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Abstract Clostridium thermocellum is a candidate organ-
ism for consolidated bioprocessing of lignocellulosic
biomass into ethanol. However, commercial use is limited
due to growth inhibition at modest ethanol concentrations.
Recently, an ethanol-adapted strain of C. thermocellum was
produced. Since ethanol adaptation in microorganisms has
been linked to modification of membrane lipids, we tested
the hypothesis that ethanol adaptation in C. thermocellum
involves lipid modification by comparing the fatty acid
composition and membrane anisotropy of wild-type and
ethanol-adapted strains. Derivatization to fatty acid methyl
esters provided quantitative lipid analysis. Compared to
wild-type, the ethanol-adapted strain had a larger percent-
age of fatty acids with chain lengths >16:0 and showed a
significant increase in the percentage of 16:0 plasmalogens.
Structural identification of fatty acids was confirmed
through mass spectral fragmentation patterns of picolinyl
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esters. Ethanol adaptation did not involve modification at
sites of methyl branching or the unsaturation index.
Comparison of steady-state fluorescence anisotropy experi-
ments, in the absence and presence of ethanol, provided
evidence for the effects of ethanol on membrane fluidity. In
the presence of ethanol, both strains displayed increased
fluidity by approximately 12%. These data support the
model that ethanol adaptation was the result of fatty acid
changes that increased membrane rigidity that counter-acted
the fluidizing effect of ethanol.

Keywords Clostridium thermocellum - Biofuels - Ethanol -
Anisotropy - Fatty acid methyl esters (FAMEs) - Picolinyl
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Introduction

Ethanol derived from fermentation of lignocellulosic
biomass is a renewable alternative to petroleum-based
transportation fuels. Virtually all bioethanol is currently
produced from fermentation of corn starch by yeast, but
these organisms are unable to directly degrade and ferment
lignocellulosic feedstocks. Enzymatic, chemical, and phys-
ical pre-treatments are needed to saccharify structural
carbohydrates, thus increasing the complexity and expense
of the overall process. Consolidated bioprocessing by
celluloytic bacteria has been proposed as an alternative
technological platform for bioconversion of lignocellulose
to ethanol (Lynd et al. 2002). There are many potential
advantages to such a strategy, but a current limitation is the
relatively low ethanol tolerance of cellulolytic bacteria.
Most strains tolerate less than 1% (w/v) ethanol, while yeast
tolerates concentrations that are at least tenfold greater
(Alexandre et al. 1994b; Jones 1989).
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Clostridium thermocellum is an anaerobic, thermophilic
bacterium that metabolizes cellulose to ethanol and has been
proposed for use in consolidated bioprocessing. Although
the wild-type strain is sensitive to ethanol concentrations
greater than 1% (w/v), certain ethanol-adapted cultures
tolerate concentrations as high as 8% (w/v; Herrero and
Gomez 1980; Rani et al. 1996; Williams et al. 2007).
Herrero et al. (1982) described membrane lipid changes in
an alcohol-adapted strain and showed an increased percent-
age of shorter (<C14) chain fatty acids and monounsatu-
rated fatty acids when compared to the ethanol-sensitive
wild type. In addition, n- and anteiso-branching was higher
in the ethanol-adapted strain at the expense of iso-
branching. However, there is little detailed information
beyond this earlier work concerning the mechanism of
ethanol adaptation in C. thermocellum.

Although there have been many investigations into
solvent-induced membrane alterations in microorganisms
(Ingram 1990; Jones 1989), much controversy remains. For
instance, studies conducted on Saccharomyces cerevisiae
found that the degree of monounsaturation and fatty acid
chain length increased with ethanol exposure (Alexandre et
al. 1994b). Additionally, experiments with Kloeckera
apiculata showed an increase in 18:1 with a concurrent
decrease in 16:1 when grown in the presence of ethanol,
thus the degree of unsaturation remained unchanged
(Alexandre et al. 1994b). However, bacterial studies with
Bacillus subtilis and Clostridium acetobutylicum revealed
an increase in long-chain fatty acids as a response to
ethanol treatment (Weber and de Bont 1996). Such seeming
discrepancies have led to different models for explaining
ethanol adaptation, and these models usually speculate on
physical properties such as membrane fluidity (Alexandre
et al. 1994b; Weber and de Bont 1996).

The main objective of our work was to compare
membrane composition of wild-type C. thermocellum with
a recently isolated ethanol-adapted strain (Williams et al.
2007). Mass spectrometry was used to determine fatty acid
structure and to quantify lipid abundance. In addition,
functional aspects of the membrane were measured using
steady-state fluorescence anisotropy. These experiments
showed that ethanol adaptation was the result of fatty acid
changes that increased membrane rigidity to counter act the
fluidizing effect of ethanol.

