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Cytoplasmic membrane fluidity and fatty acid composition
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Abstract Strain variation in the acidophile Acidithioba-
cillus ferrooxidans was examined as a product of mem-
brane adaptation in response to pH stress. We tested the
effects of sub and supra-optimal pH in two type strains and
four strains isolated from acid mine drainage water around
Sudbury, Ontario, Canada. Growth rate, membrane fluidity
and phase, determined from the fluorescence polarization
of 1,6-diphenyl-1,3,5-hexatriene, and fatty acid profiles
were compared. The effect of pH 1.5 was the most pro-
nounced compared to the other pH values of 1.8, 3.1, and
3.5. Three different types of response to lower pH were
observed, the first of which appeared to maintain cellular
homeostasis more effectively. This adaptive mode included
a decrease in membrane fluidity and concomitant depres-
sion of the phase transition in two distinct membrane lipid
components. This was explained through the increase in
saturated fatty acids (predominantly 16:0 and cyclopropane
19:0 w8c) with a concomitant decrease in 18:1 w7c fatty
acid. The other strains also showed common adaptive
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mechanisms of specific fatty acid remodeling increasing
the abundance of short-chain fatty acids. However, we
suspect membrane permeability was compromised due to
potential phase separation, which may interfere with
energy transduction and viability at pH 1.5. We demon-
strate that membrane physiology permits differentiating pH
tolerance in strains of this extreme acidophile.
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Introduction

Acidithiobacillus ferrooxidans is an obligate acidophile
commonly found in acid mine drainage (AMD) environ-
ments and is also used as a bioleaching agent in the
recovery of metals (Leduc and Ferroni 1994; Rawlings
2002). Probably the most widely studied obligate acido-
phile, A. ferrooxidans has been described as tolerating
conditions as low as pH 1.0 and as high as pH 6.0, although
it is generally agreed that the optimal pH for growth of
A. ferrooxidans is about 2.0 (Leduc and Ferroni 1994). The
variation in range is due to strain heterogeneity and specific
growth conditions (Kondrat’eva and Karavaiko 1997) and
strains are also known to adapt rapidly to sub-optimal
conditions. In both uncontrolled/natural (tailing, mines and
mine waste) and bioleaching systems, the pH can affect the
overall bacterial activity and resulting leaching rates.
Improved knowledge of A. ferrooxidans strain adaptation is
an important aspect in understanding the intrinsic chemi-
osmotic kinetics of bacterially mediated bioleaching.

In acidophiles, bioenergetics involves the creation of a
proton motive force driven primarily by the large pH
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gradient (ApH) and to a lesser extent the membrane
potential (Ayy) which leads to the generation of ATP by the
influx of protons across the membrane (Matin 1990; Baker-
Austin and Dopson 2007). The cytoplasmic membrane is a
crucial permeability barrier that prevents the uncontrolled
influx of protons into the cell without which energy
transduction could not occur. As numerous factors can
compromise the integrity, permeability, and fluidity of the
cytoplasmic membrane, mechanisms for maintaining the
proton motive force must also be adapted to respond to
membrane perturbations during pH stress. In acidophiles,
mechanisms for pH homeostasis have structural and func-
tional aspects including the reversed Ay (negative outside
vs. positive inside), highly impermeable cell membranes,
and an abundance of secondary transporters (reviewed in
Baker-Austin and Dopson 2007). Several studies have
reported on the importance of membrane stability and
structure for maintaining bioenergetics and survival in
acidic environments (Driessen et al. 1996; van de Vossenberg
et al. 2000; Konings et al. 2002). A model theory for the
homeostasis of proton permeability has been termed the
“homeo-proton permeability adaptation” and is maintained
constant by controlling membrane lipid composition
(Konings et al. 2002). It has been shown that membrane
properties might change not simply to maintain optimal
membrane fluidity, what is known as homeoviscous adap-
tation, but rather to maintain the proton permeability of the
cytoplasmic membrane at a nearly constant level (van de
Vossenberg et al. 2000; Konings et al. 2002).

The understanding of bioenergetics in acidophiles like
A. ferrooxidans has found some confusion and contradic-
tion in the literature, and continues to challenge classic
bioenergetic theory (Ferguson and Ingledew 2008). H*
homeostasis is maintained with a steep proton gradient of
about 4.5 across the cytoplasmic membrane while main-
taining a near-neutral internal pH (~ 6.5) (Cox et al. 1979).
The mechanisms for pH homeostasis in A. ferrooxidans
rely in part on an active maintenance of the proton motive
force, although the pH gradient may or may not be energy-
dependent as inactive cells appear to maintain the Donnan
potential; the electrical potential formed across a mem-
brane without the transmission of current (Cox et al. 1979;
Zychlinsky and Matin 1983; Baker-Austin and Dopson
2007). Active maintenance of the ApH in A. ferrooxidans
involves proton extrusion across the cytoplasmic mem-
brane through the action of cytochrome ¢ oxidase, how-
ever, the pumping activity may involve a different
stoichiometry of charge separation than in classical proton
pumping models (Ferguson and Ingledew 2008). Any dis-
ruption of the H" pumping capacity or collapse in the
membrane potential can significantly increase the influx of
protons into the cells (Matin 1990). In Bacteria, the buf-
fering capacity of the cytoplasm may provide some defense
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against such an influx but this may provide only transient
protection, especially in acidophiles (Booth 1985; Matin
1990). Rather, it is the maintenance of an inverted mem-
brane potential (positive inside) by a Donnan potential,
typically created through the uptake of potassium that more
effectively inhibits the influx of protons by creating a
chemiosmotic barrier (Matin 1990; Suzuki et al. 1999;
Baker-Austin and Dopson 2007). In A. ferrooxidans a few
other cellular mechanisms may play a role in maintaining
homeostasis in response to pH change. In similar studies,
Jerez et al. (1988) reported that a shift to more acidic pH
induced the synthesis of heat-shock proteins while Amaro
et al. (1991) showed the same pH conditions induced
synthesis of a porin-like protein in the outer membrane.
The authors raised the question whether these observed
responses to pH stress were a direct result of the pH
changes or whether they occurred as a result of membrane
changes, such as polarization, triggered by external
pH changes (Amaro et al. 1991). In a recent study of
A. ferrooxidans type strain 23270, Chao et al. (2008)
reported the differential expression of genes involved in
cell membrane structure, transcriptional regulation, and
signal transduction in response to pH stress for (pH 1.3)
versus optimal values (pH 2.3). The authors suggested that
the structure and composition of the cell envelope was
likely being modified to decrease proton permeability and
mediate pH-induced damage (Chao et al. 2008). The cell
envelope of A. ferrooxidans and other acidophilic chemo-
lithotrophs are thought to be similar to neutrophilic Gram
negative bacteria, however, some studies have show that
uncommon membrane properties, such as an overall posi-
tive charge may be inherently linked with acidophilic
growth (Kar and Dasgupta 1996). Despite the extensive
research on A. ferrooxidans, little attention has been given
to the specific adaptation of the A. ferrooxidans cytoplas-
mic membrane in response to pH.

As the best characterized iron-oxidizing acidophile,
A. ferrooxidans is a good model for this type of research
and the results would help elucidate the mode of adaptation
in extremophilic bacteria to stresses such as low pH. In this
study growth rate, cytoplasmic membrane polarization, as a
measure of cytoplasmic membrane fluidity, the transition
temperature midpoints (7,,), and fatty acid composition
were investigated in six strains of A. ferrooxidans in
response to sub- (1.5 and 1.8) and supra- (3.1 and 3.5)
optimal pH. The overall purpose of the research was to
determine whether changes in the membrane characteris-
tics contributed to the ability of A. ferrooxidans to tolerate
and maintain active metabolism under pH stress. The aim
of our research was twofold. The first goal was to deter-
mine whether there were differences in the adaptation
mechanisms of A. ferrooxidans strains that differ pheno-
typically. The second goal was to determine whether there
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was a common adaptation mechanism in A. ferrooxidans
related to cytoplasmic membrane properties when exposed
to variable pH. This study represents the first investigation
of an otherwise well-characterized acidophile, providing
data on cytoplasmic membrane adaptation in different
strains of A. ferrooxidans under variable pH conditions.
This data will provide additional insight into strain varia-
tion within this species, helping to identify reasons for the
range of pH over which A. ferrooxidans can carry out
biooxidation.

