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In the first experimental part of this thesis (Chapters 2 and 3), we ad-
dressed the intra- and interspecies transfer of DNA and protein transfer 
between B. subtilis and members of Lactic Acid Bacteria (LAB). Here, 
we showed the ubiquity of horizontal gene transfer (HGT) in mixed 
co-cultures and proposed novel applications for natural strain improve-
ment which are highly desired in producing novel starter cultures for 
food fermentation

The second part of this dissertation explores the physiological and 
transcriptional responses of B. subtilis to osmotic and antibiotic stress 
on a population-wide and single-cell level (Chapters 4, 5 and 6). This 
work sheds new light on how preadaptation to adverse conditions can 
modulate metabolic activity, affect cell membrane polarization, and 
finally increase tolerance to certain antibiotics in bacteria. We showed 
that B. subtilis, after being pretreated with osmotic stress, enters the 
viable but non-culturable state (VBNC) and becomes resistant to ami-
noglycoside antibiotics. Besides, the observations made in this work 
draw attention to the typical methods of cell enumeration and their 
error-prone outcomes and highlight the importance of VBNC bacteria 
when testing new antibiotic compounds for clinical applications.

1.1. Bacillus subtilis: a model organism to study HGT 

Bacillus subtilis is one of the most studied Gram-positive bacteria, able 
to thrive in diverse environments such as soil, plant roots, gastrointes-
tinal tracts of animals or even under extraterrestrial conditions1–4. To 
survive under these ever-changing conditions5, B. subtilis responds to 
environmental cues by cell differentiation resulting in various special-
ized phenotypes6. For instance, when facing famine, a subpopulation 
of nutrient-deprived B. subtilis cells commits to sporulation and forms 
highly-resistant dormant endospores able to survive prolonged periods 
of unfavourable conditions7. These airborne spores can be easily trans-
ferred across many environments, waiting for the appropriate condi-
tions to germinate and populate a new niche8. Besides spore formation, 
B. subtilis induces natural competence for transformation. Essentially, 
under competence-promoting conditions, a fraction of the B. subtilis 
population enters the so-called competent state and upregulates the 
DNA-uptake machinery to acquire naked DNA, which can be either re-
combined into bacteria’s genome or utilized as a nutrient source9–11. The 
ability to take up exogenous DNA makes B. subtilis accessible for genetic 
modifications, and since B. subtilis is a Generally Recognized as Safe 
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bacterium (GRAS status), the relatively straightforward gene editing 
opens a myriad of applications as a microbial cell factory12. 

In its natural environment, B. subtilis interacts with many soil-dwelling 
bacteria and fungi, typically residing in biofilms that form a collective of 
cells aggregates encapsulated in a self-produced extracellular matrix13–15. 
B. subtilis can switch from a motile to a sessile state and activate the 
expression of genes involved in the production of abundant biofilms, 
including members of the epsA-O operon for exopolysaccharide syn-
thesis16, the tapA operon for the expression of protein fibers17, and the 
blsA gene whose product confers hydrophobic nature of biofilms18. Ad-
ditionally, the extracellular matrix contains extracellular DNA (eDNA), 
which is known to modulate the structure of biofilms19. Because of their 
collective nature, biofilms are great hot spots for HGT, facilitating DNA 
transfer through conjugation, phage transduction, natural transforma-
tion and even nanotubes. Therefore, it is expected that B. subtilis, as 
a considerable biofilm producer, will display a high frequency of HGT 
events when co-cultured with other bacteria. 

1.2. Horizontal gene transfer in Bacillus subtilis – classical 
and updated view on DNA transfer mechanisms

Classical HGT mechanisms in B. subtilis

Horizontal gene transfer (HGT) plays a crucial role in bacterial evolution 
and ecology20–22. In adaptation to ever-changing environments, bacteria 
are able to acquire foreign DNA that may be advantageous for survival 
under various selection pressures20,23. In the laboratory strain Bacillus 
subtilis 168, the early analyses of the DNA sequence revealed that ap-
proximately 15% of the genome consists of atypical regions representing 
evolutionary signatures for horizontally transferred DNA fragments24,25. 
The biggest hallmarks of HGT events in B. subtilis 168 are 10 AT-rich 
islands representing SPβ and PBSX prophages and prophage-like re-
gions26–29, and a region encoding integrative and conjugative element, 
ICEBs130. The assortment of HGT events discovered just in the genome 
sequence of the laboratory strain of B. subtilis suggests how robust the 
DNA exchange is in wild types strains occupying natural environments.

The main HGT mechanisms in bacteria are conjugation, phage trans-
duction and natural transformation31. The first two strictly depend on 
the presence of a donor cell or a donor phage near the recipient cell, 
and both require specific apparatuses for the DNA exchange. In the 

case of conjugation, after the mating pair formation between donor and 
recipient cell, the genetic material is transferred through a conjugative 
pilus, typically encoded on conjugative elements30,32. B. subtilis harbours 
one of the best-studied integrative and conjugative elements (ICE), 
ICEBs1. Excision of this 20-kb ICE is activated by the RapI protein and 
regulated by the PhrI secreted peptide, both encoded by the conjugative 
element itself33. The cells initiate the expression of rapI and phrI under 
conditions of low nutrient availability, high cell density and during the 
SOS response triggered by global DNA damage33. Importantly, ICEBs1 
can self-transfer from distressed donor to recipient cell, but it can also 
mobilize plasmids that lack mobilization functions, indicating that ICEBs1 
may play a significant role in HGT in B. subtilis34.

Bacteriophages, or phages, can mobilize DNA via specialized or gen-
eralized transduction modes. During transduction, genetic information 
is carried through phage virions that acquired fragments of the host’s 
DNA and were able to infect both donor and recipient35–37. The specialized 
transduction results from the defective excision of the prophage and 
packing of the adjacent fragments of the host’s chromosomal DNA38, 
whereas in the case of generalized transduction, phage virions errone-
ously pack random fragments of the host’s genetic material, including 
plasmids, instead of their viral DNA39,40. Successful transduction of ge-
netic material to B. subtilis was first documented in 1961 with bacterio-
phage SP-10 isolated from the soil41. The study showed curing of indole, 
arginine, histidine and adenine auxotrophs by phage propagation on 
a wild type strain and infection of mutant strains. Moreover, another 
virulent B. subtilis phage, SPP1, has been shown to carry out generalized 
transduction of plasmids with a significant frequency40. 

In the transformation process, bacteria enter the state of competence 
and acquire naked DNA directly from the environment using complex 
DNA-uptake machinery42–44. Unlike conjugation and phage transduc-
tion, this process is genetically encoded in the recipient’s cell, and it 
is regulated by many physiological and environmental factors such as 
growth phase, nutrient availability, starvation, cell density, and even 
antibiotic stress45–49. In B. subtilis, the competent state for transformation 
is induced at the onset of the stationary phase and in response to high 
cell densities9,50,51. The activation of the competence state (K-state) is 
controlled by the ComK master regulator52,53, a multimeric transcription 
factor that binds to a consensus motif on the promoter regions of compe-
tence-related genes54. It activates the expression of more than 150 genes, 
generally related to DNA uptake and homologous recombination55,56. 
Importantly, comK-deficient cells are not transformable, highlighting 
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the essential role of ComK in competence development57. However, not 
all the cells enter the K-state under competence-inducing conditions, 
and only a fraction of the population becomes competent for transfor-
mation. This phenotypic differentiation arises from a positive feedback 
loop generated by the auto-stimulation of ComK expression47,52,58. 

