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Abstract This work aimed at characterizing the biochemical
and biophysical properties of the membrane of Lactococcus
lactis TOMSCI161 cells during fermentation at different tem-
peratures, in relation to their freeze-drying and storage resis-
tance. Cells were cultivated at two different temperatures (22
and 30 °C) and were harvested at different growth phases
(from the middle exponential phase to the late stationary
phase). Bacterial membranes were characterized by determin-
ing the fatty acid composition, the lipid phase transition, and
the membrane fluidity. Cultivability and acidification activity
losses of L. lactis were quantified after freezing, drying, and
3 months of storage. The direct measurement of membrane
fluidity by fluorescence anisotropy was linked to lipid com-
position, and it was established that the cyclopropanation of
unsaturated fatty acids with concomitant membrane rigidifi-
cation during growth led to an increase in the freeze-drying
and storage resistance of L. lactis. As expected, cultivating
cells at a lower fermentation temperature than the optimum
growth temperature induced a homeoviscous adaptation that
was demonstrated by a lowered lipid phase transition temper-
ature but that was not related to any improvement in freeze-
drying resistance. L. lactis TOMSC161 was therefore able to
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develop a combined biochemical and biophysical response at
the membrane level during fermentation. The ratio of cyclic
fatty acids to unsaturated fatty acids (CFA/UFA) appeared to
be the most relevant parameter associated with membrane
rigidification and cell resistance to freeze-drying and storage.
This study increased our knowledge about the physiological
mechanisms that explain the resistance of lactic acid bacteria
(LAB) to freeze-drying and storage stresses and demonstrated
the relevance of complementary methods of membrane
characterization.
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transition - Acidification activity - Lyophilization

Introduction

Lactic acid bacteria (LAB) are of great importance to the food
and dairy industries because of both their central role as
starters for manufacturing a diversity of fermented products
and their potential health benefit (Daly et al. 1998; Leroy and
de Vuyst 2004).

Freeze-drying is widely used to provide ready to use highly
concentrated starter cultures. This process makes it possible to
minimize the degradation reactions and to maintain adequate
physical, chemical, and biological stability of the product
during long-term storage, even at ambient temperature
(Franks 1998; Coulibaly et al. 2011). However, during this
low-temperature desiccation process, bacteria are exposed to
several environmental stresses (thermal, osmotic, water re-
moval, and oxidative stresses), which could induce major
cellular damages, leading to loss of viability and functional
activities (acidification, production of aroma compounds and
texturizing agents, etc.) (Coulibaly et al. 2010; Velly et al.
2014). Damages to cellular systems resulting from freeze-
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drying can be attributed to two major causes: changes in the
physical state of cytoplasmic membrane lipids, resulting in a
loss of bacterial membrane integrity (Crowe et al. 1989a;
Linders et al. 1997; Schwab et al. 2007), and changes in the
structure of sensitive proteins (Bischof et al. 2002; Oldenhof
et al. 2005).

Extensive evidence has been reported on the correlation
between active cell responses to environmental stresses and
membrane fluidity (Beney and Gervais 2001; Chu-Ky et al.
2005; Wu et al. 2012). When cells are exposed to changes in
culture conditions during fermentation (temperature, pH, pres-
sure, oxygen, nutrients, and ethanol), they modulate their
membrane composition in order to maintain the lipid bilayer
in the liquid crystalline lamellar phase and, more precisely, to
maintain an optimal level of fluidity within the lipid bilayer
(Johnsson et al. 1995; Drici-Cachon et al. 1996; Guillot et al.
2000; Teixeira et al. 2002; Gautier et al. 2013). This level of
fluidity is, in fact, required to preserve cellular functions that
take place at the membrane level (solute transport and diffu-
sion, energy transduction, cellular growth, and other metabol-
ic functions). This phenomenon is known as homeoviscous
adaptation (Sinensky 1974) and is associated with a modifi-
cation of the membrane fatty acid composition of bacteria by
several processes, including alterations in saturation degree,
carbon chain length, branching position, cis/trans isomeriza-
tion, and cyclopropanation, in order to preserve proper mem-
brane physical properties (Keweloh and Heipieper 1996;
Grogan and Cronan 1997; Zhang and Rock 2008).

During the freeze-drying process, bacterial cells are ex-
posed to extreme stresses and are thus unable to modify their
membrane properties in order to limit damages. One of the
strategies to improve the freeze-drying resistance of bacteria is
therefore to limit membrane damages by precisely controlling
their physical state before they are stabilized, by modulating
their fatty acid composition during the fermentation step.
Membrane fatty acid composition of lactic acid bacteria, es-
pecially an increase in the cyclopropane fatty acid content, has
been previously linked to an improvement of the cell’s freeze-
drying survival (Broadbent and Lin 1999; Schoug et al. 2008;
Hua et al. 2009; Li et al. 2009; Zhao et al. 2009). In these
studies, the authors hypothesize that a change in fatty acid
composition results in a modification of membrane fluidity,
but, unfortunately, a complete and simultaneous characteriza-
tion of membrane biophysical properties is still lacking.

In a previous study, we showed that the freeze-drying
resistance of L. lactis TOMSC161 was significantly influ-
enced by fermentation temperature and harvesting time
(Velly et al. 2014). In this context, the aim of this study was
to identify membrane biophysical properties that would make
it possible to explain the ability of L. lactis TOMSC161 to
better tolerate freeze-drying and storage after applying differ-
ent fermentation temperatures and harvesting times. Fatty acid
composition, membrane fluidity, and lipid phase transition
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temperature of L. lactis cells were thus characterized at differ-
ent growth phases and fermentation temperatures. In parallel,
the freeze-drying and storage resistance of these starters was
quantified after each step of the process by determining culti-
vability and acidification activity losses. Membrane physical
properties were correlated to the freeze-drying and storage
resistance of starters, thus allowing a better understanding of
the key role of cytoplasmic membrane in freeze-drying and
storage resistance of L. lactis TOMSC161.

