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1. Introduction 

1.1. Discovery of probiotic microorganisms 

In 1908, Ilja Iljitsch 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 as “active substances that are essential for a 

healthy development of life” [2]. In 1965, Lilly and Stillwell 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 “live microorganisms which, when 

administered in adequate amounts, confer a health benefit on the host” [4]. Up to 

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/ 

1965 

A substance secreted by one microorganism which stimulates 

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 

Havenaar/1991 

mono- or mixed culture of live microorganisms which, applied 

to animals or human, affects beneficially the host by improving 

the properties of the indigenous microflora.[7] 

Guarner and 

Schaafsma/1998 

Living microorganisms which, upon ingestion in certain 

numbers, exert health benefits beyond inherent basic 

nutrition.[8] 

Naidu, Bidlack 

and 

Clemens/1999 

A microbial dietary adjuvant that beneficially affects the host 

physiology by modulating mucosal and systemic immunity, as 

well as improving nutritional and microbial balance in the 

intestinal tract.[9] 

Schrezenmeir and 

de Vrese/2001 

 

A preparation of or a product containing viable, defined 

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 

WHO/2002 

live microorganisms which, when administered in adequate 

amounts, confer a health benefit on the host.[4] 
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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.[26–28] 

Safety Functionality 
Technological 

convenience 

1. Animal origin 

2. Isolation from the 

gastrointestinal tract 

of healthy individuals 

3. Bile salt hydrolase  

4. Absence of genes 

responsible for 

antibiotic resistance is 

localized in non-stable 

elements 

5. Antimicrobial and 

antagonism activity 

against potentially 

pathogenic bacteria 

6. Resistance against 

digestive enzymes 

and lysozyme 

1. Ability to survive in 

the host and maintain 

the metabolic activity 

2. Resistance to bile 

salts and enzymes 

3. Adherence to mucus 

4. Competitiveness in 

respect to microbial 

species inhabiting the 

intestinal ecosystem 

(including closely 

related species). 

5. Ability to grow within 

the host organism, 

and survive in the 

gastrointestinal 

system. 

1. Genetic stability 

2. High storage survival 

rate in finished 

products 

3. Resistance to 

bacteriophages 

4. 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 “live microorganisms which could confer a beneficial 

health status on the host”[4]. Just as the definition of probiotics, the definition of 

prebiotics has also changed over the years [5], but in 2008, the FAO defined 

prebiotics as “non-viable food components that confer a health benefit on the host 

associated with modulation of the microbiota” [29]. Prebiotics and probiotics are 

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).[33–35] 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). 

 

Figure 1 Selection process for the probiotic ALTERION®. 

Bacillus subtilis der Deutschen Sammlung für 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 2–3 μm long and 0.6 μm 

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 production of enzymes (like α-amylases) 

[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. 
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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] 

 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 Spo0A leads 

to the initiation of sporulation. In stage I 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 II 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 III). 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 VII is the last step in sporulation 

and describes the cell release of the endospore.

 

Figure 3 Stages I 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(II)dipiocolinic acid or their 

replacement with water (stage I of germination). The peptidoglycan cortex was 

hydrolyzed and subsequent hydration of the core (stage II 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 

quantitative polymerase chain reaction (RT-qPCR) [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. 

 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 × 1010 colony forming units (CFU)/g; ALTERION® NE50 with 

2 × 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 × 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. 

 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 
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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 16–24 h at 37 °C. The number of CFU per g is 

calculated from the colonies on the plate. 

 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 
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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]. In vivo 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 particle sizes of predominantly 5–7 μm, a 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 (200–800 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. 
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1.7. Progress achieved by imaging HPTLC 

The results of the study are presented in the following sections. A new 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. 

 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 (98.4–99.5%) 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] 

 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+active 

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

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

 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] 

 Quantification of bacterial spores in probiotic feed (Publication IV) 

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. 

 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 

quantification 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 C35H44N6O2 

(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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8. Summary 

In animal production, AGP were used for several decades to improve animal growth 

and FCRs as well as to reduce morbidity and mortality of the animals. However, in 

2006, the European Union banned the use of several AGPs due to the increased 

antibiotic resistance of infectious human pathogens. Probiotics seem to be an 

effective alternative to replace growth-promoting agents but up to now their mode 

of action is not fully understood. Imaging HPTLC with upstream cultivation proved 

to be an excellent method to characterize the metabolic profiles of the probiotic 

