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Preface

All organisms will be exposed to stress during their lifetime. From single cells to
multicellular organisms, they all are able to sense and monitor their environment
and to trigger appropriate protective physiological mechanisms in case environmen-
tal conditions interfere with or threaten their homeostasis. Such adaptive responses
are necessary for any organism to survive and persist under stress. It is well estab-
lished today that bacteria are among the most resilient organisms known to man and
they occupy highly divergent ecological niches, including some that would be pro-
hibiting for most other forms of life. Their inherent adaptive nature is one of the
reasons bacteria have served as important models for studying the stress responses
of cellular organisms. For many years, research on Escherichia coli and Bacillus
subtilis, the Gram-negative and Gram-positive paradigms, has dominated the field
of bacterial stress physiology.

Lactic acid bacteria (LAB) constitute a heterogeneous group of bacteria that are
renowned for the crucial role they play in the health of humans and animals. Several
LAB species are eminent industrial microorganisms, since they are employed as
starters for the majority of existing fermented foods. During fermentation, LAB
acidify their environment by catabolizing carbohydrates into acidic end-products
(primarily lactic acid) and thus are responsible for the bio-transformation of raw
materials of plant or animal origin into foods with extended shelf-life. In parallel,
their overall metabolic properties contribute to the development of the flavor, aroma
and texture, i.e. the organoleptic characteristics of fermented foods. A number of
LAB starter strains have a long history of harmless consumption and have been
awarded the general regarded as safe (GRAS) status. Interestingly, surpassing the
GRAS status, certain LAB exhibit probiotic properties and they exert additional
health benefits to the consumer. Finally, LAB are also commensals and they can be
found as part of the natural flora of mammals. In contrast to food-related and probiotic
LAB, host-associated LAB include some of the most severe human and veterinary
pathogens.

Due to their economic importance for the food industry and their health-related
implications as probiotics or pathogens, LAB have attracted much attention, and
their genetics, physiology and metabolism have been under rigorous investigation
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over the past decades. Among the different fields of LAB research, the exploration
of their stress responses was realized early on to be fundamental. During food pro-
cessing and storage, LAB reside under adverse environmental conditions designed
to be bacteriostatic or bactericidal for food spoilage microorganisms and foodborne
pathogens. Apparently, the ability of starter LAB to respond to and withstand such
technological stresses is essential for an incessant fermentation process and can
seriously influence the overall quality of the final product. Robustness towards tech-
nological stresses is also a prerequisite for probiotic LAB for the preparation of
probiotic formulas and foods. However, during consumption, the key feature of
probiotic strains is their aptitude to survive through the harsh environment of the
gastrointestinal tract of the host so as to reach and colonize the intestine and exert
their health-promoting effects. Furthermore, the pathogenic nature of certain LAB
species has been clearly associated with their tolerance to environmental stresses. In
contrast to starter and probiotic LAB, pathogenic LAB must cope with the host’s
innate immune response that imposes invading microorganisms to severe stress con-
ditions and bactericidal substances.

The focus of this book is to present the current knowledge of the stress physiol-
ogy of LAB. Even though the topic started to appear in the literature by the late 70s
to early 80s, it was not until the 90s when the development of tools for the elabo-
rate genetic manipulation of several LAB strains laid the background for the first
detailed studies of their stress responses. Most importantly, over the past 10 years,
the field has greatly benefited from advances in genomics, transcriptomics and
proteomics, and there has been a burst of information about the stress behavior of
LAB.

The book is organized into five different parts. Part I provides an introductory
overview of the stress responses of LAB. Part II deals with the responses of LAB
towards specific environmental stresses. As a response to different stress conditions,
LAB coordinate the expression of gene and protein networks in an attempt to coun-
teract perturbations caused by the specific environmental insult. Such adaptive
responses of LAB are well elucidated. Some of the mechanisms that underpin stress
adaptation are conserved among LAB, while others may be species- or even subspecies-
dependent. In addition, induction of a stress response may confer protection against
either a single environmental stress or multiple stresses. All these aspects are the
essence of the stress behavior of LAB and are thoroughly discussed in this part of
the book. In Part I, the stress responses of LAB in the context of species or genera
are presented. Taking into account the large number of species and genera in the
LAB group, research about their stress physiology has been uneven, with the majority
of LAB being virtually unexplored. However, several members of the group have
been extensively studied and the mechanisms of their stress resistance are reviewed
here. Part IV focuses on the applications and the future aspects of LAB stress
research. Information available today has shed new light on the responses of LAB
to stress. Our overall perception of LAB stress behavior has significantly advanced
and we have reached the point where targeted manipulation of their robustness is
now feasible. Moreover, our knowledge of LAB stress responses has served as the
basis for applied research in forefront applications. In many of these cases, there is
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a clear need to ensure survival of LAB when exposed to multiple stresses or to
stresses that exceed the typical definition of the ‘abiotic’ stress (e.g., in the case of
bacteriocins or bacteriophages). Finally, Part V highlights in a concluding summary
the most important research challenges in the field that will significantly improve
our conception of stress behavior in LAB.

It should be emphasized that in this book pathogenic LAB are treated equally
with food-related and probiotic LAB and information about their stress adaptive
mechanisms is included whenever available. It should also be mentioned that in Part
III, a chapter is dedicated to the stress physiology of Bifidobacteria, which belong
to Actinobacteria, but have been traditionally included in LAB sensu lato.

We would like to express our gratitude to all authors who contributed to this
book. We sincerely appreciated their hard work, their patience during the editing
process, as well as their determination to see this book completed. We believe that
‘Stress Responses of Lactic Acid Bacteria’ will serve as an essential guidebook to
researchers in the field, industry professionals, and advanced students in the area.

Athens, Greece Effie Tsakalidou
Konstantinos Papadimitriou
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Chapter 1
The Importance of Understanding the Stress
Physiology of Lactic Acid Bacteria

Charles M.A.P. Franz and Wilhelm H. Holzapfel

1.1 Introduction

Throughout human history, lactic acid bacteria (LAB) have had a significant impact
on human culture, traditions, and well-being. In modern times, their economic
importance has increased tremendously as a result of the industrialization of food
bio-transformations. In particular, they have a key function in the development of
the sensory and safety features of fermented food products. Thus, the reliability of
starter strains is important in terms of quality and functional properties (relating to
aroma and texture) and in terms of growth performance (fast growth, rapid acidifi-
cation of the substrate, phage and bacteriocin resistance) and robustness of strains
(during starter handling, storage and preservation by lyophilization, freezing, or
spray-drying) (van de Guchte et al. 2002). Moreover, in the development of new
applications such as probiotic foods, pharmaceutical preparations, and live vac-
cines, the need for robust LAB is even more important. Probiotics should survive
the production and handling procedures as well as the environmental conditions
encountered in the product they are added to, such as dairy-related products (e.g.,
fermented milks, frozen fermented dairy desserts, ice cream, and cheese).
Furthermore, once they are consumed and encounter conditions in the gastrointesti-
nal tract, they need to survive and be metabolically active under the range of stress-
ful conditions typical of this environment. Thus, they should exhibit resistance
against the autochthonous microbiota, demonstrate an ability to colonize the diges-
tive or urogenital mucosa, and express specific probiotic functions under conditions

W.H. Holzapfel (b))

Handong Global University, School of Life Sciences,
Pohang, Gyeongbuk 791-708, South Korea
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that are unfavorable to growth (van de Guchte et al. 2002; Lorca and Font de Valdez
2009). Probiotic strains should therefore typically be acid resistant and bile tolerant,
they should survive gastrointestinal conditions, and they should be able to bind
to epithelial cells or the gastrointestinal mucus in order to colonize (van de Guchte
et al. 2002). It should be noted, however, that, in practice, a drop in the viability of
probiotic bacteria generally occurs (Dave and Shah 1997; Kailasapathy and Chin
2000; Ainsley Reid et al. 2007), typically due to the sensitivity of probiotic bacteria
to heat treatments or to exposure to oxygen, hydrogen peroxide, bacteriocins of
starter cultures, or acid environments (Dave and Shah 1998; Ainsley Reid et al.
2007). Thus, despite selection for robust strains, there is also still a need for the
development of methods that protect the bacteria and increase their viability during
processing and storage.

As a result of the association of LAB with fermented foods and with human and
animal health, LAB enjoy increasing importance and consideration from scientists,
industries, and consumers in modern society. In terms of total biomass, enormous
quantities of LAB are being consumed in our daily diet. Traditionally, this is primar-
ily related to fermented foods, but an increasing amount of LAB biomass can now
also be allocated to functional foods, of which the probiotics comprise the largest
and most rapidly growing segment of the market. The International Dairy Federation
(IDF) reported the average annual consumption of fermented milk products to be
22 kg per capita in Europe (Mogensen et al. 2002), which amounts to around 8.5
billion kg of fermented milk per year. This figure does not take into account the
LAB used in nondairy food fermentations (vegetables, meat, legumes, etc.) or pro-
biotic products containing selected strains with beneficial health features. Thus, the
actual amount of lactic acid bacterial biomass would be far greater (Hummel et al.
2007).

An improved understanding of the stress-response mechanisms of LAB is impor-
tant, as it will provide a deeper insight into and an understanding of the adaptive
responses and cross-protection to varying stresses. Therefore, the exploitation of
LAB in industrial processes should become more strongly target-oriented and
“streamlined.” According to van de Guchte et al. (2002), the identification of crucial
stress-related genes will reveal targets

 for specific modulation (to promote or limit growth),
* to develop tools to screen for tolerant or sensitive strains,
* to evaluate the fitness and level of adaptation of a culture.

Thus, future genome and transcriptome analyses can become a strong tool toward
the selection and adaptation of LAB strains for industrial applications.

In general terms, the recovery ratio of a strain subsequent to a stress situation will
depend on the prevailing environmental conditions. Moreover, the physiological
state of microbial populations has a decisive influence on the quality of a fermented
food, for example, depending on the maximum viability and physiological vigor of
a starter strain. In contrast, this may also have an impact on the safety with regard to
the survival and viability of pathogenic or spoilage bacteria.
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1.2 Taxonomy of the Lactic Acid Bacteria

LAB form part of the Gram-positive bacteria with “low” (<55 mol%) G+C in the
DNA. They belong to class III (Bacilli) of the phylum Firmicutes, which comprises
three classes, the other two being Clostridia (class I) and Mollicutes (class II).
Within class III, LAB are represented in order II, the Lactobacillales (Garrity and
Holt 2001). They may be considered as a “rapidly expanding” group of bacteria,
presently with six families and about 40 genera. For some of these genera the family
position has not been finalized definitively. Some new genera such as Aropobacter
and Bavariicoccus, for example, appear to belong to the family Carnobacteriaceae.
The wide range of the six families gives an impression of the diversity within
LAB:

* Aerococcaceae (with seven genera)

* Carnobacteriaceae (with 16 genera)

* Enterococcaceae (with seven genera)
* Lactobacillaceae (with three genera)

* Leuconostoccaceae (with four genera)
» Streptococcaceae (with three genera).

Orla-Jensen (1942), in an early definition, described LAB as Gram-positive, non-
motile, nonspore-forming, rod- or coccus-shaped organisms that ferment carbohy-
drates and higher alcohols to form mainly lactic acid. For several decades, the LAB
taxonomy was based on this classical approach, involving morphological and physi-
ological characteristics. However, due to advances in taxonomic considerations and
molecular techniques, modern approaches no longer recognize such an unequivocal
definition (Stiles and Holzapfel 1997; Axelsson 2004). Still, in present-day terms, a
“typical” lactic acid bacterium is considered to be Gram-positive, nonspore-forming,
catalase-negative, devoid of cytochromes, nonaerobic but aerotolerant, fastidious,
acid-tolerant, and strictly fermentative, with lactic acid as the major end product of
sugar fermentation (Klein et al. 1998; Axelsson 2004). LAB are phylogenetically
quite diverse, and the genera generally associated with foods include Lactobacillus,
Lactococcus, Enterococcus, Streptococcus, Leuconostoc, Weissella, Oenococcus,
Pediococcus, Tetragenococcus, and Carnobacterium.

The recent availability of the complete genomes of representative LAB strains of
all major families of the Lactobacillales enables an analysis of their evolutionary
relationships (Makarova et al. 2006; Makarova and Koonin 2007). These investiga-
tions could show on the basis of a phylogenetic tree, reconstructed from concate-
nated alignments of the four subunits of the DNA-dependent RNA polymerase
sequences, a division of Lactobacillus into three distinct groups, the first being com-
prised of L. brevis, L. plantarum, and P. pentosaceus, to which L. salivarius was
basal. The second group consists of L. gasseri, L. johnsonii, L. delbrueckii, and
L. acidophilus. An additional branch with Leuconostoc mesenteroides and
Oenococcus oeni is wedged between the L. brevis, P. pentosaceus, and L. plantarum
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group and L. salivarius; thus, L. salivarius is also basal to this branch. The third
group consists of L. casei and L. sakei and is basal to the L. gasseri, L. johnsonii,
L. delbrueckii, and L. acidophilus groups (Makarova et al. 2006; Makarova and
Koonin 2007).

Whole-genome comparisons of five Lactobacillus species (L. salivarius, L. plan-
tarum, L. acidophilus, L. johnsonii, and L. sakei) that were completely sequenced
showed that there is no extensive synteny of the genome sequences of these five
species (Canchaya et al. 2006). The sequences with the best alignments were
L. johnsonii and L. acidophilus, but alignments of these two species with the other
three species (L. plantarum, L. salivarius, and L. sakei) showed much lower degrees
of synteny at the interspecies level than observed in other species’ genome compari-
sons with high- and low-G+C-content Gram-positive bacteria (Canchaya et al.
2006). Claesson et al. (2008) used the genomic data from 12 Lactobacillus strains
to investigate whether a single, congruent phylogeny could be inferred. By recon-
structing phylogenetic trees from concatenated sequences of 141 core proteins, as
well as concatenated RNA polymerase subunit sequences, considerable incongru-
ence was noticed, but it was still possible to distinguish four subgeneric groups,
namely, Group A (L. acidophilus, L. helveticus, L. delbrueckii subsp. bulgaricus,
L. johnsonii, and L. gasseri), Group B (L. salivarius, L. plantarum, L. reuteri, L. brevis,
and P. pentosaceus), Group C (L. sakei and L. casei) and Group D (Leuconostoc
mesenteroides and O. oeni). However, based on significantly different branching
patterns within some groups and the availability of genomic data for too few
members of the groups, three of the four groups could not confidently be identified
as candidate novel genera within the current genus (Claesson et al. 2008). LAB
commonly used as starters for fermented foods or as probiotics and their taxonomic
status are shown in Table 1.1.

Although modern molecular biological methods and whole-genome analyses
have provided a better understanding of, and a deeper insight into, the taxonomy
of LAB, it appears that even more data are required to obtain a satisfactory picture
of the phylogenetic relationships among LAB. In particular, the taxonomy of the
largest genus, Lactobacillus, is far from satisfactory, as clearly indicated
by the genomic data and the still widely accepted “artificial” division among obli-
gately homofermentative, facultatively heterofermentative, and obligately hetero-
fermentative species. Fortunately, most commercialized strains presently in use as
starter cultures and probiotics are taxonomically well characterized and defined.
This is an essential precondition for successful regulation and marketing.

1.3 Lactic Acid Bacterial Stress Responses

LAB are commonly regarded as fastidious, with complex growth requirements, and
associated with “moderate” environmental conditions. However, when looking at
LAB as a whole, they appear to be a highly heterogeneous group, showing wide
biological diversity in terms of their physiology and their adaptation to ecological
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conditions, some of which even range into being “extreme” conditions. Examples are
given in Table 1.2, showing species such as Lactobacillus suebicus, which is able to
grow and/or tolerate pH levels <3.0, and others (e.g., some enterococci and carnobac-
teria) growing at pH values of 9.6. Tetragenococcus muriaticus and T. halophilus are
adapted to high salt concentrations of 18% and even higher and are associated with

Table 1.2 Examples of growth/tolerance and the association of LAB with extreme conditions

(Holzapfel, unpublished data)

Factor Value Organism Substrate/habitat
Low pH pH 2.8 L. suebicus Fermenting apple/pear
mash
pH3.2 L. acetotolerans Rice vinegar
pH~3.0 L. acidophilus Stomach/upper
“group” duodenum
High pH pH9.6 Enterococcus Bacillus fermentation of
faecium soya
Carnobacterium Meat

Bile salts and pancreatic

Physiological

L. acidophilus

Small intestines

juice concentrations “group”
L. reuteri/
L. paracasei
Salt (NaCl) 18-24% Tetragenococcus Salted fermenting fish
muriaticus
26.4% (tolerance) Carnobacterium From vacuum-packed
viridans bologna
Low temperatures 0-2°C Leuconostoc Chill-stored vacuum-
gelidum packed meats
Some carnobacteria
High temperatures 55°C L. delbrueckii subsp. Emmental-type cheese
delbrueckii
ca. 50°C Streptococcus Italian-type hard
thermophilus cheeses
Lactobacillus
helveticus
Nitrite >150 ppm Several LAB Cured meat
Sorbic acid >2 g/kg Several LAB Preserved juices, etc.
Hops resistance® Pediococcus Beer
damnosus
Pediococcus
claussenii
L. brevis
Ethanol 15% L. fructivorans Isolated from ketchup
13% Oenococcus oeni Wine
Radiation resistance yD,,=>1.0 kGy L. sakei® Radurized meat
Heat resistance D,,=20-30 min Weissella Processed meats

viridescens
Ent. faecalis

“In relation to “bitter hop compounds” at concentrations ranging around 55 ppm of iso-o.-acids
®Higher resistance during exponential growth than in stationary phase (Hastings et al. 1986)
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salted fermenting fish and shellfish. Interestingly, Carnobacterium viridans, isolated
from vacuum-packed bologna, was found to tolerate 26 +4% (w/v) NaCl (saturated
brine) for long periods at 4°C (Holley et al. 2002).

Stress can be defined as a change in the genome, the proteome, or the environment
that results in a decrease in the growth rate or survival of a microorganism (Spano and
Massa 2006; Sugimoto et al. 2008). Stress responses are extremely important for
microorganisms, which experience continual changes in factors such as temperature,
nutrient, and water availability or osmotic pressure in the environments in which they
occur. The stressors, or stress factors, can be chemical, physical, or biological in
nature. Some are of environmental origin (i.e., temperature, osmotic pressure, pH,
ethanol concentration, available oxygen, presence of bile, antimicrobials), while oth-
ers can be self-generated (acidity, starvation/low nutrient availability as a result of
metabolism, generation of reactive oxygen species) (van de Guchte et al. 2002;
Miyoshi et al. 2003; Spano and Massa 2006; Bruno-Barcena et al. 2010).

Therefore, both the physiological status of the cells and environmental factors
will affect the mechanism of response to stress. LAB have developed stress-sensing
systems that detect these stresses and activate defenses that allow the bacteria to
withstand harsh conditions or sudden environmental changes (van de Guchte et al.
2002; Spano and Massa 2006; Lorca and Font de Valdez 2009). The time taken to
initiate the stress response is different for different types of stress. For example,
bacteria respond to heat shock and osmotic shock quickly (in minutes) compared to
cold shock (hours) (Wouters et al. 2001; Rosen and Ron 2002; Spano and Massa
2006). The activation of defenses against stress conditions depends on regulated
gene expression. Although bacteria could theoretically have specific regulators for
each stress, this would imply a tremendous genetic burden. Instead, regulators often
control several genes and sometimes even other regulators (Van Bogelen et al. 1999)
in integrated regulation systems. Bacterial stress responses therefore rely on the
coordinated expression of genes that alter cellular processes such as cell division,
DNA metabolism, housekeeping, membrane composition, metabolism, and trans-
port (van de Guchte et al. 2002), acting in concert to increase the bacterial stress
tolerance (Storz and Hengge-Aronis 2000; van de Guchte et al. 2002). The integration
of these stress responses is accomplished by networks of regulators that allow the
cell to react to various complex changes that affect cell survival and growth.

The stress-resistance systems can be divided into three classes: (1) specific,
induced by a sublethal dose of the stress. This adaptive response is usually associ-
ated with the log phase of growth and involves the induction of specific groups of
genes or regulons designed to cope with specific stress conditions; (2) general sys-
tems, where the adaptation to one stress condition can render cells resistant to other
stress conditions; (3) stationary-phase-associated stress response, which involves
the induction of numerous regulons designed to overcome several stress conditions.
Unlike the adaptive response, the stationary-phase-associated response does not
require any preexposure to stress for resistance development (Lorca and Font de
Valdez 2009) and can be characterized as a general-type stress response (van de
Guchte et al. 2002). Sometimes, as in the case for high temperature and acid stress,
multiple mechanisms (both logarithmic and stationary-phase responses) can be
present and are orchestrated in response to the stress challenge (van de Guchte et al.
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2002; Azcarate-Peril et al. 2004). Cross-resistance, where one stress condition can
render cells resistant to other stress conditions, is, in fact, a general theme among
resistance systems in LAB but appears to vary among species (van de Guchte et al.
2002). An overview of the different stresses experienced by LAB, their reported
cross-resistances, and the resistance mechanisms are shown in Table 1.3. From this
table, it is also clear that certain effectors such as DnaK and GroEL play a central
role in the global stress response.

A common regulatory mechanism in the stress response of bacteria involves the
modification of sigma factors whose primary role is to bind core RNA polymerase-
conferring promoter specificity (Haldenwang 1995). In Escherichia coli and other
enteric bacteria, sigma S (RpoS) is a major global regulator for stress response in the
cells. In Bacillus and Listeria, the gene most closely serving the function of rpoS is
sigB, for regulation of the stress response (Volker et al. 1994; Becker et al. 1998) in
these bacteria and also for the regulation of the virulence of Staphylococcus aureus
(Bischoff et al. 2001). B. subtilis responds to environmental stress signals by pro-
ducing over 40 general stress genes under the control of the o® transcription factor
(Haldenwang 1995; Akbar et al. 1997). The o® transcription regulon includes the
catalase gene katE, the gene encoding an osmoregulated proline transporter opuE,
the clpC gene, which is similar to the ATPase subunits of ClpP-type proteases, the
gtaB gene encoding a UDP-glucose pyrophosphorylase involved in trehalose syn-
thesis, and several other genes (Abee and Wouters 1999). Among the differences
between LAB species and Bacillus, one of the most striking is the absence of a ¢®
ortholog, while several stress proteins (e.g., DnaK, GroEL, Clp) and their regulators
(HrcA and CtsR) are conserved. In lactobacilli, the stress response is negatively
regulated by these one-component system regulators HrcA and CtsR and by
two-component signal transduction systems (Lorca and Font de Valdez 2009). A
two-component regulatory system of L. acidophilus similar to the acid-related /isRK
from Listeria monocytogenes, for example, was shown to be involved in the stress
response to acid and ethanol (Azcarate-Peril et al. 2005). Thus, it is not yet clear how
lactobacilli sense and respond to various stimuli and stresses from the environment,
whether this is by global transcriptional regulators or by two-component regulatory
systems, or perhaps both (Lorca and Font de Valdez 2009), and the unraveling of the
occurrence and interaction of different stress responses remains an interesting chal-
lenge to which genomic and proteomic studies are contributing greatly (Lim et al.
2000; Gouesbet et al. 2002; Marceau et al. 2004; Xie et al. 2004; Azcarate-Peril
et al. 2005; Pieterse et al. 2005; Denou et al. 2007; Stevens et al. 2010).

1.4 Industrial Importance of Understanding
the Stress Response of Lactic Acid Bacteria

LAB play vital roles in food production and human health, while other Gram-
positive pathogens, on the other hand, can cause diseases ranging from dental
caries to potentially fatal gastrointestinal infections. While a stress response such



13

The Importance of Understanding the Stress Physiology of LAB

1

(panunuoo)

19u0dsuen gy aeydsoyq

Voo

(surajord NI-YNA) d'Td

wIsAs aserdysuenoydsoyd asouuey
9SBIONPAI IPIXOJ[NS UIUOTYIIA
aseynwsip aprxoredng
ose[eIBOOPNASq

aseere)

9sepIX0o HAVN

9SBIONPAI UTXOPAIOIY} ‘UTXOPAIOIY ],
asejonpal suoryein|S ‘eseprxored suoryieInin
WRISASIA() ‘9SBI[ONUOPUL JV ‘YOI

(1D “VOIH “TH0ID
“yeu() sioje[n3ar pue souoradeyo Jooys Jeo

Ui
81071

9SB[AX0QIROIP QUISAT/QUTUISIE/QUIYITUI)
asealn

QSBUTWISP SUIUISIY
SVALY-
oSVALY-'Ad

a3ewep aAnePIXO Jo Iredoy
uonodjoxd Jo3Ie],
UoT)BULIOJ
$910ads U93AX0 9ATIORAI JO UONUIAJI]
JUSWUOIIAUD JR[N[[QOBNUT SUIONPIY
surajoxd Yo0ys Jeay Jo uononpuy
sosuodsai [eqo[3 1o Jourwr 9joword
jey) s103e[n3al Jo uorssaIdxa [ejuauIaIouY
syuouodwod
1199 pue “‘YN( ‘surjoxd paSewep jo sredoy
uonrsodwos adojoaus [[90 ur o3uey)
110dsuen o1uagono9[e
pUB SUOT}OBAI UOTIR[AX0QIEIIP PIOE OUTUIY

(eruowrure
©39) spunodwod o1seq jo uononpoid —
Kemyjed oseuruurop ouIUISIE JO UOTIRATIOY
sdwnd uojoxd
£q suojod jo uorsindxs yuepuadop-d.IV

Q0UB)SISAT
ssans [e1ouad ‘proe ‘JeoH

(soroads
U9M)q SILIBA)
QAIIBPIXO ‘OTOWSO Jeo

asuodsar ssans 9ANEPIXQO

asuodsar ssons
[e1ouas Jo uononpur
‘oseyd Areuoryels uy
(Hd mo[ TeyioTuOU
£q peonput Y 1v-1)
aseyd yamoi3 Sof Suung
$2dA] [p12uas oM
asuodsar ssa1s proy

(sowAzu9) surajoid paje[aI-sSaI)s POA[OAU]

WISIUBYOSW OUBISISAI POIB[QI-SSANS

Joue)sIsar
-$s010 $sams parrodoy]

asuodsar ssang

(010 'Te 10 eud2IRg-0UNIg SO0T ‘T8 12 Jo[eA\ 800T ‘Te 12 ojowisng
£900¢ eSseJAl pue ouedsS ‘600 ZOP[BA 9P U0, PUB BOIOT 00T ‘T8 12 [I2d-IRIBIZY ‘000T '8 12 21onn) 9p ueA wolj pajdepe) asuodsal o) Ul PIAJOAUT SQWAZUD
10 surajoid ssoms 1ofew oY) pue uoneosrdde 10 Surssooold SuLNp PAIAIUNOIUI $ISSANS SNOLIBA O} BLIAJOBQ PIOB ONOR[ JO swsiueydow asuodsay €T JqBL



C.M.A.P. Franz and W.H. Holzapfel

14

00IdSH ‘S8dSH ‘¥8dSH ‘09dSH/T1d01D
‘0LASH/M®UA ‘0vdSH ‘€€dSH ‘9TdSH
(dd1D) €2SH "01dSH VOIH “I030u] 19331,
aseajoxd
uo ‘(X pue X ‘O d ‘A ‘D ‘gd[D) seseajord
diD ‘eseajord ggH/HSI] ‘@searoad g3o/viH
TH01D-SHOID
pue reu-gdin-yeuq soxoidwos suoradey)
VIOH ‘HS)] sesesjold
(3[euq ‘SHOID “THOID) surejoxd ssaI)s [eIoUID)
urojoid [ouueyd poynuIpIUN
Aq XnpJo ‘suonIpuod ssaxs onowsoradLy
Suwumnp aurjoid pue ‘QUnNIUIED ‘QUIB}Oq-OUIJA[S
Jo oyeidn 105 (Juopuodop-soroads)
(vsng 1o yndQ) 1o110dsuen
D9V 1o (1oed) waisAs oxerdn juspuadop-d Iy
soroads
0} Surpioooe Joquunu ut £1ea ‘Ods)-yds)
(sdSD) surayoxd yooys p[o)
(esvdLv
xd[D) surajoxd pop[ojsiu Jo SISA[0910I]
(DuwsQ) uonerdepe ssong
(DI17) uononpsuen [eurg
(VISH) Surlmjonis swosowoay))
(esenwooni3oydsoyd-g
‘NDd-g ‘vdoD ‘1dH) wistjoqelow re3ng

Ul paAJOAUT SJID

surdjoxd Yooys Jeay JOo uononpold

saseojoxd 9[qIonpur-jeay Jo uononpoid

souoradeyd a[qronpur-jeay Jo uonoNpoId

Joue[eq OTIOWSO
urejurew o) saInjos d[quedwos jo aueyoxyg

uone[suen) pue uondrosuel],
Surooradns YN

AyIpIy sueIquIouwr
urejurew o3 (sd1d)
surajoxd paonpur-piod Jo uondINpoId

[OYOO[® “O1jowso
‘P[0 ‘DATIEPIXO ‘PIOY

o0yS JesH

(90oUrI9[0J0AID)
Surzoary “yooys 1eoH

osuodsal ssoms JeoH

asuodsar ssaxs onowsQ

asuodsar yooys
P10d o1 ‘osuodsax
aandepe judrsuer],
asuodsar ssans p1o)

(sewAzu9) surejoid paje[aI-sSaIls PIATOAU]

WISTUBYOIW QOUL)SISAT PIJR[AI-SSANS

AJUBISISAI

-s$010 ssamns paytoday

asuodsar ssong

(ponunuod) ¢'[ AqeL,



15

The Importance of Understanding the Stress Physiology of LAB

1

81dSH :SdSHS
(9seua30IpAYIp QULISS-T ‘WAISAS
93eAB9[O QUIDA[S 9AneInd ‘oseury djewreqred)
WISI[0qBILD PIOB OUIUIE Ul PIAJOAUL SUI0I]
(urar01d $ZS[D ‘Oseun| auoloe-LX0IpAYIp
aaneind ‘eserowost ojeydsoyd
9S011)) WSI[OQBIAW UOGIED UI PIAJOAUI SUIOI]
surojoid ssons [eIouD)
s1opodsuen YN
TH01D “eud
(HS9) ase[oIpAy Jfes oig
0¢dSH

v'91dSH ‘€' 61dSH ‘SS'8IdSH ‘S'81dSH
‘8107 30 ‘(SdSHS) surajoid yooys jeay [[ews

surdjoxd Yooys Jeay JOo uononpold

wisIoqeed (duruISIe) proe ourury

wisIoqelaw Jo uonensay
A3oroydiour [[90 JO UONBOYIPOIN
X JAW

ssans o[1q 03 uoneidepy

S)[es 9[Iq JO WSIOqRIQIA

pIoe 9edy

onowso ‘proe
‘[ouey)d ‘DANEBPIXO TBIH

JesH

asuodsar ssons [oueyyq

asuodsarx
SSQI}S UOTJBAIR)S JUSLNNN

asuodsar ssans o[ig



16 C.M.A.P. Franz and W.H. Holzapfel

as acid resistance is considered a functional property and hence a beneficial trait
for LAB starter cultures or probiotics, such a property would assist the survival of
pathogens such as L. monocytogenes in the stomach or in a macrophage phago-
some and thus would be considered a virulence factor. The same also holds true
for other survival traits that depend on stress responses, such as bile tolerance,
tolerance to low or high temperatures, or resistance to other environmental stresses,
that would be considered beneficial for starter cultures or probiotics but virulence
factors for foodborne pathogens. The justification for considering the stress
responses of industrially important LAB and probiotics (with the possible exemp-
tion of the enterococci) as beneficial traits lies in their safe use for thousands of
years in food production, the absence of virulence factors, and a low incidence of
association with human infections (Franz et al. 2010). To ensure that lactic starters
or probiotic strains indeed survive in high numbers to guarantee their desired
functional effects, two strategies can be adopted. First, their survival is enhanced
by designing appropriate handling, storage, or production methods, for example,
by using oxygen-impermeable containers or by the microencapsulation or incor-
poration of protective nutrients or buffering substances in the food product
(Kailasapathy and Supriadi 1996; Ravula and Shah 1998; Shah 2000; Sultana
et al. 2000). Second, stress-resistant strains are selected that will survive the con-
ditions encountered from production to final application. A further option would
also be a combination of the previous two, that is, choosing strains that are rela-
tively stress-resistant and adjusting the handling, storage, and production methods
to allow adequate survival. The beneficial interactions of LAB with food matrices
and some examples of industrial uses of specific LAB species and the environ-
mental stresses that impact these bacteria in their interaction with food or the
human body are described next.

1.4.1 Beneficial Interactions of Lactic Acid Bacteria in Health
and in Food Production

The diversity of physicochemical factors typical of a food system is probably as
wide and diverse as the LAB taxa associated with these products, where they may
be present either as spoilage organisms or as dominant fermentation microbiota, but
also as natural contaminants (see Tables 1.1 and 1.2). LAB are generally a microbial
group of major importance in the production of fermented foods, and this includes
dairy, meat, vegetable, and cereal foods, mainly as a result of their acidification and
associated preservation effects. The benefits of lactic fermentation may be summa-
rized as follows:

* Preservation/safeguarding, by (a) competition and (b) metabolic activities involving
metabolites such as lactic acid, acetic acid, alcohol, CO,, H,0,, bacteriocins, etc.
* Quality improvement/enrichment of the diet (improvement of aroma, taste, and

texture, etc.).
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* Improvement of the digestibility, leading to a reduction in preparation time and
in the energy required.

* Biological enrichment by the production or formation of essential amino acids,
essential fatty acids, vitamins, etc.

* Detoxification during fermentation, for example, of patulin in some fruit and
vegetable juices (Arici and Holzapfel, unpubl. results).

* Degradation of antinutritive factors, for example, of linamarin (a cyanogenic glu-
coside) during cassava fermentation.

* In addition to the traditional food fermentations typical of a region, culture, or
country, industrial fermentations of raw materials such as milk, meat, vegetables,
cereals, and fruits have become “internationalized.” These industrial products of
fermentation are being marketed in industrialized and many developing coun-
tries, thereby serving to enrich the diet. Many of these foods enjoy a positive
image among consumers as health or well-being foods. Moreover, the quality
and sensory attributes of a range of other food commodities such as cocoa (Camu
et al. 2007; Kostinek et al. 2008) and coffee are essentially determined by a post-
harvest fermentation process in which LAB play a vital role.

1.4.2 Environmental Stresses Encountered
by Lactic Acid Bacteria

The LAB genera of major importance in food fermentations are first and foremost
Lactobacillus, Lactococcus, Leuconostoc, Weissella, and Pediococcus, for all of
which only particular species are of relevance. Representatives of other genera such
as Enterococcus, Oenococcus, Streptococcus, Tetragenococcus, and Carnobacterium
may play a role and survive under relatively extreme conditions (see Tables 1.1
and 1.2). Strains associated with food fermentations show particular abilities for
surviving and competing either within a specific natural food ecosystem and/or
under a set of food processing factors, while strains used as probiotics show abilities
for colonizing and surviving the gastrointestinal system, as well as surviving and
interacting with the host immune system. As a heterogeneous group of bacteria,
LAB may grow in quite diverse environments and thus do not encounter identical
stress conditions. As a consequence, these bacteria have developed stress responses
that fit the specific constraints of a given substrate, environment, and/or process
(e.g., meat, milk, or meat/milk fermentation). This has become particularly evident
from the information gained from whole-genome sequence studies of probiotic
LAB or LAB associated with milk and meat fermentations, which show the pres-
ence of specific genes that encode regulators capable of dealing with the relevant
stress conditions of the respective niches. An overview of such different stresses is
shown in Table 1.3. The stresses encountered and the way specific LAB species deal
with these are the topic of this book, and studies in these areas will provide extremely
valuable data for selecting successful strains and effective production processes.
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Chapter 2
Responses of Lactic Acid Bacteria to Acid Stress

Jessica K. Kajfasz and Robert G. Quivey Jr.

2.1 Introduction

The expanse of microbial diversity and its influence on humans and their environment
has always been a central concept in microbiology. The concept has also always
been one of increasing complexity as the abilities to sample particular environ-
ments, and to study the genomes of the bacteria populating these environments,
grow at increasing rates. Indeed, advances in genomic sequencing have eliminated
the need for bacteria to be grown in culture for genetic information to become cata-
logued and compared by informaticists. The result, so far, has been an enlarging
appreciation for how many closely related organisms exist and how many exist in a
given niche. The increase in species numbers suggests that microenvironments are
abundant in nature, even in spaces thought to be small and homogeneous.

The rising accessibility of high-throughput DNA sequencing facilitates the
acquisition of genomic information for bacterial species and their variants, allowing
the comparison of organisms and their metabolic pathways in ways that were only
imaginable a decade ago. In this way, the comparison of genomic and transcrip-
tional data of microbial niches will inform us of the effects of the environment on
microbes and will provide insights into how these environments have selected the
related species that are now in existence.

In this chapter, a review of acid tolerance in lactic acid bacteria (LAB) will be
presented. LAB exhibit astonishing diversity in the range of niches they occupy.
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Included among these bacteria are those used in the industrial-scale production of
dairies, wine, and bread. Certain LAB are also prominent human pathogens. Indeed,
the oral streptococci are among the most common infectious agents on our planet,
and virtually all persons in industrialized nations harbor Streptococcus mutans in
their mouths. Streptococcus pneumoniae is another common and potentially dan-
gerous pathogen, as is Streptococcus pyogenes, the so-called flesh-eating bacterium.
It is somewhat difficult then to reconcile these pathogens with benign LAB, like
Lactococcus lactis, Streptococcus thermophilus, and all other species used as
starters or adjuncts in food fermentations. The commonality of these bacteria is, of
course, that they ferment sugars through the Embden—Meyerhof-Parnas pathway to
organic acids, principally lactic acid.

The production of lactic acid from fermentable carbohydrates occurs at very
rapid rates. For example, lactic acid production by S. mutans can lower pH values
two to three orders of magnitude in pH in a few minutes. Given that pH values are
scaled in logarithmic increments, the production of a 1,000-fold increase in lactic
acid in less than 5 min is very impressive and clearly results in a major challenge for
the organism’s survival. LAB, as a group, inherently acidify their environment quite
rapidly, self-imposing acid stress. There is a need, then, for these bacteria to respond
to acidification to ensure physical and genetic integrity and, as discussed ahead, to
rely on the involvement of multiple mechanisms to survive.

2.2 Acid Tolerance Contributes to a Substantial
Competitive Advantage

It is clear that the ability to resist the inimical effects of environmental acidification
would be positive for any given microbe. In the case of bacteria that grow in highly
competitive environments among a substantial number of competitors, acid toler-
ance could likely be the paramount reason by which LAB dominate their niche.
This is certainly true for the oral microbiome, which presently is estimated to
consist of hundreds of species (Becker et al. 2002; Aas et al. 2008; Keijser et al.
2008), with as much as 40% represented by various species of streptococci or related
LAB. These recent metagenomic data provide substantial evidence that acid toler-
ance is a key fitness attribute of the bacteria, permitting these organisms to survive
periods of starvation and acidification and to outcompete other organisms during
periods of relative abundance of available carbohydrates. A similar mechanism is
also true for food-related LAB that, by acidifying the food matrix, prevail over food
spoilage and pathogenic bacteria.

In the 1980s, results from studies with mixed cultures of oral bacteria, using
chemostats to control conditions, showed clearly that pH values had a dramatic
effect on the proportions of S. mutans, Streptococcus sanguinis, and Lactobacillus
casei in cultures (McDermid et al. 1986; Bradshaw et al. 1989). L. casei was least
affected by changes in the culture pH, whereas the population of S. mutans was
reduced at neutral pH. In contrast, the population of S. sanguinis plummeted
during low pH values, indicating its inherently impaired ability to compete in a
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situation where the pH was held at acidic levels (pH=4.1) (McDermid et al. 1986).
Subsequent work (Bradshaw et al. 1989), again in mixed-culture chemostats,
showed equivalent results when pulses of glucose were fed to the cultures, allowing
the metabolism of sugar to organic acids to reduce the external pH values. Again,
L. casei and S. mutans dominated cultures, whereas S. sanguinis nearly disap-
peared from the cultures. The data showed that fermentation of sugars to acid end
products was itself an effective means for oral LAB to compete with organisms
incapable of growing in acidic conditions. Somewhat surprising, however, was
the observation reported by the Marsh laboratory that, despite sharp drop-offs in
the proportion in a number of the oral bacteria used in the cultures, none of the
species in the mixed-culture experiments ever completely disappeared, indicating
long-term survival strategies that are not yet well understood. Nevertheless, the
in vitro work helped to set the stage for molecular approaches to gain an under-
standing of acid resistance in S. mutans.

2.3 The Role of F-ATPase in Acid-Tolerance

The data from mixed-culture experiments in the Marsh laboratory provided a
context for exploring the mechanisms underlying the capacity of oral LAB to cope
with acidification.

Initial studies focused on the ability of intact bacterial membranes to resist physi-
cal damage caused by acidic conditions. It was shown that oral bacteria exhibit
distinct differences in the ability to resist membrane damage due to acidification, as
measured by magnesium release (Bender et al. 1986). In those experiments, the oral
streptococcal species (S. mutans, S. sanguinis, and Streptococcus salivarius) all
showed a similar release of magnesium at pH values of approximately 4.0, whereas
L. casei was considerably more resistant, showing damage at pH values of 3.0 and
below. Potential variations in membrane composition that may relate to those differ-
ences remain unclear. However, the Bender et al. study also assessed proton move-
ment across the membranes of the test bacteria. The authors showed that proton
movement across membranes virtually ceased at pH 5.0, 7.0, and 6.0 for S. mutans,
S. sanguinis, and S. salivarius, respectively (Bender et al. 1986). The addition of the
ATPase inhibitor dicyclohexylcarbodiimide (DCCD) resulted in an increase in the
proton permeability of all of the test organisms, indicating that proton movement
was bidirectional across the membranes and that the outflow involved a proton-
translocating ATPase (F F -ATPase). The purpose of that F-ATPase was to remove
protons from the cytoplasm by pumping them through the membrane-bound subunit
(subunit c), at the expense of the ATP that was produced during glycolysis. The
result is a cytoplasm that is more alkaline than the external environment.

Subsequent studies with permeabilized membranes showed that the differences
in proton movement were directly attributable to the amount of F-ATPase produced
by the oral bacteria and to the specific activity of each enzyme (Bender et al. 1986;
Bender and Marquis 1987). Moreover, the F-ATPases also exhibited different pH
optima, such that the enzyme from L. casei not only produced the most ATPase in
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comparison to oral streptococci, but also had the lowest pH optimum (approxi-
mately 5.0) reported. It became clear that the F-ATPase activity in a given organism
was directly related to its ability to move protons out of the cytoplasm and to main-
tain internal pH homeostasis. In effect, the more F-ATPase a LAB has, and the
lower its pH optimum for the activity is, the more acid-resistant the organism will be.
This tenet is important in the sense that the F-ATPases have an important role in the
ability of LAB to compete with other organisms and that the enzyme provides a
strong basal level of inherent acid tolerance (Sturr and Marquis 1992). The value of
the proton pump to the oral streptococci is that acid-sensitive glycolytic enzymes,
such as enolase and glyceraldehyde 3-phosphate dehydrogenase (GAPDH), are
protected by the action of the ATPase. Hence, ATP production continues in situa-
tions in which the external pH is below the point at which growth can be sustained
by the organism. The ability to produce ATP at low pH, which can be used meta-
bolically or by the F-ATPase to pump protons out of the cell, is a key facet in the
organism’s ability to survive long-term acidic conditions and to compete with other
organisms (Bender et al. 1986).

Later experiments invoked a new facet of ATPase biology in the oral strepto-
cocci: that production of the F-ATPase increases during growth at low pH values
(Belli and Marquis 1991). Moreover, the results showed that a pH-dependent
increase in F-ATPase activity was independent of growth rate, suggesting an
independent mechanism of regulation for production of the ATPase that might
be responsive to external pH values. By this point, it was understood that acid
tolerance was dependent to a large degree on the activity of the F-ATPase, which
uses the energy from ATP cleavage to remove protons from the cell cytoplasm.
That ability is clearly dependent on the availability of ATP. The results from
work carried out with S. mutans GS-5 showed that available sugars influence the
amount of ATP available to the F-ATPase (Belli and Marquis 1994). In this work,
it was shown that galactose-grown cells actually exhibited lower acid tolerance
than cells grown on glucose. The conclusion was that galactose enters S. mutans by
a proton motive force (PMF)-driven permease, contributing to a reduction in the
ApH, whereas glucose enters cells via a phosphoenol pyruvate-dependent phos-
photransferase system (PEP-PTS), preserves ApH, and results in a higher ATP
yield (Belli and Marquis 1994).

The experiments described above presented a physiological framework for acid
tolerance in oral streptococci in particular, but also for the LAB in general. The
F-ATPase, a membrane-bound, proton-translocating pump, is a substantial compo-
nent of acid tolerance. Subsequent experiments in the area were directed to an
understanding of F-ATPase production at the genetic level and whether differences
existed between S. mutans, a highly aciduric strain, and S. sanguinis, a relatively
acid-sensitive strain of oral streptococci.

The F-ATPase from Escherichia coli has been well established as an eight-
subunit holoenzyme, containing three membrane-bound or membrane-associated
subunits, and five subunits in the cytoplasm that function as the ATPase, or
ATP synthase (Walker et al. 1984). The available information for the catalytic
domain of the enzyme, the beta subunit encoded by atpD, indicated a high level
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of conservation among known bacterial F-ATPase sequences at the time, in
the mid-1990s. Experiments were undertaken to elucidate the means by which
S. mutans regulated the production of its F-ATPase in response to external pH
values. Using polymerase chain reaction (PCR) and highly degenerate primers to
a conserved region of the beta-subunit gene, a fragment of the S. mutans F-ATPase
ortholog for atpD was cloned and used to probe a library of S. mutans genomic
fragments. The approach resulted in identifying the DNA encoding the entire
operon of the F-ATPase in S. mutans (Smith et al. 1996). The operon was orga-
nized somewhat differently than that described earlier for E. coli. In the case of
S. mutans (and subsequently, all LAB for which genomic sequence is now avail-
able), the gene order was atpEBFHAGDC. The atpCBF genes encode the mem-
brane-bound portion of the enzyme, through which protons flow, moving through
the channel by interaction with an aspartic acid residue on the ¢ subunit (encoded
by atpE). Somewhat surprisingly, the membrane-subunit genes occur transcrip-
tionally prior to the catalytic domain genes azpHAGDC. This suggests the possi-
bility that membrane pores are formed before they can be capped, and regulated,
by the presence of the catalytic subunits resting in the cytoplasmic side of the
enzyme and controlling proton flow. Because freely available membrane subunits
have not been identified in any bacterium to date, it appears that F-ATPases
are synthesized and assembled immediately into membranes. Mutation of the
S. mutans ffh gene, encoding a membrane-protein assembly chaperone, has been
shown to result in reduced F-ATPase activity and acid sensitivity (Gutierrez et al.
1999). The observation supports both the role of the F-ATPase in acid tolerance
and also the concept that F-ATPase subunit assembly into membranes relies, at
least in part, on a chaperone mechanism (Gutierrez et al. 1999; Hasona et al.
2005). In addition to the structural genes in the S. mutans operon, an upstream-
DNA sequence was obtained that showed two things: the absence of an a#pl gene,
which is in the E. coli operon, and an intergenic sequence of approximately 260
base pairs, containing two sets of inverted DNA repeats. The presence of the
repeated sequences suggested that a DNA-binding motif for the operon might
exist. The sequence provided the impetus to explore the possibility of identifying
a pH-dependent controlling mechanism for the atp operon.

Experiments were undertaken to determine whether the promoter-region DNA
sequences for the S. mutans atp operon were involved in its regulation and whether
that regulation was dependent on external pH. The availability of the S. mutans
F-ATPase operon promoter facilitated the cloning of the S. sanguinis promoter,
which was important to the discussion of acid-resistant S. mutans compared to acid-
sensitive S. sanguinis. The question at that time was whether the promoters of the
two operons were functionally similar and whether external pH values affected their
respective transcription. S. mutans and S. sanguinis atp-promoter fusions to a
chloramphenicol acetyl-transferase (CAT) gene were constructed and placed in the
chromosomes of each organism and on low-copy plasmids. The experiment was
also conducted with the S. sanguinis atp-promoter-CAT constructs in S. mutans and
the S. mutans atp-promoter-CAT constructs in S. sanguinis. The results provided
several clear insights. The first was that the afp promoters for both S. mutans and
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S. sanguinis were upregulated during growth at pH 5.0 compared to cells grown at
pH 7.0 (Kuhnert et al. 2004), in accordance with the enzyme activity levels for
S. mutans reported earlier (Belli and Marquis 1991). The second observation was
that the S. mutans and S. sanguinis promoters were each responsive to pH in the
opposite genetic background, meaning that the S. mutans atp promoter functioned
normally in S. sanguinis and that the S. sanguinis promoter functioned normally in
the S. mutans background. The conclusions were that the transcriptional machinery
of the oral streptococci, at least, was likely to be very similar. Indeed, in parallel
work in S. pneumoniae, a virtually identical afp promoter sequence was identified
during experiments that showed that the operon contained an “extended”’-10 motif.
Further, a disruption of the one-base extension reduced transcription of the operon
(Martin-Galiano et al. 2001). Recent work involving Lactobacillus plantarum also
shows that elevated transcription of the afp operon is correlated with acid resistance
(Duary et al. 2010). The conclusions from the oral streptococci were also that the
F-ATPase transcriptional machinery and catalytic domain sequences were so simi-
lar that identifying an inhibitor specific to the acid-tolerant strains of oral strepto-
cocci alone might be impossible. However, there were, in all bacteria, differences in
the membrane-bound subunits to an extent, indicating that disruption of the mem-
brane subunits, or their interaction with the membrane lipids, might be a viable
approach to developing new therapeutic agents.