Materials and methods
Lyophilized starter production
Strain and inoculum preparation

L. lactis subsp. lactis TOMSCI161 (Savoicime, France), a
natural cheese isolate, was studied because of its sensitivity
to freeze-drying. Frozen cells were stored at —80 °C in M17
medium (Biokar Diagnostics; Beauvais, France) supplement-
ed with 15 % (v/v) glycerol (VWR; Leuven, Belgium). One
milliliter of frozen aliquot was precultured in 100 mL of M17
medium at 30 °C for 4.5 h before inoculation in the bioreactor.

Fermentation

The culture medium was composed of 60 g L' lactose
(VWR; Leuven, Belgium) and 15 g L™" yeast extract (BD;
Sparks, MD, USA). After adjusting the pH to 6.8 with a 30 %
KOH solution, the medium was introduced into a 5-L working
volume bioreactor (Biostat® A plus, Sartorius-Stedim;
Aubagne, France) and sterilized at 120 °C for 20 min. The
inoculation was done at a low initial concentration of approx-
imately 100 colony-forming units (CFU)mL ", The fermen-
tation was performed at 22 or 30 °C, pH 6.2, with an agitation
speed of 200 rpm to permit homogenization. The pH was
controlled by the automatic addition of 15-N KOH solution
(Merck; Darmstadt, Germany) to the bioreactor.

Cell growth was monitored by measuring the optical den-
sity every hour at 650 nm (OD650) in a DU 640B spectro-
photometer (Beckman Coulter).

The fermentation processes were repeated for three times at
each temperature.

Concentration and lyoprotection

Cells grown at 30 °C were harvested at four different growth
phases corresponding to the middle (T1) and late (T2) expo-
nential phases and the early (T3) and late (6 h) (T4) stationary
phases, whereas two harvesting times, the early and late sta-
tionary phases (T3 and T4), were performed for fermentation at
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22 °C (Fig. 1). The cell suspensions were then concentrated for
10 times by centrifugation (Avanti® J-E centrifuge, Beckman
Coulter; Fullerton, CA, USA) at 17,000xg for 20 min at 4 °C.
Concentrated cells were resuspended in protective medium at a
ratio of 1:2 (1 g of concentrated cells for 2 g of sterile protective
solution) prior to freeze-drying. The sterile protective solution
was composed of 60 g L™ sucrose (VWR; Leuven, Belgium),
140 g L' maltodextrin (dextrose equivalent=6; M=
3,000 g mol ') (Glucidex 6D, Roquette; Lestrem, France),
and 9 g L' NaCl. The lyoprotected cell suspensions were
distributed in 5-mL vials (Verretubex; Nogent-Le-Roi, France)
with a volume of 1 mL prior to freezing.

Freeze-drying and storage

The samples were frozen at —80 °C in a cold air chamber
(freezing rate of 3 °C min™ ") and then transferred to a precooled
shelf at =50 °C in a prototype pilot freeze-dryer built by Telstar
(Terrassa, Spain). After a holding step of 2 h at =50 °C, the
chamber pressure was decreased to 20 Pa, and the shelf tem-
perature was increased from —50 to —20 °C at a heating rate of
0.25 °C min " to initiate sublimation. After 40 h of sublimation,
the shelf temperature was increased to 25 °C at a heating rate of
0.25°C min ' to initiate the secondary drying step. After 8 h of
desorption, the vacuum was broken by injecting air and the
vials were capped. Finally, freeze-dried samples were packed
under vacuum in aluminum bags and stored at 25 °C for
3 months to evaluate the stability of starters.

Biological and physical properties of starters
Cultivability measurement
The bacterial cell concentration was determined using the agar

plate count method. The frozen cells were thawed for 15 min
at room temperature. The freeze-dried cells were rehydrated in
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Fig. 1 Growth curves of L. lactis subsp. lactis TOMSCI161 at 30 °C
(circles) and 22 °C (triangles) and indication of the different harvesting
times (7'/, middle exponential phase; 72, late exponential phase; 73, early
stationary phase; and 74, late stationary phase)

1 mL of saline water (NaCl 9 g L") and stirred for 5 min at
room temperature. Cell suspension was serially diluted in
saline water, plated onto M 17 agar (Biokar Diagnostics) and
incubated at 30 °C for 48 h in anaerobiosis. The cultivability
was measured in triplicate after concentration and
lyoprotection, after freezing, after drying, and after 3 months
of storage at 25 °C. The cell count was expressed in colony-
forming units per milliliter.

The determination of the cultivability loss after each step of
the process was calculated using the following equation

(Eq. 1):

dlog(CFU),, | = log(CFU);~log(CFU),,, (1)

where i and i+1 are two successive steps of the process.

