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Metabolites Associated with Adaptation of Microorganisms to an
Acidophilic, Metal-Rich Environment Identified by Stable-Isotope-
Enabled Metabolomics

Annika C. Mosier,a Nicholas B. Justice,a Benjamin P. Bowen,b Richard Baran,b Brian C. Thomas,a Trent R. Northen,b Jillian F. Banfielda,c

Department of Earth and Planetary Science, University of California, Berkeley, California, USAa; Life Sciences Division, Lawrence Berkeley National Laboratory, Berkeley,
California, USAb; Department of Environmental Science, Policy, and Management, University of California, Berkeley, California, USAc

A.C.M. and N.B.J. contributed equally to this work.

ABSTRACT Microorganisms grow under a remarkable range of extreme conditions. Environmental transcriptomic and proteomic
studies have highlighted metabolic pathways active in extremophilic communities. However, metabolites directly linked to their
physiology are less well defined because metabolomics methods lag behind other omics technologies due to a wide range of ex-
perimental complexities often associated with the environmental matrix. We identified key metabolites associated with acido-
philic and metal-tolerant microorganisms using stable isotope labeling coupled with untargeted, high-resolution mass spec-
trometry. We observed >3,500 metabolic features in biofilms growing in pH ~0.9 acid mine drainage solutions containing
millimolar concentrations of iron, sulfate, zinc, copper, and arsenic. Stable isotope labeling improved chemical formula predic-
tion by >50% for larger metabolites (>250 atomic mass units), many of which were unrepresented in metabolic databases and
may represent novel compounds. Taurine and hydroxyectoine were identified and likely provide protection from osmotic stress
in the biofilms. Community genomic, transcriptomic, and proteomic data implicate fungi in taurine metabolism. Leptospirillum
group II bacteria decrease production of ectoine and hydroxyectoine as biofilms mature, suggesting that biofilm structure pro-
vides some resistance to high metal and proton concentrations. The combination of taurine, ectoine, and hydroxyectoine may
also constitute a sulfur, nitrogen, and carbon currency in the communities.

IMPORTANCE Microbial communities are central to many critical global processes and yet remain enigmatic largely due to their
complex and distributed metabolic interactions. Metabolomics has the possibility of providing mechanistic insights into the
function and ecology of microbial communities. However, our limited knowledge of microbial metabolites, the difficulty of
identifying metabolites from complex samples, and the inability to link metabolites directly to community members have
proven to be major limitations in developing advances in systems interactions. Here, we show that combining stable-isotope-
enabled metabolomics with genomics, transcriptomics, and proteomics can illuminate the ecology of microorganisms at the
community scale.
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Over the past decade, metagenomic approaches have illumi-
nated the metabolic potential of communities without the

need for cultivation and isolation (1, 2). Leveraging the genomic
context uncovered by this method, community proteomics and
transcriptomics can provide insight into the potential function of
coexisting microorganisms in situ. However, these analyses are
blind to the flux of small-molecule metabolites that are founda-
tional to the physiological or phenotypic state of an organism.
Metabolomic measurements can bring to light the key intra- and
extracellular metabolites involved in cellular processes such as ion
homeostasis, redox status, nutrient cycling, energetics, and cell-
cell signaling (e.g., see references 3 and 4). By capturing relative
sizes of the metabolite pools, metabolomics is a reflection of the
net expression of many genes, pathways, and processes.

Metabolomics studies may prove particularly useful in study-

ing adaptation to extreme environments, since metabolites essen-
tial to survival in these environments may be relatively abundant
(e.g., for ion homeostasis). Yet, studies of metabolites have typi-
cally targeted specific molecules of interest from isolated organ-
isms. Few studies have leveraged untargeted, high-throughput
metabolomics techniques to study microbial adaptation (e.g., ad-
aptation of Pyrococcus furiosus to temperature stress [5] and Strep-
tomyces coelicolor to salt stress [6]).

