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116 5 Environmental Stress Responses of Lactic Acid Bacteria

Abstract Lactic acid bacteria (LAB) are often used to produce fermented foods.
LAB usually grow in “moderate” environmental conditions and commonly encoun-
ter stress conditions like changes in pH, temperature, production, storage, and oth-
ers (Kim NR, Jeong DW, Ko DS, Shim JH, Intl J Biol Macromol 99:594-599.
https://doi.org/10.1016/j.ijbiomac.2017.03.009, 1997). These condition changes
may lead to poor growth rate or even survival of the bacteria. Stress responses were
of great importance for microorganism; they always continually change with tem-
perature and osmotic pressure in the environments (Becker MR, Paster BJ, Leys EJ,
Moeschberger ML, Kenyon SG, Galvin JL, Boches SK, Dewhirst FE, Griffen AL, J
Clin  Microbiol  40(3):1001-1009.  https://doi.org/10.1128/jcm.40.3.1001-
1009.2002, 2002). There are various kinds of stress factors, which include physical,
chemical, or biological and others. LABs are exposed to these stresses during fer-
mentation, for example, low temperature, high H,O, and low pH (Kurz M, Saline
Syst 4:6. https://doi.org/10.1186/1746-1448-4-6, 2008; Burokas A, Arboleya S,
Moloney RD, Peterson VL, Murphy K, Clarke G, Stanton C, Dinan TG, Cryan JF,
Biol Psychiat 82:472. https://doi.org/10.1016/j.biopsych.2016.12.031, 2017,
Becker MR, Paster BJ, Leys EJ, Moeschberger ML, Kenyon SG, Galvin JL, Boches
SK, Dewhirst FE, Griffen AL, J Clin Microbiol 40(3):1001-1009. https://doi.
org/10.1128/jem.40.3.1001-1009.2002, 2002). LABs have the stress-sensing sys-
tems to activate defenses, permitting the bacteria to acclimatize the harsh conditions
or environmental changes. In LAB, DNA-repairing mechanisms can be also charac-
terized as responding to oxidative stress and acid stress.

Keywords Acid Stress - Bile Stress - Osmotic Stress - Oxidative Stress - Cold
Stress

5.1 Response of Lactic Acid Bacteria to Acid Stress

5.1.1 Introduction

Lactic acid bacteria (LAB) are often used to produce fermented foods. LAB usually
grow in “moderate” environmental conditions and commonly encounter stress con-
ditions like changes in pH, temperature, production, storage, and others (Kim et al.
2017). These condition changes may lead to poor growth rate or even survival of the
bacteria. Stress responses were of great importance for microorganism; they always
continually change with temperature and osmotic pressure in the environments
(Becker et al. 2002). There are various kinds of stress factors, which include physi-
cal, chemical, or biological and others. LABs are exposed to these stresses during
fermentation, for example, low temperature, high H,O, and low pH (Kurz 2008;
Burokas et al. 2017; Becker et al. 2002). LABs have the stress-sensing systems to
activate defenses, permitting the bacteria to acclimatize the harsh conditions or
environmental changes. In LAB, DNA-repairing mechanisms can be also character-
ized as responding to oxidative stress and acid stress.

The stress-resistance systems of LAB were sorted into three classes: (1) specifi-
cally induced by a sublethal dose of the stress, (2) adapting to one stress condition
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that allows the cell to resist others in general systems, and (3) stationary-phase-
associated stress response, which can induce plenty of regulons that are designed to
conquer some stress conditions (Erny et al. 2015; Tsou et al. 2015; Beales 2004;
Keijser et al. 2008; Becker et al. 2002).

5.1.2 The Metabolic Responses to Acid Stress by LAB

More studies described the mechanisms underlying the capacity of LAB with acidi-
fication. Many references concentrated the resistance of LAB to physical damages
with acidic condition. For instance, a few of oral bacteria exhibits strikingly differ-
ences in the ability to acidification (Ayres 2016; Beales 2004). In these experiments,
all streptococcal species found similar release of magnesium at pH 4.0 conditions.
However, Lactobacillus casei illustrated damage below of pH 3.0, which had more
resistance. Experiments assessed the proton movement on the membrane of L.
casei. At the same time, the addition of ATPase inhibitor can cause increase of the
proton permeability of L. casei, indicating that the proton entered the cell mem-
brane, while the outflow process involved the proton-translocating ATPase (F,;F,-
ATPase). F,F, ATPase can utilize ATP to pump several protons from the cytoplasm
in the process of glycolysis. Many studies have shown that some F-ATPase activity
in microorganism have their own ability to transfer protons from the cytoplasm to
maintain the homeostasis of pH. LABs have the F-ATPase that may have more acid
resistance during low pH conditions (Uchihashi et al. 2011). The F-ATPase of LAB
is significant because of its good competitiveness relative to other organisms and
basic level of inherent acid resistance provided by the enzyme.

LAB could also produce cyclopropane-containing fatty acids (CFAs) in variable
conditions, for example, dehydrosterculic acid (C19cyc9) and lactobacilli acid
(C19cycl1). In the case of CFA synthase, methyl group can be transformed from
S-adenosyl methionine to fatty acids, which can produce CFAs. Bender et al. found
that the acid-adapted cells of L. casei ATCC334 are much more than those of con-
trol cell, which may increase the levels of CFAs and saturated fatty acids at the cost
of UFAs. These results showed that CFA production, occurring in L. helveticus and
L. sanfranciscensis, may be part of the rigid response in L. casei. CFAs occur in L.
helveticus and L. sanfranciscensis. Meanwhile, a relA gene involves the starvation
response of Streptococcus mutans and the production of CFAs under culture condi-
tion. In this condition, re/A mutant strain showed the larger acid tolerance compared
with the parent strain, which was the major effects of the mutation, following growth
in biofilms (Bender et al. 1986).

