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1 | INTRODUCTION

Sascha Beutel

Abstract

The increased occurrence of antibiotic resistance and the harmful use of pesti-
cides are a major problem of modern times. A ban on the use of antibiotics as
growth promoters in animal breeding has put a focus on the probiotics market.
Probiotic food supplements are versatile and show promising results in animal
and human nutrition. Chemical pesticides can be substituted by biopesticides,
which are very effective against various pests in plants due to increased research.
What these fields have in common is the use of spore-forming bacteria. The
endospore-forming Bacillus spp. belonging to this group offer an effective solu-
tion to the aforementioned problems. Therefore, the biotechnological production
of sufficient qualities of such endospores has become an innovative and finan-
cially viable field of research. In this review, the production of different Bacillus
spp. endospores will be reviewed. For this purpose, the media compositions, cul-
tivation conditions and bioprocess optimization methods of the last 20 years are
presented and reflected.
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field of biotechnology [5-8]. These cell types are resis-
tant to environmental stress and are widely distributed

1.1 | Endospores and sporulation

Food spoilage of canned goods or diseases originated from
endospore-forming bacteria of the genus Bacillus spp.
[1-3] are often associated with these metabolically dor-
mant cell forms [4], after their germination in the food
source [1, 2]. In contrast to their bad image, endospore-
forming bacteria have proven to be useful tools in the

Abbreviations: ALR, airlift reactor; CFU, colony forming units; CSL,
corn steep liquor; DO, dissolved oxygen; DSM, difco sporulation
medium; LAB, lactic acid bacteria; OFAT, one-factor-at-a-time; rpm,
rounds per minute; RSM, response surface methodology; SFLAB,
spore-forming lactic acid bacteria; SmF, submerged fermentation; SSF,
solid-state fermentation; STR, stirred tank reactor.

in nature [4, 9, 10]. The main trigger for the onset of
sporulation is nutrient depletion. Endospores are inho-
mogenously formed in a subpopulation as a last resort
for survival of the population [9]. Sporulation is a cell
density-dependent process initiated by quorum sensing
using cell-cell-communication [9, 11]. Simplified, it is an
eight-step process [9, 12] involving a complex genetic
routine of sigma-factors and a phosphorelay-system. Even-
tually, this results in an asymmetric cell division and
autolysis of the so-called mother cell and the release of a
matured endospore [5, 13-15]. Spore-forming aerobic bac-
teria include Bacillus spp., which are Gram-positive and
are thermoresistant with a strain-dependent thermophilic
growth optimum [4, 9]. Commonly used organisms of this
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genera include Bacillus subtilis as the Gram-positive model
organism, Bacillus licheniformis, Bacillus thuringiensis,
Bacillus cereus and Bacillus coagulans [4].

1.2 | Applications of endospores in
industry
1.2.1 | Feed application

The increased appearance of antibiotic resistant bacteria
formed a global problem in need of an innovative solu-
tion. First, the use of antibiotics was limited resulting in
a ban of aforementioned chemicals in livestock nutrition
as growth promoters in the EU [5, 16-21]. Following a
vast amount of scientific research, probiotics show a great
potential as a substitute for antibiotics with the means
as growth promoters in animal nutrition. Especially the
poultry industry profits from probiotics [20, 22]. Addition-
ally, probiotics can also improve the health as a nutritional
supplement in human nutrition [5, 16, 18, 19, 21, 23, 24].
LAB (lactic acid bacteria) such as Lactobacillus are com-
monly used as probiotics in human and livestock nutrition
[20, 25-27]. Especially interesting for the industrial use of
probiotics are SFLAB (spore-forming lactic acid bacteria)
such as B. coagulans. The organism combines the probi-
otic properties of LAB with the heat and acid resistance
of endospores and thus increases the bacterial survival of
gastric acid [25, 28, 29]. Additionally, the shelf life at room
temperature of SFLAB probiotics is prolonged due to the
resistance of endospores against environmental stress [27,
30, 31]. Most SFLAB are non-pathogenic, registered GRAS
(generally regarded as safe) organisms and thus simplify
the use of Bacillus spp. as probiotics [25, 28, 32]. Advantages
of SFLAB over LAB include the resistance to environmen-
tal stress and their easy cultivation [5, 28]. Moreover, an
increasing market for health promoting dietary supple-
ments shows the significance of the industrial production
of SFLAB as probiotics [17, 25].