Two examples of F-ATPase membrane-bound subunit drugs have been estab-
lished for S. pneumoniae. Quinine is an example of a compound that inhibits the
proteolipid subunit (the ¢ subunit, encoded by afpE) of the F-ATPase in S. pneumoniae
(Munoz et al. 1996) and optochin binds to the afpC gene product, the epsilon mem-
brane subunit (Fenoll et al. 1994, 1995). The observations regarding the conserva-
tion of transcriptional control in S. mutans and S. sanguinis, and the possibility of
identifying membrane-specific changes, dependent on external pH values, led to the
studies conducted with membrane fatty acids described next.

2.4 The Role of Membrane Fatty Acids in Acid Tolerance

2.4.1 Production of Unsaturated Membrane Fatty Acids

In S. mutans, growth under acidic conditions resulted in a substantial increase in the
proportion of unsaturated membrane fatty acids compared to growth at neutral pH
values as well as a rise in the proportion of the longer-chain, unsaturated fatty acids
C,, and C,  (UFAs) (Quivey et al. 2000; Fozo and Quivey 2004a). The shift to
UFAs was shown to occur rapidly, measurably within 20 min, following the addi-
tion of glucose to a culture growing at pH 7.0, after which the pH began to fall
immediately (Fozo and Quivey 2004a). Parallel work with S. preumoniae revealed
the existence of a trans-2, cis-3 isomerase activity that was likely responsible for the
formation of UFAs in that organism (Marrakchi et al. 2002). The isomerase was
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named FabM in S. pneumoniae (Marrakchi et al. 2002), and the gene encoding the
enzyme was subsequently identified in S. mutans (Fozo and Quivey 2004b). The
location of the fabM gene is immediately upstream of the fatty acid biosynthetic
gene cluster in both S. mutans and S. pneumoniae. However, it has apparently been
difficult to isolate a mutation in the fabM gene in S. pneumoniae, whereas inser-
tional mutants in fabM and deletions have been constructed and used to evaluate the
loss of FabM in S. mutans. In the absence of the fabM gene, S. mutans contains only
trace amounts of UFAs, compared to the approximately 60% of membrane fatty
acids during growth at pH 5.0. Thus, the data indicate that FabM is likely the sole
mechanism by which UFAs are formed in streptococci. Indeed, a small but repre-
sentative sampling of other oral LAB showed that the acid-resistant organisms
Streptococcus gordonii, S. salivarius, and L. casei all exhibited increases in UFAs
as a function of growth at low pH values, whereas the more well-established acid-
sensitive S. sanguinis did not (Fozo et al. 2004).

The loss of FabM activity in S. mutans resulted in sensitivity to growth under
normal acidic conditions (pH 5.0) and to extreme sensitivity to pH 3.5 in acid-
challenge experiments. Moreover, the ability to produce acid was reduced substan-
tially, indicating that either glycolytic enzymes or sugar transport mechanisms were
inhibited by the loss of UFAs in the organism’s membrane. Subsequent studies
showed that loss of the UFAs actually resulted in reduced ability of the fabM mutant
strain to maintain the normal ApH, indicating that acidic conditions were likely
affecting enolase and GAPDH, which were known to be acid-sensitive (Belli et al.
1995). The transport of sugar through PEP-PTS was also diminished, which
suggested a membrane—protein interaction involving UFAs via the main glucose-
transporter EIl__ (Fozo and Quivey 2004b). In addition, the F-ATPase operon was
transcriptionally elevated in the fabM mutant, supporting the concept that mem-
brane UFAs participate in protecting S. mutans from internal acidification. The
genetic and physiological ramifications of the fabM mutation could be largely alle-
viated by growing the mutant strain in the presence of C ¢ or C,  fatty acids added
exogenously, showing that the fatty acids are readily transported into the organism
and incorporated into membranes (Fozo and Quivey 2004b).

The role of fabM in the pathogenesis of S. mutans was tested using a well-
established rat model for dental caries (known popularly as cavities). The results
showed very clearly that loss of the FabM activity reduced the number of caries by
approximately 30% and the extent of the damage of caries by nearly 90% (Fozo
et al. 2007). These data represented one of the first reports linking bacterial acid
resistance, attributable to a single biochemical activity, to the ability to cause disease.
Certainly, the concept is not difficult to convey, but in this case, the linkage was experi-
mentally established and the presence of membrane UFAs in S. mutans was directly
linked to its ability to initiate and promote the development of oral disease.

The regulation of the production of UFAs in S. pneumoniae is linked to the regu-
lation of fatty acid biosynthesis itself by the FabT repressor. The fabT gene is located
immediately upstream of the fatty acid biosynthetic gene cluster (fab) in S. pneumo-
niae and S. mutans. A mutation of fabT resulted in higher levels of saturated fatty
acids and a greater sensitivity to acidic growth conditions, illustrating that UFAs
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also play a role in acid tolerance for S. pneumoniae (Lu and Rock 2006). Of great
interest was the subsequent finding that FabT repressor, an MarR family member
containing a typical ligand-binding domain, was enhanced in the binding to its
target motif by the presence of acyl-acyl carrier protein (Jerga and Rock 2009).
While the interaction of FabT occurred with a range of fatty acid (acyl) lengths, the
strongest interaction was with C . |, cis-vaccenoyl-acyl-carrier protein. S. mutans
fab genes are also regulated by FabT, though acyl-acyl carrier protein-binding
partners have not yet been established. The loss of FabT in S. mutans deregulates
the saturated/unsaturated ratio of membrane fatty acids, as shown in S. pneumoniae,
indicating a common mechanism of controlling the balance of the two major forms
of fatty acids in their membranes. The external growth pH and its relationship to
pathogenesis are not generally considered for S. pneumoniae. However, existing data
for the loss of fabT and the reduction in the proportion of membrane UFAs suggests
that membrane biology is likely an important component of the S. pneumoniae
pathogenic repertoire as well.

2.4.2 Production of Cyclopropane Fatty Acids in Response
to Acidification

The production of cyclopropane-containing fatty acids (CFAs) by LAB has been
known for a considerable period of time. Indeed, these molecules are referred to as
lactobacillic acid (C19cyc11) and dehydrosterculic acid (C19cyc9). The production
of CFAs occurs via the transfer of a methyl group from S-adenosyl methionine to
fatty acids via the action of CFA synthase.

CFA synthase is induced during growth at pH 5.0 in L. lactis MG1363 (Budin-
Verneuil et al. 2005a). It was found that the cfa gene was repressed in a relA mutant
strain, suggesting a connection of CFA production with amino acid starvation via
the stringent response. Briefly, organisms starved for amino acids will elicit the
production of ppGpp and (p)ppGpp, referred to historically as bacterial alarmones,
via the RelA protein, which is associated with the ribosome. The effects of the strin-
gent response are global for bacterial growth and metabolism, though reports of the
effects on alarmone production vary widely in bacteria, and a universally shared
model for the stringent response may or may not exist (Potrykus and Cashel 2008;
Traxler et al. 2008). Recent work with L. casei ATCC334 indicates that acid-adapted
cells contain elevated levels of saturated fatty acids and CFAs at the expense of
UFAs (Broadbent et al. 2010). Transcriptional profiling of acid-adapted L. caseli,
compared to control cells, indicated the possibility that CFA production could be
part of the stringent response in L. casei. The production of CFAs also occurs in
Lactobacillus helveticus and Lactobacillus sanfranciscensis. L. sanfranciscensis
appears to have evolved a strategy of producing shorter-membrane fatty acids dur-
ing stress to maintain its membrane fluidity (Montanari et al. 2010). These observa-
tions fit the notion that carbon flow, in at least some LAB, is affected by the stringent
response. The participation of RelA in the starvation-response of S. mutans has been
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established (Lemos et al. 2004), though the organism does produce significant CFAs
under conditions reported so far. In this case, the strongest effects of the mutation
appeared to be in the greater acid resistance of the relA mutant strain, following
growth in biofilms, compared to its parent strains. The conclusion, by those authors,
was that the stringent pathway may involve quorum sensing, but effects on fatty acid
metabolism have not yet been reported.

The increased acid resistance of a relA strain of L. lactis MG1363 was correlated
with constitutively high levels of GAPDH activity, suggesting a higher throughput
of carbon through glycolysis, though that was in fact not the case, and the authors
posited that the improved acid survival was due to slower throughput of glycolysis
(Mercade et al. 2006). This apparent conundrum will have to be resolved over time,
but it might be anticipated that slower growth affords protection from metabolic
products that could be lethal to cells. For example, if electron movement through
oxidases and dehydrogenases becomes decoupled from protonation, one result
might be that free radical formation could be reduced in cells growing at low meta-
bolic rates. The slow growth rates themselves suggest that fewer targets for damage
are available, whether it is in planktonic cultures or in biofilms.

2.5 Metabolic Responses to Acid Stress in Lactic Acid
Bacteria: Protection from Acid-Induced Damage

In addition to the membrane-oriented mechanisms of acid resistance in LAB, the
microbes also respond with several mechanisms to deal with the effects of acid-
mediated damage and to ameliorate falling internal pH values. The triggering events
for the participation, or induction, of the acid-stress responses in LAB are not well
understood at present, though it seems very likely that the interruption of carbon-
flow normal metabolic channels, namely, the Embden—Meyerhof-Parnas pathway,
would be a primary signal that homeostasis in the cells is threatened.

What is well understood at present is that the timeframe of inducing a response
to acidification is relatively fast and that in just a few minutes, acid response can be
observed by an increased ammonia and carbon dioxide production, as well as an
increased production of proteins or compounds related to intracellular repair pro-
cesses. In the following sections, brief descriptions of the established mechanisms
for LAB defenses against the effects of acidification are presented.

In addition to the membrane-associated events occurring during the acid response,
LAB also produce or, more correctly, release compounds that act to buffer acidic
conditions inside cells. The releases of ammonia and lactic acid plus carbon diox-
ide, via the arginine deiminase (ADI) system and malolactic fermentation (MLF),
respectively, have become metabolic hallmarks of the LAB. Indeed, the wine
industry, in particular, benefits from MLF by Oenococcus oeni. These mechanisms
are widely conserved in LAB, and available data strongly support their role in the
acid resistance of these bacteria.
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2.5.1 Arginine and Agmatine Deiminase Systems, Urease

The release of ammonia, which acts to raise pH values, appears to be a well-
distributed mechanism of acid resistance among LAB. The most common sources
of ammonia are arginine and the less well-known amino acid agmatine. The enzy-
matic mechanism of ammonia release involves the ADI system, which relies on the
activity of three enzymes: arginine deiminase (AD, encoded by the arcA gene),
ornithine carbamoyltransferase (arcB), and carbamate kinase (arcC). Biochemically,
arginine is taken up by cells via an arginine-specific porter, as part of an arginine-
ornithine antiporter system. First described in experiments involving the antiporter
system of Enterococcus hirae, [arginine, /ornthine_ ], it was recognized that argin-
ine was required for induction of the system and that the antiporter system was also
found in S. sanguinis and Streptococcus milleri (Poolman et al. 1987). Once argin-
ine has been acquired by LAB, the compound is cleaved by AD to yield citrulline
and ammonia. The citrulline is further deaminated and cleaved to the products orni-
thine and carbamoyl phosphate by ornithine transcarbamylase (OTC). The carbam-
oyl phosphate is then cleaved to carbon dioxide and ammonia by carbamate kinase
(CK), with an accompanying substrate-level phosphorylation of ADP to ATP. Thus,
the system delivers two moles of ammonia for each arginine transported into cells
plus an ATP, in an energy-forming series of reactions.

Following description of the ADI pathway (Poolman et al. 1987), reports quickly
appeared describing the role of ammonia release in the protection of S. sanguinis
and Streptococcus rattus from acidification. Pertinent to the composition of the oral
microflora, the enzymes of the ADI system were shown to function at surprisingly
low pH values, as approximately 10% of full activity still remained in S. rattus at pH
values below 2.6, which is two pH units below the level needed for growth (Marquis
et al. 1987; Casiano-Colon and Marquis 1988). These data explain, in part, how
S. sanguinis could survive at low abundance in the low pH environments of the
mixed-culture experiments described above (McKee et al. 1985; McDermid et al.
1986; Bradshaw et al. 1989).

The genes encoding the ADI system, referred to as arcABC (arcA encoding AD,
arcB encoding OTC, and arcC encoding CK), were cloned initially from S. sanguinis
NCTC10904 and were shown to be active in E. coli to the extent that they comple-
mented mutant strains defective in OTC and CK, though more effectively following
the addition of arginine to the culture medium (Burne et al. 1989). The authors also
provided the first evidence that the genes function as a transcriptional unit. Subsequent
work with other LAB revealed the broad distribution of the pathway including strains
involved with wine production (Tonon and Lonvaud-Funel 2000; Arena et al. 2002)
and meat fermentation (Champomier Verges et al. 1999). A number of reports in the
literature indicate that the production of the ADI system enzymes is affected by envi-
ronmental conditions, including salinity in the case of the sourdough LAB,
Lactobacillus fermentum, suggesting that NaCl-mediated stress induces AD-catalyzed
conversion of arginine to ornithine (Vrancken et al. 2009a, b). The operon in L. lactis
was induced during growth at low pH (Budin-Verneuil et al. 2006), again supporting
a broad role for the system as a mitigator of low pH in LAB.
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Despite the common occurrence of the ADI system in LAB, it is still not entirely
clear that AD is important for acid resistance in all organisms. For example,
Lactobacillus sakei contains an intact arc operon, including arcR, the regulatory
protein. However, the loss of arcR did not change growth of the organism, such that
the role of the operon in L. sakei is not yet clear (Zuniga et al. 2002), though it is
clear that the utilization of arginine is beneficial to the organism (Champomier
Verges et al. 1999).

In addition to its role in ameliorating low pH to protect most LAB species, the
ADI system also has potential health consequences for humans, both positive and
negative. In the case of oral health, there are significant benefits from the presence
of ammonia-releasing activity by dental plaque bacteria (Nascimento et al. 2009).
In studies involving caries-free and caries-active subjects, the authors showed that
there was a strong negative correlation between high levels of S. mutans and low
levels of ammonia released by AD systems and urease activity (see ahead). The data
indicated a rise in the environment pH, via ammonia, that was likely to reduce the
acid-mediated erosion of dental enamel. However, in the case of the wine industry,
the production of carbamate, via the CK reaction of the ADI system, raises the con-
cern that ethanol and carbamate could combine to form the potentially carcinogenic
compound ethyl carbamate (more commonly known as urethane). The arc genes
associated with heterofermentative wine bacteria have been correlated with trace
amounts of ethyl carbamate (Araque et al. 2009).

In addition to the ADI system, many species of LAB have other abilities to
produce ammonia for acid protection, by using agmatine and urea as substrates.
Agmatine deiminase is broadly found in lactic acid species, including species as
diverse as S. mutans (Griswold et al. 2004) and Lactobacillus brevis (Lucas et al.
2007). The urease system of streptococci has been extensively investigated in
S. salivarius and in the yogurt-producing S. thermophilus (Pernoud et al. 2004;
Mora et al. 2005).

The agmatine deiminase (AgDI) system appears to be distributed through the
mutans streptococci (Griswold et al. 2009). The biochemical pathway, similar to
that of the ADI system, yields ammonia, carbon dioxide, and ATP, while agmatine
is converted to putrescine. Ammonia is produced by the system at low external pH
values, indicating that the AgDI system could assist in acid tolerance (Griswold
et al. 2004).

The genetic organization of the AgDI pathway operon is aguBDAC. A putative
regulator of the AgDI system has been identified upstream of the agu operon at
SMU.261c¢ of the S. mutans UA159 genome (Ajdic et al. 2002). Inactivation of the
gene resulted in substantial reduction of the deiminase activity and abolished the
ability of agmatine to induce the system (Griswold et al. 2006). Like the ADI
system of other LAB, the AgDI pathway is induced in the presence of exoge-
nous agmatine and is repressed via the carbon catabolite system that acts through
the CcpA protein. In addition to agmatine, the induction of the AgDI system in
S. mutans requires the presence of the AguR transcriptional activator and low pH,
indicating the likelihood that the system is part of the acid-stress response in this
organism at least (Liu et al. 2009). The system also responds to multiple two-
component regulatory systems (TCSs), including the VicRK, ComDE, and CiaRH
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systems (Liu and Burne 2009). All of these TCSs have been implicated in acid
response in S. mutans (see ahead), though a clear picture of how acid stress is com-
municated to the TCSs has not yet emerged in complete form. A screen of nearly
200 L. brevis strains revealed that approximately three dozen strains contained the
AgDI genes, including the agmatine/putrescine antiporter (Lucas et al. 2007). The
presence of putrescine in wine, attributed to O. oeni strains, has also been reported
(Mangani et al. 2005)

Urea-degrading systems are also present in some species of LAB, including
S. thermophilus (Pernoud et al. 2004; Mora et al. 2005) and S. salivarius. The produc-
tion of ammonia via urease is far more complex than that of the ADI and AgDI
pathways described above. The urease-encoding genetic system in S. salivarius
begins with urel, followed by ureABC (structural genes) and ureEFGD (accessory
genes) (Chen et al. 1998). In addition, the enzyme requires a nickel-uptake system
to provide nickel as a cofactor for the urease, designated ureM, ureQ, and ureO,
respectively, which encode an Ni(2+)-specific ATP-binding cassette transporter
(Chen and Burne 2003). The enzyme was shown to be elevated in biofilms, where
the pH is typically low, indicating its potential usefulness to ameliorate dental
plaque pH values (Li et al. 2000). Experiments with multiorganism chemostats
showed clearly that ammonia production, via urease-producing streptococci, would
influence the proportion of species in the culture, providing additional support of
the concept that the urease might be of benefit to oral health care (Shu et al. 2003).
Subsequent work with caries-active and caries-free patients indicated a strong
correlation between measurable urease levels in the mouth and caries status (Shu
et al. 2007; Nascimento et al. 2009). In experiments to determine whether ammo-
nia-producing oral bacteria could limit low pH in situ, it was found that plaque
bacteria had difficulty in neutralizing sugar given as a bolus, but that over time the
organisms may have the ability to modulate plaque pH values and plaque composi-
tion (Toro et al. 2010).

2.5.2 Malolactic Acid Fermentation

The ability of LAB to utilize L-malate as a source of carbon dioxide via the MLF
pathway has been known for many years. The release of carbon dioxide from
L-malic acid, by the malolactic enzyme, results in the formation of a lactic acid
molecule and a molecule of carbon dioxide, which can be converted to bicarbonate
via carbonic anhydrase (Pilone and Kunkee 1970). Typically, there is an antiporter
system for secreting the lactic acid and taking in a molecule of L-malate. In bioen-
ergetic terms, a single negative-charge compound is secreted in exchange for a dian-
ionic compound, thereby increasing the PMF available for the cell to take up other
nutrients. Because the carbon dioxide is captured, in part, by carbonic anhydase,
there is buffering capacity available to the cell. Moreover, the organoleptic proper-
ties of malic acid, a tart substance found in grape must (and in substantial
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abundance in apples), is converted to lactic acid, which conveys a softer taste,
usually described as buttery, to wines. Because the MLF pathway is found in many
LAB, including those unrelated to the wine industry, it has become apparent that
the reaction is related to protective buffering for the host bacterium, at a minimum.

Even though the capacity to carry out MLF is broadly distributed among LAB,
clear differences exist between strains, particularly with regard to the ability to
survive at low pH values and in the presence of alcohol formed during a primary
fermentation of sugar. For example, several reports showed that MLF reactions in
O. oeni function following primary fermentation and at pH values of 3.5, whereas
other LAB, present in wine samples with O. oeni, do not survive at that pH (Lafon-
Lafourcade et al. 1983; Davis et al. 1986).

MLF gene clusters include a regulatory protein, MleR; the malolactic synthase
protein responsible for decarboxylation of L-malate, MleS; and the MleP protein,
which acts as the porter for L-malate. The mleR gene in L. lactis has been reported
as required for MLF (Renault et al. 1989). In contrast, it appears that the presence
of mleR is probably essential for full activity of the mle genetic cluster to function
in S. mutans, but not required for measurable amounts of activity (Lemme et al.
2010; Sheng et al. 2010).

The mleS gene, encoding the malate-cleaving enzyme of the pathway, was ini-
tially reported from L. plantarum (Ansanay et al. 1993), quickly followed by reports
from other LAB, for example, L. lactis (Denayrolles et al. 1994) and O. oeni (Labarre
et al. 1996), continuing to the present day (Lemme et al. 2010; Sheng et al. 2010).
In all cases, the malolactic acid gene clusters include an mleR gene, encoding a
DNA-binding regulatory protein, which regulates transcription of the mleS and
mleP genes. In most cases, the presence of L-malate is necessary to fully induce the
system, though there has been a report that the MLF system is not inducible by the
presence of L-malate in O. oeni (Labarre et al. 1996). The MlIeR regulators belong,
in general, to the DNA-binding proteins of the LysR family, containing an allosteric
domain for binding L-malate.

The malate/lactate exchange is now known to generate membrane potential that
is accomplished by the MleP, the malate porter. Once inside LAB, malate is decar-
boxylated by MleS, the malolactic enzyme, to release lactic acid and a carbon diox-
ide molecule. The net effect of the transport and enzymatic reactions is the formation
of a pH gradient inside alkaline. The gradient contributes to the PMF available to
the organism for taking up additional nutrients as part of what has been referred
to as a secondary PMF system (Poolman et al. 1987, 1991; Renault et al. 1988; Cox
and Henick-Kling 1989; Salema et al. 1994, 1996; Lolkema et al. 1995; Konings
et al. 1997).

With the acquisition of genomic information and the physiological characteriza-
tion of a number of MLF systems, the MleP porter is presently considered to be a
member of the 3-hydroxycarboxylate family of porters that also includes the citrate
carriers. These proteins do exhibit substrate flexibility in the molecules that are trans-
ported, though the main requirement is that they adhere to the general chemical struc-
ture of RIR2ZCOHCOOH, which includes glycerol to citrate (Bandell et al. 1997).
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More recently, work in MLF has been extended to the oral streptococci, with the
question being whether malolactic acid provides protection from acidification in
the oral cavity. Here, again, it was shown that L-malate is capable of inducing the
system and that the MLF system functioned optimally at pH values of 4.0 in
S. mutans UA159. Malate itself does not support growth of S. mutans but does
protect the organism from acid challenge. Additionally, malate utilization contrib-
utes to the maintenance of ATP pools, indicating that alkali formation by MLF
could be a major piece of the acid-resistance repertoire of S. mutans (Sheng and
Marquis 2007). Subsequent work showed that, like other LAB, the MleR regulator
controls transcription of the mleSP genes but that maximal induction required
malate and low pH and that, interestingly, MleR would bind to specific sites, depend-
ing on the presence or absence of L-malate (Lemme et al. 2010). The loss of the
mleP, mleS, and, to a lesser extent, mleR, resulted in reduced ability of S. mutans to
survive acidic challenge (Sheng et al. 2010). The availability of the mutant strains
of S. mutans in mleP, S, and R also permitted the authors to show that MLF acted
additively with the ADI system to protect S. sanguinis, but did not interact addi-
tively with the urease system of S. salivarius (Sheng et al. 2010).

2.5.3 Additional Acid-Protective Decarboxylation Reactions
That Are Beneficial to Lactic Acid Bacteria

In addition to the release of carbon dioxide from malic acid, citrate metabolism by
LAB has also been found to be of benefit to them during growth in acidic condi-
tions. A recent report has indicated that citrate stimulated the growth rate of L. lactis
CRL264 (biovar diacetylactis) during growth at low pH (Sdnchez et al. 2008).
BC-driven NMR studies strongly implicated the presence of a citrate/lactate anti-
porter in the organism (Sdnchez et al. 2008). These data suggest a mechanism of
generating a PMF similar to that described for the malolactic acid system. These
authors argued that the effects of citrate were due less to alkalinization of the cells
during growth at low pH than to the reduction of ATP expenditure toward removing
protons from the cell cytoplasm. The two points are important and suggest that
additional research would be useful. Clearly, alkalinization of the organism’s cyto-
plasm by the release of carbon dioxide would benefit potentially acid-sensitive
enzymes of the glycolytic pathway, providing a mechanism to protect ATP produc-
tion and a higher net yield of ATP formation. The acid-inducible nature of citrate
lyase reported for L. lactis CRL264 (biovar diacetylactis) again indicates an acid-
inducible mechanism for carbon dioxide release and the removal of organic anions
via an antiporter system that assists in generating PMF (Martin et al. 2004).
Decarboxylation systems involving specific antiporters are a well-established
mechanism for mitigating internal acidification (Small and Waterman 1998). The
availability of genomic information and a high degree of amino acid conservation
for these enzymes permit the precise study of these mechanisms. In the case of the
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probiotic LAB, Lactobacillus acidophilus NCFM, bioinformatics was used to
identify open-reading frames with homology to known decarboxylation-antiporter
systems. Genes identified as a result of the analysis included a glutamate
y-aminobutyrate antiporter, an ornithine decarboxylase, an amino acid permease,
and a putative transcriptional regulator, in an analogous arrangement to many
malolactic gene clusters. Mutation of each of the four genes resulted in acid-sensitive
phenotypes indicating their importance in protection of the organism from internal
acidification, though acid adaptation itself was not abolished in any of the strains
(Azcarate-Peril et al. 2004).

Building on those results, the analysis of a putative glutamate-utilization operon
in S. mutans showed that exogenous glutamate would facilitate the increased
production of lactic acid (Krastel et al. 2010). The loss of the operon g/lnrQHMP
resulted in the inability to accumulate glutamate and in a slow-growth phenotype.
However, the gln-deficient mutant strain survived exposure to pH 3.5 better than its
parental strain UA159, suggesting that additional, compensatory acid-adaptive
mechanisms are available to the organism, and probably to most LAB.

2.5.4 The Role of Molecular Chaperones, Clp and HtrA
Proteases, and Heat-Shock Proteins

The Clp proteases function in bacteria as processing enzymes that act either to
assist in correct folding or to cleave and degrade misfolded proteins. The number
of Clp proteins in a given bacterium varies. For example, there are five Clp-related
proteins in S. mutans, of these, the ClpL chaperone and ClpXP protease affect the
expression of virulence attributes associated with S. mutans, including sensitivity
to growth at low pH (Kajfasz et al. 2009). However, strains deleted for c/pP and
clpX were less sensitive to killing by acid, which led to a genomic search for
suppressor genes, culminating in the identification of the spxA and B genes, which
appear also to play a role in regulating not only the Clp chaperones, but also
responses to the environment, including responsiveness to acid and oxidative
conditions. Previous work with cIpC and clpP had shown that they were induced
during growth at low pH, indicating the need for either the removal of damaged
proteins or the necessity of acting as chaperones for stabilizing the proper folding
of proteins (Lemos and Burne 2002). It was also shown that in an S. mutans clpP
mutant strain, the heat-shock proteins GroESL and DnaK were upregulated, indi-
cating the likelihood that the cells were stressed, presumably due to the accumula-
tion of damaged proteins (Lemos and Burne 2002). The involvement of the
heat-shock proteins with the Clp proteins, pertinent to acid-mediated stress, is
probably a common feature across LAB, if not bacteria in general, as reported for
S. mutans (Jayaraman et al. 1997), Enterococcus faecalis (Laport et al. 2004,
2006), Lactobacillus bulgaricus (Fernandez et al. 2008), and Lactobacillus john-
sonii (Walker et al. 1999). Subsequent work with a c/[pP mutant strain of S. mutans
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showed that approximately 100 gene transcripts were either up- or downregulated
in a clpP deletion, indicating its global effect on the S. mutans transcriptome
(Zhang et al. 2009; Chattoraj et al. 2010). The involvement of Clp proteins in stress
regulation has not been limited to oral streptococci. In O. oeni, ClpX is an early
phase of growth-related protein, and ClpP and ClpL appear to be involved at
multiple levels of stress regulation (Guzzo et al. 2000; Beltramo et al. 2004).
Consistent with these reports, ClpL is involved in early response to acidification in
Lactobacillus reuteri (Wall et al. 2007). In addition to the Clp systems, an extracel-
lular protease, HtrA, has been implicated in multiple stress responses, including
acid-mediated stress in S. mutans (Biswas and Biswas 2005; Kang et al. 2010) and
L. lactis (Morello et al. 2008). The enzyme is known in other Gram-positive
bacteria and is also referred to as DegP, a serine protease (Pallen and Wren 1997,
Ehrmann and Clausen 2004; Ingmer and Brondsted 2009). In the case of S. mutans,
HtrA apparently can degrade, at least, the extracellular glucosyltransferases,
thereby affecting in vitro biofilm formation (Biswas and Biswas 2005). Remodeling
of cell surface proteins affected by oxidative agents or acid attack could be useful
for LAB, though how these types of stress are communicated to the HtrA synthesis
machinery remains to be established.

2.5.5 Other Protective Mechanisms: Overlap of the Acid-Stress
Response with Additional Stress Responses

The response of LAB to acid stress also appears to overlap, at least partially, with
what are generally thought of as oxidative stress-resistant mechanisms. For exam-
ple, glutathione has proven to be protective for L. lactis subsp. cremoris at pH
values of 4.0 and 2.5 (Zhang et al. 2007). The use of glutathione was also respon-
sible for increased yields of L. salivarius, the probiotic organism, during growth at
a pH value of 4.0 (Lee et al. 2010). The mechanism by which glutathione is able to
protect these organisms at low pH is not yet clear, though the reports indicate that
thiols are at risk during growth in acidic conditions by LAB.

In addition, DNA-repair mechanisms, often characterized as responsive to oxi-
dative stress, have also been shown to be involved in acid-stress responses in LAB.
For example, the uvrA excision nuclease, which has been classically categorized as
a participant in the nucleotide excision repair (NER) pathway, is part of the
acid-response of LAB members L. helveticus CNBL1156 (Cappa et al. 2005) and
S. mutans strain JH1005 (Hanna et al. 2001). DNA damage, as a result of acidifica-
tion of the cytoplasm, is not surprising. What is less understood presently is how the
formation of DNA damage, by acid attack on either the nucleotide or phosphate
bonds, is communicated to the cells such that DNA-repair genes are induced. In
S. mutans GS-5, it has been shown that the acid repertoire includes an recA-
independent, acid-growth-inducible mechanism of DNA repair, which may include
NER or base excision pathways (Quivey et al. 1995).
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2.6 Sensing Acid Stress and Signaling

2.6.1 The Stringent Response and Early Signaling Events
Jor Acid-Stress Response

Up to this point, the discussion of acid stress has been largely devoted to what is
known about how LAB respond to acidification, compared to how cells recognize
that the environment has become acidic.

The guanidine nucleotide pools of bacteria typically reflect starvation, which can
be considered as any disruption of carbon flow through the Embden—Meyerhoff—
Parnas glycolytic pathway. The formation of (p)ppGpp, guanosine penta- or tetra-
phosphate, occurs by the activity of the RelA pppGpp synthase, or related enzymes,
when the translation of mRNA stalls on ribosomes due to a shortage of amino acids.
Because (p)ppGpp is at the interface of translation, carbon flow, and phosphate
pools, the molecule is an ideal location to potentially affect many cellular changes.
Not surprisingly, the production of proteins in many species of bacteria is affected
by the loss of RelA or its equivalents (Magnusson et al. 2005). Relatively little work
has been reported in this area from the LAB, though it is known, for example, that
L. lactis responds very quickly to acidification (Rallu et al. 1996) involving pppGpp
(Rallu et al. 2000). Further, in proteomic experiments with L. lactis mutant strains
defective in relA, guaA (the GMP synthase), and pstS (phosphate transporter)
compared to the parent strain (MG1363), numerous proteins were deregulated, as
shown by two-dimensional (2D) gel electrophoresis coupled with mass spectro-
metric identification of proteins (Budin-Verneuil et al. 2007). However, only six
proteins overlapped the mutant strains: RecA (the DNA-repair-recombination pro-
tein), pyruvate carboxylase, CTP synthase, glutamyl tRNA synthetase, R30S ribo-
somal protein S1, and the subunit of DNA polymerase DnaN, suggesting that these
proteins play a role in a constitutive acid response. Similarly, in global transcrip-
tional studies conducted with an re/A mutant strain of S. mutans, approximately 50
transcripts were shown to be involved in the stringent response attributable to the
RelP- and RelQ-mediated, RelA-independent stress response, indicating that the
three mechanisms of producing (p)ppGpp in S. mutans are all involved in sensing
stress (Nascimento et al. 2009). Moreover, RelA is known to affect acid resistance
in S. mutans grown in biofilms and the LuxS protein, a participant in AI-2-mediated
quorum sensing, may be involved (Lemos et al. 2004).

2.6.2 Two-Component Systems and Their Involvement
in the Acid Responses of Lactic Acid Bacteria

Similar to the use of global transcriptional profiling to characterize acid-stress
responses of LAB, and most other species of culturable bacteria, the exploration of
two-component signal-sensing and -response circuits in LAB is an area of intense
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investigation, with a large and growing literature. The interested reader should refer
to recent reviews on the general concepts of TCSs and their role in regulation of the
vast breadth of bacterial responses to external stimuli (Gao and Stock 2009; Krell
et al. 2010). In the case of this discussion, substantial interest exists regarding the
question of how LAB recognize falling pH values and transduce that information
into a protective response.

A number of studies have been published implicating TCSs in the control of
acid-stress responses in bacteria and in LAB specifically. Two general examples of
the situation are included here. In the case of S. mutans, multiple TCSs affect the
sensitivity to acidification. In one of the earliest reports, Li et al. (2002) used exist-
ing information from the HK03 and RRO3 protein sequences of S. pneumoniae as
the basis for BLAST searching the S. mutans UA159 genomic sequence (Ajdic et al.
2002), which resulted in the identification of a putative TCS designated hkI/ and
rrllin S. mutans NG8. Mutation of the hkl1 gene, encoding the histidine kinase of
the system, resulted in an acid-sensitive phenotype. A more exhaustive study, in
which all 14 of the recognizable TCS pairs in S. mutans (Levesque et al. 2007),
showed that three systems — TCS-2, referred to as a homolog of the CiaRH systems
in other bacteria, TCS-3, similar to the ScnRK-like systems, and TCS-9 — were all
involved at some level in acid resistance. Later studies showed that the VicRK TCS
of S. mutans was also involved in acid resistance of S. mutans and that loss of the
vicK gene affects 89 transcripts in the microarray analysis of the vicK mutant strain
(Senadheera et al. 2009). Additional reports, also involving mutation of all 14
sensor/kinase pairs of TCSs in S. mutans, provided information on the role of the
systems in the stress response (Biswas et al. 2008; Kawada-Matsuo et al. 2009),
though the clearest message to emerge from these types of studies is that the poten-
tial for overlapping responses among multiple TCSs appears to be substantial.
Studies have already begun to uncover information that TCS expression has to be
interpreted with care, in that an overlap in at least some of the sensing does indeed
occur (Chong et al. 2008). As information continues to develop regarding DNA-
binding motifs for the response-regulator partner of TCSs (Senadheera et al. 2005),
the ability to distinguish between the direct and indirect effects of TCSs in regulat-
ing the acid response will continue to improve.

While relatively understudied, with respect to the effects of low pH on virulence,
a recent study with Group B streptococcus (GBS), strain V/R 2603, has been pub-
lished, reporting the global transcriptional analysis of the organism following
growth at pH values of 7.0 and 5.5 (Santi et al. 2009). Like many studies involving
global gene transcription, the authors found that over 300 genes were upregulated
during growth at a pH value of 5.5, compared to growth at pH 7.0, and that 61 genes
were downregulated during growth at pH 5.5. The genes expressed during acidic
growth involved all of the major metabolic and stress-responsive pathways. In this
study, focus was given to pH-responsive genes known to be controlled by the CsrRS
TCS. The results showed that approximately 90% of the downregulated genes and
nearly 60% of the upregulated genes were CsrRS-dependent. The implication of the
study was that movement of GBS from the vaginal tract of the mother (acidic) to the
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lungs of infants might signal the upregulation of virulence factors and initiate the
invasive phenotype of GBS, including the surface protein BibA, a GBS-vaccine
candidate, that was pH-responsive (Santi et al. 2009).

2.7 Global Analysis of Acid-Stress Responses in Lactic Acid
Bacteria: Proteomic Approaches

Over the past 10 years, a large number of bacterial genome sequences have become
available, for LAB and many other organisms. The acquisition of genomic informa-
tion continues to grow at a rapid rate, which facilitates comparisons of strains and
also provides maps for aligning transcriptional data arising from microarray anal-
yses, proteomic determinations, and, more recently, RNA-seq experiments (Wang
et al. 2009), a method for transcriptional analysis that does not require the use of
microarray chips.

The initial proteomic mapping of LAB was conducted using 2D gel electropho-
resis to separate proteins, which were later identified using Edman degradation or,
more recently, matrix-assisted laser desorbtion-ionization (MALDI) mass spec-
trometry. The resulting amino acid sequences were then compared to existing
protein databases. Now, MALDI data are directly aligned by BLAST searches of
the more extensive genomic databases.

The types of proteomic questions that have been addressed in LAB are in several
categories: a comparison of expressed proteins during growth at varying pH levels;
a comparison of expressed proteins from cells at different points in their growth
curves; and a comparison of expressed proteomes from highly similar but different
strains or species of LAB.

In one of the first 2D gel studies with LAB, using radiolabeled cells of L. bulga-
ricus, a comparison was made of proteins produced by cells grown at pH values of
6.0 and 4.75 (Lim et al. 2000). The results showed several proteins that were promi-
nently increased in abundance in the extracts of the pH 4.75-grown cells. N-terminal
sequencing of three proteins revealed them to be GroES, GroEL, and Dnak, all of
which are well-known proteins that function as molecular chaperones during
stressful conditions. In a similar fashion, comparisons of radiolabeled cultures of
S. mutans grown under a variety of stress conditions, including acidic conditions,
oxidative stress, and variation in temperature, showed a variety of protein patterns,
including a small number of unidentified proteins that were present in all condi-
tions, suggesting their involvement as general stress proteins (Svensater et al. 2000).
Later studies compared extracts of S. mutans cells from planktonic and biofilm
cultures. Again, the expressed protein profiles differed depending on culture condi-
tions, which supports the concept that LAB are versatile in their response to their
environment (Svensater et al. 2001; Welin et al. 2004; Welin-Neilands and Svensiter
2007). During this period of time, many LAB were examined by 2D gel electropho-
resis. The stationary-phase acid tolerance of L. acidophilus CRL639 was characterized
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by comparison of cells grown at pH 4.5 and 6.0, which resulted in the identification
of a variety of proteins that were induced during growth at the lower pH value
(Lorca and Valdez 2001). The difficulty these investigators had at the time was that
they lacked high-throughput mass spectrometric capability and the genomic
maps that were in the future; thus, the identities and function of acid-induced pro-
teins were restricted to reporting the molecular mass and estimating the isoelectric
points.

As technology advanced, the use of MALDI-based technologies dramati-
cally increased the ability to identify and characterize larger numbers of pro-
teins in 2D gel separations and to construct metabolic maps of proteins that
might be involved with acid responses. Certainly, the numbers of proteins
shown to be involved in acid adaptation grew in magnitude from handfuls of
proteins to dozens of proteins. For example, in a set of papers with S. mutans,
proteins representing entire metabolic pathways were reconstructed as either
upregulated or downregulated during growth at neutral and acidic conditions
(Len et al. 2004a, b). Likewise, during this period, work with L. lactis MG1363
revealed the identity of 80 proteins in a comparison of the acid response of the
organism during growth in two differing media. Of the identified proteins, 10
were shown to be upregulated in both media. These particular proteins fit into
the existing concept of an acid response that includes arginine metabolism
(ArgS), the ADI pathway (ArcB), the F-ATPase (AtpA), CFA synthase, and
oxidative stress responsiveness via superoxide dismutase (SodA) (Budin-
Verneuil et al. 2005b). More recent studies with L. reuteri have focused on the
protein profile of the organism growing at specific pH values, to simulate the
effect of moving through the human alimentary canal and its varying pH val-
ues. Results from those studies have shown that proteins involved with acid-
stress responses in that organism, at least, are represented in essentially every
major metabolic category of the organism, again supporting the notion of bac-
teria that have evolved to be highly flexible with respect to external pH values
(Lee et al. 2008; Lee and Pi 2010).

Among the most detailed studies to date has been the proteomic characterization
of L. bulgaricus (Fernandez et al. 2008). In this study, the transcription of specific
genes was estimated and combined with proteomic data to provide a picture of
carbon flow during growth at acidic pH values. Quantitative PCR was used to esti-
mate the abundance of RNA transcripts from specific genes, and those data were
coupled with proteomic data arising from mass spectrometric analysis of proteins
separated by 2D gels. The authors of this elegant study were then able to reconstruct
carbon-flow pathways showing that during acidic growth, carbon was diverted into
fatty acid synthesis, which would affect membrane fluidity (Fernandez et al. 2008).
The results from this study are probably extensible throughout LAB. In addition
to their importance for food LAB, the data also provide insight into the acid-
responsive membrane changes of membranes in pathogens, S. mutans (Fozo and
Quivey 2004a, b; Fozo et al. 2007) and S. pneumoniae (Marrakchi et al. 2002; Jerga
and Rock 2009).
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2.8 Global Analysis of Acid-Stress Responses in Lactic Acid
Bacteria: Transcriptional Approaches

As with most other bacterial species, the last decade has seen an intense focus on
expression profiling of LAB genomes and how acid stress (among other stimuli)
affects specific stress-response pathways. The information to be gained from these
studies is related to the potential ability to manipulate pathways during the produc-
tion of foods, such as cheeses and yogurt, or to curtail infections from the patho-
genic LAB. The approach of many studies is to obtain data for gene expression from
bacteria grown in various culture conditions.

In a recent study of stress responses in L. lactics subsp. lactis IL1403, macroar-
ray analysis was used to characterize the response of the bacterium to heat, acid, and
osmotic stress. Of a genomic subset of 375 genes, between 13 and 18% of the genes
were responsive to one or more external stimuli, which is consistent with observa-
tions in many other bacterial systems, including LAB. The data from this particular
study provided insight into differences between the IL1403 strain and strain
MG1363, such as the variation in the methionine-metabolizing genes that was
shown to differ between the strains. Of potential importance to the dairy industry,
the report showed that peptide transporters were repressed in stress-inducing condi-
tions, which, as the authors state, would have implications in cheese-ripening
processes (Xie et al. 2004).

Transcriptional studies using RNA isolated from L. plantarum, grown in a com-
prehensive variety of culture conditions, have shown that microarray-based profil-
ing can reveal changes in major metabolic pathways, with respect to growth in
acidic conditions (Pieterse et al. 2005). The study took the interesting approach that
the lactate/lactic acid ratio would have effects on the organism’s transcriptome as an
indicator of toxicity for the organism, with concomitant effects on gene expression.
The large amount of data arising from these studies has demonstrated the value of
using multiple conditions to evaluate the acid-stress response but also showed sig-
nificant shifts in the transcription of genes relating to carbon flow, which could
benefit manipulation of the organism in future commercial application (Pieterse
et al. 2005).

In the case of S. pneumoniae, though not always thought of as an acid-resistant
organism but certainly capable of eliciting a sustained acid resistance (Martin-
Galiano et al. 2001), stationary-phase exposure to pH 4.4 induces relatively high
levels of acid resistance (Martin-Galiano et al. 2005). Subsequent experiments were
conducted to assess the differences in global gene expression in cells growing in
cultures exposed to acidic conditions for short periods of time, compared to those
from acid-adapted cultures grown at pH 6.0. The results of these studies revealed
126 genes whose expression was affected by external pH and that of those genes,
nearly 60 were specific for acid adaptation and 37 genes were involved with growth
in the stationary phase, or maintenance genes. Another 30 genes were reportedly
found in both sets of conditions. Of the pH-responsive group of genes, chaperones



44 J.K. Kajfasz and R.G. Quivey Jr.

and transporters appeared to be significant and, as with other studies of this kind,
there was substantial overlap with genes thought or known to be involved with oxi-
dative and osmotic stress. The magnitude of expression changes was somewhat
smaller for genes in this study, compared to those of the 10- and 100-fold magnitude
shown in studies with the oral streptococci Streptococcus sobrinus (Nascimento
et al. 2004), S. mutans (Len et al. 2004b), and Streptococcus oralis (Wilkins et al.
2001), perhaps reflecting the larger variation of external pH values that the oral
streptococci may be responsive to (Martin-Galiano et al. 2005). Regulatory motifs
connecting some of the acid-regulated genes were reported, and these provide a
highly useful tool in order to develop acid-response maps, similar to those described
for S. mutans (Len et al. 2004a) and L. bulgaricus (Fernandez et al. 2008).

The combination of transcriptional studies with assays for metabolites (or metab-
olomics) is of substantial importance in studies going forward. The reason is that
transcriptomes are very important measures of mRNA in a single snapshot. However,
translational efficiencies of mRNAs vary widely in bacteria, and the regulation of
translation, particularly during stress-inducing conditions, may have an enormous
impact on the proteome of bacteria and on the levels of metabolites. For example,
work published by Even et al. (2003) using L. lactis subsp. cremoris MG1363
showed that the regulation of translation superseded transcriptional regulation in
acidic growth conditions. The authors of this study showed that changes in the abun-
dance of glycolytic enzymes were not correlated with changes in transcript levels,
indicating that metabolites, as a function of enzyme levels, were dominant in regu-
lating carbon flow. Their data also indicated that total RNA levels fell during growth
at low pH, providing support to the concept that translation in L. lactis is optimal
during growth in acidic conditions (Even et al. 2003).

One major obstacle for the transcriptional profiling of bacteria has been the lack
of appropriate microarray chips, now somewhat resolved by the development of
high-throughput sequencing approaches for transcriptional profiling (Wang et al.
2009). However, the technique of comparative genomic hybridization has been used
to study changes in mRNA levels of S. sobrinus. In this type of approach, microar-
rays produced for the S. mutans genome were used to evaluate the transcriptional
output of S. sobrinus, an organism also capable of causing dental caries. While the
interspecies approach is not ideal, the study did take advantage of the possibility that
acid resistance may be highly conserved between the species. In addition, mass spec-
trometric analysis was applied to extracts of S. sobrinus to provide supporting data
for the array experiments. Among the results presented by the authors of the study,
MLF genes were substantially upregulated during acid growth, as well as energy-
metabolism genes, including F-ATPase operon genes (Martinez et al. 2010).

2.9 Population Biology of the Lactic Acid Bacteria Acid Response

Two facets of the acid-stress response in LAB that have not received as much
attention as they should have, and probably will have in the coming decade, are the
following: the temporal regulation of acid-stress responses and the possibility that
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subpopulations of a given organism in growing cultures, or microenvironments,
may elicit different levels of the response. There is abundant literature from studies
conducted with LAB describing early logarithmic, mid-logarithmic, and stationary-
phase expression of acid-stress responses. Difficulty exists in developing an entirely
integrated view of how LAB deploy their acid-stress responses, which is due to spe-
cies and strain differences, on the one hand, and to variation in media composition,
culture conditions, and sampling effects on the other hand. As discussed above, the
combined use of transcriptional profiling and proteomics is illustrative of how
changes in acid-stress-responsive genes can be followed over time (Len et al. 2004a, b;
Fernandez et al. 2008). Additional methods for observing the effects on individual
cells, and for identifying specific cells in mixtures, are also developing. Perhaps not
surprisingly, imaging methodologies, sometimes combined with other approaches,
have been reported following variation in the expression of acid resistance (or toler-
ance). Recent reports for Streptococcus macedonicus have shown that arbitrarily
primed PCR amplification of genomes, coupled with Fourier-transform infrared
spectroscopy, can be used to track changes in the organism, over time, in response
to acidic conditions or specific treatment regimes (Papadimitriou et al. 2008).
Conceptually, the notion that LAB elicit a fluid response to acid stress is probably
universally accepted. Providing evidence for that plasticity in populations of
bacteria has been somewhat longer in arriving. These authors have shown that the
acid response (or acid-tolerance response, ATR) is indeed plastic. Further, cells in
differing phases of their responses can be separated using flow cytometry and cell
sorting (Papadimitriou et al. 2007). The results from these two reports provided
further evidence of multiple participants, including changes in F-ATPase and fatty
acid enzyme expression, in the acid response of S. macedonicus, but perhaps more
importantly, they suggested that populations of cells can be subdivided for elucida-
tion of their stress responses. The use of additional imaging technologies has
permitted the examination of bacteria located in three-dimensional space in biofilms
and the effects of carbohydrates on three-dimensional spacing in matrices of extra-
cellular polysaccharide. Confocal microscopy has shown that biofilm development
differs when S. mutans utilizes sucrose to form biofilms, compared to those formed
during growth on starch or combinations of starch and glucose (Klein et al. 2009).
Laser-near-infrared Raman spectroscopy has been used to show that highly related
oral streptococci, namely, S. mutans UA159 and S. sanguinis NCTC10904, can be
identified and enumerated in biofilms by relying on the deconvolution of Raman
spectra of the two organisms (Zhu et al. 2004, 2007; Beier et al. 2010), very similar
to the approaches used with S. macedonicus and the resolution of L. acidophilus
from S. thermophilus (Oberreuter et al. 2000) by FT-IR.

