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Elevated temperature alters proteomic responses
of individual organisms within a biofilm community
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Microbial communities that underpin global biogeochemical cycles will likely be influenced by
elevated temperature associated with environmental change. Here, we test an approach to measure
how elevated temperature impacts the physiology of individual microbial groups in a community
context, using a model microbial-based ecosystem. The study is the first application of tandem
mass tag (TMT)-based proteomics to a microbial community. We accurately, precisely and
reproducibly quantified thousands of proteins in biofilms growing at 40, 43 and 46 1C. Elevated
temperature led to upregulation of proteins involved in amino-acid metabolism at the level of
individual organisms and the entire community. Proteins from related organisms differed in their
relative abundance and functional responses to temperature. Elevated temperature repressed
carbon fixation proteins from two Leptospirillum genotypes, whereas carbon fixation proteins were
significantly upregulated at higher temperature by a third member of this genus. Leptospirillum
group III bacteria may have been subject to viral stress at elevated temperature, which could lead to
greater carbon turnover in the microbial food web through the release of viral lysate. Overall, these
findings highlight the utility of proteomics-enabled community-based physiology studies, and
provide a methodological framework for possible extension to additional mixed culture and
environmental sample analyses.
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Introduction

The impacts of elevated temperature on microbial
communities will have direct implications for
ecosystem and global scale processes. Many micro-
bial community studies have evaluated the effect of
warming on overall community structure and on
specific metabolic processes such as respiration (for
example, Zogg et al., 1997; Finke and Jørgensen,
2008; Rose et al., 2009; Yergeau et al., 2012; Lindh
et al., 2013; Wu et al., 2013; von Scheibner et al.,
2014). Far fewer studies have comprehensively
assessed functional responses across the entire
community (for example, using ‘omic’ approaches
(Luo et al., 2013; Toseland et al., 2013) or functional
gene arrays (Yergeau et al., 2012; Tu et al., 2014)).

Individual microbial groups (for example, geno-
types, species or functional groups) will likely

have different functional responses to elevated tem-
perature, and yet an organism’s response and adapta-
tion to changing conditions in part relates to its
behavior within a community. Thus, understanding
the physiology and activity of individual microbial
groups within a community context is essential for
predicting the impact, resilience and response of
ecological systems to changing conditions. This topic
is relatively little studied, in part because it can be
challenging to tease apart contributions of individual
organisms from overall metabolic processes. Further,
such investigations require a high level of taxonomic
and functional resolution because closely related
strains and species may respond very differently to
temperature regime.

Quantitative proteomics can elucidate function of
individual microbial groups within a community
context by measuring protein abundance in a high-
throughput manner. Both taxonomic and functional
annotations are simultaneously assigned to unique
proteins in the community proteome. Protein
abundance can more accurately represent cellular
activities than messenger RNA quantification,
because messenger RNA abundance changes do not
necessarily correlate with protein abundance
change (for example, Pan et al., 2008). For example,
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some proteins may have long lifetimes, so that new
production from messenger RNA is required infre-
quently. Conversely, cells may also have a low level
of protein with abundant corresponding messenger
RNA expression because of protein degradation and
post-transcription regulation.

Recent advances in protein quantification using
tandem mass tags (TMTs) and isobaric tags for
relative and absolute quantification (iTRAQ) have
improved measurement precision, accuracy and
reproducibility (Thompson et al., 2003; Ross et al.,
2004), surpassing label-free quantification methods
such as spectral counting (Li et al., 2012). TMT/
iTRAQ-based quantitative proteomics can be used
with complex samples, including biological systems
that are not amenable to efficient metabolic labeling
with stable isotopes. In isobaric chemical labeling,
peptides from different samples are labeled sepa-
rately with different isotopic variants of the labeling
reagent and then combined for analysis using liquid
chromatography coupled with tandem mass spectro-
metry (LC-MS/MS). Each isotopic variant has the
same overall mass but contains a reporter ion with a
unique molecular mass, thus enabling accurate
overall quantification alongside precise measure-
ment of the relative protein abundance between
samples. Currently, TMT/iTRAQ-based quantitative
proteomics enables multiplexing of up to 8–10
samples with deep proteome coverage.

The objective of this study was to determine the
impact of elevated temperature on the physiology of
individual microbial groups in a community. The
experiments were conducted at temperatures
between the average in situ temperature and the
maximum growth temperature, which was estab-
lished in this study. We compared the protein
expression levels using a new approach that
combined shotgun community proteomics analysis
with TMT quantification. The analyses targeted
laboratory-grown acid mine drainage (AMD) bio-
films that represent natural AMD populations
(Belnap et al., 2010) and have served as a model
microbial community system in many prior studies
(Denef et al., 2010). The current research shows the
utility of quantitative proteomics for understanding
ecological processes by highlighting differential
expression of closely related organisms.

Materials and methods

Sample collection and bioreactor growth
AMD biofilms were collected from the AB-muck site
at the Richmond Mine on 7/15/11 (Iron Mountain
near Redding, California), where pH is typically
0.85. For cultivation, biofilms were stored on ice for
return to the laboratory. For fluorescence in situ
hybridization (FISH) abundance analyses of the
inoculum biofilm, biofilms were flash frozen on site
in a dry ice/ethanol bath and then transferred to
� 80 1C upon return to the laboratory.

Biofilms were cultured in bioreactors using 9K-BR
growth media as previously described (Belnap et al.,
2010). The flow rate of the bioreactors was B200 ml
per minute. Incubator temperature was monitored
using HOBO Pendant Temperature Data Loggers
(Onset Computer Corporation, Bourne, MA, USA).
After 4 weeks of biofilm development at 40 1C,
biofilms were regrown at 40, 43, 46 and 49 1C in
separate reactors. Biofilms were harvested after
3 weeks and then reestablished (from residual
planktonic cells) before a second harvest 5 weeks
later. The two periods of biomass accumulation
were treated as response replicates and their
values analyzed together. This strategy was chosen
to highlight proteins that responded similarly
to temperature, regardless of growth period.

