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INTRODUCTION

1. Introduction

1.1. Discovery of probiotic microorganisms

In 1908, llja lljitsch Metschnikoff established the basis for the development of
probiotics. He discovered the beneficial effect of lactic acid bacteria in fermented
dairy products, such as yogurt, on the intestinal microbiome leading to gut heath
and longer life [1]. In 1953, the term probiotic was published the first time by Werner
Kollath. Probiotics were described asfiact i ve substances that
heal thy devel £pIimdaads Lily fand Stilliek adopted this term to
describe them as growth-promoting factors [3]. In the following decades, the
definition of the term was regularly changed (Table 1), until 2002, when the Food
and Agriculture Organization of the United Nations (FAO) and the World Health
Organisation (WHO) classified probiotics as flive microorganisms which, when
admini stered in adequate amount s [4.dmptonf er

now, this classification is the most common used definition in the world.

Table 1 Definitions of probiotics over time.[5]

Author/Year Definition

Lilly and Stillwell/ | A substance secreted by one microorganism which stimulates

1965 the growth of another.[3]

Fuller/1989 Live microbial feed supplement which beneficially affects the
host animal by improving microbial balance.[6]

Huis Veld and mono- or mixed culture of live microorganisms which, applied

Havenaar/1991 to animals or human, affects beneficially the host by improving
the properties of the indigenous microflora.[7]

Guarner and Living microorganisms which, upon ingestion in certain

Schaafsma/1998 | numbers, exert health benefits beyond inherent basic
nutrition.[8]

Naidu, Bidlack A microbial dietary adjuvant that beneficially affects the host
and physiology by modulating mucosal and systemic immunity, as
Clemens/1999 well as improving nutritional and microbial balance in the

intestinal tract.[9]

Schrezenmeir and | A preparation of or a product containing viable, defined

de Vrese/2001 microorganisms in sufficient numbers, which alter the
microflora (by implantation or colonization) in a compartment of
the host and by that exert beneficial health effect in this

host.[10]
FAO and live microorganisms which, when administered in adequate
WHO/2002 amounts, confer a health benefit on the host.[4]

a
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The use of probiotics in the food industry was introduced by the discoveries of Numri
and Rantala in 1971. Several Finnish broiler flocks were affected by Salmonella
infantis infection. The infection caused economic losses to the farmers, and in a few
cases, the disease was transmitted to humans, causing adverse health effects.
Nurmi and Rantala used the probiotic knowledge to produce effective resistance to
Salmonella infection in hatched chicks. The gut microbiome of adult birds was
inoculated into the young chicks, which led to the protection of the animals.[11]
Thus, since this application, the use of probiotics has increased. To date, bacterial
species of the genus Bacillus [12], Streptococcus [13], Lactobacillus [14], and

Enterococcus as well as yeasts are the most commonly used probiotics.[15, 16]

1.2.Launch of probiotics in poultry industry

The application of probiotic microorganisms in poultry started with the discoveries
of Nurmi and Rantala. In 1970, the European Union enacted a strict regulation about
the use of feed additives (70/524/EC) [17] but the administration of probiotics was
not covered by this regulation. Thus, a large number of probiotic solutions were
introduced to the market, resulting in uncontrolled application of probiotics in
animals. The microorganisms were administered in different concentrations, as a
simple or a complex mixture, as tablets, or as powders but the probiotic efficiency
was never statistically and scientifically studied. As a result, no significant probiotic
effect was described in the literature, and researchers, nutritionists, and farmers
rejected the probiotic theory. Therefore, the sale of probiotics in the food industry
declined in the early 1990s. During the same period, the public confidence in the
farming system was undermined in the European Union by a series of food safety
crises such as bovine spongiform encephalitis (better known as BSE) [18], dioxin
contamination [19] and hormone-laced animal feeds. The entire product chain, from
animal production to consumption, needed to be revised. In 1997, the National
Advisory Committee on Microbiological Criteria for Foods enacted a revision of the
Hazard Analysis and Critical Control Point Systems (HACCP) [20] to provide a
standardized procedure for analyzing all hazards and verifying all critical points
throughout the whole production chain. Additionally, the European Food Safety
Authority (EFSA) was founded in 2002 as a control measurement for food and feed
safety, nutrition safety, animal health and welfare, plant protection and plant health.
The first official task of the EFSA was to revise the regulations (70/524/EC) [17] from
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1970. The improved regulations were enacted in the regulation 1831/2003/EC to
provide the basis for the protection of human health, animal health and welfare, the
environment, and user and consumer interests in relation to feed additives, which
included the ban of antibiotic growth promoters (AGP) in 2006.[21] AGP are known
to improve animal growth and feed conversion ratios (FCR), as well as reduce
animal morbidity and mortality, but researchers have linked the increasing
resistance of antibiotics in humans to the application of AGP.[22, 23] Probiotics
research has increased due to the need for an effective alternative to AGP. The
regulation 1831/2003/EC introduced further control measurement i.e. detailed rules
for the application (429/2008/EC) [24] and compliance with the feed and food law
and the animal health and animal welfare rules (882/2004/EC) [25]. In addition to
these legal requirements, probiotic microorganisms must meet further requirements
that ensure probiotic activity after the feed manufacturing process. These

requirements can be classified into three different areas and are listed in Table 2.

Table 2 Requirements for probiotic microorganism.[267 28]

Safety

Functionality

Technological
convenience

. Animal origin

. Isolation from the
gastrointestinal tract
of healthy individuals

. Bile salt hydrolase

. Absence of genes
responsible for
antibiotic resistance is
localized in non-stable
elements

. Antimicrobial and
antagonism activity
against potentially
pathogenic bacteria

. Resistance against
digestive enzymes
and lysozyme

. Ability to survive in

the host and maintain
the metabolic activity

. Resistance to bile

salts and enzymes

. Adherence to mucus
. Competitiveness in

respect to microbial
species inhabiting the
intestinal ecosystem
(including closely
related species).

. Ability to grow within

the host organism,
and survive in the
gastrointestinal
system.

. Genetic stability
. High storage survival

rate in finished
products

. Resistance to

bacteriophages

. Viability and stability

of the desired
properties of probiotic
bacteria during the
production process
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1.3. Probiotics, prebiotics and synbiotics

Probiotics are classified as fi | imicr@organisms which could confer a beneficial
heal t h st at u[4]. Juwthas thendefinitioo ef fprobiotics, the definition of
prebiotics has also changed over the years [5], but in 2008, the FAO defined
prebiotics as i n eviable food components that confer a health benefit on the host
associated with modul R9]iPeotice &nd prdbieticsrarec r o b i o't
applied to balance the gut microflora and improve the health status of the host. [27]
Mostly, prebiotics are used as an alternative to probiotics or in combination with
them, whereby the combined application is described as synbiotics. The mode of
action of prebiotics and probiotics is different. Probiotics, such as direct-fed
microbials (DFM) of the genus Bacillus, Streptococcus, Lactobacillus, and
Enterococcus as well as yeasts, could stabilize the gut microbiota and modulate the
host immune system. Contrarily, prebiotics, mostly carbohydrates, are intended to
influence the existing microbiome [30] to improve mineral absorption and enhance
immune functions to support the microflora in the gut [31]. In synbiotics, prebiotics
supports the survival and growth of probiotics [32], but the use of both is challenging.
The beneficial effect for each individuum depends on the strain (for probiotics) and
the dose (for both).[331 35] In several trial studies, the dependency of the doses [36]

as well as the performance of the combination [37, 38] were tested.

1.4. Application of probiotics in poultry industry

Selection of the optimal probiotic strain requires an intensive screening process,
including evaluation of all regulated requirements (Safety, Functionality, and
Technological Convenience; Table 2). Adisseo and Novozymes designed a
specified probiotic solution for the poultry industry and announced its launch in 2016.
The selection process will be described based on this probiotic solution.

Novozymes has one of the largest microbial strain collection in the world. Over 900
potential probiotic candidates were considered for the strain screening. All
candidates underwent the safety requirements to follow the main important aspects
of the regulation 1831/2003/EC [21]. Microorganisms, which are potentially
pathogenic, had antibiotic resistance genes or could be digested by enzymes were
excluded. All safety aspects of the selected probiotic were documented.[39] The
next step in the screening process was the testing of robustness. All candidates,

which were stable in the gut and during the feed manufacturing met the
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requirements and were selected for the performance test. Initially, in vitro tests were
performed. Probiotic bacteria of the genus Bacillus have the advantage to sporulate.
Spores are robust to high temperature, pressure, acidic pH or toxic chemicals and
survive both production and intestinal processes, allowing for long storage [40].
Subsequently, the performance was tested in vivo. These tests included the activity
of the microorganisms in the small intestine, like the germination process and gut
health. The last aspect was the testing of the selected strains in in vivo trials. Health,
body weight gain (BWG), and FCR were the most interesting aspects. The
candidate with the best consistency and conviction in these aspects was selected
as the probiotic (Figure 1).
Safety

Robustness

%]
Q @
® Performance _ ,
T O In vivo trails .
= Selection
g )
: '
e}
2 |
e
2
: o
L= ; Most consistence/
d Q - Tesiing convinced
L] Activity Performance [~ piva
' in the small intestine « Health FCR
Q ' Stability ¢ Maalth
In the gut ea
O In the production process
« Absence of antibiotic resistance genes
0 « Antimicrobial and antagonism activity against potentially

pathogenic bacteria
Resistance against digestive enzymes and lysozyme

Figure 1 Selection process for the probiotic ALTERION®.

