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Summary

1. Shifts in bacterial community composition along temporal and spatial temperature gradients
occur in a wide range of habitats and have potentially important implications for ecosystem
functioning. However, it is often challenging to empirically link an adaptation or acclimation
that defines environmental niche or biogeography with a quantifiable phenotype, especially in
micro-organisms.

2. Here we evaluate a possible mechanistic explanation for shifts in bacterioplankton commu-
nity composition in response to temperature by testing a previously hypothesized membrane
mediated trade-off between resource acquisition and respiratory costs.

3. We isolated two strains of Flavobacterium sp. at two temperatures (cold isolate and warm iso-
late) from the epilimnion of a small temperate lake in North Central Minnesota.

4. Compared with the cold isolate the warm isolate had higher growth rate, higher carrying
capacity, lower lag time and lower respiration at the high temperature and lower phosphorus
uptake at the low temperature. We also observed significant differences in membrane lipid com-
position between isolates and between environments that were consistent with adjustments nec-
essary to maintain membrane fluidity at different temperatures.

5. Our results suggest that temperature acclimation in planktonic bacteria is, in part, a
resource-dependent membrane-facilitated phenomenon. This study provides an explicit example
of how a quantifiable phenotype can be linked through physiology to competitive ability and
environmental niche.

Key-words: acclimation, adaptation, bacteria, competitive trade-offs, membrane composition,
resource acquisition, respiration, temperature

munities appear to be functionally adapted or acclimated to

Introduction o . . .
in situ temperature. Lacustrine bacterioplankton communi-

The effect of temperature on bacterial community metabo-
lism is multifaceted, containing physical, physiological and
ecological components. Studies that evaluate the response of
micro-organisms from a broad range of habitats often find
no clear patterns between environmental temperature and
community physiology (Rivkin, Anderson & Lajzerowicz
1996). One reason for this is that the effect of temperature on
bacterial growth is resource dependent, leading to similar
levels of bacterial growth in low-temperature/high-resource
environments as in high-temperature/low-resource environ-
ments (Pomeroy & Wiebe 2001). In addition, bacterial com-
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ties have maximal nutrient use efficiency near in situ temper-
ature (Hall ez al. 2009), and pelagic marine bacterioplankton
have maximal growth near in situ temperature, across
vertical and latitudinal spatial temperature gradients
(Fuhrman & Azam 1983; Simon, Glockner & Amann 1999).
Such optimization in community physiology with in situ
temperature suggests that recurring seasonal differences in
bacterial community composition in marine (Fuhrman ez al.
20006), lentic (Shade et al. 2007), and lotic (Crump & Hobbie
2005; Hullar, Kaplan & Stahl 2006) ecosystems may be
driven to a large degree by temperature. However, these dif-
ferences in community structure and function across
temperature gradients have yet to be clearly linked through a
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temperature-dependent species-specific mechanism. A mech-
anistic understanding of these dynamics would provide a
better understanding of the controls on temporal and spatial
community dynamics and may even elucidate how those
dynamics affect bacterially mediated biogeochemical cycles.

A purely mathematical approach linked the physiological
and ecological effects of temperature on microbial communi-
ties by demonstrating how temperature-dependent physiology
could lead to differences in competitive ability (Hall,
Neuhauser & Cotner 2008). The model included a trade-off
between the ability to take-up resources at low temperatures
and limit respiratory costs at high temperatures. This trade-off
was sufficient to allow for competitive exclusion, and thus
shifts in community composition, over a temperature gradient.
The physiological rationale for such a trade-off is consistent
with a previously proposed mechanism to explain differences
in specific affinity for resources with changing temperatures
(Nedwell 1999) and requires membrane lipid composition to
be a species-specific phenotype with limited plasticity.

The rationale for the hypothesized trade-off is built on a
foundation of fundamental relationships between bacterial
membrane composition, thermal properties of membrane lip-
ids and bacterial physiology. In bacteria, the viscosity of the
semi-fluid membrane lipid mosaic must be maintained to
allow for proper function of transmembrane proteins while
simultaneously maintaining proton motive force (Sinensky
1974; Kaneda 1991; van de Vossenberg et al. 1999). At low
temperatures, membranes can be too rigid and prevent the
efficient function of transmembrane proteins, essential for
resource acquisition. However, in bacteria the cellular
membrane is also used to create an electro-chemical gradient
(proton motive force), which drives synthesis of ATP as
protons move down the proton gradient into the cell. A
membrane that is too fluid can be ‘leaky’, allowing protons to
return by non-energy-yielding pathways (i.e. pathways that
are not linked to an ATPase). Without the ability to adjust
membrane composition bacteria can compensate for leaky
membranes by pumping more protons across the cellular
membrane, i.e. increasing respiration (van de Vossenberg
et al. 1999). Therefore, in order to optimize physiology it is
essential to maintain membrane fluidity within a defined
range of viscosity, which can be challenging in a variable
temperature environment.

