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Effect of the fatty acid composition of acclimated
oenological Lactobacillus plantarum on the resistance to
ethanol
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Significance and Impact of the Study: Understanding the adaptation of oenological strains to ethanol
has strong impact on winemaking as it allows defining the most appropriate conditions to maintain
bacteria viability and improve the efficiency of malolactic fermentation. The acclimation of oenological
Lact. plantarum in media containing ethanol produces a drastic decrease of C18:1 with an increase in
the content of saturated short-chain-length membrane fatty acids that are correlated with a higher
resistance to the adverse environmental conditions of wine.
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Abstract

The aim of this work was to evaluate the changes due to acclimation to

ethanol on the fatty acid composition of three oenological Lactobacillus

plantarum strains and their effect on the resistance to ethanol and malic acid

consumption (MAC). Lactobacillus plantarum UNQLp 133, UNQLp 65.3 and

UNQLp 155 were acclimated in the presence of 6 or 10% v/v ethanol, for 48 h

at 28°C. Lipids were extracted to obtain fatty acid methyl esters and analysed

by gas chromatography interfaced with mass spectroscopy. The influence of

change in fatty acid composition on the viability and MAC in synthetic wine

was analysed by determining the Pearson correlation coefficient. Acclimated

strains showed a significant change in the fatty composition with regard to

the nonacclimated strains. Adaptation to ethanol led to a decrease in the

unsaturated/saturated ratio, mainly resulting from an increase in the

contribution of short-length fatty acid C12:0 and a decrease of C18:1.

The content of C12:0 was related to a higher viability after inoculation of

synthetic wine. The MAC increased at higher contents in saturated fatty acid,

but its efficiency was strain dependent.

Introduction

Malolactic bacteria are lactic acid bacteria that are able to

carry out malolactic fermentation (MLF). The control of

their activity is an important technological aspect in the

commercial production of wine (Bastianini et al. 2000).

The viability of malolactic starters must be high enough

to ensure that the harsh wine conditions are not detri-

mental for MLF (Henick-Kling 1995).

The acclimation of starter cultures with sublethal

concentrations of ethanol and low pH (from 3�5 to 4�6)
is necessary to increase their ethanol resistance during

winemaking (Cecconi et al. 2009; Solieri et al. 2009; Lerm

et al. 2010).

Even when Oenococcus oeni is the main species used as

commercial starter for MLF, some Lactobacillus plantarum

strains can also survive in the harsh conditions of wine

(Lerm et al. 2011; Bravo-Ferrada et al. 2013). In addition,

different studies have demonstrated that Lact. plantarum

strains are able to grow in wine conditions (Du Plessis

et al. 2004; G-Alegr�ıa et al. 2004; L�opez et al. 2008; Miller

et al. 2011) and have resistance mechanisms to tolerate

high concentrations of ethanol and low pHs (G-Alegr�ıa

et al. 2004; van Bokhorst-van de Veen et al. 2011; Lee
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et al. 2012). The viability of bacterial cells depends on

their adaptation capacity to the environment, which is

mainly regulated by the membrane fluidity (da Silveira

et al. 2003; Chu-Ky et al. 2005). Several events are related

with the ability of cells to survive in wine conditions and

metabolize malic acid, one of them being the synthesis of

small heat-shock proteins and membrane proteins (Guzzo

et al. 1997; Silveira et al. 2004). Another strategy is the

adjustment of the membrane lipid composition. Different

authors investigated the effect of stress factors on the lipid

composition of O. oeni. In this regard, it has been

reported that the increase in the unsaturated/saturated

(US/S) fatty acids ratio counteract the toxic effect of etha-

nol (Garbay et al. 1995; Bastianini et al. 2000; da Silveira

et al. 2003). Nevertheless, Grandvalet et al. 2008 found a

decrease in the US/S fatty acids ratio when O. oeni was

grown in the presence of ethanol.

The increase in the resistance to ethanol has been asso-

ciated with high concentrations of cycC19:0 fatty acid

(Garbay et al. 1995; Bastianini et al. 2000; Teixeira et al.