Specific acidification activity measurement

The Cinac system (AMS, Frépillon, France) was used to
measure the acidification activity of bacterial suspension
(Spinnler and Corrieu 1989). Acidification was measured in
triplicate at 30 °C using reconstituted skim milk with
100 g L' skim milk powder (EPI Ingredients, Ancenis,
France), heat-treated at 110 °C for 15 min in 120-mL flasks,
and stored at 4 °C for 24 h before use. The flasks were
inoculated with 500 pL of bacterial suspension. The inoculat-
ed milk pH was continuously measured by the Cinac system
and led to the determination of the time necessary to obtain a
decrease of 0.7 pH units (tpHO0.7, in min). The descriptor
tpHO.7 was used to characterize the acidification activity of
bacterial suspensions. The higher the tpH0.7 value was, the
longer the latency phase was and the lower the acidification
activity was. Moreover, the specific acidification activity .
(in min log (CFU mL™") ") was defined as the ratio of tpH0.7
to the corresponding log of the cell concentration (Eq. 2)
(Streit et al. 2007). Consequently, the descriptor #y,. gives an
accurate and meaningful measurement of the biological activ-
ity of LAB, including the physiological state and viability.

tpHO.7

log(CFU) @)

tspe =

The specific acidification activity was measured after con-
centration and lyoprotection, freezing, drying, and 3 months
of storage at 25 °C. As a result, the specific acidification
activity loss was calculated as follows (Eq. 3):

dispe; | = fspe;, —Ispe; 3)

where and i+1 are two successive steps of the process. An
increase in the df,,. value corresponds to an increased loss of
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specific acidification activity during the process step
considered.

Water activity measurement

The water activity of the samples was measured after freeze-
drying using a LabMasteraw a,, meter (Novasina, Precisa;
Poissy, France). Three freeze-dried samples of the same bio-
logical replicate were pooled, and water activity was measured
at 25 °C. The instrument was calibrated with saturated pure
salt solutions (aw 0.04, 0.06, and 0.11) (SAL-T, Novasina).

Glass transition temperature measurement

Differential scanning calorimetry (DSC) was carried out using
a power compensation DSC (Pyris 1, PerkinElmer LLC;
Norwalk, CT, USA) equipped with a mechanical cooling
system (Intracooler 1P, PerkinElmer). Temperature calibration
was done using cyclohexane and indium (melting points at 6.5
and 156.6 °C, respectively). Approximately 15 mg of each
freeze-dried sample was placed in 50-uL PerkinElmer DSC
sealed aluminum pans, and an empty pan was used as a
reference. Linear cooling and heating rates of 10 °C min ™'
were applied. The characteristic glass transition temperature
(Tg) of the freeze-dried samples was determined as the mid-
point temperature of the heat flow step associated with glass
transition with respect to the ASTM Standard Method, E
1356-91. Results were obtained from at least three replicates.

Biochemical and biophysical properties of the bacterial
membrane

Fatty acid (FA) composition

The membrane fatty acid composition of bacteria cells
was determined using the method described by Rozes
et al. (1993) with minor modifications. Extraction was
performed on concentrated cells and was triplicated.
Concentrated cells were washed twice in saline water at
4 °C. Methylation was performed at 4 °C by adding
1.5 mL of sodium methoxide (1 M in methanol) (Sigma-
Aldrich; Saint Louis, MO, USA) to 0.15 g of concentrated
cells and shaking for 1.5 min. Then, 100 uL of nonanoic
acid methyl ester (0.4 mg mL™' in hexane) (Sigma-
Aldrich), the internal standard, was added to each sample.
Subsequently, the resulting fatty acid methyl esters
(FAMEs) were extracted with 900 uL of hexane. After
decanting for 5 min, the upper phase was collected and
evaporated to dryness in a vacuum centrifugal evaporator
(RC10-22) coupled to a refrigerated trap (RCT 90, Jouan;
Saint-Herblain, France) at 1,200 rpm. The FAMEs were
then dissolved in 1 mL of hexane, and 100 pL was
transferred in vials for GC-MS analysis.
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The analysis of FAMEs was performed on a gas chromato-
graph (HP 6890; Hewlett-Packard; Avondale, PA, USA)
coupled to a mass selective detector (Agilent 5973, Hewlett-
Packard). The separation was carried out in a capillary column
packed with 70 % cyanopropyl polysilphenylene-siloxane
BPX70 (60 mx0.25 mmx0.25 um; SGE Analytical Science
Pty, Ltd.; Victoria, Australia). The carrier gas was helium
(constant flow of 1.2 mL min '), and the initial column
pressure was 1.3x10° Pa. Injection of 1 uL of extracts was
done splitless at an injector temperature of 250 °C. The oven
temperature was held for 1 min at 35 °C and then increased
from 35 to 100 °C at 40 °C min ', held for 1 min at 100 °C and
then increased from 100 to 130 °C at 5 °C min ', followed by
an increase from 130 to 180 °C at 1.5 °C min ', and finally
from 180 to 240 °C at 5 °C min . A transfer line was set at
280 °C, and the MSD source temperature was 230 °C. The
FAMEs were first identified by comparison of their retention
times with those of known standards (Sigma-Aldrich), and
this identification of FAME was confirmed using the mass
selective detector at a scan rate of 3.14 scans/s, with data
collected in the range of 33 to 500 amu. The mass spectra of
the FAMEs were compared with the Wiley 275.L data bank
(Hewlett-Packard; Gaithersburg, MD, USA). The quantifica-
tion of FA was calculated on target ions using external cali-
bration performed with serial dilutions of commercial stan-
dards of methylated fatty acids (Sigma-Aldrich), with
nonanoic acid methyl ester as the internal standard. Results
were expressed as relative percentages of each fatty acid,
100 % standing for the sum of the absolute concentrations of
all the fatty acids in the sample. The membrane fatty acid
composition was determined before and after freeze-drying
and after 3 months of storage at 25 °C.

