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One of the main problems in the poultry industry is the search for a viable replacement for antibiotic growth
promoters. This issue requires a “one health” approach because the uncontrolled use of antibiotics in poultry can
lead to the development of antimicrobial resistance, which is a concern not only in animals, but for humans as well.
One of the promising ways to overcome this challenge is found in probiotics due to their wide range of features and
mechanisms of action for health promotion. Moreover, spore-forming probiotics are suitable for use in the poultry
industry because of their unique ability, encapsulation, granting them protection from the harshest conditions and

resulting in improved availability for hosts’ organisms.

poultry spore-forming probiotics Bacillus antibiotics growth performance
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| 1. Introduction

Spore-forming probiotics are gaining popularity in the poultry industry as natural growth promoters W2, The most
prevalent probiotics are lactic acid bacteria (LAB), lactobacilli, and Bifidobacterium spp., which are normally found
in the gastrointestinal tracts (GIT) of animals and humans Bl. On the contrary, spore-forming bacteria, Bacillus spp.
and Clostridium spp., due to their ability of encapsulation, can be found not only in GIT, but also in soil, water, and
dust 4. This makes the development process for spore-forming probiotics more accessible compared to LAB.
Spore formation increases the survival of probiotics during the manufacturing process including fermentation,
freezing, drying, thawing, and rehydration. Additionally, spores of these probiotics have a greater ability to survive
passage through the gut and to proliferate and colonize the digestive tract Bl This ability makes spore-forming
probiotics an ideal feed additive for livestock, especially in the poultry industry.

There is an urgent need for an effective replacement for now-banned antibiotic growth promoters (AGPS).
Alternatives currently under development are antibodies, prebiotics, bacteriophages, vaccines, and antimicrobial
peptides . However, we believe probiotics, especially spore-forming ones, are a suitable solution. Over the past
several decades, they have demonstrated significant success not only in the control of pathogens, including drug-
resistant strains B2 but also in natural growth promotion, improvement of feed conversion rates, and other

zootechnical characteristics in broilers, laying hens, and other poultry species 12,

The main aim of this review is to summarize and discuss (a) the current achievements of microbiota studies in

livestock birds, (b) the poultry health-promotion effects of spore-forming probiotics such as immune-modulation, (c)
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metabolism improvement, (d) interaction with hosts’ gene expression, and (e) the impact of spore-forming
probiotics on productivity rates and egg and sperm quality. Important biotechnological aspects of spore-forming

probiotics’ manufacture such as cultivation and solid-state fermentation will also be discussed.

2. Where to Start? Brief Diving into the Chicken’s
Gastrointestinal Tract and Its Commensal Microbiota

Before considering the effects of probiotic bacteria on the gut microbiota, we should take a closer look at the
commensal microbiota of the chicken GIT. Birds have a higher rate of passage of food through the GIT and
increased activity of digestive enzymes compared to other vertebrates 1112 |n the text below, we will study each

part of the intestine separately.

2.1. Oral Cavity and Goiter

The oral cavities of birds do not contain teeth, unlike those of mammals, and therefore, food does not linger there,
immediately going down the esophagus into the goiter. However, saliva production, which moistens food, occurs in

the oral cavity, providing a moist and favorable environment for the development of microorganisms in the goiter
[12]

A goiter is an enlargement of the esophagus where food can be stored before it enters the stomach. If the bird is
hungry, food can enter the stomach, bypassing the goiter; if there is enough food, it will linger in the goiter and
enter the stomach in small portions 23, In addition to saliva from the oral cavity, a mucous secretion containing
mucin is produced in the goiter. This secretion creates ideal conditions for softening food and the development of

the microbiota, including microbial fermentation of food 22114],

In chickens, the goiter microbiota is mainly represented by bacteria ingested with food. Their numbers can reach
10° CFU/g 281, These are primarily Lactobacillus and Clostridiaceae, Bifidobacterium, Enterobacteriaceae, and
Enterococcus species 18, Han et al. (2016) confirmed these data, showing that the goiter was dominated by
Firmicutes (60%) followed by Bacteroidetes (14%), Cyanobacteria (13%), and Proteobacteria (8%). Among

Firmicutes, Lactobacillus (28% of all species), Bacillus (4%), and Bacteroides (4%) were most prevalent (7],