The overall viscosity of a bacterial membrane at a given
temperature is determined by the relative proportion of its
constituent fatty acids (Sinensky 1974). Bacterial membranes
consist of a broad diversity of fatty acids, each with distinct
thermal properties (Knothe & Dunn 2009). The differences in
the thermal properties of lipid membranes can be attributed
to the number of double bonds (Farkas ez al. 1994), and side
chains or branches (Kaneda 1991) in the fatty acid tails of the
membrane lipids. All else being equal, the melting point of lip-
ids decreases from saturated fatty acids (SAFA) > monoun-
saturated fatty acids (MUFA) > polyunsaturated fatty acids
(PUFA), while the presence of branched fatty acid tails also
decreases the melting temperature of a membrane (Silvius
1982). Under nutrient-replete conditions, bacteria can alter
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their membrane lipid composition to acclimate to changing
temperatures (van de Vossenberg ef al. 1999), a process
known as homeoviscous adaptation (Sinensky 1974). How-
ever, the synthesis of de novo lipids is energetically costly
(White 2000) and under oligotrophic conditions lipid compo-
sition may be a phenotype with limited plasticity. Therefore,
micro-organisms living in oligotrophic environments, the rule
rather than the exception, should have a relatively static mem-
brane composition. In the absence of a plastic membrane phe-
notype, organisms are out-competed for limiting resources,
resulting in competitive exclusion and shifts in community
composition across thermal gradients (Hall, Neuhauser &
Cotner 2008). One would then hypothesize cold environments
to be dominated by organisms rich in MUFA or branched
chain fatty acids while warmer environments would likely be
dominated by organisms with SAFA (PUFA, while not
undocumented, are rare in bacteria; Kaneda 1991). These
temperature-dependent physical properties of bacterial mem-
branes and the hypothesized trade-off between resource
uptake and respiration comprise a complete mechanistic
framework linking phenotype, physiology and competitive
ability and ultimately result in communities that are accli-
mated and/or adapted to in situ temperature.

Adaptation and acclimation are often used to mean differ-
ent things in different portions of the scientific literature. Here
we define acclimation as phenotypic plasticity in a single iso-
late across environmental space (temperature and resource)
during the course of our experiments (i.e. hours to weeks).
Conversely, a static phenotype that is consistently different
between isolates and consistent with an advantage at a given
temperature (as discussed above), but with limited plasticity
over environmental space we term adaptation. These terms
need not be mutually exclusive or even partially exclusive. For
example, adaptation could also be the range of acclimation
one isolate is capable of relative to another. Regardless, by
explicitly defining each term here we hope to avoid confusion
associated with our use of these terms and how they are used
in other portions of the scientific literature. Following these
definitions, we evaluate how the composition of fatty acids in
bacterial membranes influences acclimation, and to some
extent adaptation, to temperature, and how these physiologi-
cal differences combine to define an organism’s thermal niche.

We designed this study to test three specific hypotheses
derived from the aforementioned theoretical work using two
Flavobacterium sp. strains isolated at two different tempera-
tures. First we hypothesized that the strain isolated at 4 °C
(cold isolate = CI) would have higher resource uptake at
lower temperatures relative to the strain isolated at 22 °C
(warm isolate = WI). Secondly, we hypothesized that the
WI would have lower respiration at the warmer temperature
compared with the CI. Thirdly, we hypothesized that differ-
ences in the composition of cellular membrane fatty acids
would reflect each isolate’s temperature-dependent physiol-
ogy in a manner related to known thermo-physical properties
of specific fatty acids (i.e. the CI should, on average, have a
higher proportion of MUFA or branched SAFA relative to
the WI). Finally, to evaluate if the availability of resources
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affects the plasticity of any of these phenotypes (Pomeroy &
Wiebe 2001), we addressed each of these hypotheses at high
and low resource phosphorus (P) levels.

Materials and methods

ISOLATION AND IDENTIFICATION

Heterotrophic bacteria were isolated from the surface water (~23 °C
at the time of sampling) of Lake Itasca (Clearwater County,
Minnesota, MN, USA). Lake Itasca is mesotrophic (chlorophyll a
~11 pg L") with a surface area of 44 x 10° m? and a maximum
depth of 12 m. In July 2006, we plated dilutions of surface water
samples onto Luria Broth agar plates, which were then incubated in
the dark at either 4 or 22 °C and monitored daily for colony
formation. Single colony isolates were transferred onto new agar
plates two to three times to help ensure that we obtained isogenic
lines. Genomic DNA was collected from single colonies by lysing the
cells, which was followed by a purification step using a Fast DNA
Spin Kit (Ghosh & LaPara 2007). The resulting DNA was used as
template in PCR reactions targeting the 16S rRNA gene using
primers 338F (5-ACT CCT ACG GGA GGC AGC AG-3") and
907R (5-CCG TCA ATT CCT TTR AGT TT-3’) according to the
conditions described in Ghosh & LaPara (2007). Sequencing was
performed at the Advanced Genetic Analysis Center at the Univer-
sity of Minnesota using an ABI 3100 Genetic Analyzer (Applied
Biosystems, Foster City, CA, USA). We determined the closest
relatives of the bacterial isolates by conducting BLAST searches
in the GenBank database (http://www.ncbi.nlm.nih.gov). Once
identified the isolates were cryopreserved at —80 °C in 20% glycerol.
For this study we chose two closely related taxa: one isolate from the
4 °C enrichment (CI) and one isolate from the 22 °C enrichment
(WI). BLAST results revealed that both isolates were most closely
related to Flavobacterium (phylum Bacteroidetes). After NAST
alignment, we found that the two Flavobacterium isolates were
99-5% similar based on sequence variation of the 16S rRNA gene
(DeSantis et al. 2006).

EXPERIMENTAL DESIGN

We tested our hypotheses by growing the two heterotrophic bacterial
isolates (WI and CI) in batch culture at two different temperatures
(5 and 28 °C, representative of the annual temperature range in Lake
Itasca) on a minimal media (Tanner 2005) with low (23 umol P L")
and high (230 pmol P L™") P amendments (2 isolates x 2 tempera-
tures X 2 resource P-levels). Cultures were grown in 250 mL flasks, in
temperature-controlled (£ 1 °C) shaking incubators (100 r.p.m.). We
conducted growth curve experiments with both isolates at each
temperature in order to define the relative differences in tempera-
ture-dependent growth between isolates. P-uptake was measured for
each isolate at the colder temperature (5 °C) using a radio-labelled
KPO4 method (see below). Respiration rates were determined for
each isolate and resource P-level at 28 °C, while membrane lipid
composition was analysed from cultures of both isolates and all
treatments.