The induction of competence in B. subtilis is also controlled by its pop-
ulation density, and it is linked with the initiation of surfactin production. 
The ComX pheromone is sensed by the two-component sensor kinase 
ComP, which activates the transcriptional regulator ComA by phos-
phorylation. The phosphorylated ComA induces the expression of the 
surfactin operon together with a comS gene which encodes for a peptide, 
ComS, directly activating the ComK master regulator57,59,60. Interestingly, 
knowing that competence induction is triggered in dense populations, 
where part of the population triggers the surfactin production for cell 
lysis and DNA release, this suggests that genetic transfer via natural 
transformation is meant to share genetic material with kin cells61.

Cells in the K-state assemble a DNA-uptake machinery complex 
to translocate the exogenous genetic material across the cell enve-
lope44,45,47. The central part of the DNA translocation complex consists 
of an extendable type IV pilus encoded on the comG operon62. Be-
fore translocation, the double-stranded DNA is cleaved by the mem-
brane-associated nuclease NucA63, resulting in ~20 kb linear fragments 
that are further taken up in a single-stranded form (ssDNA). After the 
pilus retraction, ssDNA is translocated through a thick peptidogly-
can layer to the membrane-bound ComEA receptor protein, and the 
complementary strand is released to the medium64. Next, the ssDNA 
is transported into the cell via the ComEC polytopic transmembrane 
protein65, supported by the ATP-dependent helicase-like ComFA66. After 
internalization into the cytoplasm, several proteins, such as SsbB and 
DprA ssDNA-binding proteins, are recruited to protect the incoming 
ssDNA from degradation67,68. The integration of ssDNA into the recipi-
ent’s chromosome is catalyzed by the general DNA recombinase RecA, 
accompanied by AddAB DNA helicase69. It seems that B. subtilis does 
not discriminate among sequences of the incoming DNA. Rather, the 
successful integration depends on the coverage of homology between 
the foreign DNA and the recipient’s chromosomal DNA. 

Nanotubes as conduits for HGT in B. subtilis 

Recent advances on HGT in bacteria revealed promising evidence for 
noncanonical means of genetic transfer, including membrane vesicles70, 

cell-to-cell natural transformation71–74, and bacterial nanotubes75. To 
date, B. subtilis has been shown to transfer genetic material in a do-
nor-recipient manner not only via conjugation or phage transduction 
but also through cell-to-cell non-conjugative transfer73, presumably 
mediated via nanotubes75. 

Intercellular tubular conduits have been long known to occur in higher 
organisms (e.g. plants and mammalian cells), providing the routes for 
intracellular transfer of various cellular components, including nutrients, 
signalling molecules, proteins, organelles and even viral particles76–79. In 
the bacterial world, the presence of nanotubes was reported in several 
different species. To date, a list of microorganisms known to estab-
lish these structures as either donors or recipients includes B. subtilis 
and Staphylococcus aureus75, Escherichia coli80, Bacillus megaterium81, 

Figure 1. Horizontal gene transfer mechanisms characterized in B. subtilis 
The schematic representation of HGT events shaping the evolution and ecology doc-
umented in B. subtilis, including three generally recognized HGT mechanisms: phage 
transduction, conjugation and natural transformation, and recently studied: cell-to-cell 
transformation and DNA delivery via membrane-derived structures. In this thesis, we 
explored the cell-to-cell intra- and interspecies plasmid and protein transfer that is likely 
mediated via cell-to-cell nanotube transfer.
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Acinetobacter baylyi82, Clostridium acetobutylicum and Desulfovibrio 
vulgaris83, Thermococcus gammatolerans and T. kodakaraensis84. 

In B. subtilis, nanotubes were identified when a weak fluorescent 
signal was gradually delivered from GFP-producing cells to adjacent 
wild type cells on an agarose pad75. These structures were proposed to 
transfer not only small proteins but also plasmid DNA75, indicating their 
potential contribution to HGT in neighbouring bacteria. The analysis 
of nanotube formation in real-time revealed that these structures are 
formed in the course of minutes on solid media and display rapid move-
ments on a millisecond scale85. Notably, nanotubes seem sensitive to low 
concentrations of sodium dodecyl-sulfate, suggesting their membra-
nous nature75. Further analysis with super-resolution, light and electron 
microscopy confirmed that these appendages are composed of chains 
of constricted membranous segments that share continuous lumen85 
(Fig. 2A). This membrane compartmentalization has been proposed 
to be a footprint of continuous membrane budding during nanotube 
elongation. In the low-density populations, the extending nanotubes 
reach a length of up to 40 µm. Cryo-EM analysis indicated the nanotube 
diameter to be approximately 40–60 nm, depending on the width of 
the constriction sides of each nanotube segment (each approximately 
100 nm long). Additionally, the extending nanotubes are typically thinner 
than those connecting adjacent cells. Because of the presence of long 
extendable nanotubes, besides bridging neighbouring cells to exchange 
cytoplasmic content, nanotubes were proposed to assist in investigating 
near surroundings, plausibly for nutrients or allies. 

So far, several molecular determinants have been associated with 
nanotube biogenesis and mediated transfer. The early study on B. sub-
tilis nanotubes suggested a calcineurin-like phosphodiesterase YmdB 
strongly affecting nanotube formation85. The analysis of the ymdB mu-
tant revealed that these cells could no longer establish nanotube con-
nections with nearby cells. YmdB controls bistable expression of genes 
related to flagella and biofilm formation, and the mutation of the YmdB 
catalytic site, responsible for hydrolyzing cAMP and c-di-GMP signalling 
molecules, causes defective biofilm formation, strong overexpression of 
flagella and reduced colony size86,87. Thus, it is plausible that nanotube 
formation in B. subtilis could be associated with the capacity to pro-
duce biofilm structures and has a regulatory function in the nanotube 
elongation process. 

The work of Bhattacharya et al., 2019, revealed the identity of a mo-
lecular platform for nanotube biogenesis88. The CORE apparatus is 
composed of several copies of five integral membrane proteins, FliP, 

FliQ, FliR, FlhB, FlhA, and a soluble protein FliO, and it is settled at the 
base of the flagellar motor. Interestingly, similar structures with high 
homology to CORE proteins were found in the type III secretion system 
(TS33) injectosome of pathogenic E. coli, involved in the extraction of 
cytoplasmic molecules from infected human host cells via nanotubes80. 
The deletion of CORE genes in B. subtilis impairs nanotube production 
and consequently abolishes the molecular exchange. It has been sug-
gested that when in the planktonic state, bacteria use the CORE complex 
and promote flagella formation, whereas when grown on solid media, 
they utilize it for nanotube formation88.