Materials and methods
Reagents
Potassium #-butoxide (1.0 M) in tetrahydrofuran (THF), 3-

hydroxymethyl pyridine, tridecanal, and hexane were
purchased from Sigma (St. Louis, MO, USA). Methanol,
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methylene chloride, and hydrochloric acid were obtained
from Fisher (Pittsburg, PA, USA). Acetyl chloride was
obtained from Fluka (Buchs, Switzerland). Sodium hydrox-
ide, sodium bicarbonate, and potassium carbonate were
purchased from J.T. Baker (Phillipsburg, NJ, USA). Ethyl
ether was obtained from EMD (San Diego, CA, USA).
Anthracene was purchased from Acros (Morris Plains, NJ,
USA). Ethanol was purchased from Decon Laboratories
(King of Prussia, PA, USA). GLC-411 lipid standard,
5,8,11,14-cicosatetraenoic acid (ARA), and 4,7,10,13,16,19-
docosahexaenoic acid (DHA) were purchased from Nu-Chek
Prep (Elysian, MN, USA), and 1,6-diphenyl-1,3,5-hexatriene
(DPH) was purchased from Molecular Probes (Eugene, OR,
USA).

Bacterial cultures and growth

C. thermocellum ATCC 27405 was obtained from the
American Type Culture Collection. The wild-type (ethanol-
sensitive) strain was adapted to ethanol as previously
described (Williams et al. 2007). Cultures of wild-type
and ethanol-adapted cells (13 L each) were grown in a basal
medium that was previously described (Williams et al.
2007). Both strains were harvested during their respective
growth phases, washed with 50 mM Tris (pH7.5), and
stored at —80°C until analysis.

Saponification of fatty acids

Aliquots (15 mg cell dry weight) of C. thermocellum whole
cells were washed three times with 1 mL portions of
deionized H,0, centrifuged (16,100xg, 5 min, 25°C), and
the supernatants discarded. The cell pellets were placed at
0°C overnight and then vacuum-dried for 24 hat 25°C. The
saponification methods were based on a previous descrip-
tion (Kurkiewicz et al. 2003). Sodium hydroxide (1 mL of
3 M) was added to the dried cells. The mixture was mixed
and heated to 90°C for 1 h, cooled to room temperature,
and 2 mL of 3.25 M HCI was added and reheated at 90°C
for 10 min. After cooling to room temperature, the lipids
were extracted three times with 1 mL portions of 1:1 (v/v)
hexane/diethyl ether. The organic phases were combined
and evaporated to dryness under a stream of N, at room
temperature.

Fatty acid derivatization methods

Fatty acid methyl ester (FAME) procedures were adapted
from previous studies (Lepage and Roy 1988). Methanol/
acetyl chloride (50:1 (v/v), 5 mL total) was added to the
extracted free fatty acids. The solution was mixed and
heated at 60°C for 1 h. After heating, 3 mL of 6% K,CO;
was added, and the FAME products were extracted 1 mL
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of hexane containing 0.1 mg anthracene (internal stan-
dard). Extracted material (1uL) was used for GC/MS
analysis.

Fatty acids were trans-esterified to picolinyl esters using
an adapted method (Destaillats and Angers 2002). The
hexane phase from the FAME procedure was evaporated to
dryness under a stream of N, at room temperature, and
1 mL of methylene chloride was added to resolvate the
methyl esters. In a separate vial, a mixture of 200uL 3-
hydroxymethylpyridine and 100uL of 1.0 M potassium
tert-butoxide in THF were allowed to react for 2 min. This
mixture was then added to the FAME methylene chloride
solution. The reaction was mixed and heated at 45°C for
1 h. After cooling to room temperature, 1 mL of 2.5%
NaHCO; was added and the methylene chloride layer was
removed. The organic layer was reduced to approximately
one quarter original volume under a stream of N, at room
temperature and 1puL was injected for analysis. All
derivatization methods were validated by analysis of
ARA, DHA, and Escherichia coli whole cells.