A review by Feye et al. (2020) also showed that Lactobacillus, Bifidobacterium, and Enterobacter were most often
represented in the chicken goiter. However, in free-range birds, large amounts of Bacillus (up to 76%) can also be

found in the goiter (18],

Food can stay in the goiter for up to 14 h; however, it most often does so for 1-3 h. Next, it enters the stomach,

taking a part of the microbiota with it, while the rest remains on the goiter walls (121,

2.2. Glandular Stomach and Gizzard
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The glandular stomach, or proventriculus processes chyme, using enzymes at acidic pH. The pH can be 2.3-4.8
(23] The food does not linger here for very long; most often, in chickens, the time spent for food in the glandular
stomach is 10-30 min 12,

In the gizzard, food is broken down by small stones or grit. It is also where the first part of the enzymatic digestion
of food and the bulk of its mechanical grinding takes place 2. The muscular intestine contents are then
transported to the small intestine in small portions 22,

Due to the low pH, the number and diversity of microorganisms in the gizzard are lower than in the goiter and
intestines. The number of bacteria does not exceed 108 CFU/g (28], According to “Sturkie’s avian physiology,” it is
possible for the contents of the small intestine to return to the gizzard 12, Furthermore, this means the
regurgitation of the microbiota of the small intestine. In general, the gizzard microbiota is represented mainly by
Lactobacillus as well as Clostridiaceae, Enterococcus, and coliforms €. A review by Feye et al. (2020) stated that

the main bacteria in the gizzard were Lactobacillus, Enterobacteriaceae, and coliform bacteria (24!,
2.3. The Small Intestine

In the small intestines of birds, the duodenum, ileum, and jejunum can be distinguished; however, there are no
significant functional differences between them, nor pronounced boundaries such as sphincters 28l The pH
gradually increases from 5.8 to 6.4 in the intestines 13l In addition to the secretions of the pancreas and liver, the
small intestine wall produces a secretion containing enzymes and mucin. On average, chickens have 2 to 8 h of
food in the small intestine 2. The total amount of microbiotas here increase significantly compared to other
regions of the GIT, up to 1091011 CFU/g [12],

Despite the absence of clear boundaries, the microbiota in the different sections of the intestines are distinct.
Apparently, this is due to a change in the composition of the available nutrients due to the intestinal wall's
enzymatic digestion and absorption. Thus, for example, although representatives of Firmicutes (>60%) and
Bacteroidetes (>10%) are the predominant species in the small intestine as a whole, the duodenum also contains a
high amount of Proteobacteria (>20%). In comparison, in the rest of the sections, Proteobacteria account for less
than 10% of the total microbiota. In the ileum, representatives of Actinobacteria are most widely represented 221, In
terms of individual genera, lactobacilli can be isolated, which make up more than 35% of the small intestine’s
microbiota. Enterococcus occupies a dominant position in the ileum (up to 30%); the highest numbers of

Corynebacterium are also found there 19,

A study by Mohd Shaufi et al. also demonstrated the predominance of Firmicutes in the ileum. According to this
work, Firmicutes accounted for 85% of the microbiota, and Proteobacteria were second in number. On the other
hand, the dominant orders were Clostridiales, bacilli (including lactobacilli), and Gammaproteobacteria, mainly
Enterobacteriales 29, According to another study, the number of lactobacilli in the ileum can be as high as 70%,

with the remaining dominant genera being Clostridiaceae (11%), Streptococcus (6.5%), and Enterococcus (6.5%)
2]
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2.4. Cecum

Birds have two blind guts, and in chickens, they are well developed. Food stays in the ceca for 12—20 h [12l22] |t s
difficult to determine the exact time because the contents are thrown and ejected back through the same opening
near the small intestine transition into the rectum. The cecum contents are constantly mixing, maintaining a stable
composition of the microbiota even under the conditions of a fast digestion rate in chickens 131221231 ynlike the
small intestine, where the main functions are digestion and absorption of nutrients, the cecum’s primary function is
enzymatic activity and detoxification of harmful substances 24, As a result of fermentation processes in the cecum,

chickens receive biologically active substances such as short-chain fatty acids 22,

There are also a high number of microorganisms in the cecum, up to 1011 CFU/g (23], Due to the intestinal contents’
long-term presence, the microbiota of the cecum is the most diverse among all parts of the intestine 191[201[21] ¢
forms a cluster that is distinct from the microbiota of the small intestine and rectum. According to a study by Xiao et
al., Bacteroidetes were predominant in the cecum (>50%), while Firmicutes constituted only about 40%. The
number of Lactobacillus species decreased in the cecum, while Bacteroides increased to more than 40% 9. |n
another study, the dominant group was Clostridiaceae (65%) followed by Fusobacterium (14%), Lactobacillus (8%),

and Bacteroides (5%). However, this study also highlighted a difference in the cecum and jejunum microbiomes
2]