To transfer cytoplasmic molecules between two neighbouring cells, 
the donor cell must overcome the cell wall barrier and establish a stable 
connection with the recipient cell. Baidya et al., 2020, demonstrated 
that nanotubes are provided with enzymes capable of cutting and 

Figure 2. Microscopic pictures of B. subtilis nanotubes.
(A) Cryo-EM micrographs of B. subtilis cells overexpressing ymdB emanating nanotubes. 
Asterisk indicates the place from which nanotubes are released into the environment. 
(B) shows LytB molecules travel along intercellular nanotubes to reach the recipient cell 
surface. (C) membrane staining of B. subtilis cells with visible nanotube-like structures 
(this thesis). (D) SEM microscopy of B. subtilis and L. lactis co-culture, showing merged 
contact sites for cell-to-cell molecular transfer (Chapter 2).
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disentangling the complex mesh of peptidoglycan, the main component 
of the cell wall. Two cell wall hydrolases, LytC and LytB, were found to 
localize within the nanotubes and were proposed to be among the first 
delivered cargo to the recipient cell89 (Fig. 2B). 

Nanotube-mediated transfer of plasmid DNA and presumably chro-
mosomal DNA offers another route for transferring various genetic 
traits between different bacteria. When appropriate co-culture con-
ditions are established, the nanotube transfer may be a promising 
tool for genetic modification of non-competent bacteria. Moreover, a 
well-characterized and naturally competent B. subtilis could serve as 
an intermediate host for transforming wild isolates or other industrially- 
relevant bacteria.

Sexual isolation and efficiency of HGT

While conjugation, transduction, natural competence and cell-to-cell 
DNA transfer significantly contribute to HGT, a successful exchange of 
genetic material and its functionality in the recipient’s cell is determined 
by sexual isolation90. The degree of sexual isolation, or incompatibility 
between genetically divergent microorganisms, depends on several 
factors. First, the donor cell or naked donor DNA must be within reach 
of the recipient and the genetic material successfully transported inside 
the cell. Following the DNA uptake, the donor’s DNA is exposed to the 
recipient’s restriction and modification (R/M) systems. In the case of an 
acquired unmodified or inappropriately modified donor’s DNA, the re-
cipient’s restriction nuclease will digest the foreign genetic material91,92. 
Second, for successful integration into the recipient’s genomic DNA, 
the incoming DNA must form a stable DNA heteroduplex based on the 
homology between donor and recipient DNA. The overall divergence of 
the DNA sequence between donor’s and recipient’s DNA lowers the sta-
bility of the donor-recipient heteroduplex and consequently decreases 
the probability of recombination93. 

In B. subtilis, the R/M systems appear to have a marginal effect on 
transformation efficiency, and only a minority of B. subtilis strains dis-
play restriction activity, which reduces the transformation efficiency by 
only 2–6 fold92,94,95. In contrast, the differences in the homology of incom-
ing DNA versus host DNA are mostly responsible for severe reductions 
in transformation rates92,93,96. To create stable DNA heteroduplex during 
transformation, B. subtilis needs 18–24 nearly identical base pairs at 
both ends of the donor strand97. 

1.3. GMO regulations and natural strain improvement 

The use of genetic engineering and microbes as micro-cell factories has 
given rise to significant advances in biotechnology and synthetic biol-
ogy. For instance, the possibility of engineering the B. subtilis genome 
enabled improved heterologous production of chemicals, enzymes, 
and antimicrobial materials for industry, agriculture, and medicine12. 
Nonetheless, the use of genetically engineered microorganisms for 
food production and direct environmental applications, especially in 
Europe, is troublesome due to the strict regulations on using genetically 
engineered strains in food and feed products and biocontrol agents 
released to the environment. Genetically modified organisms (GMO) are 
under severe social criticism that influences the legislation steps and 
guidelines for GMOs to be placed on the market. The main objections 
to using GMOs consider adverse effects on biodiversity, the possible 
toxicity of newly engineered strains or negative effects on the economy 
of developing countries98. 

But what makes a bacterium a GMO? The latest European directive 
2001/18/EC defines GMOs as organisms in which the genetic material 
has been altered in a way that does not occur naturally by mating and/
or natural recombination. Hence, only several techniques with consid-
erably lower efficiencies of genetic modification are accepted, including 
UV-induced random mutagenesis, conjugation, phage transduction and 
natural transformation, provided they do not use recombinant DNA or 
involve other GMOs98–100.

The Lactic Acid Bacteria (LAB) are of great importance to the food 
industry because of their great potential in producing fermented foods, 
such as dairy products, fermented vegetables and meats, and alcoholic 
beverages101, and they have been marketed as health-promoting probi-
otics102. The LAB strains used for fermentation have been isolated from 
natural habitats like plants or fermented foods. Their use as starter 
cultures provides desired organoleptic properties to the final product 
by enhancing taste and texture and preventing spoilage with lactic acid 
production. However, producing healthier and better-tasting products 
with long-term shelf life requires genetic adjustments of commonly used 
starter cultures or modifications of newly acquired wild environmental 
strains99,100. The most desirable features are improved bacteriophage 
resistance, improved texture forming ability with the production of exo-
polysaccharides, introduction of genetic determinants for stress resis-
tance, citrate metabolism, improved urease activity and modifications 
of carbohydrate metabolism and finally, plasmid curing100. Recombinant 
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DNA technology offers efficient and precise ways for genome modifi-
cations. Combined with the current sequencing technologies and the 
development of the “omics” tools, the physiology of newly engineered 
strains could be thoroughly studied before their release to the market. 
However, this approach still cannot be adopted due to the current reg-
ulations on GMO-derived products. 

The current strain improvement methods are mainly based on ran-
dom mutagenesis, directed evolution, and dominant selection100. The 
first one has been used extensively in industrial strain modifications by 
producing a set of mutation variants that can be later screened using 
high-throughput techniques. However, the introduction of random mu-
tations via UV-mutagenesis not only yields cells with desired mutations 
but also in many accompanying unintended mutations that can hamper 
a strain’s performance100. In the case of directed evolution, a strain is 
slowly adapted to the desired conditions for further applications. This 
adaptive strategy is time-consuming and, similarly to random mutagen-
esis, it can generate unwanted mutations over the adaptation period103. 
The last technique, dominant selection, is based on phenotype selection 
under stringent growth conditions. If the selection regime is powerful 
enough, the dominant selection of strains with single mutations can 
be obtained without using mutagens100. However, dominant selection 
requires considerable knowledge of the strain’s physiology, and like 
the previous method, can be time-consuming.

A valuable addition to the classical methods for strain improvement 
is HGT. Since the use of naturally occurring gene transfer methods is 
in accordance with current European directives, in recent years, the 
interest in the HGT-mediated mobilization of genetic traits has been 
renewed39,98,104, and the novel HGT method constituted by nanotube 
transfer is a welcome addition to the non-GMO toolbox.