Bacillus subtilis der Deutschen Sammlung fiir Mikroorganismen und Zellkulturen
(DSM) 29784 (B.s.29784) was the finally selected strain (commercial name
ALTERION®). Species of the genus Bacillus are mostly non-pathogenic Gram-
positive firmicutes. The rod-shaped B. s. bacteria (about 2i3e m | ong €amd O0. 6
wide) has its natural habitat in the upper soil layers as well as in the rhizosphere,
where it is exposed to varying nutrient supplies.[41] Normally, aerobic conditions
were required for cell growth, but an anaerobic growth behavior is possible in
presence of nitrate and glucose as nitrogen, carbon, or energy sources.
Furthermore, B.s. has become a model organism in biochemistry, genetics,
medicine, food and feed industry.[42] However, other species of the genus Bacillus

were also important for the industrial sector e.g. B.licheniformes,
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B. amyloliquefaciens, or B. pumilus. The producti on-amyfase® nzy me s

[43], antibiotics (like surfactin) [44], fine biochemicals (like hypoxanthine) [45], or
insecticides (like endotoxins) [42] defines the industrial importance of the different
Bacilli. Additionally, the complete screening of the genome, the robust growth
behavior and the heat resistance are important aspects for industrial use.[41] The
selected probiotic B.s. 29784 was isolated from the soil and has not been
genetically modified. The genome is also already known and the microorganism is
registered (DSM 29784).

The safety, robustness, and performance tests were completed. To ensure that
comprehensive germination of the spores in the intestine occurs, the germination
process of the selected probiotic was analyzed in more detail. Performance was
compared to other Bacilli and to potential variations in presence of different gut-like
conditions and feed ingredients. The benefit of the probiotic B.s. 29784 was
confirmed by faster germination compared to other Bacilli. Additionally, an influence
of feed ingredients (filtered corn, soybean and wheat feed) was not detected.[46]
However, the main requirement is germination in the gut of broiler chicks. To
visualize this process, two genes were integrated into the genome of the probiotic
strain B. s. 29784. The first encodes a green fluorescent protein and the second a
red one. Green signals indicated spores and a change to a red signal was an
indicator for the germination to vegetative cells. The identification of spores or
vegetative cells by these fluorescence genes was tested in vitro and proved by
fluorescence microscopy at different time points.

Subsequently, germination was observed in vivo. The ileum of broilers treated with
B. s. 29784 supplemented feed was analyzed. Red fluorescent vegetative cells
were observed in the analyzed ileum samples. This observation indicates the
germination of B. s. 29784 in the gut of these broilers (Figure 2).[46] Approval of all

aspects enabled the highest probability of probiotics efficiency in broiler chicks.



INTRODUCTION

Germination kinetic

Germination
in vitro

o

e
»

Integrating fluorescent
markers into genome

Optical density 600 nm
s 8 2
B

\

Fluorescent

\\\\\\\\\\\\\
05 10 15 20 25 30 35 40 45 50 55 60

Time (h)

dual reporter

Visualization germination in the GIT

S Germination Spores  Start germination Vegetative cells
in vivo o
P 4 L 4
s o
P4

Figure 2 Comparison of germination kinetics of B. s. 29784 to other Bacilli (A, B) and the

visualization of this process by two different fluorescent genes.[46]

1.4.1. Bacilli sporulation, germination and probiotic lifecycle

Species of the genus Bacillus have the important benefit of forming endospores at
nutrient depletion. The soil bacterium used this process as last resort to survive
changing environmental conditions, but it requires a lot of energy. This formation
offers a significant advantage for industrial applications because spores are stress-
resistant to temperature, pressure, pH, dryness, and toxic chemicals.[40, 47, 48]
Sporulation can be divided into eight stages involving several genes and lasting up
to seven hours (Figure 3).[49] In stage 0, the vegetative cells induce sporulation.
The phosphorylation of a sufficient amount of the transcription factor SpoOA leads
to the initiation of sporulation. In stage | the duplicated chromosomes stretch from
one pole of the cell to the other (axial filamentation). The consequence is the
elongation of the cell. The formation of the sporulation septum in stage Il leads to
an asymmetrical cell deviation, generating a forespore and a mother spore. One-
third of the chromosome was present in the forespores.[49] Additionally, several
sigma factors were activated to initiate the engulfment of the forespore in the mother
spore.[50] The cell membrane of the mother spore grows and include the forespore
so that the forespore has two membrane layers and is no longer in direct contact
with the cytosol of the mother cell (stage IIl). The metabolic activity of the forespore
is reduced.[48] In stage IV, the coat and the cortex are synthesized. The cortex is
the inner shell of the spore and consists of special peptidoglycan. The main function
of the two envelopes is to protect the genome, which also explains the resilience of

spores.[47] The finalization and the lysis of the mother cell occur in stage V causing
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the maturation of the endospore in stage VI. Stage VIl is the last step in sporulation

and describes the cell release of the endospore.

Asymmetric deviation

Start of sporulation
Nutrients deficiency/

Growth

£
=p

e
&

134
X
e

<7

Vegetative cell

Start of germination

VNutrients available \
N—

Dormant spore

Synthesis of
coat & cortex

Finalization spore &
mother cell lysis

Figure 3 Stages | to VII of the sporulation process of microorganisms.

Spores are metabolically inactive, but changes in environmental conditions are
sensed by germinant receptors which were embedded in the inner spore
membrane.[51] The induction of germination is evoked by different agents, e.g.,
nutrients, high pressure or dodecylamine. Several biophysical reactions were
started such as the release of cations or calcium(ll)dipiocolinic acid or their
replacement with water (stage | of germination). The peptidoglycan cortex was
hydrolyzed and subsequent hydration of the core (stage Il of germination) induced
enzyme activity, metabolism, and macromolecular synthesis, so that outgrowth
started.[52, 53] The first cell deviation terminates the outgrowth process. The
sporulation and germination processes are important benefits of probiotics from the
genus Bacillus. The spore morphology allows the Bacilli to survive processing
conditions such as pelleting in the production process and the low pH of the crop
and stomach. However, to be metabolically active and perform positive effects in

the chicken gut, the spores have to germinate fast. In the crop as well as in the
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stomach the probiotics are exposed to digestive enzymes and physical stress
(grinding). These conditions can trigger germination, and thus, activated spores
reach the small intestine.[54, 55] In different studies, the germination of probiotic
spores was also proven in the broiler crop [55], due to a variety of germination
factors in the broiler gastrointestinal tract. Plate counts of gut samples, real-time
guantitative polymerase chain reaction (RT-gPCR) [56], or the visualization with a
fluorescent reporter gene [46] were performed to detect probiotic germinated spores
in the gut. However, the intestinal physiology is slightly different in each animal [57]

and may influence the germination process.

1.4.2. Commercial probiotic B. s. 29784

In the poultry industry, probiotics are profitably used to protect broiler chicks from
pathogenic bacteria like Salmonella enterica, Escherichia coli or Campylobacter
jejuni. The most common used probiotic bacteria are Lactobacillus, Streptococcus,
Enterococcus and Bacillus.[5, 15, 16] The bacteria can be applied in different forms,
I.e. as liquid or powder [58, 59]. The spore-forming properties of B. s. 29784 enabled
its commercial use as feed additive. Lyophilized spores of this probiotic strain are
glued onto calcium carbonate particles. For the commercial product (ALTERION®
NE with 1 x 1019 colony forming units (CFU)/g; ALTERION® NE50 with
2 x 108 CFU/g), these particles were mixed with different carriers (sodium
aluminosilicate, calcium carbonate and sucrose). The exact, and therefore secret,
formulation of these carriers is essential for a homogeneous mixture of the active
substance in the feeds. Different amounts of the commercial product are added to
premixes or feeds to generate a final concentration of 1 x 108 CFU/kg in the feed.
After mixing, the homogeneous feed powder is pelleted to prevent the sedimentation
of constituents and to administer a homogeneous ratio of all ingredients to the
animal. The spores of B. s. 29784 survive the high pelleting temperature up to 90 °C
[60] and the high pressure up to 552 kPa [61] so that a high recovery of spores is
present in the feed.

1.4.3. Characterization and enumeration of B. s. 29784 in feeds

Identification and detection of the microorganism in feeds or feed additives is a
requirement for the launch of any probiotic.[21, 24] These requirements were

followed for the probiotic B. s. 29784, and the approval in Europe was received in

9
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2018.[62] Taxonomical identification was based on the analysis of 16S ribosomal
ribonucleic acid (rRNA) genes by PCR and confirmed by the sequencing of the gyrB
gene.[39] The genetic stability and identification of the microorganism were
performed by pulsed-field gel electrophoresis (PFGE) [63]. The advantage over
conventional gel electrophoresis is the significantly better resolution of
deoxyribonucleic acid (DNA) fragments up to 10 Mb. The principles of normal gel
electrophoresis are as follows. Molecules are moved through an agarose gel, which
is placed in an electric field. The different negatively charged samples are located
at the negatively charged start and passed through the gel to the positively charged
end. The DNA fragments are separated, based on their different size and charge.
Larger fragments are moving more slowly compared to the smaller ones. But direct
genomic analysis requires large DNA fragments, which are not separated in normal
gel electrophoresis.

