
1 3

Arch Microbiol (2017) 199:1–8
DOI 10.1007/s00203-016-1266-9

ORIGINAL PAPER

Changes in the membrane fatty acid composition in Anoxybacillus 
flavithermus subsp. yunnanensis E13T as response to solvent stress

Hui Peng1 · Lu Yi1 · Xiaohan Zhang1 · Yazhong Xiao1 · Yi Gao1 · Chao He1 

Received: 18 January 2016 / Revised: 28 June 2016 / Accepted: 1 July 2016 / Published online: 7 July 2016 
© Springer-Verlag Berlin Heidelberg 2016

Keywords Anoxybacillus flavithermus ssp. yunnanesis · 
Organic solvent-tolerant · Straight-chain fatty acid · High 
temperature · Stress response

Introduction

Organic solvents can be extremely toxic for bacteria 
because they are able to penetrate cell membranes and dis-
rupt their structure. Organic solvent-tolerant bacteria are 
considered a subgroup of the extremophiles, which are able 
to overcome the toxic and destructive effects of organic 
solvents on account of their unique adaptive mechanisms. 
Most of the reported and well-studied solvent-tolerant bac-
teria are mesophilic microorganisms that have an optimal 
temperature of between 25 and 37 °C, such as Gram-nega-
tive species of the genera Pseudomonas (Inoue and Horiko-
shi 1989), Geobacter (Duldhardt et al. 2010) and Methy-
lococcus (Löffler et al. 2010), and Gram-positive species 
of Bacillus (Pepi et al. 2008), Rhodococcus (de Carvalho 
et al. 2004) and Staphylococcus (Kongpol et al. 2009). It 
is widely accepted that temperature plays an important role 
in organic solvent inhibition. High temperature causes an 
increase in membrane fluidity, resulting in an increased dis-
ruptive effect of solvent on cell membrane structure (Baer 
et al. 1987; Georgieva et al. 2007). Because of this reason, 
only two moderately thermophilic bacteria, Deinococcus 
geothermalis T27 (Kongpol et al. 2008) and Brevibacillus 
agri 13 (Kongpol et al. 2009), have been reported to tolerate 
a broad range of solvents at 45 °C. In the case of low-toxic 
ethanol, thermophilic bacteria rarely tolerate more than 
2 % (% value is in v/v) ethanol (Rani and Seenayya 1999; 
Burdette et al. 2002). However, several thermophilic bac-
teria have been reported to tolerate ethanol. For example, 
Thermoanaerobacter A10, grows optimally at 70 °C and 
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tolerates ethanol concentrations of up to 4.7 % (Georgieva 
et al. 2007). Furthermore, a mutant strain of T. pseudoetha-
nolicus 39E-H8 is able to grow weakly in up to 8 % etha-
nol at 60 °C (Burdette et al. 2002). The wild-type strains of 
Clostridia thermocellum SS21 and SS22 were reported to 
tolerate to 7.0 and 8.0 % ethanol at 60 °C (Rani and See-
nayya 1999), respectively. An ethanol-adapted strain of C. 
thermocellum was tolerant to 5 % ethanol at 55 °C (Wil-
liams et al. 2007). Ethanol tolerance (presumably not with 
active growth) as high as 10 % at 60 °C has been reported 
in Geobacillus thermoglucosidasius M10EXG (Fong et al. 
2006). Recently, we isolated and classified a novel subspe-
cies of Anoxybacillus flavithermus subsp. yunnanensis from 
a hot spring. It is a facultatively aerobic, Gram-positive and 
rod-shaped bacterium that is capable of utilizing a range of 
carbon sources, such as xylose, arabinose and cellobiose. It 
is the first strictly thermophilic bacterial species known to 
tolerate a broad range of solvents at its optimal temperature 
of 55–60 °C (Dai et al. 2011; Gao et al. 2011). Here we 
tested whether the subspecies uses any exclusive adaptive 
mechanisms to acclimatize in the presence of organic sol-
vents at high temperature.