Gas chromatography/mass spectrometry

Fatty acid methyl and ethyl ester derivatives were analyzed
using a Varian Saturn 3 GC/MS system equipped with a
ZB-5 ms capillary column 30 mx0.25 mm i.d., 0.25um
film (Phenomenex USA, Torrance, CA, USA). The tem-
perature program was 130°C to 170°C at 4°C/min, 170°C
to 215°C at 2.7°C/min, 215°C for 3.34 min, with a total
analysis time of 30 min. Carrier gas head-pressure was set
to give a flow rate of 1 mL/min, with a 50:1 split. The
injector and transfer line were maintained at 240°C and the
manifold temperature was 210°C. Ionization was accom-
plished by electron impact (EI) at 70 eV, with a 3-min
filament delay. Spectra were generated from full scans m/z
50 to 650, at a scan rate of one analytical scan per second
and the background mass was set at m/z49. The GC/MS
method was optimized to provide peak resolution for
FAME:s from the GLC-411 standard.

Fatty acid picolinyl ester derivatives were analyzed on
the same instrument with the following temperature
program: 150°C for 4 min, 150°C to 280°C at 20°C/min,
280°C for 19.5 min with a total analysis time of 30 min. All
other parameters were as described above except that the
filament delay was 10 min, and spectra were generated
from full scans from m/z50 to 500.

Chemical ionization (CI) experiments were conducted on
the same instrument using the FAME GC/MS program,
except the manifold temperature was reduced to 160°C.
The MS parameters were as follows: selected-ejection
chemical ionization (SECI) mode with acetonitrile as the
reagent gas, 100ps automatic-reaction control time,
1,000 us ionization time, 128 ms reaction time, m/z15

ionization storage level, 7.5 V_, reagent gas ion ejection
amplitude, m/z37.0 CI reaction storage level. Spectra were
generated by full scans from m/z80 to 650. All chromato-
grams were analyzed using the Wsearch32 2005 Software
(version 1.6.2005; Melbourne, Australia).

Quantification of FAMEs (Conc.pamg) Was performed
by comparing the area counts of the various fatty acid
species (Areapanmp) with that of the internal standard,
anthracene (Arears), Eq. (1):

AreapAME X COHC.]S

COHC.FAME = Areayg ( 1 )

The calculated Conc.papg value is then divided by the
dry cell weight (DCW) to obtain a concentration of FAME
species normalized to the starting concentration of cells.The
distribution of FAMEs per C. thermocellum strain was
determined by dividing area counts for each FAME species
by the total observed FAME area count, Eq. (2):

Areap AME

%FAME — —TCAFAME ) 2
° S~ FAMEprs | )

The above equation was multiplied by 100 to give the
product as the percent of each FAME species per C.
thermocellum strain.

Statistical analysis for comparison of fatty acids between
the two strains employed the paired ¢ test. Comparisons
were limited to equivalent fatty acids between the two
species, i.e. wild-type (WT) n—14:0 vs. ethanol-adapted
(EA) n—14:0. If t.qc>taple (<0.05, two-tailed), then the
null hypothesis was rejected, and there was a significant

difference between the means of the two fatty acid species
(Table 1).

DPH labeling of whole cells and anisotropy

The anisotropy method was adapted from a previously
described procedure (Bothun 2001). Approximately
15 mg of concentrated whole cells was washed with
three 1 mL aliquots of 50 mM Tris—HCI (pH7.5) by
centrifugation (16,100xg, 5 min, 25°C) and the super-
natants were discarded. After the final washing, the cells
were resuspended in 1.5 mL of 50 mM Tris (pH7.5), and
100l 0.1 mM DPH in THF solution was added. The
mixture was incubated at 65°C for 1 h and then at 4°C
overnight. The cells were then centrifuged (16,100xg,
5 min, 25°C), and the supernatant was discarded to
remove any residual DPH. The pellet was resuspended in
10 mL of 50 mM Tris (pH7.5) or the same buffer
containing 5% (w/v) ethanol.

The fluorescence anisotropy of DPH-labeled cells was
measured with a Varian Cary Eclipse fluorescence spectro-
photometer (Walnut Creek, CA, USA), equipped with a
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Table 1 Fatty acid composition
and distribution of C. thermo-
cellum wild-type (WT) and
ethanol-adapted (EA) cells

i— iso-branching, n— normal or
straight chain

*p<0.05, statistically signifi-
cantly different (n=4)

% Number of carbons:degree of

Species (structure)®

FAME (%)>°

Percent of WTY

unsaturation

° Comparisons made on percent
FAME basis due to differences
in micrograms per milligram
DCW between WT and EA