Methods
Strain selection and characteristics

Experimental analyses were performed using six strains of
A. ferrooxidans. Four previously isolated strains include
D6 and D7 isolated from a uranium mine at the Denison
Mines Ltd. and R1 from Rio Algom (Elliot Lake, Ontario,
Canada), as well as F1 isolated from tailings at the Fal-
conbridge Nickel Mines Ltd. (now Xstrata Nickel, Fal-
conbridge, Ontario, Canada). These strains were used in
our research of various stressors and were chosen on the
basis of notably different resistance to certain metals and
growth temperatures. Since no previous study of pH-
mediated strain variation has been reported, we are com-
paring the same set of strains for study. A. ferrooxidans
type strains ATCC 19859 and 23270 were also studied for
the effect of pH and used to compare the traits of the lab-
adapted type strains to the environmental isolates.

Experimental conditions and growth rate

All six strains of A. ferrooxidans were grown in the liquid
medium of Tuovinen and Kelly (1973), TK medium
(composition in g/L): FeSO,4-7H,0 (33.4). (NH4),SO4 (0.4)
MgS0,4-7H,O (0.4), K,HPO, (0.4), and adjusted for pH
with concentrated H,SO,4. The control for all experiments
consisted of a TK culture grown at pH 2.1 and incubated at
room temperature (25.0 £ 0.5°C). Shaking speeds varied
such that 1 L cultures that were used in fatty acid analyses
were incubated on a gyratory shaker at 130 rpm while
40 mL cultures used in fluorescence polarization analyses
were incubated at 180 rpm. The experimental values used
to test pH stress were below or above the optimal value of
pH 2.1, at pH 1.5 and 1.8, or pH 3.1 and 3.5, respectively.
The pH stress culture media were adjusted to the desired
pH using concentrated H,SO, and/or NaOH (20% w/v).
The generation times for each strain were determined
under control and experimental conditions to determine the
exponential phase of growth prior to further analyses. Due
to the production of ferric iron precipitates that prevent

common optical density based growth assays, an indirect
measure of A. ferrooxidans growth rate was determined as
follows. Assuming that during the exponential growth
phase of A. ferrooxidans there is a concomitant exponential
transformation of ferrous to ferric iron, the concentration of
ferric iron was used as a measure for growth and was
determined using the spectrophotometric method described
by Karamanev et al. (2002). This method was initially
validated by comparing the ferric iron oxidation rate to
changes in viable cell numbers using a standard 3-tube
most probable number (MPN) quantification. The iron
oxidation rate for each strain was determine from triplicate
flasks containing 40 mL liquid TK that were inoculated
with 1.0 mL exponentially growing cells [average cell
count (MPN): 1.2 x 107] on a gyratory shaker at 180 rpm.
The rate of ferrous iron oxidation was determined at reg-
ular time intervals by combining a 1.0 mL aliquot of cul-
ture with 3 mL of 10% sulfosalicylic acid and brought to
200 mL with distilled water. Absorbance was measured at
500 nm with a Beckman DU-65 Spectrophotometer
(Beckman Coulter, California, USA) until no further
changes in absorbance were observed. Growth curves were
generated by calculating the natural logarithm of the ferric
iron concentration from the equation: A = 0.04 X Cp+
where A is the absorbance and C the concentration of ferric
iron (in mg/L), and plotting these values over time (h)
(Karamanev et al. 2002). Generation times were deter-
mined by plotting a linear regression through the points
exhibiting linearity and the slope (m) was then used to
calculate generation time (t,), (t; = 0.693/m) (Leduc et al.
1993).

Fluorescence polarization analysis

The analysis was performed as described by Vincent et al.
(2004) with a few modifications. A. ferrooxidans cultures
were vortexed vigorously and were then allowed to stand
for 10 min to settle bulk iron precipitates. The cultures
were then decanted and were filtered through Whatman
No. 1 filters to remove the finer precipitates. Cells were
harvested from the filtered liquid cultures by centrifuga-
tion at 10,000x g for 10 min at 5°C, washed three times
in 0.01 N H,SO,. Washed cells were re-suspended in
wash solution to an OD 600 nm of 0.2. All further
analyses were performed as previously described and
outlined here for clarity. A 3.0 mL aliquot of the
re-suspended cultures were transferred to a quartz cuvette
to which 1.0 pL of 12 mM stock solution DPH in tetra-
hydrofuran (Molecular Probes, Eugene, Oregon, USA)
was added and incubated in the dark for 10 min at room
temperature (25°C) to allow the probe to incorporate into
the cytoplasmic membrane (Trevors 2003). Measurement
of the fluorescence polarization was performed using a
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polarization spectrofluorometer equipped with a thermo-
stated cell-holder and magnetic stirrer (Photon Technol-
ogy International Inc., London, Ontario, Canada).
Excitation and emission wavelengths were set to 358 and
428 nm, and the slits widths set to 10 and 12 nm,
respectively. Polarizers were set to either the horizontal or
vertical positions and amplifiers for the polarized light
were set to 1005 and 1040 V, respectively. Data were
recorded using FELIX software (Version 1.4 and 3.2
Photon Technology International Inc.).

Single polarization measurements were determined from
a 15 s scan of the sample held at the same temperature used
during culturing. The degree of polarization was deter-
mined from the polarization ratio (P, unitless) as described
by Shinitzky and Barenholz (1978):

P = (Ivyv — IvuG)/Iyv + IvuG

where Iyy and Iyy are the light intensities emitted in the
vertical and horizontal directions relative to the beam of
excitation (Trevors, 2003). The grating factor (G),
[G = (Igy/Ign)] is instrument dependent and accounts for
the different sensitivity of photomultipliers to polarized
light measured as the intensities of emitted beams in the
vertical (Iyy) and horizontal (Iyy) directions when the
excitation beam is oriented vertically (Borenstain and
Barenholz, 1993). The relationship between fluorescence
polarization and membrane fluidity is an inverse one,
where increasing polarization ratio values correspond to a
more rigid membrane environment and vice versa. The
temperature transition midpoints (7;,) were determined
from a continuous measurement of a sample subjected to a
temperature ramp (0-65°C) until the membrane was mel-
ted. Temperature transition points are defined as changes in
slope of the transition temperature curve. All values are
reported as means of triplicate analyses for each experi-
mental variable. Samples of Escherichia coli grown in 1/10
strength Nutrient Broth (NB) (Difco, St. Louis, USA) for
24 h at 37°C were used as a positive control for polariza-
tion analyses typically having P values of about 0.30
(Vincent et al. 2004).

Fatty acid composition

Fatty acid composition was determined for cultures grown
at control and pH 1.5 only. Each sample consisted of 40—
50 mg wet cell weight isolated from TK cultures. The
analysis was performed at the Laboratory Services Division
at the University of Guelph (Guelph, Ontario, Canada).
Their method includes total fatty acids extraction, saponi-
fication, methyl esterification, and analysis of the fatty acid
methyl esters (FAMEs) by GC-FID using the Microbial ID
Inc. (MIDI, Newark, Delaware, USA) microbial identifi-
cation system as described in Kim et al. (2002).
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Fatty acid profiles were organized in simplified groups
by chain length and degree of saturation as well as diversity
according to the type of branching, cyclization or
hydroxylation present in the fatty acids. Relative propor-
tions of fatty acids were determined for each sample as a
ratio of saturated to unsaturated fatty acid at each growth
condition.

Statistical analyses

Statistical analyses for fluorescence polarization measure-
ments were determined for comparisons in the responses
within each strain to different stresses, and between strains
for the same stress using an analysis of variance (ANOVA)
followed by a Student-Newman—Kuells (SNK) multiple
range test (¢ = 95%) using Statistica 6.0 (StatSoft Inc.
Tulsa, OK, USA) and KaleidaGraph 4.0 (Synergy Soft-
ware, Pennsylvania, USA). Experiments were performed in
triplicate unless otherwise stated.

Percent fatty acid composition of cultures grown at pH
1.5 were compared to the control values (pH 2.1) using an
ANOVA followed by an SNK multiple range test
(a0 = 95%) for each strain. All fatty acid profiles were
determined in triplicate from three biological repeats with
the exception of the type strains for which only two sam-
ples were analyzed per growth condition and a single
sample for strain 19859 grown at 25°C.

Discriminant function analysis (DFA) was used to
determine which fatty acids distinguish between optimal
and sub-optimal pH exposed profiles. Log-transformed
percent fatty acid data logio(x + 1) was used in a DFA
(Statistica 6.0, StatSoft Inc. Tulsa OK, USA) using the
optimal values and pH 1.5 profiles as groups. Two-thirds of
the data was chosen for the initial DFA with the remaining
fatty acid profiles used for cross-validation of the resulting
functions. For pH 1.5 exposure, correlation-based models
of fluorescence polarization data using fatty acid compo-
sition (logo transformed) as predictor variables were
determined through factor analysis followed by multiple
regression (Statistica 6.0, StatSoft Inc. Tulsa, OK, USA).

