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Acid mine drainage (AMD), an extreme environment characterized by low pH and high metal
concentrations, can support dense acidophilic microbial biofilm communities that rely on
chemoautotrophic production based on iron oxidation. Field determined production rates indicate
that, despite the extreme conditions, these communities are sufficiently well adapted to their
habitats to achieve primary production rates comparable to those of microbial communities
occurring in some non-extreme environments. To enable laboratory studies of growth, production
and ecology of AMD microbial communities, a culturing system was designed to reproduce natural
biofilms, including organisms recalcitrant to cultivation. A comprehensive metabolic labeling-based
quantitative proteomic analysis was used to verify that natural and laboratory communities were
comparable at the functional level. Results confirmed that the composition and core metabolic
activities of laboratory-grown communities were similar to a natural community, including the
presence of active, low abundance bacteria and archaea that have not yet been isolated. However,
laboratory growth rates were slow compared with natural communities, and this correlated with
increased abundance of stress response proteins for the dominant bacteria in laboratory
communities. Modification of cultivation conditions reduced the abundance of stress response
proteins and increased laboratory community growth rates. The research presented here represents
the first description of the application of a metabolic labeling-based quantitative proteomic analysis
at the community level and resulted in a model microbial community system ideal for testing
physiological and ecological hypotheses.
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Introduction

Extremophilic microorganisms are found in a
variety of conditions considered to be severely
inhospitable for much of the biosphere (Brock,
1978; Rothschild and Mancinelli, 2001). Extensive
research has documented species composition and
distribution of extremophilic communities (Ferris
and Ward, 1997; Pace, 1997; Ward et al., 1998) and
the specific adaptations that enable growth at
extreme conditions, such as specialized lipid mem-
branes and use of novel enzymes (Thomas and

Dieckmann, 2002; van den Burg, 2003; Macalady
et al., 2004). However, it has also been shown that
extremophiles must invest a fraction of their energy
and metabolic resources to maintain correctly folded
proteins, osmotic homeostasis, and to detoxify
radical chemical species (Kawakami et al., 2004;
Baker-Austin et al., 2005; Ram et al., 2005).
Few studies have measured autotrophic primary
production within extreme environments (Giovan-
noni et al., 1987) or evaluated metabolic responses
in extreme conditions (Ram et al., 2005) to assess
how well these communities are adapted to their
surroundings.

Extremophilic microbial communities that thrive
in acid mine drainage (AMD) within the Richmond
Mine system (Iron Mountain, CA, USA) have been
the focus of extensive cultivation-independent
studies (Bond et al., 2000a, b; Tyson et al., 2004;
Baker et al., 2006; Simmons et al., 2008). These
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acidophilic biofilm-associated microbial commu-
nities flourish underground where AMD forms as
the result of pyrite (FeS2) oxidation (Baker and
Banfield, 2003). Biofilms grow on the surfaces of hot
(30–56 1C), extremely acidic (pH 0.5–1.2) pools
and underground streams that contain sub-molar
concentrations of iron and millimolar concentra-
tions of zinc, copper, arsenic and other metals
(Druschel et al., 2004). Energy for microbial growth
is conserved via aerobic oxidation of dissolved Fe2þ

and used to fix N2 and CO2 supplied from the air to
support chemoautotrophic production (Bond et al.,
2000a; Tyson et al., 2004).

Richmond Mine communities are dominated by
chemoautotrophic iron-oxidizing bacteria belonging
to Leptospirillum group II (Bond et al., 2000b;
Tyson et al., 2004), including types related to
Leptospirillum ferriphilum (Coram and Rawlings,
2002) and Leptospirillum rubarum (Goltsman et al.,
2009). Leptospirillum group II typically comprises
the majority of cell biomass in natural samples, and
are predicted to be the key primary producers
(Tyson et al., 2004). A related group of organisms,
referred to as Leptospirillum group III, are capable of
nitrogen fixation and comprise approximately 10%
of biofilm communities (Tyson et al., 2005). In
addition, biofilms contain many low abundance
archaeal species (Baker and Banfield, 2003; Baker
et al., 2006) that likely use mixotrophic and
heterotrophic metabolisms (Dopson et al., 2004).
Other low abundance bacterial taxa from the
Firmicutes and Actinobacteria lineages have also
been characterized in AMD metagenomic data sets
(Tyson et al., 2004; Dick et al., 2009).

Laboratory isolates have been paramount for
detailed analysis of unique biological traits and
industrial applications of extremophilic microor-
ganisms (Brock and Freeze, 1969; Fiala and Stetter,
1986), including those cultured from Richmond
Mine samples (Edwards et al., 2000; Tyson et al.,
2005; Goltsman et al., 2009). However, many
extremophilic taxa remain un-cultured because of
the difficulties associated with laboratory isolation.
In recent years, attempts to isolate and culture
environmental microorganisms have been aided by
cultivation conditions that more closely resemble
the natural environment (Connon and Giovannoni,
2002), including co-cultivation of two or more
organisms (Kaeberlein et al., 2002). Although culti-
vation of mixed communities is perhaps a more
accurate representation of natural systems, func-
tional analysis of individual microbial taxa within
mixed consortia is challenging.

