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Abstract

High-pressure homogenization (HPH) has been proposed to be applied

directly to lactic acid bacterial cells at sublethal levels to enhance some

functional properties. As the principal target of HPH are the cell surface

envelope structures, the aim of this work was to study the effect of a HPH

treatment, applied at 50 MPa, on cell membrane stress responses of already-

known functional strains, isolated from Argentinean products. Specifically, the

membrane fatty acid composition of cells before and after the sublethal

treatment was investigated, and the results showed that plasma membranes,

their level of unsaturation and their composition are involved in response

mechanisms adopted by microbial cells when subjected to a sublethal HPH

stress. In fact, the data obtained demonstrated that the treatment was able to

modify the fatty acid profile of the different strains, although a uniform

response was not observed. Further studies are necessary both to elucidate the

role of each fatty acid in the cell response mechanisms and to clarify the

changes in membrane compositions induced by HPH treatment also in

relation to the applicative potential of this technique.

Introduction

High-pressure homogenization (HPH) has been proposed

with several roles in the functional dairy sector, that is for

the production of probiotic dairy products with improved

sensorial or functional properties, such as strain viability

over refrigerated storage and accelerated fermentation

kinetics (Burns et al. 2008a; Patrignani et al. 2008a,b)

with less environmental impact with respect to the tradi-

tional heat treatment, analogously, to PEF and high

hydrostatic pressure (HHP) (Cruz et al. 2010; Tsevdou

and Taoukis 2011).

When low pressure (50 MPa) was applied directly to

probiotic bacteria cells, increased functional properties

were reported in vitro and in vivo in mice without signifi-

cant effects on cell viability (Tabanelli et al. 2012, 2013a,

b). In particular, Tabanelli et al. (2013a,b) studied the

effects of this HPH treatment on the in vitro functional

and biological properties of some probiotic bacteria, dem-

onstrating that HPH can modulate hydrophobicity and

auto-aggregation, in a strain-dependent way. Moreover,

this HPH treatment could increase the in vitro resistance

to simulated gastric conditions and stomach–duodenum
passage of some probiotic strains. Also, Muramalla and
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Aryana (2011) published on the use of some low homog-

enization pressures (up to 13�80 MPa for 5 passes) to

improve certain probiotic characteristics of yogurt bacte-

ria and Lactobacillus acidophilus LA-K, demonstrating that

treatments at 13�80 and 6�90 MPa, repeated for five times,

improved strain acid and bile tolerance, respectively,

without effects on protease activity and strain growth.

Additionally, these low homogenization pressure treat-

ments, applied directly to probiotic strains, modified their

interaction with the small intestines of BALB mice and

induced a higher IgA response compared with untreated

mice in a strain- and feeding period-dependent way

(Tabanelli et al. 2012). This behaviour was attributed to the

HPH-induced modification of the cell’s outermost struc-

tures, involved in probiotic–immune cell interactions and

representing the main target of the pressure stress (Fantin

et al. 1996). The membrane systems were the most sus-

ceptible structures to the application of pressure (Kobori

et al. 1995) because the modification of its lipidic compo-

sition permits to adapt to withstand the cell’s exposure to

a sublethal stress. This is fundamental to allow membrane

functionality maintaining the state of fluidity and/or

phase behaviour in the phospholipidic bilayer (Russell

et al. 1995). In particular, the unsaturation level, the fatty

acids (FA) length and the presence of branched chains or

hydroxylic groups affect the compactness of the acyl

chains (Guerzoni et al. 1997, 2001). The modulation of

membrane FA composition in response to environmental

conditions affects cell surface hydrophobicity, adhesion

ability and, consequently, the functional features of the

strains (Kankaanp€a€a et al. 2004).

Despite its wide application potential, the literature on

the effects of HPH on microbial membrane FA composi-

tion is scarce, even if its effects on Saccharomyces cerevisiae

are known (Guerzoni et al. 1999). By contrast, it is

reported that HHP modified the plasma membrane by

increasing the packing density of the lipid molecules and

inducing phase separation, owing to differences in com-

pressibility between lipid species and between lipids and

membrane proteins (de Freitas et al. 2012).