2.1. Osmostress response in B. subtilis

Because of interchanging periods of flooding and drying of the topmost 
layers of the soil, B. subtilis is frequently challenged with osmotic 
stress105. To survive under hypo- and hyperosmotic conditions, this 
Gram-positive bacterium adapts a step-wise response strategy to main-
tain turgor and minimize the damage caused by rapid water fluxes106. 
When facing hypoosmotic stress, the cell rapidly jettisons ions and me-
tabolites through the mechanosensitive channels to reduce the driving 
force for water influx and avoid cell rupture105,106. On the other hand, the 

cell increases the osmotic potential of the cytoplasm when it encounters 
hyperosmotic conditions to avoid dehydration. In the primary response 
to hyperosmotic stress, the cell initiates uptake of water-attracting ions 
such as potassium, involving two potassium uptake systems, KtrAB 
and KtrCD107. The accumulated ions are subsequently replaced, at least 
partially, by compatible solutes, or osmoprotectants, to prevent the 
development of a long-lasting high ionic-strength cytoplasm108. 

B. subtilis utilizes a set of transporters from the Opu family to import 
a variety of compatible solutes109. Two potent osmoprotectants, proline 
and glycine betaine, can be acquired directly from the environment via 
OpuE and OpuA-D, respectively, but they can also be synthesized by the 
cell from their precursors: proline from glutamate and glycine betaine 
from the choline pools110–113. Notably, only proline can be synthesized 
de novo108,112,114. In members of Bacillus sp., proline is synthesized in 
three enzymatic steps carried out by γ-glutamyl kinase (ProB/ProJ), 
γ- glutamyl phosphate reductase (ProA/ProAA) and ∆1-pyrroline-5-car-
boxylate reductase (ProI/ProH/ProG/ComER)115–118. B. subtilis employs 
two distinct biosynthetic routes: the anabolic and the osmo-adaptive 
one, and both pathways are interconnected via γ-glutamyl phosphate 
reductase, ProA115. For the anabolic route, the cell activates ProB-ProA-
ProI enzymes to sustain basal proline levels of about 10–20 mM108,113,114. 
Under osmotic stress, the cell’s demand for proline increases, and the 
cell employs ProJ-ProA-ProH enzymes to rapidly elevate the intra-
cellular proline pools112,115. In the case of a severe osmotic upshift, the 
upregulation of the osmo-adaptive route yields from 20 mM to 500 mM 
of proline108,112,114. 

In addition to the cellular alterations, the σB-controlled general stress 
response system also contributes to the cell’s ability to cope with os-
motic stress119,120. It has been reported that continuous growth of B. sub-
tilis cells in high salt concentrations sustains activation of the general 
stress response, albeit to a much lower degree than cells subjected to 
a sudden osmotic upshift121. 

2.2. VBNC state

When exposed to harsh environmental conditions, microorganisms 
display several phenotypes that can endure long periods of stress. The 
best-studied examples are highly-resistant endospores, well-studied 
in Bacilli122. These dormant spores are metabolically inactive, wait-
ing for the appropriate conditions to germinate and repopulate the 
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environment. Besides spore formation, bacteria can enter into persister 
or viable but non-culturable (VBNC) state123. These dormant cell vari-
ants can be differentiated from truly dormant endospores since, unlike 
spores, they maintain basal metabolic rates and do not undergo evident 
morphological changes124,126. 

Persisters were identified as a subpopulation of nongrowing cell vari-
ants highly tolerant to antibiotics due to the extremely slow metabolic 
rates127. These dormant cell variants were observed to form two types 
of persistent cells. Type I persisters were generated at the stationary 
phase, and they displayed a significant lag time after antibiotic re-
moval128,129, whereas type II persisters occurred stochastically through 
phenotype-switching mechanisms that seemed to be independent of 
entering the stationary phase128,130. Mechanisms governing the formation 
of persister cells include stringent response to amino acid starvation 
or even oxidative stress response and phage shock128,131,132. Notably, the 
hallmark of bacteria switching to a persistent state is the biphasic killing 
curve of an exponentially growing culture exposed to lethal antibiotics 
(Fig. 3)133. Initially, the first killing phase shows a rapid drop in cultur-
ability, representing the susceptible fraction of the population. In the 
second phase, the decrease in cell count is milder, and the residual 
persisting cells (~1% of the population) are still viable and culturable 
after the antibiotic removal. 

VBNC cells share many characteristics with persister cells123. Similarly 
to persisters, the VBNC cells are stochastically present in the popu-
lation130,134 but can also be generated by environmental stresses135–137. 
Moreover, similar to persisters, VBNC cells are metabolically active, 
however, they have lost the ability to regrow on a medium that typically 
supports proliferation after the antibiotic pressure is removed134,136,138–140. 
While persisters can rapidly regrow on growth-promoting media, the 
VBNC cells require prolonged treatment to regain full culturability. The 
similarities and co-occurrences of both phenotypes in the same cul-
ture suggested that these survival strategies are part of the dormancy 
continuum in which VBNC cells are in a deeper dormancy state than 
persisters134,141,142. 

Cells in the VBNC state can be resuscitated with appropriate stimuli 
such as amino acids, gas mixture, heat shock, supernatants of growing 
cells, as well as the resuscitation promoting factor discovered in Salmo-
nella enterica143. However, so far, the exact mechanism underlying VBNC 
state induction and resuscitation is not fully explored138,141,143.

3. Scope of this thesis

In this thesis, we explore two independent research questions. In the 
first part of this work (Chapters 2 and 3), we address the importance 
of the cell-to-cell interactions in the intra- and interspecies HGT in 
B. subtilis and LAB members. We show that molecular transfer between 
neighbouring cells may greatly contribute to the HGT in natural envi-
ronments, but also it can be a promising tool in the laboratory setup 
for the natural strain improvement for the development of new starter 
cultures. In Chapter 2, we developed a co-culturing protocol and pro-
vided proof of transfer of a small high copy non-conjugative plasmid 
from B. subtilis to LABs and vice versa. In Chapter 3, we performed a 
case study of cell-to-cell intra- and interspecies protein transfer and 
explored the possibility of the ComK delivery from a hyper-competent 
donor strain to the comK-deficient strains of B. subtilis and induction 
of natural transformation with plasmid DNA. 