There are several methods for functional analysis
of microbial communities. These include stable
isotope probing, in which stable isotopes are used
as a tracer, and amplification and sequencing
(or microarray detection) of functional genes
and messenger RNAs to monitor specific activities
(for example, nitrogen cycle studies). Analysis of
microbial communities via shotgun-proteomics

(Ram et al., 2005) and transcriptomic methods
(Frias-Lopez et al., 2008; Urich et al., 2008) can
provide related but distinct comprehensive snap-
shots of the activities of organisms in communities.
For genomically well-characterized microbial com-
munities, protein and transcript identifications can
be linked to organisms and community structure.
Recently, significant progress has been made using
mass spectrometry-based proteomic analyses for
natural microbial systems in which metagenomic
information is available, such as communities in
AMD (Ram et al., 2005; Lo et al., 2007; Denef et al.,
2009) and other environments (Sowell et al., 2008;
Verberkmoes et al., 2008; Wilmes et al., 2008).

In this study, a laboratory system was designed to
cultivate biofilm consortia with species composition
and metabolism comparable to natural AMD
biofilms. A metabolic labeling-based quantitative
proteomic analysis was used to verify that labora-
tory-cultivated, 15N-labeled biofilms are functionally
similar to a natural biofilm from the Richmond
Mine. Laboratory communities included active, low
abundance and previously uncultivated organisms.
An important product of this work is an approach to
simultaneously and quantitatively analyze the meta-
bolic behavior of microorganisms within commu-
nities and under a range of environmental
conditions. The use of 15N-labeled biofilms provides
a degree of quantification not approached in
previous mass spectrometry-based microbial proteo-
mics analyses of microbial communities.

Materials and methods

Environmental sampling
Natural biofilm communities were sampled within
the Richmond Mine. Biofilms collected for growth
and production measurements were termed PP01
and PP02. Sample PP01 was collected at the AB site
during November 2004 (Supplementary Figure 1).
This site had been washed clear 13 days before
sampling, and hence the biofilm was p13 days old.
Three 25 cm2 sections of biofilm were removed from
randomly distributed locations of a broad (10m2),
shallow (10–20 cm) pool (Figure 1a). Sample PP02
was collected approximately 50m within the C drift
(Supplementary Figure 1). At this site, three plastic
enclosures were anchored within the pyrite sedi-
ment to form an isolated 15� 15 cm area at the
solution surface in which the biofilm forms
(Figure 1b). Enclosures extended B10 cm below
the surface of a 30 cm deep pool to prevent lateral
growth of surface biofilm into the study areas,
ensuring recolonization from planktonic cells
(Supplementary Figure 2a). Newly grown biofilms
were collected after 19 days. In the laboratory,
production samples were centrifuged to remove
AMD solution, stored at �80 1C, and lyophilized
for 24–36 h. For production analysis, percent carbon
of the lyophilized samples was measured using a
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Lachat QC 8000 element analyzer (Lachat Instru-
ments, Loveland, CO, USA). The natural sample
used for quantitative proteomics analysis, termed
AB1106, was collected in November 2006 near the
site of sample PP01 (Supplementary Figure 1) and
frozen at �80 1C on site.

Laboratory cultures
Acid mine drainage biofilm communities were
cultured in laboratory reactors stored in a dark,
humid chamber heated to 40 1C (Figures 2a and b).
Reactors (30 cm in length) contained a 0.5 cm deep
bed of fine-grained pyrite sediment and 2 cm of

Figure 1 Highly productive Richmond Mine biofilm communities. (a) Biofilm section sampled from a 13-day old floating, surface
biofilm community (sample PP01, 1 of 3). Surrounding biofilm was covering the surface of a B10m2 pool. (b) 19-day old biofilm
enclosure (15� 15 cm) anchored in the middle of a rapidly flowing stream (stream was B0.5m wide). Biofilm growth on the solution
surface within the enclosure (shown) was sampled for growth and production measurements (sample PP02, 1 of 3). Before placement of
the enclosure, there was no visible biofilm growth (for schematic, see Supplementary Figure 2). Carbon weight percentages from newly
formed biomass (a and b) were used to calculate in situ production rates. Cross-section images of sample PP01 biofilm (c), and sample
PP02 biofilm (d) captured using scanning electron microscopy illustrate biofilm thickness and density. Larger structures extending away
from the biofilm are fungal filaments. Community composition was observed using fluorescence in situ hybridization (FISH) of sample
PP01 (e) and sample PP02 (f) identifying Leptospirillum species (yellow), additional bacterial species (red) and archaeal species (blue).
FISH images were taken at 630� magnification. The color reproduction of this figure is available on the html full text version of the
manuscript.
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overlying, flowing solution. In all, 2 l of 9K medium
(Supplementary Table 1) was continually recycled
through each reactor, and 1 l of this reservoir was
replaced with fresh medium every 7 days (Supple-
mentary Figure 2b). No organic carbon substrate was
provided. For 9K-bio-reactor medium (BR) experi-
ments, a modified 9K medium was used and
replenished every 5 days (Supplementary Table 1).
Flow rates were between 0.2 and 0.3ml per minute,
yielding a residence time of 12–18h. In both 9K and
9K-BR experiments, three reactors were inoculated
by addition of 0.5ml of diluted and dispersed
community sample derived from the Richmond
Mine (same inoculum for 9K and 9K-BR reactors).
For both 9K and 9K-BR laboratory communities,
production rates were measured as described above.