In PFGE, the electrical field is periodically pulsed. The molecules have to reorient in
a permanently changing electric field. The complete orientation depends on the size
of the molecules and the time of the pulse.[64] Therefore, the pulsed field enabled
the separation of larger DNA fragments. Different applications of the PFGE exist,
such as field inversion gel electrophoresis, transverse alternative field
electrophoresis, contour-clamped homogenous electric field, and rotation gel
electrophoresis. [65] This PFGE identification method for B. s. 29784 was evaluated
by the European Committee for Standardization (CEN) Technical Committee 327 to
become a European standard.[39] The enumeration of B. s. 29784 is performed
according to the EN 15784:2009 [66] method and is used to quantify probiotics in
feed. A certain quantity of the feed is suspended in phosphate-buffered saline (PBS)
and homogenized. All vegetative cells should die during the heat treatment (10 min
at 80 °C). The heat-treated suspension is decimally diluted, plated on tryptic soy
agar (TSA), and incubated for 16i 24 h at 37 °C. The number of CFU per g is
calculated from the colonies on the plate.

1.4.4. Probiotic activity of B. s. 29784

The probiotic activity of B.s. 29784 was evaluated in vitro and in vivo. The
increasing growth performance of laying hens, shaver white pullets [36], broilers
[67], and Tom turkeys [68] was determined in several in vivo trial studies. The BWG

was increased by a constant or reduced feed intake, which leads to an improvement

10
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of the FCR. Additionally, gut health has a key role in animal performance.
Inflammations and digestive or gut disorders are supported by an unbalanced
microbial composition. Several studies have reported the direct and indirect
influence of probiotics on microbial compositions [15, 69], including under necrotic
enteritis conditions [70]. B.s. 29784 also shows a change in the microbial
composition [45, 71]. In some studies [71, 72], the content of Firmicutes and
Bacteroidetes were increased by supplementing broilers with B. s. 29784, but in
another study, the content of Bacteroidetes had decreased and only the content of
Firmicutes increased [73]. In several human [74] and animal [75] studies, the
influence of the Firmicutes/Bacteroidetes ratio on the gut was demonstrated and
higher ratios were associated with fat accumulation.[76] It was assumed that lower
ratios (found in lean animals/humans) indicated a better fat conversion as an energy
source, however also contrary results were reported. [77] The observation of these
changing results may depend on the age of the animals, antibiotic conditions,
physical activity, environmental conditions, and all conditions affecting the gut
microbiome [57, 78, 79] and need to be analyzed in more detail. However, an
unbalanced ratio can lead to microbial dysbiosis and is individual for each
animal/human. The probiotic treatment can balance the gut microbiota, which is
important for maintaining health.[27, 80] Additionally, the increase of Firmicutes
corresponds to the detection of higher butyrate concentrations in the animals.[45,
70, 71, 73] These metabolites are known for a positive effect on the host microbiome
and may explain the improvement in growth performance after the application of
B. s. 29784. Butyrate and its derivates are known as a primary energy source for
enterocytes [81], as a mediator for gene expression or cellular differentiation
processes [82], and lead to prolonged microvilli [73]. Furthermore, conjugated
linoleic acid, known for its anti-inflammatory properties [83], was found in higher
concentrations in animals treated with the probiotic [73]. Invivo and in vitro
production of nicotinic acid and hypoxanthine were also reported as beneficial
effects of B. s. 29784.[45] Nicotinic acid (vitamin B3) is an essential nutrient in
animal nutrition that is associated with anti-inflammatory properties and is an
important precursor of several coenzymes.[84] Anti-inflammatory effects were also
reported by Rhayat et al.[85]. Hypoxanthine is a degradation product of adenosine

nucleotide and is known to promote intestinal barrier functions [86] and reduce
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antioxidative stress. The anti-oxidative capacity was also reported for
B. s. 29784.[72]

The different studies highlighted the positive effects of probiotic B. s. 29784. All
these aspects are indications of the mechanism of the selected probiotic, but in
some cases, contrary observations were reported. This is related to the poor data
situation of the studies or the fact that the results could be influenced by the
circumstances of the animals or environmental conditions. For a better

understanding of the probiotic effect, B. s. 29784 should be analyzed in more detail.

1.5. High-performance thin-layer chromatography

High-performance thin-layer chromatography (HPTLC) is an enhancement of the
well-known thin-layer chromatography (TLC). More powerful adsorbents with
reduced patrticle sizes of predominantly 51 7 € ma narrower particle size distribution
and the development of automated instrumental technology are the major
improvements.[87] Compared to other chromatographic separation techniques,
HPTLC offers the following advantages. Sample preparation can be reduced
because matrix substances usually remain on the starting zone or are eluated to the
solvent front and do not interfere with the analytes. Simultaneous analysis of
different samples side-by-side for comparison under the same analytical conditions
can be performed and all results are presented in one image. A visualization at white
light, UV 254 nm, and FLD 366 nm as well as densitometric measurements of
fluorescence, absorption (20071 800 nm), and the recording of UV spectra are
possible. For the detection of unknown substances, post-chromatographic
derivatization could be performed using universal or specific reagents. These
derivatization reagents can be applied via dipping, spraying, or vaporizing. Several
chemical reagents for the detection of e.g. sugars (diphenylamine aniline phosphoric
acid reagent), peptides (ninhydrin reagent), lipopeptides (primulin reagent), or
natural products (anisaldehyde sulfuric acid reagent) are possible. Functional
groups of the separated analytes are modified by the used reagent and converted
into a detectable substance. Additionally, effect-directed analysis (EDA) [88] is an
important detection strategy and represents the in situ detection of microchemical
(antioxidant activity), biochemical (enzymatic inhibition/ induction) or biological
active (bioassays) compounds. Quantitative evaluation is possible via densitometry

[89, 90], digital image evaluation [91, 92] and mass spectrometry [93, 94]. In
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addition, HPTLC is compatible with nuclear magnetic resonance (NMR) [95, 96]

spectroscopy for further characterization of analytes.

1.6.Scope

Probiotics are getting more and more attention in the feed and food-producing
industry, due to the European ban of AGP in 2006. Bacteria of the genus Bacillus,
Lactobacillus, Enterococcus, or Streptococcus are commonly used as probiotics,
but their positive action is not fully understood. However recent results suggest that
specific metabolites are responsible for the host health benefit.

New analytical methods are needed to compare the metabolic profile of probiotic
microorganisms with genetically very similar bacteria and to identify specific
metabolites in the probiotic. The aim of this study is to develop a new HPTLC
method with an upstream cultivation process of a probiotic bacterium and genetically
similar bacteria leading to a better understanding of the probiotic effect. The
supernatant or liquid extract of the supernatant will be analyzed by HPTLC. This
chromatographic method offers the advantage that the metabolic profiles of different
bacteria can be compared directly side-by-side on the same chromatogram.
Hyphenation of HPTLC and EDA should allow the direct attribution of probiotic
relevant activities to the metabolites produced, leading to a better understanding of
probiotic action. Furthermore, compared to axenic bacterial cultures, co-cultures
should be used to analyze the influence of bacterial interactions on the metabolic
profile of the probiotic.

Following, the newly established HPTLC method will be used to quantify probiotic
active spores in feeds. Up to now, cell counting has been commonly used for the
determination of probiotics in feeds, but this non-specific method leads to high result
deviations. For more precise and accurate quality control, HPTLC with upstream
cultivation of spore-containing standard solutions should be used to quantify the
added amount of probiotic active cells in the feed due to the production of

metabolites of the cells themselves.

13



INTRODUCTION

1.7.Progress achieved by imaging HPTLC

The results of the study are presented in the following sections. A hew HPTLC
method with an upstream cultivation process was developed to study the metabolic
profile of probiotic bacteria compared to genetically similar bacteria. The new
method was used to draw conclusions about the probiotic activity and to determine
the influence of co-cultures on the metabolic profiles. Furthermore, the method was
optimized to quantify probiotically active cells in feed based on a metabolite

produced by the probiotic cells.