The ability to evaluate the effects of epigenetic events, such as acidification, and
how LAB interact with other flora in situ will likely be the focus of work yet to
come. The results from those experiments shall provide much-needed insights into
metabolic networks of bacteria and how those can be used to explain disease-related
processes such as the substantial acid resistance of oral LAB growing in biofilms
(McNeill and Hamilton 2004; Welin et al. 2004; Welin-Neilands and Svensiter
2007) or the useful ways in which modification of the acid response might be used
to influence the organoleptic and nutritional properties of foods.
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2.10 Concluding Remarks

In the foregoing sections, the discussion was directed to a broad summary of the
mechanisms that are now at least partly understood concerning the ability of LAB
to protect themselves from their own metabolism. Reference was made in part to
approaches for understanding the effects of genes on a more global scale.
Transcriptional and proteomic approaches have come into vogue in the last decade,
as technologies have enabled scientists to learn how environmental conditions affect
bacterial responses, and what the loss of any given gene or genes will have on that
global response. Initially, genome-wide transcriptional studies were limited to those
organisms for which a microarray of probes was available, either commercially
or locally produced. More recently, the development of high-throughput cDNA
sequencing, referred to as RNA-Seq, promises to permit the transcriptional profiling
of any bacterium from any test condition (Wang et al. 2009). The continued devel-
opment of automated protein separation-mass spectrometry will further speed the
acquisition of information related to the production of stress responses in all bacteria,
in addition to the lactic streptococci. The culmination of these technologies, and the
continued expansion of genomic information for species and strains, will facilitate
experiments in which communities of bacteria, and their mutant strains, are evaluated
for their responses to stress and the production of attractive organoleptic properties
or virulence attributes.
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Chapter 3
Responses of Lactic Acid Bacteria to Heat Stress

Pekka Varmanen and Kirsi Savijoki

3.1 Introduction

Lactic acid bacteria (LAB), like other free-living microbes, are often exposed to
environmental stress conditions, which include limitations in nutrient supply, sud-
den changes in osmolarity, and up- or downshifts in temperature. Changes in tem-
perature are probably the most common stress with which bacteria and other
organisms are confronted in the natural world. Living cells from all kingdoms
respond to a sudden increase in temperature by rapid changes in gene expression
resulting in elevated levels of a set of proteins called heat-shock proteins (HSPs).
Under normal conditions, HSPs assist in protein folding, assembly, transport, and
degradation, and under stress these functions become especially important. The
heat-shock response is one of the best-characterized physiological responses of the
cell. The primary structure of most HSPs appears to be highly conserved during
evolution, indicating that the HSP function has been conserved among diverse
organisms. The unfolding and subsequent aggregation of denatured proteins are the
hallmark cellular consequences of heat shock. Thus, it is not surprising that the two
most common classes of HSPs are molecular chaperones and energy-dependent
proteases (Georgopoulos and Welch 1993; Gottesman et al. 1997; Hendrick and
Hartl 1993).

Despite the conservation of HSPs in different bacteria, the heat-shock response
illustrates the amazing diversity of bacterial gene regulation, and recent studies have
revealed a variety of hsp gene expression regulatory mechanisms in diverse bacteria
including LAB. In bacteria, the regulation of gene expression occurs primarily in
response to environmental changes and at the level of transcription. The model
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organisms Escherichia coli and Bacillus subtilis have served as paradigms of
bacterial stress-response regulation. Intensive research that started long before the
“genomic era” has already resulted in detailed molecular-level information regard-
ing the regulation of isp gene expression in these species (Narberhaus 1999).

3.2 Physiological Roles of Heat-Shock Proteins

The major HSPs, which include the classical chaperones DnaK, GroEL, and GroES,
as well as the Clp family of proteins, play an indispensable role in protein quality
control in both stressed and unstressed bacteria. Many HSPs are expressed in sig-
nificant amounts in cells maintained under normal growth conditions and are essen-
tial for cellular growth at all physiologically relevant temperatures. The DnaK and
GroEL proteins, for example, participate in protein folding, protein translocation,
and possibly higher-order protein assembly (Georgopoulos and Welch 1993). The
importance of the DnaK chaperone complex for growth and heat-shock-response
regulation in Lactococcus lactis has been shown by the construction and physiologi-
cal characterization of dnaK mutant strains (Koch et al. 1998).

The three-dimensional structure of cellular proteins is sensitive to small
increases in temperature, and the misfolding and subsequent aggregation of
unfolded proteins are the primary problems for cells subjected to heat stress. To
combat the deleterious effects of protein denaturation, the cell induces the synthe-
sis of chaperones and proteases to either refold or degrade damaged proteins
(Georgopoulos and Welch 1993). In the last decade, results have explicitly demon-
strated that ClpP proteolytic complexes play an essential role in disposing heat-
damaged proteins in Gram-positive bacteria, including LAB (Frees et al. 2007). In
fact, L. lactis was among the first organisms where this activity was observed. For
many bacteria, including L. lactis, the role of ClpP-mediated proteolysis was first
demonstrated indirectly by showing that bacterial mutants lacking ClpP were
restricted for growth at high temperatures (Frees and Ingmer 1999; Frees et al.
2007). More direct evidence was provided by the observation that the inactivation
of ClpP decreased the in vivo degradation of nonnative model substrates (puromy-
cyl peptides) to less than 30% of the wild-type level (Frees and Ingmer 1999). As
many stress conditions lead to protein denaturation, ClpP may generally dispose of
the cells’ damaged proteins during stress, explaining why the absence of ClpP
hampers growth under many different conditions in most Gram-positive bacteria
(Frees et al. 2007).

To recognize and degrade nonnative proteins, ClpP associates with a ClpATPase
partner. In LAB, the partners of ClpP remain to be identified. However, the current
knowledge suggests that ClpC is the principal ClpATPase responsible for recruiting
ClpP to degrade nonnative proteins in many Gram-positive bacteria (Kriiger et al.
2000; Frees et al. 2004, 2007; Kock et al. 2004). In Bacillus, a clpX mutant was
reported to be heat-sensitive, and accordingly ClpX proved to be important (how-
ever, less important than ClpC) for the degradation of nonnative proteins in vivo
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(Gerth et al. 1998; Kriiger et al. 2000). In lactococci and streptococci, ClpX is
essential, but the molecular basis for this observation is unknown (Robertson et al.
2003; Savijoki, unpublished results).

3.3 Heat-Shock Regulation

3.3.1 Regulation in the Model Organisms

Using calibrated Western analysis, Gerth et al. (2004) estimated that a cell in an
exponentially growing B. subtilis culture contains approximately 1,200 ClpP tet-
radecamers, 1,400 ClpX hexamers, 250 ClpC hexamers, and 100 CIpE hexamers.
These amounts were calculated to correspond to 0.44%, 0.5, 0.4, and 0.02% of the
total soluble protein for ClpP, ClpX, ClpC, and CIpE, respectively (Gerth et al.
2004). It was calculated that in response to heat shock, the numbers increase maxi-
mally up to 2,500 ClpP tetradecamers, 1,000 ClpC hexamers, and 450 CIpE hexam-
ers, whereas the number of hexameric ClpX does not increase. In E. coli, the
expression of clpP, clpB, and clpX as well as all other major HSP encoding genes
are controlled by the general HSP sigma factor 6*2. A single regulon arrangement of
heat-shock genes appears to be the exception rather than the rule, and in many bac-
teria (including B. subtilis) heat-shock genes are part of several regulons. For this
bacterium, at least five different heat-shock regulons can be distinguished: Class I
genes, encoding the classical chaperones DnaK, GroES and GroEL, are controlled
by the HrcA repressor, which recognizes the highly conserved CIRCE (controlling
inverted repeat of chaperone expression) operator sequence (TTAGCACTC-N9-
GAGTGCTAA); class II genes encode general stress proteins, and their expression
is dependent on the o® sigma factor; class III heat-shock genes are regulated by
CtsR (Class three stress gene Repressor), which recognizes a tandem heptanucle-
otide direct repeat (A/GGTCAAANANA/GGTCAAA); class IV genes are those
that are not controlled by HrcA, o®, or CtsR; and class V genes are regulated by the
two-component system CssRS (Darmon et al. 2002; Schumann et al. 2002). The
tendency of HrcA to aggregate in vivo and in vitro is considered to be a fundamental
aspect of its autoregulation (Mogk et al. 1997; Wilson et al. 2005). According to the
present model, HrcA is released from ribosomes in an inactive form. To become an
active repressor able to bind to its target operator sequences, it must interact with the
GroEL chaperone. GroEL is titrated by nonnative proteins arising as a result of heat
shock, driving the equilibrium toward inactive HrcA (Mogk et al. 1997; Wilson
et al. 2005).

In B. subtilis, the clpP and cIpC operons are preceded by two functional promot-
ers, one recognized by the vegetative RNA polymerase ¢* and the other by the
alternative sigma factor o® (Kriiger et al. 1996; Gerth et al. 1998). The regulation of
the stress-inducible cIpP and clpC operons as well as cIpE depends predominantly
on the transcriptional repressor CtsR, which recognizes a heptanucleotide repeat A/
GGTCAAA/T located on the o* promoter regions of target genes (Kriiger and
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Hecker 1998; Derré et al. 1999). Interestingly, the stability of CtsR appears to be
modulated by three distinct Clp proteases. Under nonstress conditions, CtsR is a
substrate for ClpXP (Derré et al. 2000), while following heat shock, a fine-tuned
degradation of CtsR is mediated by the sequential activity of CIpEP and ClpCP
(Kriiger et al. 2001; Miethke et al. 2006). In addition, all gene products of the c/pC
operon, which consists of ctsR, mcsA, mesB, and clpC, play a regulatory role in
controlling the expression of class III genes. Detailed studies have revealed the
function of McsA as an activator of McsB, which, by its kinase activity, phosphory-
lates CtsR and inhibits its DNA-binding activity (Kriiger et al. 2001; Kirstein et al.
2005). CIpC, on the other hand, is an inhibitor of the kinase activity of McsB, and
McsA is necessary for the heat-shock—induced degradation of CtsR (Kirstein et al.
2005). In the present model, McsA, McsB, and ClpC under nonstress conditions
form a ternary complex where the kinase activity of McsB is inhibited (Kirstein
et al. 2005; Kirstein and Turgay 2005). When denatured proteins accumulate under
heat stress, ClpC binds to unfolded proteins and is titrated away from the ternary
complex, and McsA becomes capable of stimulating the kinase activity of McsB
(Kirstein and Turgay 2005). As a result, a new ternary complex consisting of phos-
phorylated McsA, McsB, and CtsR is formed. The formation of this complex and
the phosphorylation of CtsR prevent CtsR from binding to its target promoters,
leading to derepression of the CtsR regulon (Kirstein et al. 2005; Miethke et al.
2006). More details of this model are discussed by Kirstein and Turgay (2005).

In addition to regulation at the level of transcriptional initiation, cellular levels of
Clp proteins are fine-tuned by changes in the stability of transcripts and proteins
(Gerth et al. 2004). Another mechanism of controlling Clp protein activity has
been shown to depend on the adaptor protein MecA, which is crucial for the major
chaperone activity of ClpC (Schlothauer et al. 2003). The adaptor-controlled
oligomerization of ClpC is considered to represent a new mechanism of regulating
AAA +(ATPases associated with diverse cellular activities) protein activity (Kirstein
et al. 2006). Of all the c/p genes studied, the regulation of the clpX transcription is
the least well known. It has, however, been shown that the heat-shock—induced tran-
scription of ¢IpX in B. subtilis is driven from a o*-dependent promoter, and unlike
the other clp genes, it is not a member of the CtsR regulon (Gerth et al. 2004).

3.3.2 Regulation of the Heat-Shock Response
in Lactic Acid Bacteria

Until recently, relatively little was known about the molecular mechanisms regulat-
ing the stress response and the expression of clp genes in Gram-positive bacteria
other than B. subtilis. Derré et al. (1999) reported the presence of CtsR-encoding
genes and conserved binding sites in the upstream regions of several clp genes in a
wide range of Gram-positive bacteria including LAB. Later, CtsR was characterized
and shown to repress clp gene expression in L. lactis (Varmanen et al. 2000),
Oenococcus oeni (Grandvalet et al. 2005), Streptococcus thermophilus (Zotta et al.
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2009), and Lactobacillus plantarum (Fiocco et al. 2010). In Streptococcus salivarius,
clpP is under dual regulation by CtsR and HrcA (Chastanet and Msadek 2003), and
sequence analyses indicate that in several members of Strepfococcaceae (including
L. lactis), the HrcA and CtsR regulons partially overlap (Chastanet and Msadek
2003; Chastanet et al. 2003; Grandvalet et al. 2005). A conserved CIRCE element
was identified overlapping the promoter region of clpL in Lactobacillus rhamnosus,
indicating HrcA-dependent regulation (Suokko et al. 2005). To our knowledge, the
attempts to inactivate hrcA in LAB or other bacteria have not been successful, which
has hampered functional studies. Furthermore, HrcA proteins are somewhat diffi-
cult to purify in biologically active form because they tend to aggregate, hindering
in vitro analyses of HrcA DNA-binding activity and specificity. A His-tagged HrcA
protein of Lactobacillus gasseri was recently overexpressed in E. coli and purified
in nonnative form from inclusion bodies under denaturing conditions (Suokko et al.
2008). This 6xHis-HrcA protein was reactivated by removing the denaturing agent
(8 M urea) with extensive dialysis in the presence of nonspecific DNA. This protein
was used in an electrophoretic mobility shift assay, which revealed a direct interac-
tion between HrcA and the promoter of the c/pL gene. Intriguingly, in O. oeni the
widely conserved CIRCE-HrcA regulatory circuit appears to be absent, and the
CtsR regulon contains genes encoding the classical chaperone proteins Dnak,
GroEL, and GroES, in addition to the clp genes (Grandvalet et al. 2005). Genome
sequences indicate adifferentarrangementin Lactobacillus bulgaricus, Lactobacillus
Jjohnsonii, and Lactobacillus acidophilus, which appear to be devoid of CtsR, and
the clp genes are most probably regulated by HrcA in these bacteria (van de Guchte
et al. 2006). Fiocco et al. (2009) reported recently that the L. plantarum ftsH gene,
encoding a membrane-bound metalloprotease, is a novel member of the CtsR regu-
lon. Further characterization of the CtsR regulon in L. plantarum revealed a direct
role of CtsR in the regulation of several clp genes as well as hspl (encoding one of
the three small HSP20 family HSPs) (Fiocco et al. 2010). Thus, while the expres-
sion of the classical chaperones and the Clp proteins is quite commonly regulated
by a repressor protein (either HrcA or CtsR), there appears to be limited conserva-
tion in the organization of these regulons among firmicutes.

At present, the mechanisms regulating the activity of CtsR and/or HrcA, which
control clp gene expression, are poorly characterized in bacteria other than B. subtilis.
In L. lactis, both the CtsR and the HrcA regulons are upregulated under conditions
where misfolded proteins accumulate (Frees et al. 2001). ClpP-mediated proteolysis
appears not to be a decisive step in the deactivation of CtsR, because genes of the CtsR
regulon are derepressed in Staphylococcus aureus, Streptococcus pneumoniae, and
L. lactis strains lacking ClpP (Frees and Ingmer 1999; Frees et al. 2001, 2004;
Robertson et al. 2002). The MscA and MscB proteins and the ctsR-mcsA-mcsB-clpC
operon structure are conserved in Gram-positive bacteria, including Listeria monocy-
togenes, Bacillus anthracis, Clostridium acetobutylicum, Clostridium difficile, and S.
aureus (Kriiger et al. 2001). Thus, it is tempting to speculate that in these bacteria, the
products of the operon are involved in regulating the function and deactivation of CtsR
in response to the accumulation of misfolded proteins. On the other hand, genome
mining of the bacterial sequences available at http://www.ncbi.nlm.nih.gov/BLAST/
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indicates that members of the Lactobacillales order, including Enterococcus,
Lactobacillus, Lactococcus, Leuconostoc, Streptococcus, and Oenococcus, are devoid
of McsA and MscB and that the modulation of CtsR activity is thus arranged differ-
ently in these genera. The clpE mutant derivatives of distantly related L. lactis and
B. subtilis have strikingly similar phenotypes, including the prolonged derepression of
CtsR-dependent gene expression after heat shock (Varmanen et al. 2003; Miethke
et al. 2006), indicating a conserved role of CIpEP in the regulation of CtsR stability.
Proteomic analysis of an rgg mutant strain of Streptococcus pyogenes revealed
increased expression of ClpL, ClpP, and CIpE, suggesting a role for Rgg in regulating
the synthesis or stability of these proteins (Chaussee et al. 2004). Furthermore, the
inactivation of covR, encoding another regulator that coordinates virulence factor
expression in S. pyogenes, was reported to increase the amount of c/pL and cIpE tran-
scripts in cells at stationary phase (Graham et al. 2002).

3.4 Heat-Shock Responses in Bifidobacteria and Other
Actinobacteria

Bifidobacteria are often considered to be members of LAB, although this classifica-
tion is not unanimously accepted. Bifidobacteria belong to Actinobacteria (high
G+ C Gram-positive bacteria) and are not related to other LAB. As expected, there
are considerable differences in the heat-shock response and its regulation between
these groups of bacteria. Analogously to other cells, Bifidobacteria induce a specific
set of proteins in response to heat shock that protect the cell from the deleterious
effects of unfolded and/or misfolded proteins. As in other bacteria, several of these
protective proteins act as molecular chaperones or as proteases (Zomer et al. 2009).
Recent analysis of the Bifidobacterium breve UCC2003 genome sequence revealed
the presence of genes encoding the chaperones GroEL, GroES, DnaK, GrpE, Dnall,
and Dnal2, as well as the clp-family genes clpB, cIpC, clpPI, and clpP2 (Ventura
et al. 2006). Three heat-shock-related transcriptional regulators have been identified
from B. breve: HrcA, HspR, and CIgR (Ventura et al. 2005a, b, c). In addition to
B. breve, the transcriptional activator CIgR (clp gene regulator) has also been stud-
ied in other Actinobacteria, including Corynebacterium glutamicum (Engels et al.
2004) and Streptomyces lividans (Bellier and Mazodier 2004). It appears that in
Actinobacteria, CIgR plays an analogous role to that of CtsR in low-G+C Gram-
positive bacteria. In C. glutanicum, the CIgR regulon includes clpC, clpP1, and
clpP2, as well as genes predicted to be involved in the repair of DNA damage after
UV exposure (Engels et al. 2005). In this organism, the stability of CIgR increases
in clpC and clpPIP2 mutant strains, indicating ClpCP-dependent degradation
(Engels et al. 2004, 2005). In B. breve, the ClgR-regulated expression of ClpC and
CIpP1P2 is not induced under severe heat stress but under moderate heat-shock
conditions (Ventura et al. 2005a). Among Actinobacteria, the regulatory mecha-
nisms involved in clp gene expression have been most extensively investigated in
S. lividans. In this species, five clp genes have been identified, and they are organized
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as one monocistronic transcriptional unit (cIpP5) and two bicistronic operons
(clpP1P2 and clpP3P4). None of the clp genes are heat-induced in this organism;
however, in B. breve, the expression of clpB is controlled by the repressor HspR,
which was shown to bind the promoter region of c/pB (Ventura et al. 2005a, b, c).
The HspR regulon in B. breve has been reported to include dnak, grpE, dnalJl,
hspR, clgR, Bbr_1182, recA, and recX (Zomer et al. 2009). With the aid of transcrip-
tomics, DNA—protein interaction studies and reporter fusions, Zomer et al. (2009)
shed light on the interactive regulatory mechanisms controlling stress responses in
B. breve. According to this study, HspR controls the SOS response and the ClgR
regulon, which in turn regulates and is regulated by HrcA in this member of
Actinobacteria (Zomer et al. 2009).

3.5 HtrA, FtsH, sHSPs, RecA, and Other Important Factors

In addition to the major HSPs such as the classical chaperones DnaK, GroEL, and
GroES, and the Clp family of proteins, several other players are involved in bacte-
rial adaptation to sudden rises in temperature. This was demonstrated by DNA
microarray analysis of the metabolic genes of L. lactis subsp. lactis 1L1403, which
revealed that almost 10% of the 375 genes analyzed were upregulated following
heat shock (Xie et al. 2004). While the heat-shock—induced expression of central
metabolic genes of LAB is likely to affect, for example, fermentation processes and
flavor compound generation in cheese (Xie et al. 2004), the role of metabolic genes
in heat tolerance is not clear yet. The genes in LAB with established roles in the
heat-shock response include AfrA, which encodes a housekeeping surface protease
also known as DegP. HtrA is a widely conserved protein that combines chaperone
and proteolytic activities in a single protein. In L. lactis, an htrA mutant strain
showed a thermosensitive phenotype and HtrA appears to play a fundamental role
in the degradation of abnormal exported proteins (Poquet et al. 2000). The heat-
shock induction of htrA has also been shown in Lactobacillus helveticus (Smeds
et al. 1998) and Bifidobacterium longum (Savijoki et al. 2005). However, the regula-
tory mechanism behind the temperature-dependent expression of 4frA in LAB and
Bifidobacteria remains to be elucidated.

FtsH is a membrane-bound HSP with dual chaperone—protease activity. The
FtsH protein includes transmembrane segments located in the N-terminal part and a
main cytosolic region consisting of an AAA* protein and a Zn>* metalloprotease (Ito
and Akiyama 2005). The functional role of FtsH in protein quality control under
heat shock has been established in various bacteria, including L. lactis (Nilsson
etal. 1994) and L. plantarum (Fiocco et al. 2009). By contrast, much less is known
about the regulatory mechanisms controlling ftsH expression in Gram-positive bac-
teria, and with the exception of L. plantarum (Fiocco et al. 2009), they remain to be
studied in LAB also.

The members of the small heat-shock protein (sHSP) family function as holding
chaperones that assist the protein-folding process by stabilizing unfolded or partially
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folded proteins without actively promoting their remodeling (Han et al. 2008).
The sHSP family is widely conserved, and members have been identified and char-
acterized in LAB and Bifidobacteria, including L. acidophilus (Altermann et al.
2005), L. bulgaricus (van de Guchte et al. 2006), L. johnsonii (Pridmore et al. 2004),
L. plantarum (Kleerebezem et al. 2003). and B. breve (Ventura et al. 2007).

The RecA protein plays a pivotal role in homologous recombination, DNA repair,
SOS repair, and mutagenesis and is well conserved in LAB. However, in species
such as L. lactis, RecA seems to affect the expression of genes associated with heat
and oxygen stress (Duwat et al. 1995a, b). Consistent with this result, a link between
the heat shock and DNA-damage responses in L. lactis was drawn from the findings
that disruption of the L. lactis recA gene results in temperature sensitivity (Duwat
et al. 1995a, b) and that this sensitivity can be suppressed by disruption of a gene,
trmA (spxA2) (Duwat et al. 1999), that also suppresses the temperature sensitivity of
a clpP mutation (Frees et al. 2001). SpxA2 was shown to negatively control prote-
olysis in L. lactis (Frees et al. 2001). In B. subtilis, Spx was shown to function as a
regulator through interference with the activator-stimulated transcription that seems
to be controlled by the Clp-mediated proteolysis of Spx (Nakano et al. 2002, 2003).
Furthermore, the specific DNA-damage response regulated by RecA-LexA seems
to be substituted by a RecA-HdiR- (heat shock and DNA damage-induced regula-
tor) regulated SOS response that has been shown to coordinate cells’ responses to
both mitomycin C and heat shock in L. lactis strain MG1363 (Savijoki et al. 2003).
Among other LAB, the role of RecA in the adaptation to heat shock has been estab-
lished for another member of Streptococcaceae, S. thermophilus (Giliberti et al.
2002). Furthermore, it appears that the RecA-HdiR system is restricted to the
Streptococcaceae family (Savijoki et al. 2003; Varhimo et al. 2007). Other LAB,
like most bacteria, are equipped with the conserved RecA-LexA system.

3.6 Concluding Remarks

When exposed to a sudden upshift in temperature causing protein denaturation, liv-
ing cells increase the expression of HSPs, including both chaperones and proteases,
as a defense strategy to ensure survival. While the HSP function has been conserved
among diverse organisms including LAB, the heat-shock response demonstrates the
remarkable diversity of bacterial gene regulation. It has become clear that in order
to understand the cellular regulatory mechanisms behind the cascade of events that
reprogram the gene expression and engage HSPs in decisions to repair or degrade
damaged proteins in LAB, we cannot entirely rely on previous work on model
organisms like E. coli or even B. subtilis. Molecular-level information on stress-
response regulation in different LAB has been increasing rapidly in recent years,
and it appears that even inside the group of LAB, a variety of Asp gene expression
regulatory mechanisms are present. Thus, it is expected that the intensive research
on the diverse members of LAB will still provide us with some new and exciting
information on heat-shock response.
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Chapter 4
Responses of Lactic Acid Bacteria
to Osmotic Stress

Claire Le Marrec

4.1 Introduction

Lactic acid bacteria (LAB) are an important group of Gram-positive bacteria that
are extensively exploited in various food production industries. Their usefulness
also extends to other various biotechnical applications, including the production of
antimicrobial substances, enzymes, ethanol, and lactic acid, and other newer appli-
cations (e.g., probiotic food production, live vaccines). LAB are widespread in
nature, being resident in animals, plants, and fruits. LAB are also normal inhabit-
ants of the oral cavity and the digestive tract in humans. Some species/strains are
opportunistic pathogens and have been reported to be associated with an over-
whelming number of human infections.

In industrial processes, during human infection, and in nature, LAB are fre-
quently exposed to adverse environmental conditions. Among the challenges posed
by an ever-changing environment, osmotic stress is a prominent constraint that can
produce a decrease in growth rate or survival and affect metabolic activities. In natu-
ral ecosystems, LAB must cope with changes in water availability as a result of rain,
flooding, or dehydration. In an industrial environment, osmotic constraint repre-
sents one of the major stresses encountered by LAB during cheese production and
ripening, meat fermentation, and the yogurt-making process. Salt, an osmotically
active agent, can reach concentrations of up to 2.8% in certain types of cheese.
Some food products can achieve higher salt concentrations. Hence, Tetragenococcus
halophila, used for brewing of Japanese sauces, faces concentrations of up to 18%.

Starter cultures are increasingly being used today in concentrated forms for direct
inoculation to the food matrix. The formulation and preservation of these cultures
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impose specific constraints, including the osmotic imbalance occurring during
freezing and dehydration. As a consequence, the need to increase the viability and
stability of LAB in frozen, freeze-dried, and air-dried forms has driven significant
research in both the dairy and food industries during recent years. The relief of
osmotic stress is also of general importance to probiotic bacteria. The continuing
expansion of interest in these bacteria has led to an increase in manufactured func-
tional foods and medicines containing LAB. Strains that belong to certain species of
Lactobacillus are extensively used in yogurts, dietary adjuncts, and other health-
related products. Probiotics also include strains of the genus Bifidobacterium.
Although phylogenetically unrelated to the other LAB, the genus is often included
in this group on the grounds of similarities in its biochemistry, physiology, and
ecology. Given their intestinal origin, these sensitive bacteria face enormous chal-
lenges to be in a highly viable state, not only throughout processing and storage, but
also during gastrointestinal transit to the site of action in the human gut. To survive
and proliferate within the gastrointestinal tract, probiotics must tolerate several
environmental hurdles, including the elevated osmolarity in the upper small intes-
tine. Osmotic stress is also prominent during human infection by pathogenic LAB
and is provoked by the release of perspiration in skin infections.

Developing adaptive strategies to cope with osmotic stress is therefore essential
for LAB to pose their functional characteristics in food fermentation or to deal with
human defense systems. The study of osmoregulation — the adaptation of cells to
changes in the external osmotic pressure — is thus central for our basic understand-
ing of their important industrial and medical aspects.

4.2 Variations of Turgor: Accumulation and Release
of Osmotically Active Solutes

4.2.1 Fundamental Principles

Bacterial cells accumulate solutes in their cytoplasm to concentrations far higher
than those required for the metabolism of the cell to ensure that the direction of
water flow during growth is into the cell. Consequently, all growing bacterial cells
exhibit a high, outwardly directed turgor pressure that places the membrane in close
proximity to the expanding peptidoglycan wall. The maintenance of constant posi-
tive turgor is generally considered the driving force for cell expansion, growth, and
division. In general, Gram-positive bacteria maintain a higher turgor pressure
(approximately 20 bars) than Gram-negative strains (3—5 bars) (Whatmore and
Reed 1990; Ingraham and Marr 1996; Csonka and Epstein 1996).

Changes in extracellular water activity (the amount of water available to react)
have direct consequences on the water activity of the cytoplasm and immediately
trigger fluxes of water along the osmotic gradient. Bacterial cell envelopes are gen-
erally considered to exhibit a high permeability to water but form an effective bar-
rier for most solutes. By diffusion over the semipermeable cell membrane, water
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can enter and leave the cell until equilibrium is established between internal and
external osmotic concentrations. Osmotic concentrations are typically expressed as
either milliosmoles/kilogram (mOsm/kg) of solvent, referred to as osmolality, or
milliosmoles/liter (mOsm/L) of solution, referred to as osmolarity. Water flow can
result either in swelling and bursting of the cell in hypotonic environments or in
loss of turgor, plasmolysis, and dehydration under hypertonic conditions. A much
accelerated water transit is achieved by diffusion through water-selective channels
embedded in the membrane, the so-called aquaporins. Such channels mediate
water fluxes in both directions in response to sudden osmotic up- or downshifts.
Aquaporins belong to the ubiquitous major intrinsic protein (MIP) family of trans-
porters. This family also includes glycerol facilitators and aquaglyceroporins, which
allow the passage of several small molecules, including glycerol and other polyols,
dihydroxyacetone, CO,, urea, and ammonium. The functional characterization of
Gla,, from Lactococcus lactis has demonstrated a role in both glycerol and water
efflux (Froger et al. 2001). The synthesis of aquaporins has been shown to be
induced after the transfer of certain bacteria to hyperosmotic media, suggesting a
role in osmotic shock protection. The recent completion of the genome sequencing
of various LAB has enabled the identification of putative aquaporins (Lorca et al.
2007). Their physiological role in osmoregulation remains to be fully explored.

Instead of a passive volume regulation, microorganisms have developed efficient
and rapid countermeasures to avoid experiencing detrimental conditions. Bacteria
control turgor by actively modulating the pool of osmotically active solutes in their
cytoplasm, thereby allowing the water content to be adjusted by osmosis. The
mechanisms directly involved in the recovery of turgor represent one of the most
studied aspects of the response of LAB to osmotic stress. In addition to their contri-
bution to the osmotic balance with the extracellular environment, these solutes
enhance the stability of enzymes and preserve the integrity of biological membranes
(Welsh 2000).

4.2.2 Growth and Survival Under Hyperosmotic Stress

The survival and growth of LAB upon exposure to osmotic stress has been generally
examined in media where the water activity was decreased by the addition of salt.
The physiological response to suboptimal salt concentrations has been investigated
in various lactobacilli, L. lactis, T. halophila, Pediococcus pentosaceus, Oenococcus
oeni, and the opportunistic pathogen Enterococcus faecalis. T. halophila, formerly
known as Pediococcus halophilus, shows the greatest tolerance. Based on 16S
rDNA sequence studies, this moderately halophilic bacterium shows a close phylo-
genetic relationship to enterococci and lactobacilli. Unlike these genera, the bacte-
rium can tolerate high salt concentrations (up to 3.2 M NaCl) in MRS medium
(Robert et al. 2000). In the same rich medium, the detrimental concentration of
NaCl inhibiting growth is 2.5 M for P. pentosaceus, 1.5 M for Lactobacillus
plantarum, Carnobacterium piscicola, and Leuconostoc mesenteroides (Baliarda
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et al. 2003a), and 1.4 M for E. faecalis in BHI (Pichereau et al. 1999). Other LAB
are less tolerant of NaCl. A concentration of 0.4 M NaCl was shown to reduce the
growth rate of L. lactis to 25-50% compared with the unstressed rate (Kilstrup et al.
1997). Hutkins et al. (1987) observed that different strains of Lactobacillus acido-
philus and Lactobacillus bulgaricus could tolerate no more than 0.3-0.6 M NaCl.

During industrial use, LAB are also likely to experience osmotic stress with sugars
(Sunny-Roberts and Knorr 2008). Glaasker et al. (1996a, 1998a) compared the effects
on the growth of L. plantarum by raising the medium’s osmolarity with high concen-
trations of salts and isoosmotic concentrations of lactose and sucrose. Hyperosmotic
conditions imposed by sugar stress were much less detrimental and were only tran-
sient, because cells were able to equilibrate the extracellular and intracellular concen-
trations of lactose and sucrose. Similar observations have also been reported in
Lactobacillus rhamnosus and L. lactis (Prasad et al. 2003; Molina-Hoppner et al.
2004). The uptake of sugars was suggested to occur by facilitated diffusion via
system(s) with a very low affinity for the substrates. On the minute time scale, the
sugars caused osmotic stress. However, on a longer time scale, the external and inter-
nal sugars equilibrated. Consequently, growth inhibition did not occur at medium
osmolalities at which equiosmolar salt concentrations were already inhibitory.

The response to an abrupt increase in external osmolality (or upshock) has been
largely explored for many LAB. In particular, tremendous efforts have been made in
recent years in order to understand the mechanisms leading to cell inactivation dur-
ing the drastic variations in osmotic pressure encountered due to drying or freezing
of LAB, both processes being similar with regard to low-water stress (Santivarangkna
et al. 2008a). During dehydration, the rate at which water is removed from cells is a
determinant of cell viability (Poirier et al. 1997; Mille et al. 2004). Cell death occur-
ring after a rapid osmotic shock elicited by glycerol was not linearly related to stress
intensity as observed for L. bulgaricus and L. plantarum. Cell viability collapsed at
a critical threshold of osmotic pressure, differing according to the species. Hence,
under similar conditions, L. bulgaricus displays a higher sensitivity to dehydration
compared to L. plantarum (Mille et al. 2005).

As observed for other challenges, most studies on the osmotic stress response of
LAB have been conducted with one or a few strains in a given species. If there is a
body of proofs that osmotolerance is species-specific, additional intraspecies char-
acteristics have to be considered. As an example, unexpected levels of halotolerance
have been reported for L. acidophilus IFO3532 and L. lactis subsp. lactis isolates
obtained from the intestinal tract of fish (Hutkins et al. 1987; Itoi et al. 2008). In the
L. lactis species, strains from the subsp. cremoris are more sensitive to osmotic
stress than subsp. lactis strains (Obis et al. 2001).

4.2.3 Strategies to Restore Turgor

The first response in Escherichia coli and other Gram-negative bacteria is a massive
uptake of K* (and its counter-ion glutamate). This mechanism is followed by a
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dramatic increase in the cytoplasmic concentration (either by synthesis and/or by
uptake) of neutral osmoprotective compounds, representing the secondary response.
These compounds can be accumulated to molar levels without negative effects and
are compatible with macromolar structure and function, the so-called compatible
solutes. Perturbating inorganic ions are therefore replaced by compatible osmolytes,
glycine betaine (GB, N,N,N-trimethylammonioacetate) being one of the most widely
accumulated osmolytes in nature, as well as the most growth-stimulating osmopro-
tectant for bacteria. Such biphasic response is not observed among LAB. Even though
potassium is essential for growth in media of varied salinities, it is not considered a
key molecule for the osmotic adaptation of L. plantarum and T. halophila since (1)
the apparent intracellular K* concentration did not increase in correlation with
increasing external NaCl concentrations and (2) the accumulation of GB did not
significantly affect the steady-state intracellular concentrations of potassium (Glaasker
et al. 1996b, 1998b; Poirier et al. 1998; Robert et al. 2000). Thus, potassium plays a
relatively small role in the achievement of osmotic balance in LAB, and the intracel-
lular amassing of organic osmolytes is considered so far to be the core of the hyper-
osmotic stress response in this family. LAB use dedicated transporters to scavenge
these molecules, and transport is tightly regulated by the osmolarity of the medium.

4.2.4 Osmoprotectants Identified in Lactic Acid Bacteria

HPLC and natural-abundance (13)C-nuclear magnetic resonance have been widely
used to probe and identify the intracellular solute content that might be accumulated
in salt-stressed cultures. When grown in hypertonic-rich medium, GB was signifi-
cantly accumulated in the cytoplasm of L. acidophilus (Hutkins et al. 1987), L. plan-
tarum (Kets and de Bont 1994), E. faecalis (Pichereau et al. 1999), T. halophila
(Robert et al. 2000), and P. pentosaceus (Baliarda et al. 2003a). Peaks of carnitine
(CA) were also identified in L. plantarum and T. halophila. LAB are polyauxotrophic
bacteria, routinely cultivated in media supplemented with complex nutrients that
potentially contain osmoprotective compounds: GB, choline, and CA. Clear inter-
pretations of their role and mechanisms of accumulation (synthesis/uptake) were
obtained by growing cells in hypertonic chemically defined media (CDM), lacking
compounds known to act as bacterial osmoprotectants. Large differences in bacterial
osmotolerance levels in rich and defined media were observed. As an example, in
MRS medium and CDM, T. halophila could tolerate up to 3.2 and 1.6 M NaCl,
respectively (Robert et al. 2000). In addition, organic osmolytes (such as GB and
CA) could not be detected in cytoplasmic pools of cells cultured in hypertonic CDM,
unless the molecules were provided in the medium (Robert et al. 2000). These obser-
vations have supported the general idea that LAB have limited biosynthetic capaci-
ties and rely on the presence of osmoprotectants in the surroundings.

The accumulation of various exogenously provided compounds has been shown
to trigger growth restoration and also to increase the limit of tolerance to
hyperosmolarity of LAB in CDM (Table 4.1). Bacteria can use several compounds,
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and as observed in other families, the wider spectrum is exhibited by the most osmo-
tolerant LAB, T. halophila. Quaternary ammonium compounds are preferred, with
GB being the most effective compound in reducing the inhibitory effects of NaCl.
A noticeable exception is O. oeni, since no exogenously provided compounds of
this family could restore growth of the bacterium under hyperosmotic conditions
(Le Marrec et al. 2007). The GB structural analogs 2-dimethylsulfonioacetate
(DMSA) and 3-dimethylsulfoniopropionate (DMSP) were also highly osmoprotec-
tive, while CA protected LAB to a lesser extent. No stereospecific effect of the
compound was observed since both D- and L-CA configurations showed similar
results (Kets et al. 1994; Pichereau et al. 1999; Baliarda et al. 2003a). The least
efficient quaternary ammonium compound for 7. halophila is choline (Robert et al.
2000), which is also protective for P. pentosaceus (Baliarda et al. 2003a). Depending
on which strain was used, choline has also been reported to have osmoprotective
effects in L. plantarum (Kets et al. 1997). In this model, choline was demonstrated
to be osmoprotective per se. In contrast, the molecule had to be further converted
into betaine to display osmoprotective properties in 7. halophila. The conversion
occurred under aerobic growth conditions, and the choline—-GB pathway was sug-
gested to be activated and/or induced by elevated salinity (Robert et al. 2000). No
effect of choline on the growth parameters of two L. lactis strains grown under
hyperosmotic stress has been reported (Obis et al. 1999; Uguen et al. 1999).

Apart from the uptake of quaternary compounds, osmotic stress involves qualita-
tive and quantitative modifications in the intracellular pools of amino acids in LAB,
which are widely influenced by the composition of the growth medium. The intrac-
ellular concentrations of a few amino acids were specifically affected under condi-
tions of osmotic imbalance in CDM: proline, glutamate, and alanine in L. plantarum
(Glaasker et al. 1998b); proline, glutamate and aspartate in L. lactis and T. halophila
(Molenaar et al. 1993; Robert et al. 2000). Exogenously provided proline was
observed to be efficient in the growth recovery of P. pentosaceus and L. lactis in
hypertonic CDM, and its accumulation increased with osmolarity (Baliarda et al.
2003a; Obis et al. 1999). Growth inhibition by the osmotic stress was relieved by
the addition of exogenous aspartate in O. oeni, and not by alanine (Le Marrec et al.
2007). The real extent of the contribution of amino acids in osmoregulation has
been assessed in L. plantarum. The accumulation of amino acids under osmotic
stress by strain ATCC14917 was reduced or suppressed in the presence of trimethyl
ammonium compounds. In the case of glutamate, transport was observed to be regu-
lated at the level of protein synthesis. As this process is slow, glutamate was not
considered a crucial actor in the response of L. plantarum. In addition, compared to
GB, the increase in amino acids could only partly compensate for the increase in
external osmolarity, diminishing the role of amino acids in osmoregulation in this
bacterium. A role of an amino acid derivative as a potent osmoprotectant has been
unambiguously demonstrated in 7. halophila. The tetrahydropyrimidine ectoine,
one of the most widely synthetized osmoprotectants in the microbial world, is scav-
enged by T. halophila from the medium for osmoregulatory purposes. Unlike other
moderate halophilic bacteria, T. halophila is not able to produce this potent osmo-
protectant (Robert et al. 2000).
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Di- and tripeptides have also been suggested to act as osmoprotectants in LAB.
Growth stimulation in hyperosmotic medium has been reported in Lactobacillus
zeae (Piuri et al. 2003) and O. oeni (Le Marrec et al. 2007). Due to the fact that
osmotic stress reduces DNA supercoiling in bacteria, Piuri et al. (2003) observed
that the presence of small peptides resulted in the reestablishment of plasmid DNA
supercoiling in hyperosmotic medium, indicating that small peptides were used for
osmotic purposes in L. zeae. The cell envelope-associated proteinase PrtP and the
PepX peptidase also increased activity in high-osmolarity medium, suggesting a
contribution of the whole proteolytic system peptide supply in the osmotic adapta-
tion of L. zeae to high osmolarity.

As observed for other Gram-positive bacteria, unstressed LAB tend to scavenge
osmotically active solutes in standard rich and minimal laboratory media (Glaasker
et al. 1996b; Robert et al. 2000). In contrast, Gram-negative bacteria do not amass
such solutes unless they are subjected to hyperosmotic conditions. This difference
may be related to the fact that Gram-positive bacteria need to maintain a higher
turgor than Gram-negative strains.

4.2.5 Sources of Osmoprotectants

Osmoprotectants efficient among LAB have a wide distribution in natural environ-
ments and food products. Betaine is present at high concentrations in meat, bovine
milk whey, sugar beets, and other foods of plant origin. Typically, concentrations
range from 0.3 to 0.5 nmol/mg fresh weight in meats, which is sufficient for it to act
as a potential osmoprotectant. CA is predicted to be the most important osmolyte in
foods of animal origin. The levels in meat range from 0.2 to 1.0 nmol/mg fresh
weight, though in vegetable matter CA is present at a concentration approximately
tenfold lower than this (Smith 1996). CA is also found in milk. Nonesterified (free)
CA represents the major individual component of the CA pool (50-60%) in bovine
milk, and the concentrations in skim milk are in the range of 120—140 nmol/g (Smith
1996). There are also likely to be substantial pools of free amino acids in many
foods. Proline has been described in casein, where its content ranges from 10 to
35%. In addition, degradative enzymes that liberate peptides and amino acids from
macromolecules make them available for bacterial cells.

4.3 Hyperosmotic Stress: Uptake of Osmotically Active Solutes
and its Regulation

The ability of a bacterium to use a specific osmoprotectant appears highly dependent
on the performance and selectivity of its osmoprotectant uptake system(s). LAB have
evolved highly efficient osmodependent transport systems dedicated to solute uptake,
and the knowledge reported in the literature mainly refers to the accumulation of GB
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by L. plantarum and L. lactis. In these bacteria, accumulation is energy-dependent
and GB uptake is mediated via a single transport system. In contrast, transport stud-
ies and cross-competition experiments have suggested that the moderate halophilic
bacterium 7. halophila uses two systems. These transporters will be described in
terms of substrate specificity and mechanisms of osmotic regulation.

4.3.1 Lactococcus lactis

A L. lactis mutant deficient in GB/proline transport has been isolated through trans-
poson mutagenesis. Examination of the regions surrounding the transposon integra-
tion site has led to the identification of two genes, busAA and busAB, grouped in an
operon, named busA, the major betaine uptake system in L. lactis (Obis et al. 1999).
The designation OpuA (osmoprotectant uptake) has also been used by Bouvier et al.
(2000) and van der Heide and Poolman (2000a). BusA/OpuA has a high affinity for
GB (K =1.7 uM). It is also responsible for the osmodependent proline transport
observed in L. lactis. However, the affinity of the transporter for proline is low: A
1,000-fold excess of proline (50 mM) over betaine in a competition experiment did
not inhibit betaine uptake (Obis et al. 1999). BusA/OpuA belongs to the ATP-
binding cassette (ABC) superfamily of transporters: The busAA/opuAA gene codes
for the ATP-binding protein, and busAB/opuAB endodes a 573-residue polypeptide
that presents two striking features: (1) a fusion between the regions encoding the
transmembrane domain and the substrate-binding domain (SBD), and (2) a swap-
ping of the SBD subdomains when compared to the Bacillus subtilis betaine-binding
protein OpuAC. BusAA and BusAB components are sufficient to observe a trans-
port activity after reconstruction in a proteoliposomal system in the presence of an
ATP-regenerating system in the vesicle lumen. Two molecules of ATP are hydro-
lyzed per molecule of GB translocated, demonstrating that in the functional state,
the OpuA transporter is composed of two chimeric substrate-binding/translocator
proteins and two ATPase subunits (Patzlaff et al. 2003). The two SBDs of OpuA
interact in a cooperative manner in the translocation process by stimulating either
the docking of the SBDs onto the translocator or the delivery of GB to the transloca-
tor (Biemans-Oldehinkel and Poolman 2003).

Obis et al. (2001) reported on the osmosensitive phenotype of L. lactis subsp.
cremoris strains, distinguishing them from the lactis isolates. The phenotype
could be associated with a very low activity of the BusA system, or a low expres-
sion, or the absence of the operon. A relaxation of selection pressure during the
thorough cultivation of cremoris strains in milk (a rich and stable medium) might
have resulted in the loss of important functions for the cell survival outside the dairy
environment.

The BusA-dependent uptake of osmoprotectants is stimulated at elevated osmo-
larity through two additive mechanisms. When reconstituted in a proteoliposomal
system, OpuA is activated by increased concentrations of luminal ions. Activation
is instantaneous both in vivo and in vitro and only requires threshold levels of ionic
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osmolytes, irrespective of the electrolyte composition of the medium. The threshold
for activation by ions depends on the lipid content of the membrane, indicating that
the signal is transduced to the transporter by critical interactions of a protein
domain with membrane lipids (van der Heide and Poolman 2000b; Guillot et al.
2000). By systematically varying the acyl chain lengths, the number and position
of the cis or trans double bond, and the lipid headgroups, it could be shown that
only the charge of the lipid headgroups influences the osmotic activation profile of
the transporter. The lipid-dependent ion sensing by OpuA is mediated by a regula-
tory domain consisting of two cystathionine beta-synthase (CBS) domains in tan-
dem at the C-terminal end of the ATPase subunit OpuAA. With two ATPase
subunits per functional unit, a total of four CBS domains is present in OpuA. At
physiologically relevant fractions of anionic lipids and low ionic strength, the
transporter is inactive but can be “switched on” rapidly by increasing the ionic
strength. The activation—deactivation process is entirely reversible. The C-terminal
tail of the tandem CBS in OpuA is highly charged, with ten acidic and two basic
residues in a stretch of 15 amino acids. This anionic tail modulates the activity of
the CBS domains (Biemans-Oldehinkel et al. 2006; Mahmood et al. 2009). As a
conclusion, BusA/OpuA not only acts as osmoregulator but also functions as an
osmosensor for L. lactis.

The regulation of transport through OpuA/BusA also occurs at the level of gene
expression. The busA operon transcription is enhanced by an osmotic upshock,
resulting in increased amounts of the BusA transporter (Obis et al. 1999; Bouvier
et al. 2000; Xie et al. 2004). The gene located upstream of busA encodes the BusR
protein. This protein represses the transcription of busA by binding to a site over-
lapping the busA promoter. The osmotic induction of busA is due to the relief of
the repression of the busA promoter by the regulator protein BusR (Romeo et al.
2003). The binding of BusR to the busA promoter region has been demonstrated to
be affected by ionic strength in vitro (Romeo et al. 2007). Therefore, it appears
that cytoplasmic ionic strength exerts a dual effect on the transport of osmopro-
tectant molecules in L. lactis, increasing both the amount and the specific activity
of BusA.

Although no osmoprotective properties have been demonstrated for choline, a
putative choline/GB ABC transporter named ChoQS is present in the genome of
L. lactis. The choS gene is induced by osmotic upshock, while both genes are
induced during acid stress (Xie et al. 2004). The spectrum and contribution of this
system during osmotic stress are unknown.

4.3.2 Lactobacillus plantarum

The accumulation of quaternary ammonium compounds in L. plantarum
ATCC14917 is mediated by a single transport system with a high affinity for GB
(K =18 uM) and CA and a low affinity for proline (K =950 uM). The transport
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system, termed QacT (for quaternary ammonium compounds transporter), is described
as a binding-protein-dependent system, and uptake is driven by ATP (Glaasker
et al. 1998b). The QacT system is expressed semiconstitutively; proline, GB, and
the osmolality of the medium all fail to have a large effect on the expression. Upon
osmotic upshift the system is activated, and kinetic analysis has suggested a dual
mode of regulation. Hence, QacT is activated through a diminished inhibition by
trans substrate as well as through a turgor-related increase in the activity. Studies
by Glaasker et al. (1998b) did not provide any indication for more than one major
uptake system for quaternary ammonium compounds and proline in L. plantarum
ATCC14917. The published genomes of both L. plantarum ATCC14917 and
WCEFSI1 reveal two ABC systems: a four-component system, related to OpuC from
Listeria monocytogenes, and a ChoQS transporter.

