to humans and cattle. Prior
to this work, no genomic data existed for elephant-derived GBS, limiting the ability
to contextualize elephant isolates within the wider GBS population. To attain
insights into this less-explored ecological niche of GBS, a total of 24 isolates from
elephants obtained from German zoos were analyzed, marking the first whole-genome

characterization of GBS in this host species.

All isolates were collected during routine bacteriological investigations from three
different zoos (A-C) between 2010 and 2023 (Table 5.2; Figure 5.5). Zoo A originally
kept four female Asian elephants, but only two remained at the time of sampling, in
an 830 m? outdoor and a 92m? indoor enclosure. GBS was repeatedly isolated from
both elephants, mostly from the feet, especially the nail matrix, and also from abscess
material, fistulas, skin lesions, and vaginal discharge. Although treatment led to lesion
healing, GBS remained detectable at chronic sites. Zoo B housed three adult females
and one male African elephant in a 6450 m? outdoor area and an 880 m? indoor space.
From 2010 to 2015, multiple elephants developed infections from which GBS was
consistently cultured. In 2010, "Aruba" suffered from left forefoot pododermatitis
with high GBS loads. "Wankie" died in 2014 after developing multijoint arthritis.
Necropsy indicated septicemia following acute arthritis, with GBS predominant in
the nasal cavity, spleen, urinary bladder, and heart. "Tamo" developed skin abscesses
in 2014, which worsened in 2015 with additional ulcers around the right ear, while
"Zimba" developed a suppurative infection of the right temporal gland in 2015 [65].

Histories of cases in Zoo C were not available.
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Figure 5.5.: Isolation source of the 24 elephant-derived GBS isolates. A total of six elephants were
sampled, four of which were African (Lozodonta africana) and two Asian (Elephas mazimus). The
respective isolation site is highlighted with a red circle. (Figure created with BioRender.com)
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Table 5.2.: Origin of the 24 elephant-derived GBS isolates. All isolates were collected from three
zoos in Germany between 2014 and 2023. The latest isolate was provided by Prof. Dr. Christa
Ewers from the Institute of Hygiene and Infectious Diseases of Animals, Gieflen; all other isolates
were provided by Prof. Dr. Tobias Eisenberg from the Hessian State Laboratory, Gieflen.

Isolate Source Zoo Year
161002207-5 mouth A 2016
161002207-6 vagina A 2016
161002208-5 mouth A 2016
10-7-D-02041 nail (fistula) B 2010
141000096/2 abscess (eye) B 2014
141014875 swab (nose) B 2014
151001913-2 temporal gland B 2015
151002450-1 abscess (skin) B 2015
151002450-2 temporal gland B 2015
151003337-1 swab (ear) B 2015
151003337-2 swab (ear) B 2015
151003441-1 swab (ear) B 2015
151003441-2 swab (ear) B 2015
151003441-3 swab (ear) B 2015
151004802 swab (ear) A 2015
151005628-1 swab (ear) A 2015
151005628-2 abscess A 2015
151006965-1 swab (ear) A 2015
151006965-2 swab (ear) A 2015
151006967 swab (elbow) A 2015
151008126 temporal gland B 2015
151010127 foot A 2015
151010216 temporal gland B 2015
THIT53690 placenta (abort) C 2023
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All isolates were sequenced with short-read technology (Illumina HiSeq X Ten; 150-
cycle paired-end), and for two of the isolates (161002207-5, 161002207-6), long-read
sequencing (MinlON Mk1B) was additionally used. Variations in the core genome,
which refers to the set of genes shared by all genomes of a dataset, can shape a
lineage’s host range. These genes primarily encode essential metabolic functions
or universally shared features, making them promising targets for vaccine or drug
development [139]. Genes present in one group but not in all genomes in a dataset
are classified as accessory genes, which can confer niche adaptation or host-specific
virulence factors [67]. The core genome of the elephant-derived isolates was compared
to a subset of isolates from other host species. The observed differences supported the

idea of niche-specific adaptation through the acquisition of certain accessory genes.

A gene variant of the hyaluronate lyase (hylB) was found in all elephant-derived
isolates. This gene is thought to play an important role in bacterial invasion. However,
hyaluronidase activity is not required for GBS infections in humans [140]. Another
notable gene is the CAMP factor (¢fb). This toxin creates pores in host cells and is
present in nearly all virulent isolates, except for fish isolates belonging to CC552 [67,
141]. In the course of this work, c¢fb was detected in all elephant-derived isolates and
in all other GBS genomes analyzed, including two CC552 fish isolates. This suggests
that cfb is typically present, but often remains either non-functional or undetectable

through biochemical CAMP reaction testing.

Certain virulence genes, specifically scpB (Cbha peptidase) and Imb (laminin-binding
protein), show a strong correlation with human disease [142]. While scpB was present
in all elephant-derived isolates, Imb was absent from all of them. In humans, scpB
and Imb are often co-located on the same transposon [67, 143, 144], but at the same
time, most bovine GBS lack Imb [143]. The absence in elephant isolates supports the
idea that these loci have a key role in human invasion and infection, but in elephants
laminin-binding proteins may not contribute to pathogenesis. Nevertheless, the
elephant-derived isolates possess a range of genes that jointly contribute to enhanced

adaptability across various conditions.

A pan-genome-wide association study (GWAS) using scoary2 identified multiple

regulatory systems involved in environmental adaptation, alongside genes linked to
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metabolism and energy balance, and a range of MGEs (Table 5.3). Elephants likely
impose distinct selective pressures, including a different microbiome, diet composition,
and immune environment, which may require GBS to adapt its metabolism accordingly.
They also carried a potentially novel variant of the fibrinogen-binding protein. All
these genetic features likely support GBS in coping with diverse physiological and
ecological challenges, facilitating its adaptation to a more exotic host like elephants and
promoting its survival in distinct environments. GBS likely consists of populations that
range from broadly adapted generalists to more host-restricted specialists, allowing it
to persist throughout various ecological niches. This diversity makes GBS a useful
model for studying host adaptation and how it shapes genetic exchange among

populations persisting in different environments [40, 94].
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Table 5.3.: Scoary?2 results are reported for the most significant elephant-associated genes (specificity
and sensitivity greater than 90%). Sensitivity: Sensitivity of using the presence/absence of
this gene as a diagnostic test to determine trait-positivity; Specificity: Specificity of using the
absence/precence of this gene as a diagnostic test to determine trait-negativity; p-value: The
p-value of the post-hoc permutation test for the best gene [145].

Annotation Sensitivity Specificity p-value
Maf family protein 100.00 100.00 0.2076
mark 100.00 100.00 0.2076
acyl-CoA thioester hydrolase 100.00 100.00 0.2076
Lin0465 protein 95.83 97.22 0.8184
histidine kinase 100.00 84.72 0.9441
prrA 100.00 84.72 0.9441
yijG 100.00 84.72 0.9441
XRE family transcriptional regulator 79.17 94.44 0.0279
AAA family ATPase 83.33 90.28 0.2514
NADH-quinone oxidoreductase subunit J 100.00 72.22 0.0419
ATP-binding protein 100.00 70.83 0.0798
Phosphoglycerate mutase family protein 83.33 86.11 0.3573
Peptidase C51 domain-containing protein 75.00 88.89 0.0978
Phage protein 83.33 81.95 0.0040
TM2 domain-containing protein 83.33 76.39 0.0080
Fibrinogen-binding protein variant 3 79.17 77.78 0.8822
Sporulation protein Cse60 83.33 70.84 0.0060

The capsular serotypes are a major focus of research, especially in the context of
vaccine development. However, this attention is primarily directed toward strains
isolated from humans [146]. Defining the serotype of the elephant-derived GBS
isolates proved challenging, despite different tools and methods used, indicating the
predominant emphasis in research on human-specific strains. Only four isolates could
be assigned to serotype Ia, which was also reported in humans, cattle, fish, seals, dogs,
and camels [147]. Most of the isolates were non-typeable due to a deletion in the

cps locus already previously described in human isolates [148]. Since the elephants
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seem to represent a more specialized ecological niche, capsule expression may not be
essential for colonization and persistence in this host species. However, compared
to other streptococcal species, GBS shows comparatively few serotype variants. For
example, S. suis comprises 35 known serotypes [149], whereas S. pneumoniae includes
more than 100 [150]. This limited diversity suggests the possibility that additional,
currently uncharacterized, variants may exist in GBS. Supporting this notion, a
study investigating isolates from camels identified a previously unrecognized variant
of serotype V, highlighting that undiscovered serotype sequences likely persist in
underexplored host species [146].

Another indication supporting the existence of a distinct sublineage is that none of
the elephant isolates could be assigned to a known CC, and 11 out of the 24 isolates
displayed previously unknown MLST profiles (ST2304, ST2305). The remaining 13
isolates belonged to ST2019, for which the PubMLST database contains only one
additional record, which was also non-typeable by capsular serotyping and sourced
from an elephant from the United Kingdom (UK) (personal communication). All
genotyping results are summarized in Table 5.4. Taken together with the core genome
analysis, the elephant isolates likely form a host-specialist GBS lineage absent from
other host species. But, while ST and CC provide broadly comparable classification
schemes, they do not allow fine-scale genetic differentiation, since MLST captures
only a tiny fraction of the core genome. For instance, phylogenetic analyses based
solely on MLST data once incorrectly suggested that the hypervirulent clone ST17
originated from the bovine lineage CC61/67 [142, 151].
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Table 5.4.: Sequencing, serotyping and MLST results of the elephant-derived GBS isolates
(nt: non-typeable).

Isolate Genome size [bp] GC [%] Serotype ST
161002207-5 1929621 35.3 nt 2304
161002207-6 1914764 35.2 Ia 2304
161002208-5 1914593 35.2 Ia 2304
10-7-D-02041 1985 838 35.4 nt 2019
1410000962 1986 022 35.4 nt 2019
141014875 1986 390 35.4 nt 2019
151001913-2 1863 397 35.3 nt 2019
151002450-1 2026 806 35.4 nt 2019
151002450-2 1863 022 35.3 nt 2019
151003337-1 1986 202 35.4 nt 2019
151003337-2 1985853 35.4 nt 2019
151003441-1 1986 206 35.4 nt 2019
151003441-2 1986 069 35.4 nt 2019
151003441-3 1986613 35.4 nt 2019
151004802 1930241 35.3 nt 2304
151005628-1 1928 632 35.3 nt 2304
151005628-2 1930371 35.3 nt 2304
151006965-1 1929610 35.3 nt 2304
151006965-2 1914570 35.2 Ia 2304
151006967 1930032 35.3 nt 2304
151008126 1863139 35.3 nt 2019
151010127 1914960 35.2 Ia 2304
151010216 1863537 35.3 nt 2304
ITHIT53690 2041196 35.3 nt 2305
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Although an increasing number of GBS isolates exhibit AMR, including multidrug
resistance, no such genes were identified in the elephant-derived isolates, except for
a single gene conferring resistance to cationic antimicrobial peptides (mprF'). This
gene may enhance the tolerance to the aminoglycosides gentamicin and daptomycin
by altering the bacterial cell membrane [152]. Several mutations in the PBPs; which
are critical enzymes for peptidoglycan synthesis in the cell walls of Gram-positive
bacteria, are linked to reduced susceptibility to 3-lactam antibiotics. Although several
AA substitutions were identified in the elephant-derived isolates, none were associated
with reduced penicillin susceptibility. Even so, ongoing surveillance is needed for
the recurrent appearance of these substitutions, because resistance may infiltrate the
population through spread and further mutations. Since penicillin remains first-line

therapy in many cases, monitoring is especially critical.

5.2.1. Limitations and future research directions

All elephant-derived GBS isolates examined in this study were collected from captive
elephants in Germany. To better determine whether elephants in general constitute a
distinct GBS sublineage, future research needs to incorporate isolates from wildlife
elephants into phylogenetic and virulence analyses to better understand the pathogenic
characteristics and potential zoonotic implications of this pathogen. Distinguishing
between captive and wild animals would be particularly necessary for making definitive
conclusions and for excluding humans as potential transmitters. Only coordinated,
parallel sampling of elephants and their zookeepers can determine the scope of cross-

species transmission, similar to approaches used for dairy cattle and farmworkers [153,
154].

One other limitation of the study was the potential linking between host species and
geographic location, as each zoo housed only one elephant species. This makes it
impossible to differentiate whether the observed STs may be driven by elephant species
or by environmental factors associated with each zoo. Additionally, the dataset spans
13 years of irregular sampling intervals, complicating the interpretation of phylogenetic

relationships and strain persistence. Continued monitoring of GBS prevalence and
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population structure in elephants is important to enable early detection of virulent
and zoonotic strains, which can spread in zoos and even beyond. Moreover, surveying
isolates from even lesser-studied hosts could reveal uncharacterized strains, and such
hosts may constitute long-term zoonotic risks or reservoirs of AMR. Continued,
interdisciplinary sequencing of GBS from diverse hosts is essential to elucidate host-

adaptation dynamics and the organism’s evolution.
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5.3. A large-scale analysis of GBS using BakRep

GBS is a multi-host pathogen recognized in many species, including humans, cattle,
camelids, fish [67], and as mentioned before even elephants. Most studies, however,
focus on specific regions, outbreaks, STs, or serotypes, and large-scale comparative
analyses are less common, which may limit our global understanding of GBS diversity.
BakRep’s extensive genomic data and metadata, as described in Chapter 5.1, enabled
broader research trend analysis and more comprehensive population-level assessments
of GBS. The BakRep dataset comprised 37970 GBS genomes at the time of writing.
The cohort is largely human-derived, and a considerable fraction of records lacks
information on the host species. Animal-derived genomes represent only a small
fraction of the collection, primarily from bovine and fish sources, with a minimal
representation from other species such as dogs, cats, llamas, and crocodiles. Disease
status information was notably sparse across the dataset, with the vast majority of
genomes lacking documentation on whether they originated from diseased individuals,
healthy carriers, or asymptomatic cases. The temporal distribution revealed a gradual
expansion in genome availability over time. Collection efforts remained minimal from
the early 1970s through the mid-2000s, followed by a marked increase beginning in
2006. The peak collection period occurred during the mid-2010s through the early
2020s, with a subsequent decline in recent years. A significant proportion of genomes

lacked temporal metadata altogether.

Large-scale genomic collections derive their true utility from two components: the
genetic sequences and the contextual information describing their origin. This docu-
mentation allows scientists to repurpose existing data for novel investigations and
hypothesis testing [155]. Especially in comparative studies, comparing multiple
genomes, with consistent and detailed metadata, is essential for drawing valid conclu-
sions [134]. Some organizations provide guidelines for submitting metadata, but often
they are recorded using unvalidated free-text entries, which introduce ambiguities,

inaccuracies, and omissions that undermine data trustworthiness [156].

Since more than half of the genomes are human-derived, the dominance of serotypes

III, Ta, and V is unsurprising. Yet, it remains unclear whether this distribution
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is mirrored across non-human hosts worldwide. However, the frequency of rarer
serotypes has increased in recent years, e.g., serotypes Ib and IX. Taken together,
expanding serotype diversity and putative capsular switching complicate vaccine
development, as polysaccharide-based vaccines may impose selective pressure that
enables immune escape by virulent lineages. Several strong, also previously indentified,
serotype/sequence type associations were found, e.g., CC17 with serotype I1I-2 [157,
158], ST19 with serotype III-1 [81, 157], CC23 with serotype Ia [91, 159], CC1 with
serotype V [160], or ST459 with serotype IV [161]. Though disease status cannot be
inferred due to missing metadata, these specificities suggest stable clonal lineages

with conserved capsules, aiding targeted surveillance.

Serotype and CC distributions also varied across continents. North America was
dominated by serotypes Ia, II, and III, with CC1 and CC23 being the most common.
In Africa and Europe serotype III occurred more frequently (especially ITI-1/111-2),
with CC17 predominant. While serotype III is often reported as overrepresented in
Africa, I found no corresponding subtype data [75, 162-164]. Asia was marked by
a high prevalence of serotype 111-4 and CC283 alongside CC1. Notably, 11I-4 and
C(C283 were almost exclusive to Asia. This combination seems to be linked to fish
disease in Asia [63, 165].

Across all genomes, more than 80 % carried at least one AMR gene (132 determi-
nants and 24 drug classes), indicating a considerable genomic reservoir for resistance
that warrants ongoing surveillance and phenotypic confirmation. Tetracycline re-
sistance genes dominated, consistent with historical tetracycline use driving clonal
expansion and human adaptation. MLSB resistance determinants were the second
most common, chiefly erm(A), erm(B), and the mef(A)-mrs(D) eflux pair. These
trends call into question clindamycin and erythromycin as dependable alternatives for
penicillin-allergic patients and justify shifting to cephalosporins or vancomycin [166].
Nevertheless, B-lactam resistance genes were rare, but since their main mechanism
of resistance arises from AA substitutions in the PBPs, surveillance is still essential.
Tetracycline and erythromycin resistance determinants are often co-localized on MGEs
[25]. Nearly 30 % of genomes harbored both macrolide and tetracycline resistance
genes, suggesting that MGEs enable the swift dissemination of multidrug resistance.

Resistance patterns were additionally serotype- and lineage-linked, and differed by
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geographic region, indicating the value of targeted surveillance strategies. AMR genes
were rarely detected in genomes collected before the 1980s, with only occasional tetra-
cycline and macrolide resistance determinants identified in the late 1980s. Over the
last 20 years, AMR gene frequency and diversity increased overall. Tet(M) remained
the most common gene, tet(O) rose markedly after 2008, and erm(A)/erm(B) became
increasingly frequent from 2000 onward. By contrast, aminoglycoside-resistance genes
displayed no consistent upward trend, appearing instead in occasional, individual
peaks. This expansion of AMR highlights, moreover, the need for continued surveil-
lance, yet the presence of resistance genes does not automatically translate into
phenotypic resistance. Genomic results should be interpreted cautiously and, where
possible, validated with phenotypic testing. Standardized, detailed metadata are also

essential to accurately assess trends and compare findings across regions.

Gene-content analysis revealed a large pan genome (274 610 genes) with a comparably
small core genome (1398 genes). However, most genes were rare, with over 99 %
occurring in fewer than 15 % of genomes. Using a GWAS, genes associated with the
five most common serotype/CC associations (Ia/23, 11/22, I111-2/17, IV /459, V//1) were
identified. Ta/23 was enriched for MGEs, phage elements, as well as metal homeostasis
and resistance genes. 11/22 showed enrichment for metal uptake, whereas I11-2/17
accumulated virulence and adhesion determinants, notably the SecA2/SecY?2 secretion
system, linked to ST17 hypervirulence [167]. IV /459 and V/1 were dominated by
phage-associated genes. Overall, these lineages carry characteristic accessory gene
repertoires, spanning from high genomic plasticity to niche-adaptive specialization,

which likely underpins lineage-specific disease patterns.
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5.3.1. Limitations and future research directions

When investigating population-wide genomic patterns, it is essential to sample a
diverse set of genomes. Not only in terms of genetic features such as MLST and
serotype, but also regarding geographic origin, host species, or year of isolation.
However, it is equally important to avoid an overrepresentation of lineages that are
disproportionately studied. Current GBS sequencing is heavily skewed toward inva-
sive isolates from humans, especially those causing neonatal disease. Consequently,
public repositories are dominated by these genomes, even though they may not
represent the organism’s actual diversity and prevalence in natural settings. More-
over, large-scale genomic studies do not always apply stringent sampling strategies
and may select isolates largely based on availability rather than defined criteria.
Chiara Crestani also raised the above concern in her work about the host-specificity
across GBS lineages and noted that public GBS genome collections are affected by

strong sampling biases [67].

I observed the same bias in BakRep, where certain lineages and isolation contexts
are markedly overrepresented. To maximize diversity, Chiara Crestani curated her
dataset by removing duplicates and selecting unique combinations. However, she also
acknowledged that this strategy can distort frequencies, and so rare isolation events
became overly represented. In contrast, I intentionally retained potential duplicates
in order to preserve and make visible the underlying sampling bias and to highlight
underrepresented sources. For future analyses, it may be useful to cluster genomes
from the same lineages into groups to reduce such artifacts. Rather than constructing
one single pan genome across all genomes, it could be better to build pan genomes
one per duplicate cluster and then compare these genes in more detail. Nevertheless,
broad comparative-genomics analyses, especially those examining lineage-specific
genetic differences and factors that may promote niche adaptation remain crucial
for elucidating multi-host pathogens such as GBS. In subsequent projects, profiling
MGHEs, such as transposons and plasmids, could help to elucidate additional resistance
mechanisms. Moreover, a detailed examination of the PBPs and possible AA variants

would help clarify pathways to penicillin resistance.
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Taking advantage of such an expansive global dataset offers rich opportunities,
especially for pathogens of clinical relevance. However, the greatest prospects may
lie in lesser-explored organisms. BakRep currently contains 14 071 distinct species,
enabling a wide range of further comparative projects. In particular, rarely studied
species can open up valuable avenues for discovery, as they may more likely capture
unexplored evolutionary and ecological diversity. Furthermore, comparing repeatedly
occurring features, like shared determinants of adaptation, virulence, or AMR genes,
across species boundaries may help address new biological questions and can also

highlight areas where targeted sampling and follow-up research are still needed.
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6. Conclusion

"For the microbial ecologist, what can be
cultured is the basis of his conception of
what exists. This is exactly like learning

about animals from visiting zoos."