Pressure stress can reduce membrane fluidity by pack-

ing together more tightly the fatty acyl chains. An

increase in the FA unsaturation can compensate for these

effects and maintain the membrane in a functional liquid

crystalline state (Fernandes 2008). Lanciotti et al. (1997)

reported that sublethal hydrostatic pressure induced

several physiological and biochemical modifications in

Yarrowia lipolytica, increasing the polyunsaturated FAs

(C18:2) and the odd unsaturated FAs (C17:1). These

authors concluded that FA desaturase enzymes appeared

to be involved in the active response to pressure and that

these mechanisms are similar to those induced by thermal

stresses (Somero 1992; Guerzoni et al. 1997).

With this perspective, the aim of this work was to

study the effects of a low-pressure homogenization treat-

ment (50 MPa) on the FA membrane composition of

lactobacilli with already-known functional features (Burns

et al. 2008b). These strains were chosen due to their abil-

ity to enhance certain functional properties in response to

the treatment to contribute to the comprehension of their

response mechanisms and to an understanding of the

basis of these improved performances.

Results and discussion

Cell viability immediately after HPH treatment

HPH treatment, as performed at 50 MPa, did not affect the

viability of cells suspended in MRS medium. In fact, the

treatment reduced the strain cell loads by less than 0�2 Log

CFU per ml (Fig. 1), which was not considered a significant

result, confirming the tolerance of LAB to moderate pres-

sure. On the other hand, the severity of HPH treatment

was chosen on the basis of previous works demonstrating

that pressure level did not affect the cell’s viability but

enhanced some probiotic and technological features (Lanc-

iotti et al. 2007; Tabanelli et al. 2012, 2013a,b). The ability

to maintain good cell viability is considered an indicator of

probiotic capacity and is included in the selection criteria

of innovative treatments that are performed to enhance the

strain’s probiotic properties (Vinderola and Reinheimer

2003; Granato et al. 2010).

Fatty acid (FA) analysis

The relative percentages of certain FAs are reported in

Table 1. The presence of significant differences in the FA

concentration was tested with ANOVA. The principal FAs

found were palmitic (hexadecanoic acid), oleic [(Z)-9-oc-

tadecenoic acid], vaccenic [(Z)-11-octadecenoic acid] and

cyclopropane fatty acids (CFAs). On the other hand,

CFAs are regarded by many authors as the major fatty

acids in LAB (Suutari and Laakso 1992; Dionisi et al.

1999). The branched and odd-numbered saturated FAs,

together with octadecanoic acid, were present in small

amounts in all the samples. However, wide differences

were demonstrated in the FA percentages among the

different strains that were independent of HPH treatment.

In fact, each strain presented a peculiar fatty acid pro-

file that differed from the others, mainly regarding cyclic

fatty acids (CFAs) and oleic acid percentages. For exam-

ple, L. acidophilus 08, L. delbrueckii subsp. lactis 200

and 200+ showed lower percentages of lactobacillic

[(Z)-11,12-methyleneoctadecanoic acid] acid with respect

to the other strains but had higher percentages of oleic

acid.
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HPH treatment significantly (P < 0�05) reduced dihyd-

rosterculic [(Z)-9,10-methyleneoctadecanoic acid] and

lactobacillic acids in L. acidophilus DRU and DRU+,
L. paracasei A13 and L. delbrueckii subsp. lactis 200, while

L. acidophilus 08 showed increases in the percentages of

these FAs after the application of pressure. These cyclo-

propane FAs arise from the cyclization of oleic and

(Z)-vaccenic acids, and they may play a role in bacterial

adaptation to environmental stresses. In fact, G�omez Zavaglia

et al. (2000) reported that these CFAs enhanced the stress

tolerance of L. delbrueckii subsp. bulgaricus, L. helveticus

and L. acidophilus, as well as that the amount of CFAs in

the membranes of numerous LAB increased under various

stress situations (Guillot et al. 2000; B�eal et al. 2001).