Results
Effect of pH on growth rate

Generation time was used as a measure of total cellular
activity in response to pH stress. Growth curves, based on
the rate of iron oxidation (Fe>™ — Fe>T), were plotted for
each strain and the slope of the exponential phase of
growth was used to determine generation time as shown for
strain R1 in Fig. 1. This method accurately reflected viable
cell counts (MPN) that were initially determined to validate
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the method (Fig. 1a). Generation times for cultures grown
at 25 + 0.5°C, pH 2.1 (optimal/control conditions) were
similar for the environmental strains (D6, D7, F1, R1) but
were significantly different (p < 0.05) from the type strains
as determined in a related study (Table 1) (Mykytczuk
et al. 2007, 2010a, b). Conversely, under pH stress the
generation times increased for both sub- and supra-optimal
pH with more acidic pH values causing significantly slower
growth for all strains (p < 0.05) (Table 1). Strain D6 and
F1 also showed significantly longer generation times at pH
levels of 3.1 and 3.5. In comparing the strains, differences
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Fig. 1 Example of growth curves for strain R1 under (a) control (pH
2.1), and (b) pH stress (pH 1.5) conditions. Filled squares represent
the exponential phase of growth. Viable cell counts (MPN) agree with
the iron oxidation determination as shown in a denoted by the (filled
diamonds) curve

were observed in the generation times under all pH stress
conditions. For pH levels just below optimal (pH 1.8) and
higher (pH 3.1 and 3.5) the generation times ranged from 9
to 14 h per population doubling. Strain variation was most
apparent at pH 1.5 with responses ranging from 14 h for
strain R1 to nearly 40 h per generation in strain D7
(p < 0.05).

Fluorescence polarization: cytoplasmic membrane
fluidity and phase transition

Membrane fluidity and phase characteristics for pH stress
were measured using viable DPH-labelled cells and com-
pared to control values. We have reported that under
optimal growth conditions the fluorescence polarization
ratios (P) for the six environmental strains were inherently
different with values ranging from 0.364 4+ 0.007 to
0.424 £ 0.008 (Table 2) (Mykytczuk et al. 2010b). With
pH stress, the general trend in P values indicated that most
of the strains either maintained near-optimal membrane
fluidity values or experienced a significant increases in P
values, corresponding with a decrease in membrane fluidity
(p < 0.05) (Table 2). In general, for all of the strains the P
values diverged from optimal values to a greater extent as
the pH deviated further away from the optimal value of 2.1,
and this trend was more pronounced as pH values
decreased to 1.5. Specifically, for pH exposures of 1.8, 3.1
and 3.5, the majority of the strains showed moderate
changes in P values ranging from around 0.37-0.40
(p < 0.05). Strains D6 and D7, however, showed no sta-
tistical difference in P values across all pH values although
the change in P values was greatest at pH 1.5. In the
remaining strains, we noted that the P values at pH 1.5
significantly increased compared to optimal levels but were
similar among all strains ranging from 0.410 £ 0.019 for
strain D6 to 0.466 & 0.030 in strain 23270 (p > 0.05).
Type strain 23270 was the only strain to show significantly
higher P values for all sub- and supra-optimal pH values

Table 1 Mean generation times (n = 3 £ SD) of A. ferrooxidans strains grown at variable pH

Strain Control (25°C, pH 2.1) pH
1.5 1.8 3.1 3.5

D6 8.4 £ 0.6' 28 + 1.4%? 9.5+ 0.7 9.8 + 0.2'% 13 + 3.0°°
D7 9.5+ 18" 38 +5.1%° 9.5 + 03" 8.6 £ 1.3"° 9.6 + 0.1'°
F1 8.4 + 0.2 18 + 1.2%¢ 9.7 +£0.1'° 11 +0.1%° 14 + 1.8%*
R1 9.1 £ 03" 14 + 1.8% 11 + 1.4 10 £ 0.2 10 + 0.8'°
19859 11 + 0.3%° 17 £+ 0.9%¢ 11 + 0.5'° 11 +£0.5' 10 + 0.81°
23270 14 £+ 0.4%¢ 29 + 0.7%2 14 £+ 0.5 14 + 0.3 14 + 0212

Mean generation time (h £ SD)

Generation times that are significantly different at the (95% level) by way of ANOVA and an SNK multiple range test are followed by a different
number superscript (same strain comparison) or letter superscripts (inter-strain comparison)
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Table 2 Mean fluorescence polarization ratios (P & SD, n = 3) for six A. ferrooxidans strains grown at sub and supra-optimal pH

Strain Control (25°C, pH 2.1) pH stress
15 1.8 3.1 3.5

D6 0.380 + 0.006' 0.410 + 0.019%2 0.385 + 0.011%2 0.400 + 0.036"® 0.399 + 0.019'2
D7 0.397 + 0.003'° 0.418 + 0.014'2 0.395 + 0.002'? 0.400 =+ 0.002%%® 0.387 + 0.020"°
F1 0.364 + 0.007%¢ 0.428 + 0.033%? 0.399 + 0.015%° 0.374 + 0.023'2 0.379 + 0.004'?
R1 0.378 + 0.008' 0.419 + 0.009%2 0.376 + 0.003'? 0.371 + 0.027'2 0.401 + 0.006>*
19859 0.424 £ 0.008'¢ 0.442 £ 0.008>* 0.441 £ 0.026'° 0.414 £ 0.006"® 0.416 £ 0.032'°
23270 0.404 + 0.010™° 0.466 £ 0.030%° 0.442 £ 0.014%° 0.437 £ 0.008>° 0.453 £ 0.017>°
Percent change”

D6 - 8.0 1.3 5.2 5.0

D7 - 5.2 1.0 1.0 25

Fl - 18 7.1 2.7 4.1

R1 - 11 1.0 1.9 6.1

19859 - 42 4.0 2.4 1.9

23270 - 15 9.4 8.2 12

Polarization values that are significantly different at the (95% level) by way of ANOVA and an SNK multiple range test are followed by a
different number superscripts (same strain comparison) or letter superscripts (inter-strain comparison for same pH level). Multiple letter
superscripts indicate value is not significantly different from values corresponding to either letter

A Calculated as the absolute value of the expression (P s — P> 1/P51) x 100%

and these values were also the highest values recorded
among all of the strains. Looking at the percent change we
observed that the large change in the P values at pH 1.5
ranged from 4.2% in strain 19859 to 18% in strain F1. A
percent change of ~10% in the fluorescence anisotropy
(r = 2P/3 — P) reflects a greater change in the apparent
microviscosity of the membrane by about ~25% (Shinitzky
and Barenholz 1978).

The gel-to-liquid-crystalline transition temperature
midpoint (T;,) analyses indicated how the membrane phase
was either being affected directly by the change in extra-
cellular pH, or through active remodeling of the membrane
structure by the cell. The phase transition curves were
determined over a temperature ramp of 0-55°C for each
strain and the changes in slope, or T,,, were determined as
illustrated for strain R1 in Fig. 2. As with the fluorescence
polarization data, the 7, were maintained near-optimal
values or decreased in response to pH stress (Table 3).
With the exception of two environmental strains, D6 and
D7, all other strains showed multiple transition points at pH
1.5 that would indicate active remodeling of the membrane
but also the potential for phase separation. In these strains,
the significantly lower T, point occurred about 20°C below
optimal values ranging between 2.0 and 6.4°C while the
second T, remained near-optimal values. The single
depressed T, value in strains D6 and D7, occurred at 6.7
and 9.7°C, respectively, also suggesting active membrane
remodeling but does not indicate phase separation occurred
in response to pH 1.5. As with the fluorescence polarization
data, type strain 23270 was the only strain to deviate from
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Fig. 2 Transition temperature (7},) curves for strain R1 grown at (a)
pH 1.5 and (b) pH 2.1. The dashed lines represent the transition
temperature midpoints

the general trends, showing significant increases in T,
values several degrees higher than the 25°C growth tem-
perature, around 34-39°C in response to all pH levels,
which indicates a significant proportion of gel-phase lipids
in the membrane. These higher T}, values also correspond
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Table 3 Transition temperature midpoints (7y,, °C) for A. ferrooxi-
dans strains at different pH levels

Strain Control pH
(25°C, pH 2.1)

1.5 1.8 3.1 35
D6 28 6.7 22 20 19
D7 33 9.7 28 29 24
Fl1 25 1.6, 23 20 26 27
R1 31 1.2, 26 26 30 29
19859 29 2.0, 28 27 30 31
23270 25 52,32 39 37 34

with the significant increases in membrane P values
observed in this strain over the range of culture pH.