Traditional physiological studies of microbial isolates have de-
fined many adaptation mechanisms to extreme conditions, in-
cluding improved membrane selectivity and stability, detoxifica-
tion, enhancement of cellular repair capabilities, and alteration of
macromolecular structures. However, adaptation of organisms to
their environments in part relates to behavior within a commu-
nity context—a facet that is not captured in typical laboratory-
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based studies of isolates but is captured by community metabolo-
mics studies. The abundance of some compounds (e.g., sugars and
amino acids) results from uptake, consumption, and excretion by
many different organisms; thus, the overall concentration reflects
the net metabolic state of the community. Untargeted metabolo-
mics has tremendous potential for hypothesis generation in mi-
crobial communities since it provides a direct biochemical obser-
vation of the community metabolism. However, only a few studies
(e.g., see reference 7) have used untargeted metabolomics to study
adaptation to environmental challenges in a community context.
This is in part because metabolomics methods are still challenging
(relative to the more standardized omics approaches such as tran-
scriptomics) due to a wide range of experimental complexities
often associated with the environmental matrix (e.g., abundant
salt can result in extensive experimental artifacts).

To investigate community-level adaptations to the simultane-
ous challenges of high proton and metal concentrations, we ex-
amined the metabolome of microbial biofilm communities in an
acid mine drainage (AMD) environment (Richmond Mine, Iron
Mountain, CA). Previous research in the system demonstrated
that proteins and metabolite features exhibited correlative pat-
terns reflective of functional differentiation of bacterial species
(8), suggesting that combining omics approaches may prove useful
in defining adaptation strategies specific to particular groups of
organisms. Microbial biofilms found at Richmond Mine grow at
low pH (typically 0.5 to 1.2) and elevated temperature (30 to
56°C) in solutions containing millimolar concentrations of sul-
fate, iron, zinc, copper, and arsenic (9)— conditions that together
make untargeted metabolomics extremely challenging. Here, we
used a combination of stable isotope probing and untargeted
metabolomics to facilitate the identification of metabolites from
in situ and laboratory-cultivated AMD microbial biofilms. We
integrated metabolite identifications with previously acquired
genomic and proteomic data to elucidate adaptation to acido-
philic and metal-rich conditions on the metabolic level.

RESULTS AND DISCUSSION
Community compositions of AMD biofilms with different
growth strategies. For metabolomic analyses presented here, bio-
film samples were collected from the air-AMD solution interface
of the AB-muck site within the Richmond Mine on 15 July 2011
(here referred to as the mine biofilm sample). The mine biofilm
was categorized as late developmental stage, based primarily on
biofilm thickness. AMD biofilms were also grown in laboratory
bioreactors using the mine biofilm as inoculum for three different
lengths of cultivation time: 26, 35, and 51 days (here identified as
BR-26days, BR-35days, and BR-51days, indicating bioreactor
growth and length of cultivation). In all cases, the cultivated bio-
films were thick and well developed at the time of sampling. BR-
26days and BR-35days were grown with 15N-labeled ammonium
sulfate (resulting in 15N-labeled nitrogen atoms in the biofilm
metabolites) in order to identify the number of nitrogen atoms in
each metabolite and also to confirm biological origin.

The community composition of these biofilm samples was de-
termined using fluorescence in situ hybridization (FISH) targeting
identification of broad phylogenetic groups as well as individual
species and strains (see Fig. S1 in the supplemental material). In-
sufficient biomass precluded FISH analyses on BR-35days. Prior
studies showed that biofilms in the Richmond Mine are domi-
nated by Leptospirillum group II, a chemoautotrophic iron-

oxidizing bacterium (1, 10). Genomic reconstructions revealed
two distinct strains of Leptospirillum group II, referred to as the
5-way and UBA genotypes (11, 12). In this study, the Leptospiril-
lum group II 5-way genotype was more abundant than the UBA
genotype in both bioreactors. Conversely, nearly all of the bacteria
in the mine biofilm belonged to the Leptospirillum group II UBA
genotype, which is consistent with prior studies showing that the
UBA genotype typically predominates over the 5-way genotype in
the mine bacteria (13).

Previous studies have shown that as the biofilms mature and
thicken, they also diversify, with increasing proportions of Lepto-
spirillum group III bacteria and Archaea, as well as other low-
abundance taxa from the Eukarya, Firmicutes, and Actinobacteria
lineages (1, 14). The bioreactor biofilms had a much higher per-
centage of Leptospirillum group III bacteria than that seen in the
mine biofilm (22 to 32% compared to only 2% in the mine).
Geochemical and FISH data collected previously in the mine sug-
gest a positive correlation between the abundance of Leptospiril-
lum group III and ammonium concentrations (r � 0.96, n � 6),
which may suggest that ammonium concentrations in the biore-
actors (2 mM compared to an average concentration of 177 �M in
the mine) favor Leptospirillum group III. Recent studies also indi-
cate that high ferric iron concentrations in the bioreactors relative
to mine solutions may also select for Leptospirillum group III (S.
Ma, S.E. Spaulding, B.C. Thomas, J.F. Banfield, submitted for
publication).