¢ Values are averages of four
replicates +SEM

4 Values represent change in EA
relative to WT cells

WT EA
13-Methyl-tridecanoic acid (i—14:0) 1.056+0.35 0.465+0.10 44.04*
Tetradecanoic acid (n—14:0) 1.385+0.37 0.652+0.23 47.09*
Plasmalogen i—14:0 (P i—14:0) 1.105+0.30 0.604+0.26 54.69%
Plasmalogen n—14:0 (P n—14:0) 1.293+0.33 0.658+0.19 50.88*
Plasmalogen 15:0 (P 15:0) 1.106+0.40 1.000+0.18 90.43
14-Methyl-pentadecanoic acid (i—16:0) 28.212+1.86 20.985+1.28 74.38%
Hexadecanoic acid (n—16:0) 21.768+0.57 16.218+1.19 74.51%*
Plasmalogen i—16:0 (P i—16:0) 14.535+0.45 18.747+3.52 128.98
Plasmalogen n—16:0 (P n—16:0) 9.935+0.44 13.464+1.21 135.53*
15-Methyl-hexadecanoic acid (i—17:0) 4.426+0.36 7.608+0.86 171.91*
Heptadecanoic acid (n—17:0) 2.933+0.62 2.982+0.49 101.68
Plasmalogen i—17:0 (P i—17:0) 1.508+0.26 2.220+0.49 147.17
Plasmalogen n—17:0 (P n—17:0) 1.189+0.20 1.454+0.29 122.36
16-Methyl-heptadecanoic acid (i—18:0) 7.380+2.19 9.418+0.38 127.62
Octadecanoic acid (n—18:0) 2.170+0.53 3.523+0.74 162.40

custom view cell (Thar Technologies, Pittsburg, PA, USA)
and manual polarizer accessory (part no. 00-100761-00) for
both excitation (350 nm, slit width of 5 nm) and emission
(452 nm, slit width of 10 nm; Bothun et al. 2005). The
source was a Xenon pulse lamp (200900 nm operating
wavelength range with +1.5 nm accuracy and +0.2 nm
reproducibility), and 1-s average sampling time was
employed. Temperature of the view cell was modulated
with heating tape and an Omega controller (model
CN9000A). Each sample was heated from 24°C to 70°C
with five readings taken every 2°C over the temperature
ramp cycle. These five readings were averaged together to
represent the average anisotropy (<r>) for the cor-
responding temperature. The reported data are the average
and relative standard deviation from the average of three
analytical replicate samples. The anisotropy (r) was
calculated using Eq. (3):

Iyv — gI-
;= (Ivv — glvu) (3)
(v + 2glyn)

where Iy is the intensity when excitation and emission are
polarized vertical, Iyy is the intensity when excitation is
polarized vertical and emission is polarized horizontal, and
g is the grating factor.

The grating factor (g) was determined for each sample
prior to heating Eq. (4):

Iy
= 4
T (4)

where Iy is the intensity when excitation is polarized
horizontal and emission is polarized vertical, and gy is the
intensity when excitation and emission are polarized
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horizontal. Essentially, the g factor is a correction for the
monochromator transmission efficiency (Yun et al. 1993).

Results
Fatty acid structural determination

Earlier C. thermocellum studies used analytical approaches
with limited capabilities. To enhance these previous studies,
we used mass spectrometry to identify and quantify
membrane lipids. However, since EI spectra of fatty acid
methyl esters show extensive fragmentation and are not
conducive to specific structural identities (Hamilton and
Christie 2000), alternative methods of derivatization were
evaluated. Picolinyl transesterification provides a simple
method and mild reaction conditions that reduce the risk of
fatty acid degradation. The nature of the picolinyl ester
resulted in charge remote fragmentation products, allowing
structure elucidation of the fatty acid alkyl chains (Fig. 1).

Picolinyl fragmentation of straight-chain fatty acids
provided a repeating pattern of [M]'—(CH,),, mass units,
after the loss of the terminal methyl group. Branched-chain
fatty acids had a similar repeating pattern, but the [M]'—
(CH,),, mass peak was absent at the branch point (Harvey
1982; Harvey 1992). The picolinyl ester of 14-methyl-
pentadecanoic acid (the iso-methyl branched version of
palmitic acid) is shown in Fig. la. For comparison, the
mass spectrum of the picolinyl ester of palmitic acid is
shown in Fig. 1b. The absence of an ion atm/z318 in
Fig. la was indicative of an iso-branch point in the
molecule. In contrast, the mass spectrum in Fig. 1b showed
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the loss of methylene groups from m/z332 ([M-15]") to the
McLafferty ion atm/z151 indicative of the picolinyl ester of
palmitic acid. This overall approach was used to identify
the structures of fatty acids with other chain lengths (data
not shown). Analysis of both C. thermocellum strains
through picolinyl esterification yielded fatty acid structural
profiles, consisting of iso- and normal-branched alkyl
chains.