1.2.2 | Other applications

In addition to the use of probiotics in nutrition, Bacillus
spp. are also used in household chemicals due to their
easy formulation and handling. For example, endospore
containing sprays are used in hospitals to prevent the
colonization of surfaces against Staphylococcus aureus
[32].

Furthermore, Bacillus spp. are also heavily used in the
market of biopesticides [33]. As a promising alternative for
pesticides the endospores and crystals of B. thuringiensis
are used [5, 8]. In a futuristic application, endospores are
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FIGURE 1 Overview of conditions that should be considered

for an endospore producing bioprocess.

used in self-healing concrete by precipitation of calcium
carbonate and the alkalization of the surrounding [34].

To meet the increasing market demand for endospores,
efficient strategies for large-scale production need to
be developed. For this purpose, the field of biopro-
cess development offers optimal opportunities to produce
endospores. For the development of a bioprocess, the
understanding of the physiological needs of the organ-
ism is paramount. The regulation or specific requirement
of nutrients during cell cycles support the process devel-
opment. These requirements must be specifically defined
for each Bacillus organism. For the successful cultivation
of endospores, in addition to the strain-specific selec-
tion of the parameter ranges, various conditions must
be considered and tested. These include the media type
and composition as well as the process mode. Subse-
quently, various methods for process optimization can be
applied during or after the development. An overview of
conditions is depicted in Figure 1.

1.3 | Media composition

Nutrient media are an important basis for process develop-
ment and play a key role in leading to a successful process
[5]. Broadly speaking, the media used can be divided into
complex and chemically defined. The former makes it dif-
ficult to draw conclusions about the exact composition of
the medium and can vary depending on the batch. Addi-
tionally, the reproducibility of chemically defined media
facilitates the process development. The nutrient needs of
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the organisms change from growth to sporulation and need
to be adjusted accordingly [4]. In addition, the components
and the precise composition of the medium influences the
induction of sporulation and the successful maturation
of the endospore [35-37]. Besides nutrient components,
divalent mineral ions are essential for successful sporu-
lation [5, 38]. Especially Mn?* shows essential influence
on the sporulation of Bacillus spp. [39, 40]. During induc-
tion of sporulation Mn?2* is crucial for its continuation [36,
39-42]. Additionally, Ca’* is important for the formation of
endospores and is chelated with the sporulation biomarker
dipicolinic acid (DPA) [43, 44]. Monteiro et al. increased
the spore yield by using a Ca** concentration of 0.6 gL~
[45]. The supplementation of 0.1% Ca?* carbonate helped
with the completion of the sporulation [46].

Sporulation can be repressed by high concentrations of
glucose [47, 48]. Furthermore, a higher glucose concen-
tration than 15 gL.=! did not improve the sporulation of
B. thuringiensis in a partially defined medium [49]. Low
glucose concentrations showed high sporulation outcomes
[50]. However, a decreased spore number was reported
above 5 gL.™! glucose concentrations [51]. The autolysis
of vegetative cells, which begins in the stationary phase,
can be prevented by the addition of glucose at the end
of the exponential growth phase [51-53]. But the supple-
mentation of an additional carbon source to the medium
during the cultivation can delay the sporulation for 24 h
[48]. In conclusion, the glucose concentration is a crucial
variation point in process development, which requires a
closer look. The concentration ranges need to be adjusted
strain-specifically.

In addition to the chemical composition of the medium,
its physicochemical properties, such as pH, are also impor-
tant for a successful cultivation. Moreover, the cultivation
method may alter the growth requirements of the organ-
ism. For example, under anaerobic conditions B. cereus
shows higher amino acid and pyruvate needs [54].

In the following an overview of complex and chemically
defined media that have been used for the sporulation of
Bacillus spp., developed over a period of the last 20 years,
is given.

1.3.1 | Complex media

This type of media is often used for the sporulation of
Bacillus spp. [55]. Besides glucose, carbon sources can
for example, include sucrose and xylose for the Bacil-
lus endospore production. Glycerol showed an impaired
spore yield compared to another carbon source [48]. Com-
monly used complex media for sporulation include Difco
Sporulation Medium (DSM), F-medium [56] and Schaef-
fer Sporulation Medium [57] that support the growth and
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sporulation of different Bacillus spp. Especially B. subtilis
was frequently cultivated in DSM. Tavares et al. yielded a
spore concentration of 4 x 10% spores mL~" after 24 h culti-
vation time and achieved a sporulation efficiency of 45.5%
[56]. Monteiro et al. doubled the concentration of DSM
components and supplemented with additional glucose.
This modified medium achieved an increased sporulation
with an efficiency of 77% instead of 48% [51]. Other com-
plex media for the Bacillus cultivation contained beef and
yeast extract [58] or hydrolyzed casein [59].