(Carl R. Woese — 1994)

Prokaryotes constitute an ancient, highly diverse domain of life and are among the
most abundant organisms on earth. Attempts to characterize and classify this diversity
produce extensive volumes of sequencing data, with thousands of sequences added to
public repositories every day. Sequencing prokaryotic genomes has transformed our
understanding of the diverse roles of microorganisms, and sequence-based analyses
are indispensable for detecting and comparing genes of interest in various genomes.
However, identifying appropriate comparative datasets is often challenging when data

have not been processed in a consistent, uniform way.

This thesis provides a repository of consistently and comprehensively characterized
bacterial genomes usable for the targeted analysis of specific cohorts. In contrast
to the results collected by the AllTheBacteria consortium so far, BakRep enables
substantially easier retrieval of specific datasets. Researchers can query the repository
through a flexible search engine that integrates genomic information and associated
metadata. This thesis also demonstrates the utility of this resource by analyzing all
GBS genomes in BakRep, which enabled inferences to be made of serotype and CC
distribution, as well as AMR, and lineage-specific genes and helped identify the study

bias in current GBS research.
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A majority of WGS data is strongly biased toward a few phyla and especially specific
model species. It is also worth noting that WGS studies are largely limited to organisms
that can be grown under laboratory conditions. Consequently, most microbial species,
which have not been successfully cultured to date, remain underrepresented despite
the fact that these organisms are likewise important to Earth’s ecology [3]. The
microbiologist Jeffrey Gralnick once remarked that: "E. coli is a great model organism
- for E. coli." [22]. This underscores that repeatedly analyzing the same strains does
not necessarily improve our understanding of the full breadth of bacterial diversity.
In GBS, accessory genes are known to be exchanged among different streptococcal
species and even with other Gram-positive bacteria [67]. Such shared adaptations
are called ecotypes: bacterial groups that occupy the same niche and exploit similar
resources, using common genetic traits to outcompete less-adapted strains [168].
However, investigating a single species within that niche does not inevitably broaden
our understanding of the other species that inhabit it. Although the elephant-derived
isolates carry certain host-specific genes, it cannot be excluded that they could still
cause invasive infections in humans or other host species. Nevertheless, my results
point to a potentially distinct sublineage, potentially shaped by adaptations to their
host and environment. Despite the study’s limited geographic scope, comparative
genomics revealed that elephant-derived GBS differs in several ways from strains
found in other hosts. This highlights the need for further research on GBS evolution

and zoonotic potential, especially in rarely studied ecological niches.

It is crucial to further explore understudied niches, e.g., by characterizing species that
are rarely detected in metagenomic investigations. A 2025 study on literature bias
in bacteriology notes: "Our suggestion is to focus on the production of knowledge,
not the collection of data." [22]. Estimates suggest that Earth may harbor around
one trillion microbial species [169], and we only know a fraction of them. Under
a niche-based view, bacterial specification occurs when a lineage adapts to a new
resource or habitat and becomes ecologically stable against displacement by its
ancestral population. Such niche shifts can either be driven by mutations in existing
genes or by acquiring genes from other species [168]. Rarely studied microbes
can have outsized effects on biogeochemical cycles, ecosystems, or host-associated
functions, potentially acting as overlooked keystone species in terrestrial and aquatic

environments [170]. Incorporating such microbes and niches into future studies will
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6. Conclusion

deepen our understanding of how microbial communities function and help clarify how
ecosystems develop. Despite the pronounced species bias, BakRep enables comparable
genome characterizations across very large and diverse genome collections. With
several thousand species included, it supports broad comparative studies, even for
taxa with limited representation, and can therefore support identifying shared traits
of adaptation, virulence, or AMR across species and help to pinpoint targets for

focused follow-up sampling.
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Abstract Bovine mastitis causes enormous eco-
nomic losses in the dairy industry with Streptococcus
uberis as one of the most common bacterial patho-
gens causing clinical and subclinical variations. In
most cases mastitis can be cured by intramammary
administration of antimicrobial agents. However,
the severity of the clinical manifestations can vary
greatly from mild to severe symtoms. In this study,
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a comparative genomic analysis of 24 S. uberis iso-
lates from three dairy farms in Germany, affected by
different courses of infection was conducted. While
there were sporadic mild infections in farm A and B,
a large number of infections were observed within a
very short period of time in farm C. The comparison
of virulence genes, antimicrobial resistance genes and
prophage regions revealed no features that might be
responsible for this severe course. However, almost
all isolates from farm C showed the same, novel
MLST profile (ST1373), thus a clonal outbreak can-
not be excluded, whereby the actual reason for the
particular virulence remains unknown. This study
demonstrates the importance of extensive metagen-
omic studies, including the host genomes and the
environment, to gain further evidence on the patho-
genicity of S. uberis.

Keywords Bovine mastitis - Comparative
genomics - Multilocus sequence typing - Resistance -
Streptococcus uberis - Prophage regions - Virulence

Introduction

Bovine mastitis causes enormous economic losses in
the dairy industry (Hogeveen et al. 2011). It is esti-
mated that the loss amounts to approximately 124
Euros per cow annually, resulting in annual losses
of 500 million Euros in Germany and up to 125 bil-
lion Euros worldwide (Kabelitz et al. 2021). Bovine
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mastitis is defined as an inflammation of the udder,
which is characterised by an increase in somatic cell
count (SCC) and typically by the presence of udder
pathogens. In case of subclinical mastitis, there are no
clinical signs beside SCC elevations, whereby clini-
cal mastitis is characterised by a visibly altered milk
or udder, which can reach various degrees of severity
(GVA 2012). If no udder pathogens are detected and
there are subclinical or clinical findings, it is a mat-
ter of non-specific mastitis. Mastitis can be caused
by a wide variety of pathogens, e.g. bacteria, yeasts
or algae (Bradley 2002) and some viral pathogens
aswell (Wellenberg et al. 2002). Streptococcus uberis,
a Gram-positive, catalase-negative member of the
family Streptococcaceae with a genome size of about
1.8-2.3 Mbp is one of the most important environ-
mentally associated pathogens responsible for bovine
udder infections (Whiley and Hardie 2015). Mastitis
caused by S. uberis in particular can be both subclini-
cal and clinical, the latter often causing mild to severe
visible signs of inflammation (Zadoks et al. 2003). It
is not yet certain whether these different courses of
infection are solely based on the genetic diversity of
involved bacterial strains or if other (e.g. environmen-
tal, immune) factors also play a role (Giinther et al.
2016). In general, S. uberis, which is also known to
be shed with bovine faeces, normally does not spread
from udder to udder (non-contagious). Furthermore,
severe infections with this pathogen by a lympho-
genic or haematogenic route to extra-mammary tis-
sues are rarely observed (Thomas et al. 1994). Occa-
sionally, S. uberis seems to induce a contagious
type of mastitis as suggested by recent clinical case
series (Davies et al. 2016; Wente et al. 2019). In this
regard, this bacterium is able to adapt to different
environmental conditions, body sites and also stress
situations with different gene expressions (Ward
et al. 2009). Likewise, antimicrobial and in particu-
lar f-lactam resistant strains of S. uberis have been
observed more frequently in the recent past, which
might have been induced by certain substitutions in
the sequences of the penicillin binding proteins (pbp)
leading to increased resistance to oxacillin (McDou-
gall et al. 2020). Although several strains have been
typed using multilocus sequence typing (MLST),
only a few fully sequenced genomes exists to this
date. Nevertheless, the number of sequenced draft
genomes continues to increase and studies in this field
are becoming more and more relevant (Hossain et al.
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2015; Vezina et al. 2021). Currently, 69 genomes can
be found in the NCBI database. But, despite extensive
research, prophylactic vaccination against S. uberis is
still under debate, because little is known about the
interaction between S. uberis and its host and gener-
ally knowledge about the pathogen’s genomic traits is
still scarce (Hossain et al. 2015).

In this study, we conducted a comparative genomic
analysis using 24 S. uberis isolates, obtained from 3
dairy farms in Germany, that were experiencing dif-
ferent courses of infection. The results could help to
extend the insight into the molecular epidemiology of
this important pathogen.

Material and methods
Cattle herds under study

For this study aseptically drawn milk samples were
sent to the laboratory for cyto-bacteriological inves-
tigation (CBI). A total of 24 S. uberis strains col-
lected from 3 different farms in Germany between
2016 and 2019 were included in the study. All three
herds on the farms are located in the same surround-
ing and were characterised by the same breed, age
ranges of sick animals, usage of cows, hygienic con-
ditions, used sanitisers and milking practice (Suppl.
Tab 1). S. uberis infections represented the predomi-
nant mastitis pathogen, however, some mixed infec-
tions with coagulase-negative staphylococci were
detected, but not considered for sampling. No Myco-
plasmopsis bovis infections were detected by PCR in
pooled samples (data not shown). The spread of S.
uberis infections differed between the farms. While
there were sporadic mild infections in farm A and B
(group A and B), a large number of infections were
observed within a period of eight weeks in farm C
(group C). The severity of the infection in farm C
was also much more pronounced compared to farm
A and farm B and included mostly severe inflamma-
tions of the udder and fever. Various antimicrobial
treatment schemes (data not shown) ended up in no
or only short-term clinical improvement, although the
streptococci detected in the antimicrobial susceptibil-
ity test were reported to be sensitive to all the sub-
stances used (s. below). Although S. uberis is usu-
ally an environmental pathogen, in the present case
it resembled a contagious course of infection that is
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spreading from cow to cow. About 30 lactating cows
had to be slaughtered, because of the severity of mas-
titis despite antibiotic treatment. At the time of inves-
tigation on farm C, 106 animals were lactating. Milk
samples from 69 cows hav been taken and were sub-
mitted to the laboratory for CBI. In 32 of the animals
examined, S. uberis in connection with an increased
somatic cell count could be detected in at least one
quarter of the udder. Fourteen of these strains were
selected for further investigations in this study.

Microbiological culture and identification of mastitis
pathogens including S. uberis

Milk samples were directly streaked on inhouse pre-
pared Columbia agar with 5% cattle blood and escu-
lin (ingredients provided by Oxoid, Wesel, Germany)
and cultivated using aerobic atmosphere conditions
for 48 h at 37 °C. Yeast growth was investigated
using a Sabouraud glucose agar with gentamicin and
chloramphenicol (Oxoid) at 30 °C in samples con-
taining an SCC of more than 3x 10 somatic cells/
mL. Isolates were further evaluated using Gram’s
staining and matrix assisted laser desorption/ionisa-
tion—time of flight mass spectrometry (MALDI-TOF
MS; microflex LT Mass Spectrometer, MALDI Bio-
typer™; Bruker Daltonik, Bremen, Germany) using
the direct smear method in sample preparation and
the commercial MALDI-Biotyper database (MBT
8468; Bruker Daltonik).

Antimicrobial susceptibility testing

Antimicrobial susceptibility testing (AST) was car-
ried out using broth microdilution testing. Briefly,
a commercially available panel layout for mastitis
treatment (Micronaut/Bruker according to guidelines
of the research group antimicrobial resistance of the
German Veterinary Society DVG) was used. In this
layout, 11 different antimicrobials were employed
[(ranges given in pg mL~Y); penicillin (0.063—-4),
oxacillin  (0.063-2), amoxicillin/clavulanic acid
(0.031/0.063-8/16), ampicillin (0.125-8), cefazolin
(0.5-16), cefoperazon (0.25-4), cefquinome (1-16),
kanamycin/cephalexin ~ (0.031-2), marbofloxacin
(0.016-2), erythromycin (0.125-4) and pirlimycine
(0.25/4.75-2/38)]. Resulting MIC values were inter-
preted as sensitive, resistant and intermediate resist-
ant based on clinical breakpoints according to CLSI
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VETO1/VETO1S (5th ed.) for broth microdilution
testing. Escherichia coli ATCC 25,922, Pseudomonas
aeruginosa ATCC 27,853, Enterococcus faecalis
ATCC 29,212 and Staphylococcus aureus ATCC
29,213 served as quality control strains.

Sequencing and bioinformatic processing

Next-generation-sequencing (NGS) was carried
out with 24 representative S. uberis isolates from
dairy farms in Germany. From randomly chosen
control farms, A and B, 10 isolates (each n=5)
were selected, whereas the remaining S. uberis iso-
lates were included from farm C (group C, n=14).
Genomic DNA was extracted from a 72 h bacterial
culture and sequencing was employed using Illu-
mina MiSeq and Illumina NextSeq 150 bp paired-
end sequencing with an obtained coverage of >70x
(Table 1). Raw reads were used for de novo assembly
into contiguous sequences and subsequently into scaf-
folds using SPAdes (Bankevich et al. 2012). Assem-
blies were annotated using Bakta (Schwengers et al.
2021). MLST profiles were checked with PubMLST
(pubmed.org/suberis). For clonal complex assignment
of isolates and classification of sequence types in the
overall population, goeBURST was used (Feil et al.
2004). For determination of the pan/core genome, as
well as for orthologous genes, EDGAR 3.0 was used
(Dieckmann et al. 2021). The PHASTER webtool
was used to identify prophage sequences within the
draft genomes (Arndt et al. 2016). ABRicate, with an
individual gene set of S. uberis putative pathogenic-
ity factors described in the literature, was used for
virulence and resistance gene analysis (https://github.
com/tseemann/abricate). As reference for all analyses
the genome sequences of the strains 0140J (accession
number AM946015)—which has been isolated from
milk obtained from clinical case of bovine mastitis in
1972 and sequenced in 2009 as a typical virulent UK
isolate pathogenic to lactating as well as non-lactat-
ing bovine mammary glands (Ward et al. 2009)—and
EF20 (accession number JANWO1) as an nonvirulent
strain according to Hossain et al. 2015, were used. To
gain insight into possible f-lactam antibiotic resist-
ance, the genome of strain 0140J was first searched
for penicillin-binding proteins. EDGAR was then
used to search for orthologues of these genes in all
the draft genomes, and a subsequent BLAST search
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Table 1 Assembly

o Isolate Sequencing platform No. of contigs N50 Average
statistics of 24 . coverage
..S‘ treptococcus uberis range
isolates

Su-1 Tllumina NextSeq 500 28 159,211 275-2463
Su-2 Tllumina MiSeq 16 175,018 184-1665
Su-3 Tllumina MiSeq 15 457,442 134-1210
Su-4 Illumina NextSeq 500 31 197,492 83-3848
Su-5 Ilumina MiSeq 14 206,517 130-1164
Su-6 Tllumina MiSeq 24 229,596 100-932

Su-7 Illumina NextSeq 500 23 313,412 138-3145
Su-8 Illumina MiSeq 37 123,181 202-3331
Su-9 Illumina NextSeq 500 21 255,232 129-3911
Su-10 Illumina NextSeq 500 38 206,273 95-4030
Su-11 Tllumina MiSeq 13 436,510 160-1445
Su-12 Tllumina MiSeq 12 204,844 166-1565
Su-13 Tllumina MiSeq 15 439,515 74-1330
Su-14 Tllumina MiSeq 12 1,031,011 92-1363
Su-15 Illumina MiSeq 13 1,030,881 265-3465
Su-16 Ilumina MiSeq 13 1,030,845 458-3633
Su-17 Illumina MiSeq 12 439,836 406-4468
Su-18 Illumina MiSeq 49 79,688 56-3424
Su-19 Tllumina MiSeq 12 439,511 206-1692
Su-20 Tllumina MiSeq 18 320,790 114-2080
Su-21 Tllumina MiSeq 21 187,067 83-1150
Su-22 Tllumina MiSeq 12 439,515 121-2124
Su-23 Tllumina MiSeq 13 436,512 4744427
Su-24 Ilumina MiSeq 16 439,517 352-5571

was done to locate substitutions within the amino
acid sequences of these genes (Altschul et al. 1990).

Results
Microbiological culture results

Herds under study showed a similar distribution of
mastitis pathogens with S. uberis found in several
quarters. It was the only relevant microorganism that
was mostly found. In farm A, B and C 6/48 (12.5 %),
17/140 (12.1 %) and 48/252 (19.0 %) quarters were
positive for this microorganism, respectively. All
S. uberis isolates were confirmed by MALDI-TOF
MS and a subset of 24 isolates was chosen for WGS
analysis based on monobacterial infections and a high
semi-quantitative count (>200 colonies per quarter)
of S. uberis together with high SCC above 1x10°
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cells/mL. Samples with mixed infections or possible
contamination were not taken into account.

Antimicrobial susceptibility testing

Based on AST as conducted by broth microdilution
testing, all strains from this study were susceptible to
all antimicrobials tested (Table 2).

Sequencing

The combined lengths of the assembled contigs rang-
ing from 1,805,858 to 1,983,343 bp and the GC-
content was in the range of 36.3-36.5 %, which is in
line with the literature values (Table 3) (Whiley and
Hardie 2015). In comparison, the GC content of all
S. uberis genomes currently available in the NCBI
database ranges between 36.1 and 36.8 % (data not
shown). Isolates from farm A had a mean genome
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Table 2 Representative Streptococcus uberis AST phenotype

Parameter Interpretation ~ MIC values
result
Amoxicillin/clavulanic acid S < =472
Ampicillin S <=4
Cefquinome S <=1
Cefazolin S <=4
Cefoperazon S <=2
Erythromycin S <=0.125
Kanamycin/cephalexin S < =4/0.4
Marbofloxacin S =0.5
Oxacillin S <=1
Penicilling S <=0.125
Pirlimycin S <=1

size of 1,835,641 bp (SB=+31,282.29), whereas
farm B isolates had a mean size of 1,949,274 bp
(SD+25,325.31) and farm C isolates displayed a
mean genome size of 1,886,202 bp (SD +28,483.27).
With respect to genome size here was a high statisti-
cally significant difference (p <0.01) between groups
A and B and between groups B and C, whereas
groups A and C differed significantly (p <0.05). All
genomes of S. uberis currently available in the NCBI
database had a mean genome size of 1,917,489 bp
(SD +53,593.74), which is high significant above
the genomes examined in our study with a combined
mean genome size of 1,888,809 (SD+46,408.21;
p<0.01; Fig. 1).

Pan and core genome analysis

Examination of the gene content of all 24 iso-
lates (referred to as Su-01—Su-24) resulted in a
pan genome of 2508 genes, with a core genome
of 1611 genes. With the addition of strain 0140J,
the pan genome increased to 2551 genes, and
with strain EF20, the pan genome increased to
2642 genes. To address the presumption of a clonal
outbreak and to determine the exact relationships
between the isolates, a phylogenetic tree based on
the core genome was constructed using EDGAR
3.0 (Fig. 2). The topology of this tree was initially
divided into three monophyletic groups. One group
contained the isolates Su-06 and Su-08 from group
B, the second clade only included the strain EF20,
and the last branch contained all remaining isolates
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and the strain 0140J. Group A also formed a sepa-
rate monophyletic group within the latter group.
The isolates Su-11 and Su-23 from farm C form a
group together with strain 0140J. All other isolates
from group C clustered in the same clade. However,
Su-07, Su-09 and Su-10 from group B were inter-
mixed in this group. When looking at the develop-
ment of the core and pan genome over the number
of genomes, within group C, there is neither a sig-
nificant increase in the pan genome nor a decrease
in the core genome (Fig. 3). The increasing of the
pan genome as well as the decreasing of the core
genome showed when isolates from groups A and B
are included.

To get a first impression of the intra-species simi-
larity between isolates, an average nucleotide identity
(ANI) matrix was created (Fig. 4). The ANI between
all isolates was within 98.37 % and 100 %. Isolates
Su-01 and Su-02 gave a 100 % match to each other,
as did isolates Su-11 and Su-23. In addition, a group
of isolates that also completely matched in their ANI
could be identified within group C (Su-14 to Su-17,
Su-19 to Su-22, and Su-24).

