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Effect of Stress on Cells of Lactobacillus delbrueckii sp. Bulgaricus
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Abstract: Cultures of Lactobacillus delbrueckii sp. bulgaricus play an important role in the production of
fermented foods and are frequently used as starter cultures for dairy fermentations combined with other species.
It These cultures is are particularly used in the industrial production of yoghurt and cheeses. Large scale
Pproduction methods of dried I.. bulgaricus powders, for inoculating the production vat directly, involve
treatments that stress cells in such a way that they lose some of their original activity. containing viable and
active orgamsms which are long-term preserved during storage in the dried state, areis presented. Tlis review
covers the environmental stress responses in cells of L. bulgaricus which have been investigated. The
responses of L. bulgaricus cells to heat, cold, acid, osmotic, oxygen, starvation, drying and during storage in
the dried state are described. Attempts to improve the survival of L. bulgaricus during drying and subsequent
storage m the dried state are also discussed in this review.
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INTRODUCTION

Lactobacillus delbrueckii sp. bulgaricus hereafter
termed L. bulgaricus, is a homofermentative Lactic Acid
Bacterium (LAB) used as a starter culture in important
dairy fermentations especially in yoghurt and m other
fermented milk productiosn™. such as yoghurt, cheese,
milk, meat, fruit, vegetables and bread. Fermented dairy
products have been a major part of the diet of people
around the world and the health benefits associated with
these products have been reported"?. Laciobacillus
delbrueckii sp. bulgaricus is economically very important
especlally n yoghurt manufacturing and in fermented milk
for human consumption!. Despite the industrial interest
m L. bulgaricus however, little 13 known about its
physiologyand genetics!™.

In the industrial production of yoghurt, The usual
industrial practice is to add Streptococcus thermophilus
and L. bulgaricus to produce yoghurt are usually in order
toused together in order to reduce the fermentation time.
L. bulgaricus produces essential aminoacids from milk
proteins owing to its proteolytic nature and the symbiotic
relationship of L. bulgaricus and S. thermophilus 1s well
known; the formerprevious organism produces amino
nitrogen for the latter organism and it continues toalso
convert lactose to lactic acid during refrigerated storage,
known as postacidification which 1s essential for food
product fermentation and stability. On the other hand,

Exopolysaccharides (EPS) produced by L. bulgaricus and
S. thermophilus play an important role in improving the
texture and stability of yoghurt and preventing
syneresis'”. Since the addition of stabilizers of animal or
plant origin to natural yoghurts is prohibited and since
there 1s a growmng popularity for food products without
additions, the utilization of EPS-producing LAB starter
cultures has been gained popularity™. At present,
starter cultures have become an integral part of a
successful industry; their relevance 1s reflected by the
economic value of their end products.

From a commercial point of view it is clear that the
starter culture must, contain the maximum mumber of
viable orgamsms, be highly active under production
conditions, and be free of contammants. The development
of concentrated cultures, for inoculating bulk starters or
the production vat directly, has eliminated many of the
problems traditionally mvolved i the preparing and
maintaining of starter cultures. The most common
technologies used for concentrating/preserving L.
bulgaricus cells are fluidized bed dryingzation, freezing,
freeze-drying and spray-drying. The choice depends on
the technological, views, but also on the economical and
on the practical limitations.

Tt is important to understand the behaviour of L.
bulgaricus when facing dairy processes and during
commercial  starter preparation such as heating,
drying, rehydration and storage in the dried state. The
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development of concentrated cultures, for inoculating
bulk starters or the production vat directly, has eliminated
many of the problems traditionally mvolved in the
preparing and mamtaming of starter cultures. The most
common technologies used for preserving L. bulgaricus
cells are fluidization, freezing, freeze-drying and spray-
drymg. The choice depends on the technological views,
but also on the economical and practical limitation. During
these processesstarter cultures preparation and during
fermentation, L. bulgaricus cells are exposed to stressful
conditions such as high and low temperatures, high
osmolarity/dehydration, oxidative stress, to nutrient
starvation and especially to acidic stress since during
fermentation high levels of lactic acid areis produced
resulting in some loss of activity/viability™™ resulting in
can some losst some of activity/viability. mcluding,
changes in morphology"”, exposure to high
osmolarity/dehydration’”, to oxidative , to
carbohydrate starvation and especially to acidic stress
since during fermentation high levels of lactic acid 1s
produced™**" From an  industrial point of
view,Therefore, the development of protocols for the
preparation of starter cultures containing highly active,
viable and tolerant to adverse conditions LAB would be
very useful® . A number of environmental parameters
environmental parameters can be manipulated during
growth and/or starters production, to in order to increase
cellularincrease cellular control survival/activity L.
bulgaricus without changing the safety , and the nutritive
ofcharacteristics of

stress!™

value and sensorial characteristics
the final fermented products. Despite the industrial
mterest i L. bulgaricus however, a lot still remains
unknewn about its physiclogy and genetics'™ especially
under Therefore, it 18 important to understand the
favourable growth and drying conditions; the response of
the orgamsm to heating, drying and during storage in the
dried state and the resistance occurred during the
fermentation processes. stress conditions.