One media component is being increasingly used for
Bacillus endospore production. The by-product of corn
preparation corn steep liquor (CSL) or corn steep powder
(CSP) can be used for low cost cultivation and spore pro-
duction. The high spore counts achieved with this media
component can be explained by the more freely available
amino acids, carbohydrates and minerals [60]. In addition,
CSLisrich in nitrogen and the just mentioned amino acids
and nutrients. Moreover, CSL and soybean flour can pro-
vide growth factors for bacterial growth and sporulation
[61]. Especially thiamine in CSL improved the bacterial
sporulation [62, 63]. In media development, the C/N ratio
is an interesting and important variation point. The ratio
was tested by Pandey et al. for high cell density of B. coagu-
lans in a CSL-based medium with a C/N ratio of 40:1 [64].
CSL or CSP show promising results when used instead
of yeast extract. A shake flask cultivation of B. cereus in
a CSL-based medium improved the sporulation efficiency
and spore concentration by a 300-fold in comparison to a
yeast extract-based medium [60]. Moreover, when replac-
ing yeast extract with CSL and acetate the sporulation of
Bacillus sphaericus was increased in a fed-batch bioprocess
by yielding a spore concentration of 1.64x10'” spores mL~!
[63].

Besides CSL, other waste product-based media are used
for the endospore production. Some media are based on
corn starch, corn flour or wheat bran [61]. Barley malt
powder [34] and rice straw [65] were also used. Soybean
flour was tested for B. thuringiensis in a media optimiza-
tion [49]. Here, soybean powder was used as a nitrogen
source. Furthermore, this organism also grew in a medium
of tapioca powder, sugar cane and jaggery with additional
sucrose and glucose. It was also shown that yeast extract
was necessary for growth and sporulation in the used
complex media [46]. Khardziani et al. tested lignocellu-
losic substrates such as banana and mandarin peels. Other
tested substrates were corn, soybean, sunflower oil cake
and wheat straw. A particularly inexpensive carbon source
material, namely, mandarin peels, resulted in a high sporu-
lation of B. subtilis. 40 gL ™! milled mandarin peels with
peptone as nitrogen source with cheese whey instead of
distilled water were used as a medium. The mandarin peel
isrich in cellulose, hemicellulose, pectin, and nitrogen and
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Unusual Sources
CSL [, X1, xv]
Soybean Flour [ % X, XIV]
Corn Products X! XV]
Wheat Products X!\ XVl
Barley Malt Powder VI
Rice Straw XVI
Fruit Peel X1
Sunflower Oil Cake X!l
Tapioca Powder X!
Sugar By-Products X!

lnl

Complex Sources
Yeast Extract [ VIl IX. X, X, XV]
Nutrient Broth M
Meat Extract ¥
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Hydrolyzed Casein 1!

Overview of media components which are commonly used in endospore production. References: [I] Sarrafzadeh et al.[59];

[IT] Pandey and Vakil [64]; [III] Elsayed et al. [66]; [IV] Lacerda et al. [67]; [V] Posada-Uribe et al. [68]; [VI] Monteiro et al. [45]; [VII] Tavares
et al. [56]; [VIII] Monteiro et al. [51]; [IX] Murugesan et al. [58]; [X] Gopinathan et al. [46]; [XI] Awad et al. [69]; [XII] Khardziani et al. [48];
[XTIII] Lalloo et al. [60]; [XIV] Chen et al. [61]; [XV] Hong et al.[34]; [XVI] Yin et al. [65].

has water-soluble sugars [48]. Additionally, an overview
of waste and by-product-based media can be found in
Figure 2.