The abundance of Archaea varied between the mine and bio-
reactor biofilms. Archaea made up 29 to 35% of the communities
in the BR-26days and mine biofilms. Conversely, BR-51days had
much higher percentages of Archaea (61%), which may be the
result of longer cultivation time than that of BR-26days. The low-
abundance community member Sulfobacillus was found in all
samples (0.2 to 1.2%). Eukaryotes were not identified by FISH but
are not necessarily absent from the biofilms; the inherent hetero-
geneity of the biofilms and patchy eukaryal distribution may pro-
hibit visualization in microscopy with a random sampling design.

Detection and chemical formula prediction of metabolites
found in AMD enabled by stable isotope labeling. Metabolites
were extracted from natural and cultivated AMD biofilms (mine,
BR-26days, BR-35days, and BR-51days) and analyzed using liquid
chromatography coupled to high-resolution mass spectrometry
(LC-MS). Both hydrophilic interaction liquid chromatography
(HILIC) and C18 reverse-phase (RP) columns were used to sepa-
rate polar and nonpolar organics, respectively. LC-ESI-MS
(LC-MS with electrospray ionization) is one of the most widely
used metabolomic platforms given its versatility in separation
techniques coupled with the wide range of compounds that can be
desorbed/ionized (15). Generally, LC-MS approaches fall into one
of two categories: (i) targeted analyses, which aim to quantify
changes within a defined set of known metabolites diagnostic
of a given phenotype of interest, and (ii) untargeted analyses,
which seek to discern both novel and previously characterized
metabolites (16, 17). An untargeted LC-MS approach was used
in the current study, rather than the commonly used gas
chromatography-mass spectrometry (GC-MS) approach, to max-
imize the diversity of metabolites detected.

More than 3,500 raw features (ions with unique retention time
and mass-to-charge ratio combinations) were identified in each of
the RP and HILIC data sets. These uncurated data, however, in-
cluded features associated with background chromatography
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noise and features also found in extraction blanks, as well as mul-
tiple adducts and fragment ions of the same compounds. In order
to obtain the highest-quality data possible, we used a strict manual
curation strategy to identify compounds of interest in our samples
and prevent errors associated with automated peak detection,
deconvolution, and alignment. Three-way visualization plots (18)
of the 14N-biofilm, 15N-biofilm, and extraction blank data
sets (available at http://geomicrobiology.berkeley.edu/pages
/metabolites.html) were used to narrow down the large list of raw
features to “pure spectra,” that is, the spectra that would likely
result from a pure compound within the biological matrix. From
this visualization, as well as manual observation of very abundant
peaks, we generated a list of 241 likely parent ion features (the
highest-intensity feature from a pure spectrum) from the RP and
HILIC analyses (Table 1).

Eighty parent compounds (56 in RP and 24 in HILIC) (Ta-
ble 1) were confirmed after grouping coeluting features and iden-
tifying common adducts, fragment ions, and neutral losses, in-
cluding those associated with esterification of carboxylic acids
(presumably as a result of extraction buffer and residual acidic
AMD). The number of metabolites found here is consistent with
those in other untargeted LC-MS metabolomic studies from com-
plex, natural biological matrices (19–22). Forty-eight percent of
the reverse-phase (RP) metabolites and 79% of the HILIC metab-
olites contained at least one nitrogen atom (determined by stable
isotope labeling), providing a strong level of certainty that the
compounds are of biological origin. Mass spectra of all com-
pounds were manually visualized to ensure absence in extraction
blanks.