Multilocus sequence typing

Four of the isolates, as well as the reference isolates,
could be assigned to previously known sequence
types (ST) namely ST931 (n=2), ST964 (n=2),
ST55 (n=1) and ST1 (n=1). All other isolates, con-
tained allele variants that have not yet been described.
In detail, seventeen of the isolates contained new
allele variations of the tdk gene locus, which were
registered as allele numbers 122, 123 and 124 in the
S. uberis MLST database (pubmlst.org/suberis). With
registration of the new locus variants, all remain-
ing isolates could be assigned to new sequence
types, namely ST1373 (n=12), ST1374 (n=3),
ST1375 (n=2), ST1377 (n=1), ST1378 (n=1) and
ST1379 (=1). Overall, we detected four different
STs among isolates from farm A (ST1375, ST1377,
ST1378, ST1379), two STs in farm B (ST931 and
ST1374), and two STs in farm C (ST964 and ST1373)
(Table 4). Thus, 12 of the 14 isolates (85.7%) from
group C showed the same MLST type. The novel
STs ST1373 and ST1374 belonged to clonal complex
CC5, with possible founder ST1065. All other STs
were double locus variants (DLV).
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Table 3 Sequencing

o Isolate  sequence size (bp) ~ Number of con-  Longest contig (bp)  Shortest GC %
statistics of 24~ tigs (> 500 bp) contig (bp)
Streptococcus uberis
isolates plus the strains Group A
0140 J and EF20 Su01 1821188 21 515,871 610 36.5

Su-02 1,818,057 12 1,002,414 800 36.5
Su-03 1,883,847 8 1,008,567 933 36.4
Su-04 1,849,257 21 318,687 933 36.5
Su-05 1,805,858 8 1,000,761 800 36.4
Group B

Su-06 1,911,851 11 524,326 5579 36.3
Su-07 1,950,395 14 659,959 891 36.4
Su-08 1,949,859 18 653,595 553 36.3
Su-09 1,950,920 9 1,070,520 933 36.4
Su-10 1,983,343 17 429,199 606 36.4
Group C

Su-11 1,883,972 8 1,061,615 800 36.4
Su-12 1,875,458 8 1,032,662 548 36.3
Su-13 1,875,842 8 1,032,662 933 36.3
Su-14 1,875,689 9 1,031,954 933 36.3
Su-15 1,876,200 8 1,032,186 933 36.3
Su-16 1,876,102 11 1,031,729 508 36.3
Su-17 1,875,804 8 1,032,437 933 36.3
Su-18 1,982,968 50 922,189 508 36.4
Su-19 1,876,339 9 1,032,186 933 36.3
Su-20 1,896,764 15 1,035,846 567 36.4
Su-21 1,875,591 9 690,884 933 36.3
Su-22 1,875,809 8 1,032,566 933 36.3
Su-23 1,884,146 9 1,061,387 535 36.4
Su-24 1,876,146 8 1,032,828 933 36.3
Reference strains

0140J 1,852,352 1 - - 36.6
EF20 1,932,039 17 1,013,731 366 36.3

Virulence factors

In total, 66 putative virulence genes were found.
Forty-eight of these occurred in all isolates with
100 % gene coverage. All genes examined were also
detected in strain 0140J and strain EF20 likewise
contained all but four of these genes. The genes
for zinc binding protein (acdA), lactoferin bind-
ing protein (locus tag in 0140J genome: SUB0I45;
gene name: [bp), conserved hypothetical protein
(SUB0159), putative surface-anchored subtulase
family protein (SUB0826), collagen-like surface-
anchored protein (SUBI1095; sclB), S-ribosylho-
mocysteinase (luxS) and the putative bacteriocins
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locus tags/genes SUB0506 and pedA were detected
in all isolates, but not with complete gene cover-
age (Fig. 5). Virulence properties in group C iso-
lates were highly homologue and the majority of
all isolates matched identical virulence genes. The
isolate Su-18 showed a lower coverage for the locus
tag SUB1635. The isolates Su-11 and Su-23 lacked
the capsule gen hasB2 (SUBI027) and the gene
for the putative fructan beta-fructosidase precur-
sor (SUB0135; fruA) but carried the gene for the
glycosyl transferase (SUB0699). A total list of all
genes with accession numbers and references can be
found in Suppl. Table 2.
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Fig.1 There is a high statistically significant difference
(p<0.01) between groups A and B and between groups B and
C. Groups A and C differed significantly (p <0.05). There is a
high statistically signifant difference between all genomes cur-

Antimicrobial resistance genes

In the search for putative AMR genes, those for the
penicillin-binding-proteins (pbpla, pbp1b, pbp2a and
pbp2x) were found in all isolates. In the sequence of
pbplb an amino acid substitution G,4,S occurred in
all isolates, with the exception of Su-06 and Su-08, as
well as the strain EF20. In addition, the isolates Su-01
to Su-04 were found to contain the substitutions
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rently found in the NBCI database and the total genome size
of group A, B and C combined. Boxplot and calculation was
created with R-Studio

P;4,Q and N, ;K. In the gene pbp2a, the substitu-
tion I35,V was determined in all isolates, whereas the
substitution Q3,,H could only be detected in isolates
Su-11 and Su-23. The isolates Su-02, Su-03, Su-05
as well as the strain EF20 contained an amino acid
substitution K,;E. Whereas T;4A was substituted in
isolates Su-06 and Su-08. Gene pbp2x showed substi-
tutions Esg, K, Qss4E, and Gg(oE in all isolates except
Su-11 and Su-23. All isolates were tested sensitive to
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Fig. 2 Core genome phylogenetic tree. Core genes of these
genomes were computed in EDGAR 3.0 based on muscle
alignment. An approximately-maximum-likelihood phyloge-
netic tree was calculated using the FastTree software. The core
genome analysis was based on 1567 genes per genome in 24
strains plus the reference strains 0140J and EF20. The core had

489,494 amino acid residues/bp per genome, 12,726,844 in
total. Bar, 0.001 nucleotide substitutions per site. The values at
the branches are Shimodaira-Hasegawa support values. Isolates
are highlighted according to group affiliation (Group A: red;
Group B: orange; Group C: blue)
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typical f-lactam antibiotics in vitro (Table 2). Fur-
ther putative resistance genes included hits in Su-06
and Su-08 containing the gene /nuC, whereas Su-01,
Su-02, Su-04 and Su-05 carried the gene /nuD, both
of which can lead to resistance to lincosamides. In
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Core
=*= Pan

Su-01 and Su-02, the gene tetS, coding for tetracy-
cline resistance, was also confirmed. Furthermore,
the gene gqacH (SUB0162), which may leads to resist-
ance to quaternary ammonium compounds, was
found in all isolates with a coverage ranging from at
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99.42 99.35 99.41 99.37 99.34 99.30 99.25 99.20 99.13 99.00 Su_20
99.42 99.35 99.41 99.37 99.34 99.30 99.24 99.20 99.13 99.00 Su_13
99.42 99.35 99.41 99.36 99.33 99.30 99.24 99.20 99.13 99.00 Su_17
99.42 99.35 99.41 99.36 99.33 99.30 99.24 99.20 99.13 99.00 Su_14
99.42 99.35 99.41 99.36 99.33 99.30 99.24 99.20 99.13 99.00 Su_19
99.42 99.35 99.41 99.36 99.33 99.30 99.24 99.20 99.13 99.00 Su_15
99.42 99.35 99.41 99.36 99.33 99.30 99.24 99.20 99.13 99.00 Su_24
99.42 99.33 99.41 99.36 99.34 99.30 99.24 99.20 99.13 98.99 Su_22
99.42 99.33 99.41 99.36 99.33 99.30 99.24 99.20 99.13 99.00 Su_16
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99.42 99.33 99.32 99.33 99.26 99.29 99.25 99.13 99.13 98.99 Su_18
99.39 99.30 99.26 99.34 99.26 99.27 99.25 99.14 99.14 99.02 Su_07
99.39 99.30 99.26 99.34 99.26 99.27 99.25 99.14 99.14 99.01 Su_09
99.39 99.30 99.26 99.34 99.26 99.27 99.24 99.06 99.06 99.01 Su_10
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99.06 99.01 99.03 98.99 99.03 99.02 98.99 98.99 98.99 99.00 98.97 99.00 99.05 99.04 99.01 99.07 99.03 99.07 99.05 99.07 99.09 98.84 99.01 98.91 98.88 EF20
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Fig. 4 Overview of the average nucleotide match between
genomes. The isolates were grouped according to their match.
Within each box, the identity was given in percent. Darker heat

least 50 % to as high as 100 % in the isolates Su-06,
Su-08, Su-11 and Su-23.

Phages

A total of 12 different phages were found in all iso-
lates, with the most commonly detected phages being
Streptococcus phage SMP and Lactococcus phage
bIL311 (Fig. 6; detailed summary in Suppl. Table 3).
The Streptococcus phage phiNJ2 (Strept_phiNJ2) was
most abundant as an intact region. Overall eight of
the 24 isolates had intact prophage regions.

Discussion

The aim of this study was to identify genetic differ-
ences and similarities between 24 Streptococcus
uberis isolates that proved responsible for highly dif-
ferent disease outcomes. Of particular interest was
the question, whether there were clearly identifiable
reasons as to why the isolates from farm C led to
such a severe infection. Recent studies have found a
smaller genome size in virulent strains of the closely
related bacterial pathogen S. suis (Murray et al. 2021)
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map colours indicate higher relatedness. Results were obtained
using EDGAR 3.0 based on a BLASTN comparison of the
genome sequences

and other studies also hypothesised this for S. uberis
(Hossain et al. 2015). Despite the evidence for signif-
icant differences in the genome size of our isolates,
there was no linkage between small genome size and
potentially epidemic isolates, associated with higher
virulence and a severe course of infection, or higher
genome size and isolates that caused sporadic sub-
clinical or clinical mastitis. Although group B iso-
lates displayed significantly higher genome sizes
compared to the other two groups, group A had the
smallest genome size on average (as measured by
total assembled contig size). However, it should be
noted that group A and B are prone to relatively small
sample sizes and therefore, the results are not neces-
sarily exhaustive. Although the genomes examined
in this study have a lower mean genome size than
those currently found in the NCBI database, it is not
clear whether there is a correlation between genome
size and virulence, as not all genomes in the database
are clearly labelled as clinical or subclinical isolates.
Further studies are needed to fully clarify a poten-
tial correlation. Due to the similarity of the isolates
from group C, the assumption of a clonal outbreak
was reasonable to suspect. The phylogenetic analy-
sis revealed a most closely related population of all

@ Springer



7. Scientific contributions

866

Antonie van Leeuwenhoek (2022) 115:857-870

Table 4 MLST results for

. X Isolate Disease status Allele ST CC

24 isolates plus the strains

0140J and EF20 arcC  ddl  gki  recP  tdk tpi  yqiL
Group A
Su-01 C 1 37 4 2 62 1 3 1375 -
Su-02 C 1 37 4 2 62 1 3 1375 -
Su-03 C 1 1 4 2 123 1 3 1377 -
Su-04 C 2 33 4 2 124 1 3 1378 -
Su-05 C 1 37 5 2 62 1 3 1379 -
Group B
Su-06 C 2 1 10 3 2 3 3 931 -
Su-07 C 2 1 5 1 122 1 3 1374 5
Su-08 C 2 1 10 3 2 3 3 931 -
Su-09 C 2 1 5 1 122 1 3 1374 5
Su-10 C 2 1 5 1 122 1 3 1374 5
Group C
Su-11 C* 2 37 5 1 97 1 3 964 -
Su-12 C* 2 1 65 1 122 1 3 1373 5
Su-13 C* 2 1 65 1 122 1 3 1373 5
Su-14 C* 2 1 65 1 122 1 3 1373 5
Su-15 C* 2 1 65 1 122 1 3 1373 5
Su-16 C* 2 1 65 1 122 1 3 1373 5
Su-17 C* 2 1 65 1 122 1 3 1373 5
Su-18 C* 2 1 65 1 122 1 3 1373 5
Su-19 C* 2 1 65 1 122 1 3 1373 5
Su-20 C* 2 1 65 1 122 1 3 1373 5
Su-21 C* 2 1 65 1 122 1 3 1373 5
Su-22 C* 2 1 65 1 122 1 3 1373 5

In bold are the allele Su-23 C* 2 37 5 1 97 1 3 964  —

tvlf;ﬁ;:ﬁivrzf ‘.l‘rllt‘tlﬁigSSTs Su-24  Cx 2 165 1 22 1 3 1373 5

study. Isolates marked with Reference strains

asterisks (*), showed the 0140J - 1 1 1 1 1 1 1 5

particularly severe disease EF20 _ 15 1 4 3 13 4 3 55 _

status

but two isolates from group C, further suggesting a
clonal relationship in these isolates that represented
the vast majority of the outbreak isolates in this
herd. However, two isolates (Su-11, Su-23) from the
same group clustered closer together with the strain
0140J, thereby supporting the general opinion of
multiple, genetically non-related S. uberis within one
herd. Interestingly, isolates Su-07, Su-09 and Su-10
from the randomly chosen farm B seemed to be next
closely related to the clonal group of the isolates from
farm C. The stability of the pan and core genomes
within group C confirms the concept of a clonal out-
break and is consistent with the results of the phylo-
genetic tree.
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Future studies should elucidate, whether the sup-
posed clonal outbreak isolates from this study indeed
represent a dominant genotype among other S. uberis
strains that is linked with increased virulence and
possibly with further geographic distribution.

With respect to MLST, 17 out of 24 isolates
showed novel alleles, reflecting the high diversity in
S. uberis as has already been mentioned previously
in a similar study carried out with dairy cows from
Australia (Vezina et al. 2021). Interestingly, the gene
for the thymidine kinase (tdk) shows the most new
variants here, also proven by the fact that the gene
locus tdk is the most variable allele variant within the
pubMLST database with 124 variants, whereas only
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37 to 85 variants are stored for the other gene loci.
This could be taken as a reason to believe that this

gene is not as stable as other housekeeping genes.
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The similarity of the allele profiles in group C as
well as their phylogenetic position in the core genome
tree confirms once again that most of the isolates are
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clones of the same type, which fosters to speculate
that the spreading event inside the herd was caused by
infected cows rather than from the environment. Nev-
ertheless. it should not be disregarded, that this type
could prevail as a dominant type in the environment
and thus leads to predominant udder infections. Previ-
ous findings on this pathogen have also suggested that
50-100 % of all animals are infected with the same
or a very similar strain in some herds (Zadoks et al.
2003). Despite the smaller sample size, this study
also shows a great diversity of STs, mostly indicating
a heterogeneous than contagious spread of S. uberis
(Képpeli et al. 2019). However, the almost exclusive
occurrence of ST1373 within group C as a new ST,
could point to a contagious event with ST1373 as a
ST possibly strongly associated with virulence. In
addition, the two STs ST1373 and ST1374 belong
to the clonal cluster CC5, which is most commonly
associated with clinical mastitis (Zadoks et al. 2011).

Considering the equipment with virulence genes,
all strains from this study principally appear to have
a considerable virulence potential. More than half of
all detected putative virulence factors occurred in all
24 isolates with complete gene coverage and almost
complete sequence identity, indicating strong con-
servation of these sequences. As a significant finding
contrary to our hypothesis, this would suggest that
no significant differences do exist in the repertoire
of known virulence genes that predispose isolates for
causing severe and possibly epidemic or just local
infections. This is also supported by the fact that, as
already stated, the three isolates from farm B clus-
tered closely together with all isolates from farm C.
However, another possible explanation could indi-
cate that epidemic isolates have a better adaptation
to the udder tissue or that the animals were immuno-
compromised by pretreatments. In line with the tra-
ditional concept that S. uberis represents a pathogen
whose pathogenic potential is highly dependent on
environmental factors and host immune system, our
results suggest that the fulminant disease progression
in farm C was probably more likely being influenced
by such factors than by a specific set of genes in the
outbreak strain. No systematic data were available
for the general health situation in farms A, B and C,
but the accumulation of S. uberis mastitis in all these
herds suggests an a priori sub-optimal immune sta-
tus that is most often related to deficiencies in animal
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keeping, nutrition, co-infections or other health issues
(Giinther et al. 2016).

It is rather difficult to make a clear statement as
to whether certain phages contribute to increased
virulence here, because intact regions could not be
found in any of the used reference strains. In addi-
tion, most intact phage regions were found within
group B, consisting of isolates from local, rather
mild infections. Thus, this will be the reason why
in this group the mean genome size is higher than
in the other groups. In any case, the diversity of
prophage regions in this group may be indicative of
phage adaptation to new hosts.

The size of the core genome of all 24 isolates
is slightly higher than the results in other stud-
ies, whereas the size of the pan genome is smaller
(Lang et al. 2009; Hossain et al. 2015; Vezina et al.
2021). This further suggests that S. uberis appears
to be a genetically highly diverse organism. Six of
the 24 isolates carried either /nuC or lnuD as puta-
tive antimicrobial resistance genes. While /nuD has
already been found in S. uberis isolates from cases
of mastitis, [nuC has so far mostly been reported in
S. agalactiae, which could be an indication for lat-
eral gene transfer according to (Vezina et al. 2021).
The three substitutions found in the gene pbp2x
could lead to increased resistance to oxacillin,
according to the results of McDougall et al. 2020.
This is a cause for concern, as f-lactam antibiotics,
particularly penicillin G are first choice antimicro-
bials to treat S. uberis infections and are used dur-
ing infection prophylaxis in dry cows, both of which
could promote further mutations and resistance.
The substitutions found in the other genes for peni-
cillin binding proteins (pbplb, pbp2a) have not yet
been linked to p-lactam resistance. Nevertheless,
since the substitutions are present in the majority
of all isolates, i.e. seem to be evolutionary stable, it
should not be completely ruled out that they could
contribute to increased resistance. However, all iso-
lates were tested sensitive to penicillin and oxacillin
in vitro, which means that functional resistance can-
not be confirmed here.

The gene gacH (SUB0162) has been described
in previous studies with 41 % identity to the gene
QACH_STASA in Staphylococcus saprophyticus,
which codes for a quaternary ammonium com-
pound-resistance protein (Ward et al. 2009). Dis-
infectants containing such compounds are often
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routinely used as part of the daily milking proce-
dure and could imply a certain selective pressure
towards these substances. The fact that all isolates
as well as both reference strains carried this gene
should raise concern and warrant in vitro suscepti-
bility testing as well as considering the prudent use
and regularly change of other disinfectants in milk-
ing hygiene.

Conclusion

Comparison of all isolates revealed no clear set of
genes responsible for enhanced virulence. Further-
more, no indubitable differences in overall gene
content were found. However, it should be noted
that most isolates within group C are highly similar,
thus a spreading event from cow to cow and a com-
mon course for the specific disease progression is
very likely. Furthermore, our study has also shown a
highly conserved set of virulence genes. This should
open new avenues for the search of potential vaccine
targets. It also remains to be observed in more detail
whether strains with fewer or no virulence genes are
also responsible for mastitis cases or severe infec-
tions. To gain further clarity on the pathogenicity
of S. uberis, one should include also host genomes
in addition to bacterial genomes as well as the envi-
ronmental circumstances. Such further metagenomic
studies may reveal factors that can be used to better
control the spread of S. uberis and thus reduce the
risk of mastitis and the high use of antibiotics.
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Abstract

Bacteria are fascinating research objects in many disciplines for countless reasons, and whole-genome sequencing (WGS)
has become the paramount methodology to advance our microbiological understanding. Meanwhile, access to cost-effective
sequencing platforms has accelerated bacterial WGS to unprecedented levels, introducing new challenges in terms of data
accessibility, computational demands, heterogeneity of analysis workflows and, thus, ultimately its scientific usability. To this
end, a previous study released a uniformly processed set of 661405 bacterial genome assemblies obtained from the European
Nucleotide Archive as of November 2018. Building on these accomplishments, we conducted further genome-based analyses
like taxonomic classification, multilocus sequence typing and annotation of all genomes. Here, we present BakRep, a search-
able large-scale web repository of these genomes enriched with consistent genome characterizations and original metadata.
The platform provides a flexible search engine combining taxonomic, genomic and metadata information, as well as interactive
elements to visualize genomic features. Furthermore, all results can be downloaded for offline analyses via an accompanying
command line tool. The web repository is accessible via https://bakrep.computational.bio.

Impact Statement

BakRep is a revolutionary web repository designed to enhance the findability and accessibility of sequenced bacterial genomes
stored in public data repositories. By providing a uniformly processed and annotated dataset, BakRep addresses critical chal-
lenges in the microbiology field, including data integration, standardization and usability. We truly believe that this large-scale
but accessible genome web repository will help microbiology researchers from various fields exploit this vast amount of
genomes by compiling subsets as a starting point for their targeted analyses. Its user-friendly interface and extensive dataset
make it an invaluable resource for the scientific community, supporting a wide range of comparative and clinical studies and
driving new discoveries in microbial genomics.