1.7.1. Metabolic profiles of genetical similar bacteria (Publication I)

The increasing interest in bacteria of the genus Bacillus is due to their presumed
probiotic effect. Probiotic activity is not fully understood but it is assumed that
metabolites may cause these effects.[45] Several metabolites, such as cyclic
lipopeptides [97, 98] produced by most Bacillus species, are known to have
beneficial effects, but to the best of our knowledge, the metabolite profiles of
different Bacillus species have not yet been characterized or compared to each
other. Some species have a probiotic effect, while other species of the same genus
indicate no positive response. For a better understanding of these differences, the
metabolite profile of the probiotic B.s. 29784 should be compared to other
genetically similar Bacilli. Imaging HPTLC with upstreamed cultivation visualized the
differences in metabolite profiles of multiple Bacillus species under the same
analytical conditions.[99] The intra- and inter-species comparison of different
Bacillus species (B. subtilis, B. licheniformis, B. pumilus, and B. amyloliquefaciens)
and of B. s. strains with high genetic similarity (98.47 99.5%) is possible with the
developed imaging technique. Small differences between the selected candidates
were visible, but the results showed the significant influence of cultivation conditions
such as nutrient supply, temperature, and oxygen level on the individual metabolite
profile. This visualization allowed us to see the influence of cultivation conditions on
the metabolic profile of the different species and thus on the probiotic effect. It was
demonstrated that some candidates adapted better to harsher cultivation conditions
(less nutrient and oxygen content), compared to the other Bacilli. Adaptation to
harsh cultivation conditions is important for the selection of probiotic bacteria, as the
probiotic is exposed to harsh conditions in the intestine of the animals and can thus
influence the production of metabolites. Additionally, imaging HPTLC allowed an
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analysis of the cultivation conditions required for the production of specific
metabolites. For the application of probiotics, these results indicated the importance
of constant conditions to ensure a positive and harmless application of probiotic
bacteria in the animal gut. For a non-target comparison of metabolite profiles
between the selected candidates, the direct use of culture supernatants for the
HPTLC method is the best choice, but matrix-rich culture media could suppress the
detection of secondary metabolites. Therefore, during the development of the
method, different measures were evaluated to reduce the matrix content of the
supernatant, e.g., different solvents were tested for liquid extraction depending on
the metabolites analyzed. In conclusion, the application of imaging HPTLC as a
beneficial visualization technique for an intra- and inter-species comparison of
metabolite profiles at different cultivation conditions, for optimization of nutrients

consumption, and as quality control in cultivation processes, was established.[99]

1.7.2. Effects of the probiotic activity detected (Publication II)

Imaging HPTLC was used as a stronge feature to visualize metabolite patterns
depending on cultivation conditions.[99] Subsequently, multi-imaging and the
hyphenation of this technique to EDA were used to improve the understanding of
the probiotic action by comparing the metabolic profile of the probiotic B. s. 29784
with seven other bacteria of the genus Bacillus. To characterize the probiotic activity,
the different Bacillus candidates were screened for lipopeptides, antioxidants,
antimicrobials, and estrogenic or androgenic substances. Furthermore, the
metabolic profile of pure cell cultures was compared with the profile of a cultured
feed sample (including spores of the probiotic) which should support the explanation
of the probiotic effect of B. s. 29784.[100]

Lipopeptides

Lipopeptides (such as surfactin, iturin and fengycin) are produced from a wide range
of Bacillus microorganisms. Beneficial effects like antifungal, antimicrobial, and
surface-active properties were attributed to these non-ribosomal peptides.[101, 102]
The produced amount of the biosurfactants in probiotic active microorganism was
compared to that of other Bacilli. Imaging HPTLC enabled the detection of a faster

production of surfactin in the probiotic B. s. 29784 compared to the other Bacilli. This
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time-dependent production of surfactin is indicative of the benefical effect of the

probiotic.
Antioxidative metabolites

Antioxidants can reduce oxidative stress[103], which is a common stress factor in
poultry production. These substances have a major impact on the health status and
metabolism of farm animals. Oxidative stress can impair proteins or other biological
molecules, which cause structural damage or modify the functions of
macromolecules.[104] Antioxidative substances donate electrons to free radicals
and prevent these mechanisms.[105] A higher level of antioxidative substances and
two specific antioxidants (explained by the faster growth) were detected in the
probiotic strain. A two-dimensional separation technique led to the association of
the antioxidants to different substance classes, like lipopeptides, glycopeptides, and
glycolipopeptides. Potential oxidative stress can be minimized in the animals, which
were supplemented with B. s. 29784, supporting their health status.

Physiologically active substances

Physiologically active substances like estradiol, progesterone and testosterone are
endogenous hormones in animals. These molecules belong to the class of steroids
and are the most important female and male sex hormones. These physiologically
active substances could support the growth rate of farm animals [106] resulting in
an increased BWG of the animals despite a constant feed intake. Imaging HPTLC
indicated that bacteria were able to produce physiologically active metabolites under
certain conditions. However, no estrogen or androgen-like metabolites were
detected in the probiotic that could explain the increased BW of the supplemented
animals.[100] The increased BWG of the animals supplemented with the
B. s. 29784 must therefore be related to other causes, such as the production of

metabolites used as essential nutrients [45].
Antimicrobial substances

Antibiotics were used in livestock to reduce the risk of infections to animals but the
high use promoted the spread of antibiotic-resistant bacteria also in human
health.[107] Thus, the application of antibiotics in livestock production was banned
in 2006.[21] Probiotics are used as an alternative because these microorganisms

can produce antimicrobial active substances, which prevent the farm animals from
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infections and reduce the mortality rate. The bioautogram of the Aliivibrio fischeri
bioassay indicated several bioactive substances in the probiotic B. s. 29784 but
these substances were also detected in other Bacilli.[100] However, it has been
demonstrated that the formation of these antimicrobial substances depends on the
cultivation time of the active cells as well as on possible influences by the feed
ingredients. Imaging HPTLC enabled to investigate these influences and improve

the understanding of the probiotic effect.
Gastrointestinal digestibility

Germination of probiotic B. s. in the gastrointestinal tract of broiler chicks was
proven in previous studies.[45, 56, 108] Vegetative cells in the gut produce
metabolites, which contributed to acting beneficial for the host or are metabolized
(digested) by the gastrointestinal microbiome. The metabolization of characteristic
substances could also lead to beneficials. The miniaturized all-in-one nanoGIT*actve
system was developed using porcine pancreatin to simulate the human digestion
system.[109] As the main digestion enzymes of the broilers intestine (trypsin,
chymotrypsin, amylase, and lipase) are comparable to porcine pancreatin,
nanoGIT*atve was used to investigate the influence of digestion on the produced
metabolites and the formation of potentially new analytes. A decrease of specific
metabolites or the formation of new positive acting substances after digestion could
contribute to the understanding of the probiotic effects of the analyzed Bacillus. The
nanoGIT*actve system proved that surfactin produced by B. s. 29784 was digested
by the pancreatic enzymes. This indicated that enzymes can use surfactin as an
additional nutrient for the cells. Furthermore, the produced antioxidative substances
were also digested by pancreatin. Imaging HPTLC visualized the decrease of these
substances and a formation of a new antioxidative metabolite after digestion [100]
and thus the interaction of the digestion enzymes with antioxidants was
demonstrated by comparison of digested and non-digested samples. These
interactions could also take place in the gut of the animals and indicated a probiotic
effect of B. s. 29784.

In conclusion, imaging HPTLC allows a side-by-side comparison of metabolite
profiles of probiotic and non-probiotic Bacilli to gain a better understanding of the
probiotic effect. Faster growth and the detection of higher levels of beneficial
substances such as surfactin, antioxidants, and antimicrobial substances were

detected. The digestibility of these substances was proven, which could have an

17



INTRODUCTION

influence on the animals supplemented with the probiotic. Additionally, the impact

of feed ingredients, and gut conditions on the probiotic cells, was demonstrated.

1.7.3. Metabolic profiling of Bacillus and E. coli co-cultures (Publication III)

In natural systems, microbes only occur in the presence of other species, so
bacterial co-cultivation is becoming increasingly important. In some cases, the
production of specific metabolites [110, 111] or the induction of specific effects [112,
113]is only possible, due to the interaction of different species. In the feed- and food
industry, this technique has also been implemented through the application of
probiotics. Probiotics (as single or as a combination of individual probiotics) can
interact with the existing microbiome to generate beneficial effects for the host.
Imaging HPTLC was proven as a visualization technique for screening metabolic
profiles of genetically similar bacteria and therefore the method could also be used
for the metabolic screening of bacterial co-cultures compared to the axenic cultures.
Another major advantage of this co-culture analysis is the identification of the
predominant species in the co-culture, based on the side-by-side comparison of the
metabolic profiles. In conclusion, also the influence of changes in the cultivation
process (temperature, rotation speed, incubation time, culture media) on the
predominant species or the production of a particular metabolite in the co-cultures

can be analyzed using imaging HPTLC.[114]