For proteomics experiments, labeled biofilm was
grown using 15N-ammonium sulfate (Isotec, Miamis-
burg, OH, USA). Biofilm samples were collected
from reactors, centrifuged at 7150 g for 3min at 4 1C
to remove the supernatant solution, and immedi-
ately frozen at �80 1C.

Biofilm characterization
Scanning electron microscopy was performed on
biofilm samples PP01 and PP02 fixed in 4%
paraformaldehyde and resuspended in 1:1 ethanol:-
phosphate buffer solution. Samples were prepared
using a critical point drier, and examined using a
Hitachi S-5000 scanning electron microscope (Hitachi,
Tokyo, Japan).

For community growth calculations, cells were
stained with 40,6-diamidino-2-phenylindole and
counted at 630 times magnification using a Leica
DMRX epifluorescence microscope. Planktonic cells
were sampled at the PP01 and PP02 sites and
assumed to be the initial number of cells. AMD
solution was collected in 500ml bottles and filtered
using 0.2 mm pore size membrane filters (Hach,
Loveland, CO, USA). Filters were then stained with

40,6-diamidino-2-phenylindole, and cells were counted
in three replicate fields of view per sample. To
estimate final cell numbers, a known volume of
fixed biofilm sample from each of the sites was
physically disrupted in 9K medium, and a dilute
aliquot was placed on welled microscope slides.
Slides were stained with 40,6-diamidino-2-pheny-
lindole and total cells in 10–20 replicate fields of
view per sample were counted. Average fields of
view counts were converted to total cells per
milliliter. A similar procedure was used to quantify
cell concentrations in laboratory reactors. Production
rates of PP01, PP02 and laboratory samples were
calculated using the amount of carbon in grams per
m2 of biomass divided by the growth period in days
(gCm�2 day�1). For all samples, three biological
replicates were used to calculate production rates.

For proteomics samples, species abundances were
estimated using fluorescence in situ hybridization
(FISH) with lineage-specific probes as described
earlier (Amann, 1995; Bond and Banfield, 2001) for
the dominant community members in both environ-
mental and laboratory biofilms. FISH cell counts
from three replicate fields of view were used to
calculate species percentages from total cell counts
using 40,6-diamidino-2-phenylindole (41000 total
cells counted per sample).

Proteomics sample preparation, liquid
chromatography–tandem mass spectrometry analysis
and protein identification
Whole-cell lysates were prepared from the field
sample AB1106 and 15N-labeled laboratory biofilm
samples as described earlier (Ram et al., 2005; Lo
et al., 2007). For laboratory protein extraction,
biofilm samples from two separate reactors were
combined to yield greater biomass and reduce the
influence of individual reactor variability. The
whole-cell lysates of natural and laboratory samples
were equally mixed before liquid chromatography–

Figure 2 Laboratory cultivation of acid mine drainage (AMD) biofilm communities. (a) 30 cm long laboratory flow through reactors were
used to replicate environmental conditions (for schematic, see Supplementary Figure 2). (b) Thin, floating, laboratory biofilm community
formed on the surface of laboratory reactor solutions, similar to natural biofilms. Reactor channel width is 3.5 cm. (c) Fluorescence in situ
hybridization (FISH) indicated laboratory biofilm communities were dominated by Leptospirillum species (yellow), with low abundance
archaea (blue) and other bacteria (red) present. Image is 630� magnification. The color reproduction of this figure is available on the
html full text version of the manuscript.
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tandem mass spectrometry (LC-MS/MS) analysis
according to protein concentration (9K) or sample
weight (9K-BR) (Supplementary Figure 2c). Protein
mixtures were digested with trypsin and cleaned up
for LC-MS/MS analysis as described earlier (Ram
et al., 2005; Lo et al., 2007).

Whole-cell protein fractions were analyzed in
duplicate by two-dimensional LC-MS/MS using a
linear trap quadrupole (LTQ)-Orbitrap mass spectro-
meter (Thermo Fisher, San Jose, CA, USA). In all,
100 mg per sample was loaded onto a 150 mm ID back
column packed with 2–3 cm of strong cation
exchange resin (Luna, Phenomonex, Torrance, CA,
USA) and 2–3 cm of C18 reverse-phase resin (Aqua,
Phenomonex). A 100 mm ID PicoFrit front column
(New Objective, Woburn, MA, USA) was packed
with 15 cm of C18 reverse-phase resin. Two dimen-
sional 24 h LC separation was carried out by the
same method as Ram et al. (2005). Full scans (400–
1700m/z) were acquired in the Orbitrap at resolu-
tion of 30 000. Each full scan was followed by three
data-dependent MS/MS scans acquired in the LTQ
linear ion trap at 35% normalized collision energy.
Protein identifications were made by reference to
genomic data from similar communities (Lo et al.,
2007). All MS/MS scans were searched with the
SEQUEST program (Eng et al., 1994) against a
protein sequence database composed from AMD
genomic data (Supplementary Methods). The DTA-
Select 1.9 program (Tabb et al., 2002) was used to
filter peptide identifications and assemble peptides
into proteins using a minimum of two identified
peptides per protein (Supplementary Methods).
Functional categories were assigned to Leptospir-
illum group II strain five-way CG as described earlier
(Denef et al., 2009).