In addition to fatty acid moieties, ether-linked lipids,
known as plasmalogens, were detected in both C. thermo-
cellum strains. The plasmalogen vinyl-ether group forms an
aldehyde, during the esterification reaction, which immedi-
ately converts to a dimethyl acetal. Unfortunately, the
dimethyl acetals were not amenable to transesterification
into picolinyl esters. Mass spectra generated with EI of
these dimethyl acetals fail to provide a molecular ion, and

the only two prominent ions are m/z255 representing loss of
a methoxy group and m/z75 loss of the dimethyl head
group (Fig. 2a). An aldehyde, tridecanal, that reacted
through the FAME procedure was used to synthesize a
dimethyl acetal standard. The resulting tridecanal mass
spectra exhibits a m/z213 peak representing loss of a
methoxy group and a m/z75 again loss of the dimethyl head
group (Fig. 2b). Comparison of EI generated mass spectra
published by Christie provided further support for the
plasmalogen conversion to dimethyl acetal fragmentation
pattern (Christie 2007).

In an attempt to verify plasmalogen structures, CI
experiments were conducted using acetonitrile as a reagent
gas (Brenna 2006; Lawrence and Brenna 2006; Michaud
and Brenna 2006; Michaud et al. 2005). Mass spectra from
dimethyl acetal hexadecan-1-al (P 16:0) and dimethyl acetal
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Fig. 2 Mass spectra from EI a
experiments from a dimethyl 100
acetal of hexadecan-1-al (P 90 75
16:0) and b dimethyl acetal of 80 QCH,
tridecanal. Ionization was ac- g o HSCOH\/\/\/\/\/\/\/\
complished by EI at 70 eV. Z o0 75
Spectra were generated from full % jg
scans m/z50 to 650, at a scan 2 30
rate of one spectrum per second, 20 [M-31]
and the background mass was 10 H ‘ ‘ 8‘1 7 409 12 255
set atm/z49. The m/z255 (a) and oo diltuglly L 5 . — bt
213 ions (b) represent [M-317"; b 50 150 200 20 i
the dimethyl head group corre- 00
sponds to the m/z75 ion in both a0 75
spectra 80 OCH,
70
2 60 HSOOH‘/\/\/\/\/\/
% 50 75
Eh
0 81 M-31T"
L L
50 150 200 250 me

of tridecanal provide analogous fragmentation patterns
(Fig. 3). Both spectra contain a minor [M-H]" peak, m/z
286 and 243, respectively, followed by loss of a methoxy
group [M-30]", indicated by m/z255 and 213. The dimethyl
head group discussed above was not detected due to
instrumental constants during chemical ionization.
Additional validation of dialkyl acetals was gained by
substituting methanol with ethanol during the esterification
reaction. The resulting EI mass spectra from diethyl acetal
hexadecan-1-al (P 16:0) and diethyl acetal of tridecanal ions
from the loss of ethoxy are 14 mass units greater than the
dimethyl versions and loss of the diethyl head group, m/z103,
is 28 mass units greater than the dimethyl analog (Fig. 4).

Fig. 3 Mass spectra from CI

Fatty acid profiles

Once structural identities were elucidated, quantitative fatty
acid profiles of the WT and EA strains were determined.
The total lipid content of WT and EA cells was approxi-
mately 82 and 56 ug per milligram DCW, respectively. The
disparity in lipid content on a DCW basis was believed to
be a result of variations in non-lipid components between
the strains. This theory was supported by experiments that
showed total carbohydrate levels in EA cells were five
times greater than WT cells (data not shown). Since the
recovered lipid contents (on a DCW basis) were different,
the fatty acid profiles were compared on a percent area

experiments from a dimethyl 100
acetal of hexadecan-1-al (P 90
16:0) and b dimethyl acetal of 80
tridecanal. Ionization was ac- 70
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set atm/z85. The m/z286 (a) and 120 140 160 180 200 220 240 260 280
243 ions (b) represent [M-H]"; 100
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Fig. 4 Mass spectra from EI
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count basis (individual FAME area count divided by total
FAME area count, Fig. 5).