In addition to abovementioned acid tolerance mechanisms of LAB, some other
mechanisms of LAB cope with the influence on the damage mediated by acid and
improve degressive internal pH values. For example, releasing the ammonia to
increase pH value is thought to be a mechanism of acid resistance that distributed
evenly (Budin-Verneuil et al. 2006). In common conditions, arginine and amino
acid agmatine as parts of sources of ammonia. The release mechanism of ammonia
contained the system of arginine deiminase, and it needs to depend on the enzymatic
activity: ornithine carbamoyltransferase, arginine deiminase, and carbamate kinase
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(Champomier Verges et al. 1999). Arginine is across cells membrane assistances an
arginine-specific porter, as part of an arginine-ornithine antiporter system. Arginine
can be converted into ammonia and citrulline when it was cleaved by arginine deim-
inase. Meanwhile, citrulline was delaminated and splitted by ornithine transcarba-
mylase to ornithine and carbamoyl phosphate. Carbamate kinase can cut carbamoy]l
phosphate that would become carbon dioxide and ammonia in the substrate-level
phosphorylation (Davis et al. 1986; Champomier Verges et al. 1999). Finally, these
involved systems convey the moles of ammonia into cells and an ATP through a
series of energy formation reactions.

LAB exploits L-malate, because it can be converted into carbon dioxide by malo-
lactic fermentation pathway (MLF). Within this pathway, L-malic acid will release
carbon dioxide by malolactic enzyme and then form one molecule of lactic acid and
carbon dioxide, which could be transformed into bicarbonate by carbonic anhydrase
(Konings et al. 1997). It is an antiporter system that lactic acid was produced and a
molecule of L-malate was used. Since MLF pathway can be found in many LAB,
for example, it was used in some wine industry and so on. It is apparent that MLF
pathway is associated with protective buffering for the host bacteria. (Konings et al.
1997). MLF is widely distributed among LAB and distinctly within its strain levels.
During the fermentation of sugar, LAB could be respect to the ability to grow with
alcohol and at low pH (Vrancken et al. 2009).

Numerous studies concerning with LAB have described main growing period of
stress response to acid. No well-defined about lactic acid bacteria deploy their acid
tolerance, because of significant difference of its species and strain at the same
media composition and culture conditions (Beales 2004; Konings et al. 1997).
Hence, the transcriptional profiling and proteomics were used in combination to
illustrate the changes of LAB under in the acid stress responsive genes. Importantly,
the guanidine nucleotide pools of LAB especially affected by starvation, and carbon
flow was disrupted by Embden—Meyerhof—Parnas (EMP) system.

5.1.3 Signal Transduction

(p)ppGpp is a perfect position that can influence the variation of cells and the port
of conversion, carbon flow, and phosphate pools. Obviously, in different species and
strains, protein production is influenced by RelA or its equivalent loss (Magnusson
et al. 2005). A fewer reported in the literature about above theory of LAB. For
example, Rallu et al. once reported Lactococcus lactis responds rapidly to acidifica-
tion involving pppGpp (Rallu et al. 1996, 2000). Budin verneuil et al. suggested that
there is a deficiency in the protein in rel A, guaA(GMP synthase), and pstS(phosphate
transporter) with more L. lactis mutant strains compared with the parent strain
(MG163) (Budin-Verneuil et al. 2007). For instance, RecA (DNA-repair-
recombination protein), pyruvate carboxylase, CTP synthase, glutamyl—tRNA syn-
thetase, R30S ribosomal protein S1, and the subunit of DNA polymerase could
overlap the mutant strains, playing important roles at the acid conditions. dnaN,
similarly, a whole transcriptional studies about the relA mutant strain of S.mutans
refer to 50 transcripts, involving the strict response to RelP- and RelQ-mediated
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RelA-independent stress response (Nascimento et al. 2009). Certainly, RelA also
impact acid tolerance of S.mutans, when forming biofilms and participating in the
quorum sensing mediated by AI-2(Lemos et al. 2004).

More literatures show that LAB in an intense area, which could explore two-
component signal sensing and response circuits. The general concept about two-
component regulatory systems (TCSs) is that it can regulate extensive bacterial
reaction under the external stimulus (Gao and Stock 2009; Krell et al. 2010).

More literature indicates that TCSs were related to the control of acid stress
response in laboratory (Cui et al. 2012). For example, in the case of S. mutans, mul-
tiple TCSs affect the sensitivity to acidification (Li et al. 2002). It has been reported
that HK03 and RRO3 protein sequences are the basis for BLAST search of S. mutans
UA159 genome sequence (Li et al. 2002). Levesque et al. (2007) reported an exhaus-
tive study about 14 recognizable TCS pairs of S. mutans (Levesque et al. 2007). The
results illustrated that tcs-2, the homologue of CiaRH system, tcs-3, same as the
scnrk-like system, tcs-9, were all involved in a certain degree of acid resistance. The
new studies by scholars found that the VicRK TCS of S. mutans was the acid resis-
tance of S. mutans, while the loss of vicK gene affected 89 transcripts in the micro-
array analysis of the vicK mutant strain (Senadheera et al. 2009). Other studies
involved all 14 transducers/kinase pairs of mutations in the stress reaction (Biswas
et al. 2008; Kawadamatsuo et al. 2009). These studies also suggest that the expres-
sion of the TCS must be carefully explained, because at least some of them do
overlap (Chong et al. 2008). With the continuous development of information, TCSs
responsiveness - adjustment partner’s DNA binds to theme (Senadheera et al. 2005).
There is no significant distinguish about TCSs, which regulate the acid conditions.

Meanwhile, a study with Group B Streptococcus (GBS), strain V/R 2603, has
been published, and the global transcriptional analysis of biological growth with a
pH of 7.0 and 5.5 is reported (Santi et al. 2009). Similar studies on gene transcrip-
tion found that about 300 genes were upregulated in pH 5.5 and contrasted with pH
7.0, and 61 genes were downregulated at pH 5.5. Genes expressed in acid growth
involve all major metabolic and stress response pathways. In their study, the genes
that focused on the pH were controlled by the CsrRS TCS, and about 90% of the
downregulated genes and nearly 60% of the upregulated genes were related to the
CsrRS. GBS will be from the mother’s vagina (acid) transferred to the baby’s lungs,
which may show toxic factor upregulation of invasive phenotype and GBS, includ-
ing surface protein BibA, this is a kind of GBS vaccine candidates with ph response
ability (Santi et al. 2009).