DATA SUMMARY

The website can be accessed via https://bakrep.computational.bio. The workflow used for data analysis is available at https://github.
com/ag-computational-bio/bakrep. Original data were retrieved via https://ftp.ebi.ac.uk/pub/databases/ENA2018-bacteria-661k.
The source codes for the website and server design are available at https://github.com/ag-computational-bio/bakrep-web and
https://github.com/ag-computational-bio, respectively. The accompanying command line tool is available at https://github.com/
ag-computational-bio/bakrep-cli.
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INTRODUCTION

Bacteria represent a significant portion of Earth’s biodiversity, showcasing an astounding variety of habitats. For the past three
decades, bacterial whole-genome sequencing (WGS) has provided deep insights into the vast diversity of populations and ecosys-
tems’ complexity, just as into the organization and plasticity of single genomes — both fundamental for our perception of microbial
life. In particular, WGS of bacterial pathogens has tremendously propelled our understanding of drug resistances, virulence factors
and host interactions and has become invaluable for medical microbiology. But simultaneously, the exploration and analysis of
less-studied species continuously expand our knowledge of the broad and hard-to-comprehend diversity within the bacterial
domain of life. However, the rapid and accelerating generation of WGS data demands substantial storage and analysis capacities.
To securely store the raw DNA sequencing data, public databases like the Sequence Read Archive, the DNA Data Bank of Japan
or the European Nucleotide Archive (ENA) are primarily considered [1]. Consequently, these data repositories are in a constant
state of growth. For example, at the time of writing, more than 4.7billion sequences are stored in the ENA (https://www.ebi.
ac.uk/ena/browser/about/statistics), and the latest GenBank release (v261.0) contains about 3.4 billion WGS records (https://
ncbiinsights.ncbi.nlm.nih.gov/2024/06/20/genbank-release-261). Along with these rapidly growing data collections, several
challenges arise with regard to the FAIR (findability, accessibility, interoperability, and reusability) principles [2]. Findability: to
conduct comparative analyses targeting particular sublineages or multilocus sequence types (MLSTs), sequenced samples often
need to be processed prior to genome-based screening and filtering steps. Accessibility: the sheer amount of raw data needs to
be handled and properly processed for analysis, which poses a serious barrier for many researchers lacking necessary IT infra-
structure and bioinformatics skills. Interoperability: common data formats, vocabularies and ontologies are crucial to facilitate
data integration across different platforms. Reproducibility: large parts of this data are processed over and over again, introducing
adverse variability regarding used analysis tools, parameters and databases. Furthermore, user-provided metadata may be prone
to inaccuracies and incompleteness complicating reproducibility and subsequent processing [3, 4]. In conclusion, this situation
leads to inflated bioinformatic workloads, increasing analysis costs regarding computational resources and valuable staff time.
The analyses of genomes of varying quality, assembled and annotated using different algorithms, ultimately put the usability of
this valuable data at stake [5, 6]. In contrast to the large raw data repositories, dedicated initiatives, e.g. EnteroBase [7], conduct
consistent data processing procedures comprising targeted and streamlined genome characterizations. However, these platforms
typically focus on distinct taxa and thus are of limited general usability. An essential step addressing these challenges was made
by a previous study by Blackwell et al. following a uniform approach to assemble and characterize all bacterial paired-end WGS
datasets retrieved from the ENA as of November 2018 [8]. As a result, 661405 consistently assembled genomes were made publicly
available, facilitating the broader access and utilization of these data for the research community. This study accomplished the
systematic and standardized processing of this massive dataset and thus fostered the usability of these genomic data. However,
access to these genomes remains limited, as all genome FASTA files are provided as one comprehensive 751 GB single-file archive,
thus posing a significant barrier in terms of findability and accessibility for further analyses. Even though assembled genomes
are pre-indexed using various search algorithms, it remains challenging for users without sufficient bioinformatics knowledge
or command line skills to find and extract genomes of interest. Hence, to fully exploit the huge potential of this highly valuable
dataset, researchers would benefit from a user-friendly platform providing streamlined access to this huge amount of data via
flexible search capabilities integrating the various information layers, like genome characterizations, taxonomic classifications and
subtypings, annotated genomic features and last but not least metadata. Building on these uniformly assembled bacterial genomes,
here, we present BakRep, a large-scale comprehensive web repository specifically addressing these challenges. All 661405 genomes
were consistently quality controlled, taxonomically classified, multilocus sequence typed and annotated. In line with the FAIR
principles, all information is findable and accessible via an interactive website providing researchers with a versatile search engine
integrating genomic and taxonomic information, annotated features and original metadata. Batch downloads of search results
can be conducted via an accompanying command line tool. BakRep is publicly available at https://bakrep.computational.bio.

METHODS
Raw data processing

We retrieved 661405 assemblies and associated metadata published by Blackwell et al. from http://ftp.ebi.ac.uk/pub/databases/
ENA2018-bacteria-661k, which were assembled using Shovill (v1.0.4) including several pre- and postprocessing steps. Further
details can be found in the original publication [8]. For taxonomic classification, the GTDB-Tk (v2.2.6) classify workflow [9]
based on the Genome Taxonomy Database (GTDB) release R207 [10] was used, with the --mash_db’ argument set for enabling
ANT screening. Contamination and completeness of the assemblies were estimated with CheckM2 (v1.0.1) [11]. Basic statistics of
the raw assemblies were collected using assembly-scan (https://github.com/rpetit3/assembly-scan). Determination of MLST was
conducted using mlst (v2.23.0) (https://github.com/tseemann/mlst) utilizing the PubMLST database. Furthermore, assemblies
were annotated with Bakta (v1.7.0) using the ‘full’ database version to use all features and the ‘--keep-contig-headers’ flag to
preserve the original contig headers of the raw assemblies [12]. Results were stored as JSON files via custom Python scripts.
All analyses were implemented as part of a Nextflow [13] workflow executed in the de.NBI consortiums’ cloud computing
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infrastructure (https://github.com/ag-computational-bio/bakrep). The Metacoder package (v0.3.6) was used for graphical summa-
ries of the taxonomic abundances [14].

Implementation of the web repository

The BakRep web repository is implemented as an HTTP-based API, based on Vert.x, offering public endpoints for search and data
access [15]. Elasticsearch is utilized for implementing the search functionality [16]. All genomic data are stored as compressed
plain text files in a S3-compatible storage. We provide a publicly available website that retrieves data via the API and visualizes it.
The website’s graphical user interface is implemented as a single-page application in Vue.js 3 (https://vuejs.org). The services are
deployed on a scalable Kubernetes cluster, which is currently hosted and runs within the cloud computing infrastructure of the
de.NBI consortium. An additional command line tool for automated large-scale downloads was implemented in Python (https://
github.com/ag-computational-bio/bakrep-cli).

RESULTS
Expansion of consistent genome analyses

In this study, we built up on the 661405 bacterial genome assemblies provided by Blackwell et al. who uniformly assembled WGS
raw data retrieved from the ENA archive as a November 2018 snapshot. We aimed to expand the range of consistent per-genome
characterizations and to provide these results as accessible and user-friendly as possible. In this regard, all 661405 assembled
genomes (751 GB in total) were quality-checked, and basic assembly statistics were calculated. We then taxonomically classified
all genomes using the robust GTDB taxonomy, and where applicable, we further sequence-typed all genomes for which a species-
specific multilocus sequence typing scheme existed. Last but not least, we performed a robust annotation of all genomes using
Bakta taking advantage of its taxonomically untargeted full database version. From these 661405 input assemblies, 648567 were
successfully characterized. To streamline the technical accessibility of all results, output files of all analysis tools were parsed,
normalized and serialized in JSON format, generating a total of 3891402 unique files. In addition, annotation results are also
available in GenBank format, as well as nucleotide and amino acid FASTA files for all annotated coding sequences. A total of 6.15
TB of genomic information was generated and stored in a cloud-based S3 storage, which is publicly available via an interactive
web repository at https://bakrep.computational.bio.

Diversity and bias across the various taxonomic ranks

Given the vast size of public databases, they naturally encompass a variety of species. Nevertheless, certain species receive more
frequent attention due to their clinical relevance, ease of cultivation or long-standing usage as model organisms. This inherent
bias contributes to taxonomic imbalances in such data repositories. Blackwell ef al. comprehensively demonstrated an intrinsic
taxonomic bias at both the genus and species levels [8]. However, we would like to address one more aspect: to what extent is
there either bias or diversity at higher taxonomic ranks? Therefore, we comprehensively explored the distribution across all
taxonomic ranks, utilizing a robust, purely genome-based and thus objective taxonomic classification. We used GTDB-Tk, a
widely utilized tool in the community, which delineates prokaryotic taxa based on systematic criteria and phylogenetic relation-
ships using domain-specific marker genes in combination with mutual ANI-based genome distances. At the species level, and
in line with former results, our analysis revealed that the 24 most prevalent species constitute 90% of all genomes. The most
abundant species were as follows: Salmonella enterica (27.10%), Escherichia coli (13.52%), Streptococcus pneumoniae (7.80%),
Mycobacterium tuberculosis (7.43%) and Staphylococcus aureus (7.28%). At the genus level, the most prevalent genera were as
follows: Salmonella (27.99%), Escherichia (13.82%), Streptococcus (12.89%), Mycobacterium (8.6%) and Staphylococcus (7.92%).
However, despite these over-represented species and genera, the genomes contained in this repository exhibit a notable degree of
diversity at higher taxonomic ranks, comprising 66 distinct phyla divided into 132 classes, 345 orders, 722 families, 2466 genera
and 8207 species. In comparison, the genome sequence-based GTDB database counts 175 phyla, divided into 538 classes, 1840
orders, 4870 families, 23 112 genera and 107 235 species (https://gtdb.ecogenomic.org), and the literature-based Bacterial Diversity
Metadatabase (BacDive) lists 42 phyla divided into 106 classes, 255 orders, 648 families, 3801 genera and 21203 species (https://
bacdive.dsmz.de/dashboard). Thus, this repository covers 37% and 157% of phyla, 24% and 124% of classes, 18% and 135% of
orders, 14% and 111% of families, 10% and 64% of genera and 7% and 38% of species available in the genome-based GTDB and
described in the literature-based BacDive databases, respectively. To illustrate both the diversity and bias of this repository, a
taxonomic tree weighted by aggregated genome counts along all ranks was created (Fig. 1). For better visualization, taxa were
clipped and aggregated at the family level. A more detailed version including all ranks is available in the supplemental data (Fig.
S1, available in the online version of this article). Notably, 1634 assemblies (0.25%) could not be assigned to any species epithet, of
which 122 (0.02%) could not be assigned to a genus. A closer examination of the unclassified genomes revealed that those lacking
a genus assignment exhibit an average estimated completeness of only 46.50%. Genomes lacking a species epithet classification
exhibited a higher average completeness of 67.02%, albeit with increased variability (Fig. S2).

Various comparative analyses begin with the selection of suitable genomes from public repositories. Here, the reliability of pre-
assigned taxa is of utmost importance, immediately impacting the outcome of comparative studies. Unfortunately, user-provided
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Fig. 1. Overview of the taxonomic composition at the family level. Nodes and branches are coloured and sized by aggregated genome counts at each
taxonomic rank. The figure was created using the Metacoder package.

taxonomic information stored as metadata in raw sequencing data archives is known to be error-prone and often does not
correspond to genome-based taxonomic classifications. To address this issue, we compared the scientific taxonomic names
associated with the raw data in the ENA with the genome-based taxonomic classifications conducted with GTDB-Tk. For 45275
(6.98%) genomes, we observed discrepancies at the species epithet. Variations at the genus level occurred in 25913 (4.0%)
genomes. In 21349 (3.29%) cases, both the genus and species epithets differed. On further review, a substantial portion of these
discrepancies (54.96%) is attributed to the genus Shigella, which was consistently classified as Escherichia. Frequent inconsist-
encies were also evident for Mycobacteroides abscessus, designated as Mycobacterium abscessus in 2675 cases (10.32%), and
Burkholderia pseudomallei classified as Burkholderia mallei in 1763 cases (6.80%). Among the 2774 (10.71%) species discrepancies
within the Salmonella genus, variations arose from assigning distinct subspecies, designated as full species names by GTDB-Tk.
Considering these examples, 7106 (33.28%) cases remained for which neither the genus nor the species epithets matched (Table
S1).

Distribution of genome-based key metrics

In the next-generation sequencing (NGS) era, a multitude of sequencing platforms as well as constantly evolving bioinformatic
methods and implementations contribute to a variety of assembly approaches. To quickly assess biological key features and the
technical quality of assembled genomes, several metrics have evolved as gold standard indicators. For instance, the mere size of a
genome alone can provide important information regarding its completeness. Also, the GC content is widely used as a rough proxy
for the nucleotide composition of a genome that is typically found in a narrow range specific to a particular bacterial species. We
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Fig. 2. Distribution of genomic metrics in the repository. The genome size (top left) and the GC content (bottom left) are displayed for all genomes.
In comparison, the mean genome size (top right) and the mean GC content (bottom right) per species are shown. The magenta-highlighted region
illustrates the distribution excluding the 24 most abundant species.

used the available information stored in BakRep to get an overview of the distribution of some of the most important and widely
used metrics for this repository. To better understand the extent of variation within the bacterial diversity, we summarized the
overall distribution of the genome size and GC content. The total genome size ranges from a minimum of 100943 bp to a maximum
of 20285777 bp, with a mean value of 3901303 bp and a median of 4379349 bp. To account for the observed taxonomic biases,
we excluded the 24 most abundant species accounting for 90% of all genomes. For this taxonomically clipped set of genomes,
the maximum and minimum genome sizes remain unchanged, while the mean genome size increased to 3962704 bp, and the
median decreased to 3853294 bp. To further mitigate the influence of over-represented regions in the genome size distribution,
primarily attributed to the Enterobacteriaceae in the range of 4.5-5.5 Mbp, the Mycobacteriaceae in the range of 1.5-2.0 Mbp and
the Vibrionaceae and Neisseriaceae in the range of 2.5-3.5 Mbp, we calculated the mean genome size per species. In contrast, this
reveals a notably homogeneous distribution with a peak at ~3.8 Mbp, followed by a rapid decline extending to a maximum of 15
Mbp (Fig. 2). The GC content of all genomes ranges from a minimum of 23.6% to a maximum of 76.5%, with a mean value of
47.2% and a median of 50.7%. Distinct peaks are observed at ~40%, within the 50-55% range and at 65%, mostly attributed to
the 24 over-represented species. The GC content was likewise normalized based on species, resulting in a bimodal distribution
that peaks at 40% and between 60 and 70% (Fig. 2).

In addition to the genome size and GC content, further metrics evolved to quickly assess the technical quality of a sequenced
and assembled genome, e.g. the number of contigs and the well-known N50 metric. However, actual values for these metrics can
vary widely not only between sequencing platforms and assembly approaches but also between species due to biological factors
like the existence and abundance of sequence repeats and mobile elements. Furthermore, due to the lack of common guidelines,
it is often far from obvious which actual values are acceptable for a given metric. Hence, we leveraged the robust taxonomic
classifications and vast size of this repository to aid with the provision of potential guidelines for acceptable value ranges of these
key metrics per species. Hence, we examined the distributions of the aforementioned key metrics for each of the most prevalent
species, including many of significant medical relevance. As anticipated, we observed substantially varying value ranges for these
metrics across species (Fig. 3). Additionally, the distribution ranges within individual species also showed considerable variability.
For instance, for Klebsiella pneumoniae, we observed notable downward deviations, with some isolates exhibiting a minimum
genome size ranging from 2.8 to 4.0 Mbp, while the mean is 5.5 Mbp. However, upon closer observation, most of these outliers
were identified as several isolates from the same study that utilized transposon-directed insertion-site sequencing, suggesting
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that these samples were not whole-genome sequenced. Discrepancies also exist for B. mallei, with likewise noticeable downward
deviations for which no clear explanation could be found within the metadata. Despite some outliers, core ranges of these key
metric values might help to establish guidelines for quality assessment.

The demonstrated varying ranges in genome sizes in the preceding section are outcomes of different habitats and evolu-
tionary mechanisms constantly introducing and removing genes. Due to the intricate and diverse set of ecosystems, bacterial
genomes exhibit significant variability in size and complexity, encompassing a fluid continuum between compact genomes
and those with larger and more elaborate structures. As a rule of thumb, it is accepted as common knowledge that bacte-
rial gene lengths average ~1 kbp per gene. To assess this assumption, we juxtaposed the mean genome sizes with the mean
number of genes per species. A regression analysis revealed a slope of ~915 genes per 1 Mbp, resulting in a mean gene length
of 1093 bp, roughly validating but specifying this assumption with a deviation of 9.3% and a determination coefficient (R?)
of 0.98, confirming the postulation of a linear relationship between genome size and the number of coding genes. Besides,
non-coding RNA features also play pivotal roles in bacterial genomes and cellular processes, like for example, non-coding
RNAs (ncRNAs), recognized for their regulatory functions, and transfer and ribosomal RNAs (tRNAs/rRNAs) as essential
components of the protein synthesis machinery. Hence, we likewise compared the numbers of annotated non-coding RNA
features to the mean genome size per species. Here, tRNAs showed a linear correlation, however, with significant variability
(R?=0.56). In contrast, for ncRNAs (R* = 0.35) and rRNAs (R? = 0.15), no clear linear trend could be observed (Fig S3).

Interactive and command line access via a searchable web repository

A major part of research would be constrained or rendered infeasible without accessible data. While a high level of standardization
is crucial, it is equally essential to consider the ease of data findability and accessibility. For example, in outbreak analyses, for which
the presence of specific antibiotic resistance genes is pivotal, it is essential to systematically search for genomes of a particular
species characterized by distinct features such as MLST or virulence factors. To ensure the accessibility of our results, all data were
stored in a public S3 bucket. To further ensure the findability of genomes of interest, we developed and provided an interactive
web page that is publicly available at https://bakrep.computational.bio. It offers diverse search and filter options, allowing and
streamlining the compilation of customized cohorts. To obtain an initial comprehensive overview, all available genomes can be
browsed by the GC content, number of contigs, genome size, and estimated completeness and contamination levels. To conduct
comprehensive and detailed large-scale searches, BakRep offers an advanced search engine that enables robust scalable queries
flexibly combining various information like genome size, GC content, number of contigs, sequence type, different taxonomic ranks
and annotated gene symbols or protein product descriptions. Furthermore, and in addition to genome analysis-based information,
users also have access to quality-controlled metadata associated with each dataset upon the initial raw data submission to the
ENA. Therefore, the repository supports the filtering of genomes based on various metadata, including isolation source and time,
associated host species and project affiliation, enabling targeted searches by criteria such as country of origin, isolation period or
host organism. A more detailed list including all possible search tags is available in the supplemental data (Table S2). To name an
example, in one of our ongoing research projects, we utilized this search engine to identify all Streptococcus agalactiae genomes
that met specific quality criteria, were isolated from humans, belonged to sequence type 17 and contained the penicillin-binding
proteins pbpla, pbp1b, pbp2a or pbp2X (Fig. 4). A summary of the particular search results can be exported in the tab-separated
values (TSV) format. All individual genomes are displayed in human-readable formats such as a summary table, a feature table
and an igv.js-based genome browser [17], and provided cross-links to databases such as the GTDB [10], RefSeq [18] or UniProt
[19]. Each analysis result can be accessed and downloaded per genome via the website. To facilitate extensive analyses with the
download of larger genome cohorts, we offer access to the download backend through a dedicated command line tool accessible
via https://github.com/ag-computational-bio/bakrep-cli.

DISCUSSION

With today’s rapid and cost-effective sequencing technologies, vast amounts of bacterial sequence data are generated daily. Submit-
ting genomic data to public repositories is now essential for supporting research and ensuring open access to valuable information.
While these databases hold extensive bacterial WGS data with great potential, inconsistencies and lack of standardization can
hinder research. Challenges stem from varied assembly methods and quality control, introducing potential batch artefacts in
large-scale analyses. To this end, Blackwell et al. assembled 661405 bacterial WGS samples from the ENA as of November 2018
in a standardized manner. Building on this, BakRep adds further analyses — such as assembly metrics, taxonomic classifications,
MLST subtyping, genome annotations and original metadata — while providing streamlined access via an interactive website
with robust search capabilities.

The sequencing of bacterial genomes has become routine, significantly reshaping our understanding of the bacterial world with
information gleaned from tens of thousands of genomes. Nevertheless, this quantity exhibits a notable skew towards specific phyla
housing, e.g. particular model organisms [20]. This taxonomic bias of just a few species making up the majority of genomic data
may be due to various factors, such as the over-representation of well-researched and easily cultivable species, leading to gaps
in the representation of the lesser researched or uncultivable microbial diversity. Furthermore, many sequencing projects focus
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Fig. 4. Overview of the search function of the BakRep web repository. Advanced queries for genomes with specific characteristics such as species,
completeness, contamination levels, sequence type, annotated features or host species are possible. The search outcomes are presented in a concise
summary table. Details of each dataset are provided on a separate page.

on certain pathogens or organisms with global significance. For example, the GenomeTrakr network represents the inaugural
distributed collaboration of laboratories employing WGS for pathogen identification [21] or the ‘10000 Salmonella genomes
project, which sequenced more than 10000 Salmonella isolates [22]. This shows the impact of funding and scientific emphasis on
the diversity of sequences. In contrast to the approach employed by Blackwell et al., our study presents a more intricate portrayal
of the taxonomic distribution through systematic species assignment utilizing the GTDB. They already acknowledged that certain
aspects of sequence diversity within the assemblies might have been overlooked due to constraints inherent in the Kraken 2
database, which they used for taxonomic assignment and abundance estimation [8]. In contrast, the taxonomic classification
in this study was conducted using the GTDB, employing a normalized genome-based classification derived from phylogenetic
trees. These trees were constructed using a concatenated protein phylogeny, serving as the foundation for bacterial taxonomy.
This approach conservatively eliminates polyphyletic groups and normalizes taxonomic ranks based on relative evolutionary
divergence [23]. However, the GTDB currently enumerates 175 phyla, divided into 538 classes, 1840 orders, 4870 families,
23112 genera and 107235 species. This indicates that our dataset covers 37% of those phyla, 24% of classes, 18% of orders, 14%
of families, 10% of genera and 7% of species, highlighting its limited scope and underscoring that it encompasses only a fraction
of the extensive bacterial diversity. There is a need to shift emphasis from a strong focus on known pathogens in sequencing
projects towards underrepresented and unknown species. This approach is crucial for a more comprehensive understanding of
the patterns within bacterial diversity.