Anisotropy measurements

Anisotropy was measured using whole cells incubated in
buffer with either no ethanol present or 5% (w/v) exogenous
ethanol. Membrane fluidity was assumed to be lowest at
(24°C), and this arbitrarily corresponded to 100% anisotro-
py. Subsequent experimental values were reported as the
percentage decrease in anisotropy (i.e., increase in fluidity)
as a function of increasing temperature (Fig. 6). As the
temperature was raised from 24°C to 70°C in the absence of
ethanol, the anisotropy of WT cells decreased approximate-
ly 30% (Fig. 6). In contrast, there was only a 16% decrease
in anisotropy for EA cells over the same temperature range

* EBWT OEA

oy
HH

i-14:0
n-14:0
Pi-14:0
P n-14:0
P 15:0
i-16:0
n-16:0
Pi-16:0
P n-16:0
i-17:0
n-17:0
Pi-17:0
P n-17:0
i-18:0
n-18:0

FAMEs

Fig. 5 Distribution of C. thermocellum fatty acids per WT and EA
strains. Lipid extracts from dried cells were esterified with methanol to
FAMEs then analyzed by GC/MS with anthracene as an internal
standard. The error bars represent the standard error of the mean
(SEM) from the averages of replicate reactions. Significant differences
(*p<0.05, n=4)

(Fig. 7). When 5% (w/v) ethanol was added to the buffer,
WT and EA cells experienced 42% and 30% decreases in
anisotropy, respectively (Fig. 7). In all experiments, the
anisotropy changes were completely reversible when the
temperature was decreased from 70°C to 24°C (data not
shown).

The anisotropy experiments conducted without ethanol
present allow a comparison of the two strains in an
environment similar to WT batch culture. The EA cells
have a higher average T, indicated by a lower change in
anisotropy. In terms of fluidity, the higher 7}, renders
greater rigidity to the EA membrane in the absence of
ethanol. The fatty acid data revealed that EA cells had a
higher percentage of longer-chain fatty acids. This would
result in the EA cells having a lower fluidity than WT cells
when in similar environments (Tymczyszyn et al. 2005).

100
90 +

80 +

Y% r

70+

60 +

50 . T . T . T
20 30 40 50

Temperature (°C)

Fig. 6 Normalized steady-state fluorescence anisotropy with 0% (w/v)
ethanol. C. thermocellum wild-type cells in 50 mM Tris (pH7.5) as a
function of temperature. Each data-point (diamonds) is the average of
three analytical replicates; standard deviation error bars are concealed
by the data-point symbols. Trendline fit to the data-points using a
second order polynomial function. Vertical dashed line represents
batch growth temperature
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100

90+

80+

Yo r

70

60+

50 T T T } r
20 30 40 50 60 70
Temperature (°C)

Fig. 7 Normalized steady-state fluorescence anisotropy effect of
ethanol on fluidity comparison between C. thermocellum strains. C.
thermocellum wild-type (a) and ethanol-adapted (b) in 50 mM Tris
(pH7.5) and wild-type (¢) and ethanol-adapted (d) in 50 mM Tris (pH
7.5) with 5% (w/v) ethanol as a function of temperature. Data-points,
omitted to reduce clutter, are the average of three analytical replicates;
standard deviation error bars are concealed by the data-point symbols.
Trendline fit to the data-points using a second order polynomial
function. Vertical dashed line represents batch growth temperature

Discussion

A number of previous fermentation studies with C.
thermocellum have focused efforts on improving ethanol
production (Berberich et al. 2000; Bothun et al. 2005;
Tailliez et al. 1989a, b). Studies concerned with changes to
the fatty acid composition during ethanol adaptation,
however, have been limited (Herrero et al. 1982). Herrero
et al. found that an ethanol-adapted strain, C9, had a greater
proportion of fatty acids with less than 14 carbons and more
monounsaturated fatty acids. There also appeared to be an
increase in n- and anteiso-branching, with a concurrent
decrease in iso-branching (Herrero et al. 1982).

In the present study, we observed that adaptation to
exogenous ethanol did not change the site of methyl branching
or the index of unsaturation, as had been previously reported
(Alexandre et al. 1994b; Herrero and Gomez 1980; Herrero
et al. 1982). In fact, the present work found that the ratio of
iso- to n-branched was higher in the EA strain for every fatty
acid and plasmalogen, with the exception of 14:0 and P 14:0
(Table 2). Comparison of the WT and EA strains on a
percentage basis revealed that WT had a greater percentage
of fatty acids with chain lengths 16 carbons or less. On the
other hand, the EA strain had a larger percentage of fatty
acids and plasmalogens with chain lengths greater than 16
carbons (Fig. 5). This indicated that growth in 5% (w/v)
ethanol increased the chain length of fatty acids incorporated
into the membrane.