5.2 Responses of Lactic Acid Bacteria to Bile Stress

5.2.1 Introduction

LAB being the most representative probiotics is used for the production of fer-
mented dairy, vegetable-based food, and wine. Bile tolerance, the most crucial prop-
erty, commonly conformed to the capacity of the bacteria to grow which functions
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as probiotics (Macpherson et al. 2016; Marchesi et al. 2016; Fetissov 2017; Hamon
et al. 2011).

Normally, bile contains cholesterol, bile acids, phospholipids, water, and pig-
ment biliverdin (Patel et al. 2010). It always produces a yellow or green solution in
pericentral hepatocytes from the liver of mammals. Bile in the liver could eliminate
some biological substances synthesized from cholesterol. The process included the
generation of bile flow, and its physiological function is to facilitate the absorption
of lipophilic compounds from food (Hu et al. 2015). Bile also has a vital role in the
establishment of the intestinal microbiota in humans. Generally, bile could disturb
the function of cell membrane in LAB and bifidobacteria (Xiong et al. 2017).
Studies on the bile stress response in LAB and bifidobacteria have shown that bile
resistance can lead to an integration of multilateral responses, protecting cell
membrane resist from bile acids. This process involved in the restoration or degra-
dation of proteins, elimination of the oxidative stress, facilitation of DNA repairing,
and enhancement of energy generation by upregulating sugar metabolism (Jie et al.
2016; Patel et al. 2010).

5.2.2 The Mechanism Responses to Bile Stress in Lactic Acid
Bacteria

LAB can affect host beneficially by enhancing its intestinal microbial balance.
Therefore, LABs have the ability to be resistant to the enzymes and the digestion
process. When bacteria enter to the intestinal tract, bile will reach the duodenal sec-
tion of the small intestine to reduce the bacteria survival. Bile acid is one factor that
reduces strain survival in culture conditions. Bile acids can be flip-flopped by lipid
bilayer, which increases the tensile strength of the membrane. Hence, plenty of bile
acids will bring to bear on cells if it is too much (Bandyopadhyay and Moulik
1988). When the concentration of bile acid becomes higher, the apparent proton
conductance and membrane osmosis ability will be disturbed (Martoni et al. 2008).

The ability to survive in bile exposure can be considered as a pivotal factor to
select probiotic strains. Membrane characteristics and cells of bacteria will be influ-
enced by bile, which contain dissolution, DNA lesion, acid, oxidative, and osmotic
stresses. Therefore, these factors, such as bile, oxidative, acid, detergent, and salt
stresses should be cosidered in the studies of bile tolerance. The survival mecha-
nisms of bile tolerance are still indistinct, but the several genes and molecules refer
to bile have been identified in lactobacillus (Ai et al. 2008).

Bile salt serves as biological surfactant, which damages the cell membrane of
bacteria, leading to cell leakage and cell apoptosis. Hu et al. reported that L. planta-
rum was resistant to 0.3% bile content and put the bile tolerance into future func-
tional assessment (Hu et al. 2015). More studies suggested that the intact membrane
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of cell plays an important role in defensing bile (Begley et al. 2005). Lipids play a
vital role for keeping the structure of cell membrane, such as fatty acid compound
of LAB, which is crucial in the bile tolerance (Kiillenberg et al. 2012; Hu et al.
2015).

The hydrolysis of bile salts and the resistance of bile are separated in bile, and
bile acids often have potential toxicity and cholesterol metabolites. The use of wild
type and bsh gene mutation combination in the bile brine solution and bile tolerance
of probiotics can effectively reduce the damage of bile salts. The BSH activity was
reduced in L. amylovorus, as well as the the growth rate of bile salts in existence.
However, cells are easily affected by bile because of the mutational bsh in Listeria
monocytogenes and L. plantarum (Jones et al. 2008).

Bile acids could be conjugated with amino acids to produce the conjugated bile
salts (CBA) and then emulsification and solubilization of lipids. CBAs demonstrate
antimicrobial activity by interfering with the cell membrane and homeostasis
(Begley et al. 2005). However, LABs have in particular defense mechanisms, which
resist these harmful behaviors. The hypothesis is that bile salt hydrolase can conju-
gate bile salts and may improve bile tolerance and bacteria survival in the gut (Lee
et al. 2008). Jarocki et al. suggested that bile acid can also be released by bile salt
hydrolase reaction, forming micellars on the membrane of Bifidobacterium under
bile pressure (Jarocki et al. 2014).

5.2.3 Bile Salt Hydrolases of LAB

Bile salt hydrolase (BSH) is so crucial in the cholesterol-removing effect of LAB. It
can hydrolyze conjugated bile salts to amino acid and connect bile salts. L. casei has
been reported that lacking of bsh gene may highly sensitive to bile salt stress (Wu
et al. 2012). Much more literatures suggested that probiotics have evolved BSH to
deal with bile salt stress (Wang et al. 2011; Allain et al. 2017). BSH is a vital enzyme
for eliminating cholesterol and catalyzing the conjugated or deconjugated bile salts
to free amino acids. Moser and Savage reported that L. buchneri JCM1069 has
hydrolase activity metabolizing taurodeoxycholic acid rather than taurocholic acid
(Moser and Savage 2001). These acids are usually made of taurine as their amino
acid, but there are seven different positions in the steroid. Meanwhile, it’s not rela-
tive between BHS activity and resistance to toxicity of conjugated bile salts in LAB
(Moser and Savage 2001).

The mechanism of BSH is not well known. Studies have shown that bile salts can
form protons, showing toxicity through the cells’ interfaces, while BSH positive
cells may protect themselves (Kurdi et al. 2006). The process can eliminate acidifi-
cation by recycling and exporting the protons. BSH is so specific to certain types of
bile that the duration of it can guarantee the survival of bacteria in a changing bile
environment. For instance, L. plantarum WCFS1 and L. acidophilus NCFM have
four and two bsh genes, respectively, which supported this theory (Patel et al. 2010).
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5.2.4 Scope of Bile Salt Hydrolases of LAB

High cholesterol level is a main challenge for human health worldwide. However,
probiotic-based oral therapy can efficiently reduce the cholesterol level of blood,
and BSH activity has nothing to do with yield. L. plantarum CK102 isolated from
human could reduce the levels of blood cholesterol, triglyceride, LDL-cholesterol,
and free cholesterol in rats. The supernatant of L. acidophilus ATCC43121 has
exhibited cholesterol-removing activity as well (Ahn et al. 2003).