Figure 3. Experimental dormancy dynamics of antibiotic persistence and the VBNC state 
(adapted from Ayrapetyan et al., 2018) 
When an exponentially growing culture is exposed to a lethal concentration of antibiotics, 
the remaining cells that can be further revived on the growth-promoting media are defined 
as persisters. The hallmark of the presence of persister cells in the culture is the biphasic 
killing curve, indicated with the orange dashed line. When the antibiotic is removed from 
the media (the grey dashed line), after an appropriate lag time, which duration directly 
correlates with the period of the antibiotic exposure, the persister cells repopulate the 
environment (the purple line). In the case of the VBNC state indicated with the red dashed 
line, most of the cells that encounter severe stress stimuli remain viable but cannot be 
cultured on the standard growth media. However, these cells can be resuscitated upon 
specific conditions that vary from cell to cell. 
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The second part of the thesis (Chapters 4, 5, 6) sheds new light on the 
adaptational transcriptional and physiological responses to osmotic and 
antibiotic stress in the laboratory strain of B. subtilis 168. In Chapter 4, we 
studied the kinetics of the activation of the osmotically-controlled proHJ 
promoter on a single-cell and population-wide level. Under mild osmotic 
upshift conditions, we observed a switching point and heterogeneous 
proline biosynthesis gene expression on a solid media, showing that 
only part of the population will switch to proline synthesis and likely 
supply it to the neighbouring cells. Additionally, we demonstrate that 
the osmotically-controlled proline biosynthesis pathway is also involved 
in the antibiotic-mediated stress response in B. subtilis, suggesting a 
new role of proline in antibiotic resistance. Consequently, this study 
prompted us to explore further the response to changing environments 
and how the preadaptation to osmotic stress affect the antibiotic’s effi-
cacy in B. subtilis cells. In Chapter 5, we studied physiological changes 
caused by pre-exposure to osmotic stress and simultaneous amino-
glycoside treatment in B. subtilis cells. Using microfluidics combined 
with time-lapse microscopy, we followed the uptake of fluorescently- 
labelled kanamycin and examined the metabolic activity of differently 
preadapted populations at a single-cell level. Combining single-cell 
studies and population-wide analysis of differently preadapted cultures, 
we demonstrate for the first time that kanamycin-tolerant B. subtilis cells 
could be entrapped in a viable but VBNC state. This study highlights the 
importance of the bacterial growth conditions and metabolic state prior 
to the antibiotic treatment. Using a robust RNA-Seq, the differences in 
transcriptional profiles of B. subtilis VBNC cells, kanamycin-sensitive 
cells and culturable cells without kanamycin treatment are described 
and presented in Chapter 6. This study’s comparative analysis of dif-
ferently expressed genes and operons indicated high similarities in 
the transcriptional responses of VBNC and kanamycin- sensitive cells. 
Moreover, we showed that VBNC cells strongly upregulate genes in-
volved in proline uptake and catabolism, suggesting a putative role of 
proline as a nutrient in VBNC cells.

The last part of this work summarizes the most recent reports about 
bet-hedging phenomena in various microorganisms. Chapter 7 shows 
how versatile a bet-hedging strategy is within the microbial realms. 

Finally, in Chapter 8, we summarize the results of all chapters and 
discuss the future perspectives, presenting new research lines.

REFERENCES

1. Earl, A. M., Losick, R. & Kolter, R. Ecology and genomics of Bacillus subtilis. Trends 
Microbiol. 16, 269 (2008).

2. Bucker, H., Horneck, G., Wollenhaupt, H., Schwager, M. & Taylor, G. R. Viability of 
Bacillus subtilis spores exposed to space environment in the M-191 experiment system 
aboard Apollo 16. Life Sci. Space Res. 12, 209–213 (1974).

3. Horneck, G. Responses of Bacillus subtilis spores to space environment: results from 
experiments in space. Orig. Life Evol. Biosphere J. Int. Soc. Study Orig. Life 23, 37–52 
(1993).

4. Tam, N. K. M. et al. The Intestinal Life Cycle of Bacillus subtilis and Close Relatives. J. 
Bacteriol. 188, 2692–2700 (2006).

5. Nguyen, J., Lara-Gutiérrez, J. & Stocker, R. Environmental fluctuations and their 
effects on microbial communities, populations and individuals. FEMS Microbiol. Rev. 
45, fuaa068 (2021).

6. López, D. & Kolter, R. Extracellular signals that define distinct and coexisting cell fates 
in Bacillus subtilis. FEMS Microbiol. Rev. 34, 134–149 (2010).

7. Chung, J. D., Stephanopoulos, G., Ireton, K. & Grossman, A. D. Gene expression in 
single cells of Bacillus subtilis: evidence that a threshold mechanism controls the 
initiation of sporulation. J. Bacteriol. 176, 1977–1984 (1994).

8. Ulrich, N. et al. Experimental studies addressing the longevity of Bacillus subtilis 
spores – The first data from a 500-year experiment. PLOS ONE 13, e0208425 (2018).

9. Dubnau, D. Genetic competence in Bacillus subtilis. Microbiol. Rev. 55, 395–424 (1991).
10. Redfield, R. J. Genes for Breakfast: The Have-Your-Cake and-Eat-lt-Too of Bacterial 

Transformation. J. Hered. 84, 400–404 (1993).
11. Finkel, S. E. & Kolter, R. DNA as a Nutrient: Novel Role for Bacterial Competence Gene 

Homologs. J. Bacteriol. 183, 6288–6293 (2001).
12. Su, Y., Liu, C., Fang, H. & Zhang, D. Bacillus subtilis: a universal cell factory for industry, 

agriculture, biomaterials and medicine. Microb. Cell Factories 19, 173 (2020).
13. Mendes, R., Garbeva, P. & Raaijmakers, J. M. The rhizosphere microbiome: significance 

of plant beneficial, plant pathogenic, and human pathogenic microorganisms. FEMS 
Microbiol. Rev. 37, 634–663 (2013).

14. Andrić, S., Meyer, T. & Ongena, M. Bacillus Responses to Plant-Associated Fungal 
and Bacterial Communities. Front. Microbiol. 11, 1350 (2020).

15. Arnaouteli, S., Bamford, N. C., Stanley-Wall, N. R. & Kovács, Á. T. Bacillus subtilis 
biofilm formation and social interactions. Nat. Rev. Microbiol. 19, 600–614 (2021).

16. Branda, S. S., González-Pastor, J. E., Ben-Yehuda, S., Losick, R. & Kolter, R. Fruiting 
body formation by Bacillus subtilis. Proc. Natl. Acad. Sci. 98, 11621–11626 (2001).

17. Romero, D., Aguilar, C., Losick, R. & Kolter, R. Amyloid fibers provide structural integ-
rity to Bacillus subtilis biofilms. Proc. Natl. Acad. Sci. U. S. A. 107, 2230–2234 (2010).

18. Hobley, L. et al. BslA is a self-assembling bacterial hydrophobin that coats the Bacillus 
subtilis biofilm. Proc. Natl. Acad. Sci. 110, 13600–13605 (2013).

19. Peng, N. et al. The exopolysaccharide–eDNA interaction modulates 3D architecture 
of Bacillus subtilis biofilm. BMC Microbiol. 20, 115 (2020).

20. Wiedenbeck, J. & Cohan, F. M. Origins of bacterial diversity through horizontal genetic 
transfer and adaptation to new ecological niches. FEMS Microbiol. Rev. 35, 957–976 
(2011).

21. Power, J. J. et al. Adaptive evolution of hybrid bacteria by horizontal gene transfer. 
Proc. Natl. Acad. Sci. 118, e2007873118 (2021).

22. Slomka, S. et al. Experimental Evolution of Bacillus subtilis Reveals the Evolutionary 
Dynamics of Horizontal Gene Transfer and Suggests Adaptive and Neutral Effects. 
Genetics 216, 543–558 (2020).