The presence of plasmalogen compounds was also
detected as a component of the C. thermocellum membrane.
The presence of plasmalogens was not surprising as these
compounds have been found in other Clostridia species and
are common for anaerobic bacteria (Johnston and Goldfine
1994; Johnston et al. 1994). Chemical ionization with
acetonitrile has been used to elucidate double bond location
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in the analysis of unsaturated fatty acids (Brenna 2006;
Lawrence and Brenna 2006; Michaud and Brenna 2006;
Michaud et al. 2005). The expectation was that CI could
provide a “softer” method of ionization capable of
producing structural characteristic ions. Chemical ioniza-
tion did provide [M-H]' that fragmented to [M-31]",
indicating that ions seen during EI were generated from
the respective dimethyl acetal species. Data from the
diethyl acetal fragmentation patterns corroborated spectra
from both EI and CI of dimethyl acetals. The advantage to
employing this three-tiered approach was that the chro-
matographic separation remains intact during each process,
allowing peaks to be confidently identified based on mass
spectra and retention times.

The absence of unsaturated fatty acids isolated from C.
thermocellum in the present study raised concerns about the
validity of the dervitization method. In order to confirm that
unsaturated fatty acid methyl esters would have been
observed from the saponification and FAME methods,
reactions with ARA, DHA standards, and E. coli whole cells
were conducted. Reactions with ARA and DHA yielded
mass balance recoveries and FAME molecular ions of
m/z318 and 342, respectively. Qualitative analysis of the E.
coli fatty acid profile was consistent with previously pub-
lished data, which contained both unsaturated and cyclopro-
pane fatty acids (Kurkiewicz et al. 2003). These experiments
confirmed that the saponification and FAME procedures
were applicable to sites of unsaturation (data not shown).

It is well established that microbes modify cell mem-
brane composition in response to environmental stress
(Evans et al. 1998; Ingram 1976; Jones 1989; Kropinski
et al. 1987; Sinensky 1974). The concept of homeoviscous
adaptation (i.e., membrane modifications that maintain an
“optimal” degree of fluidity) has been supported by studies
relating fatty acid profiles to solvent insult. The general
model is that bacteria increase the number of unsaturated

Table 2 Fatty acid structural distribution of C. thermocellum wild-
type (WT) and ethanol-adapted (EA)

Species® wTP EA® Percent of WT®
14:0 0.76 0.71 93.4
P 14:0 0.85 0.92 108.2
16:0 1.30 1.29 99.2
P 16:0 1.46 1.39 95.2
17:0 1.51 2.55 168.9
P 17:0 1.27 1.53 120.5
18:0 3.35 2.67 79.7

P plasmalogen
#Number of carbons:degree of unsaturation
®Values represent the ratio of i— to n— isomers

¢ Values represent change in EA relative to WT cells



Appl Microbiol Biotechnol (2009) 82:929-939

937

and short chain fatty acids in response to solvent insult. As
a general rule, increasing the unsaturation index and
decreasing the average fatty acid chain length both serve
to increase fluidity of the membranes.

Previous studies conducted on the effect of exogenous
solvents added to C. thermocellum batch cultures found that
solvents impact bacterial proliferation and metabolism
(Berberich et al. 2000). Growth inhibition caused by
solvents dispersed in culture media is known as molecular
toxicity (Berberich et al. 2000; Bothun et al. 2005); such
toxicity is the result of interactions between the solvent and
the membrane or membrane components. This solvent
interaction disrupts membrane integrity by causing loss of
protein function and increased membrane fluidity. Molec-
ular toxicity is theorized to be responsible for growth
inhibition of C. thermocellum WT cells at low ethanol
concentrations (Berberich et al. 2000). Based on this theory,
ethanol-adapted strains of C. thermocellum are believed to
change their membrane composition in order to counter-act
the effects of molecular toxicity.

In order to gain a more direct understanding of the
relationship between fatty acid profiles and membrane
fluidity, steady-state fluorescence anisotropy experiments
were conducted as part of this study. Anisotropy is a
measure of probe rotation by comparing the ratio of
fluorescent emission in parallel and perpendicular polar-
izations. Within the context of this study, anisotropy
correlates to the order of the fatty acid alkyl chains which
is inversely related to fluidity, thus as the anisotropy value
decreases, the fluidity of the membrane increases (Aricha et
al. 2004). The rotation of DPH is a function of the fatty acid
phase transition temperature, 7;,. Longer saturated-chain
fatty acids have a higher T, due to a greater number of van
der Waals interactions between acyl chains. Unsaturated
fatty acids have lower transition temperatures than saturated
fatty acids of similar length due to reduced van der Waals
interactions as a result of the distorted geometry around the
double bond (Morein et al. 1996). Below the T, the alkyl
chains are in an ordered state and rotation of the DPH probe
is restricted. With increasing temperature, the alkyl chains
become disordered, allowing rotation of DPH. Rotation of
DPH lowers the ratio of horizontal and vertical intensities,
translating to a lower anisotropy (Alexandre et al. 1994a).
Above the T,, of fatty acids, a phase transition occurs,
which is reflected by a sudden increase in membrane
fluidity (Shinitzky and Barenholz 1978). Because DPH
integrates non-discriminately between acyl chains, a de-
crease in anisotropy represents an increase in the average
fluidity of the membrane (Shinitzky and Barenholz 1978).