The use of stable isotopes greatly aids in determining the chem-
ical formulae of unknown metabolites by constraining the possi-
ble elemental composition (19, 23, 24). Here, using the number of
nitrogen atoms informed by stable isotope labeling, chemical for-
mulae were determined for 38 of the RP features and 18 of the
HILIC features (see Table S1 in the supplemental material). The
nitrogen labeling method also informs the formulae of com-
pounds without nitrogen, as their chemical formulae are con-
strained by the “zero” nitrogen count. Generally, high-mass-
accuracy (�5-ppm) mass spectrometers can confidently assign
unique chemical formulae for features under ~200 to 250 atomic
mass units (amu) (23, 25). Indeed, we were able to confidently
assign chemical formulae for most features of �250 amu without
the assistance of nitrogen labeling. For those 37 features above 250
amu in Table S1, nitrogen labeling allowed us to confidently assign
chemical formulae to 20 of them, twice as many formulae as were
possible with spectral information alone. Features for which
chemical formulae could not be determined either were of high
m/z or low spectral quality or had an unidentified adduct.

Metabolite annotation and identification. We obtained
MS/MS spectra at collision energies of 10, 20, and 40 eV on all

features with sufficient peak heights (available at http:
//geomicrobiology.berkeley.edu/pages/metabolites.html). The
chemical formulae and MS/MS data were matched with metabo-
lites in online databases (MetaCyc, KEGG, MassBank, and MET-
LIN) (see Table S1 in the supplemental material). MS/MS data
from more than 90% of the features had no match to metabolites
in MS/MS databases (MassBank and METLIN), and as per proto-
cols established by the Chemical Analysis Working Group of the
Metabolomics Standards Initiative, these metabolites are classi-
fied as “unknown” (26, 27). While these data may speak to the
novelty of some AMD metabolites, it must also be noted that these
databases rely on commercially available standards, which are es-
timated to represent only half of all biological metabolites (15).

From this analysis, we found three metabolites that were par-
ticularly interesting and warranted further investigation within
the context of the biofilm community: (i) phosphatidylethano-
lamine (PE) lipids, (ii) taurine, and (iii) hydroxyectoine. Unusual
lyso phosphatidylethanolamine lipids and methylated derivatives
previously identified in the Richmond Mine (28) were also found
in the mine and bioreactor biofilms presented here. Fischer et al.
(28) suggested a link between these lipids and the Leptospirillum
group II UBA genotype based on correlations of lipid and pro-
teome abundance patterns. Interestingly, we found features con-
sistent with some of these same lipids (same m/z and retention
times for 454.294 and 480.309) in pure cultures of Acidomyces
richmondensis, a fungus known to be abundant in the mine and
often the dominant eukaryal species (29, 30). The A. richmonden-
sis genome contained 8 genes predicted to be involved in the syn-
thesis, methylation, and binding of PEs, some of which were ex-
pressed in community transcriptomic and proteomic data (C.S.
Miller, A.C. Mosier, S.W. Singer, C. Pan, B.C. Thomas, J.F. Ban-
field, unpublished data). Together, these results show that fungi
and bacteria may both be involved in the metabolism of these
lipids. Fischer et al. (28) suggested that these lipids may prevent
uptake of toxic levels of iron cations in AMD biofilms.

Taurine: metabolic interactions and abundance within the
AMD community. Among the metabolites present in the AMD
biofilms, we identified taurine (2-aminoethanesulfonic acid) by
comparing MS/MS spectra with a taurine chemical standard (see
Fig. S2 in the supplemental material). Taurine is a phylogeneti-
cally ancient compound (31) and is involved in numerous physi-
ological functions across disparate forms of life, including mem-
brane stabilization, stimulation of glycolysis and glycogenesis,
regulation of phosphorylation, and antioxidation (references 31
and 32 and references therein). Some microbes can use taurine as
an exclusive source of carbon, nitrogen and sulfur (references 33
and 34 and references therein). Taurine is a particularly effective
osmoregulator and is used as a compatible solute by a variety of
microorganisms (e.g., see references 31 and 35 and references
therein). Compatible solutes (generally very soluble, low-

TABLE 1 Comparison of the number of features and metabolites resulting from various levels of curation

Analytical
column

No. of features
after three-way visualization
analysis

No. of metabolites

After manual
curation

Containing
nitrogen

With chemical
formula

Agilent Zorbax
SB-C18 column

191 56 27 38

Acquity UPLC BEH
HILIC column

50 24 19 18
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molecular-weight organic molecules) can be accumulated in the
cytoplasm as a mechanism for coping with hyperosmotic stress.
Compatible solutes can also protect proteins, nucleic acids, and
membranes from the harmful effects of heat, freezing, drying, and
oxygen radicals (references 36 to 38 and references therein).