23. Cohan, F. M. & Koeppel, A. F. The origins of ecological diversity in prokaryotes. Curr. 
Biol. CB 18, R1024–1034 (2008).

24. Dufraigne, C. Detection and characterization of horizontal transfers in prokaryotes 
using genomic signature. Nucleic Acids Res. 33, e6–e6 (2005).



G
en

er
al

 in
tr

od
uc

ti
on

2524

1

24

25. Garcia-Vallve, S., Guzman, E., Montero, M. A. & Romeu, A. HGT-DB: a database of 
putative horizontally transferred genes in prokaryotic complete genomes. Nucleic 
Acids Res. 31, 187–189 (2003).

26. Lazarevic, V. et al. Nucleotide sequence of the Bacillus subtilis temperate bacterio-
phage SPbetac2. Microbiol. Read. Engl. 145 ( Pt 5), 1055–1067 (1999).

27. Takemaru, K., Mizuno, M., Sato, T., Takeuchi, M. & Kobayashi, Y. Complete nucleotide 
sequence of a skin element excised by DNA rearrangement during sporulation in 
Bacillus subtilis. Microbiol. Read. Engl. 141 ( Pt 2), 323–327 (1995).

28. Wood, H. E., Dawson, M. T., Devine, K. M. & McConnell, D. J. Characterization of PBSX, 
a defective prophage of Bacillus subtilis. J. Bacteriol. 172, 2667–2674 (1990).

29. Kunst, F. et al. The complete genome sequence of the Gram-positive bacterium Bacillus 
subtilis. Nature 390, 249–256 (1997).

30. Auchtung, J. M., Aleksanyan, N., Bulku, A. & Berkmen, M. B. Biology of ICEBs1, an 
integrative and conjugative element in Bacillus subtilis. Plasmid 86, 14–25 (2016).

31. Thomas, C. M. & Nielsen, K. M. Mechanisms of, and Barriers to, Horizontal Gene 
Transfer between Bacteria. Nat. Rev. Microbiol. 3, 711–721 (2005).

32. Cabezón, E., Ripoll-Rozada, J., Peña, A., de la Cruz, F. & Arechaga, I. Towards an 
integrated model of bacterial conjugation. FEMS Microbiol. Rev. 39, 81–95 (2015).

33. Auchtung, J. M., Lee, C. A., Monson, R. E., Lehman, A. P. & Grossman, A. D. Regulation 
of a Bacillus subtilis mobile genetic element by intercellular signaling and the global 
DNA damage response. Proc. Natl. Acad. Sci. U. S. A. 102, 12554–12559 (2005).

34. Lee, C. A., Thomas, J. & Grossman, A. D. The Bacillus subtilis Conjugative Transposon 
ICEBs1 Mobilizes Plasmids Lacking Dedicated Mobilization Functions. J. Bacteriol. 194, 
3165–3172 (2012).

35. Clokie, M. R., Millard, A. D., Letarov, A. V. & Heaphy, S. Phages in nature. Bacteriophage 
1, 31–45 (2011).

36. Chiang, Y. N., Penadés, J. R. & Chen, J. Genetic transduction by phages and chromo-
somal islands: The new and noncanonical. PLOS Pathog. 15, e1007878 (2019).

37. Touchon, M., Moura de Sousa, J. A. & Rocha, E. P. Embracing the enemy: the diver-
sification of microbial gene repertoires by phage-mediated horizontal gene transfer. 
Curr. Opin. Microbiol. 38, 66–73 (2017).

38. Canchaya, C., Fournous, G., Chibani-Chennoufi, S., Dillmann, M.-L. & Brüssow, H. 
Phage as agents of lateral gene transfer. Curr. Opin. Microbiol. 6, 417–424 (2003).

39. Marcelli, B. et al. Employing lytic phage-mediated horizontal gene transfer in Lacto-
coccus lactis. PLOS ONE 15, e0238988 (2020).

40. Valero-Rello, A., López-Sanz, M., Quevedo-Olmos, A., Sorokin, A. & Ayora, S. Molec-
ular Mechanisms That Contribute to Horizontal Transfer of Plasmids by the Bacterio-
phage SPP1. Front. Microbiol. 8, (2017).

41. Thorne, C. B. Transduction in Bacillus subtilis. J. Bacteriol. 83, 106–111 (1962).
42. Lorenz, M. G. & Wackernagel, W. Bacterial gene transfer by natural genetic transfor-

mation in the environment. Microbiol. Rev. 58, 563–602 (1994).
43. Chen, I., Christie, P. J. & Dubnau, D. The Ins and Outs of DNA Transfer in Bacteria. 

Science 310, 1456–1460 (2005).
44. Chen, I. & Dubnau, D. DNA uptake during bacterial transformation. Nat. Rev. Microbiol. 

2, 241–249 (2004).
45. Dubnau, D. The regulation of genetic competence in Bacillus subtilis. Mol. Microbiol. 

5, 11–18 (1991).
46. Slager, J., Kjos, M., Attaiech, L. & Veening, J.-W. Antibiotic-Induced Replication Stress 

Triggers Bacterial Competence by Increasing Gene Dosage near the Origin. Cell 157, 
395–406 (2014).

47. Hamoen, L. W., Venema, G. & Kuipers, O. P. Controlling competence in Bacillus subtilis: 
shared use of regulators. Microbiology 149, 9–17 (2003).

48. Håvarstein, L. S., Gaustad, P., Nes, I. F. & Morrison, D. A. Identification of the strep-
tococcal competence-pheromone receptor. Mol. Microbiol. 21, 863–869 (1996).

49. Claverys, J.-P., Prudhomme, M. & Martin, B. Induction of competence regulons as a 
general response to stress in gram-positive bacteria. Annu. Rev. Microbiol. 60, 451–475 
(2006).

50. Anagnostopoulos, C. & Spizizen, J. REQUIREMENTS FOR TRANSFORMATION IN 
BACILLUS SUBTILIS1. J. Bacteriol. 81, 741–746 (1961).

51. Lazazzera B. A. Cell density control of gene expression and development in Bacillus 
subtilis. Cell-Cell Signal. Bact. 27–46 (1999).

52. Smits, W. K. et al. Stripping Bacillus : ComK auto-stimulation is responsible for the 
bistable response in competence development: Bistability in competence of B. subtilis. 
Mol. Microbiol. 56, 604–614 (2005).

53. van Sinderen, D., ten Berge, A., Hayema, B. J., Hamoen, L. & Venema, G. Molecular 
cloning and sequence of comK, a gene required for genetic competence in Bacillus 
subtilis. Mol. Microbiol. 11, 695–703 (1994).

54. Hamoen, L. W., Van Werkhoven, A. F., Bijlsma, J. J. E., Dubnau, D. & Venema, G. The 
competence transcription factor of Bacillus subtilis recognizes short A/T-rich se-
quences arranged in a unique, flexible pattern along the DNA helix. Genes Dev. 12, 
1539–1550 (1998).