Membrane lipid phase transition by Fourier transform
infrared (FTIR) spectroscopy

Infrared absorption measurements were carried out using a
Nicolet Magna 750 FTIR spectrometer (Thermo Fisher
Scientific; Madison, WI, USA) equipped with a narrow-
band mercury/cadmium/telluride (MCT) infrared detector
and a Specac variable temperature cell holder cooled by liquid
nitrogen (Specac, Ltd., Orpington, Kent, UK). The tempera-
ture of the sample was recorded separately using an extra
thermocouple that was located close to the sample. The optical
bench was continuously purged with dry air (Balston;
Haverhill, MA, USA). The acquisition parameters were 4-
cm ! resolution, 32 co-added interferograms, and a 4,000 to
900-cm”' wavenumber range. Fresh bacterial pellet was
washed twice in saline water. The washed bacterial pellet
was then sandwiched between two CaF, windows. Samples
were mounted onto the Specac cell holder. The temperature
dependence of the FTIR spectra was studied by cooling the
sample from 50 °C down to —50 °C at a rate of 2 °C min_ ' and
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then by heating the sample from —50 to 80 °C at 2 °C min ™.
Experiments were performed in triplicate. Spectral display
and analysis were carried out using OMNIC software
(Thermo Fisher Scientific; Madison, WI, USA).

According to Crowe et al. (1989b), membrane phase be-
havior was monitored by observing the position of the sym-
metric CH, stretching band at approximately 2,850 cm .
Spectra analysis (determination of peak location and lipid
phase transition temperature (7m)) was performed with
ASpIR software (Infrared Spectra Acquisition and
Processing, INRA; Grignon, France) according to the previ-
ously described protocol (Gautier et al. 2013).

Fluorescence anisotropy by flow cytometry

Membrane fluidity was evaluated on fresh cells by measuring
the degree of polarization of the fluorescent probe 1,6-
diphenyl-1,3,5-hexatriene (DPH). This fluorescence probe
has hydrophobic properties that allow the molecule to be
inserted into the lipid membrane of the cells.

Before staining, cell suspension adjusted to 107 cells mL ™'
was washed twice with morpholineethanesulfonic acid (MES)
buffer at pH 6.2 (Sigma-Aldrich; Saint Louis, MO, USA) and
resuspended in 2 mL of MES buffer. Then, 5 uL. of DPH
solution (6 mM in tetrahydrofuran) (Invitrogen—Molecular
Probe; Eragny-sur-Oise, France) was added to 2 mL of the cell
suspension to obtain a final DPH concentration of 30 uM. Cell
suspension was vigorously stirred for 1 min and centrifuged,
and the pellet obtained was resuspended in 2 mL of the MES
buffer and used immediately for fluorescence polarization
measurements.

Fluorescence polarization was determined by using a flow
cytometer (CyFlow Space, Partec; Sainte-Genevieve-des-
Bois, France) equipped with a vertically polarized UV laser
that emits at 375 nm a half-wave retarder plate (rotating
polarizer) to depolarize the excited light, if necessary, and
parallel and perpendicular polarizers just prior to entering
the two photomultiplier tubes (Fox and Delohery 1987). The
measurement was performed at 20 °C with emission wave-
lengths at 455 nm.

The fluorescence anisotropy () was calculated according
to the following equation (Eq. 4):

1,,—1
g AT (4)
I+ 21,

where 1, and /, are the polarized light intensities emitted in the
parallel and perpendicular directions with respect to the exci-
tation beam of light, respectively.

For each condition, three samples were analyzed and three
measurements per sample were performed.

Statistical analysis

The fermentations were repeated for at least three times, and
data are presented as the mean+standard error of these bio-
logical triplicates combined with the measurement replicates,
as described above.

To link the bacterial membrane properties to freeze-drying
and storage resistance, a Pearson’s correlation coefficient test
(XLSTAT software) was performed for all the fermentation
conditions studied. This coefficient measures the strength of
the linear relationship between two variables, giving a value
between —1 and +1. The higher the absolute value of the
correlation coefficient between two variables was, the stronger
the linear relationship between the two variables was. The
following variables were considered for this analysis: the
unsaturated fatty acid-to-saturated fatty acid ratio (UFA/
SFA), the cyclic fatty acid-to-unsaturated fatty acid ratio
(CFA/UFA), the cyclic fatty acid-to-saturated fatty acid ratio
(CFA/SFA), the fluorescence anisotropy (7), the lipid phase
transition temperature (7m), and the cultivability and acidifi-
cation activity losses after freeze-drying and storage
(dlog(CFU) and dtgp., respectively). The significance of re-
sults was assessed at a 95 % confidence level (p value <0.05).

Results

Influence of fermentation conditions (harvesting time
and temperature) on cultivability and specific acidification
activity losses following freeze-drying and storage

The loss of cultivability and specific acidification activity was
quantified after each step of the preservation process: freezing,
drying, and 3 months of storage (Fig. 2).

Total cultivability and specific acidification activity losses
ranged between 2.7 and 5.0 log (CFU mL ") and between 70
and 163 min (log (CFU mL ™))", respectively. Cell resistance
was different according to the process step considered. Low
degradation was observed after freezing, whereas drying in-
duced considerable losses of cultivability and specific acidifi-
cation activity (Fig. 2a). Cultivability and specific acidifica-
tion activity losses caused by the drying step ranged between
0.3 and 0.6 log (CFU mL ") and between 7 and 19 min (log
(CFU mL™")™", respectively. No significant differences in
cultivability losses after the drying step were observed be-
tween the different studied conditions, whereas fermentation
temperature and harvesting time highly impacted the specific
acidification activity loss after the drying step. Harvesting at
the late stationary phase (T4) led to the lowest specific acid-
ification activity loss after drying and consequently after
freeze-drying (6.8 min (log (CFU mL ")) at 30 °C). This
loss increased almost threefold for cells grown at 30 °C and
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harvested at the middle exponential phase (T1) (19 min (log
(CFU mL"))™"). Moreover, degradation was approximately
60 % higher for cells grown at 22 °C than at 30 °C and
harvested at the early and late stationary phases (T3 and T4).