However, the literature regarding the role of cyclic acids

in membrane fluidity is quite contradictory. Grogan and

Cronan (1997) attributed an increase in the structural

stability and the dynamic properties of the biological

membrane and a decrease in its fluidity to the presence of

a cyclopropane ring among the membrane FAs. Cyclo-

propanation, likely the cis/trans isomerization of double

bonds, was able to confer membrane chemical stability

and protection against toxic compounds (including H+)

(H€artig et al. 2005). On the contrary, other authors

asserted that CFAs, analogously to branched FAs, enhance

the fluidity of the cell membrane, as they retain the ability

to slide past each other and are unable to form a crystal-

line structure (Denich et al. 2003). Significant increases in

palmitic and tetradecanoic acid were detected after

HPH treatment in L. paracasei A13, L. acidophilus DRU

and L. delbrueckii subsp. lactis 200, while L. acidophilus 08

and L. delbrueckii subsp. lactis 200 + exhibited decreased

percentages of these FAs. Vaccenic acid increased

significantly in L. paracasei A13, L. acidophilus 08 and

DRU+, but decreased in L delbrueckii subsp. lactis 200+.
Moreover, an increase in oleic acid was detected among

all of the HPH-treated strains, with the exception of

L. paracasei A13, demonstrating the important role of

specific unsaturated FAs. The crucial role of unsaturated

FAs has been reported by several works and in response

to several different stresses, including low or high growth

temperatures, oxidative stress, acid stress and ethanol

and salt addition stress (Chatterjee et al. 2000; Streit

et al. 2008; Montanari et al. 2010; Wu et al. 2012).

Additionally, Patrignani et al. (2008b) demonstrated

the role of C18:1 and C18:2 in the resistance of some

pathogenic species to antimicrobials, such as hexanal and

(E)-2-hexenal.

In Table 2, the unsaturation degree, mean chain length

and the ratio of CFA to saturated fatty acid (SFA) per-

centages are reported. The degree of FA unsaturation was

significantly higher after HPH treatment for L. acidophilus

DRU and DRU+ and L. delbrueckii subsp. lactis 200+,
while no significant differences were observed for the

other strains. Guerzoni et al. (2001) suggested that the

increase in the unsaturation levels of FAs in cell mem-

branes was a general response of certain thermotolerant

strains or species when exposed to superoptimal tempera-

tures and occurred in combination with other stresses,

especially oxidative stress. In particular, oxygen-consum-

ing desaturase activation or hyperinduction, with a conse-

quent increase in FA desaturation, was observed as a

response mechanism of L. helveticus to protect cells from

toxic oxygen species and high temperatures. In fact, stress

conditions often result in an oxidative stress for the cell

due to an imbalance that occurs when the survival
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Figure 1 Cell counts of Lactobacillus delbrueckii subsp. lactis 200, 200+, Lactobacillus acidophilus DRU, DRU+, Lactobacillus paracasei A13 and

Lactobacillus acidophilus 08 before (black bars) and after (grey bars) HPH treatment.
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mechanisms are unable to deal adequately with the reac-

tive oxygen species (ROS) in the cells.

Also Lanciotti et al. (1997) concluded that fatty acid

desaturase enzymes appeared to be involved in the active

response of Y. lipolytica strains to pressure treatment

through mechanisms similar to those induced by temper-

ature stress (Somero 1992; Guerzoni et al. 1997). In fact,

in addition to membrane fluidity, hydrostatic pressure

also causes an increased production of ROS (Aertsen

et al. 2005). Moreover, some authors reported an induc-

tion in the expression of OLE1, which encodes for a D9-
desaturase in yeast, in S. cerevisiae subjected to HHP

(Fernandes et al. 2004).

Data showed that HPH treatment decreased the fatty

acid chain length in L. paracasei A13, L. acidophilus DRU

and L. delbrueckii subsp. lactis 200 associated with an

enhanced percentage of medium-chain fatty acid C14:0;

similar results were found in the cellular FAs of lactoba-

cilli, with proportions ranging from trace amounts to

21% (Behr et al. 2006; Streit et al. 2008). Montanari

et al. (2010) suggested carbon chain shortening as the

main strategy of L. sanfranciscensis to modulate the fluid-

ity or physicochemical properties of the cytoplasmic mem-

brane. By contrast, L. delbrueckii subsp. lactis 200+ had an

increased fatty acid chain length after the treatment but

associated with an increase in the ratio CFAs:SFAs.