4.3.3 Other Lactic Acid Bacteria

Uptake systems responsible for the accumulation of GB and related molecules by
T. halophila are not induced and are not activated, or partly activated, by elevated
salinity. Evidence for a regulation by trans inhibition has not been provided
(Robert et al. 2000). CA and GB are transported via two different uptake routes:
A CA transport system takes up CA, GB, and choline, and a GB transport system
takes up GB only. Accordingly, a gene coding for a permease specific for GB has
been cloned in 7. halophila through the functional complementation of an E. coli
mutant defective in GB uptake (Baliarda et al. 2003b). The single-component
transporter ButA (betaine uptake transporter) is a member of the betaine choline
carnitine transporter (BCCT) family that includes a variety of previously charac-
terized compatible solute transporters, such as OpuD from B. subtilis and EctP and
BetP from Corynebacterium glutamicum. These proteins are specific for com-
pounds containing a quaternary nitrogen atom and form a separate subfamily in
the sodium/solute/symporter/superfamily (SSSS) (Jung 2002). In order to identify
the second transporter present in 7. halophila, a PCR-based technique that ampli-
fies an internal fragment in putative opuAA genes was developed. This was achieved
through the use of degenerate primers targeting DNA sequences specifying highly
conserved amino acids motifs in the ATPase (the so-called WalkerA signature,
responsible for ATP binding). An amplicon with the expected size was detected in
T. halophila and Tetragenococcus muriaticus. The partially deduced protein
sequence was found to be related to OpuA/BusA from B. subtilis and L. lactis (Le
Marrec et al. 2007).

The recent availability of complete genome sequences in the LAB family pro-
vides a tool for the identification of potential transport systems dedicated to the
uptake of quaternary ammonium compounds. One interesting point is the absence
of butA-related sequences in complete genomes. The moderate halophilic 7. halo-
phila is therefore the sole LAB using a permease to scavenge osmoprotectants
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(Robert et al. 2000). Lorca et al. (2007) support this observation. These authors
analyzed the genomes of various Gram-positive bacteria (including nine LAB) for
their complement of genes encoding transport proteins and found that SSSS was not
represented in the low-G + C Gram-positive bacteria analyzed. In contrast, a number
of orthologs of the ABC-encoding genes described above (busA/opuA, opuC,
choQS) are present in the genomes of LAB. Their number and type are variable, and
further investigations are required to understand how they contribute to the stress
response. Streptococcus mutans has a busA/opuA operon preceded by a busR regu-
lator, and a second operon related to opuC from L. monocytogenes. Both ATPase-
encoding genes (opuAA and opuCA) are induced by an osmotic upshift (Abranches
etal. 2006). Baliarda et al. (2003b) have suggested the existence of a common trans-
porter for GB, DMSA, CA, choline, and proline operating in P. pentosaceus. The
genome of strain ATCC25745 shows the presence of genes homologous to those
reported in L. plantarum. Interestingly, a large plasmid from Lactobacillus salivar-
ius has been shown to encode a ChoQS-related system, which contributed to the
resistance to high salt concentrations when expressed in L. lactis (Flynn 2001; Fang
et al. 2008). As shown in Table 4.1, taurine has not been systematically tested as a
putative osmoprotectant in LAB. Strikingly, TauT family transporters specific for
this compound are found in various LAB (Lorca et al. 2007). These systems may
therefore, in addition to allowing utilization of taurine, provide defense against
osmotic stress.

It is worth mentioning that a few LAB adapted to specific niches appear devoid
of obvious compatible solute-uptake systems. This has been observed in O. oeni, the
LAB driving the malolactic fermentation of wines. Due to its adaptation to its par-
ticular environment, this LAB may have followed a divergent evolutionary pathway,
especially concerning the defense against hyperosmolarity, through loss-of-function
events (Le Marrec et al. 2007).

4.3.4 Uptake of Osmotically Active Solutes Under Sugar Stress

Betaine does not confer osmotic tolerance to L. plantarum or L. lactis when the
bacteria are challenged with various nonionic solutes such as sucrose, lactose, or
sorbitol. When stressed with nonionic solutes, analysis of the cytoplasmic contents
shows the presence of sugars (Glaasker et al. 1998a; Obis et al. 1999; Molina-
Hoppner et al. 2004). When present in the medium, GB is accumulated in L. plan-
tarum. However, the levels of betaine are significantly lower in the presence of
lactose or sucrose than with isoosmotic concentrations of salt. The initial upshock
elicited by the addition of electrolytes and nonelectrolytes was demonstrated to
enhance the rate of GB uptake to the same extent. However, the facilitated influx of
sugars diminished the osmotic gradient in time. Thus, the osmostatic conditions
were restored and the net rate of GB uptake ceased in sugar-stressed cells (Glaasker
et al. 1998a).
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4.4 Protection Against Extreme Turgor: Release
of Osmoprotectants

Hypoosmotic shocks lead to a rapid and massive influx of water into the cell,
increasing turgor and requiring the bacterium to quickly reduce its intracellular sol-
ute pool in order to avoid cell lysis. In Lactobacillus casei subsp. rhamnosus, an
efflux of 90% of the accumulated proline occurred within 1 min upon osmotic
downshock (Jewell and Kashket 1991). In similar conditions, an overall exit of a
limited number of solutes is observed in L. plantarum cells, including GB, proline,
and some glutamates, while the pools of the other amino acids remain unaffected
(Glaasker et al. 1996b). An efflux of GB consists of a rapid initial phase and a
slower second phase. Mutants with an impaired GB and proline uptake were dem-
onstrated to behave similarly to the wild-type strain with regard to the rapid and
slow components of efflux when an osmotic downshock was applied. These obser-
vations established the independence of the QacT solute importer and the efflux
systems. The rapid efflux system had a half-life of less than 2 s and was unaffected
by the metabolic status of the cells. The use of chloropromazine, a cationic amphipath
that increases the open probability of mechanosensitive channels (MSCs), triggered
a rapid GB efflux that mimicked the efflux elicited by an osmotic downshock. The
rapid system was therefore established as being regulated via membrane stretch or
torsion, following an on/off mechanism. MSCs open in response to the increased
membrane tension effected by the rapid increase in cell volume, and the rapid
release of solutes eliminates the driving force for water entry. Such channels serve
therefore as safety valves for the release of solutes during hypoosmotic shock.

The slower phase of GB efflux observed in L. plantarum was suggested as serv-
ing to fine-tune turgor pressure and was suggested to be protein-mediated and inhib-
ited upon osmotic upshock. It is interesting to note that the unidirectional rate of
uptake through QacT was lowered upon osmotic downshock. In L. plantarum,
osmostasis is therefore maintained through positive and negative regulation of both
GB uptake and efflux (Glaasker et al. 1996a).

The contribution of MSCs in protection against extreme turgor has also been dem-
onstrated in L. lactis (Folgering et al. 2005). This LAB possesses two such channel
proteins, a small MSC (MscS) and a large-conductance MSC (MscL), encoded by
the mscL and yncB genes, respectively. Both MscS and MscL form functional MSCs
when expressed in E. coli or L. lactis. However, L. lactis IL1403 does not seem to
possess detectable levels of functional MscS, although the yncB gene is transcribed.
Contrary to the busA/opuA genes (dedicated to GB influx), the expression of the
mscL and yncB genes in L. lactis 1L.1403 is not influenced by the osmolality of the
medium. Membrane prepared from an mscL disruption L. lactis mutant did not show
any MSC activity, irrespective of whether cells had been grown on a low- or high-
osmolarity medium. In addition, the mscL mutant was also significantly compro-
mised in its survival upon osmotic downshifts. MscL is therefore the primary, if not
the only, MSC used by L. lactis through which a major portion of compatible solutes
such as GB is released upon osmotic downshift. Interestingly, Folgering et al. (2005)



80 C. Le Marrec

also observed that the glucose fermentation capacity of the mscL L. lactis mutant
decreased by 60% after osmotic downshift. Strikingly, the decrease compared well
with the observed decrease in the cell viability of the mutant strain.

The presence of mscL and mscS orthologs has been identified in the genome data
of LAB (Lorca et al. 2007). Their numbers and types were observed to vary. For
example, L. casei, Lactobacillus delbrueckii, and L. cremoris have two conductance
MSC proteins, one from the MscL family and one from the MscS family. In con-
trast, L. mesenteroides lacks an MscS channel homolog.

To get a complete overview of the mechanisms involved in the regulation of
hypoosmotic shocks among LAB, it is relevant here to cite an interesting study by
Velamakanni et al. (2009) indicating a novel role for the LmrA multidrug ABC
transporter from L. lactis during periods of disturbed ionic balance. The intervening
action of LmrA and its homolog OmrA from O. oeni during an osmotic upshock
with NaCl had been previously suggested by Bourdineaud et al. (2004). LmrA was
demonstrated to transport NaCl by a secondary active mechanism and could medi-
ate apparent H*-Na*-Cl~ symport in L. lactis strain NZ9000. Remarkably, LmrA
activity significantly enhanced the survival of high-salt adapted lactococcal cells
during downshifts in the extracellular ion concentration.

4.5 Compatible Solutes and Their Beneficiary Effects

4.5.1 Nature of the Protective Effects

Osmotically active compounds described in the LAB family serve a dual func-
tion in osmoregulating cells. In addition to their role in maintaining cell turgor,
they also display significant protective effects on biomolecules in vitro during
stressful conditions. In various bacteria, the accumulation of GB, CA, and pro-
line provides cell protection against salinity and other stress factors, such as
elevated temperature (Caldas et al. 1999). A DNA macroarray profiling of L. lactis
gene expression during environmental stresses recently showed that heat shock
changed the expression of the busAA and busAB genes dedicated to GB uptake
(Xie et al. 2004). This was consistent with a previous observation that GB trans-
port activity in L. lactis subsp. cremoris NCDO763 increases with a high growth
temperature (Guillot et al. 2000). These findings can be attributed to the thermo-
protectant function of GB (Caldas et al. 1999). The beneficiary effects of GB
have recently been illustrated in probiotic LAB, where the cloning and expres-
sion of the listerial betaine-uptake system BetL were found to significantly
enhance acid and salt tolerance in Bifidobacterium breve UCC2003 and osmo-,
cryo-, chill-, and baro-tolerance in L. salivarius UCC118 (Sheehan et al. 2006,
2007). The accumulation of compatible solutes has also been involved in the
baroprotective effect of NaCl in L. lactis (Molina-H6ppner et al. 2004). Another
important role of compatible solutes is to counteract the damaging effects of
water loss due to drying. Exogenously provided GB has been shown to protect
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L. plantarum during drying processes (Kets et al. 1996). Increased resistance to
spray- and freeze-drying was also reported for the L. salivarius betL* strain
described above (Sheehan et al. 2006).

4.5.2 Stabilization of Macromolecules

Betaine, proline, and DMSP protect soluble and peripherally membrane-bound pro-
teins and other cytoplasmic labile macromolecular structures from the potentially
inhibitory effects of changes in intracellular ionic strength and water availability.
Research on protein stabilization by compatible solutes has led to the development of
some theories concerning solute/protein interactions reviewed by Kurz (2008). The
four most outstanding among them discuss preferential interaction, water replace-
ment, water density fractions, and osmophobic effects as the mechanisms of solute/
protein interactions. The latter model predicts the existence of a thermodynamically
unfavorable interaction with the protein backbone, which is therefore preferentially
excluded from a compatible solute solution. This leads to stabilization of the confor-
mation of the backbone and the prevention of protein denaturation (Liu and Bolen
1995). The mechanism is balanced by a thermodynamically favorable interaction of
the osmolyte with the protein side chains. In addition to their activity as chemical
chaperones that directly control protein stability, GB and proline may also indirectly
regulate protein homeostasis in the cell by controlling the activity of molecular chap-
erones (Diamant et al. 2001). Beneficial interactions of compatible solutes with
nucleic acids and protein—nucleic acid complexes also exist in bacterial cells, although
they are less documented than the corresponding interactions of compatible solutes
with proteins (Kurz 2008). Their existence is supported by the theory proposed by
Cayley and Record (2004) suggesting that growth-stimulating effects of osmopro-
tectants result from their efficiency at increasing the amount of free (bulk) water in
cells, decreasing the concentration of biopolymers and hence the level of crowding.

The predominantly protective roles of sugars are recognized during the prepara-
tion process of dried LAB starters (Santivarangkna et al. 2008b). Their influence on
the viability of dried starter culture starts from the beginning (cultivation) to the end
(storage) of the process. As seen before, some LAB react to osmotic upshock with
sugars by the equilibration of intracellular and extracellular sugar concentrations.
These compounds are therefore present on both sides of the membrane and are in
contact with internal cytosolic proteins. The salt-induced accumulation of trehalose
in L. plantarum (Kets et al. 1994) or of oligosaccharides in L. rhamnosus (Prasad
et al. 2003) has been observed. In the latter case, the sugar/protein ratio was higher
in stressed cells compared to standard conditions. Lower levels of glycerol and
higher levels of modified oligosaccharides were also observed in osmotically
stressed cells. Electrospray spectrometry analysis revealed that they corresponded
to saccharides modified with glycerol. This modification was suggested to increase
the number of hydroxyl groups available in the molecule for interaction with mac-
romolecules (via hydrogen bonding) under conditions of dehydration.
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4.5.3 Effect of Betaine on the Cytoplasmic Sodium Level
in T. halophila

An interesting beneficial effect of compatible solutes has been observed in 7. halo-
phila, which uses betaines as osmotic as well as salt stabilizers (Robert et al. 2000).
During growth under salt stress in a defined medium without osmoprotectants,
T. halophila shows optimal growth at 0.4—-0.8 M NaCl. At these osmolarities, the
lower intracellular concentration of Na* was observed. In contrast, higher Na* con-
centrations were measured in the absence of NaCl, and above 1 M. It was therefore
suggested that the bacterium was unable to control its intracellular Na* level on
both sides of the optimal growth salinities, explaining the inhibition of growth.
Interestingly, GB and CA were accumulated from the medium, not only at high
salinity but also in media lacking NaCl. Over a wide range of salinities, GB and CA
maintained intracellular Na* concentration close to the level observed in the opti-
mal growth conditions and in the absence of betaines. The possible mechanisms
of stimulation of Na* exclusion in the presence of betaines have not been further
elucidated.

4.6 Other Cellular Reactions to Osmotic/Salt Stress

Significant advances have been made toward having a global picture of the osmo-
stress response of LAB on a genomic and cellular scale by analyzing the proteome
and the transcriptome of cells during salt stress. New osmoregulated genes have
been detected, completing the information regarding the osmoadaptation strategies
displayed by LAB. Interactions between osmotic and other types of stress responses
have also been explored. Relevant contributions to understanding the variations in
the composition of the bacterial cell envelope during hyperosmotic stress have
recently been made and are supposed to represent additional osmoregulatory
mechanisms.

4.6.1 Stress Proteins

The main proteins that are affected during salt adaptation have been characterized
with the use of two-dimensional electrophoresis (2-DE). In addition to modulating
the intracellular solutes during hyperosmotic conditions, LAB rapidly alter the
expression of a sizable number of genes that are not directly involved in osmopro-
tectant uptake. However, few of these proteins are specifically induced by salt stress:
twelve out of 96 in E. faecalis (Pichereau et al. 1999) and 10 out of 52 in S. mutans
(Svensiter et al. 2000). Most correspond to general stress-response proteins (GSPs).
Proteins of this category are cross-induced by various stress conditions and are
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therefore not specific to osmotic/salt stress. Hence, a high similarity in the
high-hydrostatic-pressure proteome of Lactobacillus sanfranciscensis was found
with NaCl-stressed cells, with 11 overlapping proteins (Hormann et al. 2006). All
12 salt-induced proteins in L. lactis MG1363, as identified by 2-DE, were shown to
belong to the group of proteins induced by heat, showing a complete overlapping
between the heat and salt stress responses. GSPs induced during hyperosmotic
stress include molecular chaperones and proteases, which represent a major stress-
response system in LAB dedicated to protein quality control. This system is also
involved in the adaptation to other stresses, including temperature, pH, alcohol, and
organic acids. Transcriptional and proteomic studies have shown that the Dnak,
GroEL, and GroES chaperones are engaged in the response to salt stress in L. lactis
(Kilstrup et al. 1997; Xie et al. 2004). Hyperosmotic conditions (sucrose and NaCl)
also induced the transcription of dnaK in E. faecalis (Flahaut et al. 1996). Similar
observations were reported during adaptation to high-salt conditions in 7. halophila
(Fukuda et al. 2002) and various lactobacilli (Prasad et al. 2003; De Angelis and
Gobbetti 2004). Other GSPs are induced in E. faecalis and Lactobacillus sakei when
submitted to a salt treatment. Disruption of the corresponding genes did not result
in significant modification of the cell growth in the presence of salt (Giard et al.
2000; Marceau et al. 2004). Alternatively, small heat-shock proteins as well as pro-
teases (HtrA, FtsH) are commonly induced by multiple stresses, including osmotic
pressure, and are therefore also expected to play an important role in resistance to
these conditions (Smeds et al. 1998; Bourdineaud et al. 2003).

4.6.2 Metabolic Activities Under Salt Stress

Expression changes observed after a shift to high salt also aim at adjusting cellular
metabolism. Using 2-DE, rapid changes in the synthesis of some glycolytic enzymes
have been observed when L. rhamnosus is upshocked with 0.6 M NaCl (Prasad
et al. 2003). The 6-phosphate-fructokinase, which catalyzes the conversion of fruc-
tose-6-phosphate into fructose-1.6-biphosphate, was underexpressed when L. sakei
was grown in the presence of 4% NaCl, suggesting that the flux through the glyco-
lytic pathway decreases in stressed cells (Marceau et al. 2004). The overall effect of
salt stress on L. lactis gene expression was recently measured in microarray experi-
ments. Salt stress (30 min, 4% NaCl) had a profound impact on a large number of
cellular functions, with 68 genes being significantly up- or downregulated by hyper-
osmotic stress. Apart from the busA and dnaK, genes induced after salt stress treat-
ment were involved in nucleotide salvage and glutamate and lysine biosynthesis.
Genes involved in fatty acid biosynthesis, citrate and malate fermentation, and the
arginine deiminase pathway were repressed. In addition, the gene expression of
related proteolytic enzymes and the B-glucoside-specific PTS system were also
repressed. Xie et al. (2004) also studied gene expression during heat and acid
stresses and reported that a number of stress responses were common in all the
stress treatments, such as the repression of four transporter genes and the induction
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of two nucleotide kinase genes. Lastly, osmotic as well as heat stresses were shown
to induce stringent response in L. lactis. In particular, the differential expression of
GTP pyrophosphokinase (relA) under osmotic stress was observed. Since ten genes
had similar gene expression patterns under both heat and osmotic treatment, Xie
et al. (2004) suggested that some of this regulation might belong to the general
stress mechanism induced by the stringent response.

It is important to consider that the addition of ionic solutes (NaCl) in the medium
is considered to provide the stresses of high osmotic strength and high concentra-
tions of ions. Microarray experiments using isotonic concentrations of NaCl and
sucrose have recently been conducted in E. coli. Importantly, the study demon-
strated that about two thirds of the genes were similarly regulated in response to
NaCl and sucrose treatments, while the remainder displayed ionic stress-specific
regulation (Shabala et al. 2009). Findings in this study support the idea that different
osmotic conditions induce different adaptive responses, at least on a short time
scale.

4.6.3 Variations in the Cell Wall and Membrane Compositions

An important aspect of the osmoadaptation of bacteria is the variation in their enve-
lope compositions as a function of external osmolality. Growth at high osmolality
influences the lipid composition of bacterial membranes. As depicted earlier, such
variations (and especially those modifying the charge of the lipid headgroups) influ-
ence the osmotic activation profile of the osmoprotectant transporter operating in
L. lactis through lipid—protein interactions. Modifications are also likely to influence
membrane permeability. L. bulgaricus cells grown in MRS showed a higher decrease
of volume after a given exposure to an osmotic upshock elicited by NaCl, in compari-
son with cells grown at high osmolality in the presence of polyethylene glycol (PEG)
or NaCl. Growth in the presence of PEG induced a lower change in water permeabil-
ity compared to the presence of salt. The permeation response was correlated with the
physical properties of the membrane. Cells grown in the presence of PEG possessed
a more rigid structure compared to the growth in standard MRS, which was linked to
an increase in the saturated/unsaturated ratio for the total pools of bacterial lipids
(Tymczyszyn et al. 2005). A similar trend was established in L. zeae. However, the
induced slight decrease in the fluidity of the membrane was suggested to be compen-
sated by other variations, including an increase in cyclic fatty acids (Machado et al.
2004). In L. lactis, the main modification in membrane fatty acid composition in
response to high osmolality was the increase of cyclopropane fatty acid, whereas the
unsaturated/saturated ratio remains unchanged (Guillot et al. 2000). Modifications of
the membrane properties in L. bulgaricus were also related to an increase in the sugar
content of the whole pool of lipids (Tymczyszyn et al. 2005). The response of L. casei
to hyperosmotic conditions did not result in significant differences in the glycolipid/
phospholipid ratio (Machado et al. 2004). However, the individual glycolipid and
phospholipid compositions showed some significant variations. In particular, a small
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increase in the glycolipids involved in the formation of the lipoteichoic acid was
observed and may be related to the increased cell surface hydrophobicity observed
during osmotic stress in this LAB. A significant increase in some phospholipids,
including cardiolipin, was observed. This membrane component localizes in the
poles and septa of different bacteria, such as E. coli, B. subtilis, and also Strepto-
coccus pyogenes, and may serve to recruit proteins to these specific cellular locations.
Cardiolipin-varying content is proposed to be a key element of osmotic adaptation by
bacteria (Romantsov et al. 2009).

LAB also have the ability to respond to osmotic stress by altering the nature of
their cell wall. Modifications triggered during growth under hypertonic conditions
have major impacts during the industrial applications of LAB, as they may modify
the sensitivity to lysis (Piuri et al. 2005; Koch et al. 2007). This phenomenon is
essential for the development of the texture and flavor of fermented products or for
the release of heterologous proteins in recombinant DNA technology. Another
applied aspect involving lysis of LAB is the tolerance to lytic enzymes as a require-
ment for probiotic strains during oral administration. The retardation of the growth
of L. casei in high salt could be associated with an increase in the cellular size and
modifications in the cell envelope as visualized by transmission electronic micros-
copy (Piuri et al. 2005). In addition, stressed cells were more sensitive to antibiotics
that target the peptidoglycan and to the presence of lytic enzymes as well. These
modifications could be correlated with a decrease in peptidoglycan cross-linking,
involving penicillin-binding proteins (Piuri et al. 2005). In L. lactis, a short osmotic
stress (30 min with 4% NaCl) resulted in the induction of the murF and murG genes
involved in peptidoglycan biosynthesis (Xie et al. 2004). These observations are
also reminiscent of data by Le Breton et al. (2002) reporting the screening of a
library of insertional mutants and the isolation of an E. faecalis NaCl-sensitive
mutant. The mutation affected a gene potentially involved in peptidoglycan biosyn-
thesis pathways.

4.7 Concluding Remarks

For a graded reaction to osmotic shifts, cells must be able to (1) sense stimuli related
to osmotic stress, (2) transduce corresponding signals to systems that properly
respond, (3) activate transport or enzymatic functions, or (4) change gene expres-
sion profiles. Characterizing the signal transduction pathways originating from
osmotic challenge and leading to efficient cell response warrants further investiga-
tion. LAB deal with environmental stress with the lack of a battery of sigma factors
that are found in other Gram-positive bacteria. Recently, two-component systems
(TCSs) have been shown to play a role in stress sensing and signaling in the LAB
family (EI-Sharoud 2005), and their role probably expands to osmotic protection.
Six TCS systems have been identified in L. lactis MG1363, including KinD/LIrD,
which was induced when cells entered the stationary phase. Since a mutant was
impaired in its ability to survive an osmotic upshift, KinD/LIrD has therefore been
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suggested to play a role in the response to osmotic or salt stress (O’Connell-
Motherway et al. 2000). A link has also been established between the essential
VicRK system from S. mutans and the response to osmotic stress. VicR inactivation
altered the transcription of 18 genes, including the osmoprotectant transporter
OpuA, which was upregulated (Liu et al. 2006).

Major contributions to our understanding of the osmostress response of LAB
have concerned a few models, including L. lactis. We lack a comprehensive appre-
ciation of the mechanisms that allow other LAB to contend with osmotic stress, in
particular LAB having different life environments. Genomics and functional genome
analyses combined with classical biochemistry will contribute to comparing the
adaptive responses displayed by LAB and to understanding their diversity. Such
studies will unambiguously provide an important insight into selecting and producing
starters with enhanced viability and robustness during industrial processes.
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Chapter 5
Responses of Lactic Acid Bacteria to Cold Stress

Vittorio Capozzi, Daniela Fiocco, and Giuseppe Spano

5.1 Introduction

Lactic acid bacteria (LAB) constitute a heterogeneous group of bacteria that are
traditionally used to produce fermented foods. The industrialization of food trans-
formations increased the economical importance of LAB because they play a cru-
cial role in the development of the organoleptic and hygienic quality of fermented
products. However, the strains selected for industrial purpose should tolerate the
adverse conditions encountered in industrial processes, either during starter han-
dling and storage (cryoconservation, freeze-drying, or spray-drying) or throughout
food processing. Indeed, during the industrial production of starter cultures, bacte-
ria are subjected to different types of stress, which result in a loss of viability and
metabolic activity, membrane damage, and morphological cell changes (Stead and
Park 2000; Ouvry et al. 2002; Dumont et al. 2004; Saarela et al. 2005). These
stresses arise from the bacterial environment (thermic, acid, nutritional, and osmotic
stresses) or from the starter production process (mechanical, hypothermic, osmotic,
and oxidative stresses). Among them, cold stress is of particular interest because it
concerns all kinds of cells when they are subjected to a stabilization process, it is
required for starter or probiotic handling and production or for culture collections.
To more effectively withstand adverse conditions, bacteria have evolved stress-
sensing systems and defense mechanisms, which allow them to survive harsh condi-
tions and sudden environmental changes. The time taken to initiate the stress response
is different according to the stress type. For example, bacteria respond to heat shock
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and osmotic shock quickly (in minutes) compared to cold shock (in hours) (Rosen
and Ron 2002). Temperature is one of the major stresses that all living organisms
have to face, and among the stress-induced responses of bacteria that have been stud-
ied, the heat-shock response has been described in great detail (van de Guchte et al.
2002; Chastanet et al. 2003; Spano and Massa 2006; Fiocco et al. 2009). Although
the regulatory mechanisms of the heat-shock response are sometimes unique in LAB
and not well understood yet, heat shock usually causes well-defined damage to the
cells, including the unfolding or denaturation of proteins and modification of mem-
brane fluidification. Cells respond quickly by producing a subset of proteins, heat-
shock proteins (HSPs), or molecular chaperones that assist in protein folding.

In contrast, cold shock does not cause such a well-defined cellular damage.
Exposure to low temperatures is a frequent event that is encountered by different
bacterial species in various situations. Food-related bacteria such as LAB are par-
ticularly and repeatedly exposed to low temperatures during food handling and stor-
age. This exposure to cold temperatures has increased over the last few decades
because of the extended use of refrigeration and freezing in food preservation. It is
currently appreciated that most bacterial species can respond to cold shock by the
transient induction of arrays of specific proteins, termed cold-induced proteins
(CIPs), and the repression of other proteins synthesized during active growth or upon
exposure to other stressful conditions such as heat shock. Such a response is pre-
sumed to aid cells in overcoming the physiological stress generated by cold shock.

The negative influence of exposure to cold stress stems mainly from the physical
effect of low temperature on the cell structures and enzymatic reactions.

Cold-shock response is classically exhibited when an exponentially growing cul-
ture is shifted from its optimum growth temperature to a lower temperature. In most
bacteria, such as Bacillus subtilis, a temperature downshift causes a transient cell
growth arrest, during which the general protein synthesis is severely inhibited.
However, under these conditions the synthesis of CIPs is triggered. Eventually, the
synthesis of these proteins decreases, cells become acclimated to the low tempera-
ture, and growth resumes (Jones et al. 1987). The effect of cold shock may be
observed at multiple levels: (1) a decrease in the membrane fluidity affecting the
membrane-associated functions such as active transport and protein secretion; (2) a
stabilization of RNA and DNA secondary structures, leading to a reduced efficiency
of mRNA translation and transcription; (3) slow or inefficient folding of some pro-
teins; and (4) the adaptation of ribosomes to cold in order to function properly at
low temperatures (Phadtare 2004). Moreover, cold shock drastically disturbs the
metabolism of bacterial cells; a fine network between metabolic regulation and cold
response has recently been suggested in Lactobacillus casei (Beaufilis et al. 2007).

The response to freezing stress is often passive and leads to a decrease in viabil-
ity and metabolic activity that is associated with cryoinjury (van de Guchte et al.
2002). In contrast, cold but positive temperatures lead to two kinds of adaptive
responses. First, a subset of CIPs, called cold-shock proteins (CSPs), are synthe-
sized. Second, changes in the membrane fatty acid composition, such as an increase
in unsaturated and cyclic fatty acids contents, permit a modification of the
membrane fluidity (Phadtare 2004). These adaptive responses generate transient
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physiological modifications of the cell proteome pattern and of the membrane’s
properties, allowing bacterial cells to better face further stress.

The study of cold-shock response in LAB is now in the limelight because of its
commercial implications. Understanding the basis of the cold-stress response pro-
vides important insight into molecular adaptation to cold and aids to improve the
selection, storage, and performance of current industrial strains.

5.2 Cold Sensors

A proper response to temperature changes require a precise perception of fluctua-
tions related to this crucial environmental physical property. Bacteria cope with cold
stress by different transiently complex molecular mechanisms. This response
requires elements by which the prokaryotic cell converts cold-stress physical stimuli
into another kind of signal, thus representing the molecular basis of cold thermod-
etection and signal transduction. DNA, RNA, proteins, and lipids may all have a role
in “sensing” a thermal downshift, which may influence gene expression (cold-shock
stimulon) at the transcriptional, translational, or posttranslational level. The lowest-
limit temperature for bacterial growth is established to be 12°C, as a consequence of
the physical properties of the inner and external cellular aqueous system (Margesin
et al. 2007). In contrast to cold-loving bacteria that are usually able to deal with a
great reduction in temperature, the growth and metabolism of LAB are drastically
influenced even when a slow decrease in temperature occurs (van de Guchte et al.
2002). Therefore, an efficient sensing of temperature decreases allows bacteria to
respond quickly and effectively in order to prevent cell damage (Digel et al. 2008).

According to Rivals et al. (2007), the hypothesis of a unique cellular thermostat,
at least in some LAB, should be rejected in favor of multiple cell-stress-sensing
mechanisms. In the model Gram-negative and -positive bacteria, Escherichia coli and
B. subtilis, respectively, the cold-shock stimulon seems to be controlled by at least
three different levels of temperature perception systems: DNA, ribosome, and mem-
brane (Weber and Marahiel 2002) or DNA, RNA, and proteins (Schumann 2009).

An important example of a DNA-based cold-sensing mechanism is represented
by H-NS, a nucleoid-associated DNA-binding protein of enteric bacteria (Eriksson
et al. 2002). By binding to DNA, and affecting the level of supercoiling and DNA
condensation, H-NS can silence transcription. H-NS is known to be responsible for
the cold repression of bacterial genes. A number of H-NS homologs have been
found in gammaproteobacteria, but not in bacteria that are phylogenetically dis-
tantly related to proteobacteria, such as Gram-positive bacteria (Tendeng and Bertin
2003). A nucleoid-associated protein, Lst2, has recently been identified as the first
H-NS-like protein in Gram-positive bacteria (Gordon et al. 2008). In vitro biochem-
ical studies showed that Lsr2 is a DNA-bridging protein, while genetic complemen-
tation experiments showed that Lsr2 is functionally homologous to H-NS (Gordon
et al. 2008). This study opens new perspectives on the analysis of Gram-positive
cold sensors.
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Histone-like proteins were recently identified in several bacteria (Dixon-Fyle
and Caro 1999; Dorman and Deighan 2003) and their essentiality for bacterial via-
bility and normal growth has been reported (Liu et al. 2008). Genes encoding his-
tone-like HU (heat-unstable) proteins (2/bA and hlbB) showing extensive similarity
to other bacterial homologs were also identified in LAB such as Lactobacillus del-
brueckii subsp. bulgaricus (Chouayekh et al. 2009).

In B. subtilis, an increase in the negative supercoiling of DNA has been observed
after cold shock without a significant alteration of gyrase subunit gyrA and gyrB
mRNA levels, even under conditions that block de novo protein synthesis (Aguilar
etal. 1999). It is well recognized that DNA topology significantly modulates the rela-
tive location of —35 and —10 promoter regions. Therefore, the mechanism described
in B. subtilis might represent a general mechanism of gene expression control upon
cold shock for organisms distantly related to B. subtilis (Aguilar et al. 1999).

Basically, two classes of RNA sensors can be distinguished: cis-acting RNA ele-
ments that regulate the expression of genes located “on the same side as”, and trans-
acting small, noncoding RNAs that function by base-pairing with complementary
mRNA sequences encoded elsewhere in the genome (Schumann 2009). This type of
thermosensor was first discovered in Gram-negative bacteria. In E. coli, binding at
low temperature of the small DsrA RNA to the rpoS leader mRNA enhances its
translation (Sledjeski et al. 1996). The cspA gene, encoding a major CSP of E. coli,
is efficiently transcribed at all temperatures; however, translation of the cspA mRNA
is hampered because of its extreme instability at 37°C. In contrast, upon cold shock,
cspA transcript becomes stabilized (Fang et al. 1997). Interestingly, the 5’ end of the
cspA mRNA is involved in its own cold stabilization (Mitta et al. 1997), suggesting
that the RNA secondary structure may be a factor of the differential temperature-
dependent stabilization of mRNA. In addition, PNPase, an exoribonuclease poly-
nucleotide phosphorylase involved in mRNA processing and degradation in bacteria
(Nierlich and Murakawa 1996), has been identified as another member of the CSP
family, given its strong induction at low temperature (Jones et al. 1987). The pnp
gene was found to be autogenously regulated, during cold shock, at the level of
transcriptional termination (Zangrossi et al. 2000; Schumann 2009).

Even ribosomes may sense cold and temperature shifts. Intriguingly, in B. subti-
lis, a cold shock-like response can be induced at 37°C by the addition of sublethal
amounts of chloramphenicol as translation inhibitor, suggesting a direct correlation
between ribosome blocking and cold-shock response (Graumann et al. 1997). This
finding suggests that the translation apparatus might have a role in the temperature
perception system (Weber and Marahiel 2002). Nevertheless, the biochemical nature
of the sensor still remains unclear, whether it is related to intrinsic properties of the
ribosome or mRNAs, or both.

There is a number of structurally and functionally diverse protein-based ther-
mosensors, including transcriptional regulators, chemosensory proteins, chaper-
ones, and proteases (Jin et al. 1993; Lee et al. 1993; Smirnova et al. 2008; Klinkert
and Narberhaus 2009). However, the two-component regulatory systems (2CRSs),
frequently used by bacteria to adapt cellular functions to changes in environmental
parameters, may play an important role as thermosensors. Practically, a 2CRS
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transforms external signals into an internal cytoplasmic cascade that, in turn, will
activate an adequate cellular response. Typical 2CRSs consist of a membrane-bound
sensor histidine kinase that senses environmental stimuli and a cytoplasmic response
regulator that affects gene expression upon the phosphorylation of an aspartic acid
(Aguilar et al. 2001). For example, the transcription of the des gene, coding for a
AS5-lipid desaturase, is induced by cold and is regulated by a two-component system
in B. subtilis (Aguilar et al. 2001). The system is composed of a sensor kinase,
DesK, and a response regulator, DesR, responsible for the cold induction of the des
gene. The histidine kinase, DeskK, is able to sense low temperatures by autophos-
phorylation and transduction of a phosphate group to the response regulator DesR.
In this case, the 2CRS indirectly affects the fatty acid desaturation level in order to
maintain an adequate membrane fluidity even at low temperatures. Recently, the
detection and characterization of new 2CRSs have been greatly facilitated in several
LAB strains by the completion of genome sequencing. However, the influence of
2CRSs on the physiology, growth, and survival of LAB exposed to environmental
stress should also be investigated under industrial conditions, including cold storage
temperatures and lyophilization (EI-Sharoud 2005).

The cell envelope is usually the first cellular compartment to sense changes in the
external temperature. Exposure to cold stress drastically alters cytoplasmic mem-
brane properties. Could bacteria utilize changes in membrane fluidity and constitu-
tion as a bio-thermometer? As already reported, in B. subtilis DesK sits embedded
in the cytoplasmic membrane, it acts as sensor-kinase, and its membrane domain is
the temperature-sensing element (Hunger et al. 2004). It appears that the combina-
tion of membrane physical state and protein conformation is able to sense the tem-
perature and to translate this sensing event into proper gene expression. Thus, it is
reasonable to suppose that membranes might be part of a cold-sensing complex in
which the final sensor is a protein (Delmas et al. 2001; Weber and Marahiel 2002).

5.3 Cold-Stress Proteins

The most strongly induced proteins during cold stress include a family of closely
related low-molecular-weight proteins termed CSPs. These proteins share a high
degree of sequence identity (45%) and have been found in multiple copies (from
two to nine) in many Gram-positive and Gram-negative bacteria (Graumann and
Marahiel 1998, 1999; Wouters et al. 2000; Phadtare 2004). CSPs have been identi-
fied in almost all psychrotrophic, mesophilic, thermophilic, and hyperthermophilic
bacteria examined so far, and their presence in Thermotoga and Aquifex indicates an
ancient origin (Phadtare et al. 2003). CSPs are believed to function as transcrip-
tional and translational regulators. They also act as molecular chaperones because
they nonspecifically bind single-stranded nucleic acids and destabilize their second-
ary structures at low temperature (Gualerzi et al. 2003; Zeeb et al. 2006).

In general, CSPs are involved in establishing a “new” cell balance, which in turn
facilitates survival at low temperature. It is postulated that the CSPs also enhance
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microbial tolerance to freezing due to cryoprotectant properties (Willimsky et al.
1992). Indeed, it was found that the cell viability of some bacterial strains increased
after being subjected to a cold shock prior to freezing. This implies that the cold
shock induces cryotolerance (Kim and Dunn 1997).

Studies on CSPs have mainly focused on those produced by meso- and thermo-
philes. Three-dimensional structures have been determined for four CSPs from
mesophilic, thermophilic, and hyperthermophilic bacteria, namely, E. coli Ec-CspA
(Feng et al. 1998), B. subtilis Bs-CspB (Schindelin et al. 1993), Bacillus caldolyti-
cus Bc-Csp (Mueller et al. 2000), and Thermotoga maritima Tm-Csp (Kremer et al.
2001). Recently, the 3D structure of the CspA-like protein from the psychrotrophic
bacterium Psychrobacter sp. B6 was resolved, too (Kaufman-Szymczyk et al. 2009).
All of these small CSPs exhibit a very similar conformation and contain five anti-
parallel B-strands folded into a B-barrel structure.

These proteins also share a high sequence homology (43%) with the Y-box
factors, which are a family of eukaryotic nucleic acid-binding proteins. In such
proteins, the domain involved in the nucleic acid binding is referred to as the cold-
shock domain. This domain preferentially binds to the so-called Y-box, a nucleotide
sequence element found in the promoter region of mammalian major histocompat-
ibility complex class II genes. The Y-box is characterized by the highly conserved
sequence ATTGG (Phadtare 2004). This sequence has also been 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 been demon-
strated that CspA binds to the ATTGG element in the promoter region of gyrA in
E. coli (Panoff et al. 1998). This sequence seems to be characteristic of several cold-
shock genes in E. coli (recA, pnp) (Jones et al. 1992a). It has also been demonstrated
that CspB can bind to single-stranded DNA that contains the ATTGG element as
well as the complementary CCAAT sequence (Panoff et al. 1998). Therefore, it has
been suggested that CspA and CspB could act as transcriptional enhancers to cold-
shock genes by recognizing the putative ATTGG sequence (Phadtare 2004).

The presence of CSPs in a cell is also determined by the stability of the proteins.
The CSPs of B. subtilis undergo very rapid folding and unfolding transitions, and
they exhibit low conformational stability in solution. These CSPs are rapidly
degraded by proteases in vitro, but are protected against proteolysis by binding to
RNA. Moreover, the overproduction of E. coli CspA leads to increased levels of
three CIPs (Jones et al. 1992b), and the heterologous expression of B. subtilis CspB
in E. coli results in a reduction of cellular growth and in the production of several
proteins that resemble the cold-shock response (Graumann and Marahiel 1997).

For B. subtilis strains in which csp genes have been deleted, compensatory effects
of the remaining CSPs have been reported (Graumann et al. 1997), and a similar
response is suggested for Lactococcus lactis (Wouters et al. 2000). Interestingly,
multiple deletion 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 dur-
ing cold-shock adaptation but also during active growth under physiologic tempera-
tures (Graumann et al. 1997). Several homologous copies of csp genes have been
identified in the majority of known LAB genomes (Table 5.1). However, only a few
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Table 5.1 Genes encoding cold-shock proteins as identified in some of the sequenced genomes of

lactic acid bacteria (LAB)

Size Growth  No. of
Organism (Mbp)  (15°C) csp genes  Locus tag
Lactobacillus acidophi- 2 - 1 LBAOS18
lus NCFM
Lactobacillus brevis 2.35 + 1 LVIS_1440
ATCC367
Lactobacillus casei 2.93 + 3 LSEI_0636; LSEI_1114;
ATCC334 LSEI_1281
Lactobacillus casei 3.1 + 3 LCABL_06950;
BL23 LCABL_12740;
LCABL_15120
Lactobacillus delbrueckii 1.9 - 2 Ldb0749; Ldb2117
subsp. bulgaricus
ATCC11842
Lactobacillus delbrueckii 1.9 — 2 LBUL_1957; LBUL_0682
subsp. bulgaricus
ATCC BAA-365
Lactobacillus fermentum 2.1 — 2 LAF_1542; LAF_0583
IFO3956
Lactobacillus gasseri 1.9 - 1 LGAS_1195
ATCC33323
Lactobacillus helveticus 2.1 — 2 lhv_0576; Ihv_0863
DPC4571
Lactobacillus johnsonii 2 + 1 LJ_0980b
NCC 533
Lactobacillus plantarum 3.2 + 3 JDM1_0028; JIDM1_0826;
JDM1 JDM1_0954
Lactobacillus plantarum 3.34 + 3 1p_0031; 1p_0997; Ip_1160
WCEFS1
Lactobacillus reuteri 2 - 2 Lreu_0599; Lreu_1505
DSM20016
Lactobacillus reuteri 2 - 2 LAR_0579; LAR_1414
JCM1112
Lactobacillus rhamnosus 3 + 3 LGG_00608; LGG_01072;
GG LGG_01292
Lactobacillus rhamnosus ~ 3.06 + 3 LC705_00587;
Lc705 LC705_01149;
LC705_01310
Lactobacillus sakei 1.9 + 4 LCA_0768; LCA_0946;
subsp. sakei 23K LCA_1152_b; LCA_1561
Lactobacillus salivarius 2.1 - 2 LSL_1069; LSL_1480
UCC118
Lactococcus lactis subsp. 2.5 + 6 IImg_0180; llmg_1238;
cremoris MG1363 IImg_1255; llmg_1256;
Ilmg_1846; llmg_1847
Lactococcus lactis subsp.  2.56 + 3 LACR_0174; LACR_0755;

cremoris SK11

LACR_0756

(continued)
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Table 5.1 (continued)

Size Growth  No. of

Organism (Mbp)  (15°C) csp genes  Locus tag

Lactococcus lactis subsp. 2.4 + 2 L172505; L117090
lactis 111403

Leuconostoc citreum 1.9 + 2 LCK_01134; LCK_01552
KM20

Leuconostoc mesenteroi- 2.04 + 2 LEUM_0703; LEUM_1878
des subsp. mes-
enteroides
ATCC8293

Oenococcus oeni PSU-1 1.8 + 1 OEOE_1376

Pediococcus pentosaceus 1.8 + 2 PEPE_1178; PEPE_1445
ATCC25745

Streptococcus thermo- 1.8 — 2 str0837; str0838
philus CNRZ1066

Streptococcus thermo- 1.91 - 2 STER_0879; STER_0880
philus LMD-9

Streptococcus thermo- 1.8 — 2 stu0837; stu0838

philus LMG18311

For each microbial species, the genome size, the number of csp genes, and the genome locus tags
are reported

of them have been studied in detail. The L. lactis MG1363 chromosome was found
to contain two pairs of tandemly located, cold-inducible csp genes (cspA-cspB and
cspC-cspD), a single, constitutively expressed cspE gene, and a putative cold-shock
gene cspD2. Upon cold shock of L. lactis 111403 by transfer from 30 to 15°C, a
tenfold induction of cspB-directed galactosidase activity is observed (Wouters et al.
2000). Similar cold-induced expression has been reported for E. coli cspA, and data
revealed that the transient induction of E. coli CspA occurs at the level of both tran-
scription and mRNA stabilization (Goldenberg et al. 1996; Fang et al. 1997).

Furthermore, CIPs mRNAs have been reported to be still translated under cold-
shock conditions because of the presence of a so-called downstream box, which
enhances the ability to form the translation initiation complex with nonadapted
ribosomes at low temperatures (Mitta et al. 1997).

Three csp genes (cspL, cspC, and cspP) were recently identified in Lactobacillus
plantarum strain NC8. Interestingly, the overproduction of each CSP causes distinct
phenotypic effects on L. plantarum (Derzelle et al. 2002, 2003). CspL overproduc-
tion transiently alleviated the cold-shock impairment of growth, while CspP over-
production enhanced the cryotolerance. Most notably, L. plantarum cells contain a
substantial amount of the cspC transcript during early exponential growth at 27°C,
and CspC overproduction improves growth adaptation at optimal temperatures
(Derzelle et al. 2003). Therefore, CSPs may have a significant role in fermentation
carried out either at low (CspL) or optimal temperatures (CspC). A common interest-
ing feature of the noncold-induced csp genes of L. plantarum (cspP and cspC) and
L. lactis (cspE) consists of a longer 5-UTR compared to their cold-induced counter-
parts. This difference might account for the higher instability of the transcripts and
correlate with the expression level of the csp genes (Wouters et al. 1999a).
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5.4 Cold and Heat Stress: Talking for Survival

Although cold and heat shock are normally considered independent processes,
recent evidence points to the occurrence of an interlock between them in some
microorganisms. In B. subtilis, low temperatures induce a stress response that is
characterized by the strong repression of major cellular metabolic activities, whereas
only a limited number of processes essential for cold adaptation are induced. In
particular, the repression of a wide range of heat-shock genes has been documented,
indicating that cold- and heat-shock genes are often regulated antagonistically.
Transcriptional analyses indicated that several heat-shock genes, such as grpE,
dnak, dnal, ygeT, and ygeU, as well as groEL, groES, and clpP, were repressed
three to sevenfold after cold stress (Beckering et al. 2002). In addition, a proteomic
approach showed that the HSPs GroES and ClpP were repressed upon cold shock
(Graumann et al. 1996). Therefore, it seems reasonable that B. subtilis has no need
for HSPs at low temperatures and hence can save valuable resources by repressing
the corresponding genes (Beckering et al. 2002).

In contrast, physiological and molecular experiments indicate a cross-talk
between cold and heat stresses in LAB. Possible correlations between the heat- and
cold-shock regulons were suggested by (1) the observation of an increased level of
Leuconostoc mesenteroides homologs of the HSPs DnaK and GroEL upon cold
shock (Salotra et al. 1995), (2) the cold induction of a group of small heat-shock
genes in L. plantarum (Spano et al. 2004, 2005), and (3) a slight protection from
freezing of Lactobacillus johnsonii (Walker et al. 1999) and L. lactis subsp. lactis
(Broadbent and Lin 1999) cells upon induction of the heat-shock response.

Conversely, heat shock did not improve the cryotolerance of L. lactis subsp. cre-
moris strain MG1363 (Wouters et al. 1999a), suggesting a strain specificity of this
phenomenon. However, an unidentified cold-inducible 45-kDa protein of L. lactis
(Wouters et al. 1999a) was proposed to correspond to the heat-inducible ClpX
ATPase (Skinner and Trempy 2001), a member of the large family of closely related
ATPases found in both prokaryotic and eukaryotic cells, having multiple regulatory
functions, including a general chaperone activity and the ability to enable the Clp
proteases to recognize their substrates. Thus, a ClpX function may be to promote
the proteolysis of misfolded proteins after both cold or heat shock. Recently, the
synthesis of a Clp ATP-dependent protease (ClpL) was observed to be induced dur-
ing both cold and heat stress in Streptococcus thermophilus, a moderate thermo-
philic LAB widely used in dairy fermentation (Varcamonti et al. 2006). Although
the induction of CIpL protein in S. thermophilus was apparently essential for stress
tolerance, it does not account by itself for the molecular relationships between cold
and heat stress (Varcamonti et al. 2006).

Among mesophilic LAB, L. plantarum is a flexible and versatile species that is
encountered in a variety of environmental niches, including fermented beverage,
meat, and many vegetable or plant fermentations in which abiotic stresses are com-
mon. Moreover, L. plantarum is frequently encountered as a natural inhabitant of
the human gastrointestinal tract, and a selected strain, L. plantarum 299v, is marketed
as a probiotic that may confer various beneficial health effects to the consumer
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(Ahrné et al. 1998). The ecological flexibility of L.plantarum matches the
observation that this species has one of the largest known genomes among LAB
(Kleerebezem et al. 2003; Molenaar et al. 2005). L. plantarum encodes genes for a
number of stress-related proteins, including three small HSPs (sHSPs) that were
recently characterized (Spano et al. 2004, 2005), and three highly homologous CSPs
(CspL, CspC, CspP) (Derzelle et al. 2002, 2003). Based on their structure and on the
regulatory elements found in the 5’ flanking regions, it was proposed that the small
heat-shock (shs) genes identified so far in L. plantarum belong to class I (hsp 18.5
and hsp 19.3) and class II (Asp 18.55) of the heat-shock gene family according to the
B. subtilis nomenclature of heat response (Hecker et al. 1996). Using a quantitative
real-time PCR approach (qQRT-PCR), we analyzed the expression of L. plantarum
genes involved in stress tolerance, including not only heat but also salt, ethanol,
sulfite, and bile stresses. Genes such as ctsR, ftsH, hsp33, dnaK, and shs were ana-
lyzed during short or medium cold-induced stresses. We observed that although the
majority of them were cold-repressed, a gene coding for an sHSP was strongly
induced (Fig. 5.1) (unpubl. results). The induction of heat-responsive genes at low
temperatures suggests a cross-talk between the heat- and cold-stress responses in
LAB, and we cannot exclude that heat- and cold-stress genes may act in a coordi-
nated fashion to help protect cells against the effects of low temperatures. For
instance, although protein unfolding is much more evident during heat stress, it may
also be identified in cold-damaged cells (Weber and Marahiel 2002). Recently, an
interlink between cold and acid tolerance has also been evidenced in L. delbrueckii,
on which an enhanced freeze-tolerance was observed after acidification at pH 5.25
for 30 min at the end of the fermentation process (Streit et al. 2007, 2008).