The extract of bile salts produces amino acids, which are then used as carbon,
nitrogen, and support sources. For instance, glycine could be hydrolyzed into
ammonia and carbon dioxide. However, taurine is hydrolyzed into ammonia, carbon
dioxide, and sulfate. Meanwhile, this process has been taken place by BSH-positive
strains. The decompression of L. Acidophilus SNUL020 and SNULO1 was reported
at a similar speed (Peschel 2002).

BSH cannot display deconjugated activity against the primary salts, when it was
deconjugated to the secondary salts. Whether the bacteria express the resistance to
bile via the accumulation of BSH remains unclear. However, it is assumed that the
protonation of bile salts is toxic through the intracellular interface, while BSH posi-
tive cells may be protected by weaker nonconjugated cells (Taranto et al. 1997).
This process can be explained that the acidification can be eliminated by restoring
and exporting the protons. When the probiotics cells were microencapsulated to
achieve the BSH decompression rate, L. reuteri microcapsules metabolize glycol
and tauroconjugated bile salts at rates of 10.16 = 0.46 and 1.85 + 0.33 pmol/g
microcapsule per hour, showing better acid tolerance (Tsou et al. 2015; Kim et al.
2017.

5.3 Responses of Lactic Acid Bacteria to Osmotic Stress

5.3.1 Introduction

LABs have often been exposed to adverse environmental conditions such as indus-
trial processes, natural environment, and human infection. Osmotic stress is a prom-
inent limitation, which can bring about a decrease in survival or growth and affect
strains metabolic activities. Osmotic pressure is one of the main stresses encoun-
tered by LAB in an industrial environment such as cheese production, beer brewing,
and yogurt-making process.

In the manufacture of some foods, LAB is used as a leavening agent. During the
process of starter culture preparation, The LAB is exposed to adverse culture, affect-
ing their viability and performance. LABs are confronted with extreme value of pH
and osmotic stress conditions, which affect the survival of LAB negatively by dis-
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turbing cellular viability. Probiotics such as Lactobacillus and Bifidobacterium are
widely employed in yogurts, dietary adjuncts, and other health-related products. To
survive and proliferate in gut, LAB may need to elevate the osmotic stress in the
upper small intestine. Meanwhile, the osmotic pressure was significantly increased
when human was infected with lactic acid bacteria. It is also caused by perspiration
in skin infections.

In response to osmotic stress, the development of adaptive strategy is the key to
the function of lactic acid bacteria in food fermentation. Therefore, the study of
osmoregulation and adaptation of cells to changes in the external osmotic stress is
so vital for us to understand its important industrial and medical aspects.

5.3.2 Fundamental Principles of Responses to Osmotic Stress
in Lactic Acid Bacteria

In order to insure the direction of water flow enter the cell in the period of growth,
the density of solute is much higher than the density demanded to metabolize for
these cells. At the same time, all of these growing bacterial cells show high levels of
outward expansion pressure, making the membrane close to the expanded polysac-
charide wall. It is generally believed that maintaining invariable expansion is the
driving power to expanding, growing, and dividing of cell. Changes of water activ-
ity in extracellular have a direct influence on the water activity in the cytoplasm,
with the water flowing alongside the osmotic gradient. It is generally shown that
bacterial cytomembrane shows high water permeability, but as for the majority of
solutes, it is an effective barrier. Water could enter into and leave out the cell until
the osmosis pressures on both sides of the semipermeable membrane reach equilib-
rium. The flow of water could cause swelling and bursting of the cell in the condi-
tion of hypotonic or dehydrating, shrinking, and plasmolysis in the condition of
hypertonic. Water-selective channels, namely, aquaporins, embedded in the mem-
brane, accelerating the transition of water. Such channels regulate the water flux in
both directions in order to respond to a sudden penetration or drop. Aquaporins
belong to the family of major intrinsic protein (MIP) of transporters ubiquitous.
Glycerol facilitators and aquaglyceroporins are also included in the family, which
also permits the transition of some small molecules, such as glycerol, other polyols,
dihydroxyacetone, CO,, urea, and ammonium.

To avoid undergoing detrimental conditions, microbiology has established an
efficient and quick countermoves, in addition to a passive volume regulation. The
swelling of bacteria is under control by regulating the osmotic activity of the pool
of solutes in the cytoplasm, therefore enabling to adjust the water content via osmo-
sis. This mechanism includes the recovery of swelling, which is one aspect of the
most in-depth study of the reaction of LAB to osmotic pressure.
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5.3.3 Regulatory Mechanisms in the Osmotic Responses
of Lactic Acid Bacteria

The osmotic active compounds in the Lactobacillus family have dual functions in
osmotic regulation cells. They not only play a role in keeping cell expansion but
also protect biomolecules in vitro under pressure. Many bacteria can protect against
osmotic stress through accumulation of glycine betaine, carnitine, and proline
(Caldas et al. 1999). Research shows that the beneficial effects of glycine betaine of
LAB, which discovered the Rifuxan cloning and expression of betaine BetL intake
system, significantly improved the B. breve UCC2003, the cloning and expression
of liszt bacteria, and acid resistance and salt resistance (Sheehan et al. 2006, 2007).
Another important function of compatible solutes is offset due to dry damaging
effects of water loss. L. plantarum can be protected by glycine betaine during the
drying processes (Kets et al. 1996). When L. plantarum ST-III was cultured in a
chemically defined medium with 6% NaCl, glycine betaine significantly improved
cell growth (Zhao et al. 2014). Transcriptomics data showed that under the exis-
tence of glycine betaine, the gene expression of carbohydrate transport and metabo-
lism was significantly increased. This may be the resistance mechanism of
L. plantarum ST-III to salt stress.

The mainly protective agent of sugar is recognized in the preparation of the dried
LAB starters (Santivarangkna et al. 2008). It affects the vitality of the starter from
the beginning to the end of the process. As mentioned above, some LAB responses
to sugar and permeability are affected by the balance of intracellular and extracel-
lular glucose concentrations. As a result, these compounds are present on both sides
of the cell membrane and are in contact with the cytoplasmic protein inside. The
accumulation of trehalose or the oligosaccharides of Lactobacillus was observed
(Kets and Bont 1995; Prasad et al. 2003).