The cultivability and the specific acidification activity
losses for cells grown at 22 °C and harvested at the early
and late stationary phases (T3 and T4) were similar to the
cultivability and the specific acidification activity losses for
cells grown at 30 °C but harvested earlier during the culture
(T2 and T3).

Storage at ambient temperature induced the highest losses
and was approximately 10 times higher after 3 months than
following freeze-drying (Fig. 2b). The growth phase but not
the fermentation temperature impacted the stability of L. lactis
cells after 3 months of storage at 25 °C. The main decrease in
the loss of specific acidification activity was observed be-
tween the late exponential phase (T2) and the early stationary
phase (T3) for bacteria grown at 30 °C. Loss of specific
acidification activity was two times higher at the exponential
phase (T1 and T2) than at the stationary phase (T3 and T4).

Physical properties
The water activity of the freeze-dried bacteria was 0.020+
0.002 just after lyophilization and 0.026+0.005 after 3 months

of storage. Water activity thus remained constant during the
storage period, which means that the cultivability and specific
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acidification activity losses during storage were not caused by
modification of the water activity of the samples.
Furthermore, the glass transition temperature of the freeze-
dried starters was 179+3 °C, indicating that these starters
remained in a glassy state during storage at 25 °C.

Influence of fermentation conditions (harvesting time
and temperature) on the biochemical and biophysical
properties of the cytoplasmic membrane

In this study, the cytoplasmic membrane of L. lactis subsp.
lactis TOMSCI161 obtained after applying different fermenta-
tion conditions was characterized by complementary ap-
proaches. The fatty acid composition, lipid phase transition
temperature, and membrane fluidity were determined for two
fermentation temperatures (22 and 30 °C) and for different
growth phases (from the middle exponential phase to the late
stationary phase).

FA composition

Fatty acid composition of L. lactis in the studied conditions is
summarized in Table 1. Regardless of the culture conditions,
the fatty acid composition included four SFAs tetradecanoic
acid (C14:0), hexadecanoic acid (C16:0), heptadecanoic acid
(C17:0), and octadecanoic acid (C18:0); two UFAs
hexadecenoic acid (Cl16:1cis) and octadecenoic acid
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(C18:1cis); and one cyclopropane fatty acid (CFA)
methylenoctadecenoic acid (cycC19:0). However, only three
fatty acids, C16:0, C18:1cis, and cycC19:0, represented more
than 90 % of the total amount of all fatty acids. These fatty
acid profiles were similar to those reported in previous studies
on L. lactis (Schleifer et al. 1985; Johnsson et al. 1995).

Analysis of the membrane composition of L. lactis during
growth at 30 °C revealed that the relative content of saturated,
unsaturated, and cyclopropane fatty acids and, in particular,
the relative contents of C18:1cis, cycC19:0, and C16:0
changed depending on the growth phase. Table 1 shows a
decrease in C18:1cis content from 25.4 to 6.2 % and an
increase in cycC19:0 content from 18.6 to 35.2 % (from the
middle exponential phase (T1) to the early stationary phase
(T3)). At the late stationary phase (T4), a decrease in C18:1
content was accompanied by a decrease in cycC19:0 content,
as well as an increase in C16:0 content. Consequently, during
fermentation, a decrease in UFA content took place in favor of
fatty acid cyclopropanation (increase in CFA content) until the
carly stationary phase (T1-T3), whereas during the stationary
phase (T3-T4), CFA and UFA content decreased in favor of
SFA content. Accordingly, the CFA/SFA ratio presented a
bell-shaped curve with a maximum value (0.61) at the early
stationary phase (T3).

Fermentation temperature also affected the fatty acid com-
position of L. lactis cells. The fatty acid composition mea-
sured at 22 °C at the early and late stationary phases (T3 and
T4) was similar to FA compositions measured at 30 °C but
earlier during the culture (T2 and T3, respectively). This result
is clearly demonstrated by the evolution of the cyc19:0 con-
tent and the CFA/SFA ratio. Hence, at 22 °C, the modulation
of cell membrane lipid composition was slowed down when
compared to fermentation at 30 °C. Furthermore, the fatty acid
composition was analyzed after freeze-drying and 3 months of
storage, but no modification of the fatty acid profile of L. lactis
was observed in any condition (data not shown).

Membrane lipid phase transition

FTIR spectroscopy was used to characterize changes in the
membrane lipid phase behavior of L. lactis cells during
cooling and heating by following the lipid CH, symmetric
stretching band position around 2,850 cm™' as a function of
temperature. An example of this result is shown in Fig. 3. A
shift in the position of the CH, symmetric stretching band
from 2,849 to 2,854 cm ! was observed with increasing
temperature. This shift in wavenumbers is known to reflect
the trans-gauche isomerization in the hydrocarbon chains of
lipids that characterizes the gel-to-liquid crystalline phase
transition of the bacterial membrane (Crowe et al. 1989b). In
the gel phase (low wavenumbers 2,849 cm ), all fatty acyl
chains are in #rans conformation and are able to pack in an
ordered manner. In the liquid crystalline phase (high
wavenumbers 2,854 cm '), the chains adopt a predominantly
gauche conformation, allowing a more relatively disordered
phase with more space between acyl chains.