Examining several assembly metrics provides valuable insights into bacterial genomes, aiding in understanding their
genetic diversity, evolutionary relationships, functional roles and taxonomic classification. The bias of over-represented
species in the repository is also evident regarding these metrics. Nevertheless, the absence of prominently discernible gaps
in the distribution of the mean genome size per species instils confidence that this snapshot may nevertheless encapsulate
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a substantial portion of bacterial diversity. However, while bacteria can attain genome sizes of up to 16 Mbp [24], the upper
ranges are only poorly represented here. A recent study mentions a connection between the distribution of genome sizes and
ecosystem type or associations with hosts, and it also discusses the ongoing challenge of precisely defining the distribution
of genome size beyond the confines of laboratory settings [25]. Another study postulated an indirect mechanism of natural
selection whereby ancient adaptations have induced alterations in the bacterial genome, contributing to a bimodal distribu-
tion pattern of genomic GC, which we also observed here [26]. While the genome size of a species may show some variability,
caution should be exercised when encountering pronounced outliers. Substantial deviations from the mean literature value
may indicate potential issues with quality, possible contamination or the sequencing of partial segments rather than the
entire genome, as exemplified in K. pneumoniae. Knowledge gained from a comprehensive and standardized analysis of
numerous bacterial genomes has the potential to contribute valuable insights, aiding in the formulation of robust guidelines
specific to certain species. Empirical values derived from diverse biological samples might offer more reliable guidelines
than solely relying on literature values established over the years only using a few type strains or reference genomes. By
encompassing a broader array of datasets, our repository helps to generate such guidelines. This extensive collection allows
for more robust analysis and comparisons. Consequently, researchers can develop more nuanced and reliable guidelines
that better reflect the complexity of bacterial genomes.

Genome fragmentation is a prevalent issue associated with short-read sequencing technologies. This challenge stems
from the generation of shorter DNA fragments during the sequencing process, leading to genome assemblies typically
consisting of an increased number of contigs. A recent article mentioned that the quality of these genome sequences
may suffice for most analyses but needs to be more practical for comparative genomics [27]. Given the typical size
of a bacterial genome, a genome with a high number of contigs would result in smaller contig sizes. Referring to the
average gene size of 1093 bp, which we have calculated here, smaller contigs may contain at most one complete gene,
with fragmented genes may frequently appear at contig boundaries. Therefore, genomes with a particularly large
number of contigs should be approached with caution, which may limit the usefulness of such an assembly. Due to the
fact that the underlying assemblies in this study are based solely on Illumina sequencing, to improve the dataset, it
would be beneficial to include other sequencing techniques. Another important aspect in this context is which genome
annotation pipeline to choose in order to predict and annotate bacterial genes. In this study, we chose Bakta [12] in
favour of other state-of-the-art software tools, due to its favourable combined performance in terms of comprehensive
functional annotations and wallclock runtimes - the latter being a very important property regarding the large number
of processed genomes. Other genome annotation pipelines might, however, provide better results regarding structural
gene predictions and pseudogene detections, which in turn would have a beneficial effect, also on the average gene
size calculation. Unfortunately, due to the vast amount of genomes processed in this repository, a direct comparison
could not be conducted.

The presence of taxonomic misclassified species in public repositories is of significant concern to researchers, as it can
introduce inaccuracies into various analyses, thus impacting the reliability of the findings. Furthermore, classification
errors can propagate over time as incorrectly labelled genomes are used as references to identify novel sequences. Specific
errors may stem from taxonomic naming inconsistencies or the frequent reclassification of organisms prompted by new
discoveries. In our study, this applies, e.g. to the discrepancies found with the genus Shigella, as Shigella species were
reclassified as later heterotypic synonyms of E. coli in the GTDB [28]. The variations in the nomenclature of Burkholderia
species can be similarly explained, given that B. mallei can be characterized as a recently evolved, host-adapted clonal
lineage derived from B. pseudomallei [29]. This may also explain the observable variations in the genome size. During host
adaptation, B. mallei experienced considerable genome reduction [30]. Given that B. mallei and B. pseudomallei share over
99% of genetic homology, taxonomic transitions between them can be fluid [31]. As GTDB-Tk uses an operational average
nucleotide identity-based approach relying on type strains, only a few different genes will not lead to species differentia-
tion. Unfortunately, we were initially unaware of the extensiveness of taxonomic discrepancies in the dataset, and thus,
we decided to use species information associated as metadata for our genome annotation processes. This will certainly be
addressed in future versions by using GTDB-Tk species classifications, ensuring accurate and consistent species listings
down to annotation result files.

Adherence to the FAIR principles — Findability, Accessibility, Interoperability and Reusability — is crucial for advancing
genomic research. With our public web repository, we ensure that genomes are easily findable with persistent identifiers
being accessible to a wide range of users across different platforms. By providing genome annotations in common file
formats such as GenBank, we foster compatibility with various bioinformatic tools for targeted downstream analyses, thus
reducing technical barriers, increasing efficiency and supporting the reproducibility of research results. Furthermore, we
provide streamlined access to the valuable raw assemblies of Blackwell et al., ensuring that these results can be used for
further studies.
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Conclusion

The BakRep web repository provides a consistent and comprehensive characterization of one of the largest collections of bacterial
genomes comprising assembly metrics, robust taxonomic classifications, MLST subtypings, genome annotations and original
metadata. Its implementation and underlying cloud infrastructure facilitate scalability and allow for swift adjustments to extended
analyses and expanding datasets. Our long-term plan includes the addition of more genomes and further analyses to our reposi-
tory, aiming for the continuous expansion of this standardized dataset. We envision BakRep as a high-quality open resource for
microbial researchers worldwide helping to streamline targeted large-scale genome analyses.
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Abstract

Streptococcus agalactiae research primarily centres on investigating human and bovine infections, although this pathogen
also can be carried and cause infections in a wider range of animal species. Moreover, infections with S. agalactiae are
posing significant health implications, and recent studies furthermore are highlighting a potential zoonotic risk. Despite
the relatively frequent isolation of S. agalactiae from elephants, only a few reports document infections in wild and zoo
populations. We performed a comparative genomic analysis of 24 elephant isolates from three different zoos in Germany
to achieve a comprehensive characterization. Elephant isolates showed pronounced phylogenetic divergence from iso-
lates of other host species, while also forming clusters based on zoo of origin and their genotypes (MLST profiles). Capsu-
lar serotypes could not be predicted for the majority of the isolates (n=20/24). Several genes, exclusively associated with
the elephant host, may underlie the pathogen’s capacity to improve its survival and virulence across varied ecological
niches. This study not only deepens our understanding of S. agalactiae across diverse species and environments but also
represents the first whole-genome sequencing characterization of S. agalactiae isolates from elephants, helping to expand
our knowledge about infections in animals.

Impact Statement

This study provides the first whole-genome characterization of Streptococcus agalactiae isolates from elephants, revealing
their distinct phylogenetic divergence from group B streptococcus (GBS) isolates of other host species. Our findings suggest
that elephant-derived GBS may represent a unique sublineage, with potential adaptations to their host and environment. The
absence of identifiable capsular serotypes in most isolates and the presence of host-associated genes highlight the need for
further research on the pathogen's evolution, virulence and zoonotic potential. Expanding genomic studies to include isolates
from broader geographic regions will be crucial for understanding the role of GBS in exotic animals and its potential impact on
both wildlife and public health.

DATA SUMMARY

Raw whole-genome sequencing data for elephant isolates used in this study are available in the European Nucleotide
Archive (ENA; https://www.ebi.ac.uk/ena/browser/home) project accession number PRJEB28328, and individual GBS
isolate accession numbers have been listed in Table S1, available in the online Supplementary Material. Reads and assemblies
from Oxford Nanopore MinION sequencing for two GBS isolates, 161002207-5 and 161002207-6 have been deposited to
ENA project accession number PRJNA1244849.
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INTRODUCTION

Streptococcus agalactiae, commonly known as group B streptococcus (GBS), is a facultative anaerobic, non-motile, chain-
forming, Gram-positive, catalase-negative bacterium that can cause infections in a wide range of hosts. As a human
pathogen, GBS plays a significant role as the primary cause of neonatal infections, usually transmitted from mother to
newborn during childbirth, provoking conditions such as pneumonia, meningitis or septicaemia [1]. Though GBS is
also known to be carried asymptomatically within the urogenital tract and the gut, it can also cause infections in adults,
especially the elderly. Examples of such infections are urinary tract infections, diabetic foot infections, osteomyelitis and,
in rare cases, even more severe conditions like toxic shock syndrome, necrotizing fasciitis, disseminated intravascular
coagulopathy and renal dysfunction [2, 3]. GBS is also well known as a pathogen in dairy farming, where it was first
reported as a causative agent for the majority of mastitis cases in 1927 [4]. The implementation of the five-point hygiene
plan in the 1960s, which included measures such as rapid identification and treatment of infected cows, whole-herd
antibiotic dry cow therapy, post-milking teat disinfection, culling chronically infected cows and routine disinfection of
milking equipment, significantly reduced the prevalence of GBS infections but has not eliminated its relevance in the
dairy industry today. Although GBS research predominantly focuses on human and bovine diseases, GBS has also been
reported to cause infections in a variety of animal species including dolphins [5], camels [6], rats [7], fish, seals and other
aquatic species [8, 9] and elephants [10].

One of the key virulence factors in GBS is the capsular polysaccharide, which is involved in host immune response evasion
[11]. Based on the antigenic properties of the polysaccharide capsule, a serotyping system for GBS was developed [12].
Currently, ten major serotypes (Ia, Ib and II-IX) are recognized, encoded by the capsular locus (cps), which comprises 16-18
genes [13, 14]. It is known that the prevalence and distribution of serotypes vary across geographic regions, host species
and clinical presentations [15], and some of the serotypes are also associated with different virulence potential [16, 17].
Most studies on GBS focus on human isolates, and though studies in animals have been published, there is a lack of detailed
genomic description of GBS isolated from elephants. The earliest report of GBS in elephants dates back to 1997, when the
bacterium was identified in pododermatitis lesions of African elephants [18], followed by its detection in Asian elephants
in 2008 [19]. Since then, only one other study reported GBS isolated from African and Asian elephants in zoos in Germany
[10]. The latter study employed molecular techniques to characterize and compare the identified GBS isolates from elephants
to those in other animals and humans, highlighting the potential genetic diversity of GBS causing infections in elephants,
including the main finding that most of the GBS from elephants were non-typable using the standard sera or capsular locus
typing by multiplex PCR. The non-typable state of GBS isolates is of interest as disease-causing GBS are typically encapsulated,
though some studies have reported isolates from humans lacking a capsular locus [20], and GBS isolates from animals have
been reported as non-typable [21] or not clearly typable due to previously unknown serotype variants. This could be due to
the multiplex PCR designed for human-specific GBS serotypes that does not account for the potential capsular loci diversity
of GBS from animals [22].

In the present study, we conducted a comparative genomic analysis of 24 GBS isolates obtained from African and Asian
elephants between 2010 and 2023 from zoos in Germany. We aimed to characterize in detail the genomes of these GBS
isolates by determining their virulence factors, genotypes based on multilocus sequence typing (MLST), capsular serotypes
and potential host-specific genes. This provides valuable insights into the evolution and pathogenicity of GBS populations
in less studied host species such as elephants. To our knowledge, this is the first study characterizing GBS isolates from
elephants using whole-genome sequencing (WGS).

METHODS

Bacterial isolates

A total of 24 GBS isolates from African and Asian elephants in German zoos were whole-genome sequenced and analyzed.
Of these, 23 isolates were obtained during routine bacteriological investigations from elephants in two different zoos (A+B;
~200km apart) between 2010 and 2016. Twelve of these isolates were obtained from the previous study by Eisenberg et al.
[10], indicated in Table S1. One isolate (IHIT53690) was obtained from an elephant in Zoo C (~400km apart from Zoo A;
~200 km apart from Zoo B) in 2023 as part of a routine investigation carried out by the Institute of Hygiene and Infectious
Diseases of Animals, Giessen. Metadata of all draft genomes used in this study are provided in Table S1.

Identification by MALDI-TOF MS

Bacterial isolates were selected from the culture plates and then transferred to steel targets according to the manufacturer’s
instructions (Bruker Biotyper, Bruker Daltonics, Bremen, Germany). Isolates were prepared using the direct smear method and
analysed by MALDI-TOF MS using Biotyper (v3.3.1.0).
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WGS, raw reads processing and assembly

GBS isolates were streaked on Columbia blood agar plates (Oxoid, Basingstoke, UK) and incubated at 37°C, 5% CO,
overnight. Genomic DNA was extracted using the GenElute bacterial Genomic DNA kit (Sigma-Aldrich, Burlington, MA,
USA) following the manufacturer’s instructions for Gram-positive bacteria with modifications as follows: GBS was lyzed in
180 pul G+lysis solution with added 20 pl mutanolysin (Sigma-Aldrich, USA; prepared at 3,000 Uml™) and 20 ul lysozyme
(Sigma-Aldrich, USA; prepared at 100 mgml™) added prior to incubation at 37°C for 1h. Subsequent steps followed the
manufacturer’s instructions. DNA was quantified using a NanoDrop spectrophotometer (Thermo, Waltham, MA, USA).

For short-read sequencing, multiplexed DNA library preparation was conducted according to the Illumina protocol, and WGS
was performed on a HiSeq X Ten system (Illumina, USA) with 150-cycle paired-end mode. Raw reads were trimmed and
filtered with fastp (v0.23.2) [23], and reads were checked for quality with FastQC (v0.11.9) (www.bioinformatics.babraham.
ac.uk/projects/fastqc/). Trimmed reads were used for de novo assembly into contiguous sequences using Unicycler (v0.5.0)
[24]. The draft assemblies were purged from possible errors with Polypolish (v0.5.0) [25] and POLCA from the MaSuRCA
(v4.1.0) (Maryland Super Read Cabog Assembler) genome assembly and analysis toolkit [25].

Two isolates (161002207-5, 161002207-6) were selected for long-read sequencing using an Oxford Nanopore Technologies
(ONT, UK) MinION Mk1B device. Genomic DNA libraries were prepared using the Rapid Barcoding Sequencing Kit (SQK-
RBK004; ONT, UK) and loaded into an R9.4.1 flow cell (FLO-MIN106; ONT, UK). Basecalling was conducted using Guppy
(v6.5.7) (ONT, UK) under its super-accuracy mode. Long reads were checked for quality using Filtlong (v0.2.1) (https://
github.com/rrwick/Filtlong) and assembled using Trycycler (v0.5.5) [26] followed by short-read polishing using Polypolish
and pypolca (v0.3.1) [27, 28] as recommended in Ryan Wick’s guide to bacterial genome assembly [29]. Polished assemblies
were annotated using Bakta (v1.7.0) [30]. Contamination and completeness of all genome assemblies were estimated with
CheckM2 (v1.0.1) [31], and furthermore, a taxonomic verification with GTDB-Tk (v2.2.3) was conducted [32].

Population analysis

MLSTs were assigned using mlst (v2.23.0) (https://github.com/tseemann/mlst) utilizing the PubMLST S. agalactiae database
[33] (https://pubmlst.org/organisms/streptococcus-agalactiae). Comparative genome analyses for determination of the pan
and core genome, as well as singleton genes, were performed with EDGAR (v3.2) [34]. For the creation of the phylogenetic
tree, the core genes of all genomes were computed. In the following step, alignments of each core gene set are generated
using MUSCLE, and the alignments are concatenated to one huge alignment. The tree was constructed with FastTree using
the approximately maximum likelihood method. For visualization of the core genome phylogeny, iTOL (v7) was used [35].
For phylogenetic placement of the elephant-derived isolates, a subset of GBS genomes from different host species was
selected and included for comparison. Up to 23 representative genomes for each of the different host species were selected
from a database of confirmed GBS genomes [36]. These included genomes from rats (n=5), dogs (n=4), dolphins (n=1), fish
(n=23), frogs (n=2), seals (n=4), camels (n=16), bovines (n=17) and humans (n=23) (Table S1). To validate the findings of the
phylogenetic analysis, a target-free split k-mer analysis and single-linkage clustering were conducted using SKA (v1.0) [37].
Specifically, k-mer files (k=15) were generated with the fasta subcommand under default parameters; pairwise SNP distances
were calculated, and SKA clusters were defined at a threshold of 10 SNPs, if they met the minimum identity cutoff of 0.9.

Antimicrobial resistance genes and mobile genetic elements

Antimicrobial resistance (AMR) genes were detected using AMRFinderPlus [38], the Resistance Gene Identifier software
[39] and abriTAMR (https://github.com/MDU-PHL/abritamr). Putative resistance markers to f-lactam antibiotics were
analysed using EDGAR. Therefore, orthologous genes encoding the penicillin-binding proteins PBP1A, PBP1B, PBP2A,
PBP2B and PBP2X were identified in the draft genomes. The amino acid sequences of these penicillin-binding protein (PBP)
genes were visualized and manually arranged in Jalview [40] based on sequence similarities and subsequently compared
to the penicillin-susceptible strain 2603 V/R (GenBank: NC_004116). For reconstruction and typing of potential plasmids,
MOB-suite was used (v3.1.8) [41], and the PHASTEST web tool was used to identify prophage regions within the draft
genomes [42]. For 12 isolates, capsular serotyping and antimicrobial susceptibility testing results from Eisenberg et al. [10]
were incorporated in Table S2.

Analysis of the capsular locus genes

A combination of GBS-SBG [43], srst2 (v0.2.0) [44], seq_typing (v2.3.0) (https://github.com/B-UMMI/seq_typing) and KMA
(v1.4.12) [45] was used to try to determine the capsular serotype based on the capsular loci genes present. As the majority of
isolates remained untypable despite utilizing various tools, an in-depth analysis of the cps locus was conducted. The cps loci
of the elephant-derived GBS isolates were extracted with in silico PCR utilizing SnapGene (v8.0.2) (https://www.snapgene.
com/). The primers used were introduced in a previous study [22]. If no binding sites for these primers were detected within
the genomes, alternative primers flanking the cps locus at more distant regions were used [20].
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Genome-wide association studies

A gene-enrichment analysis, focused on GBS genomes from elephants, was performed using Scoary (v1.6.16) [46] from the
gene presence/absence matrix generated by Panaroo (v1.5.0) [47]. The latter was generated from the GFF3 files annotated
with Bakta. The host groups were defined as binary phenotypes with a value of 1 assigned to genomes from the elephant host
group and 0 to those GBS genomes from all other species.

RESULTS

Sequencing statistics

All 24 genomes were classified as Streptococcus agalactiae according to the GTDB taxonomy. The estimated completeness of all
draft genomes was above 99.99% with a contamination rate lower than 0.07%. The combined lengths of the assembled contigs
range from 1,863,022 to 2,041,196 bp with a G+C content between 35.4 and 35.5 mol%. To evaluate how the genome size and
G+C content of the elephant isolates used here integrate into the overall context of GBS genomes, we compared the elephant
draft genomes to all GBS genomes currently included in the bacterial web repository BakRep [48]. The BakRep v1 contains
10,359 genomes classified as S. agalactiae (as of October 2024). After filtering available genomes for completeness of >95% and
contamination rate <1%, 9,984 genomes remained for comparison. As none of the genomes included in the repository listed the
elephant as the host species, no further subdivision of the data was made. The GBS genomes included in BakRep had a genome
size ranging from 1,798,114 to 2,667,783 bp (only two genomes were larger than 2.5 Mbp, i.e. 2.53 and 2.67 Mbp, respectively, in
the whole collection) with a G+C content ranging from 34.9 to 40.3 mol% (Fig. 1). This highlights that the GBS draft genomes
from elephants have a mean genome size of 1,930,136 (sp+515,960.30) that is below the genomes contained in BakRep with a
mean genome size of 2,067,641 (sD+6,982.26).
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Fig. 1. Comparison between genome size (a) and G+C content (b). GBS isolates from elephants used in this study (n=24, purple) and all GBS genomes
included in BakRep (n=9,984, orange). Horizontal black lines in the middle indicate medians; bold black bars represent interquartile ranges; vertical
black lines represent outliers.
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Characteristics of GBS genomes from elephants: genotypes, capsular types and AMR

Out of 24 GBS isolates from elephants, 13 (54.17%) were assigned to ST2019, 10 isolates were assigned to sequence type ST2304
and 1 isolate was assigned to ST2305. The latter two STs were first reported in this study and submitted to the S. agalactiae MLST
database (Table 1). Interestingly, all ST2019 GBS isolates (1=13) came from Zoo A, all ST2304 GBS (n=11) came from Zoo B and
the one GBS ST2305 isolate came from Zoo C; of note, ST2305 was a single-locus variant (SLV) of ST2304. None of the identified
STs could be assigned to a clonal complex.