FISH
FISH was carried out on fixed (4% paraformalde-
hyde) AMD biofilm samples as described previously
(Amann et al., 1995; Bond and Banfield, 2001).
Oligonucleotide probes used in this study for
identification of the dominant individual species
and groups were as follows: EUBMIX (all bacteria);
ARC915 (all archaea); EUKMIX (all eukaryotes);
LF655 (all Leptospirillum bacteria); LF1252
(Leptospirillum group III bacteria); L2UBA353
(Leptospirillum group II UBA genotype); L2CG353
(Leptospirillum group II 5-way genotype);
and SUL230 (Sulfobacillus spp.). For estimation of
abundance, cell counts from both periods of biomass
accumulation were averaged. For each temperature,
a total of 2651–2828 cells were counted from 6–12
fields of view per probe (with an average of 468 cells
counted per probe per sample). Counts were
converted to a percentage of the total cell count
found using the general nucleic acid stain
4’,6-diamidino-2-phenylindole (DAPI).

Protein extraction
Proteins were extracted from the biofilms using an
SDS protein extraction protocol based on previously
reported methodology (Chourey et al., 2010). Bio-
film from each sample was split into two, represent-
ing extraction replicates. Frozen biomass (between
500 and 750 mg) was resuspended in 1 ml SDS cell
lysis buffer (5% SDS; 50 mM Tris–HCl, pH 8; 150 mM

NaCl; 0.1 mM EDTA; 1 mM MgCl2) and 10 ml of 5 M

dithiothreitol. The biofilm was dispersed in the
buffer by vigorous vortexing for 2–3 min. Samples
were heated at 99 1C for 15 min, followed by
vigorous vortexing for 3 minutes. Cellular debris
was pelleted by centrifugation at 10 000 r.p.m. for
10 min at 4 1C. The supernatant was transferred to a
fresh tube, 300 ml cold 100% trichloroacetic acid was
added and the proteins precipitated overnight
at 4 1C. Precipitated proteins were centrifuged at
14 000 r.p.m. for 20 min at 4 1C and the concentrated
protein pellet washed three times with cold acetone.

Temperature alters microbial protein expression
AC Mosier et al

181

The ISME Journal



The pellet was resuspended in a guanidinium
chloride buffer (6 M guanidinium chloride,
10 mM CaCl2, 50 mM Tris pH 7.6) and reduced with
10 mM DTT.

Total protein concentrations were estimated with
the bicinchoninic acid assay (Pierce BCA Protein
Assay Kit; Thermo Fisher Scientific Inc. #23227,
Waltham, MA, USA). A quantity of 50 mg of protein
from each sample was further processed with the
filter-aided sample preparation method (Wiśniewski
et al., 2009) following the manufacturer’s protocol
(Expedeon, San Diego, CA, USA) with a minor
modification by substituting urea with triethylam-
monium bicarbonate (TEAB) buffer for sample
washes to avoid the primary amine group containing
chemical that would interfere with TMT labeling.
Each sample was digested with sequencing-grade
trypsin (Promega, Fitchburg, WI, USA) in 500 mM

TEAB buffer overnight in an enzyme:substrate ratio
of 1:100 (wt:wt) at room temperature with gentle
shaking, followed by a second digestion for 4 h with
the same amount of trypsin (that is, 0.5 mg). The
digested peptide samples were then eluted from the
filter by centrifugation for TMT labeling.

Labeling of peptides with TMTs for quantification
For both sets of extraction replicates, a total of six
samples (two response replicates for each of the
three temperatures) were labeled with TMT 6-plex
reagents (Thermo Fisher Scientific Inc.). For each
extraction replicate set, each sample (50 mg) was
individually labeled with one of the six TMT
variants numbered by the distinct masses of their
reporter ions: TMT126, TMT127, TMT128, TMT129,
TMT130 and TMT131. After the labeling was
finished, the six samples in the same replicate were
combined into one aliquot for the two-dimensional
liquid chromatography-tandem mass spectrometry
(2D-LC-MS/MS) analysis in technical duplicates.

2D-LC-MS/MS proteomic measurements
The multidimensional protein identification tech-
nology (MudPIT) (Washburn et al., 2001) was used
in our analytical workflow. In each MudPIT run,
50 mg of peptides were loaded offline into a 150 mm-
I.D. Two-dimensional back column (Polymicro
Technologies, Phoenix, AZ, USA) packed with
3 cm of C18 reverse phase (RP) resin (Luna,
Phenomenex, Torrance, CA, USA) and 3 cm of strong
cation exchange (SCX) resin (Luna, Phenomenex).
The back column was connected to a 100-mm-I.D.
front column (New Objective, Woburn, MA, USA)
packed in-house with 15 cm of C18 RP resin. The
back column and front column were placed in-line
with a U3000 quaternary HPLC pump (Dionex,
Sunnyvale, CA, USA). Prior to the measurement,
the back column loaded with peptides was de-salted
offline with 100% Solvent A (95% H2O, 5% CH3CN
and 0.1% formic acid), and washed with a 1-h