1.3.2 | Defined media

In addition to the already widely used and well-known
chemically defined sporulation media such as MOD [70]
or CCY (Casein-Casein-Yeast) [71], other defined media
have been modified or developed over the past 20 years.
Based on MOD a chemically defined medium was used for
B. cereus to demonstrate anaerobic cultivation conditions
in Hungate tubes. The medium contained low concen-
trations of glucose (10 mM) and amino acids (2.5 gL ™)
[72]. Monteiro et al. developed and optimized a chemically
defined medium for B. subtilis by varying the concentra-
tions of vitamins, carbon, nitrogen and Ca?t*. Furthermore,
it was discovered that no additional vitamin mix was nec-
essary if thiamine (10 mgL~!) had been supplemented
sufficiently [45]. For cost reduction or growth enhance-
ment complex media components can be added to an
otherwise chemically defined medium. Posada-Uribe et al.
developed a defined medium with complex components
for the cultivation of B. subtilis and achieved a spore yield
of 1.37 x 10° CFU mL™! and a sporulation efficiency of
93.5%. Especially low concentrations of glucose (1.04 gL ™)
were found to be effective [68]. A partially defined
medium with yeast extract was optimized for B. thuringien-
sis and resulted in a spore concentration of 3.29 x 10°
spores mL~! after 36 h in a shake flask cultivation by
Awad et al. [69].

1.4 | Cultivation and sporulation in
bioprocesses of Bacillus spp

For a successful production of endospores in a biopro-
cess, strain-specific cultivation and nutrient requirements
should be determined [17]. A high cell density is necessary
to trigger quorum sensing in Bacillus spp. [68]. Sporulation
can be induced at the beginning of the stationary phase by
its main trigger nutrient deficiency [9, 73].

1.4.1 | Cultivation conditions to produce
endospores

Spore formation can only occur in the same parameter
ranges which support bacterial growth [5]. Cultivation
conditions deviating from the optimum can lead to a
prolonged cultivation time and thus entail a further pro-
duction cost [5, 74-80]. In this chapter, commonly used
cultivation condition ranges from temperature, aeration,
agitation as well as pH-control are summarized.
Particularly different strategies in the production of
endospores exist in regard to pH-control. The views on this
vary from a supporting to an inhibiting effect on sporula-
tion. pH-control can be useful because some Bacillus spp.
contribute to acidification of the environment through for
example, lactate fermentation and can thus impair growth.
Adjusting pH to a fixed value often improved the sporu-
lation of various Bacillus spp. [48, 51, 59, 64, 81]. Another
approach is to regulate the pH in a fixed range to sup-
port growth and sporulation [57, 61]. Rosenfeld et al. for
example, detected an increased growth of B. cereus by
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using pH-control [54]. Monteiro et al. conducted exper-
iments with pH-control and found a minimal pH of 5
necessary for a successful sporulation of B. subtilis. A pos-
sible explanation for the benefit of a controlled pH for
improved sporulation could be due to a synchronization
of the sporulation in the population and thus, increase
the sporulation efficiency [51]. In the topic of pH-control
the strain-specificity was evident again. Uncontrolled pH
showed no impact on sporulation in some Bacillus spp. or
even increased the spore yield through a natural pH-shift
[68, 69].

The aeration is important for the support of growth in
bacteria. A dependency between aeration and spore yield
was shown for B. cereus and B. thuringiensis [5, 82-84].
The agitation is closely tied to the aeration and influences
the parameter naturally through technical reasons. The
dissolved oxygen (DO) is often used for the monitoring
of aeration. The DO can be set so that it acts as a mini-
mum value and is regulated accordingly. The interaction
of agitation and aeration was of particular importance for
achieving high spore yields of B. subtilis [68]. In other
examples, a variable agitation was used to influence the
DO [45, 51, 59, 60, 64, 68]. Sarrafzadeh et al. used a peri-
odical adjustment of agitation and aeration to maintain a
minimal DO >20% [59]. An increased cell and spore yield
was achieved for B. thuringiensis by using a controlled DO
of 50%. However, by increasing the aeration during the
sporulation phase to a DO 100% or a full limitation of aer-
ation, a decrease of the spore yield was shown in both
scenarios. A minimal DO >30% helped with the increase of
spore yield but had no significant influence on the growth
of B. subtilis [51]. A supplementation of pure oxygen can
inhibit the sporulation itself [83] and should thus be tested
strain-specifically.

Temperature ranges are dependent on the growth opti-
mum of the organism and can range for some Bacillus
spp. up to thermophilic temperatures [4]. For Bacillus spp.
the most commonly used temperature ranges include 30-
37°C [45, 48, 51, 56-61, 67]. A shift in temperature between
growth phase and sporulation can also be applied [85].
Additionally, the cultivation temperature influences the
heat resistance of mature endospores [74, 76, 80].