B. s. 29784, compared to those of genetically similar bacteria. Due to the various 

detection capabilities, the method enabled a better understanding of the probiotic 

effect. Special characteristics in the metabolic profile of the probiotic, such as the 

production of bioactive or antimicrobial metabolites, were described and a target 

metabolite, such as the lipopeptide surfactin, was identified. In the animal gut, the 

probiotic bacteria interacts with several other bacteria that could affect the metabolic 

profile of probiotics. Imaging HPTLC with upstream cultivation of bacteria in a co-

culture proved the influence of this interaction by inoculation of E. coli (common 

pathogen) together with the probiotic. The results explain the sometimes 

contradictory observations of different probiotics in industrial use and the need for 

controlled conditions for the application of probiotics. In industrial quality control, cell 

counting is the most common method to determine the cell number of probiotics in 

feed. However, the results only describe the number of CFU/kg in the feed and do 

not determine the amount of probiotic spores. In the last decades, scientists in the 

field of probiotic research assumed that specific metabolites of the probiotic are 

responsible for the positive effect. Based on imaging HPTLC, a new method was 

developed to quantify spores of the probiotic in feed based on a non-specific 

metabolite. The validation of this method showed excellent results. Thus, imaging 

HPTLC offers the possibility of precise and accurate quantification of spores in 

feeds. Furthermore, in the probiotic B. s. 29784 a specific metabolite was detected 

(tested against high genetically similar bacteria) under the analyzed cultivation 

condition. For specific quantification of the probiotic in feed, the new developed and 

validated HPTLC method was adapted to this metabolite. In conclusion imaging 

HPTLC can be used to characterize bacterial metabolic profiles, such as probiotics, 

monitor bacterial interactions, and quantify the amount of probiotic spores in feed. 
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9. Zusammenfassung 

In der Tierproduktion werden seit Jahrzehnten antibiotische Wachstumsförderer 

eingesetzt, um das Wachstum der Tiere als auch deren Futterverwertung zu 

verbessern und die Morbidität sowie Mortalität der Tiere zu verringern. Aufgrund der 

zunehmenden Antibiotikaresistenz von Humanpathogenen, wurde der Einsatz 

dieser Wachstumsförderer 2006 in der Europäischen Union verboten. Im Laufe der 

Zeit erwiesen sich Probiotika als eine hervorragende Alternative, doch bis heute 

sind ihre genauen Wirkmechanismen noch nicht vollständig geklärt. Die 

bildgebende HPTLC mit vorgeschalteter Kultivierung erwies sich als eine 

hervorragende Methode, um die Stoffwechselprofile handelsüblicher Probiotika mit 

denen von genetisch sehr ähnlichen Bakterien zu vergleichen. Die Methode 

ermöglichte durch die vielseitigen Detektionsmöglichkeiten ein besseres 

Verständnis potentieller probiotischer Wirkungen. Besondere Merkmale im 

Stoffwechselprofil des Probiotikums, wie die Produktion von bioaktiven oder 

antimikrobiellen Metaboliten, wurden detektiert und Zielmetabolite, wie das 

Lipopeptid Surfactin, konnten identifiziert werden. Im Darm der Tiere interagieren 

Probiotika mit verschiedenen Bakterien, wodurch ihr Stoffwechselprofil beeinflusst 

werden könnte. Mit Hilfe der bildgebenden HPTLC und einer vorgelagerten 

Kultivierung von Bakterien in einer Ko-Kultur, konnte der Einfluss der Interaktion von 

E. coli (häufiger Erreger) mit dem Probiotikum auf das metabolische Profil gezeigt 

werden. Diese Ergebnisse erklären die zum Teil konträren Beobachtungen 

verschiedener Probiotika im industriellen Einsatz und die Notwendigkeit 

kontrollierter Anwendungsbedingungen. 

In der industriellen Qualitätskontrolle wird die Zellzählung als gängigste Methode 

zur Bestimmung der Zellzahl der Probiotika in Futtermitteln verwendet. Die 

Ergebnisse beschreiben jdeoch nur die Anzahl der koloniebildenden Einheiten 

(KBE/kg) im Futter und bestimmen nicht die Menge an vorhandenden probiotisch 

Sporen. Seit dem letzten Jahrzehnt gehen Wissenschaftler auf dem Gebiet der 

Probiotikaforschung davon aus, dass spezifische Metaboliten der verwendeten 

Mikrooganismen für die probiotische Wirkung verantwortlich sind. Auf Grundlage 

der bildgebenden HPTLC wurde eine Methode zur Quantifizierung der 

probiotischen Sporen im Futtermittel anhand eines unspezifischen Metaboliten 

entwickelt. Die Validierung dieser Methode zeigte exzellente Ergebnisse. Somit 

bietet die bildgebende HPTLC die Möglichkeit einer präzisen und genauen 
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Quantifizierung von Sporen in Futtermitteln. Bei Verwendung bestimmter 

Kultivierungsbedingungen konnte in dem Probiotikum B. s. 29784 (getestet gegen 

genetisch sehr ähnliche Bakterien) ein spezifischer Metabolit nachgewiesen 

werden. Zur spezifischen Quantifizierung des Probiotikums in Futtermitteln wurde 

die neu entwickelte und validierte HPTLC-Methode an diesen Metaboliten 

angepasst. Zusammenfassend lässt sich sagen, dass die bildgebende HPTLC zur 

Charakterisierung bakterieller Stoffwechselprofile, von z. B. Probiotika, zur 

Überwachung bakterieller Interaktionen und zur Quantifizierung probiotischer 

Sporen im Futtermittel verwendet werden kann. 