The first derivative of the CH, symmetric stretching band
position as a function of temperature was plotted to determine
the lipid phase transition temperature. Lipid phase transition
temperatures (7m) for all conditions studied are presented in
Table 2. For cells cultivated at 30 °C, Tm values exhibited an
inverted bell-shaped curve with the highest values of 18 and
17 °C at the middle exponential phase (T1) and the late
stationary phase (T4), respectively. As expected, the decrease
in growth temperature (from 30 to 22 °C) clearly induced a
decrease in 7m values (Tm values of 9 and 10 °C) for main-
taining the membrane in a liquid crystalline state during
fermentation.

Fluorescence anisotropy

The fluorescence anisotropy (7) measured reflects the rota-
tional motion of the DPH probe and is negatively related to the

Table 1 Fatty acid composition

(%) of L. lactis subsp. lactis 30°C 22°C

TOMSCI161 cells grown at dif-

ferent temperatures and for dif- Tl T2 T3 T4 T3 T4

ferent growth phases (T1, middle

exponential phase; T2, late expo- ~ C14:0 2.3+0.1 2+0.1 2+0.1 2.2+0.1 1.1£0.1 1.2+0.1

nential phase; T3, early stationary  C16:0 50.5+1.2 48.6+0.2 52.8+0.5 56.4+0.4 51+0.9 52.7+0.6

Pﬁgzz) and T4, late stationary Cl6:1cis 1.140.1 0.6+0.1 0.6+0.1 0.4+0.1 0.6+0.1 0.4+0.1

P C17:0 0.2+0.1 0.1+0.1 0.1+0.1 0.1+0.1 0.3+0.1 0.2+0.1
C18:0 1.9+0.1 2.4+0.1 3.0+0.2 3.7+0.2 3.3+0.1 4.2+0.2
Cl8:lcis 254432 17£1.2 6.2+04 3.3+0.1 13.4+1.2 6.1£04
cycC19:0 18.6+1.3 29.2+0.2 35.2+0.7 33.8+04 30.4+1.9 35.1+1.3
C22:0 0 0 0.1£0.1 0.1+0.1 0 0.1+0.1
UFA/SFA 0.48+0.04 0.33+£0.01 0.1+0.01 0.06+0.01 0.25+0.02 0.11+0.01
CFA/UFA 0.71+£0.09 1.66+0.04 5.244+0.43 9.37+0.14 2.21+0.30 5.44+0.56
CFA/SFA 0.34+0.03 0.55+0.01 0.61+0.02 0.54+0.01 0.55+0.04 0.60+0.03
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Fig. 3 Wavenumber of the symmetric CH, stretching peak (CH,sym)
versus temperature plots (filled triangles) and the corresponding first
derivatives (open circles) of L. lactis subsp. lactis TOMSC161 cells
grown at 30 °C and harvested at the early stationary phase (T3)

cytoplasmic membrane fluidity. The measurements were per-
formed at 20 °C, i.e., at a temperature higher than the mem-
brane lipid phase transition temperature for all the experimen-
tal conditions studied, meaning that the value of r reported in
Table 2 corresponded to cell membranes in a liquid crystalline
state. The lower the value is, the more fluid the membrane is.
As shown in Table 2, the fluorescence anisotropy of cells
grown at 30 °C increased from 0.145 to 0.169 between the
middle exponential phase (T1) and the late stationary phase
(T4), with a significant increase between the late exponential
phase (T2) and the early stationary phase (T3) (from 0.149 to
0.166). Likewise, the fluorescence anisotropy of cells culti-
vated at 22 °C increased between the early (T3) and the late
stationary phase (T4) (from 0.139 to 0.169). These results
indicated a rigidification of the cytoplasmic membrane of
L. lactis TOMSCI161 during its growth.

Relationships between membrane characteristics
and freeze-drying and storage resistance

L. lactis TOMSCI161 cells cultivated at different fermentation
temperatures and harvested at different growth phases showed
major changes in membrane characteristics (fatty acid com-
position, lipid phase transition temperature (7m), and fluores-
cence anisotropy (r), i.e., membrane fluidity) and freeze-

drying and storage sensitivity. To investigate possible relation-
ships between fatty acid composition, membrane biophysical
properties, and cultivability and specific acidification activity
losses after freeze-drying and 3 months of storage, a Pearson
correlation test was performed. The results (Pearson coeffi-
cient R) are represented in Table 3.

The specific acidification activity loss after freeze-drying
was significantly (p<0.05) and positively correlated with the
cultivability and acidification activity loss observed after
3 months of storage (R=0.707 and R=0.776, respectively).
The lower the specific acidification activity loss after freeze-
drying was, the higher the storage stability was.

Interesting relationships were also observed between mem-
brane properties and freeze-drying and storage sensitivity
(particularly specific acidification activity loss). Significant
negative correlations were observed between the CFA/UFA
ratio and the specific acidification activity loss after freeze-
drying (R=—0.855) and storage (R=0.767) and also between
this ratio and the cultivability loss after storage (R=—0.824).
Moreover, the lipid phase transition temperature (7m) was
negatively correlated with the CFA/SFA ratio (R=-0.725),
but no relevant relationship could be demonstrated between
this membrane physical property and the freeze-drying and
storage sensitivity of cells. Fluorescence anisotropy (») was
positively correlated with the CFA/UFA ratio (R=0.847) and
negatively correlated with the UFA/SFA ratio (R=—0.799).
Moreover, significant negative correlations were observed
between fluorescence anisotropy and specific acidification
activity loss following both freeze-drying (R=-0.780) and
storage (R=—0.668) and only after storage for cultivability
loss (R=-0.706). In other words, the higher the fluorescence
anisotropy value was (i.e., higher rigidification of the cyto-
plasmic membrane), the higher the resistance to freeze-drying
and storage was.