1.4.2 | Cultivation strategies
Production of endospores in lab scale can be performed
in shake flasks or benchtop bioreactors with bioprocess
control. The bioprocess needs to be simple enough for the
application in an industrial scale.

Submerged cultivations in shake flasks are often the first
experiments to be conducted in order to develop a biopro-
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cess. These cultivation vessels provide optimal conditions
for getting to know the organism and establishing culti-
vation parameters. In addition, media compositions and
cultivation parameters can be screened quickly and with-
out much effort in these vessels [66]. For example, Tavares
et al. compared DSM and F-medium in shake flask cultiva-
tions [56]. The DSM achieved a higher spore concentration
of 4 x 10® spores mL~! after 24 h than the F-medium
(6.5 x 10° spores mL~!). But after 72 h incubation time
the spore concentration in the F-medium reached 1.2 x 10°
spores mL~! and thus being higher than in DSM after 72 h
(6.7 x 108 spores mL™). These findings show that the nutri-
ent media can have a major impact on the process and
should therefore be thoroughly investigated.

Upscaling from shake flasks to a bioreactor is an
important step in bioprocess development. The process
conditions must be adjusted repeatedly during upscaling.
Cultivations in batch mode are most commonly used to
produce endospores of Bacillus spp. [51, 68, 67, 86]. By
applying three different cultivation modes in one batch-
cultivation of B. coagulans Das et al. first supported the
growth of the organism. After the growth phase, the
parameters were changed after glucose consumption and
then again for lipase and spore production until process
end [85]. An overview of reviewed cultivation parameters
can be found in Table 1.

However, fed-batch processes can also be used to sup-
port sporulation through added supporting components
[51]. The feed solution and its components or their ratio are
an important control element. Feed solutions often con-
tain glucose or other carbon or nitrogen sources [46, 57,
60, 64, 88] and additionally mineral salts such as Ca** [45]
or Mn?* [59]. In this context, fed-batch bioprocesses often
start as batch bioprocesses with a feed starting after or
shortly before the induction of sporulation [45, 51, 59, 64].
In a different approach the feed solution was added at vari-
able feed rates [57] or until a desired sporulation efficiency
(proportion of spores to the total cell count) has been
achieved [60]. The switch between batch and fed-batch
and back to batch mode was applied by Monteiro et al. for
B. subtilis [51]. Pandey et al. showed the importance of the
C/N ratio (30:1) in the feed solution in a fed-batch cultiva-
tion of B. coagulans which yielded a sporulation efficiency
of 81%. Other experiments by Pandey et al. used C/N ratios
of 40:1 and 35:1 in batch or fed-batch mode, resulting in the
beforementioned 30:1 C/N ratio. Here, the reduction of the
nutrients through the C/N ratio and an additional glucose
feed increased the sporulation [64]. Fed-batch mode can
also be used to suppress a catabolic repression through a
partial addition of the carbon source [46]. Moreover, the
addition of excess glucose can decrease the autolysis in the
bioprocess [45].
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1.5 | Optimization of endospore
production

Different methods can be applied to optimize a medium
or a bioprocess in general. Also, the use of bioinformatic
tools (e.g., genomics) can be used to optimally predict
and optimize growth and sporulation. In this way, it
is possible to name strain-specific sporulation require-
ments and to define the borders of process parameters
or media components. High-throughput tools for analy-
sis and improvement are also particularly useful here [89].
Statistical design of experiments such as Plackett-Burman
design or a one-factor-at-a-time (OFAT) approach can be
applied for the optimization. The prevalent aim is to max-
imize the spore yield after a successful high cell density
cultivation.

151 | Medium optimization

Medium optimization is a crucial step in bioprocess devel-
opment. Additionally, it is often the first step to improve
the sporulation and cell density by developing a medium to
support both. In a combination of an OFAT factorial design
for substrate determination and a two-level full factorial
design, a medium was developed for the industrial applica-
tion of Bacillus spp. by Hong et al. This approach followed a
quadratic model with central composite design to optimize
the found substrate concentrations of barley malt powder
and mixed grain powder [34].