Several mechanisms of solvent tolerance have been 
found in mesophilic microorganisms (Ramos et al. 2002; 
Torres et al. 2011). One of the most important adaptive 
mechanisms is alteration of membrane fatty acid composi-
tion and membrane fluidity. Most of these changes, which 
occur in both Gram-negative and Gram-positive bacteria, 
are related to changes in unsaturated fatty acids and include 
(1) the ratio of saturated vs unsaturated fatty acids increas-
ing or decreasing to result in a more rigid or fluid mem-
brane, respectively (Heipieper and de Bont 1994; Ingram 
1976; de Carvalho et al. 2005; Duldhardt et al. 2010); 
(2) the unsaturated fatty acids changing from cis to trans 
(Heipieper et al. 1992; Löffler et al. 2010); and (3) the 
conversion of unsaturated fatty acids into cyclopropanes 
(Pini et al. 2009). Relatively, less information regarding 
how thermophilic bacteria response to organic solvents is 
available. Timmons et al. (2009) determined the fatty acid 
composition from C. thermocellum wild-type and ethanol-
adapted (grow in the presence of 5 % ethanol) strains at 
55 °C. Unlike mesophilic bacteria, C. thermocellum only 
synthesizes saturated fatty acids. The ethanol-adapted 
strain had more fatty acids with chain lengths more than 
16:0. They proposed a model that the ethanol tolerance 
of this strain is due to fatty acid alterations that increase 
membrane rigidity and counteract the fluidizing effect of 
ethanol. A. flavithermus subsp. yunnanensis also only syn-
thesizes saturated fatty acids (Dai et al. 2011), but is toler-
ant higher concentrations of solvents at higher temperature. 
Therefore, we examined changes in the membrane fatty 
acid composition of A. flavithermus subsp. yunnanensis 
E13T grown under thermophilic conditions in the presence 

of toluene or ethanol. The cells increased the levels of 
straight-chain fatty acid to counteract the effects of organic 
solvents, especially when the temperature was above 60 °C. 
A survey of four other strains of Anoxybacillus, which are 
unable to tolerate organic solvents, revealed no change in 
straight-chain fatty acid similar to that of A. flavithermus 
subsp. yunnanensis E13T.

Materials and methods

Microorganisms and medium

The thermophilic strain A. flavithermus ssp. yunnanensis 
E13T (Dai et al. 2011) was used in this study. The strain 
was isolated from a hot spring in China and capable of 
tolerating high concentrations of organic solvents at high 
temperature. It was deposited at the China Center for Type 
Culture Collection (CCTCC, AB2010187T) and the Korean 
Collection for Type Cultures (KCTC, 13759T). A. flavither-
mus subsp. flavithermus DSM 2641T and A. pushchinoensis 
DSM 12423T were obtained from the Deutsche Sammlung 
von Mikroorganismen und Zellkulturen (DSMZ), and A. 
eryuanensis KCTC 13720T and A. tengchongensis KCTC 
13721T were acquired from the KCTC. A slightly modified 
Luria–Bertani (LB) medium containing a low NaCl con-
centration (0.3 % w/v) was used throughout this study.

Culture conditions

Anoxybacillus flavithermus ssp. yunnanensis E13T grown 
in liquid static culture naturally forms a biofilm (Dai et al. 
2011) that increases the ability of the cells to persist in 
adverse environments, even if there is no environmental 
stress. Perhaps for this reason, a significantly higher tol-
erance to solvent was observed in the cells incubated in 
static cultures when compared with the cells incubated in 
shaker culture (data not shown). Therefore, all cultures 
were grown under static culture conditions in strictly sealed 
250-ml Balch bottles plugged with butyl rubber stoppers to 
prevent evaporation of the organic solvents. The head space 
in the sealed bottles was air.

Strain E13T lives in both biofilm and planktonic forms 
when the added solvent is below a critical concentration. 
When the concentration exceeds the critical value, the E13T 
strain is not grown as planktonic cells, with a discernible 
increase in turbidity (OD600 nm), but is only grown as a 
biofilm adhered to the glass surface of bottles (Dai et al. 
2011). Because biofilm-grown cells are thought to be 
more complicated and markedly different from planktonic 
cells, planktonic E13T cells were harvested throughout this 
study. The suspended (planktonic) cells that were used for 
measurements were withdrawn directly from the sealed 
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bottles with long syringe needles after incubation. The 
critical minimum concentrations that completely inhibited 
the planktonic growth of the strain E13T, but not the biofilm 
growth, were used as the highest solvent concentrations in 
this study. The critical minimum concentrations in the pres-
ence of ethanol at 50, 55, 60 and 65 °C were 10.5, 9.0, 8.2 
and 7.3 %, respectively.