In this study an extensive review of the actual
knowledge on the adaptation of L. bulgaricus to the
stress factors encountered during starter/fermented foods
production and/or preservation is presented.

STRESS

Heat stress/shock response: Despite the industrial
applications, knowledge of physiological adaptations by
lactic acid bacteria to dairy processing conditions such as
heating remains limited. Temperature is one of the most
important parameters affecting the growth and survival of
bacteria. Optunum growth temperatureThe Heat Shock
(HS) response refers tois defined as an abrupt mncrease

in to a non- lethal temperature causing the expression of
an adaptive response characterized by the transient
induction of specific proteins known as Heat Shock
Proteins (HSPs). These protect heat-stressed cells by their
ability to recognize nascent polypeptides, unstructured
regions of proteins and exposed hydrophobic stretches of
amino acids, preventing their wreversible aggregation with
other proteins!*'?. The regulation of the HS response has
been studied extensively in E. coli and B. subtilis. HSPs,
also called stress proteins, are a group of proteins that are
present in all cells in all life forms!"?,

Gram-positive bacteria have diverse regulatory
strategies depending on the specific heat shock genes
and specific bacteria. The heat shock genes can be
divided on the of cis-elements and the
transcriptional activators or repressors used: - Class 1
genes, encode major chaperones DnaK-DnaJ-GrpE and
GroEL-GroES; -Class 2 genes is a large group of genes
that are positively controlled by a general stress; Class 3

basis

genes encode some of the lnghly conserved protemns and
are important in the virulence and survival of several
pathogens;, Class TV includes the rest of the heat-
inducible genes controlled by as yet undefined
mechanisms!'”.

Teixeira et al™ showed that cells of L. bulgaricus
exposed to a sublethal heat treatment acquire the ability
to withstand subsequent lethal heat challenges, a
phenomenon known as thermotolerance. Heat-induced
thermotolerance has been observed in several other
LAB such as as L. bulgaricus™, Lactococcus. lactis'™,
Enterococeus  faecalis™ Streptococcus
thermophilus". Nevertheless, the HS response is also
invoked by various types of environmental stresses and
conditions such as drying'™, osmotic™ and acid shock ],
oxidative'™ and starvation conditions™. The HS response
and thermotolerance of L. bulgaricus has
investigated by several other authors. Lim et al™ also

and
10]

been

studied L. bulgaricus adaptation to an acid stress. In
exponential growth phase, adapted cells (30 min at pH
4.75) of L. bulgaricus were more tolerant to lethal acid
stress (30 min at pH 3.6). Under acidic conditions three
highly induced proteins were observed identified by N-
terminal amimo acid sequence as GroES, GroEL and Dnak;
however, a different induction mechanism was observed
for GroES and GroEL suggesting post-transcriptional
regulation mechanisms. Previously, Lim et al® had
demonstrated that exponential L. bulgaricus cells under
acidic conditions (pH 4.75) showed an increased
expression of GroES, GroEL and DnaK. Rechinger et al."?
monitored the I.. bulgaricus proteome by [**S]-methionine
and observed a higher expression of “early” proteins,
GroEL and GroES in frozen cells (157 and 4.8,