Anisotropy experiments with exogenous ethanol provid-
ed proof of the membrane fluidizing effects of ethanol
(Kikukawa et al. 1997). The increased fluidity afforded by
ethanol reduced the membrane rigidity for WT cells below

an optimum level. This sub-optimum membrane rigidity
occurred because WT cells had a higher percentage of
shorter chain fatty acids. Increased fluidity is believed to
result in growth inhibition due to molecular toxicity of
ethanol. The EA cells had a higher percentage of longer-
chain fatty acids. Therefore, interaction between ethanol
and the EA membrane increased the fluidity to a level that
was consistent to that of WT cells without ethanol.

Since the plasmalogen concentration of C. thermocellum
WT and EA membranes were 28% and 37%, respectively,
their contribution to membrane structure and fluidity could
be significant, as the vinyl-ether bond imparts different
characteristics to the phosphotidyl group than the traditional
fatty acid ester bond. Studies with plasmalogen membranes
found that the 7, was lowered by 4-5°C (Nagan and
Zoeller 2001). The plasmalogens’ role might be to modify
the T;, of the membrane in a similar manner as unsaturated
fatty acids. Regulating membrane fluidity by means of
plasmalogens might provide the cell with a more discrete
mechanism of changing membrane properties.

The cell membrane functions as a protective barrier and
serves a vital role in energy generating pathways, and so
regulation of membrane integrity is essential for microbial
survival and growth (Konings et al. 2002). The data from
the fatty acid studies combined with the anisotropy data
provide strong evidence for a refined model for acquired
ethanol adaptation by C. thermocellum (Fig. 8). Adaptation
was the result of changes to the fatty acid profile that
increased rigidity, allowing the integrity of the membrane to
be maintained during growth in the presence of ethanol
(Chu-Ky et al. 2005). The data presented in this study
supports the idea that EA cells maintain an optimum level
of fluidity by increasing their fatty acid chain lengths in
response to the increased fluidity provided by growth in
media with ethanol.

Previous Model Proposed Model

Wild-type cells Wild-type cells
ethanol l l ethanol exposure
exposure

o Increased membrane fluidity
Decreased membrane fluidity

adaptation l l adaptation

Decreased fatty acid chain length
Increased unsaturation index
Decreased i-/n- ratio Increased i-/n- ratio
Increased a-/ i- ratio No a-

! !

Increased membrane fluidity Decreased membrane fluidity

l |

Ethanol-adapted cells Ethanol-adapted cells

Increased fatty acid chain length
No unsaturation

Fig. 8 Schematic of ethanol-adaptation mechanism. i— iso-branching,
n— normal or straight chain, a— anteiso-branching

@ Springer



938

Appl Microbiol Biotechnol (2009) 82:929-939

Mass spectrometry provided definitive identification of
fatty acids present within the C. thermocellum membrane,
and quantification of fatty acids and plasmalogens con-
firmed changes in cell membrane composition following
ethanol treatment. The adaptation process resulted in a shift
to longer-chain fatty acids, an increase in plasmalogen
content, but did not increase the unsaturation index; these
results were counter to previously published reports
(Herrero et al. 1982). Anisotropy experiments corroborated
the revised model of membrane adaptation and confirmed
the fluidizing effect that ethanol has on both WT and EA
membranes. Further support for the revised adaptation
model was gained from EA anisotropy experiments without
ethanol. In the absence of ethanol, the EA cells innately
have higher membrane rigidity. Our results indicate that
adaptation resulted from increased membrane rigidity.

Understanding the mechanism of membrane adaptation
by C. thermocellum to acquire ethanol adaptation could be
utilized to develop cultures that exhibit resistance to higher
concentrations of ethanol. This in turn could lead to more
cost-effective ethanol production and a step closer to
consolidated bioprocessing.
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