Excepting the regulation of intracellular solutes in hypertonic conditions, LAB
rapidly changes the expression of some genes directly refer to the uptake of osmotic
agents. Under the high osmotic stress, the stress response protein inhibited the
molecular adjoint protein and protease to a certain extent, which was the main stress
response system of the protein quality control of LAB. Transcriptional and pro-
teomic studies showed that DnaK, GroEL, and GroES were involved in the reaction
of lactate to salt stress (Kilstrup et al. 1997; Xie et al. 2004). The transcription of
dnaK gene in Enterococcus faecalis was induced by hyperosmotic conditions too
(Flahaut et al. 1996). Analogical observations were found in acidophilic siphono-
coccus and a variety of Lactobacillus under high salt conditions. (Fukuda et al.
2002; Prasad et al. 2003; De Angelis and Gobbetti 2004).

The variation in bacterial cell wall compositions with external osmolality is
another important aspect of the osmoadaptation. High osmotic pressure affects lipid
composition of bacterial membranes. These changes affect the osmotic activation
curves of osmotic protective agent transporters operated in L. lactis by lipid-protein
interactions. Modifications may also affect the permeability of the membrane. The
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permeability reaction is in connection with the physical properties of the membrane.
Compared with the growth of the standard MRS, the cells with the lower growth of
polyethylene glycol have a more rigid structure, which refer to the increase of satu-
rated/unsaturated ratio in the total pool of bacterial lipid (Tymczyszyn 2005). The
increase of cyclopropane is mainly due to the modification of high-permeable
Streptococcus in the composition of membrane fatty acids (Guillot et al. 2000). In
L. bulgaricus, the change of membrane performance was also related to the increase
of sugar content in the whole lipid pool. In Lactobacillus bulgarian, the changes of
membrane properties were also related to the increase of total lipid sugar content
(Tymczyszyn 2005). The reaction of Lactobacillus casei to hyperosmotic condi-
tions did not lead to prominent differences in the proportion of glycolipids/phos-
pholipids (Machado et al. 2004). Nevertheless, individual glycolipids and
phospholipids revealed several important changes. The small increase in the amount
of glycolipids involved in the formation of liposomes may be especially related to
the hydrophobicity of the cells shown in Lactobacillus. Some phospholipids were
observed to increase significantly. The different content of cardiac phospholipids is
considered as a key factor for bacterial infiltration (Romantsov et al. 2009).

Moreover, LAB can react to osmotic pressure by changing the properties of cell
walls. The modification plays a major role in the industrial application of LAB
under high permeability, because they can modify the sensitivity to cracking (Piuri
et al. 2005; Koch et al. 2007). The retardation of Lactobacillus casei in high salinity
was related to cell size observed by transmission electron microscopy and modifica-
tion of cell membrane (Piuri et al. 2005). In addition, in Lactobacillus, short osmotic
stress (with 4% NaCl 30 min) caused the induction of murF and murG genes (Xie
et al. 2004) involving polysaccharide peptide biosynthesis.

5.4 Responses of Lactic Acid Bacteria to Oxidative Stress

5.4.1 Introduction

The imbalance between production of reactive oxygen species (ROS) and antioxi-
dative mechanisms is oxidative. ROS and oxygen do harm to the biomolecules such
as nucleic acid, protein, and lipids, damaging their biological functions. LABs are
widely used as a starter culture in food fermentation, and it is vital to secure title of
viable cells. During manufacturing process, LAB exposure to oxygen and reactive
oxygen species contributes beneficial effects on human health, since it commonly
functions as a probiotics. In the gastrointestinal tract, LABs encounter oxidative
stress from oxygen gradients and the immune system, reducing viable cell counts
(Bermuidezhumaran et al. 2008).

Gene expression, growing, and surviving of LAB were significantly affected by
oxidative stresses, since the applications of LAB were restricted. The gene expres-
sion of LAB was reprogrammed by the stress; therefore, the physiology adapted to
the new to survive.



126 5 Environmental Stress Responses of Lactic Acid Bacteria

5.4.2 Metabolic Responses to Oxidative Stress in Lactic Acid
Bacteria

In Lactococcus lactis, the conversion of glyceraldehyde-3-phosphate is catalyzed to
glycerate-1,3-biphosphate in glycolysis by glyceraldehyde-3-phosphate dehydroge-
nase. Among the most abundant proteins, the gapB gene is highly expressed by
glycolytic pathway. The gapB gene has been probed in 2D gels, and when its cells
are exposed to O,, it presents as two spots with different isoelectric points but the
same molecular weight (Melchiorsen et al. 2000). It was observed that the relative
level of these two spots of Lactococcus lactis has changed in these circumstances:
one is in a thioredoxin reductase mutant (trxB 1) and another is in respiration metab-
olism. At the same time, both of these circumstances are related to oxidative stress
(Vido et al. 2004, 2005). Thioredoxin—thioredoxin reductase system needs to
remove reactive oxygen species (ROS), such as O,, superoxide, H,0O,, and hydroxyl
radical, in order to avoid cysteine of the GapB protein oxidation before it is attacked.
A mass of GapB of Lactococcus lactis, which can avoid glycolysis flux declining
via the oxidation of GapB, still keep the whole activity of glycolysis (Boels et al.
2003). What’s more, the growing of without texB1 slowed down under the condi-
tion of glutathione, cysteine, and pyruvate (Vido et al. 2005).

In anaerobiosis, pyruvate formate lyase (PFL) was catalyzed from pyruvate to
acetyl-CoA. PFL is divided into two fragments in the shift from anaerobiosis to
aerobiosis and then lead to its irreversible inactivation. Reducing the glycyl radi-
cal into glycine by PFL decativase could avoid cleavage (Melchiorsen et al. 2000).
In addition to this, the alternative metabolic pathway induced to sustain acetyl-
CoA productions. At the later stages, the gene that encoded pyruvate dehydroge-
nase compound (PdhABCD, PDHc) expressed (Jensen et al. 2001). The compound
also acts as catalyst of the transformation of pyruvate to acetyl-CoA. In aeration
conditions, flavoprotein has vital role in the growth of several bacteria. An
NADH:H,O of Lactococcus lactis that leads oxidase to overproducing generated
a vast of acetate and acetoin, at the exchange of lactate, indicating that the enzyme
can effectively promote the transformation of pyruvate to acetate (Hoefnagel et al.
2002).