GROWTH CURVES

Growth was measured as changes in optical density, at 450 nm
(OD450) with a 96 well microplate reader (100 pL aliquots;

Molecular Devices, Sunnydale, CA, USA). OD data were used to fit
(least squares) the following growth model:

a
Ob =1 T e=(-L/(®)

where a is the carrying capacity, ¢ is time, L is lag and b is the maxi-
mum growth rate (Lennon et al. 2007).

P-UPTAKE

3p_KPO, was added with non-radioactive phosphorus (*'P-KPO,)
to each culture aliquot at five concentrations (5, 10, 50, 75 and
250 pmol L™"). After 3 min incubations, we collected cells on 25 mm
nitrocellulose filters (0-2 um pore size) pre-rinsed with non-
radioactive KPOy (1 mm), to minimize non-specific sorption of the
radio-labelled **PO, to the filter. After filtration, all filters were rinsed
again with non-radioactive KPO, and subsequently with cold nano-
pure water and placed into 7 mL glass scintillation vials with 4 mL of
scintillation cocktail. We used a Wallac (Waltham, MA, USA) 1409
scintillation counter to quantify counts per minute, which were con-
verted to decays per minute based on the efficiency of an unquenched
standard. P-uptake values were normalized for bacterial biomass in
each aliquot and fit to a power function: P-uptake = « x P, where a
and b are coefficients fit to the data to minimize residuals in a least
square fit and P is resource phosphorus in pmol L™,

RESPIRATION MEASUREMENTS

We measured respiration rates of each isolate at each resource P-level
at 28 °C by placing 5 mL aliquots of culture in a 10 mL glass respira-
tion chamber, within a closed re-circulating water jacket, continu-
ously supplied by a temperature-controlled water bath (StrathKelvin
Instruments Ltd, North Lankshire, Scotland). Changes in the
dissolved oxygen concentration within the culture aliquot were
measured using Strathkelvin 1302 oxygen electrodes coupled with
a StrathKelvin 782 oxygen meter. Respiration rate was estimated
in duplicate as the slope of the decrease in oxygen over time using
simple linear regression. Respiration rate was then divided by bio-
mass of the aliquot and reported as biomass specific respiration (h™").

BIOMASS ESTIMATES

To account for differences in biomass between treatments, P-uptake
and respiration were normalized and reported per pmol of biomass
carbon (C) in each sample. At the time of P-uptake and respiration
measurements, OD 450 was also measured. OD measurements were
converted to bacterial abundance (BA) from an empirically derived
relationship between BA and OD. Samples for BA were preserved
with formalin (2% final concentration). Cells were stained with Acri-
dine Orange (Hobbie, Daley & Jasper 1977) and counted using a Zeiss
Axioplan epifluorescent microscope (Zeiss, Oberkochen, Germany).
Cell width and length were measured for at least 300 cells per slide
with Axioplan image analysis software. We calculated mean cell
biovolumes using the equation: m/4 x W? x (L — W/3) and con-
verted to pmol carbon using 56 x 1073 g C um™ (Bratbak 1985).

LIPID AND FATTY ACID ANALYSIS

We collected bacterial biomass for lipid analysis by filtering
10-50 mL of cell culture through pre-combusted GF/F filters
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(Whatman). Filters were placed in cryovials and stored at —80 °C
until analysis. After freeze-drying, total lipids were extracted using
chloroform—methanol-water mixture, 4 : 2 : 1 volume to volume
(Kainz, Arts & Mazumder 2004). We analysed fatty acids as methyl
esters (FAME) using a gas chromatograph (Trace GC Ultra;
THERMO, Waltham, MA, USA) equipped with a flame ionization
detector. The methyl esters were prepared by trans-esterifying the
lipid extract in a H,SO,4 : CH30H solution (1 : 100, v/v). Samples
were flushed with N,, vortexed and incubated (16 h) at 50 °C in a
water bath. After cooling, KHCO; (2%), isohexane : diethyl ether
(5 mL; 1 : 1,v/v)and butylated hydroxyl toluene (50 pg) were added,
and the sample shaken and centrifuged. Subsequently, the organic
layer was transferred and the solvent evaporated under N,. FAME
were dissolved in isohexane and analysed on a Supelco™ (St. Louis,
MO, USA) 2560 Capillary Column (100 m, 0-25 mm i.d., 0-2 pm film
thickness) with helium as the carrier gas at a flow rate of 1 mL min™".
FAME were identified by comparison of their retention times with
known standards (37-component FAME mix, Supelco™ #47885-U;
and bacterial acid methyl ester mix, BAME, Supelco™ #47080-U).

STATISTICAL ANALYSES

We analysed each of the physiological characteristics (growth, respi-
ration and P uptake) using maximum likelihood analysis (MLE) by
simultaneously testing multiple models that included the factors
resource (high vs. low resource P), temperature (5 vs. 28 °C) or isolate
(WI vs. CI; Burnham & Anderson 2002). By comparing the Akaike
Information Criterion (AIC) between models we were able to select
the most parsimonious model with the best overall fit (Burnham &
Anderson 2002). At a difference of less than two AIC units between
models, the models were considered to be equivalent indicating no
improvement of fit with the additional factor (Burnham & Anderson
2002). The parameters of the growth curve fits (lag, carrying capacity
and growth rate) were independently evaluated for direct and indirect
effects of temperature, resource P-level and isolate. Respiration was
evaluated for effects of resource P-level and isolate, while P-uptake
was only evaluated for difference between isolates. In each case we
report the AIC score and the difference between the AIC score (delta
AIC) for each model and the null model (i.e. a model that considers
none of the factors).