The E13T strain was initially cultivated overnight in 
medium without organic solvent at 55 °C to provide an 
inoculum. The cells were then recovered by centrifuga-
tion at 4000×g for 5 min. To standardize the inoculum 
density, the cell suspension was diluted to an OD600 of 
0.20, and then 25-ml aliquots were transferred to Balch 
bottles (250 ml) with various concentrations of ethanol or 
toluene. The cultures were grown at a temperature range 
of 50–65 °C. In all analyses, each set of experiments was 
performed twice. Three independent replicates were per-
formed for all experimental conditions. The data obtained 
were subjected to the analysis of variance (ANOVA) proce-
dures. Differences of means were tested by Tukey’s method 
(HSD).

Cellular fatty acids

Stationary-phase cells were recovered by centrifugation at 
8000×g for 10 min at 4 °C and washed three times with 
distilled water. Lipids from the organism were extracted 
with a chloroform–methanol–water mixture according to 
the method of Bligh and Dyer (1959) with minor modifi-
cations (Huffer et al. 2011). An internal standard of pen-
tadecanoic acid dissolved in acetic acid was added to 
each sample at a final concentration of 45 μM. Fatty acid 
methyl esters were prepared by using extracted lipids and 
methanol containing 5 % H2SO4 (2 h at 90 °C) applying the 
method of Voelker and Davies (1994) and extracted with 
hexane. The final extracts were analyzed by gas chroma-
tography mass spectrometry (GC/MS) in scan mode, using 
an Agilent 7890 GC/5975 MSD system (Agilent Technolo-
gies, Wilmington, DE, USA). The oven temperature was 

set at 150 °C, followed by an increase to 270 °C at a rate 
of 5 °C min−1 and cleaning at a final hold at 300 °C for 
2 min. Helium was used as a carrier gas at a flow rate of 
1 ml min−1. The cellular fatty acids were identified using 
the mass spectrum library (Wiley Registry 8th Edition/
NIST 2005) and quantified by normalizing the peak area of 
each fatty acid to the peak area of the internal standard.

Results

Effects of ethanol and toluene on the growth of  
A. flavithermus ssp. yunnanensis E13T

In general, microbial growth decreased with increasing 
solvent concentration. Growth of A. flavithermus ssp. yun-
nanensis E13T in the presence of toluene was in agreement 
with the general rule, while its growth in the presence of 
ethanol was different (Fig. 1). At 55 °C, the mean genera-
tion time for the E13T strain during exponential phase was 
8.2 ± 0.4 h. In the presence of 3.0, 6.0 and 9.0 % etha-
nol, the generation times of the cultures were 3.7 ± 0.3 
(standard deviation, n = 6), 9.6 ± 0.5 and 17.6 ± 0.7 h, 
respectively (Fig. 1a). In the presence of 3.0 % ethanol, the 
E13T strain not only grew faster but also produced more 
biomass when compared with cells incubated without etha-
nol (Fig. 1a). The E13T strain produced a trace amount of 
ethanol (approximately 0.018 %) but was unable to degrade 
ethanol (Dai et al. 2011). Therefore, the faster growth and 
higher biomass were not due to the possibility of it using 
ethanol as a substrate.

In the presence of 0.1, 0.2 and 0.3 % toluene, the 
mean generation times were 8.1 ± 0.4, 6.2 ± 0.4 and 
18.2 ± 0.7 h, respectively. Long lag phases of 12 and 24 h 
were noted in the cultures at 0.2 and 0.3 % toluene, respec-
tively (Fig. 1b). In addition, the cells previously cultivated 
under solvent stress were used to inoculate new medium 
with the same solvent concentration. Similar tolerance 
and long lag phases were observed, which suggested that 

Fig. 1  Effects of exogenously 
added ethanol (a) and toluene 
(b) on the growth of A. flavith-
ermus ssp. yunnanensis E13T 
at 55 °C. The cell growth was 
assessed by measuring OD600 
in sealed Balch bottles to avoid 
the loss of solvent by volatiliza-
tion. Results are the means of 
six independent determinations 
with error bars representing the 
standard deviation
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no solvent-tolerant mutants developed in the lag phases. 
Because a dependency of the fatty acid composition on 
growth phase was observed (data not shown), all experi-
ments used membrane fatty acids that were collected from 
cells during stationary growth phase.