Researches show that Lactococcus lactis, E. faecalis, and other LAB can activate
cytochrome oxidase that is heme-dependent and establish a whole respiration chain
(Winstedt et al. 2000; Duwat et al. 2001). The heme-dependent cytochrome oxidase
CydAB is usually reported to have more affinity for O, than other cytochrome oxi-
dases (Rezaiki et al. 2004). Meanwhile, the consumption of O, in the membrane
decreases O, content in the cytoplasm and restricts the occurrence of ROS. Due to
ROS reactivity, Lactococcus lactis and other breathing-permissive LAB demand
regulate their heme library, yet permitting enough heme enables to activate the
CydAB cytochrome oxidase (Rezaiki et al. 2004).



5.5 Responses of Lactic Acid Bacteria to Cold Stress 127

5.4.3 Regulatory Mechanisms in the Oxidative Stress of Lactic
Acid Bacteria

LIrF (DNA-binding regulator) and LlkinF (sensor), involved in oxidative stress,
were identified as two TCSs in Lactococcus lactis (O’Connell-Motherway et al.
2000). Inactivation of LIrF is more sensitive to peroxide, and only 9% of mutants
survive when exposed to 4 Mm H,0,.It seems that a TCS called ScnRK in
Streptococcus mutans could regulate some genes associated with stress, for exam-
ple, TPX, which could encode mercaptan peroxidase (Chen et al. 2008).

In Lactococcus lactis, genome analysis showed the PerR gene and OhrR gene of
Bacillus subtilis, related to peroxide stress response. In Bacillus subtilis, the PerR
gene is associated with the iron-containing repressor family (Lee and Helmann
2006). Meanwhile, the PerR reacted with peroxide via iron through Fenton reaction,
and what is more, HO" oxidized histidine in location 37 or 91 in peptide sequence
(Lee and Helmann 2006). Research showed a regulator similar with PerR in
E.faecalis could cause oxidative stress response (Verneuil et al. 2005).

In Bacillus subtilis, OHRR protein is a homogeneous dimer belonging to a vari-
ety of antibiotic resistance (MarR) families. OhrR protein could regulate ohr genes
express that encode thior peroxidase, and then the hydrogen peroxide is reduced to
the corresponding alcohol. OHRR is resistant to hydrogen peroxide stress at the
location of peptides at 15, through the oxidation of its unique cysteine residue.
(Fuangthong and Helmann 2002). Cysteine is oxidized to sulfenic acid
(RSH — RSOH) or to more oxidation state in oxidative stress.

Rex, the oxidation of an amino acid, was used to detect stress, and then the
expression of cytochrome oxidase gene (cydAB) of Bacillus subtilis and streptomy-
cin was controlled by the pool of NADH (Wang et al. 2008). This protein is a homo-
geneous dimer that contains two domains: the N-terminal domain is combined with
the promoter region of the target gene (such as cydABCD), while the C-terminal
identifies the ligand NADH. When the cell is at the stationary stage or the O, tension
reduces, the NADH pool augments, causing it to combine with Rex. The Rex-
NADH-DNA complex has been unstable, inhibiting the repression of gene that Rex
controls.

5.5 Responses of Lactic Acid Bacteria to Cold Stress

5.5.1 Introduction

LABs play a significant role in the food and biotechnology industry. In the manu-
facture of foods such as yogurt, cheese (Crow et al. 2001), fermented meat, and
vegetables and probiotics, as well as green chemistry applications (Axel et al. 2012),
LABs are proverbially used as starters. Freeze-drying or lyophilization shows good
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reproducibility in preserving bacteria. At supra-zero temperatures, it can be stored
for a long time and at low cost as long as the water activity to values is reduced to
less than 0.2. At the same time, low water activity to values assures that bacteria
have little loss in viability and function. Adding protective agents into the bacterial
suspension could keep bacteria stable in freeze-drying. Freeze-drying requires three
measures: firstly, concentration frozen and cell suspension protected; secondly, ice
removed through sublimation in initial drying; and finally, unfrozen water removed
through desorption in secondary drying. In this chapter, a method was described to
optimize the process parameters in freeze-drying of LAB, enabling bacteria to
achieve the highest survival rates as well as greatest functional recovery.

Freezing is a commonly used technique in preserving, so the fast cooling rates
are commonly adopted in food industry. Rapid freezing needs lower storage tem-
peratures and usually results in the degeneration of vitality and acidification when
thawing. Bacterial resistance to freezing relies on lots of parameters containing the
bacterial species (Rault et al. 2007), protective additives, freezing rate, and final
storage temperature. LABs are usually preserved through freeze-drying; however,
lower temperatures could harm cells and cause devitalization. Over the years,
attempts to improve the vitality of LAB during freeze-drying have been the focus of
freeze-drying study.

By comparison, cold shock cannot lead to such clearly defined cell damage.
Bacterial species exposed to lower temperatures always happens under different
conditions. Food-related bacteria, for example, LAB, are specially and often
encountered by lower temperatures in the process of food circulation. This situation
that bacteria are exposed to low temperature happens more and more frequently in
current few decades because refrigerator is invented to keep food and bacteria in
cold storage. It’s found that lots of bacterial species encountered by cold shock are
able to temporarily induce arrays of specific proteins called cold-induced proteins
(CIPs) (Wouters et al. 2001), as well as repress other synthesized proteins during
actively growing or being exposed to other stress state, for instance, heat shock.
This reaction is presumed to help cells overcome the physiological stress of cold
shock. The downside effect of being encountered by cold stress is mostly due to the
physical effect of lower temperature on cell structure and enzyme reaction. The cold
shock reaction is a typical manifestation when the exponential growth medium is
changed from the most suitable growth temperature to a lower temperature. In most
bacteria, such as Bacillus subtilis, temperature reduction leads to the cessation of
transient cell growth, during which common protein synthesis is severely sup-
pressed. Nevertheless, these conditions touch off the synthesis of CIPs. Ultimately,
this protein synthesis is reduced, and the cells become adapted to low temperature
and growth recovery (Jones et al. 1987). The effects of cold shock can be observed
at multiple levels: (1) membrane fluidity decreases, affecting membrane-related
functions, such as active transport and protein secretion; (2) stable RNA and DNA
secondary structure, resulting in reduced mRNA translation and transcriptional effi-
ciency; (3) slow or inefficient folding of some proteins; and (4) in low temperature,
the ribosomes have good adaptability under cold conditions (Phadtare 2004). In
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addition, cold shock greatly disrupts the metabolism of bacteria cells; it is said that
L.casei had a good network between metabolic regulation and cold reaction
(Beaufils et al. 2007).