Differences in membrane fatty acid composition between treat-
ments were evaluated by computing pairwise Bray—Curtis dissimilar-
ities (Bray & Curtis 1957; Legendre & Legendre 2003) between
individual replicate samples from arcsine-square root-transformed
proportional lipid data. The triangular dissimilarity (distance)
matrix then served as input for nonparametric MaNova (i.e.
PERMANOVA) which assesses between-group distances over within-
group distances by computation of pseudo-F-values and permuta-
tional assessment of significance (Anderson 2001; McArdle &
Anderson 2001). Homogeneity of multivariate dispersion among
groups was assessed similarly by permutational analysis (Anderson
2006). We tested for main effects and interaction effects of tempera-
ture, resource P-level and isolates on multivariate fatty acid compo-
sition. The Bray—Curtis dissimilarity matrix was further subjected to
cluster analysis and non-metric multidimensional scaling (NMDS).
Contributions of the various fatty acids to the dissimilarity between
any two replicates can be computed from an additive partitioning of
Bray—Curtis dissimilarity (Clarke 1993). When these contributions
are calculated between all pairs of replicates belonging to two differ-
ent groups, then fatty acids with a large ratio of average : standard
deviation of contributions to dissimilarity are the best discriminators
between two groups. These computations were made for the two

Temperature acclimation in bacteria 901

groups defined by one of the three factors (temperature, resource
P-level or isolate) while restricting the formation of replicate pairs
within the same levels of the remaining two factors. Fatty acids iden-
tified as important discriminators were then fit onto the NMDS ordi-
nation to show direction and strength of the discriminating power of
each. Individual fatty acids were also summed to yield the propor-
tion of MUFA (from total identified fatty acids) and the proportion
of branched SAFA (from all SAFA). As only minimal PUFA were
identified, the proportion of SAFA (from total identified fatty acids)
is a direct transformation from the proportion of MUFA and
further tests on the proportion of SAFA or PUFA were redundant.
To keep the nonparametrical nature of fatty acid data analyses,
comparisons between resource P-levels, temperature treatments or
isolates were made using Mann—-Whitney U-tests without accounting
for interactive effects. All statistical analyses were performed in the
statistical software R using packages bbmle, MASS and vegan
(R Development Core Team 2005).

Results

GROWTH, P-UPTAKE AND RESPIRATION

The growth dynamics of each isolate reflected the tempera-
ture at which the strain was isolated (Fig. 1). While at the
colder temperature (5 °C) there were no clear differences
between growth characteristics of the CI and WI (Fig. 1b,d)
at 28 °C the CI had a longer lag phase and lower carrying
capacity than the WI (Fig. 1a,c). Differences in growth char-
acteristics between isolates at 28 °C were confirmed by MLE
analyses. For the model parameters ‘lag phase’ and ‘growth
rate’ addition of the factor ‘isolate’ to the model improved the
fit to the data (Table 1). Including a ‘temperature X isolate’
interaction improved model fit for all three growth parame-
ters, indicating a strong difference between each isolate’s
growth dynamics between temperatures, which was most pro-
nounced for the lag phase parameter (Table 1).

We evaluated the ability of each isolate to take up P at 5 °C
by plotting P uptake rate as a function of resource P (Fig. 2).
The CI had higher P-uptake than the WI at each of the five
resource levels, consistent with our hypothesis (Fig. 2). The
relationship between uptake rates and resource P for each iso-
late was best described by a power function which fit signifi-
cantly to each data set (p < 0-01, for both). Again, MLE
analysis indicated that the model including an isolate effect fit
better to the data than a model-ignoring isolate effect
(Table 2). However, delta AIC was less than two AIC units
and therefore, while the differences in P uptake were in the
hypothesized direction the null model fit the data as well as
the model-including the isolate effect (Table 2).

Isolates also differed in specific respiration rates in the
hypothesized direction. At the warmer temperature (28 °C),
respiration rate was higher for the CI than for the W1 in both
the low and high P treatments (Fig. 3). This result was true
for cultures sampled in middle exponential phase (~24 h,
Fig. 3a) and late exponential phase (~36 h, Fig. 3b) and was
confirmed by MLE with delta AIC score ~6 AIC units
between the null model and the model that included the factor
‘isolate’ (Table 3).
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Fig. 1. Growth of the warm isolate (WI) and

cold isolate at 28 °C and 5 °C at high and low
resource P-levels in replicate. Each line repre-
sents a least squares fit of the growth model
described in the text. The W1 had consistently

shorter lag phase and a higher carrying capac-
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Table 1. Results of MLE analysis of the growth characteristics. Given are differences of AIC scores (delta AIC) between the null model
[sigmoidal function with lag, carrying capacity («) and growth rate (b), no factors included as predictors] and models including various predictor
terms. In addition, we report AIC weights (weight), which can be interpreted as the probability of each model being the best model given the
candidate set of models. All models including isolate or an interaction with isolate, with the exception of the isolate-only model for carrying

capacity, improved the model fit (highlighted in bold)

Model description Delta AIC (lag) Weight (lag) Delta AIC (a) Weight (a) Delta AIC (b) Weight (b) d.f.
Null model 0-00 0-00 0-00 0 0-00 0-00 4
Temperature 13-83 0-00 23-59 0 3:97 0-02 5
P 1-21 0-00 17-88 0 0-64 0-00 S
Isolate 1593 0-00 1-64 0 363 0-01 5
Temperature x P 12-19 0-00 47-33 099 9-83 0-30 7
Temperature x isolate 7628 1-00 3300 0-00 1140 0-65 7
P x isolate 13-15 0-00 1658 0 346 0-01 7

MLE, maximum likelihood analysis; AIC, Akaike Information Criterion.