Although the increase in unsaturation level after HPH

treatment was observed in the major part of the strains

considered, a uniform mechanism was not identified as

response to the low pressure applied. Otherwise, despite

changes in the ratio of saturation to unsaturation, cis to

trans unsaturation, branched to unbranched structure and

type of branching, acyl chain length and cyclization are

reported as the main microbial cell responses to the phys-

icochemical and environmental stresses (Fern�andez Murga

et al. 2000; Montanari et al. 2010). Several authors have

shown different modulation mechanisms in different

strains that were also related to the cells’ physiological

states (Rock and Cronan 1996).

PCA

To better demonstrate the relationships between FA

membrane composition and the HPH treatments, a prin-

cipal component analysis (PCA) was carried out with the

FA percentages detected in control and treated strains.

On the other hand, the PCA is a very powerful technique,

able to emphasize sample clusters in a two-dimensional

space (Cruz et al. 2013; Tabanelli et al. 2013b).

Figure 2a reports the PCA loading plots for the two

main factors explaining the variability of the FA profiles.

Factor 1 accounted for 44�88% of the variability, and

factor 2 for 18�19%. The samples can be grouped on the

basis of the responses of the strain, independent of the

pressure applied. Four clusters were present: cluster 1

included L. acidophilus DRU and its bile-resistant deriva-

tive DRU+; cluster two grouped L. paracasei A13; cluster

three contained L. acidophilus 08 and cluster four

grouped L. delbrueckii subsp. lactis 200 and 200+.
Figure 2b reports the variable factor coordinates for the

first two factors, which represent the correlations of the

single variable in each factor. Factor 1 was highly posi-

tively related with lactobacillic, vaccenic, palmitic and

tetradecanoic acids and highly negatively related with

Table 2 The degree of unsaturation of membrane fatty acids, mean chain lengths and ratio of cyclic fatty acid (CFA) to saturated fatty acid (SFA)

percentages of untreated controls (C) and treated (HPH) strains. The results are the means of three independent experiments conducted on two

different days (N = 6), and the standard deviation is reported within brackets

Unsaturation degree† Mean chain length‡ CFAs/SFAs§

Lactobacillus paracasei A13 C 0�447 (�0�011) 17�293 (�0�010) 1�172 (�0�062)
L. paracasei A13 HPH 0�451 (�0�012) 17�216 (�0�013)* 0�943 (�0�064)*
L. acidophilus Dru C 0�553 (�0�012) 17�432 (�0�012) 1�522 (�0�090)
L. acidophilus Dru HPH 0�585 (�0�010)* 17�329 (�0�015)* 1�046 (�0�067)*
L. acidophilus Dru+ C 0�424 (�0�011) 17�639 (�0�014) 1�894 (�0�074)
L. acidophilus Dru+ HPH 0�475 (�0�016)* 17�625 (�0�010) 1�562 (�0�061)*
L. acidophilus 08 C 0�589 (�0�013) 17�330 (�0�013) 1�400 (�0�083)
L. acidophilus 08 HPH 0�599 (�0�017) 17�425 (�0�012)* 1�983 (�0�080)*
L. lactis 200 C 0�650 (�0�014) 17�558 (�0�011) 3�464 (�0�077)
L. lactis 200 HPH 0�634 (�0�020) 17�462 (�0�013)* 1.996 (�0�085)*
L. lactis 200 + C 0�726 (�0�015) 17�483 (�0�012) 0�707 (�0�051)
L. lactis 200 + HPH 0�772 (�0�012)* 17�685 (�0�014)* 0�920 (�0�060)

*Significant differences (P < 0�05) in the fatty acid concentration between treated and untreated strains, according to an ANOVA.

†Unsaturation level calculated as [percentage monoenes + 2(percentage dienes) + 3(percentage trienes)]/100.

‡Mean chain length calculated as (FAP*C)/100 (where FAP is the percentage of fatty acid and C the number of carbon atoms).

§Ratio of cyclic fatty acid (CFA) to saturated fatty acid (SFA) percentages.
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Figure 2 Principal component analysis (PCA) loading plots of the two-first factors relative to the fatty acid membrane composition of the differ-

ent strains subjected or not subjected to HPH treatment (a) and variable factor coordinates for the two-first factors (b); the numbers correspond

to the fatty acids reported on the right side of the figures.
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polyunsaturated fatty acids, oleic acid, odd fatty acids

(C15:0 and C17:0) and some branched fatty acids

(C-anteiso 15:0 and C-anteiso 17:0).