480



J. Food Technol., 3 (4): 479-490, 20035

respectively) compared to cells re-suspended in milk (0.04
and 0.9% w/v). Gouesbet et ¢l”" demonstrated that I..
bulgaricus acquired enhanced thermotolerance after
moderate heat shock. Gouesbet et al.l” reported that L.
bulgaricus after 10 min at 63°C showed an over-
expression of HSPs (DnaK and GroEL). They also
analysed the thermoadaptation mechamsms mvolved in
heat resistance and found that above a certain threshoeld,
cells reach a maximum level of protection that cannot be
easily exceeded. They also compared the protein patterns
of the original strains with the selected thermoresistant
variants and showed that the variants were able to
induce more rapidly their adaptative mechanisms than the
parent strains. The degree of thermotolerance conferred
on L. bulgaricus, by an heat shock, when cells were
grown i controlled and non-centrolled pH conditions,
during exponential and stationary growth phases, was
evaluated by Silva et al.***. For exponential phase cells,
thermotolerance was enhanced by submatting the cells to
prior HS independently of the pH of growth conditions.
Stationary phase cells were significantly more resistant to
heating than cells in the exponential phase but only when
growth occurred under non-controlled pH. Induced
thermotolerance m stationary phase cells, was only
observed for cells grown under controlled pH. Except for
cells in the stationary growth phase grown under non-
controlled pH, the shock treatment resulted in an
intracellular increase m the GroES and GroEL.
According to Silva et al.,'**® GroES and GroEL
chaperones play a crucial role in the L. bulgaricus stress
response. The relationship between the pH of growth of
L.actobacillus  delbrueckii  spp. bulgaricus and
thermotolerance, survival through spray drying and
during storage of the dried cells, was evaluated. Cells
grown under acidic conditionsin (non-controlled pH) were
more resistant to heat stress, spray drying and storage in
the dried state than cells from cultures grown under
controlled pH (pH=6.5). Tt was also observed by this
research team that tThe intracellular levels of GroES,
GroEL and Hsp70 were were enhanced when after cells
were growing the cellsn under non-controlled pH
conditions. These authors also determined theThe effect
of the growth phase, and the pH growth conditions and
heat shock on the resistance of L. bulgaricus to stress
conditions such as heating, drying and storage in the
dried state™ was evaluated. The heat shock proteins,
G1oES and GroEL, were involved in both shock responses
(acid development and heat shock). Stationary phase cells
grown under non-controlled pH conditions were
significantly more resistant to heat than cells in the
exponential phase and cells grown under controlled pH in
both growth phases. Again, except for cells m the

stationary growth phase and under non-controlled pH,
the heat shock treatment resulted in an intracellular
increase 1 heat shock proteins (GroES and GroEL).
Heat-induced thermotolerance has been observed in
other LAB such as Lactococcus lactis™, Enterococcus
faecalis™® and S. thermophilus!"”. Nevertheless, the HS
response 18 mvoked by various types of
environmental stresses and conditions such as drying™,
osmotic Mand acid shock™ and starvation conditions™®,

also

Cold stress/shock response: When exposed to abrupt
decreases in temperature, microorgamisms undergo severe
physiological disturbances such as reduction in
membrane fluidity, changes in the level of DNA
supercoiling, and the formation of stable secondary
structures m DNA and RNA that impair replication,
transcription and protein synthesis. The usual liquid
crystalline nature of membrane is changed to a gel-phase
state upon cold shock. After the temperature downslhuft,
the proportion of unsaturated fatty acids in the membrane
lipids increases contributing to a greater degree of
flexibility. In response to these effects and to ensure
cellular activity, various bacteria develop an adaptative
response to cold shock, which permits adaptation of the
cells to the new temperature™. In comparison to heat,
cold shock responses have been studied less, however,
this response has been characterized by the decrease of
the synthesis of most proteins and induction of some
specific proteins known as Cold Shock Proteins (CSPs
cspCSPs (cold shock proteing)), resulting in a lag period
of growth. Cold shock response 1s of vital importance for
the survival of L. bulgaricus during the preparation of
frozen or freeze-dried starter cultures and storage of
yoghurt prior to consumption. Freezing causes complex
stress conditions since cells can be damaged by the
formation of ice crystals and by the high osmolarity due
to freezing out of water and subsequent high
concentrations of internal solutes which determines the
survival of cells after freezing and during the period of
storage m the freeze-dried state™*. Several authors
have reported that when the temperature decreases, the
proportion of unsaturated fatty acids in membrane lipids
increases!"™”. Survival during and after freezing depends
on the species bemng analysed, the growth conditions, the
age of the cultures and the suspending medium™*!. Serrcr
et al. " reported the adaptation of L. bulgaricus cells to
sub-optimal temperatures and characterized the molecular
adaptation regulated by the csp gene.characterized the
two csp genes of L. bulgaricus after adaptation to sub-
optimal temperatures, i.e. 42 to 25 or 15°C. They found that
the cespA gene was demonstrated to encodes a canonical
CspA-like protein whereas the cspB gene encodess a less
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conserved protein compared to the characterized
prokaryotic CspCSP. However, these authors claimed that
only cspA appeared to be cold mducible with a maximal
mnduction at 25°C since;. On the other hand, ¢CspB might
play a major role during active growth at normal
temperature.