Effects of ethanol and toluene on the fatty acid 
composition of A. flavithermus ssp. yunnanensis E13T

The main fatty acids of the E13T strain, when grown in liq-
uid LB medium, were iso-C15:0, iso-C16:0, anteiso-C15:0, 
C16:0 and C17:0, while iso-C14:0, iso-C17:0, C14:0 and 
C15:0 were present in trace amounts of between 1.4 ± 0.06 
and 5.0 ± 0.2 %. Figure 2 depicts the changes in fatty acid 
composition when the E13T strain was exposed to 3.0, 6.0 
and 9.0 % ethanol (Fig. 2a) and 0.1, 0.2 and 0.3 % tolu-
ene (Fig. 2b) at 55 °C. Overall, in both cases, the levels 
of straight-chain fatty acids increased with increasing sol-
vent concentrations, while the levels of branched-chain 
fatty acids decreased correspondingly. For example, in 
the 9.0 % ethanol-grown cells, there was a 24.5 ± 0.2 % 
increase in straight-chain fatty acids that was balanced 
by a 17.7 ± 0.1 % decrease in iso-branched fatty acids 
and a 6.8 ± 0.06 % decrease in anteiso-branched C15:0, 
which resulted in the straight-chain fatty acids representing 
63.6 ± 0.3 % of the total fatty acids. The shift in fatty acid 
composition to more straight-chain fatty acids led to a more 
rigid membrane that counteracted the fluidity increase 
caused by the organic solvents.

Notably, the changes were significantly greater in etha-
nol than in toluene, and the switch to a fatty acid profile 
was dominated by the straight-chain C16:0. The higher 
toxic levels of solvent usually resulted in the slower growth 

of bacterium. The same toxic levels of ethanol and toluene 
were roughly estimated by the equal mean generation time 
of the bacterium. The E13T strain reacted to the presence 
of 9.0 % ethanol (a generation time of 17.6 ± 0.7 h) with 
a 2.1-fold increase in the level of C16:0 (from 17.1 ± 0.3 
to 36.4 ± 0.6 %), while in the presence of 0.3 % toxically 
equivalent toluene (a generation time of 18.2 ± 0.7 h), the 
level of C16:0 increased only 1.3-fold. These results sug-
gested that saturated straight-chain C16:0 probably plays 
an important role in providing a more rigid membrane for 
growth under solvent stress, particularly ethanol stress, 
in thermophilic, solvent-tolerant A. flavithermus ssp. 
yunnanensis.

In addition, the effect of ethanol and toluene on the fatty 
acid composition was investigated in the biofilm (Supple-
mentary material). Overall, the results were similar to the 
planktonic cells.

Ethanol‑induced changes in the fatty acid composition 
of A. flavithermus ssp. yunnanensis E13T at various high 
temperatures

The temperature growth range of the E13T strain was 30 
to 66 °C. In addition, the mean generation times at 50, 55, 
60 and 65 °C were 11.5 ± 0.6, 8.2 ± 0.4, 8.5 ± 0.6 and 
11.9 ± 0.5 h, respectively. It is generally admitted that an 
increase in the culture temperature induces an increase in 
the amount of saturated fatty acids and a decrease in the 
amount of unsaturated fatty acids in the cell membrane, 
leading to a decrease in membrane fluidity (Teixeira et al. 
2002). The fatty acid compositions of the E13T strain 
grown in the absence of solvent at different temperatures 
(50, 55, 60 and 65 °C) are shown in Fig. 3a. Although the 

Fig. 2  The effects of ethanol (a) and toluene (b) on the fatty acid 
composition of A. flavithermus ssp. yunnanensis E13T. The cells were 
grown to stationary phase in slightly modified LB media at 55 °C. a 
White bars no solvent; light gray bars 3.0 % ethanol; dark gray bars 

6.0 % ethanol; black bars 9.0 % ethanol. b White bars no solvent; 
light gray bars 0.1 % toluene; dark gray bars 0.2 % toluene; black 
bars 0.3 % toluene. Results are the means of six independent deter-
minations with error bars representing the standard deviation
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E13T strain does not possess unsaturated fatty acids, it reg-
ulated its fatty acid composition to achieve a slightly low 
fluidity by slightly increasing its straight-chain/branched-
chain ratio of fatty acids.

Because ethanol influences the fatty acid composition 
of membranes more than toluene, ethanol was used to test 
the changes in fatty acids over the temperature range of 
50–65 °C (Fig. 3b). Temperature had a strong impact on 
the ethanol tolerance of the E13T strain. The critical mini-
mum concentrations in the presence of ethanol at 50, 55, 
60 and 65 °C were 10.5, 9.0, 8.2 and 7.3 %, respectively. 
Under these conditions, the mean generation times of the 
E13T strain were 18.7 ± 0.8, 17.6 ± 0.7, 17.9 ± 0.6 and 
18.1 ± 0.5 h, respectively. The relatively similar mean gen-
eration times meant relatively similar ethanol stress.