Taken together, these observations suggest that signal transduction machinery
and transcription factors that mediate the genetic response to stressful conditions
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Fig. 5.1 Cold-shock induction of heat stress-responsive genes in Lactobacillus plantarum.
Relative mRNA levels of L. plantarum ftsH, ctsR, and small heat-shock gene family (hspl, hsp2,
and hsp3) in response to cold stress (10°C) applied for 10 min as determined by quantitative
reverse-transcription real-time PCR (qQRT-PCR). IdhD was used as the internal control gene. Data
shown are means +SD of three independent experiments
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appear to be shared by different stress-regulative networks, although the phenomenon
of interlinked stress response is still poorly understood and needs to be further
investigated (Chattopadhyay 2008).

5.5 Membrane Integrity and Cold Stress

Tolerance to cold stress is more than CSP production. Adaptive responses to cold
stress in LAB vary among bacterial species and in relation to stress conditions.
However, in addition to the induction of a specific set of proteins, a crucial response
entails major changes in membrane fatty acid composition.

The performance of microorganisms under stress conditions requires the mainte-
nance of the main functions of the cell membrane to control ionic permeability and
to regulate the exchange of solutes between the cell and the external environment.
The barrier properties of the cytoplasmic membrane are of special importance for
the energy transduction systems of the bacterial cell and are known to depend criti-
cally upon the physical state of lipid bilayers, which, in turn, is affected by changes
in the external temperature. Indeed, it is widely acknowledged that normal cell
function requires the membrane lipid bilayers to be in a liquid-crystalline state, as it
is at physiological temperatures. At lower temperatures, lipid bilayers undergo a
reversible change of state from a disordered to an ordered array of fatty acid chains.
The cellular adaptive mechanisms induced by cold shock consist of an increase in
the unsaturated fatty acid content of membrane phospholipids, which leads to a
decrease in the solid-to-fluid transition temperature and, thus, to an increase in
membrane fluidity. Consequently, the ratio between unsaturated and saturated fatty
acids (U/S) is inversely correlated with the growth temperature (Suutari and Laakso
1992). In addition, some specific fatty acids play an important role in stress response
(Li et al. 2009). Fernandez Murga et al. (2000) observed an increase in C16:0 and
C18:2 fatty acids in Lactobacillus acidophilus grown at low temperature (25°C).
The C18:1 fatty acid concentration increased in response to low temperatures in
L. plantarum (Russell et al. 1995), to acid pH in S. thermophilus (Beal et al. 2001),
and to osmotic stress in L. lactis (Guillot et al. 2000). In contrast, the C18:1 fraction
decreased in response to freezing in lactic streptococci and to spray-drying in
L. acidophilus (Brennan et al. 1986). A high cycC19:0 concentration favored the
cryotolerance in L. bulgaricus, Lactobacillus helveticus, and L. acidophilus (Gémez
Zavaglia et al. 2000).

As it acts on the membrane fluidity, cold shock can also counterbalance the del-
eterious effect of other abiotic stresses. This feature has recently been observed in
the wine starter Oenococcus oeni (Chu-Ky et al. 2005). The authors analyzed the
effects of combined cold, acid, and ethanol on the membrane physical state and on
the survival of O. oeni. Membrane stiffening was induced by ethanol and acid shock
and correlated with total cell death. In contrast, O. oeni cells recovered their viabil-
ity when sequentially subjected first to cold (8°C) and then to ethanol and acid
shock (Chu-Ky et al. 2005). These results suggest a positive short-term effect of
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combined cold, acid, and ethanol shocks on the membrane fluidity and viability of
O. oeni. In addition, this finding suggests new useful practical approaches for
dealing with wine starters.

5.6 Freezing and Cryoprotection: An Industrial Issue

The preservation of LAB used in food and pharmaceutical industries for their con-
tribution to aroma and texture, as well as for their probiotic role, is generally
obtained by freezing or freeze-drying. Such techniques preserve the viability and
main technological attributes of the bacteria: acidification activity, aroma produc-
tion, texture formation, and probiotic properties (Fonseca et al. 2003). However,
some strains are particularly sensitive to freezing and freeze-drying, both of which
generally lower the performance of starter cultures. This sensitivity is related to the
deterioration of the cell physiological state, caused by various stresses appearing
during starter production and preservation (Muldrew and McGann 1990; Dumont
et al. 2004).

Cold stress, which takes place during the cooling and freezing steps and through-
out the frozen storage, is the main cause of loss of bacterial activity. Moreover,
additional stresses, such as those deriving from an oxidative and/or hyperosmotic
environment, may occur during freeze-thaw treatments (Muldrew and McGann
1990; Stead and Park 2000).

After the transfer of a bacterial cell population from the optimum temperature to
a low temperature above 0°C, some bacterial strains develop an increased ability to
survive at extremely low temperatures, a phenomenon known as cryotolerance.
This adaptation to a freeze-thaw challenge depends on the temperature and the dura-
tion of cold preincubation as well as on the initial bacterial cell concentration. Cell
cryopreservation requires specific optimization for each type of microorganism, and
each type of cell has its own protocol for freezing. Numerous researchers have
attempted to develop methods that permit a 100% preservation of freeze-thawing of
diverse cellular specimens, but some microorganisms are still reluctant to preserva-
tion by freezing (Dumont et al. 2004).

Factors affecting LAB survival during freezing—thawing cycles include different
factors such as growth media composition, growth phase, fermentation process, and
cold temperatures (Baati et al. 2000; Streit et al. 2007; Siaterlis et al. 2009). Different
methods are presently proposed to preserve the quality of lactic and probiotic start-
ers. Among these, the use of cryoprotectants (also called chemical chaperones) such
as betaine, proline, glycerol, and trehalose (Panoff et al. 2000; Fonseca et al. 2003;
Siaterlis et al. 2009) is considered one of the most effective. These molecules
improve cell preservation by minimizing the cell water content and/or supporting
the vitrification occurrence and finally by protecting the cell constitutive macromol-
ecules (Adam et al. 1994; Dumont et al. 2003, 2004).

The use of adequate freezing and storage conditions (Foschino et al. 1996;
Dumont et al. 2004) and the selection of more resistant strains (Monnet et al. 2003)
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are also useful tools in order to improve freezing tolerance. According to several
authors, adequate attention should be paid to specific environmental conditions of
fermentation, such as pH value, temperature, and centrifugation steps (Fernandez
Murga et al. 1998; Palmfeldt and Hahn-Hagerdal 2000; Beal et al. 2001; Saarela
et al. 2005; Wang et al. 2005a; Streit et al. 2007). For instance, the pH and tempera-
ture of fermentation have been reported to strongly influence the tolerance of
L. acidophilus to freezing. In addition, cooling temperature and the cold acclima-
tion of LAB such as L. acidophilus and L. lactis subsp. diacetylactis resulted in
significantly improved cell viability after successive freezings and thawings (De
Urraza and De Antoni 1997; Kim and Dunn 1997; Broadbent and Lin 1999; Lee
2004; Panoff et al. 1995; Wang et al. 2005b). Nevertheless, the intrinsic character-
istics of the bacterial strain are usually crucial (Fonseca et al. 2001).

The resistance of bacterial cells to freezing might also be improved by genetic
engineering. For example, the overproduction of the 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 enable transformed cells to tolerate heat, solvent, and, impor-
tantly, cold stress (Fiocco et al. 2007).

5.7 Concluding Remarks

In order to respond to stressful conditions, microorganisms have evolved multiple
adaptive mechanisms. Indeed, external signals can elicit dramatic changes in the
expression pattern of a variety of stress-related genes, encoding proteins thought to
improve adaptation to the changing environment. The continuously growing inter-
est in probiotic bacteria has led to an increase in manufactured functional foods and
medicines containing these microorganisms. As a consequence, the performances
of “useful” bacteria are deeply analyzed in order to improve their viability during
industrial processing and storage handling. The dissection of all those mechanisms
involved in tolerance to abiotic stress will surely improve the storage and perfor-
mance of industrial strains (Corcoran et al. 2008). In B. subtilis, the model Gram-
positive bacteria, several mechanisms involved in cold stress tolerance have been
elucidated, while in LAB several gaps still exist (Fig. 5.2).

Food-related bacteria are particularly and repeatedly exposed to low temperatures
during food handling and storage (Wouters et al. 2000). A sudden downshift in the
growth temperature (cold shock) triggers a drastic reprogramming of bacterial gene
expression to allow cell survival under the new unfavorable conditions (Giuliodori
et al. 2005). However, tolerance to cold goes beyond a specific response. An inter-
link between stresses is likely to exist, and cross-resistance or cell-to-cell communi-
cation might affect the survival of bacteria in food products (Vorob’eva 2004).

Freezing is commonly used to preserve the viability of LAB for a long time
while maintaining their technological properties (acidification activity, organoleptic
and preservative properties). This approach is of considerable interest for research
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and industry as these bacteria are widely used for food processing and may be
employed for the elaboration of pharmaceutical products (Corthier and Renault
1999). Thermophilic LAB exhibit different survival rates during freezing and fro-
zen storage, depending on the processing conditions and, importantly, on the spe-
cific features of the strains tested. Therefore, a full knowledge of the strain
physiology, the opportunity to dress a strain using its own fermentation process, and
the use of cryoprotectants may facilitate bacteria storage and handling at freezing
temperatures.

Understanding how cells respond to cold stress is also useful for the analysis of
the biofilm formation in Gram-positive bacteria. In the human pathogens Listeria
monocytogenes and L. lactis subsp. cremoris, cold shock was found to influence the
biofilm-forming ability and the biofilm association with pathogens (Kives et al.
2005; Keskinen et al. 2008).

Finally, microbial biotechnology may progress using cold-regulated promoters.
Qing et al. (2004) applied the unique features of the cspA gene of E. coli to develop
a series of expression vectors, termed pCold vectors, that drive the high expression
of cloned genes upon induction by cold shock (Hayashi and Kojima 2008). It will
certainly be interesting to use or develop similar vectors in order to engineer LAB
for the production of micro-bio-factories (MBF).
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Pedersen, Christel Garrigues, Alexandra Gruss, and Philippe Gaudu

6.1 Introduction

Lactic acid bacteria that are generally recognized as safe (we used the term LAB
when discussing dairy bacteria because they also belong to the large family of
bacteria producing lactic acid; some of them are pathogens) are widely used in
dairy and other food fermentations and are therefore naturally present in the
human gastrointestinal tract (GIT). Named for their capacity to degrade lactose or
other carbohydrates into lactic acid, LAB,, ,  are used to promote milk coagulation
and to contribute to the complex flavors, tastes, and textures of dairy products, for
example, through the production of diacetyl and small peptides. They also may
secrete small antimicrobial peptides (bacteriocins), which can limit the develop-
ment of food contaminants like Staphylococcus aureus and Listeria monocytogenes
and further improve food quality (Corr et al. 2007; Galvez et al. 2007). The “safe”
and even “beneficial” status of LAB, , , is attested to by their widespread consump-
tion in foods. In the last two decades, researchers aimed at developing new applica-
tions of LAB,; ,; in the area of biotechnology. For example, overproduction systems
were developed in LAB,, , ; for large-scale recombinant protein purification and for
protein delivery. The systems make use of natural promoters that respond to diverse
molecules for induction, such as nisin (Mierau and Kleerebezem 2005), acid
(Madsen et al. 2005), or metals (Morello et al. 2008). Additionally, the overpro-
duced proteins can be targeted to the cytoplasm or directed into the medium
(although high-efficiency secretion remains a bottleneck). The production of immu-
nomodulators (interleukin) or enzymes was successfully reported in LAB , , and
might be useful for vaccine strategies to limit infection or in the treatment of cancer
(Bermudez-Humaran et al. 2008).
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Environmental pressures, either in industrial fermentations or in the host, can
have marked consequences on bacterial gene expression, growth, and survival. This
may limit the uses and applications of LAB, ,.. Major stress factors are acid, salt,
heat, and oxygen, which are relevant to bacterial starter preparation, to dairy fermen-
tations, and to LAB GRAS life in the GIT, where cells are exposed to nutritional com-
petition with other bacteria of the microbiota. To survive, bacteria have, as a nearly
unique option, detection of the stress, which would lead to reprogramming of the
gene expression and a consequent physiological adaptation to the new environment.
LAB,,, that are used industrially, or are present in the GIT, grow via sugar fermen-
tation. In view of the importance of sugars in the LAB, ,  environment, this chapter
focuses on aspects of oxidative stress mainly in Lactococcus lactis related to carbon
metabolism. More recently, in addition to growth under fermentation, several LAB,
including L. lactis, have been shown to undergo a respiration metabolism when
heme, or heme and menaquinone, is available in the medium; heme is needed to
activate a terminal cytochrome oxidase, while menaquinones serve as electron
transfer molecules in the electron transport chain (Poole and Cook 2000).

6.2 Oxygen Species

6.2.1 Oxygen

Oxygen is a biradical molecule ('O-O"), because of its small size, it can easily access
the catalytic site of proteins. Published analysis has established that O, reacts with
certain metals, in particular with iron (present in heme-dependent cytochrome oxi-
dase, for instance), and with activated amino acids, like the glycyl radical in some
enzymes. In contrast to cytochrome oxidases that use O, as a substrate, pyruvate
formate lyase (PFL), an anaerobic enzyme bearing a glycyl radical, is extremely
sensitive to O, (Zhang et al. 2001). This reaction leads to the cleavage of the protein
into two fragments and furthermore to irreversible inactivation of activity (Melchiorsen
etal. 2000). However, reduction of O, generates products that are far more toxic than
O, itself, such as superoxide anion radicals (O, ), hydrogen peroxide (H,O,), and
hydroxyl radicals (HO") (Imlay 2008). These molecules are physiologically more
important in the oxidative stress than O,, since for example Escherichia coli cells that
are aerobically grown maintain concentrations of O, and H,0O, at 0.0001 and
0.1 uM, respectively, compared to an intracellular O, concentration of 210 uM (Imlay
and Fridovich 1991; Gonzalez-Flecha and Demple 1995).

6.2.2 Superoxide

O, " is the product of a one-electron reduction of O, (Imlay 2008). It is generated as
a consequence of the oxidation of dihydroflavins (FADH,, FMNH,, Riboflavin H,)
or quinols (demethylmenaquinol, menaquinol, ubiquinol) (Huycke et al. 2001;
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Rezaiki et al. 2008). The reason is that the radical forms of flavins and quinones are
relatively stable, which then facilitates the one-electron reduction. Thus, quinones
belonging to the respiratory chain, and flavoproteins were often supposed to be the
major generators of O, ~ in bacteria, including Enterococcus faecalis, E. coli, and
L. lactis (Imlay and Fridovich 1991; Huycke et al. 2001; Korshunov and Imlay
2006; Rezaiki et al. 2008). Inactivation of the quinone biosynthesis pathway or
NADH dehydrogenases of the respiratory chain significantly reduced O, ~ produc-
tion in E. coli (Korshunov and Imlay 2006), while cyanide, an inhibitor of cyto-
chrome oxidases, strongly led to an increase in O, "~ and H,O, levels, as reflected by
the overproduction of superoxide dismutase (SOD) and catalase (Hassan and
Fridovich 1979).

O, " is not considered a strong oxidant or reducer, and the presence of SOD
remained an enigma for a long period. The construction of a strain deficient in
SOD activity in E. coli finally helped to reveal the mechanism of O, - toxicity
(Farr et al. 1986). This mutant does not grow in chemical-defined medium in
the presence of air and is strongly sensitive to O, -producing agents like paraquat
(a catalyzer of O, ") in rich medium. The phenotypes result from oxidation of
certain dehydratases containing particular [4Fe-4S] clusters, such as aconitase A or
fumarase A and B (Imlay 2008). This [4Fe-4S] cluster is linked to proteins via only
three irons, while the last one binds to the substrate (citrate and fumarate for
aconitase and fumarase, respectively). This labile iron is attacked by O, ", leading
to destruction of the cofactor and concomitant enzyme inactivation. This inactiva-
tion also coincides with increased free iron in cells according to the reaction [4Fe-4S]
+ 0, " +2H*— [3Fe-4S]+Fe+H,O,. It was also demonstrated in E. coli that O, -
reacted with an activated amino acid (tyrosyl radical) in proteins, as exemplified by
aerobic deoxyribonucleotide di-phosphate reductase, a key enzyme of DNA syn-
thesis (Gaudu et al. 1996).

In an acidic environment, the protonation of O, - leads to a more reactive
species, hydroperoxyl radical (HOO"). Due to the absence of charge, HOO" can
pass through the membrane and then return to its anionic state in the cytoplasm, as
the intracellular environment is less acidic than the outside. Thus, bacteria that
encounter acidic environments, for instance, the stomach or fermented products,
might be particularly exposed to oxidative stress. In L. lactis MG1363, SOD was
overproduced about fourfold after exposure of cells to acid stress (Budin-Verneuil
et al. 2005). Thus, the presence of SOD should provide an advantage for coloniza-
tion and survival in an acidic environment. Note that Lactobacillus plantarum
species do not have SOD; they compensate for this absence by incorporating high
concentrations of manganese (Archibald and Fridovich 1981a, b).

6.2.3 Hydrogen Peroxide and the Hydroxyl Radical

H,0, is a neutral molecule that crosses the membrane barrier of the cell but is not
reactive by itself. It is issued from two-electron reduction by flavoproteins,
quinols, and metabolic enzymes (e.g., NADH peroxidase, pyruvate oxidase, and
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lactate oxidase) present in several LAB . ., and in particular in lactobacilli
(Lorquet et al. 2004; Goffin et al. 2006; Barre et al. 2007). Additionally, SOD or
manganese produce this molecule from O, ~. In some lactobacillus species, H,O,
can reach millimolar concentrations in some environments, which is high enough
to stop growth (Ocana et al. 1999). As LAB have peroxidases and/or catalases
(Kono and Fridovich 1983; Frankenberg et al. 2002) to eliminate peroxide, the
high levels of peroxide they produce suggest that these enzymes might require
specific conditions for activity and/or expression. For instance, many catalases
contain heme as a cofactor in prokaryotes, although a manganese-dependent cata-
lase has been reported in L. plantarum (Kono and Fridovich 1983). In the case of
catalases using heme as a cofactor, E. faecalis would need to scavenge it from
their environment, as it lacks the complete biosynthesis pathway like other LAB
(Kono and Fridovich 1983; Duwat et al. 2001; Frankenberg et al. 2002). Peroxidase
activity is mainly assured by the AhpF-AhpC complex. AhpF (also named Nox-1)
is a dehydrogenase that drives electrons from NADH to AhpC in Streptococcus
mutans (Higuchi et al. 1999, 2000). Furthermore, AhpC catalyzes the reduction of
peroxide into water or alcohol via the oxidation of its cysteine residues. So a
depletion of NADH due to the lactate dehydrogenase activity (or H,O,-producing
NADH oxidase) probably limits the activity of AhpF-AhpC. Besides the afore-
mentioned activity, AhpC can switch to a chaperone function as it forms oligo-
meric complexes as described in Helicobacter pylori and thus might stabilize the
protein folding during stress conditions (Chuang et al. 20006). Interestingly, we
recently found that AhpC is also a heme-binding protein, which is needed for
full respiration activity of the opportunist pathogen Streptococcus agalactiae
(Lechardeur et al. 2010).

H,0, is activated by ultraviolet light or in the presence of metals and is converted
into HO", the most reactive species of O, byproducts. Nonheme iron was estimated
to be around 10 pg/g of cell dried weight in L. lactis MG1363 (Gostick et al. 1999),
under some conditions. While similar measurements are unavailable for LAB ., it
is likely that iron is present, as since (1) some housekeeping enzymes require iron,
such as dihydroorate reductase (Rowland et al. 2000), (2) LAB,, carry genes for
potential iron transporters, (3) LAB , ,, genome analysis revealed genes coding for
enzymes involved in iron utilization (Gostick et al. 1999, Thibessard et al. 2004),
and (4) an iron chelator (like Desferal) protected DNA integrity when L. lactis was
exposed to O, (Duwat et al. 1995; Rezaiki et al. 2004).

HO' reacts at its site of production and oxidizes all biomolecules present in its
vicinity. The steady-state concentration of this molecule is thus considered very
low compared to O,~ and H,O,. In the case of DNA, the damage incurred sug-
gested that iron (or other redox metals) is probably sequestered in the phosphate
backbone of the DNA (Ouameur et al. 2005). To strengthen this, the family of
Dps/Dpr proteins, which are used in iron storage, prevented HO" formation and
further protected the DNA (Yamamoto et al. 2002; 2004). Interestingly, Dps from
E. coli and L. lactis bind to DNA (Martinez and Kolter 1997; Stillman et al.
2005), probably highlighting the importance of this class of proteins in DNA
integrity in bacteria.
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6.3 Target and Defense: Glyceraldehyde-3-Phosphate
Dehydrogenase, Pyruvate Formate Lyase, and Respiration
as General Barriers Against Reactive Oxygen Species

Besides some proteins that protect DNA from damage, others have recently
been characterized for their sensitivity to oxidative stress in L. lactis, including
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and PFL.

6.3.1 Glyceraldehyde-3-Phosphate Dehydrogenase

GAPDH, called GapB in L. lactis MG1363, catalyzes the conversion of glyceraldyde-
3-phosphate to glycerate-1,3-biphosphate in glycolysis. A decrease in gapB gene
expression resulted in a dramatic reduction in growth, suggesting that this enzyme,
not surprisingly, is essential in lactococci (Solem et al. 2003). The gapB gene is
highly expressed, and GapB is among the most abundant proteins in the L. lactis
glycolytic pathway. It is readily detected on 2D gels, and appears as two spots with
different isoelectric points but the same molecular weight, indicating that GapB is
not cleaved, in contrast to PFL, when L. lactis cells are exposed to O, (Melchiorsen
et al. 2000). The relative levels of these two spots were observed to change in L. lactis
under two conditions: One is in a thioredoxin reductase mutant (1rxBI), and the
other is in respiration metabolism. This led us to consider that these two forms were
related to oxidative stress (Vido et al. 2004, 2005). Using mass spectrometry, the
two spots were analyzed in the rxBI background, and the sole difference observed
was oxidation of the catalytic cysteine. The thiol group of this amino acid was con-
verted into the sulfinic (SO,H) or sulfonic (SO,H) form, resulting in irreversible
oxidation. To date, no reducing system to reverse this oxidation has been described
in prokaryotes, while the reduction of sulfenic acid (SOH) and sulfoxide methion-
ine has been reported. For instance, methionine sulfoxide reductase restores oxi-
dized methionine in proteins (Boschi-Muller et al. 2008). Thus, to avoid cysteine
oxidation in GapB, enzymatic reducing systems like thioredoxin-thioredoxin
reductase systems are required to eliminate reactive oxygen species (ROS) before
they attack the proteins. The large amount of GapB in L. lactis MG1363 may also
be a means to avoid a decrease in the glycolytic flux occurring through oxidation of
GapB, as a threefold lower GapB still maintained a fully active glycolysis (Solem
et al. 2003). Moreover, the growth defect of the 77xB/ mutant is alleviated by the
presence of metabolites like glutathione, cysteine, and pyruvate, indicating that
these small molecules can protect GapB against ROS (Vido et al. 2005). L. lactis
contains a second GAPDH, GapA. Like GapB, GapA is also present as two iso-
forms on 2D gels, indicating that this protein is also subject to oxidation (Willemoes
et al. 2002). GapA is not overproduced in the frxBI mutant, suggesting that this
paralog does not compensate for the gapB inactivation and may not be involved in
the stress response (Vido et al. 2005).
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6.3.2 Pyruvate Formate Lyase

Under anaerobiosis, PFL catalyzes the conversion of pyruvate into acetyl-CoA.
During the shift from anaerobiosis to aerobiosis, PFL is cleaved into two fragments,
resulting in its irreversible inactivation. One strategy to avoid the cleavage is to
reduce the glycyl radical into glycine by the PFL deactivase (Melchiorsen et al.
2000). Otherwise, the induction of an alternative metabolic pathway is essential to
maintain the production of acetyl-CoA under aeration. In this latter growth
condition, genes encoding the pyruvate dehydrogenase complex (PdhABCD,
PDHc) are overexpressed (Jensen et al. 2001). This complex also catalyzes the
conversion of pyruvate into acetyl-CoA, but unlike PFL, the second end product
of this reaction is NADH. As the lactate dehydrogenase recycles NADH into NAD
but also consumes pyruvate, it cannot assist PDHc in its activity. Thus, other
NADH oxidoreductases, such as the NADH:H,O-forming oxidase (NOX), are
required to recycle NAD independently of pyruvate. NOX catalyzes the four-
electron reduction of O, into water. In some bacteria, this flavoprotein plays an
important role in growth under aeration. It contributes both to the reduction of
ROS formation through O, scavenging activity (Yamamoto et al. 2006) and to the
production of acetyl-CoA coupled with PDHc. In L. lactis, an NADH:H, O-
forming oxidase overproduction produced a large amount of acetate, and acetoin,
at the expense of lactate, indicating that this enzyme contributes significantly to
the conversion of pyruvate into acetate (Lopez de Felipe et al. 1998; Hoefnagel
et al. 2002), but the effect of NOX deletion on L. lactis growth or metabolic
pathways remains unknown. In contrast, other Streptococcaceae may have less
redundancy in this function. It is notable that NOX inactivation can be compensated
for in respiring LAB by the NADH oxidase activity as part of the electron transport
chain (Yamamoto et al. 2006). Interestingly, an S. agalactiae nox-2 mutant failed
to grow under aeration due to acetyl-CoA deficiency (its production requires
NAD, which is produced less in the NOX mutant). As an acetyl-CoA is a precursor
of fatty acids, the addition of lipids or serum restored the S. agalactiae growth
defect (Yamamoto et al. 2006).

6.3.3 Respiration as a General Barrier Against Reactive
Oxygen Species

LAB,,,, species like L. lactis are traditionally considered to be obligate fermenta-
tive bacteria because even in aerobiosis they use sugar degradation for substrate-
level phosphorylation, that is ATP production. However, experimental studies
revealed that L. lactis, E. faecalis, and other LAB are capable of activating a heme-
dependent cytochrome oxidase and of establishing a complete respiration chain
(Winstedt et al. 2000; Duwat et al. 2001). In L. lactis, the respiratory chain com-

prises (1) an NADH dehydrogenase (likely to be encoded by noxA and/or noxB),
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which drives electrons to menaquinone (Gaudu et al. 2002; Brooijmans et al. 2009a;
Tachon et al. 2009), (2) menaquinones (synthesized in L. lactis and E. faecalis, but
lacking in other respiration-competent LAB), which transfer the electrons to the
terminal acceptor (Huycke et al. 2001; Rezaiki et al. 2008; Brooijmans et al. 2009a;
Tachon et al. 2009), and (3) heme-dependent cytochrome oxidase CydAB, the
terminal electron acceptor, which finally reduces O, into water (Duwat et al. 2001)
(Fig. 6.1). The heme biosynthesis pathway is incomplete in all LAB that have been
sequenced. Some bacteria, like L. lactis and E. faecalis, encode a ferrochelatase
(called HemH), which catalyzes the incorporation of iron in protoporphyrin-IX
(PPIX), to generate heme (Duwat et al. 2001).

An unexpected finding for respiration-grown L. lactis was that the cells survive
much better at 4°C than under fermentation once they attain the stationary phase
(Duwat et al. 2001). For instance, after 2 weeks of storage, a 10%-fold increase in the
viable population was observed for respiration-grown cells compared to fermenta-
tion-grown cells. This effect is due to at least two factors: One concerns the higher
pH of respiration cultures, due to less organic acid accumulation. Nevertheless,
fermentative cells resuspended in medium buffered at pH 7.0 did not survive as well
as cells cultured under respiration conditions, indicating that the pH difference is
only part of the answer. The second and primary reason for the improved survival is
therefore attributed to the O, scavenging properties of CydAB (Rezaiki et al. 2004).
This class of oxidases is generally reported to have more affinity for O, than other

heme: *

May require
@ Mmenaquinone

e transporter
menaguinones

Fig. 6.1 A respiratory chain in LAB. Heme uptake probably involves a specific transporter(s),
including the system encoded by the fhu operon in L. lactis (not schematized) (Gaudu et al. 2003).
The mechanism of incorporation into cytochrome oxidase, CydAB, is still unknown. Electrons
from NADH are transferred to CydAB via NADH dehydrogenase (electron donor) and menaqui-
none (electron transfer intermediate). Genes for menaquinone synthesis are present only in some
of the LABs (see Fig. 6.2). The activated respiratory chain reduces O, to water and concomitantly
extrudes protons from the cytoplasm. ATPase makes use of a pH gradient to produce extra ATP
(Koebmann et al. 2008). To avoid a toxic heme overload, putative efflux systems, including YgfBA,
are produced (not schematized) (Pedersen et al. 2008)
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Fig. 6.2 Distribution of respiration capacity in related LAB ,,, and other LAB. Related lactic
acid bacteria (based on similarities of the conserved recA Orfs using ClustalW alignment) are
presented. Bacteria are classified as food (green), commensal or opportunist pathogens (black), or
pathogens (red). All these LAB lack heme biosynthesis genes. Among them, those encoding
cydABCD genes are underlined. Those that require only heme to activate respiration metabolism
are shown with one red star. Those that require heme and a menaquinone to activate respiration
metabolism are shown with two red stars. Respiration metabolism was demonstrated experimen-
tally for L. lactis, E. faecalis, S. agalactiae, Lb. plantarum, L. mesenteroides (Duwat et al. 2001;
Huycke et al. 2001; Yamamoto et al. 2005; Brooijmans et al. 2009a; b); for L. mesenteroides
(C. Foucaud, Alexandra Gruss and Philippe Gaudu, unpublished data)

cytochrome oxidases. Thus, O, consumption in the membrane reduces O, levels in
the cytoplasm and in turn limits ROS production. In addition, L. lactis and other
respiration-permissive LAB must strictly manage their heme pools to limit their
reactivity (heme is redox-active, and iron can catalyze the Fenton reaction, leading
to cell damage), yet allowing sufficient heme availability to activate the CydAB
cytochrome oxidase (Rezaiki et al. 2004). Recently, we identified factors involved
in intracellular heme management: AhpC was found to bind heme, and the YgfCBA
proteins were found to be involved in efficient heme efflux (Pedersen et al. 2008;
Lechardeur et al. 2010).

Several LAB encode the cydABCD genes, which are needed to produce the cyto-
chrome bd oxidase (cydCD encodes functions implicated in cytochrome oxidase
assembly) (Huycke et al. 2001; Yamamoto et al. 2005; Brooijmans et al. 2009a, b).
These are summarized in Fig. 6.1. We consider this feature to be a reliable indica-
tion to identify which LAB have the potential to undergo a respiratory metabolism
when heme, and in some cases a menaquinone source, is provided. For instance,
S. agalactiae, an opportunistic human and bovine pathogen and a lactic acid bacte-
rium, activates its respiratory chain once heme and menaquinone are supplied in
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aerobic cultures (Yamamoto et al. 2005). More recently, the respiration capacity of
cydABCD-encoding organisms was also validated in L. plantarum, giving similar
phenotypes as above (Brooijmans et al. 2009b). When heme (or PPIX) is supplied
to L. lactis under aerobic conditions, carbon metabolism is dramatically altered:
Acetate and acetoin are produced in substantial amounts at the expense of lactic
acid (Kaneko et al. 1990; Duwat et al. 2001; Pedersen et al. 2008). This change is
possibly regulated through the NADH/NAD* ratio through changes in gene expres-
sion in enzymes around pyruvate metabolism, as indicated for both transcriptome
and proteome analysis (Vido et al. 2004; Pedersen et al. 2008). Note that respiratory
chain activity expulses protons to the outside of the cells, which is taken up by the
ATPase to produce ATP (Blank et al. 2001; Koebmann et al. 2008). Under the
energetically favorable respiration conditions (i.e., in aerobic growth with heme),
L. lactis displays a gain of biomass compared to fermentation growth (Duwat et al.
2001; Pedersen et al. 2008). Unexpectedly, in contrast to L. lactis, L. plantarum
displayed an additional respiratory metabolism with nitrate as the electron acceptor.
This nitrate respiration also required heme and menaquinone for activity (Brooijmans
et al. 2009b).

6.4 Regulation of Oxidative Stress Response:
Evidence and Models

Although several stress-defense proteins, in addition to the respiratory chain, have
already been identified in LAB cras (€-8., SOD, thioredoxin reductase, peroxidase,
glutathione reductase, and RecA; see van de Guchte et al. (2002); and Hols et al.
(2005) for a review) the mechanisms involved in their regulation remain widely
unknown. Their genes are often induced under air or oxidative stress, as observed in
other species like Bacillus subtilis or E. coli, suggesting that some strategies are
common among bacteria. This hypothesis is supported by the presence of several
potential regulators in LAB that are homologs to those characterized in B. subtilis,
for instance. To date, only a few regulators have been identified in LAB s and
they can be classified in two categories: (1) transcriptional regulators that specifi-
cally recognize a motif in the promoter region of stress-response genes, to facilitate
the recruitment of RNA polymerase, (2) proteins that modulate the activities of
RNA polymerase.

6.4.1 Two-Component Systems

Among the six two-component systems (TCSs) identified in L. lactis MG1363,
only two were found to be involved in oxidative stress: LIrF (DNA-binding regu-
lator) and LIkinF (sensor) (O’Connell-Motherway et al. 2000). The inactivation
of LItF exhibited a greater sensitivity to peroxide: After 20 min of exposure to

4 mM of H,0,, only 9% of the mutant population remained viable compared to
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70% in the control. The genes that are under control of this TCS, as well as the
detected stress signal, remain to be identified in L. lactis. In S. mutans, ScnRK, a
TCS, appears to regulate several genes related to stress, including #px, encoding a
thiol peroxidase (Chen et al. 2008). As this is also present in L. lactis, tpx might
be controlled by LIrF/LlkinF.

6.4.2 PerR

Genome analysis in L. lactis revealed the presence of several homologs of
B. subtilis PerR and OhrR, which are involved in the peroxide stress response.
In B. subtilis, PerR is related to the ferric-uptake repressor family of proteins
(Lee and Helmann 2006). It is a dimer and contains two metal ions per subunit:
Zinc is coordinated to the protein via four cysteine residues, while ferrous iron or
manganese ion is likely linked via histidines (H37, H91, and H93) and aspartic
acids (D85 and D104). The PerR, . form reacted via iron with peroxide by
Fenton reaction, and furthermore, HO" oxidized histidine at position 37 or 91 in
the peptide sequence (Lee and Helmann 2006). This oxidation modified the affin-
ity of PerR for the test promoter region of mrgA (encoding a Dps-like protein).
In contrast, no oxidation occurred with the PerR, form, indicating that PerR
is likely to use iron and zinc as metal cofactors in vivo. The L. lactis MG1363
homolog of PerR is named Fur (1lmg_1023). In E. faecalis, a PerR-like regulator
has been identified and found to contribute in oxidative stress response (Verneuil
et al. 2005). Unexpectedly, in contrast to PerR, a new regulator HypR, belonging
to the LysR family, has been shown to respond to peroxide stress in E. faecalis.
Nevertheless, the roles of HypR versus PerR in stress regulation are not yet
clearly understood in this bacterium (Verneuil et al. 2004).

6.4.3 OhrR

B. subtilis OhrR protein is a homodimer that belongs to the multiple antibiotic resis-
tance (MarR) family. It regulates the expression of the ohr genes encoding thiol
peroxidase, which reduces hydroperoxide to the corresponding alcohols. OhrR
responds to hydroperoxide stress via the oxidation of its unique cysteine residue,
located at position 15 in the polypeptide (Fuangthong and Helmann 2002). During
oxidative stress, cysteine is oxidized to sulfenic acid (RSH — RSOH) or to more
oxidized forms. The oxidized protein does not bind to the promoter region of
ohrA, encoding an organic peroxide resistance protein. A closer homolog of OhrR
is present in L. lactis L1403 (Rmal), but seems to be absent in MG1363. This indi-
cates that the latter cannot cope with organic peroxide stress, or that the signaling
pathway differs from OhrR.
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6.4.4 Rex

Unlike OhrR and PerR, which detect stress by the oxidation of an amino acid, the
Rex protein governs the expression of the cytochrome oxidase gene (cydAB) in
B. subtilis and Streptomyces ceolicolor via the pool of NADH (Wang et al. 2008).
This protein is a homodimer containing two domains: The N-terminal domain binds
to the promoter region of target genes such as cydABCD, while the C-terminal
recognizes the ligand, NADH. One model is that when cells reach the stationary
phase (or when the O, tension decreases due to high cell density), the NADH pool
increases, leading to its binding to Rex. The Rex-NADH-DNA complex becomes
unstable, and thus the repression of genes controlled by Rex is off. In L. lactis
MG1363, the homolog of Rex is llmg_1514. However, E. faecalis contains in its
genome two ORFs similar to Rex, suggesting that one might respond to other
signals like NADPH instead of NADH, for instance.

6.4.5 Factors Modulating RNA Polymerase

Modification of RNA polymerase activity is reportedly involved in the regulation of
stress responses in L. lactis. Two candidates have been identified recently in this
bacterium: ppGpp and a new class of proteins, Spx.

6.4.5.1 ppGpp

ppGpp is produced during the stringent response, and probably in all conditions that
lead to growth arrest (Magnusson et al. 2005). Cross-linking experiments indicated
that it interacted with the two -subunits of RNA polymerase, close to the catalytic
site (Chatterji et al. 1998). In L. lactis, inactivation of the high-affinity phosphate
transporter, encoded by the pst locus, increased resistance to multiple stresses as
reported for an relA mutant. The latter was shown to produce more ppGpp than the
parent strain, indicating that the multiresistance observed in these mutants was
correlated to ppGpp levels (Rallu et al. 2000). We developed a strategy to reveal
L. lactis factors responding to oxidative stress, in which we disabled part of the
oxidative stress response by growing cells in the presence of a reducing agent,
dithiothreitol (DTT) (Cesselin et al. 2009). This molecule did not allow the produc-
tion of SOD, AhpC, and TrxB1, confirming the use of a redox control in their
respective gene expression. Unexpectedly, mutants isolated as resistant to stress in
the presence of DTT were also inactivated in the pst locus. Pst mutants displayed an
accrued resistance to copper, zinc, and tellurite (Turner et al. 2007; Cesselin et al.
2009). Copper and zinc bind to cysteine residues in proteins and, in the case of
copper, also catalyze the Fenton reaction (Stadtman and Oliver 1991; Barre et al.
2007; Cesselin et al. 2009; Macomber and Imlay 2009). These observations suggest
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a probable link between ppGpp levels and metal homeostasis, as reported in E. coli.
In E. coli, a metal limitation (iron) stimulated ppGpp production (Vinella et al.
2005). Note that two FNR-like proteins, containing redox cysteine residues, are
involved in stress sensitivity and were shown to modulate zinc homeostasis
(Gostick et al. 1999). These results all seem to point to the important role of metals
in bacterial stress responses.

6.4.5.2 Spx

Spx proteins interact with the C-terminal domain of the RNA polymerase a-subunit
in vitro and are thus a modulator of the transcriptional regulator — RNA polymerase
interaction (Zuber 2004). Spx proteins are ubiquitous in Gram-positive bacteria,
and the numbers of paralogs differ according to the species. For instance, L. lactis
contains seven paralogs: The SpxB protein is involved in cell wall stress response
(Veiga et al. 2007). TrmA (SpxA) inactivation leads to temperature resistance and
compensates for defects due to clpP or recA inactivation (Duwat et al. 1999; Frees
et al. 2001; Veiga et al. 2007). Functions of other Spx paralogs are under investiga-
tion in our laboratory (S. Kulakauskas, INRA). Interestingly, five of seven Spx
proteins contain a CXXC motif in the N-terminal domain. This suggests that they
might be under redox regulation. As this motif — present also in peroxiredoxin
proteins such as thioredoxin — is highly conserved, it is tempting to propose that it
might form disulfide bonds under certain conditions and thus might modulate Spx
activity and its interactions with RNA polymerase. However, the work of You et al.
suggests that this may not be the case (You et al. 2008). The addition of DTT, an
agent that reverses disulfide bonds, had no effect on oxidized Spx after treatment of
B. subtilis by paraquat. This observation suggests that cysteines of Spx proteins
were probably oxidized in an irreversible form as observed in GapB (Vido et al.
2005). Moreover, the total absence of cysteine in the two other Spx proteins in
L. lactis (Ilmg_1130 and llmg_1155) reveals a strong diversity in the activities of
these proteins.

6.5 Concluding Remarks

In E. coli, O, reacts with particular iron-sulfur clusters present in some dehy-
dratases (Keyer and Imlay 1996). As of now, no dehydratase containing the [4Fe-4S]
cluster with a labile iron has been reported in LAB . ., suggesting that the toxicity
of O, might pass through a different mechanism of what was elucidated in the
E. coli model. There are, nevertheless, L. lactis Orfs involved in amino acid synthe-
sis, corresponding to dehydratases (like IlvD and SdaA), which likely involve Fe-S
clusters. As the roles and requirements of iron in LAB,,, ; have not yet been firmly
established, many lines of research remain to be explored to understand the toxicity
of ROS in LAB
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Similarly, the identification of stress-response regulators and signaling pathways

in LAB ,, is incomplete, and most signals and targets are still unknown. Deeper

characterizations of targets, for example, of the two-component LIrF-LIkinF system
and of the roles of different Spx proteins in oxidative stress in LAB ., are likely to
bring information that cannot be transposed from studies of aerobic model bacteria.
The impact of central metabolism on stress responses is still preliminary in LAB;
for instance, the stress response under respiration conditions may be radically
different from that under fermentation conditions. Global and modeling approaches
will be valuable in obtaining an integral view on the stressed cell and should
complement more in-depth studies of specific factors, which have led to some of the
fundamental findings reported here.
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Chapter 7
Responses of Lactic Acid Bacteria to Starvation

Bart C. Weimer

7.1 Introduction

Since the first description of viable but nonculturable (NC) organisms by Colwell
and Grimes (2000), many microbes have been recognized to enter an NC state in the
later stages of the stationary phase (Oliver 2010). Since then, most of the focus has
been directed to pathogenic bacteria and their ability to become NC, to persist in the
environment, and to initiate infections. Though it is well recognized that most bac-
teria in the environment are NC, this physiological state was not clearly demon-
strated in lactic acid bacteria (LAB) until recently (Stuart et al. 1999; Ganesan et al.
2007). The realization that microbes in many habitats are largely NC is pushing
microbiologists increasingly to utilize culture-independent measurement tools.
Initially, gene chips were employed (Brodie et al. 2007). More recently, a metage-
nomic assessment for the definition of the community membership and the func-
tional genes has been used; high-throughput DNA/RNA sequencing technologies
are rapidly evolving to provide extensive genome coverage at a low cost from many
samples. The realization that common food-borne pathogens are routinely NC is
fueling an extensive debate about the impact on public health via water carriage
and pathogen survival coupled to host infection, especially for enteric microbes
and mycobacteria.

Raw milk also carries NC spoilage and possible pathogens that are heat-resistant
and metabolically active (Gunasekera et al. 2002). Infection studies using NC
Salmonella enterica sv. Typhimurium found that only actively dividing cells pro-
duced an infection (Passerat et al. 2009). While the vast majority of organisms associ-
ated with foods are capable of achieving the NC state, this chapter will focus on LAB,
the NC state, and the metabolic capabilities associated with persistence of NC cells.
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7.2 Methods to Detect Nonculturable Cells

Traditional plating methods rely on the ability of the microbe to form colonies on a
plate during cell division. This is the basis for virtually all methods to assess bacte-
rial populations in regulatory situations. As cells become stressed, the ability to
form colonies diminishes, yet they persist in broth. This phenotype demands that
detection be based upon culture-independent methods, which are now becoming
readily available. Specific dyes can be used to differentiate live and dead cells, rely-
ing on the ability of some to cross the membrane, while others do not unless the
membrane is compromised (Cenciarini-Borde et al. 2009). Alternatively, dyes cou-
pled to flow cytometry can be used to test and sort subpopulations that have differ-
ent membrane potentials as well (Papadimitriou et al. 2006). The use of cellular
DNA dyes enables flow cytometry to be used to assess the proportion of the popula-
tion that is NC in the laboratory (Papadimitriou et al. 2007). However, these
approaches have not achieved widespread use in food systems largely due to the
interfering food particles, but they clearly demonstrate that subpopulations occur in
LAB with differences in membrane integrity and culturability.

Genomics and culture-independent methods using metagenomics and PCR are
gaining popularity to study NC populations directly from complex samples that can
assess horizontal gene transfer and genetic diversity (Parnell et al. 2010). A concern
of the food industry is the extraction of DNA from dead cells, hence the necessity
for using membrane and DNA-binding dyes to differentiate live and dead cells.
While it is possible that DNA remains stable to the environment during incubation,
its stability can be compromised in fermented dairy products, where many nucle-
ases are present (Weimer, unpubl. data). DNA extraction methods are now widely
available in order to obtain high-quality DNA that is intact and of sufficient quality
for PCR and sequencing. The use of DNA-complexing dyes, like propidium mono-
azide (PMA), a DNA-binding dye that is photo-cross-linked to DNA if the mem-
brane is compromised, limits qPCR detection to intact, live cells (Nocker et al.
2006; Nocker and Camper 2009). It has been suggested that combining qPCR and
PMA is an appropriate method to monitor disinfection (Nocker et al. 2007). While
this is an interesting approach, it is unclear if it is applicable to industrial or food
fermentations where biofilms occur. Recently, PMA and qPCR were used to deter-
mine the live/dead ratio of Lactobacillus acidophilus in yogurt to find that probiotic
organisms survive very well during storage (Tabasco et al. 2009).

Alternatively, researchers are extracting RNA as a measure of cell viability to
exploit the greater instability of RNA compared to DNA, and to gain access to infor-
mation about gene expression, cell viability, and bacterial metabolism during prod-
uct storage. Gene expression performed directly from complex samples and foods,
especially dairy products containing NC LAB, is assessed routinely to determine
changes during stress and storage (Weimer et al. 2004; Xie et al. 2004). This
approach enables the detection of the gene expression of membrane proteins and
transport systems during storage in food products that are informative of the com-
munity structure, cell state, and metabolism.
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7.3 Resuscitation of Nonculturable Cells

Skeptics for the existence of the NC state were largely driven by the inability to
“wake up” the cells after they became NC. This initial criticism is waning, but the
method to induce a reculturable state from cells after they become NC remains
largely unknown. While some Gram-negative proteobacteria (enterobacteria) and a
few actinobacteria (e.g., micrococci, mycobacteria) have been resuscitated, rela-
tively few molecules are known to induce the recovery of NC microbes. Resuscitation-
promoting factors (rpf locus; Rpf), small proteins with muralytic activity excreted
into the medium, initially identified in Micrococcus luteus, are now being discov-
ered in many actinobacteria, including homologs in bifidobacteria and mycobacte-
ria. These molecules are able to induce regrowth (Mukamolova et al. 1998; Kana
and Mizrahi 2010). Work is progressing to understand the exact unresolved rela-
tionship between the predicted biochemical activity of Rpfs (i.e., the cleavage of the
beta-1,4 glycosidic bond in the glycan backbone of peptidoglycan) and the resusci-
tation mechanisms (Kana and Mizrahi 2010). These diverse lytic transglycosylases
are not well conserved and form a number of families. The commonality is cleavage
of the glycosidic linkage between N-actetylmuramoyl and N-acetylglucosaminyl
residues to remodel the peptidoglycan with the hypothesis that it will lead to
regrowth (Scheurwater et al. 2008). Additionally, a new class of 2-nitrophenylthio-
cyanates was recently found that also regulates NC cells but does not influence
actively dividing cells (Demina et al. 2009).

At this point, there is not a clear definition or mechanism of exactly how pepti-
doglycan remodeling and turnover occur in the large number of organisms that
become NC. It appears that peptidoglycan hydrolases produce products that exert
additional signal transduction-like activities through Ser/Thr protein kinases.
Additionally, quorum-sensing molecules appear to be responsible for cellular com-
munication during the NC state in biofilms for Gram-negative organisms, yet the
specific molecules for Gram-positive organisms that do not respond to homoserine
lactones have yet to be described (Oliver 2010). Lactococci and lactobacilli do not
respond to homoserine lactones during normal growth or during the NC state, indi-
cating that other small molecules act as signaling compounds for NC resuscitation
(Stuart et al. 1999).