Several researchers have studied the viability/activity
of L. bulgaricus during freezing and subsequent storage
n the freeze-dried state. FFreezing of L. bulgaricus cells
m the presence of specific cryoprotectants results
inpromotes a decreased lower loss of viahility™™. Panoff
et alP" reported that the tolerance of L. delbrueckii
subsp. bulgaricus CIP 101027T to freezing at -20°C could
be inducedwhen growth at 37°C was induced by pre-
treatment with various compounds even at normal growth
temperature (37°C); addition of some of these compounds
have proven to have a protective effect to freezingsolutes.
Rechinger et al."” monitored the I.. bulgaricus proteome
by [*°S]-methionine and observed a higher expression of
early protems, GroEL and GroES in cells that had been
exposed to frozen temperatures. Similar studies were done
byMore recently, Carvalho ef @/**™*" have been studying
the effect of different compounds added to the drying and
to the growth medum upon survival of L. bulgaricus
during freezing and storage. These authors demonstrated
that both drying and growth medium had a critical role
upon survival subsequent to freeze drying”; the
performance of each growth and drying medium and the
selection of the rehydration and storage conditions are
critical for recovery of freeze-dried cells. In order to
produce and to prepare/preserve potential starter cultures
such as L. bulgaricus, all of the above situations must be
studied and optimizedIn both studies some of the
compounds had a greater cryoprotective effect (e.g.
sucrose and adonitol) and others had a negative
cryoprotective effect (e.g. glycerol,).

A better understanding of the responses to low
temperatures, during and after freezing processes, may
contribute to the optimization of  the
preparation/preservation of potential starter cultures
including L. bulgaricus.

Acidic stress and growth phase: Many acid-tolerant
fermentative bacteria have developed strategies in order
to maintain a constant pH gradient rather than a constant
internal pH,. In general, a large proton gradient is
disadvantageous for fermentative lactic acid bacterialL AB,
because proton translocation consumes energy, and
anaerobic organisms gain significantly less energy from
sugar metabolism than aercbes gain. Furthermore, a large
proton gradient results in accumulation of orgamc acid
anicns in the cytosol™. The phenomenon of adaptation

482

to acid stress has been studied in many numerous
microorganisms™”  and differences in acid survival
strategies have been found among the species
including foodborne  pathogens such as  Listeria
monocytogenestand Salmonella Ttyphimurium®?.

Food fermentations are often carried out by
sequential microbial populations; this occurs in dairy
fermentations, such as yogurt fermentation, as well as in
indigenous spontaneous fermentations of cereals and
vegetables**!. Indeed, ILactic acid bacterialL AR,
particularly Lactobacillus strains, which are considered
among the most acid-tolerant bacteria, are often dominant
at the end of these fermentations. L. bulgaricus, a
homofermentative bacterium, produces lactic acid which
leads to acidification of the medium to approximately pH
3.8. Therefore, L. bulgaricus must adapt to the mereasing
acidity in order to survive, the response being known as
the Acid-Tolerance Response (ATR). Thus, acidity 1s one
of the major stresses encountered by the bacterium in
yogurts (pH 4.3-4.5) as well as n the stomach (pH 1.5-2)
upon consumption™. The first published study by two-
dimensional electrophoresis of the L. bulgaricus response
to stress, was to acid stress™. Three heat shock
proteinsHSPs (DnaK, GroES and GroEL) were found to be
acid-shock inducible and were detected by **S-methionine
labelled polypeptides in exponential growth phase after 15
min. at pH 4.75. These authors also reported that in
exponential growth phase, adapted cells (30 min at pH
4.75) of L. bulgaricus were more tolerant to lethal acid
stress (30 min at pH 3.6). Again, under these conditions,
three highly induced proteins were observed and
identified by N-terminal ammo acid sequence as
GroES, GroEL and DnaK; however, a different induction
mechanism was observed for GroES and GroEL
suggesting post-transcriptional regulation
mechanisms™.

Similar results were found by De Angelis and
Gobbetti®. They observed that adapted cells (30 min. at
pH 4.75) of L. bulgaricus were approximately 250-fold
more tolerant to lethal acid stress (30 min at pH 3.6) than
non-adapted cells.