Analysis of membrane fatty acid composition indicated
each isolate had unique membrane composition but also
demonstrated phenotypic plasticity across the experimental
temperature and resource gradient (Table 4). In total, we
identified 17 individual fatty acids in the various treatments:
four MUFA and 11 SAFA of which four were branched,
Linoleic acid (18:2n-6) was the only PUFA found in either
isolate. In a cluster analysis lipid composition of each
treatment grouped primarily by temperature, then by either
isolate or resource level with only one misclassification
(Fig. 4). At the colder temperature, treatments separated first
by resource and then by isolate, while at the warmer tempera-
ture the treatments separated first by isolate and then by
resource (Fig. 4). For the CI grown at 28 °C, two replicates
each from the low P treatment grouped separately from all
other treatments (Fig. 4), and were therefore excluded from
further analyses.

In general, organisms grown at 5 °C had significantly more
MUFA, and fewer SAFA than organisms grown at 28 °C
(z = 487, P < 0001), as hypothesized. Also, organisms
grown at 5 °C had a higher proportion of branched SAFA
(z = 396, P < 0-001) than organisms grown at 28 °C. When
temperature treatments and isolates were combined, P had no
effect on either the proportion of MUFA or SAFA
(z = 159, P = 0-11), or the proportion of branched SAFA
(z = 174, P = 008). Similarly, when temperature and P
treatments were combined, there were no significant differ-
ences in the proportion of MUFA (or SAFA) between the
two isolates (z = 0-52, P = 0-60). Rather, the majority of
the differences between isolates could be attributed to differ-
ences in the proportion of SAFA and branched SAFA
between the two isolates with the CI having a significantly
higher percentage of branched SAFA than the WI (z = 2:33,
P < 0-05). Thus, organisms shifted the composition of the
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Fig. 2. Biomass specific P uptake rate for each isolate at 5 °C. The
cold isolate (CI) had higher biomass specific P-uptake at each of five
levels of resource P. Each curve represents a significant least squares
fit of the power model for each isolate, described in the text for each
isolate. Maximum likelihood analysis indicates that the uptake curves
are not statistically distinguishable from each other.

Table 2. Results of MLE analysis of P uptake for each isolate from
the low resource P culture and 5 °C incubation. Given are AIC scores
of models (power function including coefficients @ and b as defined in
the text) with various predictor terms (e.g. isolate), difference (delta
AIC) of AIC scores to the null model (no factors included), and the
AIC weights, as described in the legend to Table 1

Model description AIC Delta AIC  d.f. Weight
Null model 0-94 0 3 0-17
a coded by isolate -0-73 1-67 4 0-39
b coded by isolate -0-24 1-18 4 0-30
a and b coded by isolate 1-26 -0-32 5 0-14

MLE, maximum likelihood analysis; AIC, Akaike Information Cri-
terion.

membrane fatty acids between temperature and resource
treatments; however, within a treatment there were also
differences between isolates. In each case shifts in lipid
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Fig. 3. Biomass specific respiration rate at g.

28 °C. The warm isolate had lower specific g

Exp. # 1
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Table 3. Results of MLE analysis of respiration at 28 °C. Given are
AIC scores of models with various predictor terms, difference (delta
AIC) in AIC scores to the null model (mean respiration rate, no
factors included), and the AIC weights, as described in the legend to
Table 1

Model description AIC Delta AIC d.f. Weight
Null model 94-82 0 2 0-02
Resource P-level 96:35 -1-52 3 001
Isolate 88-84 599 3 0-46
P + isolate 89-47 5:36 4 0-34
P x isolate 90-90 393 5 0-17

MLE, maximum likelihood analysis; AIC, Akaike Information Cri-
terion.

composition were consistent with adjusting membrane com-
position to maintain membrane fluidity.

We further evaluated the lipid data to understand how
specific fatty acids affected the differentiation between
temperature, resource P-level and isolate treatments. In
general there were highly significant main effects of tempera-
ture (PERMANOVA, Fjoy = 91448, P < 0-001), P (Fip =
2695, P < 0-001) and isolate (Fy 5y = 2231, P < 0-001) on
fatty acid composition. A significant temperature x P inter-
action (Fy 9 = 692, P < 0-01) prompted us to run separate
two-way analyses for each level of resource P. Interestingly,
there was a stronger effect of temperature at the high
resource P-level (F; 1, = 79-82, P < 0-001) than at the low
resource P-level (F;¢ = 2293, P < 0-001). These effects
became visible in the NMDS-derived ordination where all
eight treatments separated independently in multivariate
space (Fig. 5). By additive partitioning of the dissimilarity
we were able to clearly identify which fatty acids best
discriminated between temperature treatments, resource
P-levels and isolates (Table 5). For example, 16:1n-7 and
16:0 were good discriminators between temperature groups
with cold treatments having relatively more 16:1n-7 and less
16:0, compared with the cultures grown at 28 °C (Table 4,
Fig. 5). Similarly, 115:0 and 15:0 were the best discriminators
for individual isolates (Table 5) with the CI having relatively
more 115:0 and less 15:0 when compared with the WI
(Table 4, Fig. 5). For each treatment we report the relative
influence of each fatty acid on differentiating between tem-
perature, resource P-level and isolate groups (Table 5).