Although many of the potential roles for taurine are relevant,
its properties as a compatible solute may be particularly useful in
microbial adaptation to the high-ionic-strength waters within the
Richmond Mine (9). We explored genomic sequences of ~20
AMD biofilm community members (including bacteria, archaea,
and fungi) to determine which organisms may produce taurine
(Fig. 1). This data set contains nearly 80,000 gene sequences and
captures essentially all organisms representing more than a few
percent of the community. Reciprocal BLAST searches against the
KEGG database indicated that archaea and bacteria in the AMD
communities are unable to generate taurine (no archaea or bacte-
ria are known to synthesize taurine). The only archaeal or bacterial
enzyme potentially involved in taurine biosynthesis was a gluta-
mate decarboxylase (EC 4.1.1.15), which has broad functionality
in several different metabolic pathways.

We evaluated the likelihood for eukaryotic taurine biosynthe-
sis using the genome of the dominant fungus, A. richmondensis
(Fig. 1). The A. richmondensis genome contains cysteine dioxyge-
nase (EC 1.13.11.20) and glutamate decarboxylase (EC 4.1.1.15)
genes involved in two routes of taurine metabolism. Enzymes me-
diating the oxidation of hypotaurine to taurine and 3-sulfino-L-
alanine to L-cysteate were not evident; however, it has been shown
that these reactions may occur nonenzymatically (references 39
and 40 and references therein). Ferric iron, found in high concen-
trations in the mine, may act as a chemical oxidant of these com-
pounds, thereby completing the pathways of taurine production
in A. richmondensis. Efforts to identify taurine in a pure culture of
A. richmondensis failed, although culture conditions may not have
favored taurine production.

We also assessed the potential for taurine degradation using
community genomic sequence data (Fig. 1). While bacteria and
archaea in the mine carry genes for some enzymes involved in
taurine degradation pathways, they do not appear to have a defin-
itive or complete mechanism for the breakdown of taurine. The
most likely candidate route of degradation is via gammaglutam-
yltranspeptidase (EC 2.3.2.2) found in Sulfobacillus and three ar-
chaeal species (Ferroplasma, Cplasma, and Gplasma); however,
this enzyme has broad activity and is also involved in cyanoamino
acid, glutathione, and arachidonic acid metabolism. Sulfobacillus
also has genes encoding two taurine transport proteins (TauA and
TauC), suggesting that taurine may indeed have a biological role
in this organism. Taurine diffuses slowly through cell membranes,
and taurine biotransformation enzymes are usually soluble and
intracellular, so transport of taurine into the bacterial cell is re-
quired for utilization of the compound (31, 41). Cells responding
to hyperosmolar conditions can increase intracellular taurine
content via active transport of taurine into the cell.

Genomic evidence suggests that the fungal species A. richmon-
densis is capable of degrading taurine via taurine catabolism di-
oxygenase TauD/TfdA enzymes. TauD is a dioxygenase that con-
verts taurine to sulfite and aminoacetaldehyde, with reaction
requirements of oxygen, Fe2�, and �-ketoglutarate (42). In Esch-
erichia coli, the tauD gene is expressed only under conditions of
sulfate starvation (42, 43). There are 12 copies of the taurine ca-
tabolism dioxygenase tauD/tfdA genes in the A. richmondensis ge-
nome. Interestingly, transcripts of all 12 tauD/tfdA genes were
detected in a fungal streamer biofilm community from the mine
(Miller et al., unpublished). Two of these transcripts were rela-
tively abundant in the transcriptome (ranked in the top 1,500
transcripts out of 10,305 total genes), and their proteins were also
detected in a community metaproteome (Miller et al., unpub-
lished). Other Dothidiomycetes (the fungal class including
A. richmondensis) genomes contain between 1 and 10 copies of
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FIG 1 Taurine metabolism by prokaryotes and eukaryotes in the AMD biofilms.
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taurine catabolism dioxygenase genes per genome (based on
BLAST searches).