2002; Grandvalet et al. 2008). CycC19:0 is produced by

enzymatic conversion of C18:1. However, the role of

cycC19:0 is controversial. Some authors consider this fatty

acid as unsaturated and responsible for the increase of

membrane fluidity (Garbay et al. 1995; Bastianini et al.

2000). On the contrary, other authors ascribe its protec-

tive effect against ethanol to its capacity to rigidize lipid

membranes, thus reducing bacterial membrane permeabil-

ity (Grandvalet et al. 2008).

In our previous study, we reported that acclimation of

oenological strains of Lact. plantarum with 6 and 10% v/v

ethanol prevents membrane damage after inoculation in

wine conditions (Bravo-Ferrada et al. 2014). However, to

our knowledge, the effect of acclimation on the fatty acid

composition of Lact. plantarum has not been studied. For

this reason, the aim of this work was to evaluate the

changes due to acclimation to ethanol on the membrane

fatty acid composition of three oenological strains of

Lact. plantarum and correlate these changes with the

malic acid consumption (MAC) and the bacterial resis-

tance to harsh wine environment.

Results and discussion

Different authors reported alterations in membrane prop-

erties of O. oeni grown in the presence of ethanol (da Sil-

veira et al. 2002, 2003; Chu-Ky et al. 2005; da Silveira

and Abee 2009). It was also reported that acclimation of

Lact. plantarum leads to decrease in membrane damage

when grown in the presence of ethanol (Bravo-Ferrada

et al. 2014). Lipid membranes are the main target of

damage by ethanol and micro-organisms have different

strategies to prevent this damage (da Silveira et al. 2003,

Silveira et al. 2004). One of them is the modification of

the fatty acid composition to regulate the membrane flu-

idity (Garbay et al. 1995; Teixeira et al. 2002; da Silveira

et al. 2003; Grandvalet et al. 2008). However, to our

knowledge, a correlation between the fatty acid composi-

tion of Lact. plantarum strains and acclimation has not

been reported hereto.

The fatty acid composition of Lact. plantarum UNQLp

133, 65.3 and 155 nonacclimated and acclimated in the

presence of 6 and 10% v/v ethanol is depicted in Fig. 1a–
c (controls: nonacclimated strains). The fatty acid compo-

sition of the nonacclimated strains was similar, 16:0 and

18:1 being the most abundant fatty acids. CycC19:0, a

typical lactobacilli fatty acid, was ~10–20%.

Upon acclimation, important changes were observed in

the fatty acid composition. Acclimation of Lact. planta-

rum UNQLp 133 with 6 and 10% v/v ethanol led to an

increase of 12:0 and a decrease of 16:0, 18:1 and cycC19:0

(Fig. 1a). A significant increase of C14:0 was observed
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Figure 1 Fatty acid composition of Lactobacillus plantarum strains

nonacclimated (white bars) or acclimated at 28°C for 48 h in the

presence of 6% (black bars) and 10% (grey bars) v/v ethanol.

(a) Lact. plantarum UNQLp 133, (b) UNQLp 65.3 and (c) UNQLp 155.

*Significant different from nonacclimated cells (P < 0�05).
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after acclimation with ethanol 6%, and C10:0 significantly

increased when UNQLp 133 was acclimated with ethanol

10% (P < 0�05). Lactobacillus plantarum 65.3 acclimated

with 6% v/v ethanol showed a decrease in the content of

18:1 and an increase in the content of C16:1 (P < 0�05)
(Fig. 1b). When acclimated with 10% v/v ethanol, an

increase of 10:0, 12:0, 14:0 and 16:0 and decrease of 18:1

and cycC19:0 was observed (P < 0�05). Strain UNQLp

155 showed an increase of C10:0, C14:0 and C12:0 fatty

acids (P < 0�05). However, the contribution of cycC19:0

in strain 155 did not change upon acclimation (P > 0�05)
(Fig. 1c).

Determining the contribution of saturated and unsatu-

rated fatty acids allowed a generalization on the conse-

quences of acclimation on the fatty acid composition of

the three strains (Table 1). The decrease of 18:1 fatty acid

in the three acclimated strains led to a decrease of the un-

saturation degree (Table 1). This effect was also reflected

in the US/S ratio, which was more drastic when strains

were acclimated with 10% v/v ethanol (Table 1). This

decrease of the US/S ratio was concomitant with a

decrease in the hydrocarbon chain lengths (CL), also in

the three strains (Table 1).