(b) 400 Exp. #2

300

al

3 200t
respiration (h™!) for each resource treatment 1001 100 ¢
in each experiment. Experiment 1 and experi-
ment 2 were conducted during early and late
exponential growth, respectively, as described . . 0 .

o

in the text. Low P

High P Low P High P
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Table 4. Mean proportion (with standard deviation) of each of the nine most influential lipids (as defined by the ratio of average : standard
deviation of the contribution to Bray—Curtis similarities in determining differences between, temperature, resource P-level and isolate
treatments). Iso (i) and anteiso (ai) refer to a fatty acid with a single methyl branch located two or three carbons away from the terminal methyl

group respectively

Isolate P Temp (°C) ail5:0 il15:0 15:0 i16:0 16:0 16:1n-7 i17:0 16:9,10A
WI Low 6 281 (24) 10-0 (1-9) 3:5(0-5) 1-5(0-4) 39 (1-5) 41-4 (2:4) 0-1(0-1) 0-6 (0°1)
CI Low 6 281 (2-2) 18-5(37) 1-6 (0-4) 1-7 (0-28) 34 (1-3) 364 (1-2) 0-1(01) 0-2(0-1)
WI High 6 18-4 (1-4) 97 (22) 56 (0-7) 2:8(0-3) 64 (02) 49-9 (0-4) 0-1(0-1) 0-6 (0-04)
CI High 6 189 (0-2) 16:1 (3-0) 3-1(0-8) 2:6 (0-1) 49 (0-2) 47-8 (2:1) 0-1(0-1) 0-3(0°1)
WI Low 28 234 (15°5) 42 (1-0) 41(22) 1-2(0-7) 92 (6:1) 200 (12-1) 1:0 (0-6) 0-7 (04)
CI Low 28 150 (199) 27-8 (26:6) 19 (1-0) 8-8 (9-3) 10-5 (4-4) 9-7(12-3) 1-1(0-4) 0-2(0-2)
WI High 28 29-3 (6:4) 129 (9-2) 49 (2:6) 4:5(32) 12:0 (5:0) 191 (4-8) 1:6 (0-8) 0-6 (0-2)
CI High 28 22-7 (11-0) 8:6 (190) 3:0 (0-7) 19 (0-9) 12:0 (5:1) 229 (12-8) 1-0 (0-1) 112 (1-3)

16:9,10A, cis-9,10-methylenehexadecanoic acid (CAS no. 4675-60-9); WI, warm isolate; CI, cold isolate.
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Fig. 4. A cluster analysis of lipid composition using Bray—Curtis dissimilarity on arcsine-square root-transformed proportional lipid data as a
distance measure and unweighted pair-group average clustering. Replicates are coded by ‘temperature-resource-isolate’ with the levels 5 and
28 °C (incubation temperature), LoP and HiP (low and high resource P-level respectively) resource, and CI and WI (cold and warm isolate).
The two cases on the far left sorted independently of all other treatments and were excluded from further analysis.

Discussion

The results presented here are consistent with the hypothe-
sized model of temperature acclimation in freshwater bacteria
as a resource-dependent membrane-facilitated phenomenon.
Each isolate had well-defined physiological differences
between the two temperatures. The WI grew better at the
warm temperature than did the CI. Also, the CI had higher,
although not significantly different, P-uptake at the colder
temperature and higher respiration at the warmer tempera-
ture than the WI, consistent with the hypothesized trade-off
between resource uptake and respiration (Hall, Neuhauser &
Cotner 2008). In addition to these physiological differences,

the fatty acid composition was significantly different between
isolates, and changed within a given isolate with both temper-
ature and resource treatments. In each case, shifts in fatty acid
composition were qualitatively consistent with changes pre-
dicted to maintain membrane fluidity with changing tempera-
tures and thus indicative of acclimation or adaptation to a
given temperature.

Our data suggest that adjusting the relative quantity of
branched fatty acids was the primary mechanism these fresh-
water isolates used to adjust to temperature. We expected the
CI to have a membrane composition consisting of fatty acids
with lower melting points, which would allow for less rigidity
at the lower temperatures (consistent with higher uptake
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Fig. 5. Non-metric multidimensional scaling (NMDS) ordination
based on Bray-Curtis dissimilarity on arcsine-square root-trans-
formed proportional lipid data. Kruskal’s stress is 0-077. Dashed
ellipses (95% intervals around centroids) perfectly separate the two
levels of the temperature treatment (5°C = left ellipse;
28 °C, = right ellipse). Circles and triangles represent the warm and
cold isolate, while white and grey symbols indicate low and high P lev-
els respectively. Vectors show direction and strength of gradient (cor-
relation) of selected fatty acids with the ordination. The fatty acids
shown as vectors were the best discriminators (see Table 5) between
temperature (black and grey arrows), resource (white and grey
arrows) and isolate (black dashed arrow) groups. Representation as
vectors was chosen as the various lipids changed monotonically and
approximately linearly over ordination space.

rates) and result in higher fluidity at the higher temperatures
(consistent with higher respiration). While there were no clear
differences between the relative proportion of MUFA and
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SAFA between isolates, there were consistent differences in
the proportion of branched and unbranched SAFA in the
predicted direction (i.e. CI had more branched SAFA than
the WI). Strategies of lipid membrane adaptation to cold tem-
perature are known for planktonic invertebrates (Farkas
1979) and fish (Arts & Kohler 2009), which show increases in
the number of double bonds in their membrane lipids, i.e.
more MUFA and PUFA relative to SAFA. Bacteria have
only rarely been shown to produce PUFA (Nichols, Nichols
& McMeekin 1993; Nichols ez al. 1997) and are thought to
mainly use branched fatty acids to adjust membrane fluidity
(Kaneda 1991). Previous studies have noted the importance
of relative shifts in branched chain fatty acids as an important
mechanism in regulating membrane fluidity in bacteria, where
iso-acyl chains (e.g. 115:0) were shown to have lower melting
points (18-28 °C) than their saturated acyl-chain counter-
parts (Silvius 1982).