Concerning factor 2, the main negative effects were

determined by (Z)-11-hexadecenoic acid, (E,E) octadeca-

dienoic acid and tetradecanoic acids, while the main posi-

tive effects were related with dihydrosterculic, vaccenic

and oleic acids.

Lactobacillus acidophilus DRU and DRU+ are grouped

in cluster 1, in which the effects of FAs such as dihydrost-

erculic and vaccenic acids prevailed. L. paracasei A13

samples (cluster 2) were grouped mainly for their high

concentrations of tetradecanoic, palmitic, (Z)-11-hexadec-

enoic and lactobacillic acids. Moreover, treated L. paraca-

sei A13 differed from the untreated controls regarding

factor 2, which indicates an important effect of the treat-

ment on FAs, such as lactobacillic and tetradecanoic

acids. In the other clusters, the treated and untreated

samples differed mainly on the basis of factor 2.

Lactobacillus acidophilus 08 and L. delbrueckii subsp.

lactis 200 and 200+ were grouped in clusters 3 and 4 due

to their higher percentages of oleic acid, Z-polyunsatu-

rated FAs and odd FAs with respect to the other samples.

Although the differences between treated and control cells

were masked by the macroscopic differences among the

different strains (which also belonged to different species),

the PCA confirmed the lack of a uniform response for all

of the strains to HPH treatment.

In conclusion, this work studied the changes in the fatty

acid membrane composition in relation to the application

of a low-pressure homogenization treatment, which was

performed at 50 MPa. The results showed that plasma

membrane composition and unsaturation are involved in

the response mechanisms displayed by microbial cells when

subjected to HPH stress. The PCA performed in this study

allowed us to better highlight the differences in FA mem-

brane composition before and after the treatment of each

strain. It is well known that the composition of microbial

FAs is the result of complex phenomena, which are imple-

mented to maintain an optimal viability under various

conditions in a different manner by different species and

strains. However, further studies are necessary to elucidate

the role of each FA in the cellular response mechanisms of

the probiotic strains studied to further improve their tech-

nological and functional performances in functional foods.

Materials and methods

Strains

Lactobacillus paracasei A13, Lactobacillus acidophilus 08

and DRU, Lactobacillus delbrueckii subsp. lactis 200 and

their bile-resistant derivatives Lactobacillus acidophilus

DRU+ and Lactobacillus delbrueckii subsp. lactis 200+
were used. These strains, from the collection of the Insti-

tuto de Lactologia Industrial (INLAIN; UNL-CONICET,

Santa Fe, Argentina), have been previously tested for their

functional properties and are commonly used in commer-

cial functional dairy products (Burns et al. 2008b). Bile-

resistant derivatives were obtained as described by Burns

et al. (2008b). The strains were maintained and cultured

as reported by Tabanelli et al. 2013a,b.

High-pressure homogenization (HPH) treatment

Late exponential phase cells, grown in MRS broth for

18 h at 37°C up to a concentration of 9 Log CFU per ml,

were subjected to a HPH treatment at a level of 50 MPa

with a PANDA high pressure homogenizer (Niro Soavi,

Parma, Italy) as described by Tabanelli et al. (2013a,b).

As control samples, strain cultures were treated at a level

of 0�1 MPa in the same homogenizer. The inlet tempera-

ture of samples was 37°C, and the increase rate of tem-

perature (normally 3°C/10 MPa) was avoided using a

thermal exchanger (Niro Soavi). Cell counts on MRS agar

(37°C, 48 h, aerobic conditions) were performed before

and after HPH treatment.

Fatty acid (FA) analysis

Control and treated cell cultures were harvested by centrifu-

gation (6000 9 g, 15 min, 15°C) and washed twice with

phosphate-buffered saline solution (PBS), pH 7�4. Lipid

extraction was performed according to Suutari et al. (1990),

while gas-chromatograph FA composition analyses were

executed according to Montanari et al. (2010). FAs were

identified by comparing their retention times and mass frag-

mentation profiles with those of the standards mix, BAME

(Sigma-Aldrich, Milan, Italy). The results were the means of

three independent experiments conducted on two different

days (N = 6), and the data were expressed as a relative

percentage of each FAs with respect to the total FA area.