While carbohydrate exhaustion ushers LAB into the NC state, resuscitation has
not been demonstrated. Many LAB, such as lactobacilli, lactococci, bifidobacteria,
brevibacteria, and oenococci, enter the NC state, but they have yet to be resusci-
tated. Examination of the LAB genomes for the molecules described in other bacte-
ria has yielded homologs that are not well conserved, suggesting that additional
mechanisms for resuscitation in LAB are yet to be described. It appears that these
genera contain distant homologs of Rfps as well as other uncharacterized genes in
lactococci that may mediate resuscitation (Ravagnani et al. 2005) (Figs. 7.1 and
7.2). Interestingly, the operon downstream of yuaE that contains YuaC and
LACR2197 is unique to lactococci and is not found in any other microbe.
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neighborhood. The structure in lactococci seems to be completely unique as compared to the other
organisms with this protein

Yet, none of these homologs in these organisms has been demonstrated to lead to
resuscitation. Some clues are appearing with the realization that the cells survive
longer after salt stress in the presence of glycine/betaine (Weimer 2010) and after
oxidative stress with the transport of glutathione (Zhang et al. 2010) and that galac-
tose accumulation is coupled with the activity of autolysins in lactococci (acmA)
(Steen et al. 2008). Interestingly, both glutathione and galactose accumulation led to
changes in sugar metabolism and cell morphology and to resistance to autolysis.
Lastly, the deacetylation of peptidoglycan in Lactococcus lactis via the regulation
of peptidoglycan N-acetylglucosamine deacetylase (pdgA aka xynD) reduced autol-
ysis due to acmA activity (Meyrand et al. 2007). Presumably, this was due to a
modified charge on the cell wall and reduced interaction between AcmA and acetyl-
glucosamine. Additional work is needed to fully determine the role of autolysins in
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cell wall turnover and resuscitation. This is especially true for LAB, since acmA was
not found to be regulated during the NC state, indicating that other processes are at
play on the cell surface of LAB (Ganesan et al. 2007).

7.4 Nonculturable Lactic Acid Bacteria

Food fermentations are of specific importance in the stress biology of LAB since the
products are stored for extended periods in variable temperatures, acid conditions
(usually highly acidic), redox potential, and carbohydrate content that lead to unique
cellular responses and metabolic end products. In most food fermentations, no or
limited simple sugars remain after the initial production. For example, in hard
cheese fermentation, lactose is exhausted within approximately 30 days, leaving the
organisms to produce flavors from either fat or protein (McSweeney 2007). This
observation, coupled with the apparent cell death of lactococci during ripening, led
to the conclusion that nonstarter LAB, mostly lactobacilli, were responsible for
accumulation of metabolic end products in cheese (Weimer 2007, 2010). However,
the thorough list of compounds assembled by many authors cannot explain the
accumulation of protein-related end products such as aromatic compounds and
branched-chain fatty acids (BCFAs) (Schormiiller 1968; Urbach 1993, 1995). The
expectation is that LAB will produce compounds that preserve and provide flavor
via metabolism. The combination of stresses during fermentation has a dramatic
impact on the metabolism and survival of LAB (Weimer 2010). However, sugar
starvation was only recently recognized as a key stress for LAB, specifically
lactococci.

While NC states are becoming largely accepted, their biological role remains
unknown. LAB are exposed to many stresses during growth and survival in the
environment, during fermentation processes, and with host association that likely
contribute to NC entry (Weimer 2007). Abiotic stress regulates many bacterial pro-
cesses and cellular activities as well as the induction biofilm formation, where
bacteria commonly lose the ability to divide and begin to signal using small mole-
cules (Keller and Surette 2006; Straight and Kolter 2009). This suggests that
perhaps some of the compounds so prized in cheese flavor are the direct result of
LAB biofilm formation during the aging of LAB fermented products.

7.4.1 Nondairy Fermentations

In meat fermentations, NC cell types are not well defined since most of the flavor
comes from lactic acid and other sugar-derived compounds from the large amount
of added sugar. In sake and beer fermentations, lactobacilli become NC during
aging and are related to spoilage (Koji et al. 2006). Using different media and cell-
staining dyes, colonies and cell morphology were found to change during extended
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storage (Koji et al. 2006; Suzuki et al. 2008). While it seems likely that lactobacilli
have the ability to become NC in beer, additional work is needed to demonstrate the
relevant mechanisms.

7.4.2 Dairy Fermentations

During dairy fermentations where lactococci are used to initiate lactose fermenta-
tion, a number of groups noted that lactococci enter a different metabolic state dur-
ing subsequent cheese aging, associated with amino acid metabolism and bacterial
survival (Thomas and Batt 1968; Kunji et al. 1993; Rallu et al. 1996; Stuart et al.
1999). Leveraging previous observations and the ability of lactococci to utilize Arg
for energy (Thomas and Batt 1968; Kunji et al. 1993), Chou demonstrated that a
balance among lactose use, pH, and Arg consumption regulates pH and energy dur-
ing growth and carbon starvation (Chou and Weimer 2001). It is widely believed
that lactococci are alive only in the early steps of cheese making, where they pro-
duce lactic acid from lactose. The cheese-making protocol is designed to control the
production of acid using heat and salt (O’Keeffe et al. 1976; Arora et al. 1995; Crow
et al. 1995). Until recently, these two stresses, along with bacteriophages, were
thought to solely slow metabolism and ultimately lead to autolysis, releasing intra-
cellular enzymes that produced flavor compounds during ripening. While some
amount of the population does lyse and contributes to flavor production (Crow et al.
1995), complete lysis leads to no flavor production (V. Crow and R. Holland, per-
sonal communication), indicating that metabolism by lactococci is critical for sub-
strate conversion to flavor compounds in cheese.

While the growth curves using plate counts lead to the conclusion that lactococci
lyse, changes during cheese ripening assist the conversion of amino acids to new
compounds at concentrations that cannot be accounted for solely by cell lysis. This
conclusion led to the assumption that apparent declines in the plate count were the
result of widespread autolysis, and lactococci were simply “bags of enzymes” to
release intracellular metabolic enzymes that are active during cheese ripening
(Wilkinson et al. 1994; Ostlie et al. 1995; Buist et al. 1998). However, these conclu-
sions presume that intracellular enzymes are active at the salt concentration (4-5%
in the moisture), pH (5.0-5.3), and temperature (~5-15°C) found in aging cheese to
produce the compounds associated with ripening.

Stuart et al. (1999) and Ganesan et al. (2007) demonstrated that carbohydrate
starvation leads to the NC state within 12-48 h in lactococci. During short-term
starvation (2 weeks), lactococci exhibited varying abilities to exhaust lactose, which
delayed entry into the NC state, and a few strains never achieved lactose starvation
(Stuart et al. 1999). Once the cells became NC, they continued to exhaust Arg and
Met but produced Ser from the initial steps of glycolysis. Lactococci continue to
remain metabolically active and play a causative role in cheese flavor in the NC
state, as Ganesan estimates that only 0.001-0.1% of the total population undergoes
autolysis (Ganesan et al. 2006, 2007).
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Linking the inconsistencies among enzyme activities in the harsh conditions of
cheese, the increase in amino acids during ripening, and the production of lipids that
are not possible from the lipolysis of milk led to the exploration of the ability of
lactococci to survive carbon stress via amino acid metabolism as a mechanism to
explain flavor production by NC cells. Weimer’s group found that when lactococci
are allowed to completely deplete lactose, they lose the ability to divide but continue
to regulate the proteome to proceed with Arg metabolism through arginine deiminase
(Stuart et al. 1999; Chou and Weimer 2001). This leads to a subpopulation of lacto-
cocci that is undetected by bacterial plate counts, causing an apparent reduction in
the total population during cheese ripening, leading to the conclusion that the starter
culture dies. DNA-binding and membrane dyes verified the existence of these two
different populations: those cells that can grow on plates and those that become NC
(Stuart et al. 1999; Ganesan et al. 2006, 2007). The NC population consists of three
different types of cells: (1) cells with intact cell walls, which remain capable of amino
acid and peptide transport and metabolism; (2) cells that have compromised mem-
branes; and (3) cells that are truly dead (Ganesan et al. 2006, 2007). The presence of
intact cells reinforces the importance of transport systems that provide alternate sub-
strates such as amino acids for catabolism during sugar starvation and cheese ripen-
ing to produce flavor-related compounds, which point to many amino acids, including
Met, Arg, aromatics, and branched-chain amino acids (BCAAs). It was clearly estab-
lished that amino acid utilization was induced in response to carbohydrate starvation
(Stuart et al. 1999; Chou and Weimer 2001; Ganesan and Weimer 2004; Ganesan
etal. 2007). This condition is also induced in the cheese matrix during aging (Fig. 7.3)
(Xie et al. 2004). These findings indicate that lactococci are much more resistant to
stress than previously appreciated. However, additional work is needed to completely
demonstrate the specific mechanisms of stress resistance and the role of NC popula-
tions that contribute to metabolism and flavor production during cheese ripening.

In lactococci, NC cells were induced after carbohydrate starvation (Stuart et al.
1999; Chou and Weimer 2001; Ganesan and Weimer 2004; Ganesan et al. 2007).
The machinery for replication was significantly repressed during entry into the NC
state (Ganesan et al. 2007). For example, 8 of 10 cytoskeletal genes (fts) were
repressed after entry into the NC state, while the genes needed to put Ala on the cell
wall were significantly induced about 2.5-fold. These two processes suggest that the

P P
L e e - {0 arer (a0

Age ADI OTC  A/Oport CK End Products

Initial + + + + ATP, CO,, 2x NH,

24 h + + + ATP, CO,, 2x NH,

45 d + + + ATP, CO,, NH,— Orn transport

Fig.7.3 Arginine utilization in Cheddar cheese during ripening using gene expression arrays (Xie
et al. 2004). ADI (arcA) is arginine deiminase; OTC (arcB) is ornithine transcarbamylase; CK
(arcC, arcC,) is carbamate kinase; A/O port (arcD and arcD,) is arginine/ornithine antiporter. Plus
signs indicate the presence of activity in curd



7 Responses of Lactic Acid Bacteria to Starvation 137

cytoskeleton was no longer forming and that the cell wall was becoming resistant to
hydrolysis by capping charged side groups making the cell wall less susceptible to
hydrolysis by neuraminidases. None of the acm genes were expressed or regulated
during the transition from active growth to the NC state, nor were holins from the
three prophage families (pil48, pi251, and pi306) in Lactococcus cremoris SK11.
Further, the carbon starvation protein (cstA) that signals broad carbon starvation
was not induced during NC induction, suggesting that the cell was not starving for
carbon. Presumably, amino acid metabolism was taking care of the carbon and
nitrogen needs as further observed by induction of amino acid catabolic pathways
and production of organic acids that lead to energy and redox control. These five
changes alone can explain lactococci NC states. How the cell remains energized via
metabolism needs to be elucidated, but amino acid catabolism is a starting point.

7.5 Metabolism and Nonculturable Cells

Lactococci are metabolically limited: They lack a functional electron transport sys-
tem, contain relatively few metabolic pathways, depend on proteolysis for many
amino acids, and have inducible complex carbohydrate metabolism systems
(Makarova et al. 2006; Makarova and Koonin 2007).

Recently, a number of regulators (e.g., ccpA, cstA, and codY) were implicated in
the transition to the stationary phase and forward to an NC state in lactococci. Cells
lose the ability to form colonies on agar, but remain metabolically active, by the
repression of ftsZ, which initiates cell division by forming the Z-ring. During this
transition, Arg and BCAA catabolism increases, while sugar transport via the phos-
photransferase system (PTS) is repressed due to the depletion of phosphoenolpyru-
vate (PEP) and the repression of HPr. This physiological state leads to the induction
of new metabolic capabilities to produce BCFAs from BCAAs, which are only pro-
duced during carbon starvation in lactococci.

Previous studies focused on the growth and proliferation of lactococci due to the
importance of phage resistance and acid production during the initial milk fermen-
tation. The lack of consistency in flavor and the need for improved flavor in low-fat
cheese reinvigorated interest in lactococcal metabolism, which began to lead to the
bridge between the long list of compounds found in cheese and the metabolic routes
for production (Gao et al. 1997; Weimer et al. 1997). Among the amino acid meta-
bolic pathways, the arginine deiminase system in lactococci and lactobacilli appears
to enable ATP production and pH regulation, and to directly link the switch from
sugar to amino acid metabolism in the NC state (Stuart et al. 1999; Chou and Weimer
2001; Weimer et al. 2004; Xie et al. 2004). However, other amino acids, including
aromatic, sulfur-containing, and BCAAs, can produce compounds directly impact-
ing flavor (Weimer 2007, 2010). Interestingly, some flavor compounds in cheese are
also now being recognized as signaling molecules in biofilms of Gram-positive
bacteria (Keller and Surette 2006; Straight and Kolter 2009). These compounds
were identified to be produced from amino acid metabolism during the stationary
phase (aromatic), and some are induced only after sugar exhaustion and entry into
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the NC state (BCFAs) in LAB (Weimer 2007, 2010). Additionally, furanones are
also potential signaling molecules in LAB (Vannini et al. 2007), but their exact role
for signaling and production remains to be examined.

7.5.1 Amino Acid Metabolism Induced During
Nonculturable State

During sugar starvation, LAB switch to the catabolism of amino acids via a commit-
ted step using aminotransferases (ATases), but their physiological role in NC metab-
olism and survival during cheese ripening remains to be fully characterized (Weimer
et al. 2004, 2007; Weimer 2007). The lactococcal genome contains 8—12 ATase
genes, among which only four are enzymatically characterized and most of which
can utilize two to four substrates with varying affinity (Bolotin et al. 2001; Makarova
et al. 2006). The aromatic, branched chain, sulfur, and aspartic acid ATases, with
overlapping substrate specificities, are regulated by pH, amino acid concentration,
and sugar source or entry in the NC state (Fig. 7.4). During the NC state, the PEP-PTS
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Fig. 7.4 Gene expression profile of lactococcal aminotransferases during sugar exhaustion (SE),
entry to NC (NC), and branched-chain fatty acid production (FA). The numbers 0 and 3 indicate
time (h). Green indicates repression, black is median expression, and red indicates induction. Data
were collected during carbohydrate starvation using chemically defined media (Ganesan et al.
2004, 2007)
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sugar transporters, the peptide transporters (opp and opt operons), and most
aminopeptidases are repressed, while glycosyl hydrolases and the dfp operon, as
well as the amino acid transporters, are induced (Ganesan et al. 2007). Interestingly,
NC cells induce an entirely new set of amino acid metabolism machinery that begins
with new transporters and ATases (Fig. 7.4) (Ganesan et al. 2007).

Amino acid to volatile fatty acids (VFAs) catabolic pathways are identified in
LAB and cheese-associated genera (Ganesan et al. 2004, 2006; Ganesan and Weimer
2004). Interestingly, LAB accumulate VFAs, while brevibacteria cycle between
production and consumption during NC incubation with BCAAs after carbohydrate
exhaustion. A global transcriptional regulator that is unique to bacilliacae and found
in LAB, codY, senses intracellular levels of BCAAs and aids in the catabolism of
amino acids (Ganesan et al. 2004, 2006; Ganesan and Weimer 2004). Carbohydrate
starvation induces BCFA production from BCAAs as a method to produce ATP dur-
ing the NC state (Ganesan et al. 2006). It was noticed that substrate-level phospho-
rylation was used via a complex CoA-dependent multistep pathway to produce ATP.
This approach produces sufficient ATP to enable cells to transport peptides during
carbon and nitrogen starvation (Fig. 7.5).

Amino acid catabolism generates ATP via substrate-level phosphorylation and
modulates the redox potential by the regeneration of NADH from NAD" under
anaerobic conditions. This metabolism generates fatty acids only during carbon

Medium Time pH ODggo Total Peptides in
(min) medium
(peak area)
Basal medium 0 7.20£0.00 0.25+0.04 422.20%38.96
120 6.70+0.00 0.33+0.03 423.05%13.32
Peptide-rich medium (casitone) 0 7.20£0.00 0.25+0.04 1223.85£34.18
120 6.6520.07 0.334£0.03 1324.30+32.59
Peptide hydrolyzed medium 0 7.20£0.00 0.23+0.04 889.05%28.95
120 5.35+0.07 0.80+0.37 696.25+27.11
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Fig. 7.5 Peptide transport during NC in Lactococcus lactis IL1403 with and without nitrogen
starvation. The cells were incubated at 30°C and the peptide transport was measured with and
without additional hydrolysis. Acidification was a measure of cell growth and metabolism. The
peptide amount was measured using an HPLC to determine a reduction during the incubation. The
expression of the peptide transport system was determined using gene expression arrays to find
that NC cells express the opt operon and repress the opp operon that is used during log-phase
growth
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starvation that is initiated at the onset of the NC state. Considering that these
pathways are not active in the presence of sugar, and that lactococci lose sugar cata-
bolic traits via plasmids, the evidence toward amino acid catabolism to VFAs is only
more convincing, as lactococci will lose glycolytic traits in the absence of sugars
and continue with amino acid metabolism (Stuart et al. 1999; Ganesan et al. 2006).

While Arg is cometabolized with lactose, its catabolism is important only for the
onset of starvation, as it is catabolized immediately in lactose limitation or lower pH
(Chou and Weimer 2001), and Arg residues are present in a limited number in casein
in comparison to BCAAs. It is clear that BCFA formation requires carbon starvation
and accompanies ATP stability along with the control of nitrogen metabolism via
Arg and Glu or 2-oxoglutamate. Interestingly, during fatty acid production, portions
of the nitrogen regulation system of Glu, Gln, and 2-oxoglutamate were repressed,
while other portions (i.e., Arg) were induced due to regulation by ccpA and codY.
Further, many of the aminopeptidases were repressed at the NC state. These obser-
vations suggest that nitrogen metabolism is still tightly regulated during NC so that
alternate catabolic shunts are used to control energy and redox. However, since
LAB lack rpoN and shift between codY and codZ during NC, it is clear that addi-
tional study is needed to truly define the role of carbon regulation and the resulting
impact on metabolism during the NC state in LAB.

7.5.2 Polysaccharide Metabolism Induced During
Nonculturable State

The ccpA regulator that binds to the CRE element is also important for the carbon
starvation response during polysaccharide utilization. Conservatively, there are
approximately 1,000 DNA-binding regions in LAB for this regulator if one or two
mismatches are allowed. The CRE box regulates sugar catabolism broadly — ribose,
mannitol, galactose, maltose, gluconate, and the genes needed to degrade complex
carbohydrates (alpha- and beta-glucosidases). This regulatory pair also regulates
citrate metabolism in part. Interestingly, during the NC state, complex sugar meta-
bolic enzymes were induced. However, the PTS transport systems for these sugars
were repressed, leaving only permeases, or in some cases no transport systems, to
bring complex carbohydrates into the cell. Thus, the cells rely completely on amino
acids for carbon, nitrogen, and energy. This is also the case for NC cells in Weimer’s
laboratory that are older than 10 years. As new substrates are added, new metabo-
lites are produced with the same amount of ATP and membrane integrity as newly
produced NC cells (unpubl. observation).

7.6 Concluding Remarks

Sugar starvation induces the NC state in lactobacilli and lactococci, which is com-
mon in other bacteria that are found in the environment and associated with animals.
The mechanisms underlying the NC state are intensively studied in many pathogens
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due to the public health implications. Methods to detect NC cells include membrane
dyes and culture-independent genetic approaches. With the wide-scale availability
of genomes and genomic tools, the study of NC cells is now tractable. The
resuscitation of NC cells is possible in a few microbes and is becoming more com-
mon with the discovery of specific small molecules and peptides that are quorum-
sensing molecules. Some of these molecules are flavor-active but have not been
shown to resuscitate LAB. Due to the small size of the genome of LAB, many of the
regulatory or quorum-sensing molecules are not produced. However, the accumula-
tion of compatible molecules enables cellular stability, but no specific molecule or
metabolic route has been identified to rescue LAB from the NC state. Stuart et al.
(1998) determined that lactococci lose the ability to produce colonies after carbohy-
drate exhaustion, which is accompanied by the production of Met and Ser into the
medium — just as observed during cheese ripening. Ganesan et al. (2006) extended
this study using gene expression to confirm Stuart’s work and further demonstrated
that the cells continue to transcribe RNA even without the ability to form colonies.
This observation was used to demonstrate BCFA production from amino acids using
gene expression arrays. The authors also demonstrated that this cellular state can
last as long as 3 years without the induction of the genes needed for cellular lysis.
They proposed that a percentage between 0.1 and 0.001% of the starter culture lysed
during this state. Hence, the culture appears to die because it cannot form colonies,
yet the cells are intact and continue to metabolize peptides and amino acids to
end products that impact flavor. The full impact of this metabolic state remains to
be clarified in fermented foods. The biological significance of this ability remains
to be demonstrated. However, it is clear that the regulation of carbon and nitrogen
flow is still highly regulated in NC cells that are more than 10 years old.
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Additional Resources

Biocyc (biocyc.org): a collection of over 160 pathway databases for metabolic reconstruction of
specific organisms.

GOLD (www.genomesonline.org): provides current information about genome sequencing projects.

KEGG (www.genome.ad.jp/kegg/): a suite of databases and software to simulate the metabolism
of cells from their genome information.

Metacyc (metacyc.org): a nonredundant metabolic encyclopedia of all known metabolic pathways.

National Center Biotechnology Information (www.ncbi.nlm.nih.gov): a genetic and bioinformat-
ics resource within the National Institutes of Health that hosts GenBank files of genome
sequences for public access.

The Joint Genome Institute (www.jgi.doe.gov): a genome sequencing facility hosted by the U.S.
Department of Energy that provides public access to draft and finished genomes.

The Sanger Institute (Wwww.sanger.ac.uk): a genome sequencing facility hosted by the Wellcome
Trust Foundation that provides open-source tools for genome analysis.



Chapter 8
Responses of Lactic Acid Bacteria to Cell
Envelope Stresses

Joao P.C. Pinto, Oscar P. Kuipers, and Jan Kok

8.1 Introduction

The existence of an enclosure that delimits cells from their environment is central in
the biology of all living organisms. The complexity of these surfaces has evolved
enormously, from putatively simple amphiphile-stabilized interfaces to the current
broad range of multilayered structures enveloping modern organisms (Maurer et al.
2009; Panno 2004). All bacteria — and lactic acid bacteria (LAB) are no exceptions
in this respect — have to endure in their natural habitats changes in external environ-
mental parameters and a ferocious struggle with other bacteria, bacteriophages, and
hosts, all of which could affect the structure of their cell envelopes. The ability of
cells to respond and adapt to such aggressions, and to maintain the integrity of the
cell envelope, defines the viability of the cell. Bacteria have developed sophisticated
strategies to monitor and respond to these stresses. Here we review the state-of-the-
art knowledge of the cell envelope stress responses of LAB, complementing it with
findings from other bacteria. For more information about these responses, outside
the scope of this review, and more broadly for Gram-positive or Gram-negative bac-
teria, see, for example, Jordan et al. (2008) or MacRitchie et al. (2008), respectively.
It should be emphasized that many forms of stress are bound to activate a response
that acts on the cell envelope. First, because the cell envelope is the first line of
defense and a sensitive structure of the cell, and second, simply statistically, because
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more than 20% of all open reading frames (ORFs) in a given genome are predicted
to code integral membrane proteins (Wallin and Heijne 1998). Here we only review
responses that result from damage inflicted specifically on the cell envelope.

8.2 The Cell Envelope of Lactic Acid Bacteria

The structure of the cell envelope of eubacteria comes in two major forms: one that
surrounds the Gram-positive bacteria and that of Gram-negatives (Gram 1884). The
LAB clade encompasses a broad range of microorganisms that possess the cell
envelope arrangement typical of Gram-positive bacteria. Still, the differences in cell
envelope architecture and composition between members of this group of bacteria
are quite significant, greatly influencing key features such as bacteria—host interac-
tions for the pathogenic LAB (Roberts 1996), or texture formation for the ones used
in the dairy industry (Cerning 1990). Cell envelope variations have been used to
classify LAB taxonomically [LAB are divided into three morphological groups:
cocci, bacilli, and bifidi (Delcour et al. 1999); for reviews on shape determination,
see, for example, Carballido-Lépez and Formstone (2007) and Osborn and Rothfield
(2007)] or serologically (Lancefield 1933).

Generically, the cell envelope of LAB is composed of a cytoplasmic membrane,
spaced from the pepdidoglycan sacculus by a periplasm. The cytoplasmic mem-
brane contains proteins and other elements such as glycolipids, while the sacculus
is usually decorated with proteins, teichoic acids (that can reach the cytoplasmic
membrane), polysaccharides, and, often, a paracrystalline S-layer of proteins (Fig. 8.1).
Each of the cell envelope elements is briefly described ahead. For more extensive
reviews on the cell envelope of LAB, see, for example, Konings (2002) and Delcour
et al. (1999).

8.2.1 The Cytoplasmic Membrane

The cytoplasmic membrane is essentially composed of a phospholipid bilayer. Its
hydrophobic nature makes it a permeability barrier, blocking the diffusion of water
and water-soluble molecules. The cytoplasmic membrane is thought to be a very
active and crowded region of the cell, with a significant degree of differentiation,
both functionally and structurally (Engelman 2005). It is also rich in fatty acids, of
which the composition is modulated according to temperature, to keep the mem-
brane optimally fluid (Shivaji and Prakash 2010).

The existence of a membrane barrier can also be viewed as a bottleneck to
the cell when the goal is to translocate molecules in and out of the cell. To do so
takes considerable amounts of resources and frequently requires ingenious mecha-
nisms for transport. The insertion of membrane proteins into, or the translocation
of secreted proteins across, the cytoplasmic membrane requires complex translo-
cation/secretion machineries (Driessen and Nouwen 2008; Mandon et al. 2009).
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Fig. 8.1 A simplified scheme of the typical organization of the cell envelope of LAB. The cyto-
plasmic membrane contains (integral) membrane proteins. The cell wall is essentially composed of
pepdidoglycan intermeshed with teichoic acids, lipoteichoic acids (which are lipid-anchored to the
membrane), and cell wall polysaccharides. Some LAB may also contain a proteinaceous S-layer
and/or a capsule made of polysaccharides. Pili and flagella, which are not depicted in this figure,
can also be found in some LAB

In fact, the complexity of these export systems partially accounts for the limited
success in producing a recombinant integral membrane or secreted proteins (Bowie
2005; Grisshammer 20006). Interestingly, LAB, and Lactococcus lactis in particular,
seem to have a number of properties that might make them better suited than some
other protein production hosts, even when the goal is to produce eukaryotic nongly-
cosylated membrane proteins (Morello et al. 2008; Kunji et al. 2005).

8.2.2 The Sacculus

The peptidoglycan (also known as murein) sacculus of LAB has the typical Gram-
positive thick, multilayered structure, composed of inextensible sugar chains cross-
linked by flexible peptide bridges, which is responsible for the withholding of the
crystal violet dyes during the Gram staining assay (Gram 1884; Delcour et al. 1999).
The glycan threads are made of the two alternating amino sugars N-acetylglucosamine
and N-acetylmuramic acid, connected by cross-links of peptide chains of usually five
alternating L- and D-amino acids (Delcour et al. 1999). This tough structure, resem-
bling an exoskeleton, is required not only to shield cells from mechanical aggressions
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but also to reduce the risk of cell rupture as a consequence of the high internal
osmotic pressure in the cell. The density of the peptidoglycan lattice also disables
free protein diffusion. Large proteins are passively dragged toward the outside of the
cell at the pace of the inside-to-outside renewal of the peptidoglycan (Kemper et al.
1993; Koch and Doyle 1985). Although the peptidoglycan layer is regarded as an
inactive, passive structure, it has been shown to play important pro-inflammatory
roles and can function as an endotoxin in some cases (Myhre et al. 2006).

8.2.3 Teichoic Acids

Teichoic acids are polysaccharides of glycerol phosphate or ribitol phospate linked
via phosphodiester bonds. They are found exclusively in the cell envelope of Gram-
positive bacteria, where they are intermeshed with the peptidoglycan. They are of
vital importance and can account for over 50% of the dry weight of the cell wall.
Their polyanionic nature gives the cell wall a net negative charge (Swoboda et al.
2010; Delcour et al. 1999). Teichoic acids vary greatly in structure and composition,
depending on the bacterial strain and growth conditions. Lipoteichoic acids are a
special class of teichoic acids that are lipid-anchored to the cytoplasmic membrane.
They regulate autolysis and help hold together the two main functional structures of
the cell envelope: the sacculus and the cytoplasmic membrane (Swoboda et al. 2010;
Delcour et al. 1999).

8.2.4 The S-Layer

Surface layers (S-layers), composed of proteins or glycoproteins, are usually single-
molecule-thick, planar, crystalline lattices that are commonly found in all prokary-
otes. They are associated to the external side of the peptidoglycan in Gram-positive
bacteria, where they add protection to low-pH environments and lytic enzymes
(Engelhardt 2007; Sleytr and Beveridge 1999). S-layers have also been described in
LAB, such as in lactobacilli, where the protein elements are usually smaller than
those found in S-layers of other bacteria and have a predicted higher pl value (Avall-
Jadskeldinen and Palva 2005).

8.2.5 Cell Wall Polysaccharides and Capsular Polysaccharides

Cell wall polysaccharides, also known as neutral polysaccharides (as opposed to the
anionic polysaccharide teichoic acid), are complex molecules that vary in the nature
of the sugar monomers (rhamnose is usually found as a constituent in LAB) and in
structure (Delcour et al. 1999). The capsule is a thick structure typically composed
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of polysaccharides and is situated outside the cell wall. It is a virulence factor in
pathogenic bacteria: It gives them a slimy coat preventing phagocytosis (Roberts
1996). Recently, a pellicle of polysaccharides (distinct from a thick capsule) was
found to exist outside the cell wall of L. lactis (Chapot-Chartier et al. 2010). This
pellicle also has the ability to disable phagocytosis and putatively assists in the sepa-
ration of daughter cells at the septum. It should be underlined that differences in the
polysaccharides of the cell wall and capsule are often at the basis of the different
bacterial serotypes (Lancefield 1933; Roberts 1996).

8.2.6 Other Elements of the Cell Envelope

Although not extensively studied, pili and flagella are also found in LAB. Pili are
filamentous structures that extend from the cell envelope and are central in the adhe-
sion of bacteria to, for instance, host tissues (Sillanpdi et al. 2009; Telford et al.
2006; Mandlik et al. 2008). The presence of human mucus-binding proteins in the
pili of Lactobacillus rhamnosus GG explains the enhanced interaction of this widely
used probiotic strain with host tissue during colonization of the gut (Kankainen
et al. 2009; Walker 2009).

LAB are generally regarded as nonmotile, but some lactobacilli are motile due to
the presence of flagella (Nielsen et al. 2007; Irisawa and Okada 2009). Flagella are
involved in both cellular motility and protein export, including the secretion of viru-
lence factors. They cross the entire cell envelope and, in Gram-positive bacteria,
contain two basal body rings that act as mechanical bearings, one in the peptidogly-
can and one in the cytoplasmic membrane (Macnab 2003).

8.3 Cell Envelope Stresses

LAB are faced with many different sorts and sources of stressors in their diverse
natural habitats and in the various industrial processes in which they are employed.
Several of these affect the integrity of the cell envelope and are presented in the fol-
lowing section. The responses that LAB developed to counteract these forms of
aggression are presented in Sect. 8.4.

8.3.1 Chemical Stresses

The cell wall is a major target of many antibiotics that either inhibit an enzymatic
step of its biosynthesis or capture one of its precursors (Silver 2003). Antibiotics are
secondary metabolites that give their producers a competitive edge by inhibiting the
growth of competitors. On the other hand, the evolution of these molecules has been
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paralleled in those targeted competitors by the development of stress responses and
efficient resistance mechanisms.

The synthesis of the peptidoglycan represents a particularly critical point in this
microbiological warfare. It is the target of several classes of antibiotics, such as the
B-lactam penicillin and its analogs. This class of antibiotics disables the activity of
a group of transpeptidases collectively known as penicillin-binding proteins (PBPs).
The B-lactams do so by mimicking the terminus of the pentapeptide side chain of
the peptidoglycan precursor and covalently binding to and blocking the active site
of the PBPs. Thus, the B-lactam antibiotics inhibit the peptidoglycan chains from
being cross-linked (Zapun et al. 2008; Sauvage et al. 2008). The resistance to these
antibiotics is generally not driven by a cellular response but is the result of selective
pressure. In B-lactam-resistant strains, the antibiotic-targeted PBP has often been
replaced by a low-affinity derivative, through horizontal gene transfer, changing the
relative expression profile of the ones already coded in the genome, or a mutation of
an existing PBP (Chambers 1999; Zapun et al. 2008). Alternative resistance mecha-
nisms include producing B-lactamases that inactivate the antibiotic (Fontana et al.
1990; Massova and Mobashery 1998) or extrusion of the antibiotic with efflux
pumps (Poole 2007).

Another important step in peptidoglycan biosynthesis concerns the transport of
the pentapeptide disaccharide precursors across the cytoplasmic membrane.
Undecaprenol, a lipid-soluble molecule, functions as a carrier molecule by binding
to the peptidoglycan precursor synthesized in the cytoplasm, thus producing a mol-
ecule designated lipid II, and then translocating it to the periplasm. The physical
properties of lipid II allow the molecule to move across the cytoplasmic membrane,
but the rate at which this happens in vivo suggests that this movement is enzyme-
catalyzed (van Dam et al. 2007). This process, collectively known as the lipid II
cycle due to the importance of the intermediate, is essential and serves as the target
of several lantibiotics and vancomycin. For a more in-depth review on lipid II, see,
for example, de Kruijff et al. (2008).

In total, 8 of the 14 conserved enzymatic steps in the biosynthesis of peptidogly-
can have been shown to be targets of antibiotics (Silver 2006) and, despite the
appearance of ever more resistant strains, cell wall synthesis remains a primary
target for the development of novel antibiotics (Van Bambeke et al. 2008; Silver
2006).

LAB exhibit antimicrobial activity as they produce weak organic acids. In addi-
tion, many species and strains synthesize bacteriocins (Cotter et al. 2005). These
antimicrobial peptides are classified into three major groups: Class I is for the lan-
tibiotics (small, heat-stable peptides containing lanthione rings); class II includes
small heat-stable peptides (containing an N-terminal consensus sequence); and
class III is for the large, heat-labile proteins. Class I and II bacteriocins are pore-
forming molecules that cause permeabilization of the membrane, while the ones
from class IIT are generally murein hydrolases (De Vuyst and Leroy 2007).

Due to its greater exposure, the cell envelope is a prime target for many other
biocides, although most do not exclusively harm that structure. Ortho-phtalaldehyde
(OPA) and glutaraldehyde (GTA) are two nonoxidizing, highly reactive di-aldehyde
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molecules that are used as disinfectants and primarily affect the cell surface by
cross-linking outer proteins of bacterial cells (Walsh et al. 1999). Sodium hypochlo-
rite, commonly known as bleach, and other oxidizing agents can affect the cytoplas-
mic membrane and the cell wall to an extent that induces a loss of structure and
function, and consequently cell lysis and death. Many organic compounds and
detergents are able to denature proteins and destabilize the cytoplasmic membrane,
leading to its disruption. For a comprehensive review on biocides and their cellular
targets in bacteria, see Maillard (2002).

As a result of their metabolism, and also while passing through the gastrointesti-
nal tract, LAB have to withstand acidic environments and have developed responses
to cope with acid stress (see Chap. 2 for LAB responses to acid stress).

8.3.2 Physical Stresses

LAB may face adverse situations that result from changes in external physical
parameters. These invariably affect the cell envelope, the first line of defense of
bacteria, although they are not commonly referred to as cell envelope responses.
Changes in temperature influence the fluidity of the cytoplasmic membrane (see
Chap. 3 and 5 of this book for reviews on the responses of LAB to heat shock and
cold shock). One main structural function of the cell envelope is to counteract the
high internal osmotic pressure. LAB have response mechanisms to execute that
function and maintain the essential balance between internal and external osmotic
pressures when moisture and solute concentrations vary (see Chap. 4 for LAB
responses to osmotic stress). Industrial applications of LAB usually force cells to
endure mechanical and shear stresses, which result in damage inflicted on the cell
envelope.

Applications of LAB, such as L. lactis, in the production of recombinant secreted
and integral membrane proteins (Morello et al. 2008; Kunji et al. 2005) partially
sequester the translocation/secretion machinery and may lead to a physical crowd-
ing of proteins in the cytoplasmic membrane (Marreddy et al. 2010; Pinto et al.
2010).

8.4 Cell Envelope-Stress Responses

Bacteria have developed mechanisms to directly monitor agents and parameters of
stress, or indirectly by assessing the integrity of the cell envelope. Inputs for the
response that lay downstream of the aggression, such as common indirect effects,
allow the bacteria to produce broad responses, enabling the cells to resist a wide
range of stresses. Nevertheless, these nonspecific responses may not always result
in an increased resistance to specific sources of stress. Many forms of resistance,
notably to antibiotics, are not a product of a real-time cellular response strategy, but
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rather an adaptation that results from natural/artificial selection (Summers 2006;
Martinez 2008). Also, a clear distinction should be made between an immediate
response and a nonpermanent (mutation-independent) cellular adaptation to a
different situation. For example, when treated with increasing amounts of the bac-
teriocin nisin, L. lactis cells can become 75 times more resistant to the antimicrobial
peptide than the unadapted strain (Kramer et al. 2006). This adaptation is not per-
manent, and cells regain nisin sensitivity once the pressure is removed. Although
the underlying response mechanisms are not known, DNA microarray data indicate
that this nisin resistance results from a broad rearrangement of gene expression-
modulating cell wall thickness/density (galE and pbp2A) and charge (ditD), acidity
outside the membrane (arcACIC2DT2), membrane fluidity (fabDG1G2Z1Z72), and
possibly the capacity to export nisin from the cells (Kramer et al. 2006).

Responses to cell envelope stress can be divided into two main categories: those
mediated by two-component systems (TCSs) (Mascher 2006) and those mediated
by extracytoplasmic function (ECF) sigma factors (Helmann 2002). The sensor-
regulator devices of these two classes are analogous in their architecture, and both
consist of two proteins: a membrane-anchored sensor (the histidine kinase or anti-
sigma factor) that becomes active only under stress conditions and activates a cyto-
plasmic transcriptional regulator (the response regulator or ECF). Contrary to ECF
sigma factors, TCSs are widespread and conserved in LAB (Mascher 2006). They
are best classified according to the genes they regulate, that is, whether they aim to
generally maintain the integrity of the cell envelope or to activate specific detoxifi-
cation modules. Another type of stress response relies on one-component systems.
They are putatively widely distributed in prokaryotes but have not been extensively
studied. All these classes of stress responses and their presence in LAB are described
ahead.

8.4.1 Extracytoplasmic Function Sigma Factors

ECF sigma factors are members of the sigma-70 family, which recognize the con-
served “AAC” motif in the —35 region of a promoter and are usually cotranscribed
with their cognate antisigma factor (Helmann 2002). Although most bacilli have
many ECF sigma factors, they seem absent in most LAB (Jordan et al. 2008). To the
best of our knowledge, only one ECF (SigV from Enterococcus faecalis) has been
characterized and shown to play a role in the cell envelope—stress response of a
LAB. SigV, which had been previously associated with a response to heat, acid, and
ethanol stress (Benachour et al. 2005), also plays a central role in the lysozyme
resistance and virulence of this bacterium (Le Jeune et al. 2010). This unusual resis-
tance of E. feacalis seems to be specific to lysozymes and is not extrapolated to
other antimicrobials such as nisin. The mechanism of resistance is still not known
but is independent of OatA (an O-acetyl transferase) and DItA (involved in the
D-alanylation of lipoteicoic acids), two proteins that also contribute to the resistance
of this bacterium to lysozyme. This mechanism of resistance increases the virulence
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of E. feacalis since a sigV mutant displays a reduced potential to colonize host tissues
(Le Jeune et al. 2010).

8.4.2 Two-Component Systems That Maintain the Integrity
of the Cell Envelope

Some of the TCSs, like ECF sigma factors, respond to a wide range of cell envelope
stresses and activate the expression of genes that maintain general aspects of cell
envelope integrity. They are frequently associated with other (general) stress
responses, growth, and competence development, supporting the idea that they have
a more general role in maintaining the general homeostasis of the cell.

The TCS LiaRS is present in all LAB except the lactobacilli (Jordan et al. 2008).
It invariably responds to perturbations in the integrity of the cell envelope, but the
genes it regulates vary greatly among different species, perhaps representing a
divergent evolution that resulted from different sources or susceptibilities to eco-
logical aggressions. The liaRS genes are usually preceded by liaF, which encodes a
strong inhibitor of LiaR (Jordan et al. 2006).

In Bacillus subtilis, where it was originally characterized, LiaRS is strongly
induced by vancomycin and bacitracin, but only the promoters of lial and yhcY were
found to be regulated by LiaR (Jordan et al. 2006). LiaRS-dependent gene expres-
sion is repressed in growing cells by the transition state regulator AbrB. This repres-
sion is alleviated by the master regulator of sporulation, Spo0OA, as cells enter the
transition phase of growth (Jordan et al. 2007). In bacilli, liaFRS is always part of a
larger operon, either lialHGFRS (e.g., in B. subtilis) or lialHFRS (e.g., in Bacillus
cereus). Interestingly, the deletion of none of the /ia genes modifies the sensitivity
to the known inducers of LiaRS in B. subtilis (Jordan et al. 2008).

In Staphylococcus aureus, VraSR (another widely studied homolog of LiaRS) is
strongly induced by a wide range of cell wall antibiotics; a vraSR deletion strain
shows increased susceptibility to these inducers (Kuroda et al. 2003; Pietidinen
et al. 2009).

In LAB, LiaRS-like TCS mediated responses have been characterized in L. lactis
(Martinez et al. 2007), Streptococcus mutans (Suntharalingam et al. 2009),
Streptococcus pneumoniae (Eldholm et al. 2010), and E. faecalis (Hancock and
Perego 2004). In all of these organisms only liaFRS are conserved, not the related,
more extended operon as found in bacilli. The /iaRS regulon is larger in LAB than
in B. subtilis, indicating a different and more central role of LiaRS in the response
against cell envelope stresses (Jordan et al. 2008). In all cases, LiaRS-like TCSs are
positively autoregulated and respond to cell wall antibiotics that interfere with the
lipid II cycle.

In L. lactis, the LiaRS-like TCS CesSR affects sensitivity to salts and osmotic
pressure (O’Connell-Motherway et al. 2000) and is induced by vancomycin, baci-
tracin, and the two LAB bacteriocins Lcn972 and plantaricin C (Martinez et al. 2007).
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The disruption of CesR only results in an increased susceptibility to those inducers
that interfere with the lipid II cycle: bacitracin and plantaricin C. The L. lactis
AcesR mutant is also more sensitive to nisin, despite the inability of this antimicro-
bial peptide to induce CesSR (Martinez et al. 2007). Interestingly, a nisin-adapted/
resistant L. lactis strain, obtained by growing cells in the presence of increasing
amounts of the antimicrobial, overexpresses CesSR and its regulon (Kramer et al.
2006). This strain is 75 times more resistant to nisin and is also 3 times more resis-
tant to Lcn972, although a similar decreased susceptibility to Len972 was also found
in the cesR deletion strain (Martinez et al. 2007). Most CesSR-regulated genes
encode putative membrane proteins, supporting the idea that the response is specific
to stresses that operate at the level of the cellular envelope (Martinez et al. 2007).

Notably, ImrA and rmaB, coding a multidrug ABC transporter and a transcrip-
tional regulator of the MarR family, respectively, are members of the CesSR regu-
lon. LImg2163 [a putative transcriptional regulator, as it contains a PspC domain;
Brissette et al. (1991)], LImg2194, and LImg0165 have protective roles in L. lactis
even against unrelated and more general perturbations like temperature, pH, and salt
stresses. The overexpression of llmg2163 and llmg2164 in L. lactis increased the
resistance of the organism to Lcn972 (Roces et al. 2009). One of the most prominent
targets of CesSR is SpxB, a protein that, by binding to RNA polymerase, induces
the expression of oatA (Veiga et al. 2007). The activity of the encoded peptidogly-
can O-acetylase OatA influences the level of peptidoglycan acetylation and there-
fore the sensitivity to peptidoglycan hydrolysis. The CesSR-dependent expression
of spxB thus efficiently responds to cell envelope stress evoked by treating L. lactis
cells with hen egg white lysozyme (Veiga et al. 2007). CesSR was also induced
when L. lactis was forced to overproduce recombinant membrane proteins (Marreddy
et al. 2010; Pinto et al. 2010). The response may result from an overcrowding of the
cytoplasmic membrane with membrane proteins or may simply be caused by an
overuse of the translocation/secretion machinery, as the same CesSR response was
observed during the production of the secreted protein AmyQ (Pinto et al. unpub-
lished data). This response might mimic normal periods in growth when the produc-
tion of endogenous membrane proteins is high, since members of the translocation
machinery, such as FtsH and OxaA2, are also regulated by CesSR. Disrupting cesSR
hampers the growth of L. lactis when cells are induced to produce membrane pro-
teins. On the other hand, the cooverproduction of CesSR resulted in a more than
threefold improvement in the production yield of membrane proteins (Pinto et al.
2010).

In S. pneumoniae, LiaFSR has been shown to be activated by vancomycin (Haas
et al. 2005), murein hydrolases, and lipid II-interacting antibiotics (Eldholm et al.
2010). In this organism, fratricide (by which competent cells lyze noncompetent
sister cells) was shown to be assisted by the secretion of cell wall hydrolases such
as CbpD, LytA, and LytC (Eldholm et al. 2009). The lysis of competent cells is
partially prevented through a response coordinated by LiaFSR, after sensing the
damage inflicted to the cell wall. Among the genes that LiaR regulates, PcpC
(Spr0351) and Spr0810 are particularly important in preventing damage from lysis
(Eldholm et al. 2010).
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In S. mutans, LiaS regulates the levels of GbpC, a cell surface—associated protein
that facilitates biofilm formation in environments such as the human oral cavity
(Chong et al. 2008). Additionally, LiaSR was shown to regulate 174 genes, some of
which are involved in membrane protein synthesis and peptidoglycan biosynthesis
(Perry et al. 2008). Lipid II cycle—interfering antibiotics and other chemicals that
disrupt the integrity of the cytoplasmic membrane activate LiaSR, and a disruption
of liaSR makes S. mutans more susceptible to those compounds (Suntharalingam
et al. 2009).

In E. faecalis, the inactivation of the LiaR homolog RR03 (EF2911) increased
the susceptibility of this organism to bacitracin (Hancock and Perego 2004). Another
TCS from E. faecalis, croRS (for “ceftriaxone resistance”; or RR05-HKO05) is
required for -lactam resistance, and its disruption causes a 4,000-fold increase in
the sensitivity to the cephalosporin ceftriaxone (Comenge et al. 2003). croRS is
induced by narrow and broad-spectrum cephalosporins, imipenem, ampicillin, oxa-
cillin, amdinocillin, and inhibitors of peptidoglycan synthesis such as phosphomy-
cin, D-cycloserine, vancomycin, moenomycin, ramoplanin, and bacitracin (Comenge
et al. 2003). CroRS regulates glnQHMP (Le Breton et al. 2007) and salB (previ-
ously sagA), which encodes a putative cell wall-attached protein that is important
in cell division and in resistance to multiple stresses (Muller et al. 2006; Le Breton
et al. 2003).

The CiaRH TCS of S. pneumoniae, initially identified in a screen for cefotaxime-
resistant mutants (Guenzi et al. 1994), is activated by vancomycin and penicillin
(Haas et al. 2005; Rogers et al. 2007) and is involved in virulence (Ibrahim et al.
2004), competence, and resistance to lysis (Dagkessamanskaia et al. 2004). The
expression of the dlf operon and AtrA is controlled by CiaRH in S. pneumoniae
(Sebert et al. 2002, 2005). In L. lactis, the expression of AtrA is triggered during the
overproduction and secretion of recombinant proteins (Marreddy et al. 2010), while
in S. pneumoniae, HtrA affects the activity of pneumocin MN, a two-peptide bacte-
riocin (Dawid et al. 2009). In S. mutans, the inactivation of ciaH diminishes the
production of mutacin and affects processes such as competence development and
biofilm formation (Qi et al. 2004).

8.4.3 Two-Component Systems That Activate Specific
Detoxification Modules

Some TCSs regulate the transcription of genes that directly confer resistance to the
antimicrobial that activates the TCS. These TCSs and the resistance element are
usually encoded by neighboring genes and are typically found in contexts of high
genetic mobility like plasmids or transposable elements (Weigel et al. 2003).
BceRS, a nonautoregulated TCS, specifically responds to bacitracin. In B. sub-
tilis, BeeS is not sufficient and requires BceAB, the corresponding bacitracin
ABC transporter, to sense bacitracin itself (Bernard et al. 2007). MbrABCD from
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S. mutans, a BceRSAB-like system, is also responsible for bacitracin resistance,
and mutations in any of the respective genes lead to a more than 100-fold increased
susceptibility to bacitracin (Tsuda et al. 2002).

VanRS, a TCS that is found in vancomycin-resitant enterococci, such as some
E. faecalis and Enterococcus faecium isolates, senses vancomycin and triggers
the expression of genes conferring resistance to the antibiotic and, depending on
the genes it regulates, teicoplanin (Hong et al. 2008). Invariably, VanR activates the
transcription of vanHAX, which encode enzymes that reprogram the synthesis of the
cell wall by changing the terminal amino acid residues of the precursors from
D-alanyl-D-alanine to D-alanyl-D-lactate or D-alanyl-D-serine (Bugg et al. 1991;
Reynolds and Courvalin 2005).

8.4.4 One-Component Systems

Despite being less well characterized than TCSs, signal transduction systems
consisting of only a single protein containing both a sensory and a DNA-binding
domain are now thought to be more widespread in bacteria than TCSs (Ulrich et al.
2005). Their involvement in the response to cell envelope stresses has started to
be revealed.