Fatty acid composition

Cytoplasmic membrane fluidity and phase characteristics
are largely controlled by the fatty acid/lipid composition.
We measured total cellular fatty acids in order to determine
if A. ferrooxidans strains synthesized or modified particular
fatty acids in order to compensate for the potential mem-
brane disruption induced by sub-optimal pH 1.5. The
determination of total cellular fatty acids included about
two dozen unique fatty acid species. These were grouped
according to chain length and saturation to show the per-
cent change in abundance under pH 1.5 versus optimal pH
conditions for each strain (Fig. 3). Comparisons of total
saturated, unsaturated, and cyclic fatty acids as well as the
overall percent change in the fatty acid profiles are sum-
marized in Table 4.

Growth at pH 1.5 induced changes in the relative
abundance of certain fatty acids in all of the strains
(Fig. 3). Among the environmental strains (D6, D7, F1 and
R1), an increase in several saturated fatty acids was
observed including 12:0 (dodecanoic acid), 14:0 (grouped
as tetradecanoic acid, and 14:0 30H), 16:0 (grouped as
hexadecanoic acid, 16:0 20H and 16:0 30H) and cyclo-
propane 19:0 w8c (p < 0.05). A similar trend was observed
in the aforementioned fatty acids in type strains 19859 and
23270 (p > 0.05), however, only increases in the 17:0
saturated fatty acid were significant (p < 0.05). In all of the
strains, a response to pH 1.5 also brought about decreases
in the most abundant fatty acid, 18:1 w7c (cis-All-octa-
decenoic acid) (p < 0.05). In all of the strains, a shift
towards a greater abundance of short-chain saturated fatty
acids would support the observation that decreases in
membrane fluidity were the result of fatty acid modulation
in response to pH 1.5.

Since individual fatty acid abundance only in part
indicates the degree of membrane remodeling, the sum of
total fatty acids was used to determine overall changes in

membrane structure in response to pH stress (Table 4).
Compared to optimal pH of 2.1, a significant shift in the
overall proportion of saturated and unsaturated fatty acids
occurred in all of the strains (p < 0.05). In the environ-
mental strains, 6-14% increases in the saturated fatty acid
component were observed, which consequently increased
the saturated to unsaturated fatty acid ratios from about 0.4
to 0.6. Nonetheless, the unsaturated fatty pool remained
quite high in these strains, ranging from 59 to 64%. Con-
versely, in the type strains, the relative fatty acid distri-
bution was markedly different under optimal pH conditions
compared to the environmental strains and was also quite
different following the shift to pH 1.5 despite the common
trend towards a higher abundance of saturated fatty acids.
In these strains the saturated fatty acid component
increased by 10-18% resulting in a membrane with a
greater proportion of saturated over unsaturated fatty acids,
at a ratio of about 1.4 (p < 0.05). The mean unsaturated
fatty acid component was 41% for both type strains during
pH stress, which was about 20% lower than was found in
the environmental strains. The relative abundance of
cyclopropane fatty acids also increased in response to pH
1.5, showing significantly higher amounts in strains D6, R1
and 23270 (p < 0.05). In the A. ferrooxidans strains, only
two cyclopropane fatty acids were present with chain
lengths 17:0 and 19:0, although the latter accounted for 70—
90% of the abundance.

An additional measure of the overall structure of the
membranes was determined through the total percent
change (4), calculated as (4 = SUMI(FAyu1.5 — FAcongo)))
where FA represents each fatty acid species measured
(Table 4). The results indicated that in addition to having
significant shifts in the overall fatty acid distribution in
response to the stress of pH 1.5, all of the strains showed
large turnover in fatty acid composition (Table 4). The
total percent change was greatest in the type strains
between 38 and 42% while D6 had the highest turnover
among the environmental strains at 37% and the remaining
strains had less than 25% turnover. The largest contributors
to the percent shift were the most abundant fatty acid
species, namely 18:1, and 16:1 w7c (cis-A9-hexadecenoic
acid), along with the fatty acids that showed significant
changes in abundance described above; 12:0, 14:0, 16:0,
and cyclopropane 19:0. These data illustrate that the
observed shift in P and T}, in response to pH 1.5 coincides
with fatty acid modulation. Specifically, the decrease in
membrane fluidity is likely linked to the overall increase in
saturated fatty acids. The multiple T,,, whereby part of the
membrane fatty acids maintained near-optimal values,
were likely due to the remaining high proportion of
unsaturated fatty acids. The observed depression in the
second T, or the singular 7, in strains D6 and D7, may be
related to the slight increase in 16:1 fatty acid (although
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this shift was not significant) and from the increase in
cyclopropane 19:0, that confers a lower melting point than
its saturated fatty acid equivalent.

Further differentiation of the fatty acid profiles under pH
stress versus optimal profiles was obtained using discrim-
inant function analysis (DFA). The DFA determined which
fatty acids (log-transformed) were correlated with the dis-
criminant function and contributed most to separating the
pH groups as summarized in Table 5. Since the fatty acid
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160" 16:1wec’ 17:0° 17:1w8c’ 18:0° 18:1w7c' 19:0, w8c
Type of Fatty Acid

profiles were quite different among the strains, the profiles
for the environmental strains were compared using a single
DFA while the type strains were compared separately.
From the simplified fatty acids groups, only three entered
the function comparing the environmental strains at a sig-
nificant level (p < 0.05). The discriminant function was
defined as DFieny.strains) = 38.4 — 26.5(log;y  12:0) —
23.5(log;o 16:0) — 12.7(log;p 19:0). Since only two pH
groups were being compared the discriminant function
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Table 4 Summary of total percent fatty acids grouped by acyl chain type under control growth conditions (25°C, pH 2.1) or pH stress (pH 1.5)

Fatty acid group Strain D6 Strain D7 Strain F1 Strain R1 Strain 19859 Strain 23270

C. pH15 C. pH15 C. pH15 C. pH15 C* pH15 C. pH L5
Cyc 4.8 (0.8)* 7.2 (0.4)° 4.7 (0.8)* 5.5 (0.9 5.0 (1.8)* 8.2 (0.7)* 2.7 (0.5 7.4 (0.9)° 15* 16 (1.9)* 7.7 (2.1)* 18 (2.4)°
Total S 27 2.7 41 (0.6)° 30 (3.5 37 (0.7)* 29 (1.7)* 35(0.2)° 30 (3.4)* 41(0.7)° 49° 59 (0.8)° 40 (4.2)* 57 (3.8)°
Total U 72 2.1 59 (0.6)° 69 (2.8) 61 (2.6)* 70 (1.5 64 (0.2)° 68 (2.7)* 59 (0.7)° 51° 41 (1.2)° 59 (4.2)* 41 (2.1)°
S/U 0.3 0.69° 0.44* 0.61° 0.42° 0.55° 0.45" 0.69° 0.96* 1.44° 0.68" 1.40°
Total %A - 36.5 - 18.2 - 242 - 16.8 - 37.8 - 42.1

Values [mean of n = 3 (SD)] for each strain compare control (C) versus pH stress (pH 1.5); those that are significantly different at the (95%

level) are designated by different letter superscripts (a or b)

Cyc, total cyclic fatty acids; S, total saturated fatty acids; U, total unsaturated fatty acid; S/U, saturated to unsaturated fatty acid ratio with all
SD < 0.1; total percent change (A = SUMI(FA1.5 — FAconwo)l) Where FA represents each fatty acid species measured

A Profiles determined from a single sample

Table 5 Summary of discriminant function analysis for fatty acid composition with pH as the grouping variable

a. Environmental strains

Eigenvalue % Variance Wilks” A Canonical R df p level
Function 8.94 100 0.101 0.948 9 <0.0006
Variable Raw coefficient Standardized coefficient Loading (correlation)
Constant 38.4 0 -
12:0 —26.5 —1.76 —-0.34
16:0 —23.5 —1.37 —0.28
19:0 —12.7 —1.17 —-0.34
b. Type strains

Eigenvalue % Variance Wilks” A Canonical R df p level
Function 20.8 100 0.046 0.977 5 <0.0001
Variable Raw coefficient Standardized coefficient Loading (correlation)
Constant —88.8 0 -
16:0 21.7 2.71 0.52
18:1 41.3 2.29 —0.24

could not be plotted. A high degree of confidence in the
discriminant function was obtained through cross-valida-
tion that correctly classified 87.5% of the new cases
(Table 6). For the comparison of the type strain profiles,
two fatty acids entered the DFA at a significant level
(p <0.05) (Table S5). The discriminant function was
defined as DFype sirainsy = —88.8 + 21.7(log;o 16:0) +
41.3(logjo 18:1). Due to the low number of cases, cross-
validation of the function could not be completed. In both
DFAs, the fatty acids that contributed the most to each
function primarily corresponded with those observed to
have significant changes in abundance in response to pH or
accounted for the largest proportions of the overall percent
change in fatty acids described above.