Statistical analysis

The data were analysed by a one-way ANOVA procedure with

Statistica 6.1 software (StatSoft Italy srl, Vigonza, Italy) and

a principal component analysis (PCA) was applied (Statisti-

ca 6.1; StatSoft Italy srl). In the matrix used, rows repre-

sented the control and treated strains, while columns the

fatty acid percentages reported in Table 2.

Conflict of interest

The Authors report no conflict of interest.

Letters in Applied Microbiology 58, 109--117 © 2013 The Society for Applied Microbiology 115

G. Tabanelli et al. HPH and LAB membrane fatty acids



References

Aertsen, A., De Spiegeleer, P., Vanoirbeek, K., Lavilla, M. and

Michiels, C.W. (2005) Induction of oxidative stress by

high hydrostatic pressure in Escherichia coli. Appl Environ

Microbiol 71, 2226–2231.

B�eal, C., Fonseca, F. and Corrieu, G. (2001) Resistance to

freezing and frozen storage of Streptococcus thermophilus is

related to membrane fatty acid composition. J Dairy Res

84, 2347–2356.

Behr, J., G€anzle, M.G. and Vogel, R.F. (2006) Characterization

of a highly hop-resistant Lactobacillus brevis strain lacking

hop transport. Appl Environ Microbiol 72, 6483–6492.

Burns, P., Patrignani, F., Serrazanetti, D., Vinderola, G.,

Reinheimer, J., Lanciotti, R. and Guerzoni, M.E. (2008a)

Probiotic Crescenza cheese containing Lactobacillus

paracasei and Lactobacillus acidophilus manufactured with

high pressure-homogenized milk. J Dairy Sci 91, 500–512.

Burns, P., Vinderola, G., Binetti, A., Quiberoni, A., de los

Reyes-Gavila, C.G. and Reinheimer, J. (2008b)

Bile-resistant derivatives obtained from non-intestinal

dairy lactobacilli. Int Dairy J 18, 377–385.

Chatterjee, M.T., Seunath, A., Khalawan, S.A. and Curran,

B.P.G. (2000) Cellular lipid composition influences stress

activation of the yeast general stress response elements

(STRE). Microbiology 146, 877–884.

Cruz, A.G., Faria, J.A.F., Saad, S.M.I.S., Bolini, H.M.A.,

Sant’Ana, A.S. and Cristianini, M. (2010) High pressure

processing and pulsed electric fields: potential use in

probiotic dairy foods processing. Trends Food Sci Technol

21, 483–493.

Cruz, A.G., Cadena, R.S., Alvaro, M.B.V.B., Sant’Ana, A.S.,

Oliveira, C.A.F., Faria, J.A.F., Bolini, H.M.A. and Ferreira,

M.M.C. (2013) Assessing the use of different chemometric

techniques to discriminate low-fat and full-fat yogurts.

LWT-Food Sci Technol 50, 210–214.

Denich, T.J., Beaudette, L.A., Lee, H. and Trevors, J.T. (2003)

Effect of selected environmental and physico-chemical

factors on bacterial cytoplasmatic membranes. J Microbiol

Methods 52, 149–182.

Dionisi, F., Golay, P.A., Elli, M. and Fay, L.B. (1999) Stability

of cyclopropane and conjugated linoleic acids during fatty

acid quantification in lactic acid bacteria. Lipids 34,

1107–1115.

Fantin, G., Fogagnolo, M., Guerzoni, M.E., Lanciotti, R.,

Medici, A., Pedrini, P. and Rossi, D. (1996) Effect of high

hydrostatic pressure and high pressure homogenization on

the enantioselectivity of microbial reduction. Tetrahedron

Asymmetry 7, 2879.

Fernandes, P.M.B. (2008) Saccharomyces cerevisiae response to

high hydrostatic pressure. In High Pressure Microbiology

ed. Michiels, C., Bartlett, D.H. and Aertsen, A. pp. 145–

166. Washington, DC: American Society for Microbiology.

Fernandes, P.M.B., Domitrovic, T., Kao, C.M. and Kurtenbach,

E. (2004) Genomic expression pattern in Saccharomyces

cerevisiae cells in response to high hydrostatic pressure.