From the analysis presented here it is clear that certain fatty
acids were part of a physiological shift, triggered by changes
in temperature and resources, while others were more rigidly
associated with each isolate. For both isolates, the propor-
tions of the branched fatty acid 115:0 and the unbranched
fatty acid 15:0 changed relatively little across the resource lev-
els (Table 4) and were the two best discriminators between
isolates (Table 5). Specifically, the CI consistently had higher
proportion of i15:0 relative to the WI, which had a higher
proportion of 15:0 (Fig. 5). The relative proportions of these
fatty acids changed between temperature and P treatments,
but within a given environment each isolate was significantly
different from the other and maintained relative differences in
these fatty acids (Fig. 5). It is difficult to directly link the dif-
ferences in the fatty acid composition to physiological perfor-
mance. However, the relative differences in 15:0 and i15:0
between the two isolates were consistent with a warm-adapted

Table 5. Contribution of the various lipids to Bray—Curtis dissimilarity between groups defined by the factors temperature (5 °C vs. 28 °C),
resource (high vs. low resource P) and isolate (warm vs. cold isolate). Given are percentage contribution (and ratio average : standard deviation
of contribution). High ratio average : standard deviation indicates strong discriminatory power between groups. Best three discriminators for
each factor are printed in bold and shown as vectors in Fig. 5. The last column reports average proportion (and standard deviation) of lipids
across all treatments. For clarity three lipids of minor importance (ratio average : standard deviation <1 for all factors) are excluded from the

table

Temperature Resource Avg. Isolate Avg. Avg.

Avg. diss. = 0-17 diss. = 0-11 diss. = 0-08 proportion (£ SD)
16:1n-7 22-18% (2:89) 14:16% (2-59) 8:69% (1-18) 3525 (4:59)
16:0 14-49% (4-32) 8:55% (1-67) 7-01% (1:62) 8:19 (896)
ail5:0 11-43% (2:03) 15:9% (2-16) 5:72% (0:97) 24:37 (0-7)
il7:0 9-38% (4-15) 2:55% (1-06) 3-38% (1:02) 0-61 (3:42)
18:1n-9 8:19% (1-:08) 9-47% (1-22) 8:04% (0-72) 4-57 (11-08)
il5:0 8:04% (1:36) 7-38% (1:57) 192% (1-81) 13:64 (0-68)
18:2n-6 3:95% (1-66) 4-12% (1-66) 3:97% (1-07) 121 (1)
18:0 3-73% (1-64) 6:09% (1-28) 4-54% (0-97) 1:69 (0-57)
17:0 2:97% (1:57) 4-55% (1-52) 4:07% (1-18) 0-94 (1-77)
15:0 2:75% (1-44) 7-28% (1-86) 13-1% (2:95) 3-87 (0-55)
16:9,10A 2:61% (0-77) 1:6% (0-62) 6:02% (1-78) 0-59 (0-24)
12:0 2:26% (1-61) 3:13% (163) 2:53% (1-11) 0-47 (0-37)
14:0 2:11% (2:39) 1-27% (1-18) 3-16% (1-64) 1-46 (3-81)
i16:0 2:06% (1-21) 6:56% (2:94) 3-81% (1-19) 3:06 (01)
Sum of accounted diss. or total lipids 96:15% 92:61% 93-24% 99-91%
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WI and a cold-adapted CI, suggesting differences in these
fatty acids were an adaptation to a specific thermal regime.
On the other hand, 16:1n-7 (more in the cold treatment) and
16:0 (more in the warm treatment) were among the best dis-
criminators between temperature treatments and thus were
indicative of fatty acids that play an important role in physio-
logical acclimation in these isolates (Table 5, Fig. 5). Interest-
ingly, resource P-level significantly modified the temperature
acclimation response as indicated by the significant interac-
tion between resource P-level and temperature (PERMANOVA).
The effect of resource P-level on membrane composition
between temperature environments can be expressed in terms
of a multivariate distance measure (i.e. the averaged distance
between replicates belonging to either of two temperature
groups). The average Bray—Curtis dissimilarity between the 5
and 28 °C treatments was 0-145 for the low resource P-level
vs. 0-173 for the high resource P-level with non-overlapping
95% confidence intervals of 0-126-0-159 vs. 0-161-0-192 gen-
erated by bootstrapping. Thus, isolates grown under high P
resource showed a significantly stronger temperature acclima-
tion response than isolates grown in the low P resource envi-
ronment. This is an important result as it empirically
demonstrates that resource availability can constrain pheno-
types that are critical to temperature acclimation. While inter-
actions between temperature and resource have been well
documented in bacterioplankton (Pomeroy & Wiebe 2001),
to our knowledge a resource-dependent phenotype con-
straint, with respect to temperature acclimation, has not been
previously considered. This adds yet another level of com-
plexity to the physiological response to temperature by
micro-organisms in the environment. Without the ability to
change membrane composition, species become less competi-
tive for limiting resources (e.g. P) and will be outcompeted by
other species with more appropriate temperature-specific
phenotypes, resulting in shifts in community composition
(Hall, Neuhauser & Cotner 2008).