The changes in fatty acid composition were further
correlated with the changes in the fluorescence polarization
measurements in response to pH stress. Using factor

Table 6 Classification matrix for cross-validation of fatty acid pro-
files not used in initial discriminant function analysis of the envi-
ronmental strains

Env. strains Predicted vs. observed
pH 2.1 pH 1.5 % Correct
pH 2.1 4 0 100
pH 1.5 1 3 75
Total 5 3 87.5

analysis followed by multiple regression, combinations of
different fatty acids were determined to be the best pre-
dictors of fluorescence polarization at pH 1.5 (Table 7).
For the environmental strains the 12:0 14:0, 16:0, and 18:1
w7c fatty acids all loaded significantly onto Factor 1. The
resulting regression equation Pepy sirainsy = 0.396 + (0.017 x
Factor 1(eny srains) €Xplained 66% of the variance in
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Table 7 Prediction of fluorescence polarization using fatty acids
as predictors under pH 1.5 stress

o
Factor analysis

Environmental strains Factor 1 loadings

12:0 0.858

14:0 0.851

16:0 0.828

18:1 —0.976
Multiple regression
a. Environmental strains B SEB p t p
Constant 0.396  0.005 80.3  <0.0001
Factor 1 0.017 0.006 0.617 3.32  0.004

b. Type strains
Constant 1.72  0.602 2.87  0.045
18:1 -0.39 0.115 -1.57 -3.33 0.03

" Only significant loadings (Varimax normalized) are shown
(>0.700)

fluorescence polarization values F(; 15y = 11.3; p < 0.004.
For the type strains the analysis was completed using only
a forward stepwise multiple regression of the fatty acid
profiles. Both 16:1 and 18:1 fatty acid were correlated with
the P values although only 18:1 was significant. The
regression equation Pype siaingy = 1.72 — (0.39 X log(18:1)
explained 84.7% of the variance in P values, Fo 4y = 11.1;
p < 0.023. For all strains, the fatty acids that were most
strongly correlated with the regression factors and were
significant predictors of fluorescence polarization, were
predominantly those that showed significant changes in
abundance as a product of pH 1.5 growth conditions and/or
effectively separated the optimal and pH stress fatty acid
profiles, as described.

Discussion

The purpose of this study was to determine whether
changes in the membrane characteristics contributed to the
ability of A. ferrooxidans to tolerate and maintain active
metabolism at sub- and supra-optimal pH. We also inves-
tigated whether strain variation, commonly reported among
A. ferrooxidans strains, was also apparent in response to pH
stress and whether membrane characteristics could be used
to distinguish between these strains. Acidophiles maintain
pH homeostasis by keeping an impermeable cell mem-
brane, a reversed membrane potential through cation
transport into the cytoplasm, and by transporting protons
back out of the cell once they enter (Baker-Austin and
Dopson 2007). Although more attention has been given to
the kinetics of the bioenergetic reactions, clear mechanisms
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that are used to control the flow of protons (membrane
channels, proton pumps), or prevent their entry (changes in
membrane structure) have not been thoroughly defined
across different species of acidophilic bacteria, including
A. ferrooxidans. Membrane mechanisms have been better
defined in acidophilic archaea where the tetraether lipids
(as opposed to ester-linked bacterial lipids) form a dense
core effectively creating a highly stable and impermeable
membrane monolayer (van de Vossenberg et al. 1998).
Bacterial lipids cannot form equivalent structures and so
must use fatty acid chain branching and saturation as well
as altering lipid head groups to adjust the permeability of
the cytoplasmic membrane (Driessen et al. 1996). Thus, it
was our goal to understand how cytoplasmic membrane
characteristics, not previously studied in A. ferrooxidans,
act as one of the key adaptive mechanisms for pH
homeostasis. In using strains that we know have different
phenotypic characteristics, such as metal tolerance and
psychrotrophic ability (Mykytczuk et al. 2010b) which also
correspond to differences in membrane physiology, we
expected that if membrane properties were important in
pH homeostasis, that they would be apparent in the
membrane properties and fatty acid composition of the
chosen strains.

Effects of pH on growth characteristics

Changes in growth characteristics represent an overall
measure of physiological activities in bacteria and as such
indicate changes in cellular function when rates deviate
from optimal values. We plotted growth curves based on
iron oxidation rates and found that A. ferrooxidans was
more inhibited by pH values lower than optimal values,
showing significantly longer generation times at pH 1.5.
Similar observations have been reported by Chao et al.
(2008) where the increase in iron oxidation and cell num-
ber were more rapid at pH values of 2.3 and 3.5 compared
to those at pH 1.5 and 1.3 while showing no growth at pH
1.0. The authors suggested that the difference in growth
rates was pH-dependent but that the viability of the cells
was not affected at any of the pH levels tested where
growth was observed (Chao et al., 2008). Above optimal
pH values, chemiosmotic theory suggests that ferrous iron
oxidation rates will decrease (Ingledew 1982) but the cells
are still able to grow (Ferguson and Ingledew 2008). The
inhibition is believed to be in part linked to the formation
of ferric iron precipitates above pH 3.0 which may hinder
proton transport processes at the cell surface (Meruane and
Vargas 2003). At pH values below optimal, the inter-con-
version of the pH gradient and membrane potential, nec-
essary for maintained proton motive force, becomes
inoperable in A. ferrooxidans (Kar et al. 1996) which
would consequently lead to a decrease in the metabolic
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activity. From our observations, a shift towards pH 1.5
was more detrimental than values above the pH opti-
mum lending further evidence to support that a more
acidic extracellular environment exerts a greater stress on
A. ferrooxidans’ cellular mechanisms than more alkaline
conditions. A complementary observation by Amaro et al.
(1991) reported that more acidic pH induced a heat-shock-
like response in protein expression compared to more basic
pH. The degree to which the lowest pH we tested, only
0.6 units lower than optimal values, affected the different
strains was apparent in the broad range of generation times
observed, unlike the similar patterns that occurred among
the strains at higher pH values. The observation that strain
R1 only showed an increase of a few hours in its generation
time at pH 1.5 as opposed to strain D7 that showed a much
higher increase to nearly 40 h per generation clearly
illustrated that differences in acid tolerance exist among the
studied strains. In studies of metal tolerance in A. ferro-
oxidans strains, the cytochrome ¢ oxidase, a component of
the iron respiratory supercomplex that transfers electrons to
oxygen and consumes intracellular H in the process, was
found to differ among strains and was believed to con-
tribute to the observed differences in metal resistance
(Sugio et al. 2003). As such, it is possible that the differ-
ences in generation time observed in the six strains studied
here could be related to differences in the efficiency of the
bioenergetic machinery, including cytochrome c oxidase,
under different environmental conditions.

Membrane physiology changes in response to pH stress

Together, membrane fluidity and phase along with fatty
acid data convey a great deal of information on the overall
state of the cytoplasmic membrane and were used to
determine how A. ferrooxidans responds to changes in
growth pH. As extracellular H" increases the higher pH
gradient can cause an influx of protons, disrupting the
proton motive force, potentially causing acidification of the
cytoplasm and interfering with energy transduction (Cobley
and Cox 1983). Before the electrochemical balance can be
regained through either active efflux or neutralization of
the cytoplasmic protons, it is likely that cellular response
will include rapid changes to the cytoplasmic membrane to
prevent further influx. In bacteria, this can be achieved by
incorporating fatty acids with greater chain length that span
further across the membrane bilayer and increase mem-
brane order (Hazel and Williams 1990). Additional rigidity
can also be imparted by increasing chain saturation and
cyclization, or hopanoids (bacterial cholesterol-like mole-
cules) (Driessen et al. 1996). Environmental pH also
influences the ionization state of membrane lipids, and at
low pH changes in the lipid surface charge, membrane
packing, and consequent increase in the gel-to-fluid

transition can occur (Hazel and Williams 1990). Cells must
react to such membrane lipid perturbations since structural
discontinuities caused by phase separation increase the
likelihood of membrane integrity and permeability being
compromised.