Quantitative proteomic analysis
ProRata was used for protein abundance ratio
determination and confidence interval evaluation
(Pan et al., 2006a, b). Selected ion chromatograms
were extracted for the light and heavy isotopologues
of all identified peptides (Supplementary Figure 3).

The mass-to-charge window was set to be 0.1Da
around the expected mass-to-charge ratios calculated
from peptide sequence. Peptides were quantified and
filtered with a minimum profile signal-to-noise ratio
cutoff of two. Proteins were quantified based on both
unique peptides that can be attributed to a single
protein and non-unique peptides that are shared
among multiple proteins. Using reverse database
searching methods (Peng et al., 2003), previous
studies (Ram et al., 2005; Lo et al., 2007) have shown
a false-positive rate of 1–2% at the protein and
peptide level for this community. Only peptides that
could be accurately quantified were retained, thus
driving down the false-positive rate even further. In
all, 90% confidence intervals were calculated for
each protein and used as the range of error of the log2
abundance ratio. Relative protein abundances for
individual species were normalized by centering
the median log2-ratio value to zero. Proteins with
log2-ratios 41 or o�1 (42� difference) and con-
fidence intervals excluding zero were considered
different between samples. A one-sample statistical
test distinguished functional category distributions
that were significantly different from zero for
Leptospirillum group II strain five-way CG. Log2-
ratios for each category were analyzed using the
Shapiro–Wilk test of normality, and a t-test or
Wilcoxon Rank-Sum test (for categories that did not
follow a normal distribution) was used to identify
categories that were significantly different in either
the environmental or laboratory sample (Po0.05). All
statistical calculations were performed using the R
software environment (http://www.r-project.org/).

Results

Natural growth and production
Production samples PP01 and PP02 were tens of
microns thick, multi-species biofilm communities
dominated by Leptospirillum spp. (Figures 1c–f).
Environmental conditions, cell counts, averaged
carbon and nitrogen concentrations, and growth
and production rates for environmental samples are

Table 1 Richmond mine and laboratory sample characterization

Sample PP01 PP02 Laboratory (9K) Laboratory (9K-BR)

Temperature (1C) 37 42 40 40
pHa 0.9 0.7 1.1 1.0
Growth period (days) 13 19 12.3±1.3 7
Initial planktonic cell number (cellsml–1) 9.16�103 1.53� 104 2.01� 105 4.04�104

Biofilm cell number (cellsml–1) 9.26�1011 1.60� 1011 2.06� 1010 1.21�109

Community doubling time (hours) 11.7±0.2 19.3±1.1 17.8±2.5 11.3±0.4
Measured growth area (m2) 0.063 0.023 0.01 0.01
Measured dry weight (g) 1.07±0.19 0.70±0.09 0.031±0.007 0.010±0.004
Carbon weight (%) 37.9±0.53 30.4±0.34 34.6±4.5 34.0±2.1
Calculated production rate (g Cm�2 day�1) 0.50±0.15 0.49±0.12 0.10±0.07 0.07±0.05

For all conditions n¼ 3, and standard error is shown for averages.
aLaboratory pH values measured at the time of sampling.
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shown in Table 1. Community doubling times for the
in situ biofilm samples are estimated to beB12–19h
(Table 1). This calculation assumes exponential
growth over the entire time period, and thus may
underestimate maximum growth rates (especially
for sample PP02, for which a longer growth period
was sampled). Production rates determined from
carbon concentrations in the field study areas were
0.50 and 0.49 gCm�2 day�1 for biofilm samples PP01
and PP02, respectively (Table 1).

Laboratory growth and production
Using the original 9K acidophilic growth medium,
laboratory biofilm formation occurred in 11–15
days, with an average development time of 12.3
days (n¼ 3) after the planktonic cell density in each
reactor reached B105 cellsml–1 (Table 1). Average
doubling time of the laboratory biofilm communities
was estimated to be 17.8±2.5 h (Table 1). Labora-
tory-grown biofilm communities resembled field-
collected biofilms in morphology and color
(Figure 2b), and FISH analysis indicated similar
species composition and abundance to natural
communities from the Richmond Mine (Figure 2c
and Supplementary Table 2) (Bond and Banfield,
2001). Laboratory communities were dominated by
Leptospirillum group II, with Leptospirillum group
III present at lower abundance (Supplementary
Table 2). In addition, many low abundance members
were identified using FISH including several
archaeal species such as Ferroplasma types I and II
and G-plasma (Supplementary Table 2), as well as
Actinobacteria lineages (data not shown). Produc-
tion rates calculated for laboratory communities
were 0.1 gCm�2 day�1 (Table 1).