Discussion

Due to its location between the external environment and the
intracellular medium, the bacterial membrane is the first target
of injury during freeze-drying, which was demonstrated by
major losses of membrane integrity (Schwab et al. 2007). Cell
resistance to this stabilization process is thus strongly

Table 2 Membrane lipid phase
transition temperature (7m) and
fluorescence anisotropy () values
of L. lactis subsp. lactis

TOMSC161 cells grown at dif-
ferent temperatures and for dif-
ferent growth phases

Tm (°C) Anisotropy (7)

30 °C 22 °C 30 °C 22 °C
Middle exponential phase (T1) 18+1 0.145+0.002
Late exponential phase (T2) 13+0.6 0.149+0.003
Early stationary phase (T3) 13£1 10£0.2 0.166+0.002 0.139+0.005
Late stationary phase (T4) 17£0.5 9+0.1 0.169+0.005 0.169+0.004
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Table 3 Pearson coefficient of significant relationships between fatty
acid composition (CFA/UFA, UFA/SFA, and CFA:SFA), fluorescence
anisotropy (7), lipid phase transition temperature (7m), and freeze-drying

(FD) and storage (3m) resistance (dlog(CFU) and dq,c) of L. lactis subsp.
lactis TOMSC161

r value Tm CFA/UFA UFA/SFA CFA/SFA dtspe-FD dtgpe-3m dlog(CFU)-FD dlog(CFU)-3m
r 1
Tm NS 1
CFA/UFA 0.847 NS 1
UFA/SFA -0.799 NS —0.889 1
CFA/SFA 0.511 —0.725 0.505 —0.791 1
dty,e-FD —0.780 NS —0.855 0.818 —0.486 1
dtgpe-3m —0.668 NS -0.767 0.880 —0.681 0.776 1
dlog(CFU)-FD NS -0.518 NS NS NS NS NS 1
dlog(CFU)-3m —0.706 NS —0.824 0.808 —0.498 0.707 0.857 NS 1

NS non-significant

dependent on the physical state of its membrane following
fermentation. Some studies have already linked the fermenta-
tion conditions and the resulting membrane lipid composition
to the improvement of freeze-drying resistance of lactic acid
bacteria (Broadbent and Lin 1999; Schoug et al. 2008; Hua
et al. 2009; Li et al. 2009; Zhao et al. 2009). However, to our
knowledge, no study has deeply characterized the membrane
biochemical and biophysical properties of lactic acid bacteria
during fermentation in relation to their freeze-drying and
storage resistance. In agreement with previous pieces of work
(Schwab et al. 2007; Hua et al. 2009; Velly et al. 2014),
growing L. lactis TOMSC161 at the optimal growth temper-
ature followed by a harvest at the late stationary phase induced
the best cell resistance to freeze-drying and storage.

The analysis of membrane fatty acid composition showed
that L. lactis TOMSC161 modulated their membrane fatty
acid composition with a linear increase over time of the
CFA/UFA ratio, from 0.7 at the middle exponential phase
(T1) to 9.4 at the late stationary phase (T4) for cells grown
at 30 °C (Table 1). In agreement with our results, other authors
demonstrated that cells of Leuconostoc oeni and Oenococcus
oeni exhibited a higher proportion of cyclopropane fatty acids
in the stationary phase than in the exponential phase (Drici-
Cachon et al. 1996; Hua et al. 2009). Furthermore, it is
recognized that cyclopropane fatty acids are formed “in situ”
at the expense of unsaturated fatty acids by conversion of the
unsaturated position into a cyclopropane ring due to the trans-
fer of a methyl group from S-adenosylmethionine (SAM) to
the double bond catalyzed by the CFA synthase (Grogan and
Cronan 1997). This cyclopropanation is thus considered to be
a post-synthetic modification of the bacterial membrane lipid
bilayer since the fatty acid substrates are already part of the
cell membrane structure. In addition, the fatty acid profile of
cells cultivated at 22 °C and harvested at the early (T3) and
late (T4) stationary phases corresponded to the fatty acid
profile of cells cultivated at 30 °C and harvested earlier and,

more precisely, at the late exponential phase (T2) and the early
stationary phase (T3), respectively. This delay could be ex-
plained by the decrease in enzymatic efficacy of CFA synthase
at 22 °C.

To illustrate the dynamic behavior of the bacterial mem-
brane during fermentation and the relationships with the
freeze-drying and storage resistance of cells, fluorescence
anisotropy and specific acidification activity losses after
freeze-drying and storage were plotted as a function of the
CFA/UFA ratio for all conditions studied (Fig. 4). The specific
acidification activity loss after freeze-drying (triangles) de-
creased linearly with the increase in the CFA/UFA ratio,
which is mainly related to the cycC19:0 and C18:1cis content.
After storage (circles), specific acidification activity loss de-
creased with increased CFA/UFA ratios, with the largest

Fermentation time
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Fig. 4 Correlation between CFA/UFA ratio, fluorescence anisotropy
(squares), and acidification activity loss after freeze-drying (triangles)
and after 3 months of storage (circles) of L. lactis subsp. lactis
TOMSCI161 grown at different temperatures (22 °C open symbol and
30 °C filled symbol) and for the different growth phases studied
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decreases in storage loss observed for CFA/UFA ratio values
lower than 6. For CFA/UFA ratios higher than 6, the CFA and
UFA contents decreased in favor of the SFA content, and only
a slight decrease in specific acidification activity loss follow-
ing storage was observed. In all cases, the higher this ratio was
(i.e., the higher the content of cycC19:0), the better the cell
resistance to freeze-drying and storage was.