The relationship between final pH of growth of L.
bulgaricus and thermotolerance, survival through spray-
drying and storage in the dried state was evaluated by
Silva et al..***!. In non-contrelled pH fermentation runs,
cells of L. bulgaricus grown until the stationary growth
phase the cells were found to be more resistant to heat,
spray drying and during the subsequent during storage
period in contrast to cells grown in controlled pH
(commonly used by the starter cultures production
industry).. In L. bulgaricus, most ATR studies have been
focused on the exponential growing cells that suddenly
undergo a rapid transition to low pH. R. More recently,



J. Food Technol., 3 (4): 479-490, 20035

Silva et al™ studied cells of L. bulgaricus grown until
exponential and stationary growth phase under controlled
and un-controlled pH; they observed that cells were
found to be induced .upon acidification of the culture
medium during growth. Cells in exponential growth phase
were more sensitive to subsequent stress treatments (heat
and acid shock) than cells in the stationary growth phase.
These differences were confirmed by measuring the
induction of Hsp 70, GroEL and GroES. Under controlled
pH conditions and in both growth phases, L. bulgaricus
showed an over-expression of the studied heat shock
protemsHSPs after a heat (20 min. at 47°C) oran acid shock
(20 min. at pH 2.0). However, under non-controlled pH
conditions only exponential phase cells responded
positively to the shocks, since stationary phase cells
already had induced these proteins during growth
Differences between exponential and stationary-phase
acid tolerance responsesATRs have been described for
other orgamsms and it 13 well-accepted that exponential
phase cells are more sensitive to stressesP %]
Therefore, to understand the ATR response of L.
bulgaricus cells it is necessary to compare the differences
between both growth phases with respect to the
physiological and molecular mechanisms.

Drying and storage in the dried state: Dried preparations
of lactic acid bacterialL AB have the mdustrial advantages
of long-term preservation and convenience in handling,
storage, marketing and consumption”. The development
of concentrated cultures, for inoculating the production
vat directly, has eliminated many of the problems
traditionally involved in the preparation and maintenance
of starter cultures. Freeze- and spray-drying processes are
commonly used in the dairy industry, however, there are
some disadvantages associated with both techniques.
Freeze-drying 1s a method of preservation that
depends upon the reduction of water activity by water
removal by sublimation. On the other hand, spray-drying
1s the transformation of a solution or suspension mto a
dry powder 1n a single operation; generally heat 1s applied
as a heated atmosphere and evaporation is promoted by
spraying the liquid feed into this atmosphere. Spray-
drymg can be used to produce large amounts of dairy
starter cultures relatively inexpensively; the spray-dried
powder can be transported at low cost and can be stored

043 Teaixeira et al.

in a stable form for prolonged periods
U4lreported that no significant differences in survival
were obtained when L. bulgaricus cells were dried by
these two methods. However, if survival after drying is
monitored after freeze- or spray-drying, viability may be
lost during sterage in the dried state!**”. Water activity

15 an mmportant factor affecting the stability of dry and
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dehydrated products during storage. Controlling water
activity in a dry product maintains proper product
structure, texture, stability, density and rehydration
properties. Water activity wmfluences non-enzymatic
browning, lipid oxidation, degradation of vitamins,
enzymatic reactions and protein denaturation.

The survival of L. bulgaricus during heating, spray-
drying and subsequent storage in the dried state has been
evaluated"**#*447  Following drying, L. bulgaricus
cells have demonstrated an increasing sensitivity to
lysozyme and NaCl, indicators of cell wall and cell
membrane damage!™, DNA damage™ and changes in fatty
acids profile by the decrease in the ratio of the
unsaturated to saturated fatty acids®™®. These authors
improved this oxidation phenomenon by stormng dried
cultures under vacuumP™ or under controlled water
activity."!. In L. bulgaricus, survival throughout drying
and subsequent storage in the dried state has been
reported to be dependent on the growth phase™, on the
growth conditions™*, on the drying medium®” and on
the rehydration conditions®*).  These  reports
demonstrated that cells of L. bulgaricus were more
resistant to drying and subsequent storage in the dried
state, during the stationary phase of growth, under non-
controlled pH, and may be further protected by adding
some sugars and/or protectants to the growth medium or
to the drying medium.,

Some sugars and/or protectants:

Osmotic stress: To survive osmotic stress the cells need
to adapt by accumulating specific non-toxic low molecular
weight compounds called compatible solutes, which
include sugars (e.g. sucrose, trehalose), polyols (e.g.
sorbitol, inositol), amino acids (e.g. glutamate and
proline) and quaternary amines (e.g. glycine betaine,
carnitine)™"*. Compatible solutes are recognized as
being effective in the enhancement of enzyme stability,
providing protection not only against high salt but also
agamst ligh temperature, rehydration, drying and
subsequent storage™; as being essential to maintain
the integrity of the cellular membrane during
desiccation®™ and as allowing the cell to retain positive
turgor pressure which contributes to osmotic balance with
the extracellular environment™. The transporters involved
in Ccompatible solutes, either taken up from the
environment or newly synthesizetized in the cytoplasm,
lead to differences in cells and , protection during storage
in the dried state!”. Most LAB strains are reported to have
no possibilities to synthesize compatible solutes
recovering from osmotic stress via the uptake of those
molecules known as compatible solutes®,