Regularly the Plackett-Burman design is used to define
the composition and concentration ranges of the medium.
Posada-Uribe et al. used this method for the media opti-
mization to cultivate B. subtilis. Especially Mn?* was a
promising factor as it was having a positive effect on the
sporulation. The design matrix was a full factorial design
to define the optimization zone and to find the optimum
concentrations of the components [68]. In a two-level
Plackett-Burman design with seven parameters the dis-
tillery effluent-based medium for the growth of B. subtilis
was optimized by Shi et al. For the determination of the
optimal concentration ranges of the three most promising
factors corn flour, Mg** and (NH,),SO, a Box-Behnken
design was used, yielding a spore concentration of 6.95x108
spores mL~! [90]. Three media components were screened
in a Plackett-Burman design and a subsequent response
surface methodology (RSM) to optimize the medium and
bioprocess of B. coagulans. Due to the optimization a spore
yield of 5.74 x 10! CFU mL~! was achieved in a biore-
actor after 48 h [65]. The Plackett-Burman design was
also used by Chen et al. to determine the optimal nitro-
gen source for B. subtilis. Experiments were conducted
with CSL, soybean flour and yeast extract, as the carbon
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source was optimized beforehand. The improved medium
achieved a spore concentration of 1.52 x 10'° spores mL ™
in a shake flask cultivation and 1.56 x 10'° spores mL~" in
a 30 L bioreactor after 40 h of cultivation. Furthermore,
Chen et al. supposedly doubled the highest known spore
concentration for B. subtilis (by Monteiro et al. [51]) in
2010 with this optimized medium, making CSL a valuable
complex media component in spore production [61]. Addi-
tionally, this optimization approach showed how these
optimization methods can facilitate the process develop-
ment. Furthermore, a screening experiment followed by an
RSM for B. amyloliquefaciens resulted in the determination
of an optimized carbon and nitrogen source. The method
followed a five-level four-factor central composite design
to find the optimum of lactose, tapioca, ammonium sul-
fate and peptone. A significant effect was found between
tapioca and peptone, which were determined as the best
carbon and nitrogen sources [91].

1.5.2 | Parameter optimization

Following the development of a bioprocess and its testing
with the organisms, the parameters of the cultivation pro-
cess are an important regulator to achieve a higher cell
and spore density in favorably a shorter cultivation time to
minimize production cost. Optimized cultivation parame-
ters can include pH, agitation, aeration, temperature and
incubation time.

An enhancement of the growth of B. subtilis and B. coag-
ulans as probiotics was created by optimizing the culture
conditions by Murugesan et al. The pH, temperature and
incubation time were varied in an OFAT approach. The
parameters of pH 7, incubation time of 24 h and a tem-
perature of 30°C for B. subtilis and 37°C for B. coagulans
were identified [58]. In a single-factorial design, Posada-
Uribe et al. optimized a pH-control at varying values as
well as aeration and agitation. The conducted experiments
showed a significant effect (p < 0.05) of aeration and
agitation on the spore cell density but not the sporula-
tion efficiency [68]. Pandey et al. used a Plackett-Burman
design to choose the culture conditions based on nutrient
requirements of a phage-resistant B. coagulans and applied
a strain selection additionally [92]. Furthermore, multi-
variate response surface modeling of B. coagulans spore
production and a genetic algorithm-based optimization
was used to enhance the spore yield in a batch cultivation.
This approach focused on cultivation parameters such as
temperature, aeration and agitation and their influence on
growth and sporulation. The optimized cultivation condi-
tions (158 rpm, 40.95°C, uncontrolled pH and batch mode)
resulted in a yield of 6 x 10'? spores g~! biomass [85].
A different approach was applied by Atehortta et al. by
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involving the cell death and a dynamic substrate consump-
tion in a fed-batch cultivation of B. thuringiensis as a model.
The kinetic was based on a sigmoid function and an inter-
mitted fed-batch cultivation with total cell retention was
the result of this optimization [93].