The protective function of cyclopropane fatty acids against
freeze-drying stress was demonstrated for Pseudomonas
putida by the higher sensitivity of mutants with a knockout
in the cfa synthase gene, compared to the wild-type cells
(Munoz-Rojas et al. 2006). Moreover, several studies reported
the beneficial effect of an increase in CFA (Broadbent and Lin
1999; Schoug et al. 2008; Hua et al. 2009; Li et al. 2009; Zhao
et al. 2009) and in UFA (Broadbent and Lin 1999) content on
the survival of different strains of lactic acid bacteria after
freeze-drying. In these studies, the authors hypothesized that
these changes in fatty acid composition result in the modifi-
cation of membrane fluidity. The contribution of unsaturated
fatty acids to membrane fluidification has been demonstrated
in many studies (Da Silveira et al. 2003; Tymczyszyn et al.
2005; Beranova et al. 2008). On the contrary, the exact phys-
iological functions of cyclopropane fatty acids are still un-
clear. Some authors have suggested that cyclopropane fatty
acids increase membrane fluidity like unsaturated fatty acids,
by preventing close packing of lipids in the cell membrane
(Smittle et al. 1974; Wang et al. 2005). On the contrary, other
authors have proposed that cyclopropane rings restrict the
mobility and disorder of the acyl chains compared to cis
double bonds, decreasing membrane fluidity (Hartig et al.
2005; Lofthagen et al. 2007; Thi Mai Huong et al. 2011).
Almost no data exist in the literature on the direct measure-
ment of membrane fluidity for various fatty acid profiles and
on the correlation between this measurement and freeze-
drying resistance of bacteria. Only Li et al. (2009) reported
that Lactobacillus bulgaricus cells treated by thermal stress
(30 min at 45 °C) presented a higher content of cycC19:0
associated with a more rigid membrane and a higher resistance
to freeze-drying when compared to cells cultivated at 37 °C.

To test these hypotheses, two complementary biophysical
properties were considered in this study to characterize bacte-
rial membranes. Lipid phase transition temperature describes
the gel-to-liquid crystalline transition, i.e., the transition from
a rigid to a fluid state that allows cellular functioning.
Fluorescence anisotropy directly measures membrane fluidity
by quantifying the mobility of a fluorescent probe within the
membrane. Growing L. lactis TOMSC161 at a low tempera-
ture (22 °C) resulted in a decrease in the membrane lipid phase
transition (7m), associated with a change in the CFA/SFA
ratio. This decrease in 7m corresponds to a homeoviscous
adaptation (Sinensky 1974) necessary to maintain bacteria
membrane in the liquid crystalline phase. However, no corre-
lation was observed between this membrane biophysical
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property and the freeze-drying resistance of L. lactis
TOMSCI161. On the contrary, fluorescence anisotropy
(squares) significantly increased with the CFA/UFA ratio, thus
indicating a decrease in membrane fluidity with fermentation
time, while remaining in a liquid crystalline state (7m <20 °C).
The biggest fluorescence anisotropy variation took place for
CFA/UFA ratio values ranging from approximately 2 to 5.5
when the cycC19:0 content was sharply increased (Table 1). A
plateau was observed for CFA/UFA ratio values higher than 6.
This property was also strongly related to the improvement of
bacterial acidification activity recovery after freeze-drying and
storage. Cells harvested at the stationary phase thus exhibited
rigidified membranes with concomitant cyclopropanation of
unsaturated fatty acids, an increase of saturated fatty acids,
and the highest resistance to freeze-drying and storage. This
increased rigidification could be at the origin of higher me-
chanical resistance of the membrane when bound water is
removed during the desorption step.

The strain L. lactis TOMSC161 did not appear to be
sensitive to the freezing step but very sensitive to storage in
the freeze-dried state. It has been proposed that cocci are not
sensitive to freezing due to a high cell surface-to-cell volume
ratio (small size and spherical shape), which facilitates water
efflux from cells during freezing (Mazur 1977; Fonseca et al.
2000). The main causes of alteration during storage are sugar
crystallization, diffusion-controlled degradation reactions
(non-enzymatic browning) and oxidation reactions (Jouppila
et al. 1997; Kurtmann et al. 2009a, b). However, in this study,
starters were in a glassy state, thus limiting molecular mobility
and diffusion-controlled degradation reactions such as sugar
crystallization. Since the oxidation reaction is strongly accel-
erated at low water activity (aw <0.2) (Ruckold et al. 2001), it
could, in turn, have been the main cause of storage degrada-
tion. A decrease in the unsaturated fatty acid content during
freeze-drying and spray drying of LAB was previously as-
cribed to oxidation reactions and associated with the observed
losses of viability (Castro et al. 1995; Teixeira et al. 1996).
However, no change was observed in the fatty acid profile of
L. lactis cells after freeze-drying and 3 months of storage at
25 °C. Consequently, other cellular components of L. lactis
cells such as DNA or proteins could be oxidized, and/or other
physiological characteristics of cells could be involved in the
freeze-drying and storage resistance of this strain.

In conclusion, this work linked membrane biophysical
properties, fatty acid composition, and freeze-drying and stor-
age resistance of L. lactis TOMSCI161 for the first time. The
modulation of membrane lipids for obtaining high ratio of
CFA/UFA and the concurrent rigidification made it possible to
better resist freeze-drying and storage stress. Furthermore, the
direct measurement of membrane fluidity by fluorescence
anisotropy appeared to be a rapid and simple tool to determine
the optimal fermentation time, making it possible to obtain
freeze-drying-resistant cells. In a future study, proteomic and
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transcriptomic methods will be used to further understand the
cellular mechanisms responsible for the degradation of
L. lactis TOMSCI161 during freeze-drying and storage.
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