From 50 to 55 °C, the levels of C16:0 under ethanol 
stress (Fig. 3b) were twice as high as those of the cells 
grown in the absence of ethanol. As the temperature fur-
ther rose to 60 and 65 °C, the C16:0 levels dramatically 
increased again, and C16:0 became an extremely prominent 
(56.1 ± 0.5 and 61 ± 0.9 %) component of the fatty acid 
profile of the E13T strain. At high temperature, especially 
at 60 and 65 °C, the increase in C16:0 resulted in unusually 
higher amounts (more than 80 %) of straight-chain fatty 
acids, versus approximately 44–47 % in cells that were not 
exposed to ethanol. Such a dramatic rise in the amount of 
straight-chain fatty acids, mainly C16:0, does not occur in 
other known organic solvent-tolerant bacteria.

Effect of ethanol on the fatty acid compositions of other 
Anoxybacillus species

The other members of the Anoxybacillus genus were una-
ble to tolerate high concentrations of organic solvent. The 
subminimal inhibitory concentrations of ethanol at 55 °C 
was 1.0 % for A. eryuanensis KCTC 13720T, 3.2 % for 
A. flavithermus subsp. flavithermus DSM 2641T and A. 

tengchongensis KCTC 13721T, and 4.4 % for A. pushchi-
noensis DSM 12423T. The growth of these strains was 
completely inhibited at ethanol concentrations above these 
values.

The fatty acid compositions of other Anoxybacillus spe-
cies are remarkably different from that of A. flavithermus 
subsp. yunnanensis. These Anoxybacillus species synthe-
size the branched-chain iso-C15:0, which is the most abun-
dant component (more than 50 % in total), while the levels 
of C16:0 were lower than 9 % (Dai et al. 2011; Zhang et al. 
2011). The effects of ethanol on the fatty acid composi-
tions of four Anoxybacillus species are shown in Table 1. 
These Anoxybacillus strains had a similar response to etha-
nol exposure, and the largest percentage change was an 
increase in iso-C15:0 from 51.8 ± 1.5 to 64.3 ± 1.7 % in 
cells not exposed to ethanol to 64.1 ± 1.8–74.5 ± 2.4 % 
in ethanol-grown cells, resulting in a more fluid cellular 
membrane. There was no significant difference in C16:0 
between the two cell samples, which indicates that the four 
Anoxybacillus species do not fortify the membrane against 
the fluidizing effects of ethanol.

Discussion

The toxicity of organic solvents appears to, at first instance, 
dissolve into biological membranes, causing an increase in 
cell membrane fluidity. The adaptive changes of fatty acid 
composition in response to organic solvents are observed 
in a large number of microorganisms, including both sol-
vent-tolerant and non-tolerant bacteria (Huffer et al. 2011; 
Torres et al. 2011). Microorganisms react to the presence 
of solvents by increasing or decreasing their membrane 
fluidity. Although the adaptive changes depend on the type 
of organism and solvent (de Carvalho et al. 2005; Nielsen 
et al. 2005) most of the changes are achieved via altered 
unsaturated fatty acids. Several solvent-tolerant bacteria 

Fig. 3  The fatty acid composi-
tions of A. flavithermus ssp. 
yunnanensis E13T grown in the 
absence (a) and presence (b) 
of ethanol at different tempera-
tures. White bars, 50 °C, 10.5 % 
ethanol; light gray bars, 55 °C, 
9.0 % ethanol; dark gray bars, 
60 °C, 8.2 % ethanol; black 
bars, 65 °C, 7.3 % ethanol. 
Under these critical minimum 
concentrations, the E13T strain 
showed similar mean generation 
times. Results are the means of 
six independent determinations 
with error bars representing the 
standard deviation
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use a different strategy that utilizes branched-chain satu-
rated fatty acids in response to solvents. Arthrobacter chlo-
rophenolicus reacts to phenols by altering the anteiso/iso 
ratio of branched-chain fatty acids (Unell et al. 2007), and 
Staphylococcus haemolyticus reacts to toluene by increas-
ing the amount of anteiso-branched-chain fatty acids and 
concomitantly decreasing the amount of C20:0 straight-
chain fatty acids (Nielsen et al. 2005). Compared to these 
mesophilic counterparts, the thermophilic solvent-tolerant 
bacterium A. flavithermus subsp. yunnanensis seems to 
use neither unsaturated nor branched-chain fatty acids 
in response to solvents stress. It strengthened its mem-
brane fluidity by significantly increasing the amount of 
straight-chain fatty acids with a corresponding decrease 
in the amount of branched chain when grown in solvents. 
The decrease in iso-fatty acids was approximately propor-
tional to the decrease in anteiso-fatty acids, and only minor 
changes were observed in the anteiso-/iso-branched fatty 
acid ratio. For example, the cells grown at 55 °C possessed 
an anteiso/iso ratio of 0.49, while the cells that were grown 
in the presence of 9.0 % ethanol or 0.3 % toluene had ratios 
of 0.57 and 0.46, respectively. Therefore, the alteration in 
the anteiso-/iso-branched fatty acid ratio contributed little 
to the solvent tolerance of the E13T strain.