An example of such a one-component system is found in E. faecalis, in which a
unique form of acquired bacitracin resistance is mediated by BcrAB, an ABC trans-
porter that putatively exports bacitracin (Manson et al. 2004; Matos et al. 2009).
The expression of the bcrABD operon is regulated by BerR, a membrane-bound
bacitracin sensor and DNA-binding protein (Manson et al. 2004; Gauntlett et al.
2008). This sensor/regulator seems to be active and induces the transcription of
bcrABD only in the presence of bacitracin (Manson et al. 2004).

To the best of our knowledge, only two other one-component systems have to
date been implicated in the resistance to cell envelope stresses. PrkC modulates anti-
microbial resistance in E. faecalis (Kristich et al. 2007), and PknB modulates bio-
film formation and resistance toward the envelope stress caused by H O, in S. mutans
(Zhu and Kreth 2010). Both PrkC and PknB are one-component signaling proteins
with a eukaryotic-type Ser/Thr kinase domain.

8.5 Concluding Remarks

The bacterial cell envelope is a complex structure, and many strategies are required
to maintain its integrity and the optimal parameters of its physiology. Although a
full characterization of the responses of LAB to aggressions affecting cell envelope
integrity or functioning is imperative in order to understand, for example, bacte-
rium-host interactions and the development of multidrug-resistant bacteria, this
particular aspect of the biology of LAB remains largely unexplored. Also, LAB are
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evolutionarily sufficiently distinct from other well-studied model organisms to dis-
able extrapolating, even remotely, the regulons of homologous response systems.
The most striking particularity in LAB, when comparing them to other firmicutes, is
the almost complete absence of stress-responsive sigma factors. LAB seem to have
counterbalanced this apparent handicap in responding to cell envelope stresses by
using two-component gene regulatory systems instead. Also, largely neglected,
one-component systems are widely distributed in prokaryotes, and knowledge about
their possible roles in the response to cell envelope stresses might prove essential.
Most forms of cell envelope—stress responses in LAB are unspecific and aim at
maintaining the integrity of the cell envelope. The underlining regulatory systems
are often linked to other stress responses and to other important regulatory circuits,
such as those involved in growth and competence. This indicates that cell envelope—
stress responses have a broader role in maintaining the general fitness of the bacte-
rial cell.
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Chapter 9
Responses of Lactic Acid Bacteria to Heavy
Metal Stress

Marc Solioz, Mélanie Mermod, Helge K. Abicht, and Stefano Mancini

9.1 Introduction

Lactic acid bacteria (LAB) belong to the order Lactobacillales and produce lactic
acid as a result of carbohydrate fermentation. They are widely used in the produc-
tion of fermented food, such as yogurt (streptococci and lactobacilli), cheeses (lac-
tococci), sauerkraut (Leuconostoc), wine (oenococci), or cured sausages like Salami
(pediococci, lactococci). They are heterotrophic and generally have complex nutri-
tional requirements because they lack many biosynthetic capabilities. Because of
this, LAB are generally abundant only in environments where these requirements
can be provided, such as animal oral cavities and intestines (e.g., enterococci), plant
leaves (Lactobacillus, Leuconostoc), decaying plant or animal matter, feces, and
compost, etc.

LAB are used in the food industry for several reasons. Their growth lowers both
the carbohydrate content of the foods that they ferment and the pH due to lactic acid
production. This is often accompanied by the secretion of bacteriocins, such as
nisin. Bacteriocins are proteinaceous toxins that inhibit the growth of similar or
closely related bacterial strains. The combined action of low pH and bacteriocins is
very important in food preservation to inhibit efficiently the growth of competing
bacteria, including the most common human pathogens (Galvez et al. 2007). This
bestows prolonged shelf lives on these foods. The acidity also changes the texture
of the foods due to the precipitation of some proteins. In addition, the biochemical
conversions involved in growth greatly enrich the flavor of fermented food. The
acidic ambient generated by the secreted lactic acid can lead to the solubilization of
complexed metal ions. For example, in traditional cheese making, the cells are chal-
lenged by copper released from the copper kettles (Kiermeier and Kyrein 1971).
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Though this process is important for flavor development (Steffen et al. 2009), it also
puts stress on the bacteria.

A distinction should be made between metal ions that are required by LAB for
certain enzyme functions and are thus vital and metals that are only toxic without
a benefit for life. Of the trace metals known to function in biochemical processes,
iron, zinc, and magnesium are probably used by all bacteria, whereas nickel,
cobalt, selenium, and molybdenum are only used by some. No function for copper
or selenium has been identified in any member of the Lactobacillales, and only a
few organisms of this order have an apparent requirement for nickel or cobalt
(Table 9.1).

Some trace metals, like iron, selenium, molybdenum, manganese, and copper,
are often scarce in the environment, and it can be assumed that cells requiring these
metals possess corresponding uptake systems. However, few of these have been
characterized to date. For essential metals like copper, nickel, cobalt, and zinc,
which can occur in widely different bioavailable concentrations in the environment,
bacteria must have homeostatic control mechanisms that can deal with excess as
well as with deficiency. For purely toxic metals without a known function in biol-
ogy, like lead, silver, or cadmium, specialized defense mechanisms have evolved in
many bacterial species (a biological function for cadmium has been described in a
marine diatom, but this may represent an exceptional case (Lane and Morel 2000)).
Unfortunately, the knowledge of metal homeostasis and defense against metal stress
by LAB is still very limited. Of all the biologically relevant metals, copper by far
has received the widest attention. Copper homeostasis and the response to copper
stress have been studied in detail in Lactococcus lactis and Enterococcus hirae and
will be a major focus of this chapter. Stress responses to other metals, which have
received little interest in LAB, will also be discussed for related bacteria such as
Bacillus subtilis, to the extent that such work could be relevant to LAB on the basis
of the known gene complements. Vanadium, molybdenum, and tungsten, which serve
as cofactors in a variety of bacterial enzymes, will not be discussed because they are
generally rare in the environment and have not received any attention in LAB.

9.2 Metal Toxicity Mechanisms

Several reactive oxygen species (ROS) and one thiyl radical (RS") can be formed in
cells and can exert toxicity by modifying biomolecules (see Miyoshi et al. (2003)
for review). Metal ions can catalyze some of the reactions that lead to their forma-
tion, which is one of the underlying mechanisms of metal-induced stress. Superoxide
radicals (O,) are formed when oxygen takes up one electron. It is a product of
“leaks” in the mitochondrial electron transport chain, but it can also be produced by
macrophages in the “oxidative burst,” which is an important bactericidal action by
these cells. O, can be directly toxic, for example, by oxidizing and displacing iron
from Fe-S clusters (Fig. 9.1), whereby the released iron can catalyze additional
toxic reactions (see ahead). Alternatively, superoxide can be converted by SOD to
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Thiol oxidation
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Fig. 9.1 Major oxidative damage mechanisms and their coupling to redox-active metals.
Superoxide (O,") produced by physiological reactions can attack iron-sulfur centers of enzymes
and cause loss of the iron from the reactive center. For detoxification, superoxide is converted by
superoxide dismutase (SOD) to hydrogen peroxide (H,O,). Hydrogen peroxide can be dismutated
to water and oxygen either in a nonenzymatic reaction with Mn?* or by catalase, but can also
undergo Fenton chemistry catalyzed by Fe?* or Cu*, resulting in highly toxic hydroxyl radicals
(OH). These can lead to thiol oxidation and hydroxylation of cellular constituents. Superoxide
also can react with nitrous oxide radicals (NO") to form reactive peroxynitrite (ONOOH"), which
can nitrate or hydroxylate cellular components

\ )
ONOOH
/

2

less toxic hydrogen peroxide (HZOZ). Howeyver, the combination of iron, HZOZ, and

superoxide leads to the generation of hydroxyl radicals (OH") by a combination of
the Fenton reaction (9.2) and the Haber—Weiss reaction (9.3):

Fe* +0,” — Fe¥* +0, 9.1
Fe* +H,0, — Fe’* + OH + OH’ 9.2
0,” +H,0, > OH +OH +0, 9.3

OH'" are very reactive and damage biomolecules by hydroxylation. In the overall
ROS scheme, iron, copper, and other redox-active metal ions exert their effects by
stimulating the Fenton reaction.

H,0, is mainly produced by enzymatic reactions, such as the dehydrogenation of
NAD(P)H. Because most lactococci do not possess catalase, H,O, can reach levels
of 1-2% (Rochat et al. 2006) and may thus be considered not very toxic per se. It
can leave the cells by diffusion through the membrane. H,0, is also produced by the
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dismutation of O, by superoxide dismutase (SOD). The combination of SOD and
catalase provides an efficient antioxidant mechanism.

Nitric oxide is naturally formed in activated macrophages and endothelial cells
and is considered as an active agent in several pathologies based on inflammation
and organ reperfusion and may also play an important role in atherosclerosis. It has
poor oxidizing power and is even antioxidant under physiological concentrations
(up to 100 nM). It does, however, react rapidly with oxygen to yield nitrogen diox-
ide (NO,’), which in turn may react with NO" to yield nitrogen trioxide, N,O,. The
rapid reaction of O, with NO" gives the extremely reactive peroxynitrite, ONOO-,
which mediates oxidation, nitrozation, and nitration reactions.

Aliphatic thiols, RSH, are contained in living organisms in high concentra-
tions. Typical levels of intracellular glutathione are 5-10 mM, and a similar level
of RSH is provided by cysteines in proteins. RSH can be oxidized in the presence
of redox-active metal ions like iron or copper ions according to reactions (9.4)
and (9.5):

RSH + Cu**— RS+ Cu*+H" 9.4
2Cu* +2H" +0, -2 Cu** +H,0, 9.5

The thiyl radicals have strong reactivity toward oxygen (9.6):

RS +0, > RSO, 9.6

Furthermore, thiyl radicals are able to oxidize NADH to NAD", as well as ascor-
bic acid, and to generate various free radicals such as OH" and O, There can also
be thiol depletion by reaction (9.7) in cyclic combination with reaction (9.7):

2Cu™ +2RSH — 2 Cu* +RSSR +2H" 9.7

While lipid and protein damage by the above mechanism has been demonstrated
in vitro in many studies, recent findings suggest that alternative mechanisms of
metal toxicity may be responsible for the primary toxic effects of copper, iron, and
related metals in vivo. First, the discovery that free copper or iron in the cell is
extremely low or even nonexistent makes Fenton chemistry and sulfhydryl deple-
tion very unlikely mechanisms (Changela et al. 2003). Second, most Lactobacillales
are rather tolerant to HZOZ. For example L. lactis 1L.1403, described in some detail
below, generates H,O, by NADH dehydrogenation but does not possess catalase for
HZO2 removal (Bolotin et al. 2001; Marty-Teysset et al. 2000; Rochat et al. 2006).
Third, Macomber et al. recently showed that copper-loaded Escherichia coli was
less sensitive to killing by H,O, than cells grown without copper. Also, copper
decreased the rate of H,O,-induced DNA damage. High intracellular copper levels
even impaired iron-mediated oxidative killing by H,0O, (Macomber et al. 2007).



168 M. Solioz et al.

Based on these observations, the authors suggested that copper exerts its toxicity by
mechanisms other than oxidative stress.

A novel mechanism of copper toxicity was indeed recently demonstrated. It
could be shown in vivo as well as in vitro that copper specifically damaged the iron-
sulfur clusters of isopropylmalate dehydratase of E. coli (Macomber and Imlay
2009). This enzyme of the branched-chain amino acid biosynthesis pathway con-
tains an iron-sulfur cluster from which the iron can be displaced by copper in the
absence of oxygen. Copper efflux systems, chelation by glutathione, and cluster
repair by assembly systems all enhance the resistance of cells to this type of copper
toxicity. To establish whether this mechanism is a general route of copper toxicity
in bacteria, including LAB, will require further investigation.

9.3 Response to Copper and Silver

9.3.1 Copper as a Bioelement

In the primordial, anaerobic world, copper was in the Cu(l) state in the form of
water-insoluble sulfides under neutral pH conditions and was only bioavailable in
the acidic waters near hydrothermal vents. The emergence of an oxygen-containing
atmosphere by the action of oxygen-evolving microorganisms, probably cyanobac-
teria, less than 3x 10° years ago was a dramatic event for most living organisms
(Kasting and Siefert 2002). Most of them adapted to the new conditions by acquir-
ing an oxidative metabolism. The “old” enzymes involved in anaerobic metabolism
were designed to operate in the lower portion of the redox spectrum. The arrival of
dioxygen created the need for a new redox active metal that could attain higher
redox potentials. The oxidation of insoluble Cu(I) led to soluble and thus widely
bioavailable Cu(II), which was ideally suited to exploit the oxidizing power of diox-
ygen (Crichton and Pierre 2001). Copper therefore is a modern bioelement (Kaim
and Rall 1996). Concomitant with the arrival of oxygen, multicellular organisms
developed.

Because of copper’s ability to cycle between Cu?* and Cu* at biologically rele-
vant redox potentials, it has become a cofactor for over 30 known enzymes in higher
organisms (Karlin 1993). Prominent examples are lysyl oxidase, involved in the
cross-linking of collagen; tyrosinase, required for melanin synthesis; dopamine
B-hydroxylase of the catecholamine pathway; cytochrome ¢ oxidase as a terminal
electron acceptor of the respiratory chain; and SOD, required for defense against
oxidative damage. Another class of copper proteins, such as plastocyanins or azur-
ins, acts as electron carriers. Depending on the type of coordination of the copper to
the protein, the redox potential can vary over the range of +200 to +800 mV.
Concomitant with the lower complexity of bacteria, only ten cuproenzymes have so
far been characterized in microbes (Table 9.2).

Strikingly, none of the sequenced Lactobacillales appears to be copper users
based on bioinformatics analysis of known copper enzymes. The definition of
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Table 9.2 Known bacterial copper-containing enzymes
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Enzyme

Function

References

Cytochrome ¢ oxidase
NADH dehydrogenase-2

Nitrosocyanin,
cuproredoxin-like
Plastocyanins
Cu-containing nitrite
reductases
Tyrosinase

Cu amine oxidases
Particulate methane
monooxygenase
Cu,Zn-superoxide
dismutase (cuprein)
Cu-containing laccase

Terminal oxidase
Electron transport,

Cu reduction

Electron transfer, other?

Electron transfer
Nitrite reduction

Phenol oxidation, melanin
synthesis

Oxidation of primary amines

Methane oxidation

Defense during infection?

Polyphenol oxidase

Cavet et al. (2003)

Rapisarda et al. (2002);
Rodriguez-Montelongo
et al. (2006)

Arciero et al. (2002)

Cavet et al. (2003)
Ellis et al. (2007)

Lopez-Serrano et al. (2004);
Tsai and Lee (1998)

Brazeau et al. (2004)

Chan et al. (2004)

Battistoni (2003)

Hullo et al. (2001)

“users” is obviously based on the currently known bacterial cuproenzymes
summarized in Table 9.2. However, not all functions of copper in LAB are known.
It was observed, for example, that Lactococcus lactis subsp. lactis 3022 produced
more biomass when grown aerobically with hemin and copper (Kaneko et al. 1990).
The activity of diacetyl synthase was greatly stimulated by the addition of hemin or
copper, and the activity of NAD-dependent diacetyl reductase was very high.
Pyruvate formed via glycolysis was converted to diacetyl, which in turn was con-
verted to acetoin by the NAD-dependent diacetyl reductase to reoxidize NADH.
This suggests that hemin or copper stimulates acetyl coenzyme A formation from
pyruvate, but the nature of this mechanism remains unknown. At any rate, some
bacteria make extensive use of copper as a bioelement, while others, like the
Lactobacillales, use it for only a few functions, if at all. It might be speculated that
there is a connection between the small average genome size of Lactobacillales of
only 2.3 Mb and those of copper-using Gram-positive organisms, with an average
genome size of 3 Mb (Ridge et al. 2008).

Recently, an unexpected link between copper and molybdenum cofactor
(MOCO) synthesis was discovered. Plant Cnx1G, a domain of the Cnx1GE pro-
tein, catalyzes the adenylation of molybdopterin. Cnx1G-bound molybdopterin
was found to have copper bound to the molybdopterin dithiolate sulfurs (Kuper
et al. 2004). The function of this bound copper is presently unknown, but copper
might play a role in protecting the molybdopterin dithiolate from oxidation and/or
in presenting a suitable leaving group for molybdenum insertion (Schwarz and
Mendel 2006). It remains currently unclear if the binding of copper to molybdop-
terin is an essential step in MOCO synthesis, but if so, this pathway generates a
copper requirement in addition to those considered in Table 9.1 (Zhang and
Gladyshev 2008). If one looks across the bacterial phyla, a cooccurrence of copper



170 M. Solioz et al.

use and MOCO synthesis strongly prevails. In the Lactobacillales, only three of
22 sequenced organisms appear to be capable of MOCO synthesis. Conceivably,
this could create a need for copper for these apparent copper nonusers. In fact, the
makeup of the copper homeostasis machinery of E. hirae strongly argues for a
copper requirement in this organism (see ahead).

9.3.2 Copper Homeostasis in Enterococcus hirae

In LAB, copper homeostasis has most extensively been studied in E. hirae, and
this system has served as a model for metal homeostasis in general (Solioz and
Stoyanov 2003). The core element is an operon that consists of the four genes
copY, copZ, copA, and copB. CopZ encodes a copper chaperone, copY encodes a
copper-responsive repressor, and copA and copB encode copper transporting
ATPases (Fig. 9.2). The cop operon enables E. hirae to grow in up to 8 mM copper
and under copper-limiting conditions. The function of the four Cop proteins will
be described next.

v

COopA copB

‘

- I =
L L L

Fig. 9.2 Illustration of copper homeostasis in E. hirae. Copper enters the cell via CopA or by
nonspecific leakage. Excess cytoplasmic copper binds to CopZ, which can then donate Cu* to
CopB for export and to the CopY repressor to induce the cop operon. In low-copper conditions,
CopY dimers in the zinc form are bound to the cop-boxes in front of the cop operon. When CopZ
donates Cu* to CopY, one Zn** per CopY monomer is replaced by two Cu*, with the concomitant
release of CopY from the promoter and induction of transcription of the downstream genes
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9.3.2.1 The CopZ Copper Chaperone

The identification of copper chaperones marked the emergence of a new concept in
the handling of metal ions by cells, namely, the escorting of the metal by a protein
to prevent nonspecific, damaging interactions. There is a range of different copper
chaperones in eukaryotes to deliver copper to cytochrome ¢ oxidase, SOD, or cop-
per ATPases (Kim et al. 2008), but only two types of copper chaperones have so far
been described in bacteria. Sco-like chaperones deliver copper to cytochrome oxi-
dase; they appear to be absent in LAB. CopZ-like chaperones, on the other hand,
transport copper to ATPases and transcriptional regulators and are ubiquitous in
LAB (Huffman and O’Halloran 2001). Interestingly, no CopZ-like copper chaper-
ones have been described in Actinobacteria or in E. coli and related organisms and
it remains unknown how copper is escorted in the cytoplasm of those organisms.

CopZ of E. hirae is an 8-kDa protein, and the structure of CopZ and that of other
CopZ-like proteins have been solved (see Davis and O’Halloran (2008) for review).
They all share the same BoBaf ferredoxin-like structure, with two exposed cysteines
of a CxxC motif located in a loop between 31 and a.1. There is still uncertainty as to
how Cu* is complexed by the chaperone in vivo. In principle, Cu* can bind to the
CxxC motif in a near-linear S—-Cu—S bonding. However, X-ray structures of Hahl,
the human CopZ-like copper chaperone, have revealed structures where a single Hg?
or a Cu* ion is complexed by the four cysteines of two chaperones in a dimeric
arrangement (Rosenzweig 2001). Cu*™—CopZ of E. hirae, on the other hand, appeared
to be dimeric in solution, with triagonally bound copper to be the most likely struc-
ture (Fig. 9.3) (Wimmer et al. 1999). The prevalence of homodimeric Cu*-CopZ was
also demonstrated by biochemical and light-spectroscopic techniques (Kihlken et al.
2002, 2008). A three-coordinate metal center is also supported by EXAFS measure-
ments of Cu*—thiol bonds (Pufahl et al. 1997; Wimmer et al. 1999). Glutathione was
shown to inhibit dimer formation in vitro and could, in principle, be a ligand to
monomeric Cu*-CopZ inside the cell, where glutathione concentrations are high. It is
also conceivable that there is an equilibrium among monomeric, dimeric, and even
trimeric CopZ in the cell, but this will be difficult to assess.

CopZ of E. hirae was shown by surface plasmon resonance to interact with the
CopA copper ATPase and the CopY repressor (Multhaup et al. 2001; Portmann
et al. 2004). It is assumed that Cu* imported by CopA is transferred to the CopZ

Fig. 9.3 Model of Cu*-CopZ dimer formation. Each Cu* ion is coordinated by three sulfur atoms
of the cysteine ligands of two CopZ molecules
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copper chaperone, which subsequently delivers copper to the CopY repressor for
induction of the cop operon (discussed ahead) or to other sites requiring copper. An
interaction of CopZ with the CopB copper-exporting ATPase has also been shown
(unpubl. observation), suggesting that CopZ, in addition, has a role in copper export
from the cell. CopZ interaction with the copper-exporting ATPase was also demon-
strated in B. subtilis (Radford et al. 2003). In eukaryotes, the primary function of
CopZ-like copper chaperones (Hah1, Atx1, Atox1) is in fact the delivery of copper
to copper ATPases (Huffman and O’Halloran 2001).

9.3.2.2 Copper ATPases

The two E. hirae copper ATPases mark the discovery of ATP-driven copper trans-
port across cell membranes in 1992 (Odermatt et al. 1992). Before that time, there
was no concept and no serious discussion of how copper could cross cell mem-
branes. According to the current model, CopA serves in the uptake of copper when
copper is limiting, while CopB serves in copper extrusion under conditions of cop-
per excess (Odermatt et al. 1994; Solioz and Odermatt 1995) (the nomenclature is
confusing: Copper export is accomplished by CopB in E. hirae, but by enzymes
called “CopA” in most other bacteria).

Copper ATPases belong to the superfamily of P-type ATPases, classically repre-
sented by eukaryotic Ca- and NaK-ATPases. The most prominent feature of this
family of pumps is the formation of an acylphosphate intermediate (hence the name
P-type ATPases) whereby the y-phosphate of ATP phosphorylates the aspartic acid
residue in the conserved motif DKTGT during the reaction cycle (Pedersen and
Carafoli 1987). Detailed structures of the calcium ATPase of the sarcoplasmatic
reticulum have given considerable insight into the working of such ATP-driven ion
pumps (Toyoshima et al. 2003; Toyoshima and Mizutani 2004). Copper-transporting
ATPases are a subgroup of the P-type ATPases. They have been termed heavy metal
ATPases, or CPx-type ATPases due to a conserved intramembranous CPC or CPH
motif (Lutsenko and Kaplan 1995; Solioz and Vulpe 1996), or P1B-type ATPases,
based on more systematic phylogeny (Lutsenko and Kaplan 1995). CPx-type
ATPases are widespread in nature and have been found to catalyze the transport of
a range of transition and heavy metal ions, including Cu*, Ag*, Co*, Zn**, Cd*,
Hg?, and Pb* (Axelsen and Palmgren 1998).

Another typical feature of CPx-type ATPases is the presence of N-terminal
metal-binding domains. These domains can be of two kinds. In most CPx-type
ATPases, including CopA of E. hirae, these domains consist of a CopZ-like module
with a conserved CxxC motif for copper binding and the same BofBof fold exhib-
ited by CopZ-like chaperones. Some prokaryotic ATPases possess two such CopZ-
like domains, and eukaryotic copper ATPases have two (yeast) or six (humans) such
domains (Hanson et al. 2001; Solioz et al. 1994). The second type of N-terminal
metal-binding domain is found in CopB of E. hirae and a few poorly characterized
bacterial CPx-type ATPases. It consists of a histidine- and methionine-rich region.
Similar repeat structures were also found in two Pseudomonas syringae proteins,
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which were demonstrated to be periplasmic copper-binding proteins (Cha and
Cooksey 1991).

The function of the N-terminal metal-binding domains of heavy metal ATPases
remains unclear. Copper transfer from chaperones to the N-terminal metal-binding
domains of CPx-type ATPases is now well documented, but it has never been shown
that this copper can actually be transported across the membrane. Rather, it has been
suggested that the N-terminus regulates the activity of the ATPase by domain—
domain interaction (Arguello and Gonzalez-Guerrero 2008). Copper transport may
thus require a separate copper-donation event by the chaperone to the membrane
region of the ATPases (Gonzalez-Guerrero and Arguello 2008). In B. subtilis, the
copper export pump CopA features two N-terminal CopZ-like copper-binding
domains. It was shown that these motifs play a role in the dimerization of CopA,
which could constitute a regulatory mechanism of the ATPase (Singleton et al.
2008; Singleton and Le Brun 2009).

ATP-driven copper transport from the cytoplasm to the extracytoplasmic space,
catalyzed by copper ATPases, has been extensively studied and appears to take place
in all bacterial species. Both Cu* and Ag* export by CopB of E. hirae have been
directly demonstrated with radioisotopes in membrane vesicle and in whole cells
loaded with silver (Odermatt et al. 1994; Solioz and Odermatt 1995). Copper-importing
ATPases, on the other hand, have only been described in E. hirae (CopA), Synechocystis
sp. (CtaA), and B. subtilis (YcnJ) (Chillappagari et al. 2009; Odermatt et al. 1994;
Tottey et al. 2001). While the role of E. hirae CopA in cell physiology is still unclear,
the CtaA of Synechocystis sp. imports copper for plastocyanin, a copper-containing
thylakoid protein that functions in the photosynthetic electron transport chain.

Cyanobacteria (e.g., Synechocystis sp.) are the one bacterial group that has a
known demand for cytoplasmic copper for the synthesis of copper-containing, thy-
lakoid-localized plastocyanin and cytochrome oxidase (Tottey et al. 2005). In other
organisms, the cuproenzymes are localized at the cytoplasmic membrane or in the
periplasm, and copper loading of these proteins could take place in the periplasmic
space. In many bacteria, including LAB, no intracellular copper requirements are
known at all. The copper homeostatic machinery of these organisms may thus have
the sole purpose of keeping copper out. Nevertheless, specific copper importers that
are expressed under copper-limiting conditions have been described in E. hirae and
B. subtilis (Chillappagari et al. 2009; Wunderli-Ye and Solioz 2001). Energy-
dependent copper uptake has, however, not been directly demonstrated, neither by
copper ATPases nor by alternative mechanisms such as with chalkophores (copper
“siderophores”) (Balasubramanian and Rosenzweig 2008; Kim et al. 2004) or as
copper-substrate complexes through substrate transporters. In this light, copper
import into the cytoplasm of LAB still needs rigorous experimental confirmation.

9.3.2.3 Regulation of Copper Homeostatic Genes

CopY of E. hirae is a copper-responsive transcriptional regulator. It responds to
excessive copper in the cytoplasm by derepressing the cop operon. In LAB, two
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Table 9.3 Copper-responsive regulators of Actinobacteria, Firmicutes, and Proteobacteria

Organisms CopY-type CsoR-type CueR-type
Actinobacteria 0 43 0
Firmicutes
Bacillales 3 30 7
Clostridia 0 25 0
Lactobacillales 39 3 0
Proteobacteria 0 54 215

types of copper-responsive transcriptional regulators have been identified by bioinfor-
matics analysis of sequenced genomes, namely, CopY-type and CsoR-type regula-
tors (Table 9.3). CopY-like repressors are the principal copper-responsive regulators
of LAB and have experimentally been associated with gene regulation in E. hirae
(Strausak and Solioz 1997), Enterococcus faecium (Hasman et al. 2006), L. lactis
IL1403 (Magnani et al. 2008), Streptococcus mutans (Portmann et al. 2006; Vats
and Lee 2001), and Streptococcus gordonii (Mitrakul et al. 2004).

CsoR-type regulators have only recently been described (Liu et al. 2007),
although their occurrence is more widespread in the prokaryotic world than that of
CopY-type repressors. In LAB, CsoR-related proteins occur only in a minority of
the sequenced species, and no biochemical studies are as yet available. Finally,
CueR-type regulators, which regulate copper homeostatic genes in E. coli (Outten
et al. 2000), only occur in a few species of the Bacillales, but not in LAB. CueR-
type regulators are thus the primary copper-responsive regulators of Gram-negative
bacteria.

CopY has a bipartite structure: The N-terminus interacts with DNA, while the
C-terminus interacts with zinc or copper. The N-terminus shows extensive sequence
similarity to Blal, Mecl, and Penl, repressors that are involved in the regulation of
B-lactamase in Gram-positive bacteria (Fig. 9.4a) (Garcia-Castellanos et al. 2004;
Himeno et al. 1986; Van Melckebeke et al. 2003; Wittman and Wong 1988). The
structure of the N-terminus of CopR of L. lactis, a CopY-homolog, has been solved
by solution NMR (Cantini et al. 2009) and is in fact nearly superimposable on the
structure of Blal of Bacillus licheniformis (Fig. 9.4b). The C-terminus of CopY
exhibits sequence similarity to the yeast copper-inducible repressors AMT1, ACE1,
and Mac, and to the B-domain of metallothioneins (Bird 2008). All these proteins
feature the consensus motif CxCx, ,CxC. In newly synthesized CopY, this site is
occupied by a single Zn**, which is coordinated by four sulfur atoms in a tetrahedral
fashion (Cobine et al. 2002b).

At low ambient copper concentrations, CopY is present as a Zn(II)-containing
homodimer and is bound to the operator-promoter region of the operon (Strausak
and Solioz 1997). The CopY-dimer-binding sites feature the so called cop-box of
consensus TACAnnTGTA, a motif that is widely conserved in the Lactobacillales.
The DNA—CopY interaction has been assessed in quantitative terms by surface plas-
mon resonance analysis (Portmann et al. 2006). It was found that the CopY-type
repressors of L. lactis, E. hirae, or S. mutans had very similar affinities for cop-
boxes (Portmann et al. 2004). Interestingly, the B-lactamase regulators Blal, Mecl,
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Fig. 9.4 (a) Alignment of the protein sequence of CopY of E. hirae with those of f-lactamase
regulators in the N-terminal region and fungal transcriptional regulators and metallothionein in the
C-terminal region. (b) Overlay of the N-terminal DNA-binding domain of L. lactis CopR (blue)
and the Blal B-lactamase regulator of B. licheniformis (gold)

and Penl, which feature an N-terminal DNA-binding domain essentially identical to
that of CopY-like repressors, also recognize a “cop-box” (Sharma et al. 1998); the
possible consequences of this have not been investigated.

Under low-copper conditions, a CopY dimer is bound to the cop-box and prevents
transcription. When media copper is raised, two Cu*-CopZ donate the copper ion to
one CopY monomer. This displaces the bound Zn(II), and CopY is released from
the DNA as Cu,*CopY, allowing transcription to proceed (Fig. 9.2). Protein—protein
interaction between CopZ and CopY could be demonstrated by surface plasmon
resonance spectroscopy (Multhaup et al. 2001), and the overall induction mecha-
nism of CopY by copper and CopZ is experimentally well supported (Cobine et al.
1999, 2002a—c). At high intracellular copper levels, CopZ is degraded through a
proteolytic pathway, conceivably because high levels of Cu*-CopZ may be toxic to
the cell (Lu and Solioz 2001). Following release from the DNA, Cu,*-CopY is prob-
ably also proteolytically degraded (unpubl. observation).

CsoR-type repressors have so far only been studied in Mycobacterium tubercu-
losis and B. subtilis. However, it can be assumed that CsoR-type repressors work
similarly in LAB and will thus be briefly discussed. CsoR from M. tuberculosis
represents the founding member of this new class of prokaryotic Cu(I) regulators,
and its structure has recently been solved (Liu et al. 2007). CsoR is tetrameric, with
two monomers each forming a stable homodimer that adopts an antiparallel



176 M. Solioz et al.

four-helix bundle architecture. This represents a novel DNA-binding fold because it
lacks the obvious candidate DNA-binding domains present in winged-helix-type
metalloregulators like CopY and CueR. Each CsoR homodimer binds two Cu* such
that they bridge the two subunits. By X-ray absorption spectroscopy, it was shown
that Cu* adopts a planar trigonal coordination involving two cysteines and a histi-
dine residue (Liu et al. 2007).

CsoR has been shown to regulate the copZA operon of B. subtilis by copper-
dependent derepression (Ma et al. 2009). The operon encodes a CopZ-type copper
chaperone and a copper efflux ATPase. Two tetramers of apo-CsoR were shown to
bind to a 30-bp DNA region overlapping the promoter of the copAZ operon. Cu*
weakened the CsoR-DNA interaction, thereby inducing the operon (Liu et al. 2007).
CopY- and CsoR-type repressors feature very different structures and activation
mechanisms to fulfill essentially the same role. Why such diverse mechanisms for
gene regulation by copper evolved remains an interesting open question.

In the study of the acid adaptation of Lactobacillus bulgaricus, it was found that,
among a range of three dozen other genes, three CPx-type ATPases were induced by
low-pH stress (Penaud et al. 2006). One of these ATPases resembles CopB of E.
hirae, and it appears likely that it serves in copper extrusion. Acidic conditions can
lead to an increase in ambient copper concentrations through the release of bound
copper and the induction of copper-exporting ATPases by acid stress makes physi-
ological sense. No cop-boxes were present in any of the promoters of the L. bulga-
ricus CPx-type ATPases and the induction mechanism by low pH remains unknown.
Acid-sensitive mutants in the unrelated microorganisms Rhizobium leguminosarum
bv. viciae and Sinorhizobim meliloti were similarly found to have disrupted actP
genes that encode CPx-type ATPases (Reeve et al. 2002). These mutant strains were
also more sensitive to ambient copper. Copper induced the expression of the wild-
type actP genes and low pH enhanced the induction two to threefold. Downstream
of the ATPase genes of both organisms are genes encoding MerR-type transcrip-
tional regulators, termed HmrR, which apparently regulate the expression of the
ActP ATPases. In E. coli, a MerR-type transcriptional regulator, CueR, is responsi-
ble for the copper-induced transcription of the CopA copper-exporting ATPase and
the periplasmic CueO copper oxidase (Outten et al. 2000, 2001). The acid induction
of copper ATPases may be a more general phenomenon. Unfortunately, the acid
induction of the copper homeostatic genes of E. coli, E. hirae, and L. lactis has not
been addressed so far.

9.3.3 Copper Homeostasis in Lactococcus lactis

In L. lactis 11L1403, the copper-inducible copRZA operon encodes the CopR repres-
sor, a CopY-type repressor, the CopZ copper chaperone, and the CopA copper
ATPase (Fig. 9.5). The latter exhibits 45% sequence identity to CopA of E. hirae. In
contrast to E. hirae CopA, L. lactis CopA has been shown to be a copper-exporting
ATPase (Magnani et al. 2008). The CopR repressor of L. lactis regulates the CopR
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COpA copB

Fig. 9.5 Illustration of copper homeostasis in L. lactis. How copper enters the cell is unknown.
Excess cytoplasmic copper binds to CopZ, which can then donate Cu* to either the copper ATPases
for export or the CopR repressor to induce transcription. In low-copper conditions, a CopR dimer in
the zinc form is bound to the cop-box in front of the copRZA operon and the copB gene. When CopZ
donates Cu* to CopR, one Zn>* per CopR monomer is replaced by two Cu*, with the concomitant
release of CopR from the promoter and induction of transcription of the downstream genes. CopA
then accomplishes copper export from the cytoplasm. The function of CopB is unknown

regulon in a fashion analogous to CopY of E. hirae. The CopZ-like copper chaperone,
finally, can be assumed to function in intracellular copper routing (Arnesano et al.
2002; Cobine et al. 2002b).

A second putative copper ATPase in L. lactis is encoded by the unlinked, mono-
cistronic copB gene, which is also under the control of CopR. CopB features a his-
tidine-rich N-terminus and shares 55% sequence identity with E. hirae CopB.
However, no function could so far be assigned to this enzyme. It is notable that
E. hirae CopB is encoded by the copYZAB operon, while CopB of L. lactis is encoded
by a monocistronic gene. Whether these different gene organizations in L. lactis and
E. hirae are a consequence of functional differences remains an open question.

9.3.3.1 Global Responses to Copper Stress by Lactococcus lactis

The CopR repressors of L. lactis also recognize the TACAnnTGTA consensus motif,
the cop-box (Portmann et al. 2006). By performing a genome-wide search for cop-
boxes in L. lactis 1L1403, Barré and coworkers found 28 genes whose operator
regions harbor the cop-box. Seven of these cop-boxes were shown to interact with
CopR in a copper-responsive manner in vitro. The genes and operons associated
with these cop-boxes were collectively termed CopR regulon. It encompasses a total
of 14 genes, organized into four operons and two monocistronic genes (Fig. 9.6)
(Magnani et al. 2008). What is the function of these additional copper-regulated
genes in copper homeostasis? Only for lctO, an NAD-independent, flavin-containing
lactate oxidase, has a function been proposed (Barré et al. 2007). Since LctO requires
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Fig. 9.6 CopR regulon of L. lactis 1L.1403. The genes in full color are regulated by CopR. Vertical
lines indicate the location of cop-boxes and the lariats those of p-independent transcriptional ter-
minators. The predicted functions of the genes are indicated on the right. Genes are drawn to the
scale indicated in base pairs (bp) along the fop of the figure

oxygen to convert lactate to pyruvate, it could serve in the elimination of molecular
oxygen under copper stress, thereby attenuating the formation of reactive oxygen
radicals (Barré et al. 2007). Similarly, an oxygen-consuming NADH oxidase has
been proposed to be involved in the defense against oxidative stress in Lactobacillus
delbrueckii subsp. bulgaricus by removing oxygen and thereby preventing the gen-
eration of H O, and its reaction products (Marty-Teysset et al. 2000).

9.3.4 Response to Silver

Silver has no known biological role and is highly toxic to microorganisms. In fact,
silver-impregnated materials are starting to be employed to create aseptic surfaces
or odorless clothing (Sondi and Salopek-Sondi 2004). Silver is not redox active like
other toxic metals but remains in the Ag* form. Silver has a very high affinity to
thiolates and binds avidly to sites normally occupied by Cu(l). Intracellular copper
is always in the form of Cu(I), due to the reducing environment of the cytoplasm,
and any site normally occupied by copper can be taken over by silver. In this way,
silver can activate the copper-responsive repressors like CopY of E. hirae or CopR
of L. lactis, which has experimentally been verified (Odermatt and Solioz 1995). It
has also been shown that silver can be a substrate for copper-transporting ATPases
of bacteria, fish, and mammals (Bury et al. 1999; Hanson et al. 2001; Kanamaru
et al. 1994; Stoyanov et al. 2003). The copper efflux ATPase of E. hirae, CopB, was
shown to pump Ag* with the same affinity and velocity as Cu* (Solioz and Odermatt
1995). Ag* also binds to copper chaperones in a fashion analogous to that of copper
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(Kihlken et al. 2008; Narindrasorasak et al. 2004). Silver is thus a Cu(I) mimetic,
and it can be assumed that all copper-resistance systems can also handle silver.
However, due to the higher toxicity of silver, organisms can generally tolerate much
less silver than copper.

A plasmid-born silver-resistance system has been isolated from silver-resistant
Salmonella sp. (Gupta et al. 1999). The resistance determinant encodes a periplas-
mic silver-specific-binding protein plus two apparently parallel efflux pumps: a
CPx-type ATPase, SilP, and a membrane potential-dependent cation/proton anti-
porter. The sil determinants are regulated by a two-component sensor kinase-
response regulator system. Due to the similarity of Ag*and Cu", it would be expected
that the Sil system can also handle copper, but this was apparently not tested.

9.4 Response to Other Heavy Metals

Relatively few studies have been conducted on the response of LAB to heavy metals
other than copper. We will therefore also discuss some of the key findings made in
other bacterial species to the extent that they could be relevant to LAB. Mercury
resistance, which has received considerable attention in many bacterial species, has
not been addressed to any significant extent in LAB. The interested reader is referred
to the excellent review on bacterial mercury resistance by Barkay et al. (2003).

9.4.1 Response to Iron

In air, Fe?* is rapidly oxidized to Fe**, which forms hydroxides that are barely solu-
ble at neutral pH. For this reason, bacteria generally have to deal with iron limitation
rather than with iron excess. Hence, bacteria have developed a range of strategies to
acquire iron from the environment. For one, they produce high-affinity chelators
(siderophores) that can solubilize Fe**. In turn, corresponding ferrisiderophore-
uptake systems take up the iron-siderophore complexes to cover the cellular demand
for iron (Neilands 1995). It has been proposed that lactobacilli do not require iron
for growth, based on the growth in iron-deficient media and other observations
(Imbert and Blondeau 1998; Weinberg 1997). However, the genomes of LAB do
contain genes that are predicted to have roles in iron acquisition. Also, recent work
in this laboratory has identified HemN as an iron-requiring protein involved in heme
metabolism. Conceivably, the iron requirement of LAB is conditional: Iron may
only be required for aerobic growth, which also requires a supply of exogenous
heme (Brooijmans et al. 2007).

LAB grown in the presence of oxygen produce damaging ROS, such as H,O,,
OH’, or O,. The hydroxyl and superoxide radicals, rather than H,O,, represent the
ROS causing toxicity for LAB. H,O, is membrane-permeable and can be accumu-
lated in significant amounts by LAB. Many species, including L. lactis IL1403, do
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not possess catalase for the removal of H,O, (Marty-Teysset et al. 2000; Rochat
et al. 2006). However, in the presence of iron, H,O, can be converted to highly
reactive OH" by a Fenton-type reaction. Therefore, intracellular iron levels may
contribute significantly to the impact of high-H,O, levels on cell survival.

Since the importance of iron for the growth of LAB has been discounted, little
work has been performed on iron homeostasis. Here, findings from related Gram-
positive bacteria, such as B. subtilis or Lactobacillus plantarum, will also be
discussed since they may be extrapolated to LAB and may serve as a starting point
for further investigations. In B. subtilis, iron homeostasis has been investigated in
some detail. In these cells, the ferric uptake regulator (Fur) represses genes involved
in iron uptake. Fur is a dimeric DNA-binding protein with one structural Zn>* ion
per monomer and possesses a regulatory Fe**-binding site (Bsat and Helmann 1999;
Kehres et al. 2000). Iron starvation induced by the treatment of cultures with the
iron chelator 2,2'-dipyridyl induces the Fur regulon, encompassing 20 operons with
39 genes. The same set of genes is also induced in fur-deletion mutants, supporting
the nature of the Fur regulon (Baichoo et al. 2002). L. lactis 11403 possesses a
Fur-like protein of similar size to B. subtilis Fur (128 vs. 132 amino acids) and with
28% sequence identity, but experimental evidence for a function of this protein in
iron homeostasis is not available.

The analysis of Fur-regulated genes in B. subtilis has led to the identification of
various iron-uptake pathways that may also be present in L. lactis, such as FeuB
(Accession: ABX75613, 328 amino acids, 38% sequence identity to B. subtilis
FeuB, 334 amino acids). In B. subtilis, there is a range of iron-uptake systems:
FeuBC is believed to take up the siderophores enterobactin and corynebactin, the
latter being the siderophore produced by B. subtilis. Except for the YebLMN
elemental iron-uptake system (related to the yeast FTS3 system), the iron transport-
ers identified in B. subtilis belong to the ABC transporter family (Andrews et al.
2003; Moore and Helmann 2005). Four ABC transporters for the uptake of ferric
citrate, corynebactin, and hydroxamate-type siderophores appear to be present in B.
subtilis (FeuBC, YfiZ/YthA, FhuBG, and YfmDE). Of all these iron acquisition
proteins, L. lactis appears to possess only FeuB. This suggests, on the one hand, that
there is a need for iron uptake by this LAB but, on the other hand, indicates a very
low, maybe even nonessential, demand for iron.

An ABC transporter, MtsABC, involved in iron and zinc uptake has also been
described for Streptococcus pyogenes (Janulczyk et al. 1999). The isolated protein
exhibited high-affinity binding of Zn(II), Fe(IlI), and Cu(Il) in vitro. An mtsABC
mutant showed lower iron and zinc uptake but was not affected in its growth. In the
light of these observations and of what is known about copper homeostasis, it
appears unlikely that MtsABC acts as a copper importer in S. pyogenes. Convincing
evidence of an ABC-type copper importer in any prokaryote has yet to be produced.
All sequenced LAB genomes encode two or more ABC-type transporters, but the
function of most of these has not yet been experimentally addressed.

Recently, an iron homeostatic gene, mntH, was identified in Lactococcus lactis
MG1363, based on the resistance of tellurite (TeO,>") and oxidative stress (Turner
et al. 2007). Tellurite exerts oxidative stress by superoxide formation, which
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accompanies its reduction in the cytoplasm (Perez et al. 2007). The tellurite-resistant
strain with a nonfunctional mntH gene exhibited greatly increased survival after
24 h of aerated growth, compared to the wild type. MntH is a member of the family
of natural resistance-associated macrophage proteins (Nramp) (Richer et al. 2003).
Members of this family have been shown to serve in Mn?* and Fe?** uptake (Kehres
et al. 2000; Makui et al. 2000). The mntH mutant strain exhibited reduced iron
uptake, suggesting that MntH serves in Fe?* uptake. This observation does not,
however, rule out that MntH also has a role in manganese acquisition (Turner et al.
2007). A strain deleted in MntH was still respiration-competent when supplied with
heme or protoporphyrin IX, indicating that iron is still taken up. However, excess
iron may be taken up by the wild type via MntH, and this iron could participate in
oxygen-dependent toxicity in L. lactis.

9.4.2 Response to Zinc

Zinc is an essential metal ion but can be toxic if in excess. It plays a vital role as
a cofactor for more than 300 enzymes, such as SOD, alcohol dehydrogenase, and
DNA-binding proteins. It also functions as a structural scaffold for RNA poly-
merase, tRNA synthases, and approximately 40 additional proteins (Coleman
1998; Dunn et al. 2003; Outten and O’Halloran 2001; Sun and Plapp 1992; Vallee
and Falchuk 1993). Additionally, zinc can also function as an antioxidant by pro-
tecting sulfhydryl groups of proteins from the attack of reactive free radical spe-
cies and by antagonizing free radical formation by competing with redox-active
transition metals like copper and iron (Powell 2000). In line with this, a mutant of
L. lactis deficient in the low- and high-affinity zinc-uptake system was found to be
more sensitive to H,O, (Scott et al. 2000). In B. subtilis, H,O, induces the Fur-like
PerR repressor, which controls the expression of a dedicated zinc-uptake system,
ZosA, in addition to catalase and some other genes (Gaballa and Helmann 2002).
A zosA mutant exhibited significantly lower resistance to diamine, a thiol-specific
oxidizing agent. A similar regulatory system involved in zinc uptake and resis-
tance to H,O, was described in L. lactis. The two FNR-like (fumarate/nitrate
reduction regulator) proteins, FIpA and FlpB, control the expression of a zinc-
uptake system that increases cellular zinc, and they enhance the resistance to H,0,
(Gostick et al. 1999).

On the other hand, excess zinc can inhibit protein function by blocking pivotal
thiols or by competing with other metal ions for binding to the active sites of
proteins. Zinc at high concentrations can also bind to negatively charged domains of
proteins that are crucial for function. It was shown, for example, that zinc inhibits
cytochrome ¢ oxidase, presumably by binding to the negatively charged proton
entry site of the enzyme (Aagaard and Brzezinski 2001). Clearly, zinc levels in the
cell must be tightly regulated.

The first zinc-resistance protein was identified in the extremely metal-resistant
bacterium Ralstonia metallidurans, followed by the CnrA protein from the same
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bacterium (see Nies (2003) for review). They are members of the RND protein
family, which was first described as a related group of bacterial transport proteins
involved in heavy metal resistance (R. metallidurans), nodulation (Mesorhizobium
loti), and cell division (E. coli) (Saier et al. 1994). This family has grown into a huge
superfamily that includes seven protein families that can be found in all major king-
doms of life. In R. metallidurans, three genes are organized into the czcCBA operon.
CzcCBA mediates resistance to Co**, Zn*, and Cd**, driven by the proton motive
force. Similar systems are also involved in nickel and manganese efflux (Claverys
2001). These metal transporters belong to cluster nine of the family of ABC trans-
porters, or ATP-binding cassette permeases. ABC transporters typically consist of a
cytosolic metal-binding protein, a membrane permease, and an ATPase and can
serve in the uptake as well as in the secretion of metal ions. ABC transporters can
be found in the genomes of all bacterial species, but the function has been charac-
terized only in a few cases.

Zinc homeostasis has so far received little attention in LAB, but transport
systems for zinc uptake as well as for zinc efflux have been described for other
Gram-positive bacteria (Hantke 2005). In Streptococcus pneumoniae, it has been
proposed that the adcCBA operon encodes an ATP-binding cassette transporter for
zinc uptake, and the psa one for manganese uptake (Dintilhac et al. 1997). A simi-
lar ABC-type manganese uptake system that is important for virulence has been
described in S. gordonii (Dintilhac et al. 1997; Hantke 2005; Hazlett et al. 2003;
Jakubovics et al. 2000; Janulczyk et al. 1999), and an ABC transporter of
Streptococcus pyogenes has been shown to bind copper, iron, and zinc, but no
transport studies were performed (Janulczyk et al. 1999). In L. lactis 1L1403,
ZitSQP is an ABC transporter putatively involved in high-affinity Zn>* uptake
(Bolotin et al. 2001). The ABC transporter—encoding genes, zitSQP, are organized
into the putative zitRSQP operon, also encoding the zitR repressor. Sequence simi-
larities of the putative zifR metalloregulator suggest that zit expression could be
regulated by zinc present in the environment, as already shown for other zinc trans-
port operons in Gram-positive bacteria (Dintilhac et al. 1997; Gaballa and Helmann
1998; Hantke 2005). Several zinc-uptake systems in bacteria have been shown to
be under the control of a similar zinc-sensing Fur homolog, the zinc-uptake repres-
sor Zur (Dalet et al. 1999; Gaballa and Helmann 2002; Lindsay and Foster 2001;
Patzer and Hantke 2000).