The addition of various compounds to the drying
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medium®™*” and to the growth medium™* can modify the
survival of microorganisms during drying and subsequent
storage in the dried state. These compounds have been
recognised as cellular protecting agents during different
drying processes and subsequent storage in the dried
state!'**"****; however, different LAB strains may exhibit
distinct behaviours during storage in the dried state*".
Stress proteins synthesis during osmotic shock has also
been reported. Kilstrup et al”” demonstratedreported
that L. lactis cells stressed with 2.5% NaCl produced the
same HSPs as in cells stressed by heat (30 min at 43°C);
those stressed cells were described as being more
resistant to the subsequent sub-lethal treatments..

Work dene by Carvalho et al.®® showed that sorbitol
has a strong protective effect upon survival of dried L.
bulgaricus. The mechanisms imvolved 1n sorbitol
protection were attributed to changes in the physical state
of the membrane lipids and changes in the structure of
sensitive proteins in the cell®™ Also, sucrose was
anfound effeicientive protectant, when added to the
drying medium, during storage of dried cells of L.
bulgaricus; however, this protection was growth medium-
dependent™. Silva et af.'" demonstrated that when
present in the growth medium, sucrose, although not
fermented by L. bulgaricus, 1s accumulated and resulted
mn sigmficantly enhanced survival during heating in sterile
Ringer’s solution and during storage in the spray dried
state. The same results were obtained by Fonseca ef al.P?
when the addition of betaine or sodium glutamate to the
drying medium enhanced the survival of L. bulgaricus
cells to freezing and frozen stporage. This improvement in
the cryopreservation of L. bulgaricus was explained by a
decrease in the number of ice crystals formed during
freezing and freeze-drying storage. Similar results were
obtained by these authors when betaine or salt were
added to the growth medium. Indeed, during storage of
spray dried L. bulgaricus cells, betaine or salt showed a
positive effect; however, when both compounds were
added together this effect was not observed Betaine has
beenis proven to be an effective cell protectant for during
drying processes®™ and it is thought to prevent
aggregation and maintain the solubility of cellular
proteins or to alter the physical properties of the cell
membrane™. The same results were obtained by Fonseca
et al. with the addition of betaine or sodium glutamate
to the drying medium. This mmprovement m the
cryopreservation of L. bulgaricus was explained by a
decrease in the number of ice crystals formed during
freezing and freeze-drying storage.

Zavaglia et al. “Ishowed that trehalose diminishes
significantly the damage produced by dehydration both
when L. bulgaricus cells were dried by heating or
subjected to osmotic dehydration. This effect was
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thought to be related to the preservation of the
permeability to water and to the surface potential of the
bacteria. Previously, work done by de Giori et al'*™
demonstrated for the first time that an active transport
system governs the uptake of the essential amino acid
glutamate i L. bulgaricus CNRZ 208. Glutamate 1s
recognized as a counterion for positively charged
potassium ions to balance the intracellular charge
accumulated by bacteria under osmotic stress.

Oxidative stress: Oxidative stress has been defined as a
disturbance in the antioxidant balance in favor of pro-
oxidants. Oxidative stress caused by increased levels of
supercxide anion (O”), hydrogen peroxide (H,O,), or
hydroxyl radical (HO) can lead to the damage of all
cellular components. For aerobically growing bacterial
cells, the auto-oxidation of components of the respiratory
chain is the main source of endogenous C° and H,O, ™.
L. bulgaricus 1s an aerotolerant anaerobe that obtains
most of its energy from homolactic fermentation. Tt does
not require strict anaerobic growth conditions and
tolerates the concentration of oxygen in air. Even though
L. bulgaricus does not use oxygen m its energy
metabolism, it is likely that the presence of oxygen in its
envirenment can influence its physioclogy™!. The
presence of oxygen can generate partially reduced toxic
intermediates of oxygen such as O superoxide anion,
H,0; hydrogen peroxide and HOhydroxyl radical. The
simultaneous presence of H,O, hydrogen peroxide and
2 superoxide amons can lead further to the formation of
HO hydroxyl radicals which are particularly harmful in
Lactobacillus sasince they lack superoxide dismutase and
arebeing unable to elimmate superoxide anionstheir
elimination!™
66]