Owing to relatively slow growth rates compared
with sample PP01, and relatively lower production
rates compared with both natural samples PP01 and
PP02, cultivation of laboratory communities was
repeated using a modified 9K medium (referred to
as 9K-BR). The 9K-BR medium contained lowered
nitrogen and phosphorus salt concentrations to
more closely resemble natural AMD solutions from
the Richmond Mine (Supplementary Table 1), and
solution recharge rate was increased. Using 9K-BR
medium, biofilm development time decreased to 7
days and community doubling time was 11.3±0.4 h
(n¼ 3) (Table 1), significantly faster than simulta-
neous growth using the original 9K medium (t-test,
P¼ 0.0446, n¼ 3). However, community production
rates were not significantly different compared with
9K laboratory samples (Table 1).

Quantitative proteomic comparison of AB1106 and 9K
laboratory communities
The AB1106 biofilm sample used for quantitative
proteomics comparison was examined using FISH to
confirm general species similarity to 15N-labeled 9K
laboratory samples. Dominant species were in

similar abundance for the AB1106 and 9K labora-
tory samples, with the exception of Leptospirillum
group III, which was present at lower abundance in
the laboratory sample (Supplementary Table 2).
Although fungi are present in laboratory commu-
nities, incomplete genomic data sets for eukaryotic
organisms in Richmond Mine samples preclude
proteomic characterization. Mass spectral analysis
confirmed that the nitrogen composition of bacterial
and archaeal proteins in laboratory-grown biofilms
was 495% 15N. In total, the relative abundances of
2687 proteins were quantified between AB1106 and
the 9K laboratory sample (Supplementary Table 3).
The abundances of the majority of Leptospirillum
group II proteins (63 and 68% for strain types five-
way CG and UBA, respectively) were within a
twofold cutoff in the field and laboratory biofilms
(Supplementary Table 3). Included within this
group are proteins that perform essential functions
such as energy conversion, nucleotide metabolism,
transcription, translation and coenzyme metabo-
lism. Examples are many of the NADH dehydrogen-
ase subunits, ATPase synthase proteins, most
ribosomal proteins and transfer RNA synthetases,
and proteins involved in coenzyme-A, cobalamin,
riboflavin and biotin synthesis (Supplementary
Table 6). The majority of proteins for low abundance
community members, such as Leptospirillum group
III and G-plasma, showed a similar trend (Supple-
mentary Tables 3 and 6). In addition, proteomic data
confirmed the presence of other low abundance
bacterial and archaeal species in laboratory commu-
nities such as Actinobacteria, Firmicutes and
several archaea of the Thermoplasmatales lineage
(Supplementary Tables 3 and 6).

Functional categories and individual proteins
found to be more abundant in either sample were
examined to identify metabolic differences that may
have existed between natural and laboratory com-
munities. Many more proteins were detected for the
dominant bacterium, Leptospirillum group II strain
five-way CG; hence, we focused on this organism to
identify key differences between the field and
laboratory samples. Leptospirillum group II five-
way CG functional categories found to be signifi-
cantly more abundant in the natural community
were energy production and conversion (P¼ 0.0098,
n¼ 69), cell wall/membrane/envelope biogenesis
(P¼ 0.0022, n¼ 40), cell motility (P¼ 0.0071,
n¼ 21), and intracellular trafficking, secretion and
vesicular transport (P¼ 0.0406, n¼ 25). In contrast,
functional categories significantly more abundant in
the 9K laboratory community included defense
mechanisms (P¼ 0.0089, n¼ 25), and transcrip-
tional proteins (P¼ 0.0098, n¼ 29).

Leptospirillum group II proteins involved in
energy conversion pathways found to be highly
abundant in AB1106 included several c-type cyto-
chromes. In particular, the earlier characterized
Leptospirillum c-type cytochrome 572 (Jeans et al.,
2008) implicated in iron oxidation was 5.3–6.0 times
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more abundant in the natural sample (Supplemen-
tary Table 4). Several core energetic proteins, such as
two NADH dehydrogenase and ATP synthase
subunits, were also more abundant in the AB1106
sample (Supplementary Table 4). Proteins involved
in cell envelope/membrane biogenesis processes
identified to be more abundant in the AB1106
sample included those assigned to peptidoglycan
and lipopolysaccharide biosynthetic pathways
(Supplementary Table 4). For example, undecapre-
nyl-phosphate galactose phosphotransferase and
glucose-1-phosphate thymidyltransferase, proteins
putatively involved in biosynthesis of polysacchar-
ide components of lipopolysaccharide, were 68.5
and 5.3 times more abundant in the AB1106 sample,
respectively (Supplementary Table 4). Highly abun-
dant cell motility proteins included three proteins
involved in flagellar assembly that were 2.5–12.1
times more abundant in the AB1106 sample
(Supplementary Table 4). Intracellular trafficking,
secretion and vesicular transport proteins more
abundant in AB1106 included proteins putatively
belonging to general secretion pathways (Supple-
mentary Table 6), although significance for this
category was not strong.