1.7.4. Quantification of bacterial spores in probiotic feed (Publication V)

Quantification of probiotics in animal nutrients is challenging, due to the influence of
cultivation conditions such as viable but non-culturable bacteria, the presence of
other Bacilli with high genetic similarity, or the high matrix content of the feed. Cell
counting is the most common analytical tool for counting CFU of the probiotic Bacilli
in feeds and the requirements for the official control are described in the European
standard EN 15784:2009.[66] According to this regulation, the feed was suspended
in PBS, treated at 80 °C for 10 min (leading to the death of all vegetative cells), and
further diluted with PBS. An aliquot was used for cultivation on tryptic soy agar
plates. After incubation, the Bacilli colonies were counted and reported as CFU.
Only plates containing more than 30 and less than 300 presumptive Bacilli were
considered (Figure 4). This method is an excellent research tool to determine the

cell number of the probiotic in the feed, but the influence of the spore germination
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process, growth behavior in the presents of the feed, and changing cultivation
conditions are not considered. Recent results indicate that individual metabolites
are probably responsible for the probiotic effect.[45] Therefore, a method using
imaging HPTLC with upstream cultivation of spore-containing standard solutions
should be developed to quantify probiotics in feeds based on formed metabolites
(Figure 4). For linear calibration, different amounts of the B. s. 29784 spores were
added to the culture producing the metabolite of interest. The spore-containing
standards and the diluted feed were cultured in parallel, resulting in several
advantages of this new quantification technique. The cultivation conditions, the
germination process, the growth behavior, and the influence of nutrient-rich feed
matrix were considered by the spore-containing standard solutions. This new
method was validated based on a highly selective, but non-specific metabolite of the
probiotic B. s. 29784 concerning linearity, selectivity, limit of quantification (LOQ),
precision, recovery, and robustness. A linear regression (R of 0.993, RSD 5%) was
achieved. The repeatability of the method (RSD 1.9%) and the recovery (111% *
21% in the feed additive matrix, and 96% + 13% in a feed matrix) were excellent (all
n = 3). Variation of the results (RSD 12%) is dependent on the complex germination
process of the spores and fluctuating cultivation parameters during cultivation (such
as temperature, humidity, and solar radiation) and the presence of other microbes
in the feed. In conclusion, a new method was developed which can provide a more
accurate indication of the amount of probiotic cells present in the feed. The excellent
validation data proved the good performance of the streamlined method [115] and
by identifying specific metabolites in the probiotic, this method could be used for
species-specific quantification of the probiotic in feeds. Further advantages are the
side-by-side comparison of spore standard solutions and feed samples in terms of
metabolite production and nutrient consumption, to determine if the spores were

affected by the feed matrix.
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Figure 4 Quantification of probiotics in feed. Comparison of cell counting and imaging

HPTLC with upstream cultivation.

1.7.5. Species - specifc quantification of B. s. 29784 (Publication V)

In a previous study, a method using imaging HPTLC with upstream cultivation of
spore containing standard solutions was developed and validated for more accurate
guantification of probiotic microorganisms in feed. The quantification is based on an
unspecific metabolite of the probiotic. Thus, genetically very similar bacteria could
also have produced this metabolite, which could have caused higher calculated
amounts of dried spores in the feed. Therefore, the formation of a specific metabolite
in the probiotic is required so that the environmental microflora does not affect the
results. In the probiotic, a brown zone was detected in the chromatogram using
imaging HPTLC with upstreamed two-step cultivation. The specificity of this
metabolite was proven multiple times for five high genetically similar (up to 99.5%)
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bacteria of the genus Bacillus. Multi-imaging by post-chromatographic
derivatizations and EDA enabled a better characterization of this metabolite.
Furthermore, the hyphenation of imaging HPTLC to reversed-phase high-
performance liquid chromatography with diode array detection and mass
spectrometry allowed assignment of the molecular formula Ca3sHa4N6O2
(580.35257 Da). The specific metabolite has antimicrobial properties and is
digested by pancreatin, which may also be important for the probiotic effect.
Therefore, the specific metabolite was used to quantify dried spores of B. s. 29784
in feed by imaging HPLC with upstream cultivation of spore standard solutions. Only
the cultivation process had to be optimized to obtain a linear working range
(increasing amounts of dried spores resulted in increasing cell number, with the
increasing formation of the specific metabolite). The performance of the method was
tested concerning selectivity, linearity, limit of quantification (LOQ), precision, and
recovery in the feed matrix. The results are comparable to the validation data by
using an unspecific metabolite.[116]

In conclusion, a specific metabolite was detected in the probiotic bacterium, under
the given cultivation conditions and against genetical similar bacteria of the genus
Bacillus. The cultivation process of the new quantification method was adapted to
quantify the specific metabolite and the performance data were comparable to the
validation of imaging HPTLC with upstreamd cultivation [115].
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Imaging high-performance thin-layer chromatography (HPTLC) was explored with regard to its ability to
visualize changes in the metabolite profile of bacteria. Bacillus subtilis has become a model organism in
many fields. The increasing interest in these bacteria is driven by their attributed probiotic activity. How-
ever, growth behavior and metabolism of Bacillus species have a considerable influence on their activity
and secondary metabolite profile. On the HPTLC plate, cultivation broths of Bacillus species (B. subtilis,
B. licheniformis, B. pumilus and B. amyloliquefaciens) and some B. subtilis strains of high genetic simi-
larity up to 99.5% were applied directly and compared with their respective liquid-liquid extracts. The
latter as well as the cultivation in a minimal medium reduced the matrix load and improved the zone
resolution. Cultivation parameters such as nutrient supply, cultivation temperature, cultivation time and
rotational speed (oxygen level) as well as medium change were shown to have a considerable influence
on the growth behavior and resulting metabolite profiles. Imaging HPTLC turned out to be an efficient
and affordable tool to visualize such influences of cultivation parameters on the metabolite profiles. It
converts the complexity of reaction processes occurring during cell cultivation in easy-to-understand im-
ages, which are helpful to figure out factors of influence and understand activity changes. The results
highlighted that optimal cultivation conditions need to be found for the intended bacterial application,
and in particular, these conditions have to be kept constant. It must be ensured that small variations in
cultivation parameters of bacteria do not change the specified (probiotic) effect on the health of animals
and humans. The HPTLC metabolite profiles represented the cultivation conditions of specific bacteria and
were found to be a proof of the activity of distinct bacteria. In addition, HPTLC can also be used to opti-
mize and streamline the culture media. The quality control of cultivation or fermentation processes can
benefit from such a powerful tool, as a picture is worth a thousand words.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

non-pathogenic Gram-positive firmicutes. The natural habitat of
the rod-shaped B. subtilis bacteria (about 2-3 pm long and 0.6 um

The metabolism of bacteria and their growth behavior change
upon cultivation conditions. Nutrient supply, oxygen content, culti-
vation time and cultivation temperature are important parameters
that have an influence [1]. Bacillus subtilis has become a model
organism in biochemistry, biotechnology, genetics, medicine, food
and feed industry [2]. This is justified by the complete sequencing
of the genome [3], its heat resistance, robust growth behavior and
similarity to many pathogenic endospore-forming bacteria like B.
cereus and B. anthracis [4]. Most bacteria of the genus Bacillus are

* Corresponding author.
E-mail address: gertrud.morlock@uni-giessen.de (G. Morlock).

https://doi.org/10.1016/j.chroma.2021.461929
0021-9673/© 2021 Elsevier B.V. All rights reserved.

wide) is in the upper soil layers as well as rhizosphere, where it
is exposed to varying nutrient supplies [3]. Usually the cells grow
under aerobic conditions; however, an anaerobic growth is possi-
ble in presence of nitrate and glucose as nitrogen/carbon/energy
source.

High-performance thin-layer chromatography (HPTLC) enables
the parallel analysis of samples with complex matrices. This al-
lows the simultaneous analysis of different Bacillus species side
by side and the comparison of their metabolite profiles under the
same analytical conditions. Imaging HPTLC is a flexible method be-
cause different derivatization reagents or effect-directed assays can
be used for multiple detection of metabolites. Such multi-imaging
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of the chromatogram can detect differences between species or
strains [5]. For example, selective chemical derivatization reagents
|6] were used to differentiate the formed metabolites according to
substance classes, e.g., cyclic lipopeptides [5], or for classification of
enzymes, e.g., industrial enzymes [2]. The most common secondary
metabolites of Bacillus species are such lipopeptides produced in
different concentrations and compositions depending on the cul-
ture conditions [5,7,8]. The co-migration of standard solutions was
used to confirm the cyclic lipopeptides found, which consist of a
cyclic peptide connected to a long fatty acid chain. The latter moi-
ety was detected by the primuline reagent, which attaches prefer-
ably to this lipophilic chain. Many other derivatization reagents can
be used for the detection of further metabolites of quite different
structural groups [6]. Treasured information with regard to bioac-
tivity is obtained by the application of planar effect-directed assays
(EDA) [9,10]. For example, individual antibacterial compounds can
thus be detected in complex mixtures [10]. For further information,
the separated analyte zones of interest can be online eluted from
the HPTLC plate to high-resolution mass spectrometry (HRMS) sys-
tems [10,11]. Instead, the zone can be transferred to a vial to be
further analyzed by nuclear magnetic resonance or infrared spec-
troscopy. A quantification of the detected metabolites is possible
by densitometry [12,13] or digital image evaluation [14,15] or mass
spectrometry [16,17].