The reaction to freezing pressure is often passive, leading to a decrease in surviv-
ability and metabolic activity associated with low temperature damage (Guchte
et al. 2002). By comparison, cold but positive temperature results in two adaptive
responses. First, a subset of CIPs called cold-shock protein (CSP) was synthesized.
The second is the change of membrane fatty acid composition, such as increasing
the content of unsaturated and circulating fatty acids and allowing the membrane
fluidity (Phadtare 2004). Transient physiological modifications of cell proteome
patterns and cell membrane properties are generated by these adaptive responses,
making bacterial cells better able to face farther pressure.

Application of a slow cooling rate allows for a repeatable freeze protocol, but the
biological response of LAB needs characteristics during the freezing process. It is
vital to know the basis of cold stress response of molecular mechanisms to improve
the selection, storage, and performance of existing industrial stains.

5.5.2 Regulatory Mechanisms in the Cold Responses of Lactic
Acid Bacteria

5.5.2.1 Cold-Stress Proteins

During cold stress, the most strongly induced proteins will include a family of CSP
proteins. CSP proteins share high degree of sequence identity (45%) founded in
many Gram-positive and Gram-negative bacteria (Phadtare 2004). CSPs proteins
have been well known as transcriptional and translational regulators. They also act
as molecular chaperones because they nonspecifically bind single-stranded nucleic
acids and destabilize their secondary structures at low temperature (Gualerzi et al.
2003; Zeeb et al. 2006). CSP proteins are refered to establish a “new” cell balance
in cold environment. However, the cell viability of several LABs increased after
being sustain to a cold shock prior for freezing. That is to say, cold shock initiates
the freezing tolerance, which also called cryotolerance.

The CspA-like protein and CSPs, which are from Psychrobacter sp.B6, have a
high sequence homology (43%) with the Y-box factors, which are a family of
eukaryotic nucleic acid-binding proteins. In these proteins, the domain involved in
the nucleic acid binding is referred to as the cold-shock domain. This domain pref-
erentially binds to the so-called Y-box, a nucleotide sequence element found in the
promoter region of mammalian major histocompatibility complex class I genes.
The Y-box could be characterized by a high converted sequence ATTGG (Phadtare
2004). This sequence was shown to exist in the promoter regions of at least two
cold-shock genes, hns, encoding the nucleoid protein H-NS, and gyrA, encoding a
subunit of DNA gyrase. It has suggested that CspA binds to the ATTGG element in
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the promoter region of gyrA in E. coli (Panoff et al. 1998). It has been shown that
the CspB can bind to the single-stranded DNA that contains the ATTGG element as
well as the complementary CCAAT sequence (Panoff et al. 1998). Therefore, the
result also suggested that CspA and CspB could act as transcriptional enhancers to
cold-shock genes by recognizing the putative ATTGG sequence (Phadtare 2004).

The CSPs, which in a cell could be detected by the stability of the proteins. The
CSPs of B. subtilis undergo rapidly folding and unfolding transitions and exhibit
low conformational stability in solution. Certainly, in vitro conditions, CSPs also
are rapidly degraded by proteases but are protected against proteolysis by binding to
RNA.

The CSP genes of B.subtilis have been deleted, which induces compensatory
effects of the remaining CSPs (Graumann and Marahiel 1997), and a similar
response is suggested for L. lactis (Wouters et al. 2000). Interestingly, multiple dele-
tion analysis showed that at least one functional CSP is required for cell viability in
B. subtilis, indicating that CSPs play an important role not only during cold-shock
adaptation but also during active growth under physiologic temperatures (Graumann
and Marahiel 1997). The research found that most familiar LAB genomes have
several homologous copies of csp genes. Nevertheless, a large part of them did not
make an intensive study. It was found that the chromosome of L. lactis MG1363 had
two pairs of cold-induced csp genes (cspA-cspB and cspC-cspD), the cspE gene and
the putative cold-shock gene cspD2. L. lactis IL 1403 transformed from 30 to 15 °C,
entering into a state of cold shock, meanwhile showing ability of ten times induction
of cspB-mediated galactosidase activity (Wouters et al. 2000). It is reported that
cspA of E.coli also expressed the activity of cold induction, simultaneously instan-
taneous induction happening at the level of mRNA and transcription (Goldenberg
et al. 1996; Fang et al. 1997).

It is reported that L. plantarum strain NC8 has detected genes of TcspL, cspC,
and cspP. At the same time, the overexpression of each CSP gene had different phe-
notypic effects on Lactobacillus plant (Derzelle et al. 2002, 2003). It is worth noting
that L. plantarum cells have a large amounts of cspC transcript during the period of
early exponential growth, and the excess expression of cspC improves the growth
adaptation at optimum temperature (Derzelle et al. 2003). In science, CSP protein
has an important influence on the process of fermentation, which could perform
both at low or optimum temperature. Comparing with cold induction, the character-
istic of csp gene that noncold induced of L. plantarum and L. Lactis contain a longer
5-UTR.The difference between them is that the transcripts are highly unstable, and
the expression level of csp gene between L. plantarum and L.lactis is consistent
(Wouters et al. 1999).

5.5.2.2 Membrane Integrity

The resistance of bacteria to freezing or frozen storage depends on many factors, for
instance, species of bacteria, growing conditions, CSP protein’s production, etc.
The adaptability of Lactobacillus to cold stress is different from bacterial strain and
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is related to pressure conditions. Nevertheless, in addition to inducing a specific set
of proteins, key responses also included major changes in the composition of mem-
brane fatty acids.