Leptospirillum group II defense proteins found to
be over-represented in the laboratory included
radical repair enzymes such as a peroxiredoxin
and a thioredoxin peroxidase (Supplementary
Table 5). In laboratory samples, highly abundant
proteins in other functional categories were also
indicative of oxidative stress, such as a peptide
methionine sulfoxide reductase and proteins in-
volved in iron–sulfur cluster assembly (Supplemen-
tary Table 5). In addition to oxidative stress response
proteins, osmotic shock response proteins such as
ectoine synthase, a protein likely involved in the
biosynthetic pathway of the compatible solute
molecule ectoine (Louis and Galinski, 1997), was
9.8 times more abundant in 9K laboratory-asso-
ciated Leptospirillum group II cells. Other proteins
involved in general defense pathways, such as heat
shock chaperones and a phage shock protein, were
also more abundant in the laboratory sample (Supple-
mentary Table 5). Although transcription proteins
were significantly increased in the 9K laboratory
community, several of these were identified as
transcriptional regulators, a possible indication of
environmental response (Supplementary Table 6).

Low abundance species were characterized at less
detail because of fewer quantified proteins (Supple-
mentary Table 3). However, protein abundance
ratios for several archaeal species indicate a trend
similar to that observed for Leptospirillum group II.
For example, several chaperone proteins belonging
to Ferroplasma type I and A-plasma were B4–20
times more abundant in the laboratory community
(Supplementary Table 6), suggesting high stress
levels for these organisms. In addition, several
archaeal proteins indicative of higher production
rates were observed to be more abundant in the

natural sample, similar to the response of Leptospir-
illum group II. Specifically, G-plasma and E-plasma
proteins involved in fatty acid metabolism such as
acetyl CoA acetyltransferase, acyl-CoA synthetase
and enoyl-CoA hydratase were more abundant in
AB1106 (Supplementary Table 6).

Quantitative proteomic comparison of AB1106 and
9K-BR laboratory communities
Quantitative proteomics experiments were repeated
using the identical AB1106 sample compared with
9K-BR laboratory communities (Supplementary
Table 3). In total, 2588 proteins were quantified
between AB1106 and 9K-BR laboratory commu-
nities. Leptospirillum group II five-way CG
functional categories that were significantly more
abundant in AB1106 compared with the 9K-BR
community included energy production and con-
version (P¼ 0.0069, n¼ 69), and amino acid trans-
port and metabolism (P¼ 0.0001, n¼ 79). Signal
transduction mechanisms were more abundant in
the 9K-BR community, although the level of
significance was low (P¼ 0.0322, n¼ 18).

Under the new growth conditions, defense
mechanisms were no longer significantly more
abundant in the laboratory community, and fewer
Leptospirillum group II oxidative damage repair
proteins were more abundant in the laboratory
compared with the natural biofilm (Supplementary
Tables 5 and 7). Several of the proteins involved in
iron–sulfur cluster assembly and a thioredoxin
peroxidase decreased to relative abundance levels
comparable to those of AB1106 (within 2� ; Sup-
plementary Table 5). Other proteins involved in
metabolic stress pathways also decreased in the
modified growth medium. For example, the compa-
tible solute biosynthesis protein ectoine synthase
decreased nearly 10-fold in the 9K-BR laboratory
sample to within twofold of the AB1106 sample
(Supplementary Table 5). However, an Hsp20 heat
shock and osmotic shock protein increased in the
9K-BR compared with the original 9K medium
indicating stress response was not completely
eliminated (Supplementary Table 5).

As indicated above, proteins involved in energy
conversion pathways remained more abundant in
sample AB1106 compared with the 9K-BR labora-
tory sample (Supplementary Table 4). In addition,
several enzymes involved in cell envelope biosynth-
esis remained more abundant in AB1106 (Supple-
mentary Table 4), although the cell envelope/
membrane biogenesis category was not significantly
different.

In general, fewer proteins from low abundance
organisms were detected in the comparison between
AB1106 and 9K-BR, therefore interpretation of
protein abundance changes caused by the modifica-
tion of cultivation conditions was difficult for these
organisms. However, the general increase in the
fraction of proteins within two fold difference for
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low abundance bacterial and archaeal species
suggest an overall increase in community similarity
between the laboratory and environmental biofilms
(Supplementary Table 3).

Discussion

In this study, we measured high rates of biomass
production for naturally occurring AMD biofilm
communities and calculated rates of primary pro-
duction as an estimate of in situ chemoautotrophic
production. To further analyze growth of the AMD
community, we designed a laboratory culturing
system to grow multi-species biofilms similar to
those present in the natural environment. Labora-
tory culturing of microbial communities representa-
tive of natural counterparts is difficult; hence, we
used a metabolic labeling-based quantitative pro-
teomic method to compare natural and laboratory
community metabolic profiles and confirm the
presence and activity of low abundance members.
We also compared field and laboratory biofilms to
identify metabolic differences in the dominant
bacterium, Leptospirillum group II strain five-way
CG. Through culturing improvements, we decreased
metabolic stress in the laboratory communities and
increased community growth rates.