55. Berka, R. M. et al. Microarray analysis of the Bacillus subtilis K-state: genome-wide 
expression changes dependent on ComK. Mol. Microbiol. 43, 1331–1345 (2002).

56. Boonstra, M. et al. Analyses of competent and non-competent subpopulations of Ba-
cillus subtilis reveal yhfW, yhxC and ncRNAs as novel players in competence. Environ. 
Microbiol. 22, 2312–2328 (2020).

57. van Sinderen, D. et al. comK encodes the competence transcription factor, the key 
regulatory protein for competence development in Bacillus subtilis. Mol. Microbiol. 
15, 455–462 (1995).

58. Maamar, H. & Dubnau, D. Bistability in the Bacillus subtilis K-state (competence) 
system requires a positive feedback loop. Mol. Microbiol. 56, 615–624 (2005).

59. Nakano, M. M., Xia, L. A. & Zuber, P. Transcription initiation region of the srfA operon, 
which is controlled by the comP-comA signal transduction system in Bacillus subtilis. 
J. Bacteriol. 173, 5487–5493 (1991).

60. Hamoen, L. W., Eshuis, H., Jongbloed, J., Venema, G. & van Sinderen, D. A small gene, 
designated comS, located within the coding region of the fourth amino acid-activation 
domain of srfA, is required for competence development in Bacillus subtilis. Mol. 
Microbiol. 15, 55–63 (1995).

61. Danevčič, T. et al. Surfactin Facilitates Horizontal Gene Transfer in Bacillus subtilis. 
Front. Microbiol. 12, (2021).

62. Dubnau, D. Binding and transport of transforming DNA by Bacillus subtilis: the role 
of type-IV pilin-like proteins--a review. Gene 192, 191–198 (1997).

63. Provvedi, R., Chen, I. & Dubnau, D. NucA is required for DNA cleavage during trans-
formation of Bacillus subtilis. Mol. Microbiol. 40, 634–644 (2001).

64. Provvedi, R. & Dubnau, D. ComEA is a DNA receptor for transformation of competent 
Bacillus subtilis. Mol. Microbiol. 31, 271–280 (1999).

65. Draskovic, I. & Dubnau, D. Biogenesis of a putative channel protein, ComEC, required 
for DNA uptake: membrane topology, oligomerization and formation of disulphide 
bonds. Mol. Microbiol. 55, 881–896 (2005).

66. Londoño-Vallejo, J. A. & Dubnau, D. comF, a Bacillus subtilis late competence locus, 
encodes a protein similar to ATP-dependent RNA/DNA helicases. Mol. Microbiol. 9, 
119–131 (1993).

67. Yadav, T. et al. Bacillus subtilis DprA recruits RecA onto single-stranded DNA and 
mediates annealing of complementary strands coated by SsbB and SsbA. J. Biol. Chem. 
288, 22437–22450 (2013).

68. Yadav, T., Carrasco, B., Serrano, E. & Alonso, J. C. Roles of Bacillus subtilis DprA and 
SsbA in RecA-mediated genetic recombination. J. Biol. Chem. 289, 27640–27652 (2014).

69. Haijema, B. J. et al. Regulated expression of the dinR and recA genes during competence 
development and SOS induction in Bacillus subtilis. Mol. Microbiol. 22, 75–85 (1996).

70. Domingues, S. & Nielsen, K. M. Membrane vesicles and horizontal gene transfer in 
prokaryotes. Curr. Opin. Microbiol. 38, 16–21 (2017).

71. Blesa, A., César, C. E., Averhoff, B. & Berenguer, J. Noncanonical Cell-to-Cell DNA 
Transfer in Thermus spp. Is Insensitive to Argonaute-Mediated Interference. J. Bac-
teriol. 197, 138–146 (2015).



G
en

er
al

 in
tr

od
uc

ti
on

2726

1

26

72. Matsumoto, A. et al. Natural Escherichia coli strains undergo cell-to-cell plasmid 
transformation. Biochem. Biophys. Res. Commun. (2016) doi:10.1016/j.bbrc.2016.11.018.

73. Zhang, X. et al. Stress-Induced, Highly Efficient, Donor Cell-Dependent Cell-to-Cell 
Natural Transformation in Bacillus subtilis. J. Bacteriol. 200, e00267–18, /jb/200/17/
e00267–18.atom (2018).

74. Etchuuya, R. et al. Cell-to-Cell Transformation in Escherichia coli: A Novel Type of 
Natural Transformation Involving Cell-Derived DNA and a Putative Promoting Pher-
omone. PLoS ONE 6, e16355 (2011).

75. Dubey, G. P. & Ben-Yehuda, S. Intercellular Nanotubes Mediate Bacterial Communi-
cation. Cell 144, 590–600 (2011).

76. Heinlein, M. & Epel, B. L. Macromolecular transport and signaling through plasmodes-
mata. Int. Rev. Cytol. 235, 93–164 (2004).

77. Gurke, S., Barroso, J. F. V. & Gerdes, H.-H. The art of cellular communication: tunneling 
nanotubes bridge the divide. Histochem. Cell Biol. 129, 539–550 (2008).

78. Sowinski, S. et al. Membrane nanotubes physically connect T cells over long distances 
presenting a novel route for HIV-1 transmission. Nat. Cell Biol. 10, 211–219 (2008).

79. Onfelt, B. et al. Structurally distinct membrane nanotubes between human mac-
rophages support long-distance vesicular traffic or surfing of bacteria. J. Immunol. 
Baltim. Md 1950 177, 8476–8483 (2006).

80. Pal, R. R. et al. Pathogenic E. coli Extracts Nutrients from Infected Host Cells Utilizing 
Injectisome Components. Cell 177, 683–696.e18 (2019).

81. Stempler, O. et al. Interspecies nutrient extraction and toxin delivery between bacteria. 
Nat. Commun. 8, 315 (2017).

82. Pande, S. et al. Metabolic cross-feeding via intercellular nanotubes among bacteria. 
Nat. Commun. 6, 6238 (2015).

83. Benomar, S. et al. Nutritional stress induces exchange of cell material and energetic 
coupling between bacterial species. Nat. Commun. 6, 6283 (2015).

84. Marguet, E. et al. Membrane vesicles, nanopods and/or nanotubes produced by hyper-
thermophilic archaea of the genus Thermococcus. Biochem. Soc. Trans. 41, 436–442 
(2013).

85. Dubey, G. P. et al. Architecture and Characteristics of Bacterial Nanotubes. Dev. Cell 
36, 453–461 (2016).

86. Diethmaier, C. et al. A Novel Factor Controlling Bistability in Bacillus subtilis: the 
YmdB Protein Affects Flagellin Expression and Biofilm Formation. J. Bacteriol. 193, 
5997–6007 (2011).

87. Diethmaier, C. et al. The YmdB phosphodiesterase is a global regulator of late adaptive 
responses in Bacillus subtilis. J. Bacteriol. 196, 265–275 (2014).