We knew from a previous study [10] that 12 of our elephant-derived GBS isolates were reported as non-typable for their capsular
serotype using molecular capsular typing methods. The remaining 12 isolates were not routinely serotyped in the laboratory.
After WGS, 4 out of 24 (16.7%) GBS isolates were assigned to serotype Ia. For all other isolates, no clear assignment could be
made even after using various accepted GBS capsular typing methods (Table 2).

To analyse the cps locus in greater detail, cps loci of all elephant-derived isolates were extracted. Binding sites for the primer
sequences used by Crestani et al. [22] could only be found in the isolates 151006965-2, 151010127, 161002207-6, 161002208-5
and IHIT53690. All these isolates, except IHIT53690, matched the serotype Ia reference sequence (GenBank: LT671983.1) with
high similarity, aligning with the results from other applied methods. The region extracted using primer sequences from Creti
et al. [20] exhibited a deletion in the remaining 19 isolates, similar to the one previously reported by Creti et al. (Fig. 2). For
THIT53690, no clear serotype assignment could be made due to several gaps and mismatches (Fig. S2).

Analysis of AMR determinants showed that all 24 GBS isolates likely remain susceptible to most antibiotics due to no acquired
resistance genes detected in the genomes, bar mprF gene. In PBP1A, all isolates shared a V742A substitution and a deletion of
four amino acid residues (739-742) previously described but not associated with reduced susceptibility to f-lactams [49]. In
PBP1B, all isolates had an A95D substitution, already detected in GBS from Japan associated with reduced penicillin resistance
[50], and in 13 out of 24 (54.17%) isolates, a V641 substitution was identified (not previously described). In the PBP2A, 13 out of
24 (54.17%) isolates had the E18K substitution, and 10 out of 24 (41.76%) had the S394G substitution (not previously described).
All isolates showed the V80A substitution in the PBP2B, which was previously detected in other studies [49-51], while 13 out
of 14 (54.17%) isolates had a D572N substitution in the PBP2X gene (not previously described). Notably, the 13 isolates with
the E18K substitution in PBP2A and the D572 substitution in PBP2X all originated from Zoo B, while the 10 isolates with the
$394G substitution came from Zoo A. However, phenotypic testing done in the previous study by Eisenberg et al. [10] confirmed
high susceptibility to penicillin G and other -lactams, including those with identified PBP mutations. Additionally, 16 of the
24 tested isolates exhibited low-level phenotypic resistance to gentamicin (Table S2). All substitutions and results of previously
done antimicrobial susceptibility testing are listed in Table S2.

Table 1. MLST results for 24 isolates of S. agalactiae from elephants analyzed in this study utilizing the MLST scheme of Jones et al. [74]. The newly
identified STs in this study are highlighted in bold

Isolate Allele ST
adhP pheS atr glnA sdhA glcK tkt

10-7-D-02041; 20 13 15 1 15 9 5 2019

141000096/2;

141014875; 151001913~
2;151002450-1;
151002450-2;
151003337-1;
151003337-2;
151003441-1;
151003441-2;
151003441-3;
151008126; 151010216

161002207-5; 16 17 4 2 4 9 5 2304
161002207-6;

161002208-5;

151004802; 151005628-

15 151005628-2;

151006965-1;

151006965-2;

151006967; 151010127

THIT53690 16 23 4 2 4 9 5 2305
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Table 2. Serotyping results for 24 isolates of S. agalactiae from elephants obtained with different cps typing tools

Isolate Tool
GBS-SBG (best match) Seq_typing (best match) KMA (best match)

161002207-5 NT NT VI (score: 15264; coverage: 1.30%)
161002207-6 Ta (coverage: 99.98%) Ta (sequence covered: 95.74%) Ta (score: 1111688; coverage: 85.85%)
161002208-5 11I-3 (coverage: 78.85%) Ia (sequence covered: 97.03%) Ta (score: 1305804; coverage: 87.78%)
10-7-D-02041 NT NT VI (score: 12116; coverage: 1.28%)
141000096/2 NT NT VI (score: 13035; coverage: 1.27%)
141014875 NT NT VI (score: 13505; coverage: 1.28%)
151001913-2 NT NT 1I (score: 12165; coverage: 2.35%)
151002450-1 NT NT VI (score: 15747; coverage: 1.29%)
151002450-2 NT NT VI (score: 19190; coverage: 1.28%)
151003337-1 NT NT VI (score: 14669; coverage: 3.12%)
151003337-2 NT NT VI (score: 12245; coverage: 1.26%)
151003441-1 NT NT VI (score: 16389; coverage: 1.29%)
151003441-2 NT NT VI (score: 11571; coverage: 1.29%)
151003441-3 NT NT VI (score: 16338; coverage: 1.34%)
151004802 NT NT VI (score: 14957; coverage: 1.29%)
151005628-1 NT NT VI (score: 17042; coverage: 1.29%)
151005628-2 NT NT VI (score: 15494; coverage: 1.34%)
151006965-1 NT NT VI (score: 13236; coverage: 1.29%)
151006965-2 Ta (coverage: 99.99%) Ta (sequence covered: 97.03%) Ta (score: 1127495; coverage: 85.73%)
151006967 NT NT VI (score: 12073; coverage: 1.27%)
151008126 NT NT VI (score: 18202; coverage: 1.29%)
151010127 Ta (coverage: 100%) Ta (sequence covered: 96.65%) Ta (score: 1139070; coverage: 86.66%)
151010216 NT NT VI (score: 15068; coverage: 1.27%)
THIT53690 VII (coverage: 56.55%) IX (sequence covered: 65.85%) IV (score: 995859; coverage: 80.59%)

Mobile genetic elements: prophages identified in GBS isolates

There were neither complete nor partial plasmid sequences identified in any of the 24 isolates. The prophage analysis suggested that
13 out of 24 (54.17%) isolates had predicted intact phages: 7 out of 24 (29.17%) isolates had Streptococcus phage T12 (NC_028700),
2 out of 24 (8.33%) isolates had Streptococcus prophage 315.1 (NC_004584.1) and 1 out of 24 (4.17%) had an intact Staphylococcus
phage SPbeta-like (NC_029119.1), while another isolate carried a questionable version of the same phage. Two out of twenty-four
(8.33%) isolates had Bacteriophage Shelly (NC_041909.1), 1 out of 24 (4.17%) had Bacillus phage G (NC_023719.1) and 1 out of
24 (4.17%) isolates had incomplete Streptococcus phage 5093 (NC_012753.1) (Fig. 3).

Pan-genome analysis and phylogenetic analysis of GBS genomes from elephants

Analysis of the gene content of the 24 elephant-derived GBS isolates revealed a pan-genome comprising 2,352 genes, with a core
genome of 1,629 genes. When the representative GBS genomes from other host species (as described in the ‘Method’ section) were
included in the analysis, the pan-genome expanded to 5,485 genes, while the core genome decreased to 1,325 genes. Within the
phylogenetic analysis, GBS isolates clustered into two broader clusters: one comprising lineages previously reported only in a single
host species, such as camel-associated CC609, bovine-associated CC67 and the elephant sequence types identified in this study,
and another cluster comprising lineages reported in multiple host species, including human-associated CC23, fish-associated
CC7 and rat-associated CC10, and similar consistent with prior findings (Fig. 4) [52]. To further explore the genetic relationships
among GBS isolates from elephants, a phylogenetic analysis was conducted exclusively on the 24 elephant-derived isolates (Fig. 5).
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Fig. 2. Multiple-sequence alignment of the extracted cps locus of the elephant-derived GBS isolates. The regions between the primers (cps-F and
cps-R) are indicated in dark red, while the deletion is shown in beige. Coloured arrows at the bottom depict the genetic organization of the serotype la
gene sequence from isolate 151006965-1, which was used as reference. Primer binding sites are indicated at the top in purple. The figure was created
with SnapGene (v8.0.2), and annotation of the genes was performed with Bakta (v1.7.0).

Fig. 3. Heatmap of the identified prophage regions. The score (<70: incomplete; 70-90: questionable; >90: intact) for each isolate is indicated in the
boxes. The heatmap was created with R from the results generated with PHASTEST.

The isolates generally clustered by geographical origin, corresponding to the zoo from which the host was sampled. An exception
was the most recent isolate from an African elephant in Zoo C (collected in 2023), which shared a common ancestor with four
GBS isolates from Asian elephants in Zoo A. Notably, a clear clustering pattern emerged based on both the zoo of origin and the
collection year. In Zoo B, all isolates were from African elephants and shared the same sequence type (ST2019). These isolates
lacked an identifiable capsular serotype and were primarily isolated in 2015. However, this clade also included two isolates from
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2014 and one from 2010 that clustered very closely together, suggesting potential persistence of this GBS strain within the zoo
population over multiple years.

With regard to Zoo A, isolates 161002208-5, 151010127, 151006965-2 and 161002207-6 formed a distinct clade separate from
the other Zoo A isolates. Notably, these were the only isolates with an identifiable capsular serotype, all classified as serotype Ia.
As expected, major clades aligned with MLST types: ST2019 isolates clustered together, while ST2304 clustered with the closely
related ST2305 isolate, IHIT53690, as ST2305 is an SLV of ST2304 (Fig. 5).

Comparison dataset cluster attribution and genome-wide association investigation

SKA identified a total of 96 clusters among all GBS genomes (n=121), with the elephant-derived isolates distributed across six
distinct clusters (Table S3). However, the elephant isolates did not cluster with any isolates from other host species (Fig. S1). The
median SKA SNP distance was 7,147.5 SNPs across all GBS isolates and 2,344.4 SNPs specifically for the elephant-derived isolates.
Within Zoo A, the median SNP distance was 182.5 SNPs, while in Zoo B, it was 5.2 SNPs.

A genome-wide association study was conducted using a pan genome approach to investigate genes that are unique to GBS isolated
from elephants. We have found that the maR gene was significantly associated with the elephant host, found in all elephant-derived
isolates but not in any of the isolates from the other host species. Two additional proteins uniquely associated with all elephant
isolates were the Maf family protein and the three acyl-CoA thioester hydrolase/BAAT C-terminal domain-containing proteins.
The Lin0465 protein was found in all but one of the elephant isolates (IHIT53690) and was absent in all but two isolates from
other host species (P-value: 8.17x107").

DISCUSSION

S. agalactiae is a known multi-host pathogen, primarily associated with infections in humans and bovines. However, it is far more
frequently isolated as a harmless colonizer, with many strains representing asymptomatic carriage rather than disease. Despite
this, GBS is also relatively frequently isolated in endangered species such as wild and zoo elephants. However, to date, no studies
have investigated these GBS isolates from elephants using WGS.
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The phylogenetic analysis demonstrates that the core genome of GBS isolates from elephants is distinct from GBS genomes isolated
from different host species, supporting the niche specificity and potentially host-restricted lineage of GBS [52, 53].

There were challenges in defining the elephant capsule type. In our study, serotype Ia was defined only in four GBS isolates,
with the rest of the isolates classed as non-typable due to a deletion of multiple genes in the capsular locus. Recently, it has been
reported that a human GBS isolate had deletions of multiple capsular genes [20], the same as identified in our study. Authors
of the mentioned study have proposed that a recombination event led to the loss of the whole capsule locus, and large capsular
recombination events are known to happen in the GBS population [54, 55]. Given that elephants are a rarely reported host for
GBS, as indicated by the limited studies available and, especially, only a small number of elephant GBS genomes available, further
genetic and experimental data would be required to confirm if elephant GBS isolates are more likely to be acapsular as part of
their species-specific adaptations. It is important to note that GBS isolates investigated here came from infections in elephants,
and carriage isolates are not sought after; hence, we are not able to comment on the potential diversity of disease-causing vs
asymptomatic or carriage strains of GBS in elephant populations. Notably, current development of GBS vaccines is primarily
focused on human GBS vaccines based on ten capsular serotypes or specific surface proteins [56], and current vaccines for fish are
also based on serotypes [57]. There is a concern that serotype-based vaccines, when implemented widely, will drive the evolution
of non-vaccine serotype and acapsular GBS clones to emerge, similar to what has happened to pneumococcal clones [58]. The
risk of this happening may increase if there is horizontal transfer of capsular operons between strains or even across different
host species that occur more frequently [22, 59].

Eleven of 24 GBS isolates from elephants had a novel ST2304 (n=10) and ST2305 (n=1), highlighting the genetic diversity in the
GBS isolated from animals that is still unexplored. Notably, isolate IHIT53690 from Zoo C differed only by one allele variant
from the isolates originating from Zoo B. The remaining GBS isolates from elephants were classified as ST2019 and were found
only in Zoo B. Within the PubMLST database, only one other isolate of ST2019 has been reported, which was also reported as
non-typable for its capsular serotype and has been isolated from elephants in the UK (personal communication, Dr Jauneikaite,
manuscript in preparation). One of the limitations of our study is that there is potential confounding between host species
and geographical location where the elephants were present at the time of sampling, as GBS isolates were available only from
one species of elephants present in each of the zoo, potentially highlighting the genotype specificity linked to either elephant
species or the zoo. Only one elephant species was present, and it is closely associated with the zoo of origin. Consequently, it is
not possible to determine whether the observed STs are influenced primarily by host species or geographic and environmental
factors. Furthermore, the dataset spanning over a time period of 13 years with irregular sampling intervals adds another layer
of complexity to the interpretation of phylogenetic relationships and strain persistence. These limitations should be taken into
account when interpreting findings related to host specificity, transmission patterns and the evolutionary trend of GBS in elephants
and other species.

We have found the mprF gene present in all elephant-derived GBS genomes. This gene has been reported to play a role in bacterial
resistance to cationic antimicrobial peptides, including agents like gentamicin or daptomycin, the latter classified as an antibiotic
of last resort used in cases of multidrug-resistant infections [60]. It is known that GBS displays intrinsic resistance to gentamicin
due to the low permeability of its cell wall to large molecules such as aminoglycosides [61]. The presence of the mprF gene may
further contribute to reduced susceptibility, as it has been reported to affect the bacterial cell membrane and decrease susceptibility
to certain antibiotic classes. In Staphylococcus aureus, for example, mprF is known to modulate susceptibility to cationic antibiotics,
including the glycopeptide vancomycin, the aminoglycoside gentamicin and moenomycin [62, 63].

PBPs, the enzymes essential for the synthesis of peptidoglycan as components of the cell wall in Gram-positive bacteria, have
also been investigated in these isolates and found no mutations that had previously been reported to be linked with decreased
susceptibility to penicillin or -lactam antibiotics. Previous reports indicate that there are specific point mutations in PBPs,
primarily PBP2x, that are linked to reduced susceptibility to f-lactam antibiotics [49, 64]. We have found the A95D mutation
in PBP1B and the V80A mutation in PBP2B in all elephant isolates, which has been previously reported, although they have
only been tentatively linked to penicillin-non-susceptible GBS [49, 50, 64]. None of the other substitutions in PBPs identified in
this study have been associated with -lactam resistance to date, and from limited phenotypic susceptibility data available to us,
we were able to show that 12 GBS isolates investigated in our study did not show any evidence for resistance to penicillin [10].

Bacteriophages, including prophages, play a crucial role in the evolution of bacterial genomes and are often associated with
enhanced infectivity, pathogenicity and virulence across various bacterial species [65, 66]. Seven GBS isolates in our study carried
intact prophage regions with most gene hit counts for Streptococcus phage T12. This phage is a prototypic temperate phage first
associated with Streptococcus pyogenes that carries the speA gene coding for erythrogenic toxin A [67]. However, there are no
reports of phage T12 in GBS, and none of the elephant isolates in the pan-genome analysis contained the speA gene or any related
toxin.

When examining the presence of host-specific genes, only one gene was consistently found across all elephant GBS isolates
in comparison to other GBS isolates. This gene encodes the MprF enzyme, responsible for the unique synthesis of a cationic
glycolipid, Lys-Glc-DAG, which aids in the invasion of human endothelial cells, suggesting a potential role in enhancing
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bacterial entry into host cells and promoting disease progression [68]. However, it remains to be confirmed whether it fulfils
the same function in elephants. The maR gene found exclusively in all elephant isolates encodes the MarR family transcrip-
tional regulator, which plays a key role in controlling the oxidative stress response, a vital environmental sensing function,
particularly for pathogenic bacteria [69]. A recent study postulated that the broad host range and ability of GBS to colonize
different tissues may be due to the ability of its regulatory systems to recognize and respond to external stimuli, including
oxidative and aerobic stress [70]. Maf-like proteins have been proposed to belong to a family of house-cleaning nucleotide
hydrolyzing enzymes, which prevent the incorporation of noncanonical nucleotides into cellular DNA [71]. This could also
offer an advantage in adapting to different hosts and environmental conditions. Lin0465, which encodes an intracellular PfpI
protease in Listeria, plays a role in stress response [72, 73]. A study postulated that 1in0464, 1in0465 and their homologues
contribute more to the environmental fitness of these bacteria rather than to their virulence [73]. In summary, this set of
genes unique to the elephant isolates examined here collectively confers advantages that enhance adaptability to various hosts
and environmental conditions. By enabling GBS to respond effectively to diverse physiological and ecological challenges,
these genes likely play a role in its ability to adapt to a host like the elephant and its survivability in different environments.

Conclusion

GBS plays an important role in bacterial infections not only in human and bovine diseases, but also in less often studied host
species like elephants. Comparative genomic analysis revealed that, in several aspects, the elephant GBS isolates differ from
those of other host species, despite the geographical limitations of our study. Capsular typing of the elephant-derived isolates
revealed a high proportion of non-typable strains due to a deletion in the cps locus, highlighting their genetic differentiation
from serotypes predominantly characterized in human GBS isolates. To further clarify whether elephants may represent a
distinct sublineage of GBS, future studies should include more isolates from elephants across diverse geographic regions. All
of this could contribute to a better understanding of the zoonotic potential and pathogenic properties of GBS.
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Abstract

Streptococcus agalactiae is a versatile multi-host pathogen that can cause major neonatal disease in
humans, as well as mastitis in dairy animals. Its ability to infect a wide range of hosts is largely driven
by its high genomic plasticity and the acquisition of distinct accessory genes. The global population of
S. agalactiae is characterized by multiple of capsular serotypes and clonal complexes that differ in
their propensity to cause invasive disease, including hypervirulent CC17 (often serotype IIl)
associated with neonatal meningitis, whereas CC1/CC19/CC23 are more often colonizing lineages.
Although widely studied, most research is limited to particular regions or single outbreak events,
offering only fragmented snapshots instead of a comprehensive global picture. To move beyond
region- or outbreak-limited studies, this work has analyzed 37970 S.agalactiae genomes from
BakRep, integrating serotypes, MLST, AMR genes, lineage-specific genes, and descriptive metadata
to map current trends and identify potential gaps in public data. The dataset largely matched the
known population structure with serotype lll, la and V most common and stable serotype/clonal
complex lineages (e.g. llI-2/CC17, 1a/CC23, CC1/V), while also rising serotype diversity. Lineages
differed in their accessory-gene profiles, with 111-2/CC17 being enriched for virulence and adhesion
genes, while other groups showed either greater genomic plasticity (mobile/phage genes) or niche
specialization. AMR was widespread with very high tetracycline resistance (>80%), frequent MLSB
resistance determinants, and emerging aminoglycoside resistance in some genomes. But overall it
became evident that the associated metadata contained substantial gaps. Missing or incomplete
information limits biological interpretation, underscoring that rigorously curated, structured metadata is

essential for maximizing the value of ongoing sequencing efforts.

Keywords: Streptococcus agalactiae, serotypes, multilocus sequence typing, clonal complexes,

antimicrobial resistance, metadata, GWAS
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Introduction

Streptococcus agalactiae, also known as Group B Streptococcus (GBS), is a Gram-positive
bacterium, capable of causing infections in various host species. In human medicine, GBS is a
common cause of neonatal infections, primarily transmitted from mother to newborn during childbirth
(1). An estimated 20-30% of pregnant women are colonized with GBS, with around 50% of their
newborns acquiring colonization and approximately 1% developing invasive disease (2,3).
Asymptomatic GBS colonization is also commonly observed in both young adults (4) and elderly
individuals (5). In the veterinary context, GBS is primarily known as a contagious udder pathogen
linked to mastitis. While it is most commonly associated with mastitis in cattle, cases have also been
reported in other dairy species, including goats (6,7), sheep (8,9), and camels (10). Although most
published GBS research centers on human and bovine cases, GBS has also been detected in several
other terrestrial (11,12) and aquatic species (13,14). The broad host range of GBS has been linked to
its high genomic plasticity, enabling the integration of accessory genes into its chromosome, which
allows strains to colonize diverse hosts and ecological niches, providing an evolutionary advantage
(15).