gradient from 100% Solvent A to 100% Solvent B
(30% H2O, 70% CH3CN and 0.1% formic acid) to
move peptides from RP resin to SCX resin. Each
MudPIT run was configured with the 11 SCX-RP
separations in 22 h. A quantity of 5%, 7%, 10%,
12%, 15%, 17%, 20%, 25%, 35%, 50% and 100% of
Solvent D (500 mM ammonium acetate dissolved in
Solvent A) was used in the 11 SCX fractionations.
Each SCX fraction was separated by a 110-min RP
gradient from 100% Solvent A to 60% Solvent B. The
MS/MS measurements were performed on an LTQ
Orbitrap Elite mass spectrometer (Thermo Fisher
Scientific Inc.) using the dual MS/MS scan method
(Köcher et al., 2009): each selected precursor peptide
ion was first fragmented by collision-induced dis-
sociation (CID) for identification and then by higher
CID (HCD) for quantification. The data were acquired
with the following parameters: four CID–HCD dual
MS/MS scans per full scan; CID MS/MS scans were
acquired in LTQ; MS scans and HCD MS/MS scans
were acquired in Orbitrap with the resolution 30 000
and 15 000, respectively; two-microscan averaging for
all scan types; 35% normalized collision energy in
CID and 55% normalized collision energy in HCD;
dynamic exclusion enabled with ±1.5 m/z exclusion
window.

Protein identification and quantification
All MS/MS spectra were searched with Sequest (Eng
et al., 1994) against a database containing 79 633
proteins derived from B80 Gb of genomic informa-
tion obtained from previous genomic characteriza-
tions of biofilms sampled from the Richmond Mine
AMD system. Static modification of cysteine by
iodoacetamide and static modification of N termi-
nus, and dynamic modification of lysine by the TMT
labeling reagent were specified for peptide identifi-
cation. The output data files were then filtered using
the DTASelect v1.9 algorithm (Tabb et al., 2002)
with the following parameters: minimum XCorr
score of 1.8, 2.5 and 3.5 for charge states (z)¼ þ 1,
z¼ þ 2 and z¼ þ 3 precursor peptide ions, respec-
tively; a minimum DeltCN value of 0.08; a minimum
requirement of two peptides for each identified
protein. These filtering criteria resulted in protein
false discovery rate of less than 3% in each run
estimated by the target decoy approach. Relative
protein abundance changes were quantified using
custom scripts, as described previously (Wang et al.,
2013). Briefly, raw reporter ion intensities were
extracted from HCD spectra and appended to the
peptides. Protein intensities were summed from the
intensities of their identified peptides. Only unique
peptides were considered for protein quantification.
Protein intensities from extraction replicates and
technical runs were summed for each sample (for a
total of four runs per sample). Raw protein inten-
sities were normalized by making the total intensity
of each sample (community-level analysis) or each
organism (organism-level analysis) identical.
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Proteome-based community structure and clustering
analyses
For proteome-based community structure and
clustering analyses, protein abundance values were
normalized at the community level and then
summed from both response replicates. Abundance
estimates for each organismal group (for example,
Leptospirillum group III) were calculated by sum-
ming the total intensities of the proteins for the
organismal group and then dividing by the total sum
of all proteins in a sample.

Hierarchical clustering was performed on protein
abundance values with absolute intensities con-
verted to percentages for each protein (the sum of
the percentages for each protein is equal to 100%).
The clustering method used an uncentered Pearson
correlation distance matrix and average linkage
clustering (using Multi-experiment Viewer; MeV_
4_8; http://www.tm4.org/mev/) (Saeed et al.,
2003). For clustering analyses only, 0.000001 was
added to each number to avoid software adjustments
of zero values.

Proteome-based functional analyses
Differentially expressed proteins were identified by
statistically comparing the response replicates
between two temperatures (for example, protein
abundance of the two 40 1C response replicates
versus protein abundance of the two 46 1C response
replicates). Differentially expressed proteins were
identified as those with normalized total intensity
ratios (40 1C:46 1C) 41.2 or o0.8 combined with a
Rank Product P-value p0.05 (except where noted),
similar to methods used in other studies
(Williamson et al., 2008; Dobbin et al., 2010;
Soares et al., 2010; Zhao et al., 2010; Han et al.,
2011; Jain et al., 2011; Muthukrishnan et al., 2011).
Rank Product, commonly used in microarray experi-
ments, is a non-parametric statistical method based
on ranks of fold changes (Breitling et al., 2004). Gene
set enrichment analysis (Subramanian et al., 2005)
was used to evaluate enrichment of proteins in the
reductive tricarboxylic acid (rTCA) pathway with
the following settings: gene set permutation; classic
enrichment analysis; and log2 ratio of classes metric
for ranking genes.

Functional categories of significant proteins were
assigned upon manual review of annotations in
ggKbase (http://ggkbase.berkeley.edu/) (including
Clusters of Orthologous Groups (Tatusov et al.,
1997) assignment), as well as reciprocal blast
searches against the KEGG database (conducted
using the KAAS server (Moriya et al., 2007)).
Carbohydrate active enzymes (CAZymes) were
predicted with the CAZymes Analysis Toolkit
(http://mothra.ornl.gov/cgi-bin/cat.cgi) (Park et al.,
2010) with an e-value threshold of 0.0001 for
Pfam searches and 0.000001 for orthology searches
with ‘domain consistent’ and ‘length consistent’
rules.

Validation of the TMT-based quantitative community
proteomics method
The TMT-based quantitative community proteomics
method was validated using standard mixtures of
peptides extracted from an AMD biofilm sample
(from the AB-muck site). Briefly, a large peptide
sample was prepared from the AMD test sample
with an established protocol using in-solution
trypsin digestion and C18 solid-phase extraction
clean-up as described (Ram et al., 2005). Two
aliquots of the peptide sample (50 mg of each) were
separately labeled with TMT126 and TMT127 and
then mixed in three different ratios (B2:1, 3:1 and
8:1 by pipetting volume). Each standard mixture
was measured with two-dimensional liquid chro-
matography-tandem mass spectrometry and proteins
were identified and quantified as described above.