Differences in community composition are normally evalu-
ated at a relatively coarse phylogenetic resolution, with 97%
similarity in TRNA sequence used as a common cut-off to
group organisms within operational taxonomic units. In this
study, we show evidence for significant phenotypic variability
within two closely related isolates whose rRNA sequence
places them at ~99-5% similarity. Additional studies have
also shown ecological partitioning of closely related bacteria.
A study of marine bacteria revealed distinct spatial partition-
ing of closely related members of the family Vibrionaceae
(Hunt ez al. 2008). More closely related to the results pre-
sented here, a separate study identified differences in thermal
adaptation of freshwater bacterioplankton with highly simi-
lar 16S rRNA gene sequences isolated from aquatic ecosys-
tems across a broad latitudinal range. Closely related strains
isolated from tropical systems demonstrated physiological
acclimation to warmer temperature while strains isolated
from higher latitudes had higher growth rate at lower temper-
atures (Hahn & Pockl 2005). We also found genetically simi-
lar isolates with distinct temperature-dependent physiologies
and membrane composition. However, in our study these

organisms were isolated from the same ecosystem at the same
time of the year. This suggests that thermal adaptation con-
veyed through differences in membrane fatty acid composi-
tion may be one aspect of ‘hidden’ phenotypic diversity that is
present within genetically similar individuals. This result
emphasizes the difficultly in linking community composition
to function, as even closely related individuals appear to be of
distinct ecotypes (Polz et al. 2006).

The mechanism proposed here might also be the underly-
ing mechanism responsible for patterns of temperature-
dependent microbial physiology observed in other habitats.
Recently, acclimation and adaptation of soil microbial com-
munities to temperature, specifically respiration, have
received a good deal of attention (Balser & Wixon 2009;
Bradford, Watts & Davies 2010; Rinnan ez al. 2009). In one
study, soil communities were allowed to acclimate to one of
three temperatures for a total of 77 days and then respiration
was measured in short incubations at all three temperatures.
The soil communities from the lowest temperature incubation
had the highest respiration response to increasing tempera-
ture, while those from the highest temperature decreased their
respiration over the course of the incubation (Bradford,
Watts & Davies 2010). High respiration at high temperature
by the cold acclimated communities would be expected with
acclimation or adaptation to lower temperature following the
mechanisms discussed above. This result is also consistent
with observations of community respiration in aquatic eco-
systems, where winter communities showed higher respira-
tion at the warm experimental temperatures than did summer
communities (Hall & Cotner 2007). The study of soil commu-
nities focused on differences in thermal sensitivity of intracel-
lular and extracellular enzymes as a mechanism for
acclimation to temperature. Given the complexity in carbon
substrates in terrestrial ecosystems this may indeed be a more
important mechanism for acclimating to in situ temperature.
However, the similarities in the community level responses
(Hall & Cotner 2007; Bradford, Watts & Davies 2010) suggest
that the acclimation mechanism proposed in this study may
also be active in soil microbial communities and therefore
merits further evaluation. Furthermore, because bacterial
membranes are active sites for biochemical activity, shifts in
lipid composition might affect rate processes in addition to
the effects on proton permeability and resource transport
discussed here (Sinensky 1974).

In summary, we used a system of two natural bacterial
isolates to demonstrate the importance of membrane lipid
composition in defining an organism’s thermal niche. We
showed how specific lipids were indicative of an acclimation
response to changing temperature while others were more
rigidly associated with one isolate or the other, and there-
fore consistent with an adaptive response to temperature.
Furthermore, resource level clearly affected the acclimation
response to temperature, demonstrating that resource avail-
ability can limit the range of phenotypic plasticity. Placed
in the context of previous research (Shade ez a/. 2007; Hall,
Neuhauser & Cotner 2008) this provides a complete mecha-
nistic link between temperature-dependent physiology, com-
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petitive ability and community structure. While there are a
myriad of physiological and biochemical changes in micro-
organisms that accompany changes in temperature, the
mechanism outlined here provides one possible explanation
for reported seasonal and biogeographical patterns in bac-
terial community structure that have been correlated with
differences in in situ temperature (Fuhrman & Azam 1983;
Simon, Glockner & Amann 1999; Fuhrman et al. 2006;
Hullar, Kaplan & Stahl 2006; Shade et al. 2007). Our study
included two closely related isolates of the phylum Bacteroi-
detes, which has been identified as a significant component
of cosmopolitan freshwater communities (Zwart et al.
2002). Furthermore, Flavobacterium isolates from both soils
and freshwater ecosystems have been shown to contain a
large proportion of the fatty acids that we found to be
important components of temperature adaptation and accli-
mation in the isolates used in this study. Specifically 115:0 —
one of the best discriminators between isolates — was consis-
tently found to be in high relative abundance of environ-
mental isolates of the genus Flavobacterium (Bernardet
et al. 1996; Cousin, Piuker & Stackebrandt 2007; Kim,
Kim & Cha 2009). However, it is important to note that
while isolated from a temperate lake, these organisms were
cultured at relatively high resource levels and may or may
not have physiologies that are representative of environ-
mental bacterial communities. Only studies that explicitly
evaluate the link between lipid composition, temperature-
dependent physiology and community composition for a
broader range of bacterial taxa and of microbial communi-
ties under in situ environmental conditions will determine
how widespread this mechanism is in natural microbial
communities. Developing such a mechanistic understanding
of how temperature affects natural microbial communities
is essential to understanding the fundamental links between
temperature, microbial biogeography and the biogeochemi-
cal function of the associated community.
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