After describing successive physical events, we found that the cell membrane is
the main target of damage. The barrier properties of cytoplasmic membrane are
essential to the energy transduction system of Lactobacillus cells and rely on the
physical state of lipid bilayer. As a matter of fact, it was affected by outside tem-
perature. Exactly, it suggests that normal cellular function requires a membrane
lipid layer to be in a state of liquid crystal at physiological temperature. At lower
temperatures, the lipid bilayer experiences a reversible change that the state of fatty
acid chains varies from disordered to ordered array. Therefore, there is an inverse
relationship between the ratio of unsaturated fatty acid to saturated fatty acid (U/S)
and the growth temperature (Suutari and Laakso 1992). In addition, some certain
fatty acids are of great importance to stress response (Li et al. 2009). Fernandez
Murga et al. observed a phenomenon that C16:0 and CI18:2 fatty acids of
Lactobacillus acidophilus growth at 25 °C are increased. The concentration of
C18:1 fatty acid increased in the condition of at low temperature in Lactobacillus
plantarum and at acidic pH in Streptococcus thermophilus, under osmotic stress in
Lactococcus lactis. What’s similar is that in C18:1, some decline happened under
the condition of freezing in Lactic streptococci and spray-drying in L. acidophilus
(Brennan et al. 1986). A high content of cycC19:0 is beneficial to the cryotolerance
in L. bulgaricus, L. helveticus, and L. acidophilus (Gomez et al. 2000). The modula-
tion of membrane lipids among high ratio of CFA/UFA and the concurrent rigidifi-
cation cause L. lactis TOMSC161 incapable of resisting freeze-drying and storage
stress (Velly et al. 2015). In addition, it seems that the membrane fluidity is mea-
sured directly by fluorescence anisotropy that is a fast and simple tool to determine
the optimal fermentation time, making it possible to acquire antifreeze stem cells.

It is well-known that cold shock is unfavorable to the harmful effects of mem-
brane fluidity on other non-biological stress. This feature was observed in
Oenococcus oeni, a wine starter (Chu-Ky et al. 2005). The effects of the combina-
tion of cold, acid, and ethanol on membrane physical state and O. oeni survival were
analyzed. Ethanol and acid shock induced membrane sclerosis, which was associ-
ated with total cell death. By contrast, O. oeni cells restored its ability to survive
when suffering first cold shock (8 °C) and then ethanol and acid shock (Chu-Ky
et al. 2005). These results indicate that the combination of cold, acid, and ethanol
shocks has positive short-term effects on the membrane fluidity and viability of the
0. oeni.

5.5.2.3 Freezing and Cryoprotection

Cold stress plays an important role in LAB cooling and freezing and is the primary
cause of the loss of LAB activity. Additionally, stress from oxidation and/or hyper-
tonic environments also occurs during the process of freezing and thawing (Stead
and Park 2000).
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When the bacterial cell mass is transferred from optimum temperature to low
temperature, some bacterial strains can survive at extremely low temperatures,
and this phenomenon is called freezing tolerance. The freeze-thaw challenge
relies on temperature and the durability of cold pre-culture. Of course, it also
depends on the initial concentration of bacterial cells. Cryopreservation of cell
demands particular optimizations according to the type of microbe, and each type
of cell has its own freezing solution. A growing number of studies are trying to
develop ways to allow 100% preservation of the freezing—thawing of different cell
samples; however, some microbes still do not apply to cryopreservation (Dumont
et al. 2004).

During freezing—thawing cycles of LAB, many factors affect them, for instance,
the composition and conditions of growth medium, growth stage, fermentation pro-
cess, and low temperature (Streit et al. 2007; Siaterlis et al. 2009). Presently, a great
number of methods have been put forward to maintain the quality of LAB and other
probiotics (Panoff et al. 2000; Fonseca et al. 2003; Siaterlis et al. 2009) Among
them, the use of cryoprotectant such as betaine, proline, glycerin, and trehalose is
considered to be the most effective. These molecules improve cell preservation by
reducing the amount of water and/or supporting vitrification and ultimately by pre-
venting cells from forming large molecules (Dumont et al. 2004). It has been
reported that Lactobacillus reuteri CICC6226 makes improvement of its membrane
integrity and fluidity in the case of 10% trehalose or 10% remodeling of skimmed
milk as a protectant in the freeze-drying process (Li et al. 2011). L. sanfranciscensis
DSM20451 cells containing GSH than without glutathione showed higher resis-
tance to freeze-drying, freezing—thawing, and cold stress induced by 4 °C cold treat-
ment (Zhang et al. 2010). Cell contained GSH could maintain the integrated
structure of the membrane when exposed to freezing—thawing treatment.
Additionally, the cells that have GSH exhibited a high proportion of unsaturated
fatty acids in the cell membrane during long-term cold treatment. The protective
effect of GSH on cryo-damage of cell membrane partly results from the prevention
of peroxidation and protection of fatty acids of the membrane. Intracellular accumu-
lation of GSH enhanced the survival and biotechnological properties of L. sanfran-
ciscensis, suggesting that the selection of GSH accumulation strains could improve
the robustness of the initial yeast to the fermentation of sourdough.

In order to improve the freezing tolerance of lactic acid bacteria, it is essential to
select an appropriate freezing and storage conditions and select resistant strains
(Dumont et al. 2004; Monnet et al. 2003). Specific environmental conditions of fer-
mentation, for example, pH, temperature, and centrifugation procedures, should be
paid much more attention (Palmfeldt and Hahn-Hégerdal 2000; Beal et al. 2001;
Shimrat 2005; Wang et al. 2005a; Streit et al. 2007). At the same time, it has been
reported that the pH and temperature of fermentation were intensely affecting the
freezing tolerance of Lactobacillus acidophilus. Diacetyl lactis can notably improve
cell viability after continuous freezing and thawing (Lee 2004; Panoff et al. 1995;
Wang et al. 2005b). Even so, it is innate feature that is crucial for bacterial strain
(Fonseca et al. 2001).
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The resistance of bacterial cells to freezing might also be improved by genetic
engineering. For example, the overproduction of CSPs, CspB, and CspE has been
shown to increase the survival of L. lactis after four freeze—thaw cycles of a ten- and
fivefold factor, respectively (Wouters et al. 2000). Moreover, the overexpression of
sHSPs in L. plantarum enables transformed cells to tolerate heat, solvent, and,
importantly, cold stress (Fiocco et al. 2007).
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