Another genome-wide study showed the predominance of Clostridiaceae (>50%) and a high level of Bacteroidetes
(about 20%) [29. A study of metagenomes uploaded to public databases showed that most often, Firmicutes (78%)
and Bacteroidetes (11%) prevailed in the cecum, which was consistent with the data of Shaufi et al. and Lu et al.
[20121] Among the secondary groups, the most significant number of representatives related to Proteobacteria and
Actinobacteria. Among Firmicutes, the most common were Ruminococcus, Clostridium, and Eubacterium; among
Bacteroidetes, up to 40% were Bacteroides. At the phylum level, Proteobacteria, Desulfohalobium,

EscherichialShigella, and Neisseria were the most abundant 28],

A study by Glendinning et al. (2020) also investigated the cecum microbiome. According to this study, Firmicutes
were the dominant group, and their abundance was as high as 95%. Among Firmicutes, the majority were
Clostridia (88%) followed by Lactobacillales (5%). The remaining 5% of the microbiota was distributed among
Actinobacteriota, Proteobacteria (all Escherichia coli), Verrucomicrobiota, Bacteroidota, Campylobacterota,
Cyanobacteriota, and Desulfobacterota [24. Thus, according to various studies, the microbiota of the cecum of

chickens can vary significantly.

2.5. Colon

The colon is short, and its contents stay inside for approximately one hour before entering the cloaca 13l In
general, the composition of the large intestine’s microbiota is closer to that of the small intestine than that of the
colon. It is also dominated by Firmicutes (>60%) and Bacteroidetes (>10%). The most widely represented genera

are Lactobacillus and Enterococcus 1228 Dye to reverse peristalsis, the cloaca contents can enter the rectum

https://encyclopedia.pub/entry/12174 4/22



Spore-Forming Probiotics for Poultry | Encyclopedia.pub

along with uric acid, negatively affecting the colon microbiota and influencing the data obtained from fecal samples
2

2.6. Differences in the Microbiota of Chickens and Factors Affecting Them

From the data presented above, we can conclude a wide variability in the poultry microbiome. Stanley et al. (2013)
conducted a study comparing the microbiomes of broiler chickens raised under the same conditions, repeated
three times. To compare the results obtained, the authors used QIIME v1.3.0 open source software. Various
clustering methods provided in the QIIME package showed that the resulting microbiomes formed three clusters.
Non-phylogenetic beta diversity metrics grouped samples from the three trials into three fully separated groups; the
Spearman metric completely separated samples from trial 3 into two separated but close groups of samples
originating from trials 1 and 2. Unweighted and Weighted Unifrac also showed some, but not total, separation of
the samples from each trial. The authors attributed this level of variability, even under carefully controlled
conditions, to the high levels of hygiene during egg incubation that destroyed the shell microbiota. Thus, instead of
the mother’s shell microbiota, chicks could get bacteria from entirely different sources: egg transport boxes, staff,
etc. These factors were unstable and difficult to control, and because of this, the resulting microbiota differed

significantly between the repeats 22,

Oakley et al. (2014) carried out a broad comparison of various metagenomes of the ceca of birds and a
comparison of their functional activity due to the genes present in the microbiome. They concluded that despite a
high variability of taxa, functional variability within the chicken cecal microbiome was much lower and, to a much
lesser extent, differed between samples. This meant that while the composition of the microbiota in different

chicken groups could vary widely, the gut microbiota equally performed its primary functions 121,

The composition of the microbiota is highly dependent on the age of the bird. After hatching, the intestines of chicks
are rapidly colonized by bacteria; however, as birds age, these alterations decrease upon reaching adulthood 211
(30][31]

Diet also affects the gut microbiota of birds. Factors such as pellet size, choice of food grains, and the microbiota of
those foods can cause shifts in birds’ microbial communities 321331341351 Antibiotics can selectively affect the gut
microbiota, which leads to changes in the ratio of different groups of gut microorganisms 2887 Housing conditions
can also affect the microbiota. When litter is reused, the microorganisms contained in it can affect the broilers’
microbiomes B89 pin Viso et al. (2021) analyzed the available metadata from MG-RAST and the NCBI
Sequence Read Archive using QIIME v1.9.1 software. According to their analysis, there was a correlation between
such factors as age, diet, and geographic location. The authors discussed the so-called “local microbiota”
characteristics of different countries “9. Other important factors influencing the microbiota of chickens are