Given the genomic potential for taurine biosynthesis and like-
lihood for degradation in the AMD biofilms, we evaluated the
abundance of taurine across the different growth conditions (nat-
ural mine biofilms and biofilms grown in bioreactors for 26, 35,
and 51 days) based on peak heights in the MS spectra (see Fig. S3
in the supplemental material). Taurine concentrations were an
order of magnitude higher in all three bioreactor biofilms than in
the mine biofilm. This discrepancy is likely explained by different
biogeochemical conditions in the mine and bioreactor biofilms. It
is possible that the bioreactor communities generate more taurine
relative to the mine communities or, equally possible, that more
taurine is consumed in the mine. Metagenomic evidence impli-
cates A. richmondensis as the dominant organism involved in tau-
rine biosynthesis and degradation. The low-abundance commu-
nity member Sulfobacillus may also have the potential for taurine
consumption; while FISH shows higher numbers of Sulfobacillus
in the mine biofilms, the percentage of the total community is only
on the order of 1%.

Hydroxyectoine: metabolic interactions within the AMD
community. We identified hydroxyectoine (confirmed with
chemical standards and MS/MS spectra; see Fig. S4 in the supple-
mental material) and possibly ectoine (correct mass and chemical
formula but incomplete MS/MS data) in natural and cultivated
AMD biofilms and were interested in their role as compatible
solutes used in adaptation to hyperosmotic stress. Ectoine biosyn-
thesis occurs in three enzymatic steps: (i) L-diaminobutyric acid
transaminase (EctB or ThpB) converts L-aspartate-beta-
semialdehyde into L-diaminobutyric acid, (ii) acetylation to N-�-
acetyldiaminobutyric acid occurs via L-diaminobutyric acid
acetyltransferase (EctA or ThpA), and (iii) cyclic condensation
then leads to the formation of ectoine through ectoine synthase
(EctC or ThpC) (44–46). Hydroxyectoine is primarily generated
through the hydroxylation of ectoine by ectoine hydroxylase
(EctD or ThpD) (47, 48). Compared to ectoine, hydroxyectoine
can confer additional protective properties against heat stress (47)
and freeze-drying (49).

Complete ectoine and hydroxyectoine biosynthesis pathways
have been identified previously in one archaeal genome, Nitros-
opumilus maritimus (50), and in over 50 bacterial genomes with
particular representation among the alpha- and gammaproteo-
bacteria and Actinobacteria (reference 38 and references therein).
In the AMD biofilms, both the 5-way and UBA genotypes of Lep-
tospirillum group II have all of the genes necessary for ectoine and
hydroxyectoine biosynthesis (ectABCD), and their protein prod-
ucts have been identified by community proteomics (51). Previ-
ous studies showed high numbers of ectoine synthase proteins in
Leptospirillum group II grown under nonoptimized culture con-
ditions; however, ectoine synthases were found in levels similar to
those in the natural biofilm upon optimization of the culturing
media (52). Leptospirillum group II EctB proteins were signifi-
cantly more abundant in low-pH cultures (pH 0.85 versus
pH 1.45), suggesting greater osmotic stress during growth in more
acidic solutions (53). Interestingly, Leptospirillum group II was the
first acidophilic bacterium described with a complete pathway for
biosynthesis of ectoine and hydroxyectoine (51). Other AMD
community members also have genes in the ectoine biosynthesis
pathway. ectB genes were found in some archaea (Cplasma,
Eplasma, and Ferroplasma), and Sulfobacillus has both ectA and

ectB genes; however, ectoine biosynthesis by these organisms can-
not be confirmed since the complete Ect operon was not found.

We evaluated the abundance of ectoine and hydroxyectoine
biosynthesis proteins in Leptospirillum group II bacteria across
different growth stages of AMD biofilms (early, mid-, and late
growth stages) (Fig. 2), using previously acquired quantitative

FIG 2 Abundance of ectoine and hydroxyectoine biosynthesis proteins across
different growth stages of AMD biofilms. Data are based on previously ac-
quired quantitative proteomics data (54).
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proteomics data (54). EctA proteins were not found in any of the
samples, which may suggest low abundance. Protein abundance of
EctB, EctC, and EctD generally decreased with biofilm develop-
ment, suggesting that more ectoine and hydroxyectoine are pro-
duced in the early growth stages. In early biofilm development, the
organisms may have greater exposure to the AMD solution be-
cause the biofilm is still thin and friable and contains less extracel-
lular polymeric substance (EPS) (55). EPS has been reported to
provide protection from a variety of environmental stresses, in-
cluding osmotic shock (e.g., see reference 56 and references
therein). Thus, with less protection in early biofilm development,
Leptospirillum group II bacteria may produce more ectoine and
hydroxyectoine in order to cope with greater exposure to the high-
ionic-strength AMD solution.