. since and they do not express conventional
Together,  these oxygen
intermediates can cause severe oxidative damage such
as strand breaks in DNA
lipids"*and inactivation of enzymes™. Therefore, theits
removal of these reactive oxygen ntermediates 1sis
essential to detoxify the oxidants and repair the damage.
In the literature little information is available about
the effect of the oxidative stress in L. bulgaricus. Castro
et al."and Teixeira et al.,™” suggested the involvement of
membrane lipid oxidation in cellular death during storage
of dried L. bulgaricus. Work done by Marty-Teysset
et al.™ showed a difference in the growth of L.
bulgaricus i the presence and absence of oxygen. It was
also found that L. bulgaricus could reduce oxygen into
H,O,hydrogen peroxide with an NADH oxidase, probably
the oxygen present. However, this
detoxification of oxygen led to an overproduction of

catalases! reactive

oxidation of membrane

>

to elmminate
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H,O, hydrogen peroxide that caused oxidative stress
and triggered an early entry of the cells into stationary
phase.

Starvation: It is well known that bacterial cells enter the
stationary phase upon depletion of essential nutrients
from the growth medium'™
fermentation end product (e.g. lactic acid)™. Under
depletion of nutrients, many groups of bacteria can

! and/or accumulation of a

exchange chemical signals to help them monitor their
population densities, a phenomenon referred to as
quorum sensing'™. In the past decade, various studies
mdicated that many of these processes
preferentially at high population densities and are
stimulated by the exchange of chemical signals between
bacteria”"!. Growing populations of bacteria, during the
transition to stationary phase, rtelease a variety of

QCCcur

hydrolytic enzymes, produce endospores or other resting
structures and antibiotics or toxins, presumably to limit
inter-specific competition and obtain new sources of
nutrients. (o Paul acha que podemos falar do quorum
sensing) . When nutrients becoame available and cells
resume growth, there 15 usually a lag phase before the
cells start to divide and return to exponential growth. If
nutrients are still available, entry into stationary phase
be

[30

can also due to lactic acid dissociation
intracellularly™. Responses to limiting conditicns have
been studied in bacteria; carbohydrate starvation leading
to cell energy depletion; phosphate starvation which is
essential for the energy supply and DNA/RNA synthesis
and nitrogen starvation which results primarily m the
limitation of protein synthesis*""™

spontaneous mutation tate, nduction of pathogenic

Increase in the

genes, changes i the topology of the chromosome,
changes in the fatty acid composition of the cell
membranes and in the structure of the cell wall, have been
reported i starved organisms'’”. Indeed,
starvation results n a morphologically distinct cell that 1s
reported to be less active and more resistant to
environmental stresses™"". Kolter et al"™ reported that

several

starvation induces resistance to a number of stresses
without prior exposure to those stresses; these authors
also observed that the resistance produced by starvation
is even more protective than pre-adaptation to lethal
challenges of growing cells.

It 1s generally believed that proteins synthesized
during starvation are probably involved in maintenance of
cell viability and in resistance to numerous stresses
(27477 The adaptive response during the exponential
phase of growth differs from the stationary phase.

Compared to exponential growth phase, starved
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stationary phase cells of L. lactis developed a strong
cross-protection against heat, ethanol, acid, osmotic,
freezing and oxidative stress!'™"
an overexpression of 16 different proteins in stationary
phase cells of Lactobacillus acidophilus, however only

I Lorca et al."" reported

7 of them were expressed as a result of the stationary
phase while 9 were expressed as a result of the drop m pH
during fermentation runs. These authors haved suggested
the involvement of these proteins in cell adaptation to
different stresses including those protems produced
during the stationary growth phase.

In the literature there is little information about
starvation and L. bulgaricus, however studies
comparing both growth phases have been reported by
Silva et al. " They showed that cells of L. bulgaricus
in the exponential growth phase were not as resistant to
the stress treatments as cells in the stationary phase.
They observed that m the exponential growth phase,
GroEL and GroES were mduced after exposure to a heat or
an acid shock. L. bulgaricus in the stationary growth
phase and under controlled pH remained very sensitive
and the induction of GroEL and GroES was only observed
after exposure to stress treatments, however, during
growth under non-controlled pH and since the cells
have been exposure to the drop of pH during
fermentation, this behaviour was mnot observed.
Previously, Carvalho et al.”™ demonstrated that the effect
of starvation (20 min.) in protecting dried L. bulgaricus
cells during subsequent storage was dependent on the
growth medium. Again, the starvation seemed to inprove
resistance to stress of stationary phase cells.

Cross protection: Many microorganisms mduce a stress
response consisting of an overlapping set of general
stress respomse protems which may confer general
protection to a variety of adverse conditions.