In this study, it was hypothesized that imaging HPTLC could
be a useful new tool for quality control in the wide field of
biotechnology including fermentation technologies. To the best of
our knowledge, HPTLC profiles have not been studied for qual-
ity control of cultivation or fermentation processes so far. Eight
Bacillus candidates were selected, i.e. four different Bacillus species
and four different B. subtilis strains of a high genetic similarity
(98.4%-99.5%). HPTLC methods were developed to evaluate the ex-
pressed secondary metabolite profiles. It was explored whether dif-
ferences in the HPTLC profiles of these Bacillus candidates were
detectable when variations or changes in growing conditions oc-
curred. If HPTLC profiles will represent the cultivation conditions of
specific bacteria, quality control can benefit, as a picture is worth
a thousand words.

2. Materials and methods
2.1. Chemicals and materials

Tryptic soy broth and HPTLC plates silica gel 60 (NP) or
RP18 (RP) were purchased from Merck, Darmstadt, Germany.
Toluene (=99%), chloroform (=99%) and hydrochloric acid (37%,
purest) were obtained from Carl Roth, Karlsruhe, Germany. n-
Butanol (HPLC grade) was delivered by Acros Organics, Fair Lawn,
NJ, USA. Aniline (>99.5%), diphenylamine (>99.5%), n-hexane
(=99.5%), primuline (>99%), yeast extract (for use in microbial
growth medium), D-glucose (Glc, =99.5%), D-lactose (Lac, =99%),
D-maltose (Mal, >99%), D-mannose (Man, >99%), D-fructose
(Fru, =99%), glutamic acid (Glu, >99%), glutamine (Gln, >98.5%),
lysogeny broth and Mueller-Hinton broth (for microbiology) were
purchased from Sigma Aldrich, Steinheim, Germany. Sodium chlo-
ride, anhydrous magnesium sulphate and sodium hydroxide (all
>99%) were obtained from Fluka, Buchs, Switzerland. Methanol
and acetone (both HPLC grade) were purchased from VWR, Darm-
stadt, Germany. Ethyl acetate (>99.8%) was delivered by Th. Geyer,
Renningen, Germany. Bidistilled water was prepared by a Desta-
mat Bi 18E (Heraeus, Hanau, Germany). The marine microorgan-
ism Aliivibrio fischeri (strain 7151) was provided by Leibniz Insti-
tute DSMZ, German Collection of Microorganisms and Cell Cul-
tures, Berlin, Germany.
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2.2. Origin of the Bacillus candidates and stock solutions

As candidates, four B. subtilis (1: DSM 29784 reference strain,
2: MIC39 genetically similar up to 99.5%, 3: ATCC6633 genetically
similar up to 99.4% and 4: not identified, genetically similar up to
98.4%), 5: B. licheniformis SB3114, 6: B. pumilus SB3839 and two
B. amyloliquefaciens (7: SB3234 and 8: SB3837) were obtained by
Novozymes, Bagsvaerd, Denmark. Each Bacillus candidate was cul-
tivated in the TSBY (3% tryptic soy broth with 0.6% yeast extract
added to 1 L water adjusted to pH 6.2 with 2 M hydrochloric
acid solution) at 37 °C up to an optical density (OD, measured at
660 nm) of 0.5. The cells were two times washed with 0.9% sodium
chloride solution (ratio 2:3), and also resuspended in it (ratio 1:3).
The stock solutions were stored dark at 5 °C.

2.3. Cultivation parameters

The bacteria were cultivated in four different culture media at
30 °C and 37 °C. The four culture media were TSBY, MH (2.3%
Mueller Hinton broth added to 1 L water, adjusted to pH 7.4), LB
(2% lysogeny broth added to 1 L water with 0.5% sodium chloride
and 1% Glc adjusted to pH 7.0 with sodium hydroxide) and pYES
(usually used for the planar yeast estrogen screen [18,19]: sterile
solution of 10 g Glc and 6.8 g yeast nitrogen base without amino
acids in 100 mL water added to 800 mL autoclaved double dis-
tilled water and 100 mL sterile amino acid solution). Five differ-
ent saccharide/energy sources (Glc, Lac, Mal, Man and Fru) and
two amino acids (Glu and GIn) were tested for the cultivation in
the pYES medium. The respective medium (30 mL) was inoculated
with 150 pL of the respective stock solution. The rotation speed of
the orbital shaker SM-30 (Edmund Biihler, Bodelshausen, Germany)
was set to 100 rpm (220 rpm for the pYES culture). The bacteria
were cultivated for either a specific OD or defined period, as men-
tioned.

2.4. Extraction of metabolites

The explored extraction methods and solvents were listed (Ta-
ble S1). After cultivation, the OD was measured with the M501 Sin-
gle Beam Scanning UV/Visible Spectrophotometer (CamSpec, Gar-
forth, UK). The culture medium was centrifuged with the cen-
trifuge 5702 (Eppendorf, Hamburg, Germany) at 3000 x g for
10 min to separate the cells from the supernatant. A liquid-liquid
extraction was performed with volume ratios of either 1:1 or 1:3
of extraction solvent to supernatant for extraction times of 15 min
or 60 min with each of the five extraction solvents ethyl acetate,
n-butanol, toluene, n-hexane and chloroform or combinations. For
the Quick, Easy, Cheap, Efficient, Rugged and Safe (QUEChERS) ex-
traction [20], 10 mL acetonitrile were added to each supernatant
(10 mL), vortexed (highest speed, 1 min) and mixed with 4 g
anhydrous magnesium sulphate as well as 1 g sodium chloride.
Each mixture was shaken vigorously for 1 min and centrifuged at
3000 x g for 1 min.

2.5. HPTLC procedure

The extracts (100, 150 or 200 uL, but possible up to 800 uL)
were applied on the HPTLC plate as area of 8 mm x 10 mm with
the Automatic TLC Sampler 4 (ATS 4, CAMAG, Muttenz, Switzer-
land). For the ethyl acetate, n-hexane, chloroform and toluene
extracts, a dosage speed of 1200 nL/s was set, whereas it was
600 nL/s for the n-butanol extracts. Further application parame-
ters were listed (Table S2), also for the application of supernatants
(150 pL, but possible up to 300 pL, 10 mm x 20 mm area). The sy-
ringe was rinsed twice with methanol. The applied areas were fo-
cused up to 20 mm with acetone and two times with methanol in
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a twin through chamber (CAMAG) to achieve a sharp start band. If
not stated otherwise in respective Figures depending on the used
stationary phase and extraction method, a mobile phase of ethyl
acetate - methanol - water was used at the specified ratios. For
the analyses via the primuline reagent, the chamber was satu-
rated with the mobile phase for 10 min. Each development was
performed up to a migration distance of 70 mm (measured from
the lower plate edge) with Automatic Development Chamber (ADC
2, CAMAG) after activation of the plate surface with magnesium
chloride (33% relative humidity). Each chromatogram was dried for
5 min (ADC 2) and documented at white light illumination (Vis),
UV 254 nm and FLD 366 nm (TLC Visualizer 2, CAMAG). Different
derivatization reagents and bioassays were used, e.g., the primu-
line reagent (detects lipophilic substances), diphenylamine aniline
sulfuric acid reagent (detects saccharides) or the Aliivibrio fischeri
bioassay (detects antibacterial compounds).

3. Results and discussion
3.1. Outline of the profiling

Eight Bacillus candidates were selected, i.e. four B. subtilis 1-4,
one B. licheniformis 5, one B. pumilus 6, and two B. amyloliquefa-
ciens 7 and 8. The four B. subtilis strains 1-4 were of high genetic
similarity (98.4%-99.5%). The metabolic profiles were expected to
be most similar for genetically similar Bacillus candidates, if com-
pared to lower genetic similarities. Hence, it was most challenging
to find any differences in similar strains of one species or in sim-
ilar species. A selection of candidates was made, if not all needed
to be investigated in the following experiments. The application of
Bacillus supernatants (possible up to 300 pL) on the HPTLC plate
required a larger area (10 mmx 20 mm) than the respective ex-
tracts (possible up to 800 uL, 8 mm x 10 mm). The bandwise ap-
plication of the required high volumes was not or hardly possible
(Table S2). High application volumes are advantageous for visual-
ization of the low expressed metabolites. Hence, an area applica-
tion was found to be precondition for a successful metabolite pro-

100 rpm
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°1:1
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*15 min

*60 min
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*toluene

* n-hexane
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* n-butanol
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/ B. subtilis
metabolite
profile
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filing. Respective medium or solvent blanks were also applied on
each plate. Different separation systems were investigated to find
out and illustrate any differences in the Bacillus metabolite profiles
obtained by changed growing conditions. Parameters such as cul-
tivation medium composition, rotation speed (oxygen level), culti-
vation temperature, cultivation time and extraction methods were
varied to determine the influence of the respective condition on
the bacterial metabolite profile. To a certain extent, this also sim-
ulated possible variations that may occur in routine or due to a
method transfer to another laboratory.

3.2. Influence of nutrient supply on growth behavior and Bacillus
metabolite profile

This experiment aimed at finding out the influence of differ-
ent cultivation conditions on the metabolite profile for four se-
lected Bacillus candidates (1-3 and 5). These candidates were se-
lected with regard to highest genetic similarity but also species
difference. The cultivation was performed using different media,
rotation speeds (oxygen level), temperatures and durations. The re-
sulting metabolite profiles of the strains of the different Bacillus
species were visualized by imaging HPTLC. Thereby, different ex-
traction parameters and chromatographic conditions were tested
to widen the perspective and to obtain comprehensive information
on secondary metabolites (Fig. 1).