In order to maintain pH homeostasis, we hypothesized
that our set of strains, previously shown to have different
membrane physiology in response to various environmen-
tal conditions, would depict differences in membrane
properties when subjected to pH stress. Overall our data
illustrated that in A. ferrooxidans the response to pH values
just below (pH 1.8) and above (pH 3.1 and 3.5) optimal
values did not induce as drastic a change in membrane
properties as did the most acidic condition of pH 1.5. We
chose to direct our analysis on the adaptation to pH 1.5 and
did not measure the fatty acid composition from cells
grown in supra-optimal pH. We focus the remainder of this
discussion on the three different adaptive modes observed
in the studied strains in response to pH 1.5.

The first adaptive trend consisted of significant decrea-
ses in membrane fluidity along with two distinct phase
transition points and a slight decrease in growth rate as
observed in the mesophilic environmental strains, F1 and
R1 and type strain 19859. As the generation times were
only slightly longer than at optimal pH, this adaptive mode
appeared to be the most efficient at maintaining cellular
homeostasis. From our related studies, we have observed
that A. ferrooxidans is able to tolerate decreases in mem-
brane fluidity and does not often depict homeoviscous
adaptation in response to different stresses (Mykytczuk
et al. 2010a, b). In particular, of the strains mentioned
above, strain F1 is highly metal tolerant and survives
increased metal concentrations while having a more rigid
membrane (Mykytczuk et al. 2010a). The decrease in
membrane fluidity in response to acidic pH corresponded
to a change of 4-18% whereby a change of 18% in P
values is equivalent to an overall change in the membrane
microviscosity of about 30%. This clearly indicated that in
these strains, a more acidic pH induced a significantly
higher membrane order. Since type strain 19859 had an
inherently higher optimal membrane order, the relative
change appeared less drastic, but the effective decrease in
fluidity was comparable to the other two stains. Similarly,
in the lactic acid bacterium Oenococcus oeni, acid shock of
pH 4.0 and 3.0 induced a rigidification of the membrane,
on the order of a 30% increase in the anisotropy at pH 3.0,
and the values did not return following a shift back to
optimal pH values of 5.5 but no loss in cell viability
occurred (Chu-Ky et al. 2005). In response to pH stress, we
believe the higher membrane order would increase the
effectiveness of the permeability barrier and prevent the
influx of H' into the cell. This appears to be an active
modification as the saturated fatty acid component
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increased significantly in these strains which would cor-
respond to the higher membrane order observed.

Furthermore, our results of phase transition analyses
agreed with the fluidity data in that these three strains
experienced dynamic phase changes in the cytoplasmic
membrane, and these occurred to a larger extent at pH 1.5
than at higher pH values. During growth at pH 1.5 there
was a depression in the gel-to-liquid-crystalline transition
temperature by about 20°C which indicated an increase in
the portion of the membrane fatty acids were fluid under
this growth condition. Although this would seem to con-
tradict the fluidity data suggesting that the membrane is
also more fluid under low pH conditions, the fact that the
strains showed a significantly more rigid membrane is
likely a product of a smaller proportion of membrane lipids
undergoing phase changes at the lower transition point.
Since only a fraction of lipids might partake in a phase
transition, which has been reported to vary from 70 to 90%
(McElhaney 1974; Souzu 1986), our results may suggest
that the majority of the membrane lipids were involved in
the higher 7}, and thus the membrane remained quite rigid.
The shifts in fatty acid composition that showed an
increase in the saturated component, would further support
this observation. The slight increase in 16:1 (cis-A9-
hexadecenoic acid) may account for the observed T,
depression due to its melting point of 0.5°C, which is lower
than the 15°C melting point of the other abundant unsat-
urated fatty acid: 18:1 (cis-All-octadecenoic acid). With
the appearance of multiple transition points, these strains
may incur discrete lipid domains and possible phase sep-
aration can result. Phase separation potentially leads to a
breakdown of the permeability barrier of the cytoplasmic
membrane and can decrease its functional efficiency
leading to impairment of growth and even cell death
(Russell et al. 1995; Beney and Gervais 2001). However, if
a smaller portion of fatty acid underwent the second tran-
sition in these strains, then this would limit the apparent
detrimental effects on cellular homeostasis.

A second type of membrane response was apparent in
strains D6 and D7 that only showed slight decreases in
membrane fluidity along with a single depressed T, at pH
1.5. It would appear that this strategy was not as effective
at maintaining cellular homeostasis under pH stress, as
both of these strains had significant increases in generation
times unlike the strains described above. The percent
change in fluidity was not as pronounced as in the strains
described above and although D6 and D7 also experienced
a decrease in fluidity, this represented only a 7 and 14%
change in the membrane microviscosity, respectively. The
single T,,, observed for both strains was not as low as the
one described in the first adaptive mode, but would suggest
that a larger portion of the membrane fatty acids were
remodelled in order to maintain membrane properties
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closer to optimal values than in the above strains. Although
the changes in the fatty acid profiles also showed an
increase in the saturated component, as described in the
above strains, and account for the increase in membrane
order observed, no distinct shift in particular fatty acids
was unique to these two strains. It is possible that the same
rationale described above also applies to this adaptive
mode, such that the depression in T, is due in part to the
increase in the 16:1 fatty acid, but may also be a product of
changes in lipid head group. Both strains also had slightly
greater depression of the T, at the other pH values tested
compared to the strains described in the first adaptive
mode. This indicates that membrane remodeling would
also be and important adaptive response at supra-optimal
pH in these strains. Both D6 and D7 are psychrotrophic,
and we have observed that they have different membrane
properties than the other strains we have studied, which are
strictly mesophilic (Mykytczuk et al. 2010b). Similarly, the
lactic acid bacterium, Lactobacillus bulgaricus, was found
to have a slight increase in the overall saturated fatty acids
and decrease in the cyclic fatty acid in response to lower
pH suggesting that the membranes became more rigid in
response to more acid conditions (Streit et al. 2008). The
authors were unsure of how decreased membrane fluidity
allowed for improved cryotolerance but we would suggest
that such a change may have been linked to proton per-
meability, and the strains abilities to tolerate a less fluid
membrane, as we have observed in A. ferrooxidans.

A third adaptive mode was observed in type strain
ATCC 23270 and appeared to be the least effective at
maintaining cellular homeostasis in response to pH.
Although this strain maintained optimal generation times at
all pH levels tested except pH 1.5, the generation time was
longer than those observed in the other strains under more
acidic conditions. This would suggest that strain 23270
does not carry out iron oxidation as effectively under low
pH stress as do the other strains. Strain 23270 also revealed
that the significant decreases in membrane fluidity were
met with two distinct populations of fatty acids; one that
was fluid and the other in gel-phase at pH 1.5 and 25°C.
Evidence for gel-phase lipids was also observed at the
other pH values tested, unlike the other strains, indicating
that this strain can survive with a large component of gel-
phase lipids. Although this observation is not common in
bacteria, it has been reported that an E. coli membrane
remained functional with up to 20-55% gel-phase lipids
(Morein et al. 1996; Cronan 2003). Also, the fatty acid
changes support that an increase in the saturated compo-
nent up to nearly 60%, accounts for the decreased fluidity
and likely accounts for the increases in transition temper-
atures. This increase in T, may also be a product of
changes in anionic lipid properties that can occur in
response to the changes in environmental pH (Hazel and
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Williams 1990). In the extremely acidophilic archaea
Picrophilus oshimae the loss of viability and cell integrity
at supra-optimal pH was due to a disruption of the barrier
function of the cytoplasmic membrane (van de Vossenberg
et al. 1998). Strain 23270 also showed the highest percent
turnover in fatty acid composition at pH 1.5 illustrating a
more energy intensive adaptive response than in the other
strains. The component of fluid-phase lipids that contrib-
uted to depressing the T, again this likely involved the
16:1 fatty acid, are perhaps involved in lipid—protein
domains that maintain the functionality of those proteins
(Lee 2005) as there is no apparent effect on membrane
fluidity. With the two T, separating the component lipid
populations to a greater extent than in the other strains, the
possibility of phase separation may be more pronounced in
strain 23270. Thus, the likelihood of membrane integrity
being compromised causing an increase in the permeability
and potential proton influx, is high. This may explain why
strain 23270 had significant increases in generation time
when exposed to pH 1.5. In studies of bioenergetics in
A. ferrooxidans, Kar et al. (1996) observed an uncommon
positive charge on the membrane surface and they pro-
posed that changes in surface charge following shifts to
lower pH-mediated phase separation of the membrane,
which could be a possible mechanism responsible for
failure in the maintenance of the proton gradient and
membrane potential.