probiotics, prebiotics, and their compositions [2[421[43],

3. Spore-Forming Probiotics: Benefits for the Poultry
Industry
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As for the specific effects of spore-forming probiotics in poultry, preparations based on B. licheniformis have been
widely used in the poultry industry for more than three decades, positively affecting feed conversion rates 4. The
range of drugs that can achieve this effect is still expanding. It has been shown that the use of preparations based
on Bacillus subtilis equally improves the growth and productivity of broilers, and the effects are comparable to the
results of the use of the antibiotics bacitracin and avilamycin. Among other things, probiotic preparation has been
shown to positively affect the histomorphometry of the intestinal villi 2. Most often, probiotics have a positive
effect on the parameters of weight gain and the efficiency of food consumption in broilers 28471481 According to

the literature, spore-forming probiotics affect the following parameters measured in the poultry industry:

» Biochemical blood parameters showing the intensity of carbohydrate and protein metabolism (protein, glucose,
urea) (2

« Hematological blood composition (number of blood cells) as well as stimulation of the hematopoietic organs %
[51]-

« Dynamics of live weight (weight gain) 52

» Feed conversion rate (this appears to be increased by improved digestion and absorption of nutrients, leading
to increased productivity) B2I;

« Quantitative and qualitative composition of the microbiota [24;

« The level of oxidative stress (MRNA expression of antioxidant genes, oxidative damage index, etc.) 55;
« Meat quality (pH, cooking loss, shear, color, short-chain fatty acids, taste) 28;

« Egg production 71,

« Egg quality (yolk cholesterol, improved shell thickness, egg weight) 5&;

» Sperm quality (volume of ejaculate, total number and concentration of spermatozoa in the ejaculate, number of
morphologically abnormal cells in the ejaculate) B!

« Intestinal barrier function 2611,

All of the above-mentioned effects of spore-forming probiotics on poultry health and performance parameters are
linked, as a specific and selective probiotic has not yet been identified that is associated with only one effect. The
systematic action of probiotics is mediated by modulation of the GIT microbiota, resulting in a wide range of

improvements to poultry performance.
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It should be mentioned that there are currently no standards for probiotic poultry trials, specifically regarding
definitions related to production performance parameters. Certainly, most of the in vivo probiotic research in poultry
has followed the principles of blind randomization and placebo control, and has chosen suitable statistical tests for
analysis. The most proven guideline for animal studies is ARRIVE (Animal Research: Reporting of In Vivo
Experiments) 2. However, it covers general items regarding study design and reporting results. In our mind,
specific guidelines for probiotic poultry studies with the enumeration of essential parameters that should be
evaluated in this kind of research must be created. They should include a set of minimum and possibly inexpensive
parameters that must be studied to grant research reproducibility and comparability of results. As of now, there are
a wide range of studies that cannot be compared because the authors did not report some production performance
or quality characteristics in animals treated with spore-forming probiotics. For example, Ermakova et al. (2021)
described the effects of B. subtilis probiotic on the yolk quality of Pharaon quail without mentioning other egg
guality parameters such as egg weight, egg shape index, eggshell color, eggshell strength, yolk weight, eggshell
weight, and other factors which did not require expensive equipment or consumables to evaluate, which makes it
impossible to fully compare the results of this study with others (€3 Deng et al. (2012) did not report feed
conversion rates, but they did provide egg weight and feed intake rate. As for the study design, the authors only
provided information about heat stress-challenged birds treated with probiotics without any data about a positive
control group with probiotic treatment and without experimental conditions 4. Many examples of studied
performance parameters including egg and sperm quality characteristics are provided in Table Al, Table A2 and
Table A3. Moreover, it should be mentioned that most of the studies have not provided detailed information about

spore-forming probiotics preparation, which undoubtedly affects the reproducibility of the studies.

4. Spore-Forming Probiotics Manufacturing, Exploiting Their
Biosynthetic Potential

4.1. Cultivation Conditions for Bacillus spp. Growth and Spore Production

The global probiotics market surpassed USD 44.2 billion in 2019 and is expected to grow at a 7.7% compound
annual growth rate to hit USD 74.3 billion by 2025 83, The use of Bacillus species as probiotic formulations is also
rapidly expanding, requiring them to be produced in large quantities at a low cost. A key step in the development of
a bioprocess is the production of bacteria with high yield and sporulation efficiency. Therefore, to obtain new and
deeper fundamental knowledge about the physiology of bacilli and the sporulation process as well as to develop
industrially significant technologies for the production of probiotics, various approaches and strategies have been
used including the search for new spore-forming bacteria, the use of cost-effective plant materials as growth
substrates, the optimization of fermentation media and cultivation conditions, and the development of improved

bioprocess technologies [C8I67IE8I6AT0I7LI[72][73][74] Nevertheless, current knowledge on the physiology of probiotic

Bacillus spp. production is still too limited to effectively realize their biotechnological potential on an industrial scale.