The outer layer of GBS consists of a polysaccharide capsule, whose antigenic properties serve as the
basis for further subclassification into currently ten major serotypes (la, Ib, 1I-IX) (16) and four
subtypes of serotype Il (IlI-1, IlI-2, 11I-3, 11l-4) (17). The prevalence and distribution of serotypes are
known to vary depending on host species, levels of virulence or geographic region (18). Additionally,
multilocus sequence typing (MLST) classifies GBS isolates into distinct sequence types (STs), which
can be further grouped into clonal complexes (CCs). This can offer insights into the pathogenicity of
isolates. For example, CC17, is known as a hyper-virulent cluster, increasingly associated with
neonatal infections (19,20). Specifically the combination of serotype Ill and CC17 is considered to be
responsible for the majority of neonatal meningitis cases (21) which is likely attributable to specific
genes encoding secreted and surface proteins, which facilitate interactions between the bacterium
and host cells (19). In contrast, CC1, CC19 and CC23 are common colonizers of pregnant women
and appear well adapted to the vaginal mucosa, with relatively limited invasive potential in neonates
(22,23).

As in general, antibiotic resistance (AMR) is also a growing concern in GBS strains. Intrapartum
antibiotic prophylaxis (IAP) is administered to pregnant women based on risk factors or screening
guidelines, making continuous monitoring of resistance rates essential (24). In mastitis cases,
particularly in middle-income countries with higher GBS prevalence, widespread use of antimicrobials,
including broad-spectrum and critically important antibiotics, contributes to antimicrobial resistance in
multi-host pathogens, reducing treatment options for both animals and humans (25).

Numerous studies have analyzed GBS, though they are often restricted to specific geographic regions
or isolated outbreak events. As a result, only limited subsets are analyzed rather than a more holistic
overview of the entire population. In 2024, BakRep was released (26), featuring extensive genome
characterizations based on 661405 uniformly processed assemblies of all short-read sequence data
from the European Nucleotide Archive (ENA) up to November 2018 (27). Up to now, the collection of

uniformly assembled data was expanded to 2440377 assemblies (28), which have since been
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characterized and made accessible through the BakRep web repository. With its vast collection of
genomic information and associated metadata, this repository provides an ideal resource for obtaining
a comprehensive overview of publicly available sequence data, enabling insights beyond individual
studies.

In the present study, we conducted a comparative analysis of a total of 37970 GBS genomes
contained in BakRep v2. We characterized all isolates by MLST, capsular serotypes, AMR genes,
putative lineage-specific genes, and complemented this with metadata on geographic origin, host
species, and disease patterns. This integrated analysis helps to evaluate current trends in the GBS
study landscape, to highlight well-studied areas, and finally to identify understudied gaps with only

scarce public data.

Methods

Export data from the BakRep repository

All genome data and  associated metadata  were  retrieved  from BakRep
(https://bakrep.computational.bio/) (26). For this, the repository was searched for entries where the

species exactly matches “Streptococcus agalactiae” (operator “eq”) and all search results were

exported into a TSV file. Additional files provided by BakRep were downloaded via the BakRep CLI

tool (https://github.com/ag-computational-bio/bakrep-cli) by providing the dataset ids of the identified
GBS genomes.

Data analysis

Capsular-serotypes were determined using KMA (v1.4.12) using the FASTA files as input (29). AMR
genes were identified using AMRFinderPlus (v4.0.23) with default parameter settings (30).
Bakta-generated GFF3 annotation files (31) were used as input for Panaroo (v1.5.0) (32). The
resulting gene presence/absence matrix, combined with a binary trait file of selected phenotypes, was
then used to run a pan-GWAS in scoary2 (v0.0.15) using default settings (33). The metadata retrieved

from BakRep and all additional results have been analyzed using R (v4.4.2).

Results

Sequence statistics of GBS genomes

BakRep v2 contained 37970 genomes classified as Streptococcus agalactiae. The average estimated
completeness of all GBS genomes was 99.94%, whereby only 98 (0.26%) genomes were below a
completeness of 99%. The average estimated contamination was 0.49%, consisting of 139 (0.37%)
genomes, which had a contamination lower than 50%, and a total of 529 (1.39%) genomes which had
a contamination lower than 1% (Supplemental Figure 1).

The assembled contigs of all GBS genomes had total lengths ranging from 105259 to 12119634 base
pairs (bp), with an average genome size of 2095432 bp. In the NCBI database, GBS genomes
exceeding 2.6 Mbp are flagged as unusually large for this species. This size is exceeded by 206
genomes in BakRep. However, genomes exceeding this size threshold also exhibit a significantly

higher rate of estimated contamination (data not shown). The GC content varied between 33.25% and
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58.16%, averaging to 35.33%. The number of contigs per assembly ranged from 10 to 6016 with a
mean of 51.59 (Figure 1).
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Figure 1: Comparison of genome size (A), GC content (B), and number of contigs (C) of all GBS genomes contained in
BakRep v2 (n=37970). Individual dots represent single genomes, with horizontal jitter added to avoid overplotting. Horizontal
black lines indicate medians; bold black bars represent interquartile ranges; vertical black lines represent outliers.

Metadata of GBS genomes

The metadata associated with the GBS genomes in BakRep v2 indicated that the genomes originate
from 51 countries across six continents. The majority of genomes derive from North America (49.73%;
n=18884), with the United States alone accounting for 48.59% (n=18451) of all genomes. No isolation
region was provided for 14747 (38.84%) genomes (Figure 2).
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Figure 2: Distribution of GBS genomes contained in BakRep v2 across different continents (A) and the ten most common

countries (B). The total number of genomes for each country and continent, respectively, is displayed right to the bars.

The majority of genomes were declared as human isolates (58.41%; n=22179), followed by 61
bovine-derived genomes (0.16%) and 48 genomes obtained from different fish species (0.12%).
Three (0.01%) genomes were listed as isolates from dogs, while individual (0.004%, each) genomes
were obtained from a cat, a llama, and a crocodile, respectively. A host species was not provided for
41.28% (n=15675) of genomes. For 98.35% (n=37342) of the genomes, no information on disease
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status was provided; 0.88% (n=334) were reported as diseased, 0.60% (n=226) as healthy, and
0.16% (n=60) as carriage isolates. The collection date spans from 1972 to 2024. Regarding the yearly
distribution of isolates, a gradual increase is observed over time. Between 1972 and 2005, genome
counts remained very low, but with a noticeable increase from 2006 onwards. The majority of
genomes were collected between 2015 and 2022, with a slight decline observed after 2020 and very
few genomes available for 2023 and 2024 (Supplemental Figure 2). For 39.05% (n=14829) of

genomes no information for the isolation year was provided.

Serotype, Sequence Type and Clonal complex distribution

Some genomes had capsular serotype information provided in the associated metadata. However,
since the methodology used for serotype determination was unclear and 98.02% (n=37629) genomes
lacked serotyping, capsular serotypes were in silico reanalyzed for all genomes. The analysis of the
serotype distribution revealed that most GBS genomes belonged to one of the nine predominant GBS
serotypes plus all four subtypes of serotype Ill. Only 97 (0.26%) genomes were non-typable. Serotype
Il was the most common, accounting for 24.41% (n=9270) of all genomes, followed by serotype la at
21.07% (n=8000), and serotype V at 16.25% (n=6172) (Figure 3A).

MLST analysis identified 1015 unique STs, which covers 40.39% of the STs currently listed in
PubMLST. ST23 was most prevalent at 14.56% (n=5530) of all genomes, followed closely by ST1 at
14.31% (n=5434) and ST17 at 11.62% (n=4414). The STs could be grouped into eleven CCs. The
main CCs among all GBS genomes were CC23 (18.99%; n=6935), CC1 (18.25%; n=6669), and
CC19 (15.48%; n=5654) (Figure 3B).

The analysis of the associations between CCs and serotypes revealed several connections. CC23
was strongly associated with serotype la, which accounted for 93.73% (n=6500) of those genomes.
CC17 was mainly associated with serotype Ill-2, which accounted for 92.38% (n=4929) of those
genomes. CC459 was nearly exclusively linked to serotype IV (98.60%; 2331), while CC22 was
similarly linked to serotype Il (99.53%; n=1479). CC1 showed a predominance of serotype V (55.56%;
n=3705), followed by substantial proportions of serotypes Ib (14.78%; n=986), Il (14.42%; n= 962)
and VI (7.67%; n=512), indicating a more moderate serotype diversity within this lineage. CC19
presented an even more heterogeneous serotype distribution, with serotype IlI-1 (47.40%; n=2680), ||
(31.52%; n=1782) and V (18.84%; n= 1065) co-occurring (Figure 3C). Although most serotypes were
associated with multiple STs, serotype IX was found predominantly in ST130 (93.10%; n=108).
Exceptions included a single genome each in ST1208 and ST1216, both single-locus variants (SLVs)
of ST130, as well as one occurrence in ST24, which belongs to CC452. Similarly, serotype VI was
largely restricted to CC1, except for two occurrences in CC12 and 16 occurrences in ST889. Serotype
VIl was likewise primarily associated with CC1, except for one occurrence in ST103 and one
occurrence in ST1438. All detailed numbers are listed in Supplementary Table S1.
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Figure 3: Serotype (A) and CC (B) distribution, and serotype allocation (C) among the CCs of all GBS genomes contained in
BakRep v2. The total number of genomes for each serotype and CC, respectively, is displayed right to the bars.

Continental and temporal variation in serotypes and clonal complexes

Serotype and CC distributions showed geographic variation. In North America, serotypes la (20.74%;
n=3917), Il (18.43%; n=3480), distributed across all 11l subtypes, and Il (17.90%; n=3380) were most
frequently observed (Figure 4A). In contrast, serotype Ill (42.76%; n=901) predominated in Africa,
particularly subtypes IlI-1 and Ill-2 (Figure 4B). Asia showed a distinct pattern, with serotype Ill-4
(28.14%; n=390) being most prevalent, a subtype that was rare in other regions (Figure 4C). In
Europe, serotypes llI-2 (24.03%; n=180), la (20.83%; n=156), and Il (18.02%; n=135) were among the
most common, whereas in Australia, serotype Ib (29.89%; n=26) was the most frequently identified
(Figure 4D+E). Regarding clonal complexes, CC1 (20.68%; n=3763) and CC23 (19.78%; n=3599)
were dominant in North America. In Africa and Europe, CC17 (30.75%; n=643 and 32.86%; n=230)
was the most prevalent, while Asia was characterized by a high proportion of CC283 (28.11%; n=377)
and CC1 (27.89%; n=374). Notably, both serotype Ill-4 and CC283 were found almost exclusively in

Asia.
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Figure 4: Serotype (left) and CC (right) distribution by continent. (A) North-American genomes, (B) African genomes, (C) Asian
genomes, (D) European genomes and (E) Australian genomes. The total number of genomes is displayed right to the bars.
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Examining the temporal distribution of serotypes revealed that serotype la has remained consistently
prevalent over the years, comparable to serotype V, which, however, shows greater fluctuations.
Serotype Ib and Il showed a gradual increase, whereas Ill-1 appeared to have slightly declined. In
contrast, serotypes IlI-3, VIIl and IX have consistently remained at very low frequencies (Figure 5A).
The temporal distribution of CCs showed an increase in diversity and abundance over time. Prior to
the early 1990s, CCs were largely restricted to CC1. From the mid-1990s onwards, additional CCs
such as CC17, CC19, CC23 and CC283 emerged, although at relatively low frequencies. From 2004
onwards there was a concurrent presence and rapid increase of multiple dominant lineages, including
CC1, CC12, CC17, CC19 and CC23 (Figure 5B). Detailed numbers for each year are listed in
Supplementary Table S2.
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Figure 5: Serotype (A) and CC (B) distribution per year. Displayed are the years 2004-2024. The total number of genomes for

each isolation year is displayed right to the bars.

114



7. Scientific contributions

bioRxiv preprint doi: https://doi.org/10.64898/2026.03.02.709001; this version posted March 3, 2026. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC 4.0 International license.

Resistome of GBS genomes

A total of 88.10% (n=33452) GBS genomes harbored at least one AMR gene. In total 132 known
AMR gene determinants were identified conferring to resistance against 24 drug classes. Tetracycline
resistance genes (a total of 16 different) were the most prevalent AMR determinants, observed in
84.24% (n=31985) of all genomes. Of these, the most common genes were tet(M) identified in
76.99% (n=29232) of genomes and tet(O) identified in 8.42% (n=3196) of genomes. The second most
common were genes conferring for macrolide-lincosamide-streptogramin B resistance (MLSB)
present in 17.66% (n=6707) of all GBS genomes. Of that, most common were erm(B) observed in
16.38% (n=6220) of all genomes, erm(A) observed in 13.11% (n=4976) of genomes and erm(T)
observed in 1.3% (n=492) of genomes. 4.15% (n=1574) of all genomes carried aminoglycoside
resistance genes. Only 0.14% (n=55) of all genomes carried beta-lactam resistance genes.

More than one AMR gene hit was found for 41.34% (n=15695) of the genomes, including 447
genomes with more than five hits and 11 genomes with more than ten hits. In total, 40.57% (n=15403)
of genomes carried resistance genes for multiple drug classes, and 2.89% (n=1098) harbored genes
for three or more classes, classifying them as multidrug-resistant. Notably, in one genome, resistance
genes against as many as seven different drug classes were detected (ID: SAMEA112769107).

Since erythromycin and tetracycline resistance genes are often located on the same transposon, we
examined their co-occurrence to determine in how many genomes both genes were present
simultaneously and how much only contained one gene variant individually. The combination of a
erythromycin and tetracycline resistance gene was present in 27.62% (n=10485) of genomes, while a
tetracycline resistance gene alone was detected in 56.62% (n=21500) and an erythromycin resistance
gene alone in 2.92% (n=1109). The combination of erm(B) and tet(M) was the most common
combination at 1.1% (n=4180) of all genomes followed by the combination of erm(A) and tet(M) at
1.04% (n=3963), and the combination of erm(B) and tet(O) at 0.58% (n=2209). The combination of
tet(M) and mef(A) was detected in 7.86% (n=2979) of all genomes and the combination of tet(O) and
mef(A) was present in 0.48% (n=183) of all genomes.

Furthermore, macrolide resistance in streptococci is mediated by an efflux system, with mef(A)
encoding the transmembrane channel and msr(D) the ATP-binding domains (34). We therefore
analyzed the presence of mef(A) and msr(D) across all genomes, identifying both genes in 8.52%
(n=3236) of genomes, while mef(A) alone was found in 0.04% (n=16) and msr(D) alone in 0.01%

(n=4). Detailed numbers for all AMR genes and classes are listed in Supplemental Table 3.
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Serotype and CC associated resistome patterns

Among the eleven CCs, CC1 harbored the highest number of distinct AMR genes (n=72). Tet(M) was
the most prevalent gene across all CCs, with the exception of CC459. CC459 stood out with erm(A)
as its most common gene, showing a markedly higher frequency compared to other CCs (Figure 6F).
Aminoglycoside resistance genes, such as ant(6)-la and aph(3’)-llla, were detected in all CCs, with
the highest abundance observed in CC17 (Figure 6D). CC17 also harbored the highest number of hits
for the trimethoprim resistance gene dfrF. Several Vancomycin resistance genes were exclusively
found in CC1 (vanS-G, vanY-G1, vanR-G, vanU-G). The Macrolide and Strepogramin resistance gene
msr(D) was by far the most common found in CC23 (Figure 6A). Serotype Il showed the highest AMR
gene diversity, encompassing 72 unique resistance determinants, with tef(M) being universally
present. Notably, in serotype VIII, tet(O) was more prevalent than tet(M). Similar to CC459, serotype
IV was characterized by a high prevalence of erm(A). In contrast, serotype la exhibited fewer erm(A)
and erm(B) hits but a higher occurrence of mef(A) and msr(D) (Figure 7). The highest proportion of
genomes without any AMR hits was observed in CC283 (58.82%), followed by CC452 (31.76%).
Among serotypes, serotype IX showed the largest fraction without detected AMR genes (95.69%)
followed by serotypes VIII (78.03%), VI (61.16%), and 1lI-4 (51.34%).
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Figure 6: Distribution of the ten most prevalent AMR genes per CC. (A) CC23, (B) CC1, (C) CC19, (D) CC17, (E) CC12, (F)
CC459, (G) CC22, (H) CC452, (1) CC26, (J) CC283, (K) CC327. The total number of genomes for each AMR gene is displayed
right to the bars.
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Figure 7: Distribution of the ten most prevalent AMR genes per serotype. (A) la, (B) Ib, (C) llI-1, (D) lll-2, (E) IlI-3, (F) llI-3, (G)
-4, (H) IV, (1) V, (J) VI, (K) VII, (L) VIII, (M) IX. The total number of genomes for each amr gene is displayed right to the bars.
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Regional resistome patterns
Additionally, the geographical distribution of AMR genes was analyzed. Tet(M) emerged as the most
widespread resistance gene, detected across all continents. North America exhibited the highest

diversity and prevalence of AMR genes (n=59), especially those conferring resistance to macrolides

and tetracyclines (Figure 8A). In Africa, several less common resistance genes were identified,
including dfrF, aac(6')-le/aph(2")-la, msr(l), mef(J), and catA16 (Figure 8B). The resistance gene
profiles in Asia and Europe were largely similar, albeit with slightly lower overall prevalence (Figure
8C+D).
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Figure 8: Distribution of the ten most prevalent AMR genes per continent. (A) North-America, (B) Africa, (C) Asia, (D) Europe,

(E) Australia. The total number of genomes for each amr gene is displayed right to the bars.

Temporal resistome variations

AMR genes were largely absent in isolates collected prior to the 1990s, with only sporadic
occurrences of certain tetracycline and macrolide resistance genes appearing in the late 1980s.
Tet(M) remained the most prevalent gene throughout the past two decades but since 2008, the
prevalence of tet(O) has also risen markedly. MLSB genes like erm(A) and erm(B) became more
frequent from 2000 onward, showing a steady increase. For aminoglycoside resistance genes, there
was no consistent upward trend over time, instead only sporadic peaks are observed. Over all, AMR
genes have shown a clear upward trend, with a gradual increase in diversity and frequency over the

last 20 years (Figure 9). Detailed numbers for each year are listed in Supplementary Table S2.
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Figure 9: AMR gene distribution per year. Displayed are the years 2004-2024. The total number of genomes for each isolation

year is displayed right to the bars.

Pan genome analysis and genome-wide association investigation

Gene-content analysis of the 37970 GBS genomes identified a pan genome of 274610 genes and a
core genome of 1398 genes. The distribution of genes displayed that most genes occurred in only a

small fraction of genomes, with more than 99% of genes present in fewer than 15% of isolates (cloud

genes). Accordingly, we filtered the gene presence-absence matrix out of Panaroo to retain genes

present in more than 0.25% and less than 95% of genomes, resulting in 4101 remaining genes
(Figure 10). The phylogenetic analysis done by scoary2 showed, although the genomes cluster partly

according to serotype and CC, there are also areas with very diverse distribution (Figure 11).
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Figure 10: Pan-genome gene frequency distribution. The x-axis represents the percentage of genomes containing a given
gene, and the y-axis represents the cumulative percentage of genes, both on logarithmic scales. Vertical red dashed lines
indicate the lower and upper frequency cutoffs (0.25% and 95% of genomes), while the blue dashed horizontal line marks the

core genome.
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Figure 11: Phylogenetic tree of 37970 GBS genomes. The tree was constructed with scoary2. Colored blocks show serotype,

clonal complex and continent of isolation. Annotation of the tree was done using iTol.

Scoary2 analyses were performed on the five most common serotype/clonal-complex combinations
(la/23, 11122, 11I-2/17, 1V/459, V/1) to identify genes predominantly associated with each combination.
Multiple genes showed positive and negative associations with each group. Specifically, 60, 54, 41,
86, and 71 genes were positively associated with 1a/23, 11/22, 111-2/17, 1V/459, and V/1, respectively,
while 31, 12, 17, and 1 genes were negatively associated, with more than 70% specificity and

sensitivity. Notably, group 11I-2/17 contained the highest number of positively associated genes with a
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specificity and sensitivity greater than 90% (n=30) followed by group 11/22 (n=17). Group la/23
harbored several mobile genetic elements, numerous phage-associated genes and loci involved in
metal homeostasis and heavy-metal resistance. In contrast, groups 11/22 and 111-2/17 encoded more
functionally specialized genes. 11/22 was enriched for genes related to metal uptake, including
siderophore biosynthesis, whereas 111-2/17 showed a marked accumulation of virulence and adhesion
determinants, particularly components of the accessory secretion system (SecA2/SecY2 and Asp
proteins). Groups IV/459 and V/1 were dominated by phage-associated genes. Table 1 lists the top 3
positive and negative hits per group. All other genes are listed in Supplementary Table S4.