Common response in A. ferrooxidans strains under
sub-optimal pH

As evidenced by the differences in membrane fluidity and
phase data, strain variation in A. ferrooxidans is apparent in
response to pH stress which is similar to our observations
of these strains under metal and temperature stress
(Mykytczuk et al. 2010a, b). In addition to investigating
strain differences, we also aimed to determine whether
there was a general membrane response for all of the
A. ferrooxidans strains. It is clear that active control of
membrane properties in A. ferrooxidans was important in
response to pH stress. The means by which all of the strains
achieved the changes in membrane properties was also of
interest and we have illustrated that shifts in specific fatty
acids and the relative proportions of fatty acid groups were
employed by A. ferrooxidans as a common membrane
adaptative mechanism.

The fatty acid data indicated that all of the strains
employed a diversity of lipids in response to pH stress and
the overall fatty acid profiles differed between environ-
mental and type strains. Commonly, the greatest modula-
tion in percent composition came from decreases in 18:1
that would account for the decrease in membrane fluidity
observed in all of the strains at pH 1.5. The relative

increases in several short-chain saturated fatty acids would
also increase membrane order and we suggest that this
more rigid membrane is an intrinsic property of the
A. ferrooxidans cell physiology that permits survival in the
extremely acidic AMD environment. Our multivariate
analyses made it possible to distinguish between the fatty
acid profiles in the environmental and type strains com-
pared to their respective controls. It was necessary to
separate the two groups of strains as the type strains had
significantly different proportions of saturated and unsat-
urated fatty acids that skewed the distributions. Despite
these differences, for both groups, the 16:0 fatty acid was
used in distinguishing of optimal versus pH stress profiles.
The ratio of 18:1 and 16:0 appears to be a common
adaptive mechanism in bacteria, where shifts towards
higher 16:0 fatty acid have been reported for several
marine species in response to increased salinity, while the
opposite is observed in response to cold temperatures
(Hazel and Williams 1990). In the case of A. ferrooxidans
the shift in abundance towards lower 18:1 and higher 16:0
fatty acids appears to be a general mechanism of membrane
modulation in response to acid stress.

The correlation of fatty acid abundance was also suc-
cessful at accounting for a significant portion of the vari-
ance observed in the membrane fluidity data. The fact that
the same fatty acids that distinguished between the growth
conditions were also those that offered a strong predictive
ability of the fluorescence polarization confirm that these
fatty acids were the main components in the membrane
response to acidic pH stress. Again, it was the shift from a
greater abundance of 18:1 fatty acid towards a higher
portion of different saturated short-chain fatty acids (12:0,
14:0, and 16:0) that was employed by the A. ferrooxidans
strains to adapt to pH 1.5.

Another common trait was the relative increase in 19:0
cyclopropane fatty acid that occurred in all of the strains,
except 19859 that already had two to three times higher
proportions of this fatty acid compared to the environ-
mental strains. We have found in our studies of metal and
temperature stress, that changes in the abundance of this
cyclic fatty acid are a key component of stress adaptation
in A. ferrooxidans (Mykytczuk et al. 2010b). Cyclopropane
fatty acids, like branched fatty acids in Gram positive
bacteria, may confer an intermediate fluidity by forming a
less ordered membrane than frans unsaturated fatty acids.
Cyclization of fatty acids is commonly regarded as a tool to
reduce membrane fluidity and decrease permeability to
extracellular molecules in bacteria (Brown et al. 1997). It
has been recently shown that cyclopropane fatty acids
greatly decrease the permeability of E. coli membranes and
confer increased adaptation to acidic conditions (Shabala
and Ross 2008). It is possible that in A. ferrooxidans the
cyclopropane fatty acids confer an intermediate fluidity
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necessary to compensate for the significant increase in
membrane order due to an abundance of saturated fatty
acids, while maintaining the permeability barrier that might
have been compromised by an increased abundance of
unsaturated fatty acids.

It is evident in our research that membrane character-
istics in A. ferrooxidans are a primary factor in stress
adaptation. Although A. ferrooxidans is the best charac-
terized acidophilic, iron-oxidizing bacterium, there remain
several unanswered questions regarding the basic adaptive
mechanisms to its native acidic habitat. In the recently
published annotated genome of A. ferrooxidans ATCC
23270 (Valdés et al. 2008) the genes with functional roles
related to the cell envelope were the most abundant,
accounting for 7.8% of the genome. This also supports the
hypothesis that acidophiles have a more extensive pool of
mechanisms to use in extreme pH environments. In the
study by Chao et al. (2008), genes for two lipoproteins and
two outer membrane proteins were found to increase when
challenged by pH 1.3. Similarly, bioinformatic studies of a
Leptospirillum group II AMD biofilm revealed a large
number of genes related to cell membrane biosynthesis
which could be indicative of an intrinsic mechanism for
acid tolerance that has yet to be defined (Tyson et al. 2004).
This increasing body of evidence suggests membrane
characteristics are important to the acidophilic existence
and likely for adaptability of A. ferrooxidans to environ-
mental stress. It would be interesting to compare the bio-
energetic parameters to determine whether “homeoproton”
adaptation does in fact occur in A. ferrooxidans and whe-
ther it is correlated with the membrane changes we
observed. Another potential target would include cyto-
chrome oxidase differences in the studied strains to deter-
mine whether the differences in membrane adaptation we
have observed are related to the machinery used to main-
tain bioenergetics and pH homeostasis in A. ferrooxidans.

Conclusions

It is evident from our results that pH stress in A. ferroox-
idans induces a cellular response that changes the overall
membrane fluidity and phase characteristics through mod-
ulations in fatty acid composition. At sub-optimal pH, the
increased pH gradient appears to be more challenging to
the cell perhaps due to increased H* leakage across the
membrane and despite an active decrease in membrane
fluidity aimed at maintaining the permeability barrier.
Although pH homeostasis is an essential function in
A. ferrooxidans, unlike other phenotypes such as metal or
temperature tolerance, it appears that variation among
strains is also present in response to pH stress. Greater acid
tolerance appears in strains that have a more rigid

@ Springer

membrane but also modulate membrane fatty acid com-
position to maintain a functional membrane phase state.
The data presented here contribute to the expanding
knowledge of A. ferrooxidans as a model for understanding
the acidophilic mode of growth in bacteria.

Acknowledgments We would like to thank the Natural Sciences
and Engineering Research Council of Canada (NSERC) for support-
ing this research through a Discovery grant held by JTT, a Discovery
grant held by LGL and GDF, as well as a Canadian Graduate
Scholarship awarded to NCSM.

References

Amaro AM, Chamorro D, Seeger M, Arredondo R, Peirano I, Jerez
CA (1991) Effect of external pH perturbations on in vivo protein
synthesis by the acidophilic bacterium Thiobacillus ferrooxi-
dans. J Bacteriol 173(2):910-915

Baker-Austin C, Dopson M (2007) Life in acid: pH homeostasis in
acidophiles. Trends Microbiol 15(4):165-171

Beney L, Gervais P (2001) Influence of the fluidity of the membrane
on the response of microorganisms to environmental stress. Appl
Microbiol Biotechnol 57:34-42

Booth IR (1985) Regulation of cytoplasmic pH in bacteria. Microbiol
Rev 49(4):359-378

Borenstain V, Barenholz Y (1993) Characterization of liposomes and
other lipid assemblies by multiprobe fluorescence polarization.
Chem Phys Lipids 64:117-127

Brown JL, Ross T, McMeekin TA, Nichols PD (1997) Acid
habituation of Escherichia coli and the potential role of
cyclopropane fatty acids in low pH tolerance. Int J Food
Microbiol 37:163-173

Chao J, Wang W, Xiao S, Liu X (2008) Response of Acidithiobacillus
ferrooxidans ATCC 23270 gene expression to acid stress. World
J Microbiol Biotechnol 24:2103-2109

Chu-Ky S, Tourdot-Marechal R, Marechal P-A, Guzzo J (2005)
Combined cold, acid, ethanol shocks in Oenococcus oeni: effects
on membrane fluidity and cell viability. Biochim Biophys Acta
1717:118-124

Cobley JG, Cox JC (1983) Energy conservation in acidophilic
bacteria. Microbiol Rev 4(4):579-595

Cox JC, Nicholls DG, Ingledew WJ (1979) Transmembrane electrical
potential and transmembrane pH gradient in the acidophile
Thiobacillus ferrooxidans. Biochem J 178:195-200

Cronan JE (2003) Bacterial membrane lipids: where do we stand?
Annu Rev Microbiol 57:203-224

Driessen AJM, van de Vossenburg JLCM, Konings WN (1996)
Membrane composition and ion-permeability in extremophiles.
FEMS Microbiol Rev 18:139-148