Results

Validation of the TMT-based quantitative community
proteomics method
To validate the application of the previously
established (Li et al., 2012) TMT proteomics
approach to microbial communities, we used pep-
tides extracted from an AMD biofilm sample as a
standard. The standard was labeled with two
different TMTs in three mixing ratios (1.6:1, 2.8:1
and 8.3:1, based on the total intensities of the
reporter ions). Histograms of the log2 scale abun-
dance ratios of quantified proteins showed tight
distribution of the measured protein abundance
ratios in each standard mixture, indicating precise
quantification across a large range of fold changes
(Supplementary Figure S1). The 1.6:1 distribution
(red) was clearly separated from the 1:1 ratio (log2

ratio¼ 0), which validated the method’s ability to
distinguish small fold changes from no change. The
2.8:1 distribution (blue) had no overlap with the
1.6:1 distribution, which indicated that the method
can resolve a 1.2-fold difference in protein abun-
dance change. The 8.3:1 distribution (green) shows
good quantification performance of this method for
proteins with large fold changes.

Growth of AMD biofilms at different temperatures
In order to evaluate the effect of elevated tempera-
ture on community composition and function, AMD
biofilms were grown in laboratory bioreactors from
40–49 1C. Mature biofilms were developed at 40, 43
and 46 1C. This temperature range corresponds with
the normal range of temperatures associated with
biofilm growth in the field (Supplementary Figure
S2). There was no visible biofilm growth at 49 1C
after 4 weeks. Biofilm growth rates may have
differed between the temperature treatments; how-
ever, we expect that any differences that might have
occurred were likely a result of temperature since all
other growth conditions were identical.
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TMT proteomics was used to determine protein
abundance and inferred function in bioreactor-
grown biofilms grown at 40, 43, 46 1C. TMT
proteomics identified 1724–1916 proteins from the
biofilm communities (across all samples, extraction
replicates and technical runs), 1596 of which
could be uniquely assigned to one organism
(Supplementary Table S1). Hierarchical clustering
showed that the samples clustered into two groups
based on their protein abundance levels (based on
both community-level and organism-level normal-
izations): biofilms grown at 40 and 43 1C clustered
together, whereas those grown at 46 1C clustered
independently (Figure 1).

Community composition of AMD biofilms grown at
different temperatures based on FISH and protein
abundance measurements
Proteins were quantified from 23 different bacterial,
archaeal and eukaryal organisms (Supplementary
Table S2). We evaluated community composition
based on FISH and TMT proteomics measurements
(Table 1, Figure 2, Supplementary Figure S3). FISH
estimates indicated that archaea were very abundant
in the bioreactor biofilms, making up 37% to 51% of
the communities. Proteins were identified from
many different archaea: ARMAN I, ARMAN II,
ARMAN IV, ARMAN V, Ferroplasma I, Ferroplasma
II, A-plasma I, A-plasma II, C-plasma, D-plasma,
E-plasma, G-plasma and I-plasma. Although the
overall abundance of archaea did not change
significantly with increasing temperature (based on
FISH and protein abundance estimates;
Supplementary Figure S3), protein abundance of
closely related organisms responded differently to
temperature (Figure 2, Table 1). For instance,
ARMAN II abundance increased with temperature,
but ARMAN IV decreased with temperature. Two
other ARMAN types had similar abundance levels at
40 and 46 1C, but lower abundance at 43 1C.

The chemolithoautotrophic, iron-oxidizing Lep-
tospirillum group II bacteria were present in all of
the biofilms. Elevated temperature differentially
impacted the abundance of three distinct Leptospir-
illum group II organisms referred to as the Type I
(5-way), Type III (C75) and Type VI (UBA) genotypic
groups (Lo et al., 2007; Simmons et al., 2008; Denef
et al., 2009; Denef and Banfield, 2012) (based on
FISH and protein abundance estimates; Table 1,
Figure 2, Supplementary Figure S3). The UBA and
C75 genotypes increased in abundance from 40 to
46 1C, whereas the 5-way genotype abundance
decreased. Leptospirillum group III bacteria were
very abundant at all temperatures in the bioreactors.

The bioreactor-grown biofilms contained the same
dominant organisms found in the in situ mine
biofilm, including the Leptospirillum group II
5-way genotype, the Leptospirillum group II UBA
genotype, Leptospirillum group III, Sulfobacillus
and archaea (based on FISH estimates;

Supplementary Figure S3). These organisms have
been consistently documented in in situ biofilms
from this mine ((Denef et al., 2010) and references
therein]. The abundance estimates of archaea,
the Leptospirillum group II 5-way genotype,
Sulfobacillus and other bacteria (including Actino-
bacteria and Firmicutes, based on proteomic
measurements) were similar between the mine
biofilm and the 40 1C bioreactor biofilm. As seen
previously (Mosier et al., 2013), the bioreactor
biofilms had a much higher proportion of Leptospir-
illum group III bacteria than that seen in the in situ
mine biofilm (31 to 41% compared with only 2% in
the mine; Supplementary Figure S3). Leptospirillum
Group III has been shown to dominate AMD
biofilms in solutions with low Fe(II)/Fe(III) ratios
(Spaulding et al., unpublished data).

Community function at low and high temperatures
Protein expression was further evaluated to deter-
mine if elevated temperature impacted metabolic
function. Protein abundance was first normalized at
the community level to determine each protein’s
abundance compared with all proteins in the sample
(normalizing to account for biomass differences
between samples, but not accounting for differences
in each organism’s abundance).