1.6 | Cultivation systems for endospore
production
1.6.1 | Solid-State fermentation
Submerged cultivation (SmF) is commonly used in West-
ern countries. In contrast, in Asian culture many foods rely
on a different production technique called solid-state fer-
mentation (SSF). Already a commonly used technique for
the cultivation of fungus spores [94], SSF appears to be
a fitting technique for bacterial spore cultivation as well
[17, 20]. In this technique, microorganisms are cultivated
on moist, solid substrate and have no aqueous phase [95,
96]. Tray type solid-state fermenters contain a perforated
bottom to enable aeration and to withhold the substrate.
Inside the chamber are humid conditions with circulating
air [94]. The second type are drum fermenters with drum-
shaped corpuses and a possible control of aeration and agi-
tation. The advantage of this reactor type in contrast to the
tray fermenter are more homogenous culture conditions.
Column reactors contain a column with lidded endings. A
temperature control is possible [94]. Additionally, agitation
and aeration can be applied to SSF if needed. Furthermore,
batch mode or a continuous operation are possible with
this cultivation technique as well [94]. Other advantages
of SSF in contrast to SmF cultivation include higher prod-
uct yield and simplification of product recovery as well
as product processing [97] (e.g., no centrifugation steps
needed [20]). A disadvantage of SSF can be the heat devel-
opment during cultivation, which can lead to water loss
and limited oxygen supply [95, 98]. A comparison of SmF
and SSF based on different properties is shown in Figure 3.
The used substrates can be natural such as cellulose or
agricultural by-products, but due to the construction of
the substrate, the basis will be degraded and changes its
physicochemical and mechanical properties during culti-
vation [97]. Raw plant material and waste products are
an environmental-friendly and ecological substrate for SSF
[17, 20, 99-101]. Furthermore, simple equipment and low-
cost educts make SSF a cost-effective alternative [20]. For
an easier product recovery and with the possibility of
mass balancing and better process control, inert chemi-
cally defined substrates show a different approach. Here,
different abiotic materials are saturated with media com-
ponents. During cultivation, the base material and its
mechanical properties stay the same [97].

)

A 0, Supply ‘ '

A Shear Stress N
A Product Yield A [P |

)
v Product Recovery ‘ A E
A Equipment Cost ‘ ' =

A Industria’lmplementation} '

FIGURE 3
oxygen supply, shear stress, product yield, product recovery,
equipment cost and the industrial implementation [94]. Green
implies a positive characteristic and red indicates negative

Comparison of SmF and SSF concerning the

characteristics for common aerobic cultivations of microorganisms.
SmF, submerged fermentation; SSF, solid-state fermentation.

For natural substrates, a broad range of agricultural
products were tested with Bacillus spp. Soybean meal,
wheat bran and corn meal were tested and optimized by
using RSM to enhance sporulation in SSF of B. amylolique-
faciens. A spore yield of 7.24 x 10'° CFU g~! wet substrate
was achieved [100]. Berikashvili et al. used lignocelluloses
and corn cobs for the SSF of B. amyloliquefaciens and
yielded 4.7 x 10" spores g~! biomass. In the scope of their
work, sunflower oil and mushroom were tested as well,
but yielded only low sporulation rates. Notably, when dis-
tilled water was interchanged with cheese whey and corn
cob based medium, an increased spore yield of 1.05 x 10"
spores g~! biomass was achieved [102]. Soybean was also
the substrate in SSF for the cultivation of B. amyloliquefa-
ciens as a feed-additive for broiler and resulted in a dried
spore yield of 9 x 10'! CFU g~! [103]. Another waste prod-
uct used as a substrate is rice straw powder with wheat
bran for the cultivation of B. licheniformis. This medium
containing the beforementioned substrates and glucose,
peptone as well as yeast extract achieved a spore dry weight
of 1.7 x 10! spores g~! [101]. The cultivation and sporula-
tion of B. thuringiensis was compared in SmF and SSF by
Lima-Pérez et al. Interestingly, catabolic repression by glu-
cose occurred in SmF with 25 gL ™!, but in SSF at 50 gL
In SSF the sporulation started at just 15 h and gained
the highest spore yield at 36 h [104]. LB (lysogeny broth)
medium supplemented with raw potato flour was used for
the endospore production of B. thuringiensis in a mixed
cultivation of SmF and SSF. And here as well, the sporu-
lation time was decreased (by 24 h) in comparison to SmF
and an enhanced crystal formation occurred [105]. Bacillus
atrophaeus production was compared in an SSF column
bioreactor, bag reactors and flasks. Here, the ventilation
and moisture were varied in the cultivations. An enhanced
spore yield of 3.31 x 10'° CFU g~! dry weight in the column
bioreactor with 80% initial humidity and lack of aeration
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was achieved [106]. For B. subtilis a two-stage fermenta-
tion in SSF was conducted by Zhao et al. with the aim to
support cell growth and sporulation. The stages included
a temperature shift from 37°C during growth and 47°C for
sporulation after 48 h. The parameters Mn?* concentration
and temperature were optimized in a statistical experimen-
tal design. This process achieved a spore yield 0f 1.79 x 10'°
spores g~! dry medium after 72 h cultivation time [107].
In a co-cultivation of B. subtilis, Bacillus mucilaginosus
and Paecilomyces lilacinus on tobacco and its wastewater,
sporulation occurred but was decreased compared to sin-
gle cultivations. By limiting the utilization of P. lilacinus
the spore yield of the co-cultivation was increased [108]. In
conclusion, the approach of established SSF methods for
endospore production is a promising field. However, due
to the more difficult technical implementation possibilities
of SSF as an industrial scale process, its application could
still be limited in Western countries.