FEBS Lett 556, 153–160.

Fern�andez Murga, M.L., Cabrera, G., Font de Valdez, A.,

Disalvo, A. and Seldes, A.M. (2000) Influence of

growth temperature on cryotolerance and lipid

composition of Lactobacillus acidophilus. J Appl

Microbiol 88, 342–348.

de Freitas, J.M., Bravim, F., Buss, D.S., Lemos, E.M.,

Fernandes, A.A.R. and Fernandes, P.M.B. (2012) Influence

of cellular fatty acid composition on the response of

Saccharomyces cerevisiae to hydrostatic pressure stress.

FEMS Yeast Res 12, 871–878.

G�omez Zavaglia, A., Disalvo, A.E. and De Antoni, L.G. (2000)

Fatty acid composition and freeze-thaw resistance in

Lactobacilli. J Dairy Res 67, 241–247.

Granato, D., Branco, G.F., Cruz, A.G., Faria, J.A.F. and Shah,

N.P. (2010) Probiotic dairy products as functional foods.

Compr Rev Food Sci Food Saf 9, 455–470.

Grogan, D. and Cronan, J. (1997) Cyclopropane ring

formation in membrane lipids of bacteria. Microbiol Mol

Biol Res 61, 429–441.

Guerzoni, M.E., Ferruzzi, M., Sinigaglia, M. and Criscuoli,

G.C. (1997) Increased cellular fatty acid desaturation as a

possible key factor in thermotolerance in Saccharomyces

cerevisiae. Can J Microbiol 43, 569–576.

Guerzoni, M.E., Ferruzzi, M., Gardini, F. and Lanciotti, R.

(1999) Combined effects of ethanol, high homogenization

pressure, and temperature on cell fatty acid composition

in Saccharomyces cerevisiae. Can J Microbiol 45, 805–810.

Guerzoni, M.E., Lanciotti, R. and Cocconcelli, P.S. (2001)

Alteration in cellular fatty acid composition as response to

salt, acid, oxidative and thermal stresses in Lactobacillus

helveticus. Microbiology 147, 2255–2264.

Guillot, A., Obis, D. and Mistou, M.Y. (2000) Fatty acid

membrane composition and activation of glycine-betaine

transport in Lactococcus lactis subjected to osmotic stress.

Int J Food Microbiol 55, 47–51.

H€artig, C., Loffhagen, N. and Harms, H. (2005) Formation of

trans fatty acids is not involved in growth-linked

membrane adaptation of Pseudomonas putida. Appl

Environ Microbiol 71, 1915–1922.

Kankaanp€a€a, P., Yang, B., Kallio, H., Isolauri, E. and Salminen,

S. (2004) Effects of polyunsaturated fatty acids in growth

medium on lipid composition and on physicochemical

surface properties of lactobacilli. Appl Environ Microbiol

70, 129–136.

Kobori, H., Sato, M., Tameike, A., Hamada, K., Shimada, S.

and Osuni, M. (1995) Ultrastructural effects of pressure

stress to the nucleus in Saccharomyces cerevisiae, a study by

immunoelectron microscopy using frozen thin sections.

FEMS Microbiol Lett 132, 253–258.

Lanciotti, R., Gardini, F., Sinigaglia, M. and Guerzoni, M.E.

(1997) Physiological responses to sublethal hydrostatic

pressure in Yarrowia lipolytica. Lett Appl Microbiol 24,

27–32.

116 Letters in Applied Microbiology 58, 109--117 © 2013 The Society for Applied Microbiology

HPH and LAB membrane fatty acids G. Tabanelli et al.



Lanciotti, R., Patrignani, F., Iucci, L., Saracino, P. and

Guerzoni, M.E. (2007) Potential of high pressure

homogenization in the control and enhancement of

proteolytic and fermentative activities of some

Lactobacillus species. Food Chem 102, 542–550.

Montanari, C., Sado Kamdem, S.L., Serrazanetti, D.I., Etoa, F.

and Guerzoni, M.E. (2010) Synthesis of cyclopropane fatty

acids in Lactobacillus helveticus and Lactobacillus

sanfranciscensis and their cellular fatty acids changes

following short term acid and cold stresses. Food Microbiol

27, 493–502.