In a COG-based functional analysis (Figure 1), the
greatest number of proteins with significantly
different abundances occurred when comparing
biofilms grown at 40 and 46 1C. There were fewer
proteins with significantly different abundances in
the 40:43 and 43:46 1C comparisons (78 significantly
different protein abundances between 40 and 43 1C;
191 significantly different protein abundances
between 43 and 46 1C; and 239 significantly differ-
ent protein abundances between 40 and 46 1C).

Overall, increasing temperature led to an increasing
number of significantly different proteins in the COG
functional categories (E) amino-acid transport and
metabolism, (C) energy production and conversion
and (O) posttranslational modification, protein turn-
over, chaperones. In particular, more than three times
as many proteins involved in the metabolism and
transport of amino acids (COG E) were significantly
more abundant at 46 1C than at 40 1C. Nearly twice as
many proteins involved in energy production and
conversion (COG C) were significantly more abundant
at 46 1C compared with 40 1C. In addition, there were
3.1 times as many proteins in the functional category
of posttranslational modification, protein turnover
and chaperones (COG O) that were significantly more
abundant at 46 1C than at 40 1C.

Function of individual organisms in biofilms growing
at 40 and 46 1C
Protein abundance was evaluated at the organism
level by normalizing individual proteins to the total
protein abundance from each specific organism,
allowing for evaluation of protein abundance
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for individual organisms. Organisms representing
X10% of the total proteins were analyzed, including
three closely related Leptospirillum bacteria, as well
as G-plasma archaea. In the significance analysis
(based on fold change and Rank Product P-value),
proteins that are considered as upregulated in
one condition are concomitantly considered as
downregulated under the other condition. Protein

expression at the organism level was only analyzed
between the 40 and 46 1C conditions because very
few proteins were significantly different between 40
and 43 1C (ranging from 2 to 18 proteins per
organism level comparison). In addition, the 40
and 43 1C community-level proteomes were similar
(based on hierarchical clustering and community
COG analysis).
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community level. (b) Number of proteins assigned to Clusters of Orthologous Groups that are significantly different between
temperatures at the community level. COG categories J: Translation, ribosomal structure and biogenesis; A: RNA processing and
modification; K: Transcription; L: Replication, recombination and repair; B: Chromatin structure and dynamics; D: Cell cycle control, cell
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Function of Leptospirillum bacteria in biofilms growing
at 40 and 46 1C
Protein abundance was evaluated at the organism
level for three closely related Leptospirillum bac-
teria: Leptospirillum group II UBA genotype, Lep-
tospirillum group II 5-way genotype and
Leptospirillum group III. Overall, 144 proteins were
significantly different between 40 and 46 1C for the
three organisms, spanning a broad range of
functions.

Protein folding, sorting and degradation. Several
proteins involved in protein degradation were
significantly upregulated at 46 1C for Leptospirillum
group III and the group II UBA genotype. Of the
proteins with the highest total intensities in the
entire data set (top 5% for each of the three
organisms at 40 and 46 1C), 13% were chaperones.
DnaK and ClpB chaperones were significantly
upregulated at 40 1C for the group II 5-way genotype
and at 46 1C for the UBA genotype. Leptospirillum

Table 1 Relative abundance of each organism at 40, 43 and 46 1C (based on summing the total intensities of the proteins for each
organism and then dividing by the total sum of all proteins in a sample)

Abundance plots are scaled by normalizing to 100% for each organism.
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group III bacteria had GroEL and HscA (P¼ 0.06)
chaperones and a chaperonin that were significantly
upregulated at 46 1C. Two trigger factors (ribosome-
associated chaperones) were upregulated at 40 1C
(P¼ 0.01, P¼ 0.09).

Carbon transformation. Proteins in the carbon
fixation pathway of the Leptospirillum group II
(UBA and 5-way genotypes) and III bacteria
responded strongly to temperature (Figure 3). These
organisms are believed to fix carbon via the rTCA
cycle (Aliaga Goltsman et al., 2009). Of the 60
different Leptospirillum proteins predicted to be
involved in rTCA, 41 were detected and quantified.
Many of these proteins had very high total inten-
sities: 11 were ranked in the top 5% highest total
intensities. The majority of rTCA proteins from
Leptospirillum group III and the group II 5-way
genotype were more abundant at 40 1C than at 46 1C.
Many of these proteins were significantly upregu-
lated at 40 1C relative to 46 1C (seven proteins for 5-
way and three for group III). Conversely, rTCA
proteins for the Leptospirillum group II UBA
genotype had the opposite abundance pattern. The
majority of the rTCA proteins had higher intensities
at 46 1C, two of which were significantly upregulated
relative to 40 1C. Gene set enrichment analysis
(a statistical method that evaluates enrichment of
complete pathways, as opposed to individual genes)

confirmed that the rTCA pathway was enriched at
40 1C for Leptospirillum group III and the group II
5-way genotype and at 46 1C for the Leptospirillum
group II UBA genotype (P-value o0.005).

Twenty-five CAZymes were predicted among the
quantified Leptospirillum proteins (additional
CAZymes are found within the complete Leptospir-
illum genomes but were not measured here).
CAZymes are classified as families of structurally
related enzymes that degrade, modify or create
glycosidic bonds. Only one CAZyme was predicted
for the Leptospirillum group II 5-way genotype
(GH57) and four for the Leptospirillum group II
UBA genotype (CBM13, GH109 and two GH57s).
Leptospirillum group III had 20 predicted CAZymes
(Figure 4). Most (7 out of 8) of the carbohydrate
esterases (CEs; hydrolysis of carbohydrate esters)
and glycosyltransferases (GTs; biosynthesis of
saccharides) had higher total intensities at 46 1C
and one was significantly upregulated (GT2). Two
glycoside hydrolases (GH3 with �-N-acetylhexosa-
minidase activity and GH109 with an oxidoreduc-
tase domain) were also significantly upregulated at
46 1C. Half of the Leptospirillum group III CAZymes
were related to GH families (GH13 and GH57) acting
on substrates containing a-glucoside linkages
including starch, glycogen and a-maltose: 8/10 of
these proteins had higher total intensities at 40 1C,
three of which were significantly upregulated
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relative to 46 1C. The Leptospirillum group II UBA
genotype also had one GH57 protein that was also
significantly upregulated at 40 1C. The Leptospiril-
lum group II 5-way genotype had one predicted
GH57 protein that had a higher total intensity at
46 1C but was not significantly different than 40 1C.