In laboratory studies, chemically defined synthetic media are frequently used for growth and sporulation. Although
such media provide well-reproducible and homogeneous spore preparations, they are relatively expensive and

provide a relatively low spore yield (1 x 108-1 x 10 CFU/mL). The concentration of the carbon source can play a
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decisive role in the process of sporogenesis by individual bacilli because it has been shown that with an increase in
glucose concentration, the concentration of vegetative cells increases, but initial glucose concentrations above 5
g/L inhibit sporulation and sporulation efficiency decreases [EeI68I7SI76][77][78][79][80[81][82][83][B4I[83][86] |t has been

suggested that depletion of the carbon source is the main stimulus for sporulation by Bacillus spp.; if that is the

case, the concentration of the carbon source in the culture medium needs to be reduced to increase the

sporulation efficiency and spore yield 2.

Although there is very little information in the literature on the effect of lignocellulose substrates on the formation of
Bacillus spores, a significant number of publications are devoted to the study of solid-phase fermentation
processes of spore-forming bacteria in the context of developing solid-phase processes related to the disposal of

organic waste including various lignocellulose substrates such as straw, leaf-stem mass, pulp, and meal Z2Z3174]
[76][77][78][79][80][81][82]

The use of solid-state fermentation (SSF) is an important tool in the prevailing circular bioeconomy paradigm,
wherein organic solid waste is converted into value-added products. We believe that products obtained from waste
by biotechnological methods differ favorably from traditional chemical sources in that the raw materials for their
production are renewable raw materials of animal and plant origin, and the use of agro—industrial waste and by-

products as substrates for the growth of probiotic microbes is one of the best ways to reduce production costs.

It is appropriate here to mention another area closely related to the prospects of waste recycling. SSF for plant
disease biocontrol is considered to be one of the most promising alternatives to chemicals and is being

commercially developed in many countries where Bacillus strains have a significant background [ZLI831(84],

However, it is necessary to identify the species and even the strain-specific lignocellulosic material to maximize the
probiotic potential of spore-forming Bacillus spp. Thus, cornmeal and soybean meal positively influenced spore
production by B. amyloliquefaciens BS-20, while no significant effects were found from wheat bran and molasses
[79 An optimized medium containing glucose, corn meal, soybean meal, and beef extract provided an 8.8-fold
increase in spore yield compared with a control medium. In another study, a combination of tapioca with lactose in
a nutrient medium for submerged cultivation of B. amyloliquefaciens B128 resulted in a spore yield of 5.92 x 108
spores/mL B4, A wide range of lignocellulosic materials with different chemical compositions have been used to
evaluate B. subtilis KATMIRA1933 spore production under submerged fermentation conditions Z8. Milled soybean
and sunflower processing by-products resulted in good growth of bacilli and accumulation of vegetative cells but
failed to promote mass sporulation as compared to a control medium. On the contrary, mandarin peels followed by
ethanol production residue (EPR) from corn grains provided an especially high yield of spores (5.7 x 1010 and 2.9 x
1019 spores/mL, respectively). Interestingly, the number of spores (4 x 10° spores/mL) increased by 7 and 10 times
with an increase in the concentration of mandarin peel in the medium from 10 to 30 and 40 g/L, respectively.
Further increases in mandarin peel concentration did not favor spore formation. Moreover, the authors found that
using cheese and curd whey instead of distilled water to prepare a culture medium containing mandarin peel, EPR,
or a mixture thereof accelerated the initial growth of the bacilli and increased the spore yield to 5.8-7.4 x 100