Muramalla, T. and Aryana, K.J. (2011) Some low

homogenization pressures improve certain probiotic

characteristics of yogurt culture bacteria and Lactobacillus

acidophilus LA-K. J Dairy Sci 94, 3725–3738.

Patrignani, F., Burns, P., Serrazanetti, D.I., Vinderola, G.,

Reinheimer, J.A., Lanciotti, R. and Guerzoni, M.E. (2008a)

Suitability of high pressure-homogenized milk for the

production of probiotic fermented milk containing

Lactobacillus paracasei and Lactobacillus acidophilus. J Dairy

Res 76, 74–82.

Patrignani, F., Iucci, L., Belletti, N., Gardini, F., Guerzoni,

M.E. and Lanciotti, R. (2008b) Effects of sub-lethal

concentrations of hexanal and 2-(E)-hexenal on

membrane fatty acid composition and volatile

compounds of Listeria monocytogenes, Staphylococcus

aureus, Salmonella enteritidis and Escherichia coli. Int J

Food Microbiol 123, 1–8.

Rock, C.O. and Cronan, J.E. (1996) Escherichia coli as a model

for the regulation of dissociable (type II) fatty acid

biosynthesis. Biochem Biophys Acta 1302, 1–16.

Russell, N.J., Evans, R.I., Ter Steeg, P.F., Hellemons, J.,

Verheul, A. and Abee, T. (1995) Membranes as a target for

stress adaptation. Int J Food Microbiol 28, 255–261.

Somero, G.N. (1992) Adaptations to hydrostatic pressure.

Annu Rev Phys 54, 557–577.

Streit, F., Delettre, J., Corrieu, G. and B�eal, C. (2008) Acid

adaption of Lactobacillus delbrueckii subsp. bulgaricus

induces physiological responses at membrane and cytosolic

levels that improves cryotolerance. J Appl Microbiol 105,

1071–1080.

Suutari, M. and Laakso, S. (1992) Temperature adaptation

in Lactobacillus fermentum: interconversions of oleic,

vaccenic and dihydrosterculic acids. J Gen Microbiol 138,

445–450.

Suutari, M., Linkkonen, K. and Laakso, S. (1990) Temperature

adaptation in yeast: the role of fatty acids. J Gen Microbiol

136, 1469–1474.

Tabanelli, G., Burns, P., Patrignani, F., Gardini, F., Lanciotti,

R., Reinheimer, J. and Vinderola, G. (2012) Effect of a

non-lethal high pressure homogenization treatment on the

in vivo response of probiotic lactobacilli. Food Microbiol

32, 302–307.

Tabanelli, G., Patrignani, F., Vinderola, G.C., Reinheimer, J.A.,

Gardini, F. and Lanciotti, R. (2013a) Effect of sub-lethal

High Pressure Homogenization Treatments on in vitro

functional and biological properties of probiotic bacteria.

LWT-Food Sci Technol 53, 580–586.

Tabanelli, G., Montanari, C., Grazia, L., Lanciotti, R. and

Gardini, F. (2013b) Effects of aw at packaging time and

atmosphere composition on aroma profile, biogenic amine

content and microbiological features of dry fermented

sausages. Meat Sci 94, 177–186.

Tsevdou, M.S. and Taoukis, P.S. (2011) Clinical

Microbiology Effect of non-thermal processing by High

Hydrostatic Pressure on the survival of probiotic

microorganisms: study on Bifidobacteria spp. Anaerobe

17, 456–458.

Vinderola, C.G. and Reinheimer, J.A. (2003) Lactic acid starter

and probiotic bacteria: a comparative in vitro study of

probiotic characteristics and biological barrier resistance.

Food Res Int 36, 895–904.

Wu, C., Zhang, J., Wang, M., Du, G. and Chen, J. (2012)

Lactobacillus casei combats acid stress by maintaining cell

membrane functionality. J Ind Microbiol Biotechnol 39,

1031–1039.

Letters in Applied Microbiology 58, 109--117 © 2013 The Society for Applied Microbiology 117

G. Tabanelli et al. HPH and LAB membrane fatty acids