Ferguson SJ, Ingledew WJ (2008) Energetic problems faced by
micro-organisms growing or surviving on parsimonious energy
sources and at acidic pH: 1. Acidithiobacillus ferrooxidans as a
paradigm. Biochim Biophys Acta 1777(12):1471-1479

Hazel JR, Williams EE (1990) The role of alterations in membrane
lipid composition in enabling physiological adaptation of
organisms to their physical environment. Prog Lipid Res
29:167-227

Ingledew W1I (1982) Thiobacillus ferrooxidans: the bioenergetics of
an acidophilic chemolithotroph. Biochim Biophys Acta 683:89—
117

Jerez CA, Chamorro D, Peirano I, Toledo H, Arredondo R (1988)
Studies of the stress response in chemolithotrophic acidophilic
bacteria. Biochem Int 17(6):989-999



Extremophiles (2010) 14:427-441

441

Kar NS, Dasgupta AK (1996) The possible role of surface charge in
membrane organization in an acidophile. Indian J Biochem
Biophys 33(5):398-402

Kar NS, Datta TK, Dasgupta AK (1996) Inter-conversion of
chemiosmotic parameters and its inhibition in Acidithiobacillus
ferrooxidans. Curr Sci 71(12):996-1001

Karamanev DG, Nikolov LN, Mamtarkova V (2002) Rapid and
simultaneous quantitative determination of ferric and ferrous ions
in drainage waters and similar solutions. Miner Eng 15:341-346

Kim IS, Beaudette LA, Cassidy MB, Lee H, Trevors JT (2002)
Alterations in fatty acid composition and fluidity of cell
membranes affect the accumulation of PCB congener 2,2/,5,5'-
tetrachlorphenyl by Ralstonia eutropha H850. J Chem Tech
Biotechnol 77:793-799

Kondrat’eva TF, Karavaiko GI (1997) Genomic variability in
Thiobacillus ferrooxidans and its role in biohydrometallurgical
processes. Microbiology 66(6):612—-620

Konings WN, Albers S-V, Koning S, Driessen JM (2002) The cell
membrane plays a crucial role in the survival of bacteria and
archaea in extreme environments. Antoine van Leeuwenhoek
81:61-72

Leduc LG, Ferroni GD (1994) The chemolithotrophic bacterium
Thiobacillus ferrooxidans. FEMS Microbiol Rev 14:103-120

Leduc LG, Trevors JT, Ferroni GD (1993) Thermal characterization
of different isolates of Thiobacillus ferrooxidans. FEMS Micro-
biol Lett 108:189-194

Lee AG (2005) How lipids and proteins interact in a membrane: a
molecular approach. Mol BioSyst 1(3):203-212

Matin A (1990) Bioenergetics parameters and transport in obligate
acidophiles. Biochim Biophys Acta 1018:267-270

McElhaney RN (1974) The effect of alterations in the physical state
of the membrane lipids on the ability of Acholeplasma laidlawii
B to grow at various temperatures. J] Mol Biol 84:145-157

Meruane G, Vargas T (2003) Bacterial oxidation of ferrous iron by
Acidithiobacillus ferrooxidans in the pH range 2.5-7.0. Hydro-
metallurgy 71:149-158

Morein S, Anderson A-S, Rilfors L, Lindblom G (1996) Wild-type
Escherichia coli cells regulate the membrane lipid composition
in a “Window” between gel and non-lamellar structures. J Biol
Chem 271(12):6801-6809

Mykytczuk NCS, Trevors JT, Leduc LG, Ferroni GD (2007)
Fluorescence polarization in studies of bacterial cytoplasmic
membrane fluidity under environmental stress. Prog Biophys
Mol Biol 95:60-82

Mykytczuk NCS, Trevors JT, Ferroni GD, Leduc LG (2010a)
Cytoplasmic membrane response to copper and nickel in
Acidithiobacillus ferrooxidans. Microbiol Res (in press)

Mykytczuk NCS, Trevors JT, Twine SM, Ferroni GD, Leduc LG
(2010b) Membrane fluidity and fatty acid comparisons in
psychrotrophic and mesophilic strains of Acidithiobacillus
ferrooxidans under cold growth temperatures. Arch Microbiol
(accepted)

Rawlings DE (2002) Heavy metal mining using microbes. Annu Rev
Microbiol 56:65-91

Russell NJ, Evans RI, ter Steeg PF, Hellemons J, Verheul A, Abee T
(1995) Membranes as a target for stress adaptation. Int J Food
Microbiol 28(2):255-261

Shabala L, Ross T (2008) Cyclopropane fatty acids improve
Escherichia coli survival in acidified minimal media by reducing
membrane permeability to H" and enhanced ability to extrude
H*. Res Microbiol 159:458-461

Shinitzky M, Barenholz Y (1978) Fluidity parameters determined by
fluorescence polarization. Biochim Biophys Acta 515:367-394

Souzu H (1986) Fluorescence polarization studies of Escherichia coli
membrane stability and its relation to the resistance of the cell to
freeze thawing: II. Stabilization of the membranes by poly-
amines. Biochim Biophys Acta 861:361-367

Streit F, Delettre J, Corrieu G, Beal C (2008) Acid adaptation of
Lactobacillus delbrueckii subsp. bulgaricus induces physiolog-
ical responses at membrane and cytosolic levels that improves
cryotolerance. J Appl Microbiol 105:1071-1080

Sugio T, Iwahori K, Takai M, Takeuchi F, Kamimura K (2003)
Molecular diversity of cytochrome oxidase among Acidithioba-
cillus ferrooxidans strains resistant to molybdenum, mercury,
sulfite and 2,4-dinitrophenol. Hydrometallurgy 71:159-164

Suzuki I, Lee D, Mackay B, Hrahuc L, Key Oh J (1999) Effect of
various ions, pH, and osmotic pressure on oxidation of elemental
sulphur by Thiobacillus ferrooxidans. Appl Environ Microbiol
65(11):5163-5168

Trevors JT (2003) Fluorescent probes for bacterial cytoplasmic
membrane research. J Biochem Biophys Meth 57:87-103

Tuovinen OH, Kelly DP (1973) Studies on the growth of Thiobacillus
ferrooxidans 1. Use of membrane filters and ferrous iron agar to
determine viable numbers, and comparison with '4+C02—ﬁxation
and iron oxidation as measures of growth. Arch Microbiol
88:285-298

Tyson GW, Chapman J, Hugenholtz P, Allen EE, Ram RIJ,
Richardson PM, Solovyev VV, Rubin EM, Rokhsar DS, Banfield
JF (2004) Community structure and metabolism through recon-
struction of microbial genomes from the environment. Nature
428(6978):37-43

Valdés J, Pedroso I, Quatrini R, Dodson RJ, Tettelin H, Blake II R,
Eisen JA, Holmes DS (2008) Acidithiobacillus ferrooxidans
metabolism: from genome sequence to industrial applications.
BMC Genomics 9(597). http://www.biomedcentral.com/1471-
2164/9/597

van de Vossenberg JLCM, Driessen AJM, Sillig W, Konings WN
(1998) Bioenergetics and cytoplasmic membrane stability of the
extremely acidophilic, thermophilic archaeon Pichrophilus oshi-
mae. Extremophiles 2:67-74

van de Vossenberg JLCM, Driessen AJM, Konings WN (2000)
Adaptations of the cell membrane for life in extreme environ-
ments. In: Storey KB, Storey JM (eds) Cell and molecular
responses to stress. Elsevier Science Ltd., Amsterdam, pp 71-88

Vincent M, England LS, Trevors JT (2004) Cytoplasmic membrane
polarization in Gram-positive and Gram-negative bacteria grown
in the absence and presence of tetracycline. Biochim Biophys
1672:131-134

Zychlinsky E, Matin A (1983) Cytoplasmic pH homeostasis in an
acidophilic bacterium, Thiobacillus acidophilus. J Bacteriol
156(3):1352-1355

@ Springer


http://www.biomedcentral.com/1471-2164/9/597
http://www.biomedcentral.com/1471-2164/9/597

	Cytoplasmic membrane fluidity and fatty acid composition of Acidithiobacillus ferrooxidans in response to pH stress
	Abstract
	Introduction
	Methods
	Strain selection and characteristics
	Experimental conditions and growth rate
	Fluorescence polarization analysis
	Fatty acid composition
	Statistical analyses

	Results
	Effect of pH on growth rate
	Fluorescence polarization: cytoplasmic membrane fluidity and phase transition
	Fatty acid composition

	Discussion
	Effects of pH on growth characteristics
	Membrane physiology changes in response to pH stress
	Common response in A. ferrooxidans strains under sub-optimal pH

	Conclusions
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