To investigate the influence of fatty acid composition

on the technological properties of strains, the alterations

occurred upon acclimation were correlated with the via-

bility and MAC previously reported (Bravo-Ferrada et al.

2014). The log CFU ml�1 reported in Table 1 corre-

sponds to the viability of strains after 15 days of incuba-

tion at 28°C (initial inoculum: ~107 CFU ml�1).

Pearson correlation coefficient was performed to estab-

lish a relationship between viability and MAC, with the

fatty acid composition of the three strains analysed. A sig-

nificant negative correlation between C12:0 and C18:1,

and between C12:0 and cyc C19:0 was observed (Table 2).

In contrast, the content of C12:0 had a positive correla-

tion with viability. In addition, the content of cycC19:0

showed a negative relation with C14:0 and a positive one

with the content of C18:1 (Table 2). No correlation was

found between MAC and fatty acid composition

(Table 2). However, when the MAC was analysed for each

strain, a negative correlation was found between MAC

and the content of C18:1 (Fig. 2a), the US/S ratio

(Fig. 2b) and the chain length of fatty acids (Fig. 2c).

These results indicate that the consumption of malic acid

is strain specific, and this metabolic activity is favoured in

the presence of high contents of saturated short fatty

acids and low percentage of C18:1.

In O. oeni, acclimation leads to an increase of Cyc

C19:0 (Bastianini et al. 2000; Teixeira et al. 2002). How-

ever, the mechanisms of adaptation in Lact. plantarum

seem to be different. The alterations observed in the fatty

acid composition of Lact. plantarum upon acclimation

demonstrated that the US/S ratio plays a fundamental

role on the adaptation to ethanol. Different authors

reported the increase of the US/S after growing Escherichi-

a coli and O. oeni in the presence of ethanol (Garbay

et al. 1995; da Silveira et al. 2002; Teixeira et al. 2002). In

spite of that, we observed a great decrease of the US/S in

the three Lact. plantarum strains assayed. The higher eth-

anol concentration, the lower the US/S ratio (Table 1).

These results are in agreement with data reported by van

Bokhorst-van de Veen et al. (2011) for a strain of

Lact. plantarum grown in MRS containing 8% v/v etha-

nol. This resistance mechanism leads to the decrease of

membrane fluidity, making cells less permeable to ethanol

and providing them the capacity to growth in wine and

increase the consumption of L-malic acid.

Table 1 Change in the fatty acids parameters of Lactobacillus plantarum strains acclimated in presence of ethanol or nonacclimated.

Consequences of acclimation on the viability and MAC after 15 days of incubation in synthetic wine at 28°C

Strain Accl Conditions USD* US/S† Chain length‡ Log CFU ml�1§,¶ MAC (%)¶

Lactobacillus plantarum UNQLp133 Non-Accl 0�28 � 0�01 0�41 � 0�05 15�95 � 0�80 6�8 � 0�15 37�8 � 2�9
Accl Eth 6% 0�17 � 0�01 0�21 � 0�05 14�14 � 0�71 8�0 � 0�17 48�9 � 3�5
Accl Eth 10% 0�06 � 0�00 0�07 � 0�05 13�50 � 0�68 8�0 � 0�17 54�0 � 3�7

Lactobacillus plantarum UNQLp65.3 Non-Accl 0�43 � 0�02 0�70 � 0�05 17�45 � 0�88 6�3 � 0�30 44�4 � 3�8
Accl Eth 6% 0�35 � 0�02 0�58 � 0�05 16�03 � 0�80 7�3 � 0�18 71�1 � 3�2
Accl Eth 10% 0�21 � 0�01 0�26 � 0�05 15�63 � 0�78 7�4 � 0�22 90�0 � 2�9

Lactobacillus plantarum UNQLp155 Non-Accl 0�37 � 0�02 0�61 � 0�05 16�42 � 0�82 7�3 � 0�21 55�6 � 4�0
Accl Eth 6% 0�24 � 0�01 0�33 � 0�05 14�84 � 0�74 8�3 � 0�15 67�3 � 3�5
Accl Eth 10% 0�16 � 0�01 0�19 � 0�05 14�97 � 0�75 8�4 � 0�14 71�8 � 3�2

MAC, malic acid consumption; US/S, unsaturated/saturated; USD, unsaturation degree.