Energy production. Leptospirillum group III
proteins involved in the various steps of the iron
oxidation electron transport chain (Jeans et al., 2008;
Singer et al., 2008; Blake and Griff, 2012; Bonnefoy
and Holmes, 2012) differed in their response to
temperature. Three cytochromes involved in the
initial steps of iron oxidation were more abundant at
46 1C than at 40 1C (two of which were significantly
upregulated: Cyt579 P¼ 0.05; cytochrome C P¼ 0.03).
Conversely, 15 out of 20 downstream proteins
involved in electron transfer, converting oxygen to
water and generating ATP were more abundant
at 40 1C (including three significant proteins: a
cytochrome C oxidase and two ATP synthase
subunits P¼ 0.003, 0.03, 0.02). It is unclear how
different temperature responses of these proteins
affects energy yield within the cells.

Amino-acid metabolism. At higher temperatures,
the Leptospirillum bacteria (the group II 5-way and
UBA genotypes and group III) increased expression of
proteins involved in amino-acid metabolism. Twelve
amino-acid biosynthesis and degradation proteins
were significantly upregulated at 46 1C, whereas only
one was upregulated at 40 1C. Among those proteins
upregulated at 46 1C were those involved in the
biosynthesis of alanine, lysine, glutamate, cysteine,
isoleucine and tryptophan. In addition, four separate
proteins in the histidine biosynthesis pathway were
upregulated at 46 1C for the Leptospirillum group II 5-
way genotype (P¼ 0.01–0.07).

Genetic information processing. Of proteins with
the highest total intensities (top 5% for each of the
three Leptospirillum bacteria), 31% were involved
in genetic information processing functions. More
than 3.4 times as many proteins involved in
genetic information processing were significantly
upregulated at 40 1C relative to 46 1C (24 at 40 1C
versus 7 at 46 1C) including functions of replica-
tion, recombination and repair; transcription;
translation; and nucleotide transport and meta-
bolism. More ribosomal proteins were significantly
upregulated at 40 1C relative to 46 1C for all three
Leptospirillum bacteria, but most striking was
Leptospirillum group III that had 13 ribosomal
proteins significantly upregulated at 40 1C and
only one at 46 1C.

Chemotaxis and Stress. Methyl-accepting chemo-
taxis sensory transducer proteins were significantly
upregulated at 40 1C for each of the three Lepto-
spirillum bacteria (Pp0.05 except for the UBA
genotype with P-values of 0.09 and 0.08). The

Leptospirillum bacteria exhibited various stress
responses: an oxidative stress protein was signifi-
cantly upregulated at 46 1C for the UBA genotype; an
osmotic stress protein was significantly upregulated
at 40 1C for the 5-way genotype; and a metal stress
protein was significantly upregulated at 40 1C for
Leptospirillum group III. One phage integrase protein
was upregulated at 40 1C for Leptospirillum group III.
The Leptospirillum group III genome contains a
cluster of Cas genes (Aliaga Goltsman et al., 2009),
which are CRISPR-associated genes involved in viral
defense. Five of these Cas proteins were upregulated
at 46 1C (P¼ 0.013–0.095; one with an abundance
ratio of 0.84). Two phage proteins were also upregu-
lated at 46 1C for the 5-way genotype (phage shock
protein A P¼ 0.01; phage integrase P¼ 0.08). One
viral protein was detected and quantified in the data
set (AMDVIR_10150G0005).

Function of G-plasma archaea in biofilms growing at 40
and 46 1C
G-plasma (of the Thermoplasmatales order of
Euryarchaeota) protein abundance was also evaluated
at the organism level. Overall, only 24 proteins
were significantly different between 40 and 46 1C.
Functions of these significant proteins included
chaperones, amino-acid metabolism, genetic infor-
mation processing and transport.

A total of 34 proteins were quantified with
predicted function in carbon transformation path-
ways (based on genomic analyses from (Yelton et al.,
2013)), including the Entner–Doudoroff pathway,
glycolysis, pyruvate dehydrogenase complex, TCA
cycle and beta oxidation (Supplementary Figure S4).
Of these, 29 proteins (85%) were more abundant at
40 than at 46 1C, although only two were signifi-
cantly different.

Discussion

Experimentation on AMD biofilms
Here, AMD biofilms were used to test an approach to
determine how elevated temperature regulates
physiology of individual microbial groups in a
community context. These communities have a level
of complexity suitable for ecological experiments and
are tractable for testing new proteomic methods. The
biofilms contain organisms that represent all three
domains of life (bacteria, archaea and eukaryotes; as
well as viruses); span multiple trophic levels; and
carry out many steps of the carbon cycle, including
autotrophic carbon fixation, heterotrophic carbon
consumption and turnover of fixed carbon during
degradation ((Denef et al., 2010; Justice et al., 2012)
and references therein).