spores/mL. Likewise, B. amyloliquefaciens B-1895 appeared to be an efficient spore-forming bacterium producing
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8.2-10.8 x 10° spores/mL in the submerged fermentation of corn cobs, EPR from wheat grain, wheat bran,
sunflower extraction cake, and mandarin peels [Z6] |t can be inferred then that these substrates contain all the
nutrients required for both bacterial growth and effective sporulation. In addition, during the fermentation of these
materials, B. subtilis KATMIRA1933 and B. amyloliquefaciens B-1895 exhibited relatively low endoglucanase and
xylanase activities, which hydrolyze lignocellulose polysaccharides to metabolizable sugars to provide bacterial
cultures with their necessary carbon sources. Consequently, only traces of reducing sugars were detected, even at
the end of submerged fermentation, when the bacterial metabolism and proliferation had significantly declined.
These circumstances may lead to the prevention of sporulation inhibition caused by elevated concentrations of
sugars. On the whole, comparative analysis of the data received showed that in the submerged fermentation of
lignocellulosic materials, both bacilli produced higher yields of spores as compared with those in the glucose-
containing medium. Thus, these results indicate that various lignocellulosic materials may be successfully exploited

as growth substrates for the cultivation of spore-forming bacteria.

Typically, plant materials, being a rich carbon source, contain nitrogen in concentrations that are suboptimal for the
cultivation of microorganisms, which makes it necessary to include an additional nitrogen source for their optimal
growth. Several studies have shown that both the nature and concentration of nitrogen sources are crucial
nutritional factors affecting bacilli growth and spore production in both synthetic and lignocellulose-based media 2
[B71(881(89] | particular, mandarin peels represented an excellent growth substrate for B. subtilis KATMIRA1933
growth and spore production, providing an accumulation of 2 x 101° spores/mL 13, However, supplementation of
this medium with peptone ensured a three-fold increase in the spore yield, whereas ammonium sulfate sharply
inhibited the sporulation process. Moreover, the number of produced spores changed to 8.3 x 100 spores/mL
when the nitrogen concentration in the nutrient medium was increased to 40 mM. The authors attributed the
positive effect of peptone to the higher production of bacterial biomass and increased sporulation efficiency. In the
cultivation of B. amyloliquefaciens B-1895, corn cobs appeared to be an excellent growth substrate, providing an
accumulation of 7.2 x 10° spores/mL 8  Supplementation of the medium with casein hydrolysate at a
concentration of 20 mM as the nitrogen led to a three-fold increase of spore numbers. Chen et al. (2010) achieved
a maximal spore yield of 1.56 x 100 spores/mL after 40 h cultivation of B. subtilis WHKZ12 in a 30 L fermenter
using cornstarch, wheat bran, corn flour, corn steep liquor, soybean flour, and yeast extract at optimal
concentrations. Overall, the data received indicate that the determination of an optimal nitrogen source and
concentration are necessary for the best growth and sporulation of Bacillus species, and that a consideration of the

individual physiological parameters of each strain must be taken into account [Z8],
4.2. Fermentation Methods for the Production of Probiotics
4.2.1. Solid-State Fermentation

Probiotic yields and the cost of their production depend significantly upon the method of plant raw material
fermentation. According to several studies, the preparation of probiotics using solid-state fermentation (SSF) is
both cost-effective and environment-friendly [BIRAELI[2][93]
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The exploitation of biofilm growth is the key feature determining SSF's advantages because biofilms are perhaps
the most natural form of microbial communities’ existence (240931 Bacteria assembled in a consortium are
considerably persistent, just as an organized community is much stronger than a group of separated individuals in
higher-level organisms. As is known, the high persistence of pathogenic biofilms creates a number of problems in
the treatment of infections. However, this phenomenon has a second side. Probiotic bacteria combined in biofilms

grow better, are more resistant to drying, and can colonize the gastrointestinal tract of the host more efficiently (28!,

SSF of plant raw materials is attractive compared to the submerged fermentation process because its
implementation requires relatively low investment and less sophisticated equipment. It is easy to handle and has
higher productivity and concentration of the final product, which can be dried directly without centrifugation, as well
as a low wastewater output. Therefore, the cost-effectiveness of SSF is not as dramatically dependent on scaling
as in the case of liquid-state fermentation. Moreover, we believe that the indisputable advantage of solid-phase
fermentation is the possibility of its organization precisely within the framework of a small-scale technology focused

on local raw materials.