1.6.2 | Reactor systems

Widespread and established reactor systems such as STRs
(stirred tank reactor) are suitable for the cultivation
of endospores. New reactor types and high-throughput-
systems are used for endospore cultivation and bioprocess
screening experiments. Such high-throughput-systems are
for example, already used for E. coli. The developed pro-
cesses are transferable and thus help with upscaling and
lead to reduced experimental effort. So, bioprocess devel-
opment can be fast-tracked and discounted [109]. Besides
the obvious advantages, high-throughput screening lim-
its the usage of resources when statistical experimental
designs are employed. Disposable STRs are a way to secure
lab scale equivalent process development but only in
volumes as small as 250 mL [110].

Tzeng et al. used airlift reactors (ALR) for the cultivation
of B. amyloliquefaciens and compared it to a STR batch cul-
tivation. By using ALR the spore yield was increased five to
eight-fold compared to STR resulting in 3.82 x 10° spores
mL~L. Furthermore, the cultivation time was decreased to
29 h and the minimized shear stress presumably increased
the sporulation [111]. B. cereus was cultivated with the
purpose of endospore production in a chemically defined
medium in an ALR with pH-control and aeration. The use
of the ALR synchronized the sporulation and the airlift was
simultaneously used to harvest the endospores [47].

In a two-stage cultivation system B. thuringiensis was
cultivated to produce endospores and bioinsecticide
crystals. First, Saccharomyces cerevisiae was cultivated for
the purpose of being used as the medium component in
a minimal medium. In the same vessel, containing the
lysed yeast extract supplemented with 10 gL.™! glycerol
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B. thuringiensis was cultivated. This system, called pulse
fed-batch one pot (FOP) was inoculated with already
heat-treated endospores instead of vegetative cells. FOP
was conducted in lab scale and eventually upscaled to
production-scale bioreactors. This process showed a
cost effectiveness and a spore yield of 4 x 10° spores
mL~! in 300 L as well as 3 x 10'° spores mL~! in 1500 L
after 30 h, respectively [112]. But it has to be taken into
consideration, the previous cultivation of yeast and the
production of endospores on petri dishes for 96 h prolongs
and complicates the process distinctly.

2 | CONCLUDING REMARKS

This review summarizes and reflects the state-of-the-art in
endospore production. The high and constantly increasing
demand for endospore-based products shows the impor-
tance of this research field. By using different media, a
bioprocess can be fundamentally controlled. Furthermore,
the cultivation parameters form an important basis for a
successful Bacillus spp. bioprocess. Especially the variety
of process parameters and media compositions reflects the
diversity of the Bacillus spp. group. Therefore, individual
development and adaptation of the bioprocess is necessary
on a strain-specific basis. The cultivation options summa-
rized here are intended to provide a guideline for strain-
specific bioprocess development. Moreover, developed
bioprocesses can be further improved by statistical experi-
ment optimizations and so, become industrially attractive.

In addition to SmF, which is very common in Western
countries, SSF offers a possible method for the produc-
tion of endospores. However, despite the emerging use
of this method, the application of SSF in large-scale
processes is still difficult. The use of high-throughput
methods can further accelerate and improve the screen-
ing of media components and cultivation methods. In the
future, these methods could replace the preceding shake
flask experiments. This would make bioprocess develop-
ment significantly more cost-effective and also shorten the
development time.

Especially the emerging new products including
endospores put a spotlight on the bioprocess development
for these cell types. The established bioprocesses often
only focus on high cell density but need to consider the
main triggers of sporulation as well.
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