The classical mesophilic solvent-tolerant Pseudomonas 
putida reacted to ethanol and toluene by undergoing dia-
metrically opposite changes in fatty acid compositions 
(Heipieper and de Bont 1994). Toluene resulted in an 
increase in the saturation degree of fatty acids, whereas 
ethanol led to a decrease in this value. In A. flavithermus 
subsp. yunnanensis E13T, although the increase in straight-
chain fatty acids caused by ethanol was much higher than 
that caused by toluene, the adjustment strategies of the 
fatty acids to the toxicities of both compounds were simi-
lar. When exposed to increasing concentrations of solvents, 
the relative amounts of straight-chain fatty acids (mainly 
C16:0) were increased (Fig. 2); however, the adaptive 
changes toward 3.0 % ethanol were slightly different: Only 
a minor decrease in C16:0 was observed. This behavior is 
probably related to the unusual property of A. flavithermus 
subsp. yunnanensis E13T in that it grows faster in the pres-
ence of low concentrations of ethanol. In addition, because 
the changes in fatty acids in the presence of toluene were 
not as drastic as those in the presence of ethanol at toxi-
cally equivalent concentrations, other mechanisms might 
play a significant role during toluene stress.

Studies concerned with changes in fatty acid composi-
tion toward thermophilic solvent-tolerant bacteria have 
been limited. There are only several investigations into 
ethanol-induced membrane alterations in thermophilic bac-
teria. T. pseudoethanolicus 39E-H8 produces long-chain 
(C30) α, ω-dicarboxylic acids under ethanol stress, which 
would decrease membrane fluidity (Burdette et al. 2002). Ta
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An ethanol-adapted C. thermocellum strain increased 
saturated long-chain (>16) fatty acids and 16:0 plasmalo-
gens, meanwhile it decreased C16:0, iso-C16:0 and other 
short-chain fatty acids, as a response to ethanol adaptation 
(Timmons et al. 2009). The result of fatty acids changes 
that increased membrane rigidity in A. flavithermus subsp. 
yunnanensis was similar to that reported in the two thermo-
philic bacteria. Thermophiles seem to depend on saturated 
fatty acids in response to the fluidizing effect of ethanol 
on the membranes, but the detailed response of fatty acids 
that are different according to every particular species. The 
changes in the amount of C16:0 were significant in A. fla-
vithermus subsp. yunnanensis.

The effect of a single high temperature on fatty acid 
composition was similar to that of toluene; that is, a slight 
increase in the amount of straight-chain fatty acids with 
the countervailing branched-chain fatty acids. Many stud-
ies show that low growth temperature can offset the dis-
ruptive effect of a solvent, but high temperature intensifies 
the effect (Baer et al. 1987; Georgieva et al. 2007; Unell 
et al. 2007; Löffler et al. 2010). The results from A. flavith-
ermus subsp. yunnanensis E13T were consistent with this 
rule, and the combined conditions of high temperature and 
ethanol caused a dramatic increase in straight-chain fatty 
acids. However, it was surprising to find that the increase 
was nonlinearly dependent on temperature. In particular, the 
amount of C16:0 could further increase quickly and became 
a major portion of fatty acids when the growth tempera-
ture rose from 55 to 60 °C. The difference in the amounts 
of C16:0 between 60 and 65 °C was much smaller. To our 
knowledge, these results give the first hint on the synergetic 
effects of combined high temperature and ethanol on the 
physical state of the membrane of solvent-tolerant bacteria.
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