Acid mine drainage chemoautotrophic production
We estimate chemoautotrophic production within
the Richmond Mine to be in the range of
0.5 gCm�2 day�1 (Table 1). Production rates calcu-
lated using percent carbon from total biomass
provides a basic estimate of in situ productivity
under extreme conditions in which sophisticated
instrumentation cannot be deployed. This method
also considers exopolysaccharides that comprise the
biofilm matrix, a potentially substantial sink of

assimilated carbon. Owing to the occurrence of
upstream communities at the field sample sites,
input of cells and dissolved organic carbon may
have contributed to total biomass accumulation
within the study areas. However, given the experi-
mental design, influx of cells and dissolved organic
carbon was likely balanced by efflux (Supplemen-
tary Figure 2a). The calculated production rates for
natural AMD communities are comparable to, or
greater than, rates for other non-extreme microbial
ecosystems (Table 2). To produce the observed
amount of carbon biomass, we estimate the Rich-
mond Mine communities oxidize more than 200 g of
Fe2þ m�2 day�1 (Supplementary Methods). Compari-
son of production rates across different environ-
ments (Table 2) indicates energy resource availabil-
ity is perhaps far more important than geochemical
parameters (for example, bacterial production rates
in the nutrient-poor deep ocean are lower than
production rates in an extremely low pH AMD
environment). We conclude that, despite extremes
of very low pH and high concentrations of toxic
metals, production by natural AMD microbial com-
munities occurs at a rate comparable to rates in
many non-extreme environments. In fact, it is the
extreme conditions (that is, large pH gradients
coupled to the availability of electrons from dis-
solved ferrous iron), which drive the chemiosmotic
energy production (Rawlings, 2005) that enables
acidophiles to offset metabolic stress and achieve
high production rates.

Comparison of 9K laboratory communities to
environmental samples
After the establishment of initial planktonic com-
munities, 9K laboratory community doubling times
were comparable to field sample PP02, but con-
siderably slower than sample PP01 (Table 1). In
addition, field production rates for both samples

Table 2 General comparison of production rates across different environments

Environment Production (gCm�2 day�1) Source

Freshwater lake (epiliminion; annual avg) 2.15 Hadas et al. (2001)
Eutrophic ocean (NE Atlantic; June avg) 1.77 Morel et al. (1996)
Arctic ice shelf (primary; annual avg) 1.54 Mueller et al. (2005)
Mesotrophic ocean (NE Atlantic; June avg) 1.18 Morel et al. (1996)
Eutrophic Thermal lake 1.10 Forsyth and McColl (1974)
AMD biofilm PP01 0.50 This study
AMD biofilm PP02 0.49 This study
Sub-tidal cyanobacterial biofilm 0.38 Lugomela et al. (2005)
Freshwater lake (oxic/anoxic; annual avg) 0.38 Hadas et al. (2001)
Oligotrophic ocean (NE Atlantic; June avg) 0.35 Morel et al. (1996)
Antarctic lake benthic mat (annual avg) 0.04 Hawes et al. (2001)
Arctic ice shelf (bacterial; annual avg) 0.002 Mueller et al. (2005)
Deep ocean (bacterial) 0.001 Nagata et al. (2000)

Abbreviations: AMD, acid mine drainage; avg, average. Production rates determined for AMD biofilms (in bold) are compared to previously
reported values for other extreme and non-extreme environments. Many previously reported production rates are photosynthetically based. Rates
specifically calculated for primary or bacterial production are denoted. All units were converted to grams of carbon m�2 day�1.
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PP01 and PP02 were approximately five times
higher than those measured in the laboratory
(0.1 gCm�2 day�1, Table 1). We attribute differences
in community production to non-optimal laboratory
growth conditions, a finding supported by the
abundance of metabolic stress proteins observed in
quantitative proteomic comparisons. Specifically,
stress-related Leptospirillum group II proteins more
abundant in the laboratory biofilms included the
iron–sulfur cluster assembly proteins, which form
the center of many important redox active enzymes
(Supplementary Table 5). It has been suggested that
upregulation of the iron–sulfur cluster assembly
operon occurs during periods of oxidative stress in
response to free radical damage to the redox active
sites of iron–sulfur proteins (Alamuri et al., 2006).
Furthermore, a separate abundant oxidative stress
protein in the laboratory sample, peptide methio-
nine sulfoxide reductase, has been shown to have a
direct role in protection from reactive oxygen
species (Moskovitz et al., 1995). The increased
metabolic stress in the laboratory community likely
limited biomass accumulation rates.

Many proteins characteristic of increased growth
and production were relatively more abundant in
the environmental sample AB1106. In particular, the
abundance of several c-type cytochromes (Supple-
mentary Table 4) implicated in iron oxidation
suggests overall increased iron oxidation rates in
field communities. In addition, several proteins
involved in lipopolysaccharide production were
several times more abundant in the field sample
AB1106, and may have contributed toward
increased biofilm formation (Supplementary
Table 4). Other cell envelope biosynthesis proteins
abundant in the environmental sample, such as
those involved in peptidoglycan synthesis (Supple-
mentary Table 4), suggest generally increased cell
growth rates. The higher abundances of flagella
biosynthetic proteins in the field community
(Supplementary Table 4) may reflect more pro-
nounced chemical gradients, likely because of more
extensive biofilm development.