88. Bhattacharya, S. et al. A Ubiquitous Platform for Bacterial Nanotube Biogenesis. Cell 
Rep. 27, 334–342.e10 (2019).

89. Baidya, A. K., Rosenshine, I. & Ben-Yehuda, S. Donor-delivered cell wall hydrolases 
facilitate nanotube penetration into recipient bacteria. Nat. Commun. 11, 1938 (2020).

90. Majewski, J. Sexual isolation in bacteria. FEMS Microbiol. Lett. 199, 161–169 (2001).
91. Wilson, G. A. & Young, F. E. Intergenotic transformation of the Bacillus subtilis geno-

species. J. Bacteriol. 111, 705–716 (1972).
92. Cohan, F. M., Roberts, M. S. & King, E. C. THE POTENTIAL FOR GENETIC EXCHANGE 

BY TRANSFORMATION WITHIN A NATURAL POPULATION OF BACILLUS SUBTILIS. 
Evol. Int. J. Org. Evol. 45, 1393–1421 (1991).

93. Riele, H. P. J. te & Venema, G. Molecular Fate of Heterologous Bacterial Dna in Com-
petent Bacillus subtilis. I. Processing of B. Pumilus and B. Licheniformis Dna in B. 
subtilis. Genetics 101, 179–188 (1982).

94. Harris-Warrick, R. M. & Lederberg, J. Interspecies transformation in Bacillus: mech-
anism of heterologous intergenote transformation. J. Bacteriol. 133, 1246–1253 (1978).

95. Bron, S., Luxen, E., Venema, G. & Trautner, T. A. Restriction and modification in B. 
subtilis: effects on transformation and transfection with native and single-stranded 
DNA. Mol. Gen. Genet. MGG 179, 103–110 (1980).

96. Harford, N. & Mergeay, M. Interspecific transformation of rifampicin resistance in the 
genus Bacillus. Mol. Gen. Genet. MGG 120, 151–155 (1973).

97. Majewski, J. & Cohan, F. M. The Effect of Mismatch Repair and Heteroduplex Formation 
on Sexual Isolation in Bacillus. Genetics 148, 13–18 (1998).

98. Kuipers, O. P. Back to Nature: a revival of natural strain improvement methodologies. 
Microb. Biotechnol. 8, 17–18 (2015).

99. Pedersen, M. B., Iversen, S. L., Sørensen, K. I. & Johansen, E. The long and winding 
road from the research laboratory to industrial applications of lactic acid bacteria. 
FEMS Microbiol. Rev. 29, 611–624 (2005).

100. Derkx, P. M. et al. The art of strain improvement of industrial lactic acid bacteria without 
the use of recombinant DNA technology. Microb. Cell Factories 13, S5 (2014).

101. Leroy, F. & De Vuyst, L. Lactic acid bacteria as functional starter cultures for the food 
fermentation industry. Trends Food Sci. Technol. 15, 67–78 (2004).

102. Ljungh, A. & Wadström, T. Lactic acid bacteria as probiotics. Curr. Issues Intest. Mi-
crobiol. 7, 73–89 (2006).

103. Barrick, J. E. & Lenski, R. E. Genome dynamics during experimental evolution. Nat. 
Rev. Genet. 14, 827–839 (2013).

104. Bron, P. A. et al. Renaissance of traditional DNA transfer strategies for improvement 
of industrial lactic acid bacteria. Curr. Opin. Biotechnol. 56, 61–68 (2019).

105. Hoffmann, T. & Bremer, E. Management of Osmotic Stress by Bacillus subtilis: Genetics 
and Physiology. in Stress and Environmental Regulation of Gene Expression and Ad-
aptation in Bacteria 657–676 (John Wiley & Sons, Ltd, 2016). doi:10.1002/9781119004813.
ch63.

106. Bremer, E. & Krämer, R. Responses of Microorganisms to Osmotic Stress. Annu. Rev. 
Microbiol. 73, 313–334 (2019).

107. Holtmann, G., Bakker, E. P., Uozumi, N. & Bremer, E. KtrAB and KtrCD: Two K+ Uptake 
Systems in Bacillus subtilis and Their Role in Adaptation to Hypertonicity. J. Bacteriol. 
185, 1289–1298 (2003).

108. Whatmore, A. M., Chudek, J. A. & Reed, R. H. The effects of osmotic upshock on the 
intracellular solute pools of Bacillus subtilis. J. Gen. Microbiol. 136, 2527–2535 (1990).

109. Hoffmann, T. & Bremer, E. Guardians in a stressful world: the Opu family of compatible 
solute transporters from Bacillus subtilis. Biol. Chem. 398, 193–214 (2017).

110. Kempf, B. & Bremer, E. Uptake and synthesis of compatible solutes as microbial stress 
responses to high-osmolality environments. Arch. Microbiol. 170, 319–330 (1998).

111. Hoffmann, T. et al. Synthesis, Release, and Recapture of Compatible Solute Proline 
by Osmotically Stressed Bacillus subtilis Cells. Appl. Environ. Microbiol. 78, 5753–5762 
(2012).

112. Brill, J., Hoffmann, T., Bleisteiner, M. & Bremer, E. Osmotically Controlled Synthesis 
of the Compatible Solute Proline Is Critical for Cellular Defense of Bacillus subtilis 
against High Osmolarity. J. Bacteriol. 193, 5335–5346 (2011).

113. Zaprasis, A., Bleisteiner, M., Kerres, A., Hoffmann, T. & Bremer, E. Uptake of amino 
acids and their metabolic conversion into the compatible solute proline confers os-
moprotection to Bacillus subtilis. Appl. Environ. Microbiol. 81, 250–259 (2015).

114. Hoffmann, T. et al. Osmotic Control of opuA Expression in Bacillus subtilis and Its 
Modulation in Response to Intracellular Glycine Betaine and Proline Pools. J. Bacteriol. 
195, 510–522 (2013).

115. Belitsky, B. R., Brill, J., Bremer, E. & Sonenshein, A. L. Multiple Genes for the Last 
Step of Proline Biosynthesis in Bacillus subtilis. J. Bacteriol. 183, 4389–4392 (2001).

116. Schroeter, R. et al. Stress Responses of the Industrial Workhorse Bacillus licheniformis 
to Osmotic Challenges. PLoS ONE 8, e80956 (2013).

117. Forlani, G., Nocek, B., Chakravarthy, S. & Joachimiak, A. Functional Characterization 
of Four Putative δ1-Pyrroline-5-Carboxylate Reductases from Bacillus subtilis. Front. 
Microbiol. 8, 1442 (2017).

118. Godard, T. et al. Metabolic Rearrangements Causing Elevated Proline and Polyhy-
droxybutyrate Accumulation During the Osmotic Adaptation Response of Bacillus 
megaterium. Front. Bioeng. Biotechnol. 8, 47 (2020).

119. Hecker, M., Pané-Farré, J. & Völker, U. SigB-dependent general stress response in 
Bacillus subtilis and related gram-positive bacteria. Annu. Rev. Microbiol. 61, 215–236 
(2007).


	Chapter 1