The selected three universal culture media, i.e. tryptic soy broth
with yeast (TSBY, adjusted to pH 6.2) [21], Mueller Hinton broth
(MH, adjusted to pH 7.4) [22] and lysogeny broth (LB, adjusted to
pH 7.0) [23], differed with regard to the Glc concentration, yeast
presence (only in TSBY and LB media), casein type and pH. It was
assumed that longer cultivation times cause higher ODs and also a
higher expression of extracellular metabolites. The growth behav-
ior of these bacteria was investigated over a 40-h period at 37 °C
and a rotation speed of 100 rpm. All experiments were performed
twice. Every two hours, a 1.5-mL aliquot was taken and the OD
was measured. Due to the required sampling over this long cul-
tivation time, two cultures (150 pL stock solution in 30 mL cul-

200 rpm

Rotation
speed
(0, level)

MH

TSBY

LB

pPYES
«glucose
*mannose
*maltose
*lactose

«fructose

Detection mode

Mobile phase

Stationary phase
*normal phase
*reversed phase

Fig. 1. Parameters investigated with influence on the Bacillus metabolite profile.
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Fig. 2. HPTLC chromatograms at FLD 366 nm of blank samples (BS: pYES medium) and n-butanol extracts of B. subtilis strains 1 and 4 (200 pL/band each) cultivated in
PYES medium using different saccharide energy sources (A; Glc, Lac, Man, Mal and Fru) or amino acid sources (B; Gln and Glu) at a rotation speed of 100 rpm, cultivation
temperature of 37 °C and duration of 18 h (Glc, Man, Glu and Gln) or even 40 h (Lac, Mal and Fru); separation on HPTLC plates silica gel 60 with ethyl acetate - methanol

- water 7.5:1.7:0.8, V/V/V.

ture medium) were prepared in parallel, whereby only minor devi-
ations were observed in the OD between the two parallel cultures
and the repeated set. The investigated bacteria showed a differ-
ent growth behavior in the three universal media. It is known that
Bacillus species can be triggered by the nutrient supply to grow
single-stage or diauxic [24]. Cultivation in TSBY and MH showed
such a two-step growth behavior for some strains (Fig. S2). For
the B. subtilis strains 1-3, the highest OD was achieved by culti-
vation in TSBY. In contrast, the highest OD of the B. licheniformis
strain 5 was reached in the MH medium. The subsequent HPTLC
analysis of all aliquots collected at the different cultivation times
revealed an increase in the number of bands with increasing cul-
tivation time. It was also observed that some metabolites were
only formed at distinct cultivation times (Fig. S1), e.g., metabolite
bands were detected for shorter cultivations, but not for longer
ones anymore. This was explained by the fact that bacteria can
not only release metabolites but also convert and consume these.
Imaging HPTLC revealed that the rich nutrient supply provided by
the three universal culture media had only a small influence on
the cell metabolism and thus metabolite profile (Fig. S1). In TSBY,
more pronounced metabolite changes were detected between the
samples, if compared to both other media. For longer cultivations,
a cell adhesion effect was observed by microscopy (Fig. S3). The in-
ner cells of the agglomerates were cut off from the nutrient supply,
causing the cells to enter the stationary or anaerobic dying phase,
and thus form cell degradation products. Hence, the different cul-
tures were also examined for cell adhesion and cultures with ag-
glomerated cells were excluded to limit the complexity of the ex-
periment.

In a next experiment, the culture medium was changed to a
minimal medium [18,19,25] and studied for all four species. The
use of minimal media is advantageous because the co-extracted
matrix and thus matrix load on the plate was less, if compared to
the more complex universal media. This allowed the better differ-
entiation of metabolites from matrix and the more sensitive de-
tection of low metabolite amounts by application of higher ex-
tract volumes. The cell growth was slower in the pYES minimal
medium than in the complex media. As the Glc concentration in
the minimal medium was at least up to four-fold higher than in
the complex media, a lack in other nutrients was found to cause
the slow growth. Still, the complexity of the medium had a con-
siderable influence on the extraction and chromatographic sepa-
ration. With increasing complexity of the medium, more matrix
components were co-extracted, whereby blurred bands can ap-
pear in the HPTLC chromatogram. In comparison, the pYES min-
imal medium showed more distinct metabolite bands and con-

siderably less matrix components (Fig. S4). In the pYES minimal
medium, saccharides and amino acids were exchanged. The sub-
stitution of the Glc energy source by Lac or Mal or Fru had a
crucial influence on the growth behavior and cell metabolism, as
no growth was observed even for up to 40-h cultivations. In con-
trast, a growth was observed for the substitution by Man, the C2-
epimere of Glc. This growth observation was confirmed via the
HPTLC profiling which illustrated the preferred and selective sac-
charide metabolization for Glc and Man (Fig. 2A). It is also known
that chemotrophic bacteria initially use only one of the available
energy sources for growth. After consumption of the most ac-
cessible energy source, the cells had to adapt to the new envi-
ronmental conditions [24]. Such a consumption of nutrients can
also be studied and visualized by the HPTLC profiling to opti-
mize cultivation broths. The exchange of a single amino acid like
Glu by GIn had a direct influence on the metabolism, for exam-
ple evident as additional red band in the HPTLC metabolite profile
(Fig. 2B).

Differences in the bacterial growth behavior and metabolite
profile were also observed by changing the rotation speed and
cultivation temperature. The change of the rotation speed from
220 rpm to 100 rpm changed the metabolite profiles. In the HPTLC
profile, significantly fewer metabolites were detected at the lower
rotation speed (Fig. S5). A growth of B. subtilis is possible in a wide
temperature range [26]. Both 30 °C and 37 °C were often described
as optimal growth temperatures [27,28] and thus chosen. As ex-
pected, a longer cultivation time was needed at a lower cultivation
temperature to achieve the same OD. No or hardly any metabolites
were detected at a cultivation temperature of 30 °C, even for a 20-
h cultivation (Fig. 3A). However, when the cultivation temperature
was increased to 37 °C, metabolites were already detected in some
samples (Fig 3B).

Imaging HPTLC was found to be advantageous and highly suit-
able for visualization of the resulting metabolite profile of the
complex bacterial reaction mechanisms. Several cultivation sam-
ples were simultaneously studied under the same chromatographic
conditions (separated in parallel on the same chromatogram). In-
fluences and changes by the nutrient supply, rotation speed, cul-
tivation temperature and duration were successfully demonstrated
and documented by the respective metabolite profiles. Thus, pro-
found information was obtained on essential cultivation param-
eters for the intended bacterial application purpose. The HPTLC
metabolite profiles represented the cultivation conditions of spe-
cific bacteria and were found to be a proof of the activity of dis-
tinct bacteria, which is important for quality control of cultivation
or fermentation processes.
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Fig. 3. HPTLC chromatogram at FLD 366 nm of the pYES medium (blank sample,
BS) and the n-butanol extracts of Bacillus candidates 1-8 (200 pL/band each) after
20-h cultivation in pYES medium at a rotation speed of 100 rpm and a cultivation
temperature of 30 °C (A) and 37 °C (B); separation as in Fig. 2.

3.3. Influence of extraction methods on metabolite profile

For the metabolite extraction, different liquid-liquid extractions
and a modified QUEChERS method [20] were explored for a high
metabolite yield. A phase separation was precondition for liquid-
liquid extraction of the cultivation broth, and thus polar extrac-
tion solvents like methanol could not be used. Hence, the discov-
ery of polar metabolites is challenging and the direct application
of the culture supernatant is recommended along with a selective
and sensitive detection of metabolites via derivatization reagents.
This would be the best option for a non-target metabolite profil-
ing. However, the application of volumes higher than 300 pL (as
10 mm x 20 mm area) was not possible due to the overload of the
start area with medium nutrients, which impaired the subsequent
zone focusing and development (Fig. S6). Thus, the direct appli-
cation of matrix-rich supernatants of culture broths on the HPTLC
plate was shown to be possible, but difficult to handle for the sub-
sequent development. For application of the aqueous samples on
the NP layer, a low application speed was required to avoid the
spreading of the low-volatile liquid excess. The complex medium
contains salts and other polar ingredients. These have an abrasive
effect on the adsorbent surface, so that the layer may be damaged
during spray-on application.