However, the cultivation of microbes using SSF depends on several technological issues such as oxygen supply
for aerobic metabolism; the removal of heat, CO,, and volatile components produced from metabolic processes;

and the maintenance of suitable moisture content for optimal growth (7188l

SSF is widely applied in the cultivation of filamentous fungi. The attention of researchers in East and Southeast
Asia studying the technological and dietological experience of obtaining traditional food products through the
fermentation of soybeans using Aspergillus and Rhizopus mushrooms has significantly enriched biotechnology
worldwide B2, |t was found that in the process of solid-phase fermentation, not only did the protein concentration
and the nutritional value increase, the content of anti-nutritional factors of the substrate decreased [IEZIB8]99] The
biosynthesis of active substances is also more efficient 22 including antibiotics 291102 nhhytohormones, food
pigments, and alkaloids. [193I[104]

Bacteria and fungi are the two main types of microorganisms used in Asian fermented foods, with most of them,
primarily Japanese natto, being fermented with Bacillus spp. During fermentation, Bacillus subtilis produces various
metabolites including peptones, peptides, amino acids, sugars, organic acids, and the enzyme nattokinase 193 that
are capable of modulating human and animal health. There is evidence that SSF with several species of the genus
Aspergillus such as A. niger and A. oryzae is inferior in its efficiency in increasing the availability of nutrients in
soybean substrate and reducing the pool of anti-nutritional factors as compared to bacterial fermentation using B.
subtilis 1981, Since the discovery of the health benefits of fermented foods 197, the number of publications devoted

to this topic are progressively increasing, and new aspects are opening up [203I[108][109][110][111]

Bacterial cultures can also be successfully used for the SSF of plant raw materials by microorganisms adapted for
the fermentation of lignocellulosic substrates, or, that is to say, capable of secreting lignocellulose-degrading
enzymes. Until now, only a few studies have exploited the SSF method for Bacillus probiotic production, and there

is a lack of comparative information on the production of Bacillus spp. probiotics under submerged and SSF
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conditions. In particular, Zhao et al. (2008) achieved the highest yield of spores (1 x 101! spores/g) when a mixture
of 15 g wheat bran and 5 g rice straw powder was used as a growth substrate for SSF by B. licheniformis B36.
Supplementation of this medium with an additional carbon source, either glucose or sucrose, increased spore
production by 35% and 25%, respectively, while additional nitrogen sources, peptone and yeast extract, increased
the spore yield by 16% and 24%, respectively 7. In our studies, B. amyloliquefaciens B-1895 BI78] and B. subtilis
KATMIRA1933 13l showed a capability to utilize various inexpensive lignocellulosic wastes/by-products as growth
substrates for high-yield spore production. The summarized data [ showed that in most media, SSF was a
suitable method for bacilli cultivation, favoring a significant increase in the number of spores compared to those
produced during the same time using submerged fermentation. SSF of wheat bran followed by mandarin peels
provided especially high yields of B. subtilis KATMIRA1933 spores (5.7 and 4.9 x 10! spores/g, respectively),
whereas EPR from wheat grains and wheat straw promoted spore formation in the SSF by B. amyloliquefaciens B-
1895 (3.8 and 3.1 x 101! spores/g, respectively). Interestingly, depending on the cultivation method, both bacteria
showed different preferences for growth substrates. For example, wheat straw appeared to be the worst growth
substrate for sporulation by B. amyloliquefaciens B-1895 in submerged fermentation, but it was a preferable source
of nutrients in SSF conditions. In the submerged fermentation, mandarin peels appeared to be the superior growth
substrate for B. subtilis KATMIRA1933 spore production, whereas B. amyloliquefaciens B-1895 was capable of
efficiently sporulating following fermentation of the majority of tested materials. Overall, these findings suggest that
both bacilli possess sufficiently potent enzymatic systems to deconstruct plant raw materials and provide all
necessary nutrients required for abundant bacterial growth, whereas the chemical composition, particle structure,

and adhesive properties of these materials favors biofilm formation and efficient sporulation.
4.2.2. Perspectives on Scaling up Fermentation Processes

Scaling up fermentation is the last step in the development of the production process, and several research groups
have demonstrated the technical feasibility of scaled-up production of Bacillus spp. spores. Sen and Babu (2005)
developed a two-stage strategy for B. coagulans RK-02 cultivation and sporulation in a 20 L fermenter. During the
first stage, cultivation conditions were created that were favorable for the production of biomass, while for the
second stage, in the stationary phase, conditions optimal for sporulation were maintained to obtain a maximum
spore vyield of 9 x 10! spores/g 111 Monteiro et al. (2014) cultivated B. subtilis in a 2 L bioreactor, using an
optimized, chemically defined medium, and during the exponential growth phase, the authors increased the
agitation rate from 100 to 1200 rpm to compensate for the oxygen consumption rate. The maximum vegetative cell
concentration (1.3 x 1010 cells/mL) was obtained at the end of the exponential growth phase. Thereafter, cell lysis
was observed, but only 48% of vegetative cells produced heat-resistant spores, with a final concentration of 6.3 x
109 spores/mL 23],