Use of TMT proteomics to study microbial
communities
Prior proteomics studies using TMT- or isobaric
tags for relative and absolute quantification-based
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isobaric chemical labeling have been applied exclu-
sively to human tissues, plants and cultured isolates
(for example, Dayon et al., 2010; Lee et al., 2011; Li
et al., 2012; Westman et al., 2012; Chen et al., 2013;
Paulo et al., 2013; Li et al., 2014). Here, we validate
the TMT-based quantitative proteomics approach as
applied to microbial communities, showing precise
quantification of thousands of proteins across a large
range of fold changes. We show that TMT proteo-
mics can provide mechanistic insights into enzymes
and pathways of individual microbial groups in
microbial communities and define their functional
response to temperature change. By multiplexing
our samples, we were able to obtain accurate,
precise and reproducible quantification of proteins
from three treatments with two response replicates
and two technical replicates per treatment in just
four LC-MS/MS runs. Across our samples, we
identified an average of 1799 proteins from 25
different organisms including bacteria, archaea,
eukaryotes and viruses. This technique is particu-
larly useful in systems of intermediate complexity,
where the most relevant proteins would be captured
in a data set of 1500–2000 proteins. The total
number of proteins quantified by TMT proteomics
will increase as mass spectrometry instrumentation
improves, making this approach more applicable to
complex ecosystems.

Effect of warming on community structure
We found that a thermal shift from 40 to 46 1C caused
a dramatic change in community composition (as
reflected within the community proteome; Figure 2,
Supplementary Figure S2), as has been reported in
other warming studies in soils, oceans and freshwater
(for example, Deslippe et al., 2012; Yergeau et al.,
2012; Lindh et al., 2013; Luo et al., 2013; von
Scheibner et al., 2014). Nearly a quarter of the
organisms had a greater than twofold change in
abundance between temperatures. Leptospirillum
group III likely favors environmental conditions with
lower stress, including lower temperature (Mueller
et al., 2010). Here, we found that the overall
abundance of Leptospirillum group III, the dominant
organism in the cultivated biofilms, decreased by
14% from 40 to 46 1C (based on protein abundance)
and ribosomal proteins were significantly down-
regulated at 46 1C, suggestive of reduced cell growth
at elevated temperature.

The lack of visible biofilm growth at 49 1C suggests
that persistent temperatures above 46 1C alter com-
munity structure and/or function in such a way that
biofilm formation and development are
hindered. Previous culture studies have shown that
while some Leptospirillum isolates are capable of
growth up to 45 1C, many others are unable to grow at
that temperature or higher (Coram and Rawlings,
2002; Lo, 2006; Zhang et al., 2010). Thus, it may be
the case here that the colonizing Leptospirillum
bacteria have a maximum growth temperature around

46 1C, thereby preventing the initial stages of biofilm
formation at higher temperatures. Studies such as
these enable observations of growth in a community
context where organisms experience competition for
resources and interactions with other organisms,
compared with static culture conditions.

Communities made up of both specialists and
generalists are likely more productive and more
stable over time under environmental fluctuations.
Among groups of closely related organisms in the
AMD biofilms, there appear to be a subset that are
specialists in terms of their temperature optima, as
well as generalists able to grow over a wider range of
temperature. For instance, for the ARMAN archaea,
ARMAN IV was more abundant at 40 1C, ARMAN II
was more abundant at 46 1C and two other ARMAN
types had similar abundance levels at both tempera-
tures (Figure 2).

Effect of warming on Leptospirillum function
Elevated temperature differentially affected protein
abundance in the carbon fixation pathway of closely
related bacterial genotypes: high temperature
repressed carbon fixation protein abundance by
Leptospirillum group III and the group II 5-way
genotype, whereas carbon fixation protein abun-
dance was significantly upregulated at higher
temperature by the Leptospirillum group II UBA
genotype (Figure 3). Functional overlap of three
Leptospirillum genotypes (iron oxidation coupled
with carbon fixation) with different temperature
responses may provide ecological insurance for
community function under heterogeneous environ-
ments. Niche differentiation of Leptospirillum
allows for asynchronous responses to fluctuating
conditions and assists in preserving function within
the community across changing environments.

Increasing temperatures have been shown to
enhance the decomposition of organic matter and
the extracellular release of carbohydrates in sea-
water (Wohlers et al., 2009; Engel et al., 2011). Here,
20 different CAZymes were quantified for Leptos-
pirillum group III bacteria (Figure 4). CAZymes with
different functionality were upregulated under
different conditions. For instance, GT2 involved in
biosynthesis of carbohydrates was upregulated
at 46 1C, whereas GH57 involved in hydrolysis
of carbohydrates was upregulated at 40 1C. The
extracellular polymeric substance in AMD biofilms
from the Richmond mine has been shown to
contain abundant carbohydrates, including galactose,
glucose, heptose, rhamnose and mannose (Jiao et al.,
2010). Thus, Leptospirillum group III might act both
as a source and sink to the carbohydrate pool in the
biofilm matrix.

Several CRISPR-associated proteins were upregu-
lated at 46 1C for the Leptospirillum group III
bacteria. Most CRISPR-Cas systems confer resistance
to foreign genetic elements, although some have
been implicated in non-viral related functions (for
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example, Sampson and Weiss 2014). Among the
upregulated Leptospirillum CRISPR-associated pro-
teins was a Cas3 protein predicted to be responsible
for cleavage of invading DNA (Brouns et al., 2008).
Thus, the Leptospirillum group III bacteria may have
been subjected to increased viral stress at elevated
temperature. Viral-induced mortality impacts not
only the abundance and composition of microbial
communities but also system-level nutrient cycling.
Viral lysis releases the contents of the host cell
(including cytoplasmic and structural material) into
the environment, thereby liberating a fraction of the
organic matter pool and shifting nutrients from the
particulate to dissolved states. Dissolved organic
carbon (and other nutrients including phosphorus
and nitrogen) released by viral lysis can stimulate
the growth of non-infected populations, increase
community respiration and decrease the efficiency
of carbon transfer to higher trophic levels ((Gobler
et al., 1997; Middelboe and Lyck 2002; Suttle, 2005)
and references therein). Thus, increased suscept-
ibility to viral stress at elevated temperature, as
shown here, will likely lead to greater carbon
turnover and altered community structure.