Comparatively easier was the analysis of non-polar metabolites.
The selective extraction of mid-polar and non-polar metabolites
was studied by the use of n-butanol, ethyl acetate, chloroform,
toluene and n-hexane or combinations. The influence of the differ-
ent extraction solvents (or a 1:1 mixture with ethyl acetate) on the
metabolite profile was investigated exemplarily for the supernatant
of the cultivated B. licheniformis strain 5. The application parame-
ters for the different solvents had to be optimized (regular settings
were not useful) due to the high volume and individually different,
heavy matrix loads. Depending on the extraction solvent, differ-
ences in the fluorescence or color intensity were already observed
after area application of the extracts (Fig. 4A). These tentative dif-
ferences in the sample extracts were pronounced clearly after de-
velopment (Fig. 4B). The HPTLC chromatogram at FLD 366 nm re-
vealed that the most metabolites were extracted with mid-polar
solvents. Chloroform extracts showed nearly the same metabo-
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Fig. 4. Application areas (A) and HPTLC chromatograms of B. licheniformis strain 5
(100 pLfband each), cultivated in TSBY at 37 °C for 35 h and extracted with chlo-
roform (c), ethyl acetate (e), toluene (t), n-butanol (b), n-hexane (h) or 1:1 mix-
tures; separation on HPTLC plates silica gel 60 with ethyl acetate - methanol -
water 8.2:1.1:0.7, V/V|V detected at FLD 366 nm (B) and same via the primuline
reagent (C).

lite profile as ethyl acetate extracts, but more polar metabolites
were extracted with n-butanol (Figs. 4B and S7A/B). Still, less cul-
ture medium components of the TSBY were co-extracted with n-
butanol and thus applied, if compared to the direct application
of the supernatant. This allowed the application of a larger ex-
tract volume and a higher application speed. Through this compar-
ison, the importance of selectivity testing of the extraction solvent
was demonstrated. However, also multi-imaging gave further in-
sights in the metabolite profile. After FLD detection via the primu-
line reagent, further apolar but also polar to mid-polar metabo-
lites (Fig. 4C, white arrow) were detected in the ethyl acetate ex-
tracts. These results on the extraction selectivity were confirmed
by further HPTLC chromatograms exploiting diverse derivatization
reagents (not shown) and detection of antioxidants by the radical
scavenging assay (Fig. S7C-F).

The influence of the extraction time (15 min and 60 min) and
the volume ratio of culture supernatant to extraction solvent (1:1
and 1:3) were also investigated (Fig. 5). The extraction times of
15 min and 60 min did not make a difference in the metabolite
profile, meaning no additional bands or a difference in band in-
tensity were detectable (Fig. 5). The volume ratio of culture su-
pernatant to extraction solvent can also have an influence. If the
extraction solvent volume is too low, the solvent can be saturated
(especially by excessively co-extracting medium nutrients); there
could be a possible loss of certain low-concentrated metabolites,
which can no longer accumulate in the saturated extraction sol-
vent. Otherwise, if the volume of the extraction solvent is too high,
a dilution effect may occur. Hence, two extraction solvent ratios
of 1:1 and 1:3 were compared. The higher extraction solvent vol-
ume (1:1) resulted in a comparatively much weaker intensity pat-
tern. Thus, a 1:3 volume ratio of extraction solvent to culture su-
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Fig. 5. HPTLC chromatograms of ethyl acetate extracts (volume ratios 1:3 or 1:1 of
extraction solvent to culture supernatant, and extraction times of 15 min or 60 min)
of B. subtilis strain 3 (100 plL/band each), cultivated in TSBY at 37 °C for 40 h, de-
tected at FLD 366 nm (A) and same via the primuline reagent (B); separation on
HPTLC plates silica gel 60 with ethyl acetate - methanol - water 8:1.1:0.7, V/V/V.

pernatant and an extraction time of 15 min were sufficient for
metabolite extraction (Fig. 5; results for bacteria 1, 2 and 5 in Fig.
S8). For nutrient-rich cultivation media (TSBY, MH and LB) gener-
ating a very high matrix load on the HPTLC plate, the amount of
interfering co-extracted matrix was reduced by this selective ex-
traction, but also part of the very polar metabolites could be lost.
The QUEChERS extraction is mainly deployed for pesticide anal-
ysis in food and environmental samples. Such a procedure should
also reduce the matrix load of nutrient-rich cultivation media and
result in a more pronounced metabolite profile. However, neither
an improvement nor reduction of the matrix load were achieved.
Compared to the extraction with n-butanol or ethyl acetate, less
metabolites were extracted, and at the same time, the proportion
of extracted matrix components increased considerably. Unfortu-
nately, almost exclusively matrix components were observed in the

Normal| phase
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HPTLC chromatograms (Fig. S9). Normally, the QUEChERS clean-up
is tailored for the enrichment of target analytes. In our case of a
non-target metabolite screening, neither an improvement in se-
lectivity nor a reduction of the matrix load were achieved via the
standard QuEChERS extraction using acetonitrile and salts. An im-
provement might be achieved by an extended and more dedicated
protocol including solid phase extraction of the first QUEChERS ex-
tract or a dispersive QUEChERS method [20], but this workflow is
too cost- and time-intensive. Especially for screening, a fast work-
flow is attractive.

3.4. Comprehensive information by HPTLC

The high versatility and flexibility of HPTLC was exploited with
regard to application, separation and detection. Various derivati-
zation reactions can be used to identify different metabolite sub-
stance classes. The standardized workflow enabled reproducible re-
sults. The application area and (as high as possible) application
volume was adjusted to the individual sample matrix load. The sta-
tionary as well as the mobile phase were varied to study the sep-
aration of metabolites from matrix. Any differences in the metabo-
lite profile obtained by NP versus RP separation were examined af-
ter detection via the diphenylamine aniline reagent (Fig. 6). A bet-
ter separation was achieved in the NP system because some of the
metabolites were not separated from bands of the blank sample
medium and thus not selectively detectable on the RP plate (Fig. 6,
orange arrow). On the latter plate, a lot of culture medium ma-
trix was co-extracted, and the pattern of the blank sample com-
pared to that of the bacteria 1-8 was almost the same. Only small
differences were detected at FLD 366 nm in the RP-HPTLC chro-
matogram (Fig. 6, white arrows). After the derivatization with the
diphenylamine aniline reagent and detection at white light illumi-
nation, further substances were revealed which were not visible
in the respective medium extract (blank sample) but in the cell
culture extract. An effect-directed detection is also advantageous
for the metabolite profiling. For example via the Aliivibrio fischeri
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Fig. 6. HPTLC chromatograms of the TSBY medium (blank sample, BS) and the n-butanol extracts of Bacillus candidates 1-8 (200 pL/band each), cultivated in TSBY at 37 °C
for 40 h at FLD 366 nm (A, B) and white light illumination after derivatization with the diphenylamine aniline sulfuric acid reagent (C, D); NP separation on HPTLC plates
silica gel 60 (A, C) and RP separation on HPTLC plates silica gel 60 RP18 (B, D), both with ethyl acetate - methanol - water 8:1.3:0.7, V/V/V.
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bioassay, differences in the detection of antimicrobial substances
were observed for different cultivation times of the B. subtilis strain
4 (Fig. S10). Thus, the imaging HPTLC enables the temporal identi-
fication of specific antibacterial compounds which could explain a
positive probiotic effect.

Both, similarities as differences in the strains of different Bacil-
lus species were detected by this powerful imaging. The band at
hRy: 33 was only detected in the bacteria species 5 and 7. This band
was also not present in the blank samples. Therefore, it was as-
sumed that this metabolite was formed only in these two species,
despite the high genetic similarity to the other bacteria. Hence,
inter-species differences in the metabolite concentration were also
detected by this imaging. The band at hRp 49 was visible in all
samples, but the intensity of this band was by a factor of five in-
creased in bacteria species 2 and 6. Apart from the visualization
of the metabolite profile, this method can also be used to visu-
alize the respective consumption of the nutrients by the different
bacteria candidates. Selective derivatization reagents can be used
for detection (e.g., the diphenylamine aniline sulfuric acid reagent
for detection of saccharides or the ninhydrin reagent for detection
of amino acids or peptides). Some nutrients of the culture medium
were completely consumed during the cultivation process, whereas
others were detected at the same intensity in the chromatogram
(Fig. 6C, black and blue arrow, respectively). For more details about
the consumption of individual nutrients, the compound zones can
be identified by HPTLC-HRMS and analyzed quantitatively. Thus, it
got evident that imaging HPTLC can also be used to optimize and
streamline the culture media, e.g., by removal of not consumed nu-
trients to slim down cultivation broths.

4. Conclusions

Selected Bacillus subtilis bacteria strains are used by the food
or feed industry due to their attributed probiotic activity. It is as-
sumed that these bacteria can have a positive influence on the in-
testinal tract and thus on the health of animals or humans. By con-
suming these bacteria, it must be ensured that there is no harm
to the consumer. The demonstrated imaging HPTLC revealed the
considerable influence of cultivation parameters on the metabolite
profile of strains of different Bacillus species. Among others, it vi-
sualized not only the intra- and inter-species behavior, but also
the behavior of genetically similar strains within a species at dif-
ferent cultivation conditions. The comparative HPTLC screening un-
der identical analytical conditions clearly showed the influence on
the bacterial metabolism and thus expressed metabolite profile by
variations in the cultivation. Of course, the metabolism in the gas-
trointestinal tract of animals or humans may differ from those cul-
tured in vitro as growth conditions change due to anerobic condi-
tions, influence of nutrients etc. among many other reasons. Never-
theless, the quality control of cultivation or fermentation processes
can benefit from such a powerful multi-imaging tool, also useful
to optimize and streamline culture media.
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