Cultivation of B. subtilis KATMIRA1933 was performed in a 7 L fermenter filled with an optimized medium
containing mandarin peels as a growth substrate 8. At a fermenter stirring speed of 300 rpm and aeration rate of
1.0 L/L/min, bacilli multiplication proceeded rapidly, and after 24 h of fermentation, the number of vegetative cells
increased from 3 x 108 CFU/mL to 2.4 x 101° CFU/mL, with a spore concentration of 3 x 108 spores/mL. During the

second day, the vegetative cells and spore numbers increased to 8.1 x 1019mL and 9.3 x 10° spores/mL,
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respectively. In subsequent cultivation, the B. subtilis KATMIRA1933 cell number increased to 1.04 x 101 CFU/mL

after 96 h fermentation, with a maximum vyield of 6.5 x 1010 spores/mL.

Undoubtedly, a promising strategy for the mass production of probiotics is the use of fed-batch cultures when the
concentration of the limiting substrate (usually, carbon source) can be kept very low, thus avoiding the repressive
effects of high concentrations of the substrate. In this case, all other nutrients are present in sufficient quantities so
that the growth of the microorganism is controlled solely by the concentration of the carbon source present [621112],
Thus, a fed-batch cultivation process in a 2 L bioreactor was developed for B. subtilis spore production with a high
yield. Initially, the culture was grown for 5 h in batch mode in a medium containing 3.5 g glucose/L. Before the
complete depletion of glucose in the middle of the exponential growth phase, a nutrient feed was started to extend
the exponential growth phase, prevent sporulation, and accumulate a maximum concentration of vegetative cells
(3.6 x 100 cells/mL). At the end of the fed-batch phase, glucose was completely depleted from the medium,
causing a spike in dissolved oxygen concentrations and indicating the onset of the sporulation process. This fed-
batch process of B. subtilis cultivation resulted in an increase in spore production, with the highest yield of 7.4 x
10° spores/mL. To obtain a high yield of the probiotic Bacillus coagulans, Pandey and Vakil (2016) first achieved a
high cell density in batch culture followed by fed-batch fermentation in which glucose was added intermittently in
portions. The maximum biomass yield reached was 30 g/L, which corresponded to 3.8 x 10! cells/mL, with a high
spore titer of 1.9 x 10/mL and a sporulation efficiency of about 81%. High biomass production was achieved by
maintaining the dissolved oxygen (DO) concentration above a critical level (20% DO) to meet the organism’s

maximum specific oxygen demand 62,

The upscaling of the SSF process to a pilot level for probiotic production was carried out for the first time by
Berikashvili et al. (2018) after optimizing the composition of the culture medium for B. amyloliquefaciens B-1895. In
these experiments, bacilli cultivation in 1 kg of milled corncobs soaked by an optimized cheese whey-containing
medium and placed in polypropylene gas-permeable bags resulted in the accumulation of 1.0 x 1012 spores per
gram of dry biomass €. Recently, the feasibility of the developed medium and SSF strategy was proven for B.
subtilis KATMIRA1933 probiotic production, when bacilli were cultivated in polypropylene bags or trays filled with 2
kg of wheat bran or milled corn cobs and formed 4.9 x 101! spores/g and 4.3 x 10! spores/g, respectively
(unpublished results). These findings show that the SSF of plant raw materials by spore-forming bacteria has great

potential for the efficient production of cheap probiotics.

In conclusion, the analysis of literature data shows that only a few Bacillus spp. have been extensively studied so
far, and current knowledge on their physiology is still too limited to effectively realize their biotechnological potential
on an industrial scale. Especially little is known about the physiological peculiarities of bacilli growth and spore
production during lignocellulose fermentation, under solid-state conditions in particular. Moreover, information on
hydrolytic enzyme production by probiotic bacilli during lignocellulose fermentation is limited, although
polysaccharides are typically the main resource for bacterial growth, and cellulases play a decisive role in steadily
supplying a carbon and energy source to the bacteria. It is necessary to elucidate the physiological mechanisms
that regulate (enhance or suppress) the growth and sporulation of individual bacilli as well as understand the

optimal nutrient requirements for both processes. Finally, to develop effective technology for the production of
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spore-forming bacteria, a reasonable strategy for increasing the production of probiotics is to create conditions at

the beginning of cultivation that ensure high cell density as well as conditions that allow sporulation to occur.
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