*Unsaturation degree = Σ(C18:1 + C16:1)/100.

†Unsaturated to saturated fatty acid ratio = Σ(C18:1 + C16:1)/(10:0 + 12:0 + 14:0 + 16:0 + 19:0cyc).

‡Mean fatty acid chain length = Σ(P 9 C)/100 (P = percentage contribution of each fatty acid and C = corresponding number of carbon atoms).

§Initial inoculum 1 9 107 CFU ml�1.

¶Results previously reported in Bravo-Ferrada et al. 2014.
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The relationship between resistance to ethanol and

increase of the short-length fatty acid reflects the com-

plexity of the mechanisms involved. van Bokhorst-van de

Veen et al. (2011) reported that ethanol stress affects the

expression of Lact. plantarum genes associated with fatty

acids biosynthesis. They found that in the presence of

ethanol, genes coding for fatty acid elongation and acyl

carrier protein down-regulate, with a concomitant induc-

tion of the operons involved in the initiation phase of

fatty acid biosynthesis. These results may explain the

decrease of C18:1 and increase of short fatty acid content

observed in the present work for Lact. plantarum strains

acclimated in the presence of different concentrations of

ethanol.

The regulation of the chain length of fatty acids, also

related with membrane fluidity, could be other metabolic

strategy leading to maintain bacteria homoeostasis. In this

regard, it was reported that short-chain-length fatty acids

fluidize membranes when certain micro-organisms are

exposed to ethanol (Weber and de Bont 1996). In addi-

tion, short-chain-length fatty acids have been described to

counteract the inter-digitations produced by ethanol on

lipid bilayers, thereby maintaining the membrane perme-

ability (Weber and de Bont 1996). This could be the

mechanism of adaptation of Lact. plantarum in the accli-

mation conditions reported in this work (especially the

high correlation between the drastic decrease of C18:1

and the increase of cell viability after ethanol stress).

The selection of efficient malolactic starters for wine-

making requires a deep knowledge on the acclimatization

conditions. Lactobacillus plantarum is widely used in food

biotechnology of fermented products and has been

recently proposed as a functional strain to improve wine-

making conditions (Du Plessis et al. 2004; L�opez et al.

2008; Lerm et al. 2011; Miller et al. 2011; Bravo-Ferrada

et al. 2013). The results presented in this work showed

that Lact. plantarum strains isolated from red wines have

different strategies to regulate the membrane lipid com-

position, and thus overcome the harsh wine conditions.

Materials and methods

Strains, medium and growth condition

Lactobacillus plantarum UNQLp 133, UNQLp 65.3 and

UNQLp 155 were isolated from Patagonian Pinot noir

red wine (Bravo-Ferrada et al. 2013) (GenBank Accession

Numbers rpoB gene KC679065, KC679060 and KC679067,

respectively; 16S rRNA gene KC562905 for UNQLp 133,

KC679066 for UNQLp 65.3 and KC652904 for UNQLp

155. Cells were grown in 10 ml of MRS broth (Biokar

Diagnostics, Beauvais, France) (De Man et al. 1960), at

28°C and pH 6�5 for 48 h in anaerobic conditions.

Acclimation conditions of LAB strains

Cells in the stationary phase (approximately 109 CFU ml�1)

were harvested by centrifugation at 4000 g for 10 min, sus-

pended in the same volume (10 ml) of an acclimation med-

ium containing 6 and 10% v/v ethanol and incubated at

28°C for 48 h. The composition of the acclimation medium

was: 50 g l�1 MRS, 40 g l�1 D(-) fructose, 20 g l�1 D(-)

glucose, 4 g l�1
L-malate, 1 g l�1 Tween 80, 0�1 mg l�1 pir-

idoxina, and 6% v/v or 10% v/v ethanol (pH: 4�6) (Bravo-
Ferrada et al. 2014).