The induction of many of the same stress proteins
following exposure to a variety of different subpre-lethal
stresses has been demonstrated in L. acidophilus CRL
6392 in L. lactis™ and in S. TTyphimurium!™.

Cross-protection has been described in L. bulgaricus
by various researchers. Teixeira et al**” reported that
survival of spray dried cells during storage was enhanced
by a prior heat shock. This was only obseved for
exponential
et al™ demonstrated the acquisition of a cross-stress-
thermotolerance by exposing cells of L. bulgaricus to
a subpre-lethal osmotic stress. More recently, .
et al ™ observed that cells of L. bulgaricus became more
thermotolerant after exposure to acid and heat subpre-
lethal stresses. Furthermore, these authors demonstrated

phase cells."". Gouesbet et al. [ Silva

Silva
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acid-induced cross protection against spray-drying and
during storage in the dried state. Silva et L™ have also
have observed that cells of L. bulgaricus in stationary
phase and grown under non-controlled pH (subjected to
the drop of pH during the fermentation runs) are were
more resistant to several subsequent stresses including
heating, drying and storage in the dried state.

INDUSTRIAL APPLICATION
AND CONCLUDING REMARKSN

A greater understanding of the mechanisms
underlying damage and protection by heating, drying and
storage in the dried state may provide targets for
improving the use of Lactobacillus. bulgaricus as a
starter culture. Tn order to reach maximum biclogical
concentration and activity, the large-scale production of
commercial lactic starter cultures requires a fermenter with
some controlled parameters such as temperature, pH and
nutrient concentration. From an economic point of view,
a sigmificant reduction m the length of an inoculation of
the vat and thereby faster and better controlled acid
production in dairy products would also be of great
benefit for the dairy industries. Conciliation between
growth and drying conditions 1s essential to afford
protection during heating, freezing, freeze- and spray-
drying, during storage, transport and post-acidification
and these should be examined experimentally, in order to
maximize the stability, viability and activity of dried
/concentrated starter cultures. Therefore, the use of
protective agents on the survival of L. bulgaricus in the
dried state should be determined. The addition of
compatible solutes to the growth medium could help the
uptake or accumulation prior to subjecting the cells to
drying conditions. On the other hand, efficient induction
of the stress proteins (HspSPs and/or cspCSPs) could
increase heat-tolerance to lethal stresses encountered
during dried starters preparation. P However, proteomic
studies of L. bulgaricus are still being irealized and are
still necessarynvestigated A lack of genome sequences
15 a hmiting factor for identifying stress proteins.
Information on the genome, on the proteomics and on the
nature of injury will lead to the identification of the
genetic bases of the adaptation of this LAB to the food
environment and to a better understanding and to
umprove characteristics of interest e.g. survival during
long periods of storage at ambient temperature in the
dried state. Phenomena like “quorum sensing” should be
mvestigated in order to understand the control of
population densities during the transition to stationary
phase, which will be more resistant to the subsequent
stresses involved in the food industry.
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A lack of genome sequences is a limiting factor for
identifying stress proteins. Information on the genome, on
the proteomics and on the nature of iyury will be needed
to acquire knowledge necessary for the production of the
dried starter cultures, which will be characterized by the
survival during long periods of storage.

Starter cultures play an important role i the
production of fermented foods from raw agricultural
materials such as milk, meat, vegetables and cereals. The
use of the right starter is essential, and therefore, it must
be emphasised that a rigorous characterisation of starter
strains 1s vital to ensure good performance of a culture
and a high quality of the end-product. The main use of
LAB starter cultures in dairy industry relies on the
techmques employed to produce them, m the total
economic value of fermented foods throughout the world
and in the additional safety of products such as provided
by probiotic and bacteriocinogenic lactic acid bacteria.
Increasing consumer demand for natural food additives
has focused mterest on lactic starters. The optimal
residual moisture of conservation of dry cells, differs in
function with the culture medium composition™, the
protective compounds™, the drying technique™ and the
conditions of conservation used.

In order to reach maximum biological concentration
and activity, the large-scale production of commercial
lactic starter cultures requires a round dairy processor
with some controlled parameters such as temperature, pH
and nutrient concentration. From an economic point of
view, a significant reduction in the length of the lag phase
and thereby faster and better controlled fermentation
would also be of great benefit for the dairy industries!.
Study of Silva et al™ showed that cells of L. bulgaricus
grown under controlled pH conditions were more
sensitive to heat, drying and during storage m the dried
state. Therefore a conciliation between growth conditions
and resistance to industrial processes such as freezing,
drying, storage, transport and post-acidification should
be examined expermmentally, in order to maximize the
storage stability, viability and activity of dried
concentrated starter cultures.
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