The expression of proteins involved in amino-acid
metabolism was upregulated at higher temperatures
both at the community level and for each Leptospir-
illum genotype (group II 5-way and UBA genotypes
and group III). Several amino acids are thermolabile,
and thus can have a reduced frequency in thermo-
philic proteomes (Russell et al., 1997; Hickey and
Singer, 2004). AMD organisms may be increasing
expression of amino-acid biosynthesis proteins at
46 1C to increase the size of the amino-acid pool
available for making other cellular proteins that may
be inactivated at higher temperature.

Temperature has been shown to affect bacterial
movement via impacts on both chemotaxis and
flagellar assembly (for example, Schneider and
Doetsch 1977; Turner et al., 1999; Aygan and
Arikan, 2007). Here, methyl-accepting chemotaxis
sensory transducer proteins were significantly upre-
gulated at 40 1C for each of the three Leptospirillum
bacteria. Previous reports also showed that chemo-
taxis was strongly inhibited by high temperature in
Escherichia coli (Morrison and McCapra, 1961;
Adler and Templeton, 1967; Li et al., 1993).
Structural studies of AMD biofilms show Leptospir-
illum group II at the base of mature biofilms and
Leptospirillum group III as dispersed cells and
microcolonies within the interior regions (Wilmes
et al., 2009). Chemotaxis may be critical for
positioning the bacteria within areas of the biofilm
that are best suited for optimal growth. Decreased
activity of chemotaxis proteins at elevated tempera-
ture may subject these bacteria to unfavorable
geochemical conditions such as lower oxygen con-
centrations at the base of the biofilm or less nutrient
availability in the interior. Nutrient limitation
resulting from decreased chemotaxis at elevated
temperature may be compensated for by enhanced

nutrient scavenging, as indicated by upregulation of
two nutrient assimilation proteins at 46 1C for the
group II 5-way genotype (NifA and a periplasmic
phosphate binding protein).

Conclusion

The current research shows the utility of quantitative
proteomics for studies of ecological of phenomena
such as niche differentiation. The approach provided
information about differential expression of thou-
sands of proteins involved in diverse functions
including metabolism, growth, signaling and stress
response. It enabled protein analysis at the level of
individual microbial groups within a community
context and across the whole community.
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Wohlers J, Engel A, Zöllner E, Breithaupt P, Jürgens K,
Hoppe H-G et al. (2009). Changes in biogenic carbon
flow in response to sea surface warming. Proc Natl
Acad Sci USA 106: 7067–7072.

Wu Y, Ke X, Hernández M, Wang B, Dumont MG, Jia Z et al.
(2013). Autotrophic growth of bacterial and archaeal
ammonia oxidizers in freshwater sediment microcosms
incubated at different temperatures. Appl Environ
Microbiol 79: 3076–3084.

Yelton AP, Comolli LR, Justice NB, Castelle C, Denef VJ,
Thomas BC et al. (2013). Comparative genomics in
acid mine drainage biofilm communities reveals

metabolic and structural differentiation of co-occur-
ring archaea. BMC Genomics 14: 485–485.

Yergeau E, Bokhorst S, Kang S, Zhou J, Greer CW, Aerts R
et al. (2012). Shifts in soil microorganisms in response
to warming are consistent across a range of Antarctic
environments. ISME J 6: 692–702.

Zhang R-Y, Xia J-L, Peng J-H, Zhang Q, Zhang C-G,
Nie Z-Y et al. (2010). A new strain Leptospirillum
ferriphilum YTW315 for bioleaching of metal
sulfides ores. Trans Nonferrous Met Soc China 20:
135–141.

Zhao Z, Stanley BA, Zhang W, Assmann SM. (2010).
ABA-regulated G protein signaling in Arabidopsis
guard cells: a proteomic perspective. J Proteome Res 9:
1637–1647.

Zogg GP, Zak DR, Ringelberg DB, White DC, MacDonald NW,
Pregitzer KS. (1997). Compositional and functional
shifts in microbial communities due to soil warming.
Soil Sci Soc Am J 61: 475–481.

Supplementary Information accompanies this paper on The ISME Journal website (http://www.nature.com/ismej)

Temperature alters microbial protein expression
AC Mosier et al

194

The ISME Journal

http://www.nature.com/ismej

	Elevated temperature alters proteomic responses of individual organisms within a biofilm community
	Introduction
	Materials and methods
	Sample collection and bioreactor growth
	FISH
	Protein extraction
	Labeling of peptides with TMTs for quantification
	2D-LC-MS/MS proteomic measurements
	Protein identification and quantification
	Proteome-based community structure and clustering analyses
	Proteome-based functional analyses
	Validation of the TMT-based quantitative community proteomics method

	Results
	Validation of the TMT-based quantitative community proteomics method
	Growth of AMD biofilms at different temperatures
	Community composition of AMD biofilms grown at different temperatures based on FISH and protein abundance measurements
	Community function at low and high temperatures
	Function of individual organisms in biofilms growing at 40 and 46 °C
	Function of Leptospirillum bacteria in biofilms growing at 40 and 46 °C
	Protein folding, sortingand degradation
	Carbon transformation
	Energy production
	Amino-acid metabolism
	Genetic information processing
	Chemotaxis and Stress

	Function of G-plasma archaea in biofilms growing at 40 and 46 °C

	Discussion
	Experimentation on AMD biofilms
	Use of TMT proteomics to study microbial communities
	Effect of warming on community structure
	Effect of warming on Leptospirillum function

	Conclusion
	Acknowledgements
	Note
	References