Lipid extraction

Lipids were extracted according to the modified Bligh and

Dyer method (Marinetti 1993). Briefly, cell pellets were

suspended in chloroform–methanol–water (1 : 2 : 0�8 v/

v/v) (4�75 ml per g of cells) for 12 h at 4°C, and then

Table 2 Correlation values between fatty acids composition, viability and MAC of acclimated and nonacclimated Lactobacillus plantarum UNQLp

133, 65�3 and 155 grown in the presence of 6 and 10% v/v ethanol

C10:0 C12:0 C14:0 C16:0 C16:1 C18:1 Cyc19:0 Viability MAC†

10:0 1�00
12:0 0�46 1�00
14:0 0�47 0�51 1�00
16:0 0�20 �0�37 �0�12 1�00
16:1 �0�43 �0�66 �0�29 �0�11 1�00
18:1 �0�63 �0�88** �0�57 0�10 0�57 1�00
cycC19:0 �0�50 �0�72* �0�67* �0�24 0�58 0�74* 1�00
Viability 0�28 0�67* 0�64 �0�20 �0�24 �0�82** �0�61 1�00
MAC† 0�63 0�04 0�46 �0�07 0�28 �0�32 �0�06 0�40 1�00

MAC, malic acid consumption. Correlation values above 0�65 were indicated in bold.

*Correlation is significant at the 0�05 level.

**Correlation is significant at the 0�01 level.

†MAC (%) after 15 days in synthetic wine.
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centrifugated 10 min at 8000 g at 10°C. The supernatant

was collected, and a second extraction on the bacterial

pellet was performed. Both supernatants were mixed, and

chloroform–water (1 : 1) was added (12�5 ml per g of cell

culture). The final mixture was centrifuged at 8000 g for

20 min. The chloroform phase was collected and dried

under vacuum (Rotavapor� RE 120—B€uchi, Flawil, Swit-

zerland). Lipids were dissolved in chloroform (final con-

centration 3 mg ml�1) and stored at �20°C for up to

2 weeks.

Characterization of fatty acids

The fatty acids methyl esters (FAME) were prepared by

adding 2 ml sulphuric acid (20 g l�1 in methanol) to

3 mg bacterial lipids, heating at 60°C for 2 h, extracting

the esters with 1 ml chloroform–water (2 : 0�7 v/v) and

washing twice with 0�7 ml water. The obtained FAME

were analysed on a gas chromatograph interfaced with a

mass spectrometer detector (Thermo Scientific EM/DSQ

II and Trace GC Ultra AI3000, Austin, TX) using capillary

column Rxi-5 ms (30 m 9 0�25 mm). The analysis con-

ditions were: injection temperature 250°C, detector tem-

perature 280°C and column temperature initially 60°C
increased to 290°C at 10°C min�1. The FAME were iden-

tified by mass spectrometry (GC-MS). The fatty acid

composition was determined by considering the relative

contribution of each peak area.

Ability of acclimated bacterial cells to grow and consume

malic acid in a synthetic wine

Cells previously acclimated were inoculated (1 9 107

CFU ml�1) in 50 ml of synthetic wine (5 g l�1 tartaric

acid, 4�5 g l�1 malic acid, 0�6 g l�1 acetic acid, 2 g l�1

glucose, 2 g l�1 fructose and 14�0% v/v ethanol, pH 3�5.)
and incubated at 28°C without shaking. Bacterial growth

was determined by plating on MRS agar after 15 days. The

MAC was determined using a malic acid enzymatic assay

(L-Malic Acid MegaQuantTM Format enzymatic kit, Mega-

zyme International, Wicklow, Ireland). Nonacclimated

cells were inoculated in synthetic wine as a control.

Statistical analysis

Determinations were performed in duplicate from three

independent cultures of each bacterial strain studied. The

relative differences were reproducible, independently of

the culture used. The effect of fatty acid composition on

the viability and MAC was analysed on the three strains,

by determining the Pearson correlation coefficient. Corre-

lation was significant for P < 0�05. Analysis of variance

(ANOVA) was carried out using Tukey’s HDS test and if

P < 0�05 the differences were considered statistically sig-

nificant. ANOVA and Pearson correlation were carried out

using the statistical program Statistix 8 (Analitical Soft-

ware, Tallahassee, FL).
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