Some organisms are capable of concurrently using ectoine as
an osmoprotectant and as an energy and carbon substrate (57–
59). Genes involved in ectoine metabolism have been identified in
Sinorhizobium meliloti (eutABCD) (57) and Halomonas elongata
(doeABCD) (58). In the AMD biofilms, some of these genes in-
volved in ectoine utilization have been identified in Sulfobacillus
and Firmicutes genomes, but not the complete operons.

Conclusion. We used an untargeted approach based on stable
isotope labeling coupled with high-resolution mass spectrometry
to uncover metabolites within natural and cultivated AMD micro-
bial communities. We confirmed the identification of taurine and
hydroxyectoine and used community proteogenomic data to de-
termine which organisms are capable of producing or consuming
these osmolytes. From this, we suggest that to mitigate less pro-
tection from EPS in early biofilm development, Leptospirillum
group II bacteria may produce more ectoine and hydroxyectoine
in order to cope with greater exposure to the high-ionic-strength
AMD solution. We determined the specific chemical formulae of
many other metabolites that were not identified because they are
not present in current metabolic databases and suitable pure com-
pound standards for a defined set of candidate molecules were not
available. The set of abundant but not identified compounds
could include novel metabolites, with potentially high biological
and chemical relevance.

MATERIALS AND METHODS
Sample collection. AMD biofilms from Iron Mountain Mine (near Red-
ding, CA) were flash-frozen on site in a dry ice-ethanol bath and then
transferred to �80°C upon return to the laboratory. Laboratory-grown
biofilms were cultured in bioreactors as previously described (52). In ad-
dition to the traditional media, AMD biofilms were also grown with
[15N]ammonium sulfate. The flow rate of the bioreactors was approxi-
mately 225 �l per min. Biofilms were harvested after ~4 to 7 weeks of
growth and frozen at �80°C for use in metabolite analysis.

FISH. Fluorescence in situ hybridization (FISH) was carried out on
fixed (4% paraformaldehyde) AMD biofilm samples as described previ-
ously (60, 61). For estimation of abundance, cells were counted in three
replicate fields of view (average of 888 total cells counted per probe) and
converted to a percentage of the total cell count found using the general
nucleic acid stain 4=,6-diamidino-2-phenylindole (DAPI). A complete list
of probes is available in Text S1 in the supplemental material.

Metabolite extraction. For metabolomics, three replicates with ap-
proximately 75 mg (wet weight) of biomass were used from each sample
(natural biofilm, cultured biofilm, and 15N-labeled cultured biofilm) and
were extracted in 700 �l of methanol-isopropanol-water (3:3:2 [vol/vol/
vol]). The full extraction methodology is described in Text S1 in the sup-
plemental material.

Liquid chromatography-mass spectrometry analysis. Samples were
analyzed using an Agilent 1200 capillary LC system with an Agilent 6520
dual-ESI-quadrupole time of flight (Q-TOF) mass spectrometer (�2-
ppm MS mass accuracy and mass resolution of 20,000). Full descriptions
of chromatography, MS/MS, and data analysis can be found in Text S1 in
the supplemental material.

Community genomic analysis. Bacterial, archaeal, and eukaryal
genes involved in taurine and ectoine metabolism were identified from a
well-curated metagenomic and genomic data set containing nearly 80,000
gene sequences and capturing essentially all organisms representing more
than a few percent of the community. MycoCosm (62) was used to eval-
uate gene annotations for the Acidomyces richmondensis fungal genome.
Reciprocal BLAST searches against the KEGG database were conducted
using the KAAS server (63). Transcript and protein abundances of Acido-
myces richmondensis were determined by Miller et al. (unpublished).
Abundances of proteins involved in ectoine and hydroxyectoine synthesis
were determined by Mueller et al. (54).

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at http://mbio.asm.org
/lookup/suppl/doi:10.1128/mBio.00484-12/-/DCSupplemental.

Text S1, DOCX file, 0.1 MB.
Figure S1, TIF file, 4.6 MB.
Figure S2, TIF file, 3.4 MB.
Figure S3, TIF file, 2.5 MB.
Figure S4, TIF file, 4.5 MB.
Table S1, DOCX file, 0.1 MB.
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