Archaea within the Richmond Mine system likely
rely on bacterial production for a steady supply of
organic substrates, such as carbohydrate and lipid
polymers generated for biofilm formation. Higher
abundances of archaeal fatty acid utilization
proteins observed in the environmental sample
probably correlate with increased heterotrophic
production that may be sustained by faster growth
and primary production rates associated with
Leptospirillum group II. In the laboratory commu-
nity, increased archaeal stress response proteins
correlated with the stress response of Leptospirillum
group II. As community production is likely depen-
dent on all microbial species because of mutualistic
and synergistic interactions (Hallmann et al., 1992;
Johnson, 1998), stress to the archaea may have
further decreased net production and growth rates
in laboratory reactors.

Comparison of 9K-BR laboratory communities to
environmental samples
Using the modified culture conditions, significant
increases in growth rates were observed for the
laboratory community (9K-BR, Table 1). Quantita-
tive proteomic results comparing laboratory com-
munities cultured using the 9K-BR medium with
sample AB1106 indicated an overall increase in
similarity of the laboratory and field sample. For
Leptospirillum group II as well as low abundance
bacterial and archaeal taxa, the fraction of proteins
considered to be within similar abundance was
greater compared with the original 9K laboratory
comparison (Supplementary Table 3). Furthermore,
many functional categories identified as signifi-
cantly higher in either AB1106 or the 9K laboratory
community were no longer differentially abundant
(that is, cell wall/membrane/envelope biogenesis;
cell motility; intracellular trafficking, secretion,
and vesicular transport; defense mechanisms;
transcription).

Although Leptospirillum group II energy produc-
tion and conversion proteins remained significantly
more abundant in the natural sample even after
cultivation conditions were changed, several
enzymes potentially involved in iron oxidation,
including cytochrome 572, reached abundance
levels comparable to those of natural biofilms
(Supplementary Table 4). The reduction of stress
response proteins in laboratory communities (Sup-
plementary Table 5), as well as the increase of
specific enzymes involved in energy generation,
likely contributed to increased community doubling
times in the modified laboratory solutions (Table 1).
However, remaining metabolic stress (Supplemen-
tary Table 5), and the under representation of other
core energetic proteins in 9K-BR laboratory com-
munities (Supplementary Table 4) may explain the
low production rates of this sample compared with
the environmental biofilm, similar to observations
made for the 9K laboratory community. We con-
clude that, despite important growth improvements,
the low production rates for 9K-BR laboratory
communities suggest the need for further culture
optimization in future experiments. If the laboratory
communities become substrate limited as they reach
high cell densities, production rates might be
increased by increasing solution replenishment
rates (less recycling). This would increase the
supply of reduced iron, dissolved carbon dioxide
and oxygen to laboratory communities, as well as
reduce build up of inhibitory waste products.

There was an abundance of Leptospirillum group
II proteins associated with amino acid metabolism
in the AB1106 biofilm compared with the 9K-BR
laboratory biofilm. This difference was not observed
earlier under the original cultivation conditions.
Particularly abundant in AB1106 (or depleted in the
9K-BR laboratory sample) were two putative urea
cycle proteins (ornithine carbamoyltransferase and
acetylornithine aminotransferase—Supplementary
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Table 7), perhaps associated with the decrease in
ammonia concentrations in 9K-BR solutions.
Lowered nitrogen concentrations in the laboratory
did not appear to inhibit growth, but the high
abundance of urea cycle proteins in the AB1106
sample suggest comparatively high levels of fixed
nitrogen availability in the natural environment.
Although the AB1106 had a higher representation of
the potentially nitrogen-fixing organism Leptospir-
illum group III than either laboratory-grown com-
munity (Supplementary Table 2), we cannot
attribute the high nitrogen availability to the
presence of Leptospirillum group III in the environ-
mental biofilm as nitrogen fixation proteins were not
identified by proteomics. Nitrogen generated from
upstream communities or released by decay of old
sunken biofilms may be sufficient to support growth
in the mine locations where samples were collected.

In summary, community cultivation and metabolic
15N-labeling enabled extensive quantitative proteomic
analyses to compare relative protein abundances in
laboratory and natural consortia. Thus, we could
quantitatively compare protein abundance levels and
monitor changes at the functional level for the
dominant organism within multispecies AMD bio-
films. To our knowledge, this is the first application of
quantitative proteomics to functionally compare
laboratory and natural microbial communities. The
present study also illustrates the use of quantitative
proteomics as a tool for optimization of laboratory
growth of mixed communities. This research shows
that it is possible to use changes in protein abun-
dances to detect metabolic responses in mixed
microbial systems. Similar methods could be adapted
to optimize important enzymatic pathways associated
with microbial communities involved in technologies
such as lignin degradation, wastewater treatment and
mineral bioleaching.
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