An expression system P, zifR, based on the regulatory signals (P, promoter and
ZitR putative zinc repressor gene) of the L. lactis 1L.1403 zit operon, has been devel-
oped and shown to be highly inducible upon divalent cation starvation and strongly
repressed in the presence of excess Zn*, thereby reinforcing the hypothesis of the
involvement of the zit operon in Zn** high-affinity uptake and regulation in L. lactis
IL1403 (LIull and Poquet 2004).

Zinc efflux in Gram-positive bacteria has received even less attention than zinc
uptake. In Streptococcus thermophilus 4134, the chromosomal cadC and cadA
genes were shown to constitute a cadmium/zinc resistance system (Schirawski et al.
2002). They are organized in an operon, and their transcription is cadmium-
dependent in vivo. The predicted gene product of cadA is a CPx-type cadmium
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efflux ATPase and that of cadC an ArsR-type regulatory protein. The two cad genes
could also confer cadmium and zinc resistance to L. lactis. Clearly, the understand-
ing of zinc homeostasis in LAB is still in its infancy, and considerable more work is
required to understand the uptake, regulation, and secretion of zinc in these
bacteria.

9.4.3 Response to Manganese

Cytoplasmic manganese can help to protect bacteria against oxidative stress, and
the induction of manganese uptake by H,O, has been observed in many bacteria
(Horsburgh et al. 2002b). L. plantarum can accumulate manganese to over
30 mM (Archibald and Duong 1984); uptake is accomplished by mntA, encoding
an Mn?*- and Cd**-transporting P-type ATPase (Hao et al. 1999). In S. gordonii,
the scaCBA operon encodes an ABC-type manganese permease that is induced
by low-ambient manganese via the ScaR repressor (Jakubovics et al. 2000).
ABC-type manganese permeases as described in S. gordonii are also widespread
in LAB (Claverys 2001). In addition to the ABC-type manganese permease
MntABC, Staphylococcus aureus also possesses an Nramp-type manganese-
uptake system, MntH (Horsburgh et al. 2002a). These systems are regulated by
the manganese-dependent MntR repressor and the PerR oxidative stress regulator
in a concerted fashion. Similar transporters and regulators have also been described
in other bacteria (see Horsburgh et al. (2002b) for a review), but studies in LAB
have remained scarce.

Manganese homeostasis plays a key role in many organisms, chiefly to defy
oxidative stress and/or during infection of a human host (Jakubovics et al. 2000).
In many Gram-positive bacteria, the major SOD that protects against oxidative
stress is a manganese-containing enzyme (McEwan 2009). In addition to its role as
a cofactor of SOD, manganese is able to directly protect against oxidative stress. In
vitro, it has been shown that complexes of Mn(II) with bicarbonate can rapidly
dismutate H,O, (Stadtman et al. 1990). The most recently proposed scheme for this
reaction involves cycling between reactions (9.8) and (9.9):

Mn** +H,0, » Mn* +2 OH" 9.8
Mn** +H,0, - Mn**0, +2H" 9.9

The active species of manganese is an Mn*(HCO,"), complex in which HCO,~
acts as an acceptor for protons (Tikhonov et al. 2006). HCO,™ also lowers the redox
potential of the Mn(I)-Mn(III) couple, which makes the reaction with H O, more
favorable. Nevertheless, the rate constants of these reactions are still far lower than
those of enzymic manganese-dependent SODs and Mn catalases, and it was recently
shown that imported Mn does not significantly scavenge H,O, in E. coli (Anjem
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et al. 2009). Rather, the beneficial effects of manganese appear to lie in its ability to
metallate mononuclear enzymes in lieu of iron. When the iron is not deeply buried
in iron-loaded enzymes, it can engage in the Fenton reaction and cause oxidative
stress. The substitution of such iron by manganese under oxidative stress conditions
could thus prevent protein damage. In line with this concept, E. coli mutants that
could not import manganese were found to suffer high rates of protein oxidation
(Anjem et al. 2009). Clearly, the protection of bacteria against oxidative stress by
manganese remains an interesting area of investigation for the future.

9.4.4 Response to Nickel

Nickel is an essential trace nutrient for some bacteria, required at nanomolar
concentrations. To date, nine nickel-containing enzymes are known: urease, NiFe-
hydrogenase, carbon monoxide dehydrogenase, acetyl-CoA decarboxylase/synthase,
methyl coenzyme M reductase, certain SODs, some glyoxylases, aci-reductone diox-
ygenase, and methylenediurease (Mulrooney and Hausinger 2003; Ragsdale 2009).
None of these enzymes appears to play a role in LAB. Consequently, nickel is prob-
ably not an essential trace nutrient of these bacteria. Nickel in excess can induce
oxidative stress in cells by cycling through the three redox states Ni*, Ni*, and Ni**
(Costa et al. 2002). In organisms requiring nickel, it is taken up by dedicated nickel-
uptake transporters, such as the NikABCDE import pump in E. coli (De Pina et al.
1999), or by high-affinity nickel/cobalt permeases (Eitinger et al. 2005). Members of
these HoxN-type permeases have been identified in Gram-negative and Gram-
positive bacteria (Eitinger and Mandrand-Berthelot 2000). Different Ni(II)-responsive
metalloregulators that maintain nickel homeostasis in Gram-positive bacteria have
been characterized. In M. tuberculosis, the transcription factor NmtR of the Ars/
SmtB family inhibits the expression of the gene for NmtA, an ATP-dependent trans-
porter responsible for the efflux of nickel and cobalt. NmtR tightly binds to the
promoter region of the nmtR and nmtA genes and releases the DNA when nickel, or
to a certain extent cobalt, is abundant (Cavet et al. 2002). A second nickel and cobalt
sensor in M. tuberculosis, KmtA, represses the expression of a putative cation diffu-
sion facilitator (CDF) metal exporter. NmtR and KmtA differ in their nickel-/cobalt-
sensing affinity. It appears that first KmtR detects basal levels of cytosolic nickel or
cobalt, which are then exported following the expression of the CDF transporter.
Only when a higher threshold of these metals accumulates does NmtR sense them
and allow expression of the P-type ATPase (Campbell et al. 2007). In Streptomyces
coelicolor, the nickel-responsive regulator Nur, belonging to the Fur family, was
characterized. This regulator represses the transcription of Fe-SOD and simultane-
ously induces the transcription of Ni-SOD under nickel stress (Ahn et al. 20006). It is
not known how LAB respond to nickel stress. Natural environments are generally
low in nickel and there may not have been a need for these organisms to evolve nickel
detoxification systems. Indeed, the genome analysis of sequenced LAB does not
reveal any genes that are obviously connected to nickel.
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9.4.5 Response to Cobalt

Cobalt is a transition metal with the two naturally occurring oxidation states Co**
and Co* and is primarily found in the corrin ring of coenzyme B12. To date, several
noncorrin-cobalt-containing enzymes have been isolated and characterized
(Kobayashi and Shimizu 1999). Cobalt undergoes redox chemistry and can thus
participate in Fenton-type reactions, a fact making it potentially toxic at higher
concentrations (Valko et al. 2005). Cobalt homeostasis is closely related to the
homeostasis of nickel and other divalent ions. Both cobalt and nickel are taken up
by the cell via secondary metal transporters with different ion preferences, ranging
from strict selectivity for nickel through unbiased transport of both ions to a strong
preference for cobalt (Eitinger et al. 2005; Komeda et al. 1997). In S. aureus, the
zinc-/cobalt-responsive transcriptional repressor CzrA, which belongs to the ArsR/
SmtB family, regulates the expression of the czr operon encoding a cobalt/zinc
pump (Pennella et al. 2003). Transcriptional repressors with high-sequence identi-
ties to CzrA can be found in the genomes of many LAB, but no characterization of
their function has been performed to date.

9.4.6 Response to Chromium

The widespread industrial use of the heavy metal chromium has caused it to be
considered a serious environmental pollutant. It is mostly found in its trivalent or
hexavalent forms in nature. Cr¢* is highly toxic to all forms of life, whereas Cr** is
an essential micronutrient for many higher organisms (De Flora et al. 1990; Megharaj
et al. 2003). However, for microorganisms and plants, chromium is nonessential.
Chromate (CrO,*) crosses biological membranes by means of the sulfate-uptake
pathway (Ramirez-Diaz et al. 2008). Inside the cell, Cr®* is reduced to Cr*, a process
in which free radicals may be formed (Liu and Shi 2001). Bacterial chromium-
resistance systems related to plasmid genes usually encode membrane transporters
that catalyze the efflux of chromate ions from the cytoplasm. The best-studied
example is the Pseudomonas aeruginosa ChrA protein, which functions as a chemi-
osmotic pump that extrudes chromate from the cytoplasm using the proton motive
force (Alvarez et al. 1999). A broad phylogenic analysis for chrA transporter genes
revealed homologous genes in bacteria, archaea, and fungi (Diaz-Perez et al. 2007).
Several bacilli possess homologous gene sequences, but none of the known
chromium-defense genes is present in the sequenced LAB genomes.

9.4.7 Response to Cadmium

Cadmium is a heavy metal with an oxidation state of +2. It is chemically similar to
zinc and occurs naturally with zinc and lead in sulfide ores. Cadmium is not generally
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believed to have a biological function; however, one enzyme (cadmium-carbonic
anhydrase) incorporating cadmium under low-zinc conditions has been found in
the marine diatom Thalassiosira weissflogii (Lane and Morel 2000). In spite of not
being a Fenton metal, cadmium is capable of inducing oxidative stress in cell cul-
ture models and in experimental animals (Joseph et al. 2001; Nigam et al. 1999)
and may exhibit its toxicity in microorganisms in a similar way. Cadmium is accu-
mulated by cells via uptake systems responsible for essential cations. In Gram-
positive bacteria, such as B. subtilis, S. aureus, or L. plantarum, Cd** competes for
transport with Mn?* (Archibald and Duong 1984; Burke and Pfister 1986; Tynecka
et al. 1981). To prevent toxic effects by cadmium, active efflux mechanisms have
evolved in prokaryotes. The best-characterized cadmium efflux system is that in
the Gram-positive bacterium S. aureus, which consists of two plasmid-encoded
genes, cadA and cadC. CadA, a CPx-type ATPase, catalyzes the efflux of Cd** (and
probably also Zn**) and CadC is a transcriptional repressor (Nucifora et al. 1989).
CadC binds specifically to the cad operator DNA and is released by the addition of
Cd?*, Pb*, and Bi* (Endo and Silver 1995). Genetic analyses in L. lactis and
Oenococcus oeni have shown the occurrence of similar plasmid-encoded cadmi-
um-resistance systems in LAB (Bon et al. 2009; Liu et al. 1997). Additionally,
cadmium may be pumped out of the cell by multidrug transporters. The ATP-
binding cassette- (ABC) type multidrug transporters LmrA (L. lactis) and OmrA
(0. oeni) could confer cadmium resistance to an E. coli mutant strain, which was
hypersensitive to this heavy metal (Achard-Joris et al. 2005; Bourdineaud et al.
2004; Van Veen et al. 1996).

9.5 The Phosphate-Metal Connection

Most bacteria store phosphate in phosphate polymers of up to hundreds of residues
called polyphosphates. It has been shown in a number of cases that polyphosphates
are degraded under metal stress, such as by growth in the presence of lead or cad-
mium (Keasling 1997). Presumably, phosphate derived from the degradation of
polyphosphate is exported as complexes with toxic metal ions, thereby detoxifying
the cytoplasm. For example, an E. coli mutant defective in both polyphosphate
kinase and polyphosphatase exhibited greatly increased cadmium sensitivity
(Keasling and Hupf 1996). The extrusion of neutral metal phosphate complexes of
the form MeHPO, has, in fact, been directly demonstrated in Acinetobacter john-
sonii and has been shown to generate electron-motif force (Van Veen et al. 1994b).
Species of Sulfolobus have also been shown to accomplish high copper tolerance by
the induction of polyphosphatase and secretion of copper phosphate (Remonsellez
et al. 2006). The extrusion of metal-phosphate complexes takes place via the same
Pit systems that also work in phosphate uptake (see ahead). Pit systems have been
shown to catalyze the translocation of phosphate complexed to Mg*, Ca*, Co*,
Cu*, or Mn?* (Van Veen et al. 1994a). Conceivably, complexes of phosphate with
other divalent metal ions may also be translocated. LAB are generally not considered
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to produce polyphosphate, but there are findings suggesting that at least some of
them do (Benthin et al. 1994).

The phosphate transport systems that can participate in MeHPO, extrusion can
also serve in phosphate uptake under phosphate-limiting conditions. In E. coli, the
low-affinity PitA and PitB phosphate transport systems were shown to catalyze
the uptake of neutral metal-phosphate complexes (interestingly, PitA is nonfunc-
tional in E. coli K-12 lab strains due to a mutation; (Harris et al. 2001)). The
mutation of E. coli pitA conferred increased zinc resistance (Beard et al. 2000),
and growth in the presence of zinc reduced the intracellular magnesium concen-
tration and increased intracellular zinc, presumably due to competition between
the two ions (Jackson et al. 2008). High-affinity phosphate uptake by L. lactis and
related organisms is accomplished by an ATP-driven ABC-type transporter
encoded by the pstFEDCBA operon. Mutations in pstFEDCBA were found to
increase the resistance to copper and zinc by lowering the intracellular reactivity
of these metals, which in turn also reduced the sensitivity of the cells to oxygen
(Cesselin et al. 2009). This suggests that the pst system can (or must) also trans-
port metal-phosphate complexes.

The observation of Pit- and Pst-catalyzed metal-phosphate cotransport is a sur-
prising aspect of these transporters, which was not taken into consideration in most
studies of either phosphate or metal transport. This masquerade may have disguised
the true function of many transporters. The magnesium transporter CorA, which is
ubiquitous in Gram-negative bacteria, may in fact be a metal-phosphate transporter,
and the magnesium transporter MgtE, which also occurs in Gram-positive bacteria,
may similarly be a metal-phosphate transporter. Clearly, much more work is
required for a detailed understanding of bacterial metal transport.
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Chapter 10
Stress Responses of Lactococcus lactis

Juan Zhang, Chongde Wu, Feng Xue, Guocheng Du, and Jian Chen

10.1 Introduction

Lactococcus lactis is a Gram-positive bacterium commonly used as a starter culture
for the manufacture of cheese, fermented milks, and wine products. Based on its
applications in the food industry worldwide and its identification as GRAS
(“Generally Recognized as Safe”), this mesophilic and microaerophilic bacterium
plays a crucial role in food biotransformations and is considered to be the model
organism of lactic acid bacteria (LAB). Moreover, the use of this microorganism
may extend to the area of health benefits, like probiotics, or may even be a potential
delivery system of therapeutic molecules to the gastrointestinal tract. Because of the
great prospects, increasing attention has been given to optimizing the performance
of L. lactis not only at the start of production, but also in the process of eating.
However, as a natural microflora from plant materials and dairy products,
L. lactis always encounters certain stress conditions such as oxidation, heating,
acid, high osmolarity (i.e., dehydration), and nutrient starvation. All of these stresses
greatly affect its viability, and fermentative capability. Meanwhile, serious cold and
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heat challenges resulting from freeze-dried and spray-dried preparations for trans-
port and storage also threaten the viability and stability of L. lactis cells. Moreover,
as a probiotic, L. lactis must be able to adapt to harsh conditions, such as hydrochlo-
ric acid stress in human gastric juice and bile stress in the small bowel. To optimize
its application in industrial fermentations and its performance as a probiotic, it is of
great importance to explore the stress-sensing systems and defenses of L. lactis
against stress, which allow it to withstand harsh conditions.

Recently, certain physiological changes, labeled stress responses, were found in
L. lactis cells under stressful environments. Usually, adaptation to mild changes
may allow cells to increase tolerance when subsequently exposed to extreme levels
of the same stress or to other environmental conditions that may normally be lethal.
This phenomenon has drawn increasing attention in recent years, and some of the
regulatory mechanisms responding to an environmental stress condition are related
to those found in other bacteria, while some are unique in L. lactis. The unraveling
of the underlying regulatory systems would possibly give insight into the develop-
ment of stress resistance. In this part of the chapter, we present an overview of the
mechanisms of stress responses in L. lactis. Meanwhile, a number of strategies can
be derived for the manipulation of stress-regulatory elements for more effective
application of L. lactis.

10.2 Stress Responses and the Metabolic Pathways in L. lactis

10.2.1 Mainstream Metabolic Pathways

L. lactis plays an important role in the manufacture of fermented foods with ideal
flavor (e.g., diacetyl) and texture (e.g., exopolysaccharides). The fact that LAB usu-
ally lack functional electron chains, grow under low-oxygen tension, and rely mostly
on fermentation processes to provide energy considerably limits their metabolic
versatility. Ordinarily, these organisms metabolize glucose homofermentatively to
lactate. The relative simplicity of the L. lactis metabolism that converts sugars via
the glycolytic (homofermentative) pathway to pyruvate makes it an attractive target
for the development of effective cell factories (Neves et al. 2005). However, under
various stress conditions, such as acid, cold, and bile salt, a shift from homolactic to
mixed acid fermentation with productions of formate, acetate, ethanol, and CO, is
observed (Fig. 10.1).

10.2.2 Metabolic Activities and Cellular Energy State

Generally, stresses such as acid, temperature, and starvation inhibit the metabolic
activities of L. lactis in the glycolytic pathway, thus diminishing the catabolic flux
of glycolysis and decreasing the rate of biochemical energy synthesis (Even et al. 2002).
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Meanwhile, as L. lactis cells lack the cytochrome system and are unable to produce
ATP by oxidative phosphorylation, they rely on glycolysis and substrate-level phos-
phorylation to generate compounds that serve as energy donors for solute transport
and growth. Unfortunately, stress conditions decrease the ability of L. lactis cells to
synthesize ATP, generate proton motive force (PMF), and maintain their viability
over time.

Acid-stress response may be particularly important in LAB, whose growth and
transition to the stationary phase are accompanied by the production of lactic acid,
which, on the one hand, inhibits the competition of contaminating microorganisms,
but on the other hand results in acidification of the media, arrest of cell multiplica-
tion, and possible cell death. During acid treatment, cytoplasmic acidification
decreases enzyme activities and, consequently, diminishes the catabolic flux through
glycolysis (Fig. 10.2) (Even et al. 2002).

Moreover, acidification leads to changes in the energy state of L. lactis cells. The
decreased catabolic flux through glycolysis results in a decrease of the ATP synthe-
sis, causing a clear reduction of the biomass (Piard and Desmazeaud 1991). In addi-
tion, the H*-ATPase pumps protons out of the cells at the expense of ATP and also
diminishes the available ATP for biomass synthesis (Siegumfeldt et al. 2000).
Therefore, a strong decline in the efficiency of biomass synthesis relative to the
energy supply (Y, ) is observed (Mercade et al. 2000).

The same is to be encountered under starvation stress. In optimal conditions,
L. lactis is a homofermentative LAB that produces lactic acid and ATP. In response
to carbohydrate starvation, lactococci become VBNC (viable but nonculturable),
a state during which cells continue to transport and metabolize nutrients rather
than die and lyze, but do not form colonies on solid agar (Stuart et al. 1999). In the
first hours of starvation, glycolytic activities decline rapidly. The loss of glycolytic
activity results in the loss of glyceraldehyde 3-phosphate dehydrogenase, phospho-
glycerate mutase, and pyruvate kinase activities (Ganesan et al. 2007). Furthermore,
after long periods of starvation, decreased glycolytic activity slows down the
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Fig. 10.2 Enzyme-specific activities involved in glycolysis and lactate pathway in cell extracts of
L. lactis MG 1363 on glucose under uncontrolled pH conditions. GK glucokinase; PFK phospho-
fructokinase; PK pyruvate kinase; LDH lactate dehydrogenase

ATP generation that supplies the PMF, and as a result, the L. lactis cells fail to
accumulate nutrients that are essential for growth, even with a renewed carbon
source (Kunji et al. 1993; Ganesan et al. 2006). In detail, the majority of amino
acids are transported by the PMF-driven transport that links amino acid uptake to
the PMF (Fig. 10.3). As the driving force for the H* translocation and the PMF is
usually supplied by the free energy of ATP hydrolysis, the decreased ATP supply
leads to a limited utilization of nutrients (Kunji et al. 1993).

As a response to temperature stress, the metabolic activity of L. lactis changes
and eventually leads to a modification of the growth state (Arnau et al. 1996;
Wouters et al. 2000). For example, the L. lactis cells stopped growing when
the culture was shifted from its optimal growth temperature of 30—42°C, and the
growth resumed after a downshift to 30°C, with the growth rate reaching the preshock
level after 1 h at 30°C (Whitaker and Batt 1991). Unfortunately, cells were hardly
capable of recovering from exposure to 50°C for 30 min (Whitaker and Batt 1991).
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It seems that growth at high temperatures is deleterious to a cell, while growth at low
temperatures merely slows down biological processes, and these modulations may
partly be related to the metabolic activity of L. lactis cells (Panoff et al. 1994).

10.3 Intracellular Stress Response Signals in L. lactis

10.3.1 Cytoplasmic pH Homeostasis

The growth of L. lactis is accompanied by the generation of acidic end products of
sugar fermentation, which results in acidification of the medium. The pronounced
organic acid production creates an environment that is unfavorable for many other
organisms. It is well established, however, that acids can passively diffuse through
the cell membrane and, after entry into the cytoplasm, rapidly dissociate into pro-
tons and charged derivatives to which the cell membrane is impermeable (Presser
et al. 1997). The intracellular accumulation of protons may lead to a decrease in the
internal pH (pH, ). A decrease in internal pH is a major signal in the induction of
acid tolerance response (ATR), and the magnitude of the ATR is dependent on the
degree of acidification of the cell cytoplasm (pH, ) (O’Sullivan and Condon 1997).
The ability to regulate pH, is a fundamental requirement to withstand acidic envi-
ronments (Kashket 1987). So far, the importance of pH homeostasis and the effects
of pH, on metabolic activities in microorganisms have become increasingly recog-
nized. The pH, affected the uptake of nutrients, such as K*, phosphate, and amino
acids. Also, pH, is an important component of the PMF and therefore has a pro-
found effect on the bioenergetic state of the cell (Hutkins and Nannen 1993). The
factors contributing to pH homeostasis in lactococci are (1) ATPases, (2) the arginine
deiminase pathway, (3) decarboxylation reactions and electrogenic transport, and
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(4) the citrate transport system (Kashket and Barker 1977; Marquis et al. 1987;
Garcia-Quintans et al. 1998; O’Sullivan and Condon 1999; van de Guchte et al.
2002). All four mechanisms may reduce the acidification of the internal compart-
ment and thus are important in maintaining cell viability.

10.3.1.1 ATPases

A number of mechanisms have been shown to confer stress resistance. There is
good evidence from both batch and chemostat culture studies that the membrane
H*-ATPase plays a key role in regulating the pH, of LAB and may be the most
important mechanism involved in pH_ regulation (Kobayashi et al. 1986). H*-
ATPase extrudes protons out of the cell via ATP hydrolysis. This reaction
requires energy (in the form of ATP) because the expulsion of protons from a
relatively alkaline environment (i.e., the cytoplasm) into an acidic environment
(i.e., the medium) requires the movement of protons against a concentration
gradient (Belli and Marquis 1991). Acidification of the cytoplasm increases
both the amount and the activity of ATPase (Nannen and Hutkins 1991). Nannen
and Hutkins reported that the greatest level of H*-ATPase activity in lactococci
occurred in cells harvested from media at an extracellular pH (pH_ ) of 4.9-5.9
(corresponding to a pH, of approximately 6.0-6.5) (Nannen and Hutkins 1991).
Below a pH value of about 5.0, however, the H*-ATPase activity decreased
sharply, which correlated with a rapid decrease in the pH, (Sanchez et al. 2006).
In this case, an acid-sensitive L. lactis mutant is unable to maintain a neutral
pH._ in an acidic environment (Amachi et al. 1998), and its acid sensitivity may
have derived from a mutation of the ATPase structural gene, which results in
reduced enzymatic activity (Amachi et al. 1998). Meanwhile, in L. lactis, cation
transport ATPases such as K*-ATPase can contribute to pH homeostasis. The
K*/H* exchange converts the transmembrane potential generated by the K*-
ATPase into a transmembrane pH gradient (ApH). This ion exchange allows
the establishment of a ApH and can participate in pH homeostasis (Kashket
and Barker 1977).

10.3.1.2 Arginine Deiminase Pathway

Another mechanism for pH homeostasis is the arginine deiminase pathway (ADI).
This pathway allows L. lactis to neutralize its environment by NH, production
(Marquis et al. 1987), and the generated ATP enables the extrusion of cytoplasmic
protons by F F -ATPase (Fig. 10.4). The ADI pathway consists of three cyto-
plasmic enzymes, arginine deiminase, ornithine carbamoyltransferase, and carbamate
kinase, which catalyze the conversion of arginine into ornithine, ammonia, and carbon
dioxide with the formation of 1 mol of ATP per mol of consumed arginine (Marquis
et al. 1987). Arginine and ornithine are exchanged by a membrane-located anti-
porter without an energy requirement, and the activity of the pathway is induced
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Fig. 10.4 Arginine deiminase pathway

three- to fivefold in the presence of arginine (Poolman et al. 1987). As of now, the
ADI pathway seems to be a unique phenotypic property of L. lactis subsp. lactis
(Deibel and Seeley 1974), as it is rarely observed in the subsp. cremoris.

10.3.1.3 Decarboxylation Reactions and Electrogenic Transport

Several systems based on decarboxylation and an electrogenic transporter found in
LAB may contribute to pH homeostasis. In these reactions, a carboxylic acidic com-
pound (e.g., an amino acid) is transported into the cell to be decarboxylated. A proton
is consumed in the reaction and the product is exported from the cell via a transporter.
The effect of this reaction is to increase the alkalinity of the cytoplasm. Moreover, the
coupling of the decarboxylation to an electrogenic transporter (antiport or uniport)
allows ATP to be generated via the PMF (van de Guchte et al. 2002).

In L. lactis, a putative glutamate decarboxylase-y-aminobutyrate (GABA) anti-
porter system has been shown to confer acid resistance in the presence of chloride
and glutamate (Sanders et al. 1998a, b). The system is encoded by an operon
consisting of two genes, gadC and gadB, which specify a putative glutamate-y-
aminobutyrate antiporter and a glutamate decarboxylase, respectively. The combined
action of these two proteins may confer acid resistance by removing a proton from
the cytoplasm and exporting y-aminobutyrate, which is more basic than the imported
glutamate (Sanders et al. 1998a, b). Alternatively, it may also result in the formation
of a PMF that could generate ATP in the presence of glutamate (Higuchi et al. 1997).
In addition, the expression of L. lactis gadCB in acidified cultures is higher than in
buffered medium and may also depend on glutamate (Sanders et al. 1998a, b).

Malolactic fermentation (MLF) is the conversion of the dicarboxylic malic acid
to the monocarboxylic lactic acid. It has been identified in L. lactis that the genera-
tion of metabolic energy during MLF arises from electrogenic malate/lactate anti-
port and electrogenic malate uptake (in combination with the outward diffusion of
lactic acid), together with proton consumption as a result of the decarboxylation of
L-malate. The net energy gain would be equivalent to one proton translocated from
the inside to the outside per L-malate metabolized (Poolman et al. 1991).
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10.3.1.4 Citrate Transport System

In L. lactis subsp. lactis biovar diacetylactis, citrate transport is catalyzed by citrate
permease P (CitP), which is encoded by the plasmidic citP gene. Both the transcrip-
tion of CitP and the citrate uptake increase when cells grow at low pHs. The strain
could grow to a high cell density when inoculated in growth medium at pH 4.5 con-
taining both glucose and citrate, whereas proliferation is very poor in the presence of
only glucose or citrate or in the absence of CitP. This increase in citrate transport
leads to more efficient glucose utilization, which results in a growth advantage for
L. lactis subsp. lactis biovar diacetylactis at acid pHs (Garcia-Quintans et al. 1998).

10.3.2 Accumulation of Specific Intermediates as a Response
to Stressful Conditions

10.3.2.1 Production of Oxygen Metabolites Under Oxidative Stress

Oxygen, as another stressor encountered during storage, processing, and drying, may
induce the appearance of certain intermediates (Miyoshi et al. 2003). In fact, oxygen
itself is unable to cause any damage to the cell, while during the cellular processes,
O, is partially reduced to water and leads to the formation of reactive O, metabolites,
which are the superoxide anion radical (O, ), the hydroxyl radical (OH), and hydro-
gen peroxide (H,0,) (Table 10.1). In this case, the intermediates presented above are
responsible for cellular oxygen toxicity (Storz and Imlayt 1999). To overcome this
challenge, L. lactis employs an NADH oxidase-NADH peroxidase system, through
which intracellular O, oxidizes NADH into NAD* by NADH oxidase, and the gener-
ated H,0, is reduced to H,O by NADH peroxidase (Table 10.1).

Meanwhile, under aerobic conditions, two NADH molecules, generated from the
oxidation of glyceraldehyde-3-phosphate, are reoxidized to favor the reduction of
pyruvate to lactic acid by the action of lactate dehydrogenase (LDH) (Yamada and
Carlsson 1975). The increased expression of NADH oxidase and NADH peroxi-
dase competing with LDH for NADH molecules leads to the reduced production of
lactic acid and shifted the glycolytic flux from homolactic acid to mixed-acid fer-
mentation (Thomas et al. 1979; Murphy and Condon 1984). Consequently, acetate,

Table 10.1 Redox reaction and related enzymes in L. lactis

Enzymatic reactions Catalytic enzymes
NADH+H* + O, - NAD*+H,0, NADH: H,0, oxidase
2NADH+2H*+0,—2NAD"+2H,0 NADH: H,O, oxidase
Pyruvate + phosphate + O, — acetylphosphate + CO,+H,0, Pyruvate oxidase
a-Glycerophosphate + O, — dihydroxyacetone phosphate +H,0,  a-Glycerophosphate oxidase
20,-+2H*—>H,0,+0, Superoxide dismutase

NADH+H*+H,0,—-NAD*+2H,0 NADH peroxidase
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ethanol, acetoin, diacetyl, and CO, (mixed-fermentation) are generated by the
participation of pyruvate dehydrogenase (PDH), pyruvate-formate lyase, and
a-acetolactate synthase (Miyoshi et al. 2003).

Cells containing glutathione (GSH) have an alternative mechanism, namely, a
glutathione-glutathione peroxidase-glutathione reductase system to protect them-
selves against damage from H,O, treatment. In this system H,O, is reduced by GSH
peroxidase, which uses GSH as a hydrogen donor, giving rise to H,O, and then the
oxidized GSH (GSSG) formed is reduced by glutathione reductase (GR) and NADPH.
However, some L. lactis subsp. lactis strains that cannot accumulate GSH still dem-
onstrate a strong resistance to H,O,, suggesting that there are other mechanisms for
H,0, resistance, such as thioredoxin and thioredoxin reductase (Li et al. 2003).

10.3.2.2 Accumulation of Specific Compatible Solutes
as a Response to Osmotic Stress

External osmolarity is one of the most common types of stress factors for L. lactis
(Morbach and Kramer 2002). Cells try to keep their volume and/or turgor pressure
constant. Thus, either a decrease (hypoosmotic stress) or increase (hyperosmotic
stress) in the solute concentration (increase or decrease in water activity) in the
environment will be deleterious to cellular metabolism and survival (Morbach and
Kramer 2002) (Fig. 10.5).
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Fig. 10.5 Changes in external osmolarity based upon influx (hypoosmotic stress) or efflux (hyper-
osmotic stress) of water (Morbach and Kramer 2002). The cell reacts by activating efflux channels
in the former case and uptake carrier in the latter. In all cases, an attempt is made for water fluxes
to be redirected
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Without the capability to synthesize compatible solutes, L. lactis cells take up
some key compatible solutes such as glycine betaine, carnitine, and proline from
the environment to maintain turgor pressure (Hutkins et al. 1987; Fougere and Le
Rudulier 1990; Molenaar et al. 1993). In L. lactis, a high-affinity uptake system for
glycine betaine (betaine) (Km=1.5 uM) is constitutively expressed (Molenaar
et al. 1993). This is an osmoregulated ABC transporter (OpuA) that is made up of
an ATP-binding/hydrolyzing subunit (OpuAA) and a protein (OpuABC) that con-
tains both the translocator and the substrate-binding domain. The activity of this
system increases not only with the extent of the osmotic upshock but also with the
growth temperature and the supplementation of Tween-80 (Guillot et al. 2000). In
addition, it varies strongly with the medium pH. Moreover, a low-affinity proline-
uptake system (K> 5 mM) is also active but only in a chemically defined medium
(CDM) of high osmolarity and not in rich media or in the absence of KCI (Molenaar
etal. 1993). Proline transport is inhibited by betaine (K. of between 50 and 100 uM),
and the exchange of proline for betaine suggests that the proline transport system
may also transport betaine (Molenaar et al. 1993). Additionally, the proline uptake
in L. lactis is enzyme-mediated and independent of passive diffusion. The energy
and pH dependency and the impact of ionophores on the activity of both transport
systems show that these systems are not PMF-driven (Molenaar et al. 1993).

When the uptake of glycine betaine and proline is activated by an osmotic
upshock, no activation of glutamate uptake takes place. However, the osmotic down-
shock causes a rapid efflux of some compatible solutes, among which are proline,
glycine betaine, and glutamate (van de Guchte et al. 2002). Glycine betaine efflux
is instantaneous and occurs in proportion to the osmotic downshock. The very rapid
efflux of glycine betaine suggests the existence of channel-like activities, as the
rates are much too high for catalysis by an “ordinary” transport system (van der
Heide and Poolman 2000). In addition, separate transport systems are postulated for
the uptake and efflux of betaine.

10.3.2.3 An ATP-Dependent Cholate Extrusion System in L. lactis

Bile acids (also regarded as bile salts), the major constituents of bile, are derivatives
of cholic acid (CA). CA is a weak acid (pKa, 6.4), which, in its undissociated form,
diffuses across the plasma membrane and becomes trapped as cholate in the cytoplasm
in a ApH-dependent form (Yokota et al. 2000).

In L. lactis, a system (that is ATP-dependent) has recently been confirmed to be
involved in the efflux and resistance to CA. Yokota et al. found that cholate extrusion
was dependent on ATP hydrolysis in L. lactis C41-2, and the loading with cholate was
only possible after the inactivation of the ATP-dependent cholate efflux system due to
a lack of ATP production by glycolysis (Yokota et al. 2000). In addition, the activity
of cholate efflux in L. lactis C41-2 was not mediated by the transport proteins LmrP
and LmrA. As the acetoxymethyl ester of 2’, 7’-bis-(2-carboxyethyl)-5(and 6) -car-
boxyfluorescein (BCECF) and cholate inhibit each other’s transport, it suggests that
they are effluxed by a common ATP-dependent transport system (Yokota et al. 2000).
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10.3.2.4 Multidrug-Resistance Systems in L. lactis

Besides the system to fight against environmental stresses, the L. lactis cells have
developed versatile mechanisms to resist antibiotics and other cytotoxic drugs.
A significant group of resistance mechanisms were found in the specific drug-resis-
tance systems (SDR) and the multidrug-resistance systems (MDR) (Konings et al.
1997). These systems prohibit the entrance of specific (SDR) and various (MDR)
toxic compounds, in which the activity of most bacterial MDR transporters depends
on ATP hydrolysis and PMF (Poolman and Konings 1993).

Concretely speaking, three MDR systems have been found in L. lactis. One system
provides resistance against anionic compounds, while the other two are responsible
for cation excretion (Konings et al. 1997). An ATP-dependent multidrug extrusion
system that is specific for organic anions was discovered due to its ability to extrude
the fluorescent pH indicator BCECF, which transports carboxyfluorescein derivatives
and glutathione conjugates such as dinitrophenyl-glutathione (Van Veen et al. 1996).
Another two cationic multidrug extrusion systems in L. lactis are the PMF-
dependent drug efflux system encoded by the /mrP gene and the ATP-dependent
drug extrusion system encoded by the lmrA gene, separately (Fig. 10.6).

10.4 Cross-Protection in L. lactis

As the emerging studies confirmed the interaction of multiple stresses, related physi-
ological responses caused by the cross-protection of L. lactis cells seem to be extremely
meaningful. It is well known that subjection to a mild stress increases cells resistant to
a lethal challenge with the same stress condition. Moreover, preadaptation to one
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stress condition can also help cells fight against other harmful conditions (Leyer and
Johnson 1993; O’Driscoll et al. 1996; Lou and Yousef 1997; Desmond et al. 2001).
Cross-protection was widely demonstrated in the 1980s, but the first report about such
a phenomenon in L. lactis was described in 1991 (Boutibonnes et al. 1991). In this
study, the response of L. lactis ML3 to heat shock was found to be similar with what
happened under the condition with 4.0% (v/v) ethanol. Four years later (Panoff et al.
1995), the authors further found that puromycin or chemicals such as cadmium chlo-
ride, mercury chloride, sodium azide, and 3-mercaptoethanol can also help L. lactis to
set up a line of defense against heat shock.

10.4.1 Cross-Protection During Cold Stress in L. lactis

The physiology of the cold-shock response in L. lactis subsp. lactis 11403 at a sub-
zero temperature and the cold-induced adaptation to heat shock were studied (Panoff
et al. 1994, 1995). Results showed that preadaptation of cells at 8°C leads to the
development of cold resistance. Interestingly, the same condition can also increase
their thermotolerance to a 52°C challenge, while preincubation at 42°C did not
improve cells’ ability to survive in freezing—thawing stress. These results indicated
that cold- and heat-shock responses may be physiologically linked by a complex
relationship. Further study demonstrates that such a phenomenon is subject to the
adaptation temperature in slight changes: Exposure to 8°C for 48 h leads to 95%
survival, and 4°C gives no adaptation to the freezing—thawing challenge, while
exposing cells to 16°C gives intermediate results. Apparently, an optimal adaptation
temperature (8°C for L. lactis) to a subzero challenge corresponds to a sufficiently
low temperature in order to permit a metabolic response to the stimulus (Panoff et al.
1995). The proteins induced in low-temperature adaptation and cryoprotection were
then studied in L. lactis MG1363 (Wouters et al. 1999). Exposure to 4, 10, and 20°C
for several hours increased the cells’ freeze survival. At the same time, the expression
of cold-induced proteins (CSPs) increased and, most significantly, the 7-kDa CSPs
appeared. However, other stresses (i.e., heat, salt, acid, and stationary-phase stress)
did not affect the expression of csp mRINA levels. This indicates that the 7-kDa cold-
shock protein CspD may enhance the survival capacity after freezing, although it is
probably not the only factor determining cryoprotection and cross-protection.

The cytoplasmic membrane is a key target for freeze- or desiccation-induced
damage; hence, changing the composition of the membrane’s fatty acids is the com-
mon way by which bacteria can maintain their integrity (Guerzoni et al. 2001; Fozo
and Quivey 2004). For instance, a higher content of 19:0 cyclopropane acid was
shown in the membranes of heat-shocked cells, while the value was lower in cold-
shocked cells. These changes can be inferred to improve membrane fluidity at low
temperatures. In addition, linear regression analysis revealed that membrane lipid
changes induced by stress may contribute to enhanced freeze and lyophilization
resistances in L. lactis regardless of whether the change is contributed by cold-
shock or other stress (Broadbent and Lin 1999).
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10.4.2 Cross-Protection During Acid Stress in L. lactis

O’Sullivan et al. have shown that the exposure of exponentially growing Lactococcus
lactis subsp. cremoris 712 cells to a mild acid pH induced the synthesis of proteins
that confer protection not only against lethal acid concentrations but also against
other lethal environmental stresses such as heat, ethanol, sodium chloride, and
hydrogen peroxide (O’ Sullivan and Condon 1997). In contrast to the spectrum spec-
ificity of tolerance induced by mild acid pH, the adaption of the other environmental
stresses tested, except heat, did not induce a tolerance to acid. Actually, the phe-
nomenon is the so-called ATR, which has been reported widely in many microor-
ganisms. In this process, intracellular pH is considered to be an important but not
unique factor for establishing the line of defense. Hartke et al. found that in L. lactis
subsp. lactis, the acid adaptation caused protein synthesis, and at least 33 proteins
were upregulated in the acid-adapted cells (Hartke et al. 1997). Further study con-
firmed that many of these acid-induced polypeptides, including the chaperone
DnaK and chaperonine GroEL, were also defined as heat-inducible (42°C) proteins.
In particular, proteins such as DnaK and GroEL were synthesized under moderate
conditions, while others such as GroES were induced by a serious pH shift below
3.8. Two-dimensional gel electrophoresis was used to investigate the protein expression
of L. lactis subsp. cremoris MG1363 in low pH (Champomier-Verges et al. 2002).
Results showed that certain oxidative stress proteins, such as superoxide dismutase,
autoinducer synthesis protein, LuxS, and alkylhydroperoxidase, were significantly
induced during acid treatment, while the induced heat-shock proteins can be char-
acterized as two different groups: As members of the CtsR regulon, ClpE and ClpP
were induced between pH 5.5-4.5, while the HrcA-regulated chaperones, GroEL,
GroES, DnakK, and GrpE, were induced only at pH 4.5. These findings, once again,
confirmed the potential links among heat stress, oxygen stress, and ATR in L. lactis.
Surprisingly, the addition of chloramphenicol did not inhibit the tolerance response
to lactic acid in L. lactis, indicating that de novo protein synthesis is unnecessary in
an acidic environment, which is consistent with the behavior of Gram-negative
microorganisms when the pH was adjusted by HCI (Hartke et al. 1996).

10.4.3 Cross-Protection During Starvation Stress in L. lactis

The stationary phase is always regarded as the best stage to explore cross-protection
and global stress regulation (Sanders et al. 1999). Under starvation conditions, the
size and fatty acid composition of cells changed. Although the protein synthesis
generally decreased in this process, certain proteins essential for starvation resis-
tance were induced, some of which have also been related to heat, oxidative, or
osmotic stress (Hartke et al. 1994). In E. coli, the product of the katF gene has been
identified to be the major regulator of the general starvation response, as it encodes
a specific sigma factor named o (Lange and Hengge-Aronis 1991; McCann et al.
1991). In L. lactis cells such as L. lactis subsp. lactis IL1403, cross-protection was
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also observed in starved cells, which, after carbohydrate limitation, enhanced their
resistance to heat, ethanol, acid, osmotic, and oxidative stress (Hartke et al. 1994).
This kind of global resistance seems to be more significant during the transition
from growth to the stationary phase. Interestingly, chloramphenicol or rifampicin
treatment, which inhibits de novo protein synthesis, does not abolish the develop-
ment of tolerant cells, but, on the contrary, seems to provoke this response in
L. lactis subsp. lactis (Hartke et al. 1994).

10.4.4 Other Cross-Protections Occurring Under Stress
Conditions in L. lactis

The relationship between UV irradiation—induced tolerance to other environmental
stresses and changes in protein synthesis was examined in L. lactis subsp lactis
IL1403 (Hartke et al. 1995). The results showed that preirradiation with UV
(254 nm) increased cell resistance to lethal challenges of acid, ethanol, H,0,, and
heat. At least 14 polypeptides were found to be induced by UV irradiation, and
some of them were also induced by acid, ethanol, H,O,, and heat treatments (Hartke
et al. 1995). However, the cross-protection pattern in L. lactis was quite different
from that of E. coli, since UV irradiation did not induce the RecA protein in a
drastic fashion, and the major heat-shock proteins in E. coli, GroEL and DnakK,
were not overexpressed (Krueger and Walker 1984; Auffray etal. 1991). Interestingly,
a polypeptide with a molecular weight of 50 and a pI of 5.5 was found as the sole
protein induced by all of the five treatments, and it may have a critical role in the general
stress response of L. lactis subsp. lactis (Hartke et al. 1995).

Two-dimensional electrophoresis was performed to study the overlap of induced
proteins between heat-shock— and salt-stress responses (Kilstrup et al. 1997).
In L. lactis subsp. cremoris MG1363, after a temporal induction, proteins upregu-
lated by twofold during heat stress could be divided into two groups. One set of
proteins was rapidly synthesized in the first 10 min, but their synthesis rate declined
after 15 min (except for GroEL and GroES, which maintained a high rate of syn-
thesis consistently). The other set of proteins exhibited a slowly increasing synthesis
rate after the onset of the stress treatment. Interestingly, all of the fast-induced
proteins during heat processing also appeared under salt stress, and it was confirmed
that they were regulated by CIRCE (controlling inverted repeat of chaperone
expression) elements in the promoter region of heat-shock genes (Yuan and Wong
1995; Schulz and Schumann 1996; Kilstrup et al. 1997). In addition, DnaK, GroEL,
and GroES showed similar temporal patterns of induction during salt stress with
heat stress, although at a lower induction level.

In L. lactis cells, the correlated responses under oxidative and thermal stresses
were focused on the study of the recA gene, which is essential for homologous
recombination and DNA repair and refers to oxidation and heat-shock regulation
(Duwat et al. 1995). In fact, the recA-deficient mutant lost heat-shock proteins
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Fig. 10.7 Cross-protection network of L. lactis. Solid lines indicate cross-tolerance, while dotted
lines indicate combinations of stresses where cross-protection was not observed. The direction
arrows reveal the sequence from adaptation stress to the lethal condition

DnaK, GroEL, and GrpE and therefore grew poorly at increased temperatures, with
a diminished heat-shock response. Levels of the HfIB analog FtsH were elevated in
the lactococcal recA strain. Because HfIB downregulated heat-shock genes’ transcrip-
tion in E. coli (Herman et al. 1995), it is reasonable to consider that recA might
regulate the heat-shock response in L. lactis by controlling the levels of HfIB.
Figure 10.7 displays the relationship of cross-protection under multiple stresses.

DNA microarrays were used to systematically evaluate the impact of environ-
mental stresses on gene expression in L. lactis subsp. lactis IL1403 (Xie et al. 2004).
A total of 375 genes during heat, acid, and osmotic processing were profiled, and
their expression patterns were drawn (Fig. 10.8). Based on this data, further insight
into the stress-resistance mechanisms of L. lactis cells may be gained. Furthermore,
this technology will provide more information about the cross-protection responses
of L. lactis cells.

10.5 Concluding Remarks

A greater understanding of the self-protection mechanisms of environmental stress
responses may inspire us to improve the application of L. lactis as a starter, a probi-
otic, as well as a genetic host. As L. lactis is a complex system, numerous informa-
tion resources implicated in its stress responses need to be collected and investigated
further. Fortunately, these studies can also benefit from the knowledge already
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Fig. 10.8 Venn diagram of shared stress responses of L. lactis subsp. lactis 1L1403 (Xie et al.
2004). Genes are grouped according to their response to each stress treatment and are presented in
each circle. Common genes among different stress responses are represented in the intersection
area among the circles

acquired in other bacteria, for example, the analysis of several stress proteins whose
role has been demonstrated in other microorganisms. So far, we know that the stress
responses of L. lactis are related to metabolic activities and the energy state of cells.
Moreover, certain intracellular regulators such as the cytoplasmic pH, the ADI
pathway, several decarboxylation reactions, and the electrogenic transport also
favor the stress tolerance of L. lactis cells. With the rise of omic studies, enriched
knowledge about genomics, proteomics, transcriptomics, and bioinformatics will
reveal the responses of cross-protection that take place under a series of stresses and
will enlighten us to draw the map of stress responses in L. lactis globally. All of
these findings will undoubtedly increase the tolerance to stress and shed new light
on the rational use of L. lactis in the food industry.
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Chapter 11
Stress Responses of Lactobacilli

Maria De Angelis and Marco Gobbetti

11.1 Introduction

The genus Lactobacillus belongs to the filum Firmicutes, class Bacilli, order 11
Lactobacillales, and family Lactobacillaceae. Lactobacillus is the largest genus
within the group of lactic acid bacteria. As of this writing, in July 2010, it contains
166 species, which are mainly used in the manufacture of fermented dairy, sour-
dough, meat, and vegetable foods or used as probiotics. The general utility of the
Lactobacillus species is related to their generally recognized as safe (GRAS) status
and will be dependent on the availability of cost-effective methods for the produc-
tion and delivery of viable cultures (Walker et al. 1999).

The industrial applications all imply that lactobacilli are exposed to various envi-
ronmental stress conditions, such as extremes in temperature, pH, osmotic pressure,
oxygen, and starvation, which may affect the physiological status and properties of
the cells. Knowledge about the stress response of Lactobacillus may permit (1)
tools to be developed for screening tolerant or sensitive strains, (2) an enhanced use
in food processes and for medical purposes through the optimization of growth,
acidification, proteolysis, bacteriophage resistance, bacteriocin synthesis, and pro-
biotic effects, (3) an enhanced growth and/or survival by appropriate preservation
methods or by the use of genetic engineering to build new food-grade starters, and
(4) the fitness and level of adaptation of a culture to be evaluated. This chapter
describes the physiological and molecular mechanisms of environmental stress
responses of lactobacilli.
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11.2 Overall Adaptation

The ability of the Lactobacillus species to adapt to different environments is
variable. Several species are isolated from several habitats, but some are restricted
to specific niches (Table 11.1). This is the case of Lactobacilllus sanfranciscen-
sis, which is only found in sourdoughs (Gobbetti 1998). On the contrary,
Lactobacillus casei and Lactobacillus plantarum are more versatile species that
are isolated from fermented foods and are natural inhabitants of the human gas-
trointestinal tract (Cai et al. 2009; Sturme et al. 2007; Di Cagno et al. 2009).
Comparative genome analysis of the Lactobacillus species indicated that the
combination of gene gain