Table 1: Scoary2 results are reported for the most significant positively (+) and negatively (-) associated genes of the five
groups ((1a/23, 11/22, 11I-2/17, IV/459, V/1). The top 3 hits positive and negative are displayed. SE: Sensitivity of using the
presence/absence of this gene as a diagnostic test to determine trait-positivity. SP: Specificity of using the absence/precence

of this gene as a diagnostic test to determine trait-negativity. P-value: The p-value of the post-hoc permutation for the best

gene.
Phenotype | pos(+) Gene Annotation SE SP p-value
Ineg (-)
+ group_40999 | Phosphoribosylaminoimidazole | 100.0 | 91.71 | 0.0020
carboxylase ATPase subunit
+ group_51961 | DUF6287 100.0 | 91.69 | 0.0020
la/23 + purN Phosphoribosylglycinamide 99.98 | 88.82 | 0.0020
(n=6497) formyltransferase
- group_9603 | GNAT family 99.45 | 94.18 | 0.0020
N-acetyltransferase
- aprE S8 family serine peptidase 99.46 | 85.12 | 0.0020
- group_11313 | hypothetical protein 99.86 | 73.96 | 0.0020
+ group_41231 | DUF6261 100.0 | 98.61 | 0.0020
+ group_52008 | Membrane protein 100.0 | 98.60 | 0.0020
+ group_51962 | Phage protein 100.0 | 98.60 | 0.0020
W22 - group_6272 | Cingulin 100.0 | 81.76 | 0.0020
- group_23506 | Tandem five-TM protein 100.0 | 73.78 | 0.0020
- group_19754 [ KTSC domain-containing 100.0 | 73.67 | 0.0020
protein
+ group_6225 | Cell wall surface anchor protein | 99.98 | 90.46 | 0.0020
+ spaA~~~inIB | Sortase 99.96 | 90.31 | 0.0020
+ group_10458 | S8 family serine peptidase 99.94 | 96.21 | 0.0020
2 - group_41244 | HIT family protein 99.96 | 74.90 | 0.0020
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- group_9833 | Lipoprotein 99.88 | 87.97 | 0.0020
- group_9933 [ TIGR04197 family type VII 99.88 | 71.98 | 0.0020
secretion effector
+ group_9154 | Integrase 99.96 | 98.95 [ 0.0020
+ padR Transcriptional regulator 99.96 | 98.95 | 0.0020
1V/459
+ group_41269 | N-acetyltransferase 99.96 | 98.95 [ 0.0020
- group_11745 | Relaxase 99.96 | 77.27 | 0.0020
+ neuA~~~wca | Glycosyltransferase (Capsular | 98.49 | 91.80 | 0.0020
A~~~cpsJ polysaccharide biosynthesis
protein)
A"kl
+ group_25544 | Phage protein 98.22 | 76.39 | 0.0020
+ group_24863 | Phage protein 98.22 | 76.20 | 0.0020

Other works reported the scpB-Imb transposon mainly associated with the human host (35,36).
Because most genomes were decelerated as human isolates, we examined how frequently these
genes occurred in the dataset. The scpB gene was detected in 99.91% (n=37934) of genomes and
Imb in 94.85% (n=36013). However, 55 distinct scpB hits were found by Panaroo, whereas Imb was

represented by a single variant.
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Discussion

Streptococcus agalactiae is a known multi-host pathogen, primarily linked to infections in humans and
cattle. Although often studied, most investigations focus on specific regions or outbreaks, leaving a
lack of global perspective on GBS diversity. BakRep, with its data size and integration of genomic
data and metadata, offers an opportunity to examine study trends on a broader scale and supports
more holistic analyses of the GBS population as a whole. Based on this genome repository, in total

37970 GBS genomes were analyzed.

The predominance of genomes originating from North America reflects the region’s leading role in
clinical trials, holding 44.19% of the market in 2024 (37). More remarkable, however, is the absence of
an isolation location in over a third of the data. The sharp rise in available genomes after 2006 likely
reflects the introduction of the first commercially available DNA sequencing platform in 2005, which
enabled large-scale sequencing efforts (38). Yet, similar to the location, the isolation date remains
unknown for nearly two-fifths of the genomes. To enhance the quality and FAIR usability of sequence
data, the International Sequence Database Collaboration (INSDC) introduced new standards requiring
the inclusion of spatio-temporal metadata in all new ENA submissions. However, this measure has
only been in place since May 2023, and although this is mandatory by now, it is still possible to report
missing values (39). Same goes for the host species and the disease status (40). Public repositories
are vital for advancing science by providing access to vast datasets. Nevertheless, the surge in data
submissions, driven by cheaper and faster sequencing technologies, has outpaced the ability to
rigorously check metadata quality (41). But without proper metadata, meaningful comparisons and
global context are impossible, diminishing the value of rapidly generated sequence data. Yet, effective
data sharing is essential for transparency, reproducibility, and enabling others to build on existing

work. Without improved practices, the true utility of sequence data remains in question (42).

Although overall GBS colonization rates are similar worldwide, the distribution of serotypes and
sequence types varies by region, host species, and clinical presentation. Two global reviews from
2023 and 2012 reported serotype |l as the most prevalent, followed by serotype la and V (1,18).
When serotype |l subtypes are combined, this pattern closely mirrors the distribution identified here.
Serotype lll is predominantly linked to neonatal meningitis (21,43), while serotypes la and V are more
often associated with invasive infections in non-pregnant adults (44,45). Given that over half of the
genomes analyzed here originate from humans, this distribution is expected. However, it remains
unclear whether the same pattern holds across non-human hosts globally. Although serotype IX was
only recently identified (46), it already occurs more frequently than some other serotypes in certain
regions. Increasing attention should also be given to the rising prevalence of serotype IV. Recent
studies highlight this serotype as a hotspot for genetic recombination, evidenced by its occurrence
across diverse genetic backgrounds (47). The growing diversity of GBS serotypes, combined with the
potential for capsular switching, poses a major challenge for vaccine development, since capsular
polysaccharide based vaccines may exert selective pressure that enables virulent genotypes to

escape coverage. Different studies already demonstrated such switching from serotype Il to IV within
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the hypervirulent CC17 lineage, underscoring that even highly conserved clones can alter one of their
main vaccine targets (48,49). Several studies consistently report CC23, CC1 and CC19 as the most
frequent lineages in global GBS collections, which indicates that these CCs represent stable and

widely distributed lineages within the global GBS population (22,50,51).

Previous research found CC17 is almost exclusively linked to subtype 1l-2 and identified I1I-2/ST17 as
a particularly virulent GBS clone, specifically associated with late-onset neonatal disease (50,52-55).
Our investigations confirm the strong association between serotype Ill-2 and CC17, although no
conclusions about disease status can be made due to missing metadata. Likewise, the 11I-1/ST19
combination is well known, and appears particularly in early-onset neonatal disease, often associated
with colonizing isolates (43,52,56). The strong linkage between CC23 and serotype la is also well
recognized, particularly in cases of invasive disease in non-pregnant adults (49,57). CC459 stood out
due to its high prevalence of the macrolide resistance gene erm(A), which is clinically relevant since
this lineage is strongly associated with serotype IV. A 2015 study reported that ST459 strains
dominate the serotype IV population responsible mainly for adult disease (58). Molecular analyses
also confirm the strong link between CC1 and serotype V, with most serotype V isolates classified as
ST1, while ST19 constitutes the main non-ST1 background (59,60).

Such strong serotype specificity suggests stable clonal lineages and preservation of capsule types,
which can serve as useful markers for targeted surveillance. In contrast, some lineages such as CC1
and CC19 are highly heterogeneous, with CC1 showing the broadest serotype diversity. This variation
has been proposed to result from an already diverse ancestral population rather than ongoing
recombination (61). But most importantly, such heterogenous lineages make vaccination strategies

more difficult and may harbor non-vaccine strains.

Although some studies describe serotype Il as the predominant serotype in Africa, detailed data on
the most common subtype remain lacking (62—-64). Nevertheless, across serotype Il isolates overall,
IlI-1 and IlI-2 are the most frequently observed subtypes (52). Serotype IlI-4 and ST283 has been
linked to disease in fish in several studies from Asia (13,65). Yet, more detailed metadata about the
host species is needed to determine whether this represents a fish-associated lineage or possibly a
case of zoonotic transmission. A study from 2021 described serotype Ib as more prevalent in Asia
than in other regions of the world (66). This cannot be directly confirmed, as serotype Ib occurs at
similar proportions in North America and even predominates in Australia, though the very low overall

number of genomes there must be considered.

AMR is an increasingly relevant concern in GBS, impacting both treatment options and future
prevention strategies. Penicillin remains the first-line treatment for colonized pregnant women, with
clindamycin, erythromycin, and vancomycin recommended as alternatives in cases of penicillin allergy
(67). However, resistance to second-line antibiotics like erythromycin and clindamycin has continued

to rise, leading to updated treatment guidelines that now recommend cephalosporins or vancomycin
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as alternative therapies for adults (68). Only a small number of genomes contained genes potentially
associated with beta-lactam resistance. However, since the primary mechanism for beta-lactam
resistance in GBS involves amino acid substitutions in penicillin-binding proteins (PBPs) (69), this
aspect was not addressed in the present analysis. Notably, MLSB resistance genes, particularly
erm(B) and erm(A), represented the second most prevalent drug class in this dataset, highlighting an
important trend that should be carefully considered in future research on GBS antimicrobial
resistance. Severe invasive GBS infections are often treated with a combination of penicillin and
gentamicin (68). Among the genomes displaying aminoglycoside resistance, 340 specifically harbored
genes conferring gentamicin resistance. In light of such emerging resistance trends, alternative

antibiotic classes should be considered.

Over 80% of the analyzed genomes harbored genes for tetracycline resistance. This resistance is well
known (70,71) and largely stems from the widespread use of these antibiotics since their introduction
in 1948, which likely promoted the clonal expansion of resistant GBS strains. This expansion has, in
turn, contributed to the emergence of lineages better adapted to human colonization and infection,
most notably the dissemination of the hypervirulent ST17 clone (24,72). Tetracycline resistance genes
are often located on the same mobile genetic elements as erythromycin resistance genes, especially
with erm(B) frequently co-occurring with tet(M) across multiple species (71) which is also evident in
this data set. While tet(M) is the predominant tetracycline resistance gene in GBS, mobile elements
carrying other determinants like tet(O) or tet(S) have also been reported (24,73). Similarly, other
erythromycin resistance determinants are frequently linked to tet genes and conjugative transposons
capable of horizontal transfer, which can spread rapidly among GBS lineages, increasing the risk of
widespread antimicrobial resistance (73). The combination of specific resistance genes should be
closely monitored, as their co-occurrence may indicate the spread of multidrug-resistant lineages. The
increasing spread of AMR genes in the last decades poses a serious problem and underscores the
need for continuous monitoring in order to adapt prevention strategies in a targeted manner. But, the
detection of AMR genes does not automatically imply phenotypic resistance. Resistance requires
gene expression, and in some cases, the presence of an AMR gene may only partially reduce
antibiotic susceptibility without reaching clinical resistance thresholds. Conversely, isolates may gain
or lose resistance through other mutations. Therefore, genotypic results should be interpreted with
caution and ideally supported by phenotypic testing. Moreover, standardized and comprehensive
metadata, such as isolation source and disease type, are essential to enable accurate interpretation

of resistance trends and to facilitate global comparisons.

Distinct clonal complex/serotype combinations are associated with characteristic gene repertoires and
span a continuum from flexibility to niche-specific specialization. These differences likely contribute to
lineage-specific invasive potential across host groups, exemplified by the hypervirulence of CC17/11I-2
in neonates and the comparatively low neonatal invasiveness of CC23/la and CC459/IV and the
tendency to cause disease in adults. All identified gene patterns point to distinct evolutionary and

ecological strategies among the groups. The enrichment of mobile genetic elements and
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phage-associated genes suggests an enhanced genomic plasticity, likely reflecting frequent exposure
to horizontal gene transfer. By contrast, 11/22 shows a focused enrichment of siderophore and
metal-uptake genes, indicating specialization for iron-limited host niches, while 111-2/17 accumulates
virulence and adhesion genes, especially the accessory SecA2/SecY?2 system, pointing to enhanced
host interaction and invasiveness. Beyond the canonical secretion (Sec) pathway, GBS carries an
accessory SecA2/SecY2 secretion system. This alternative locus is apparently restricted to the
hypervirulent ST17 lineage that encodes the related Srr2 adhesin. Srr2 is specific for ST17 strains
and mediates high-affinity binding to fibrinogen and plasminogen, thereby enhancing adhesion,
resistance to phagocytic killing and persistence in a murine meningitis model (74). The presence of
these genes in group I11-2/17 supports the reliability of our analysis. Together, these results indicate

that even a small set of accessory genes may strongly influence the adaptation of GBS isolates.

Conclusion

The aim of this study was to assess the overall state of research on GBS. However, due to substantial
gaps in the available metadata, a comprehensive evaluation is not possible. For instance, data from
camelids seems entirely missing, and for human-derived isolates it is mostly unclear whether they
originate from adult or neonatal cases. Large-scale comparative genomics, especially studies
dissecting genetic variation and adaptive genome dynamics, provides key insights into multi-host
pathogens like GBS. But the continuous generation of sequencing data without adequately structured
and curated metadata limits their utility. The lack of standardized and comprehensive metadata
represents a major obstacle in modern genomics and personalized medicine, restricting both
biological insight and meaningful medical application. Safeguarding the integrity of data and metadata

is not optional, it is essential, and compromising on data quality ultimately compromises science itself.
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7.3. Further contributions

Scientific conferences

EDGAR User Meeting 2021, online:
Comparative genomic analysis of Streptococcus uberis in dairy cows with clinical and

subclinical mastitis (Oral presentation)

40. AVID-Tagung "Bakteriologie" 2022, Kloster Banz:
A dominant clonal lineage of Streptococcus uberis in cattle in Germany

(Oral presentation)

VAAM 2023, Gottingen:

Evaluation of the zoonotic potential of Streotococcus agalactiae (Poster presentation)

BakRep: A searchable web repository for bacterial genomes and standardized charac-

terizations (Poster presentation)

7. Joint Conference of the DHM & VAAM 2024, Wiirzburg:
BakRep - A searchable large-scale web repository for bacterial genomes, characteriza-

tions and metadata (Poster presentation)

42. AVID-Tagung "Bakteriologie" 2024, Kloster Banz:

Streptococcus agalactiae in Elefanten (Oral presentation)

BakRep - A searchable large-scale web repository for bacterial genomes, characteriza-

tions and metadata (Oral presentation)

VAAM 2025, Bochum:
Streptococcus agalactiae in elephants - a comparative genomic analysis

(Poster presentation)

BakRep v2 - Database update (Poster presentation)
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Supervised student projects

B.Sc. Moritz Hobein, 2021:
Ausarbeitung eines Skripts zum Erstellen von CVL-Plots

M.Sc. Naoul Eldjouher, 2025:
Design and Development of an automated and scalable pipeline for bacterial analysis

using Nextflow

Hochdurchsatzdatenanalyse Teil 2, 2022-2025 (anually):

Bioinformatik im klinischen Alltag
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A. List of commands for bioinformatic

analyses

A.1. BakRep workflow

The nextflow-workflow used for data characterization of all genomes currently con-
tained in the web repository is available at: github.com/ag-computational-bio/

bakrep.

A.2. Processing of the elephant-derived GBS

List of commands for the processing of the raw-reads of the elephant isolates.

# Trimming and quality-control with fastp

fastp --inl sample_forward.fastq-gz —-in2 sample_reverse.fastq.gz
--outl sample_Rl.fastq.gz --out2 sample_R2.fastq.gz

--unpairedl sample_ SE.fastq.gz --unpaired2 sample_SE.fastq.gz
--detect_adapter_for_pe --trim_poly_g --cut_front --cut_tail

--length _required 21 --low_complexity_filter --correction

# Quality control with fastqc and multiqc
for file in fastqs/; do fastqc $file --outdir fastqc/; done
multiqc fastqc/ --outdir multiqc/
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# Assembly with Unicycler and Trycycler

## short-reads
unicycler --shortl sample_Rl.fastq.gz --short2 sample R2.fastq.gz

--unpaired sample_SE.fastq.gz --out sample.fasta

## hybrid-reads
unicycler --shortl sample_Rl.fastq.gz --short2 sample R2.fastq.gz
--long sample_long.fastq.gz --out sample.fasta

Long-read assembly and polishing was performed following the guides for bacterial
genome assembly by Ryan Wick [171, 172].

# Annotation of the assemblies with Bakta
bakta --db baktadb/ --keep-contig-headers --threads 8 --prefix sample

--genus Streptococcus --species agalactiae --strain sample

# Estimation of completeness and contamination with CheckM2
checkm2 predict --threads 8 --input fastas/elephants/
--output_directory checkm2/elephants/

# Taxonomic classification with GTDB-tk

gtdbtk classify_wf --genome_dir fastas/elephants/
--out_dir gtdbtk/elephants/ --prefix elephants
--extension fasta --cpus 1 --mash_db /gtdbtk

# Subtyping using mlst
for file in /fastas/elephants/*.fasta;
do mlst $file --csv --outfile sample.csv;

done
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# Target-free split k-mer analysis with SKA
for file in /fastas/elephants/*.fasta;
do ska fasta -o /ska/elephants/sample $file;

done

ska summary *.skf > ska_summary.txt

ska distance -s 10 -i 0.9 -o /ska/elephants/ *.skf

# AMR detection with AMRFinderPlus

amrfinder -n /fastas/elephants/sample.fasta -o sample_amrfinder.tsv

# Searching for plasmids with MOB-suite
mob_recon --infile fastas/elephants/sample.fasta

--outdir /plasmids/elephants/

# Searching for capsular-serotypes with GBS-SBG, srst2 and KMA
srst2 --input_pe sample_Rl.fastq.gz sample_R2.fastq.gz

--output sample --log --gene_db GBS-SBG/GBS-SBG.fasta

srst2 —-prev_output *results.txt --output samples

/kma/kma -ipe sample_R1.fasta sample R2.fasta -o /kma_out/elephants/
# GWAS with panaroo and scoary2

panaroo -i sample.gff3 --remove-invalid-genes --clean-mode sensitive
--refind-mode off --threads 12 -o /panaroo/elephants/

scoary2 --genes /panaroo/elephants/gene_presence_absence.csv

--gene-data-type ’gene-list:,’ --traits trait.txt

--outdir /scoary2/elephants/
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A.3. Processing of all GBS genomes in BakRep

List of commands for processing all GBS genomes contained in BakRep.

# Searching for capsular-serotypes with KMA
for fasta in bakrep_gbs/fasta/*.fasta;

do kma/kma/ -i $fasta -o sample_kma

-t_db /kma/database/GBS-SBG

# AMR detection with AMRFinderPlus
find bakrep_gbs/fasta/ -name *.fna

| xargs -nl1 -P 500 -I bash -c ’file="};
base=$ (basename $file” .ffn);

amrfinder -n $file” -o /amrfinder/bakrep gbs/$base.tsv "

# GWAS with panaroo and scoary2

panaroo -i bakrep_gbs/gff3/batchl/*.gff3 --remove-invalid-genes
--clean-mode strict --refind-mode off --threads 12

-0 /panaroo/elephants/batchl

C...)

panaroo-merge -d /panaroo/bakrep_split/batchl
/panaroo/bakrep_split/batch2 (...)

-0 panaroo/bakrep_split/merge
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## Filter panaroo output to keep genes present in

more than 0.25% and less than 957 of genomes

awk -F’,’ ’NR==1print; nextp=0; for(i=4;i<=NF;i++) if($i!="") p++;
f=p/(NF-3); if(£>=0.0025 && £<=0.95) print’

gene_presence_absence.csv > gene presence_absence_filtered00025095.csv
scoary2 --genes gene_presence_absence_filtered00025095.csv

-gene-data-type ’gene-list:,’ --traits trait.txt

--outdir scoary2/bakrep_gbs/
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Opa, auch wenn du diese Arbeit nicht mehr lesen wirst, bist du auch heute immer
noch der Grund, warum ich mich fiir die Biologie entschieden habe. In meinen letzten
Arbeiten habe ich immer geschrieben: ,Ich hoffe, du wdrst stolz auf mich.”

Heute bin ich mir sicher: Du bist es!

Alles in allem ist das hier fur dich.
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In Gieflen ist der Elefant sehr froh, denn dort gibt es ein
Elefantenklo. Zwar stort ihn dessen Baustruktur, doch
sagt er sich: <«Hauptsache Kultur>.

— Prof. Dr. Volkmar Wolters, JLU Gieflen;
(Aus dem Zyklus der Elefantengedichte)

"Kaja", Opelzoo (2025); (Photo: Linda Fenske)
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