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Spatial and temporal variations in sediment microbial community structure in a eutrophic lake polluted
with inorganic mercury were identified using polar lipid fatty acid (PLFA) analysis. Microbial community
structure was strongly related to mercury methylation potential, sediment organic carbon content, and lake
location. Pore water sulfate, total mercury concentrations, and organic matter C/N ratios showed no relation-
ships with microbial community structure. Seasonal changes and changes potentially attributable to temper-
ature regulation of bacterial membranes were detectable but were less important influences on sediment PLFA
composition than were differences due to lake sampling location. Analysis of biomarker PLFAs characteristic
of Desulfobacter and Desulfovibrio groups of sulfate-reducing bacteria suggests that Desulfobacter-like organisms
are important mercury methylators in the sediments, especially in the Lower Arm of Clear Lake.

The mercury cycle is a complex biogeochemical system in-
volving both biotic and abiotic transformations (48). The pro-
duction of methylmercury (CH3Hg1) is of particular interest
because methylmercury is more toxic and mobile than the
precursor Hg21 ion and because methylmercury bioaccumu-
lates in food chains. Because mercury cannot be broken down
to an innocuous by-product, remediation of mercury-contam-
inated sites is dependent upon gaining an understanding of the
factors that make mercury bioavailable and mobile. Controls
on mercury methylation in natural environments such as lakes
are not well understood. Abiotic mercury methylation in nat-
ural environments appears to be of minor importance (1). In
contrast, microbial mercury methylation has been shown to
occur in a variety of marine, estuarine, and lacustrine environ-
ments. Microorganisms from diverse taxonomic groups have
been shown to methylate mercury in laboratory studies (40).
However, several previous studies have indicated that sulfate-
reducing bacteria are the primary mercury methylators in
freshwater and estuarine anoxic sediments (10, 11, 18, 19).
Factors influencing microbial methylmercury production in-
clude microbial community composition, mercury availability,
carbon availability, and the abundance of electron acceptors
such as sulfate.

Clear Lake is a mercury-polluted, eutrophic lake located in
the northern Coast Ranges, California (Fig. 1). Preliminary
studies conducted at Clear Lake suggested that mercury meth-
ylation potential (methylation of added Hg21) in the sediments
is only partially attributable to sulfate-reducing bacteria (28).
The current study focuses on identifying spatial and temporal
variations in sediment microbial community structure and re-
lationships between microbial community composition, mer-
cury methylation potential, and other sediment characteristics
in Clear Lake. In environments such as soils and sediments,
high microbial diversity and the difficulty in culturing native

organisms make culture-based methods inadequate or ineffi-
cient for differentiating microbial communities. Within such
environments, lipid analysis has become an important ecolog-
ical tool (4, 9, 16). We used polar lipid fatty acid (PLFA)
analysis to describe microbial communities in Clear Lake in
two distinct ways. First, we used sediment PLFA composition
to identify spatial and temporal variation in sediment microbial
communities within Clear Lake. Using multivariate statistical
methods, we then tested relationships between PLFA compo-
sition and sediment characteristics (potential explanatory vari-
ables). These analyses indicate which measured environmental
factors are the most important controls on microbial commu-
nity structure and also identify relationships between microbial
community structure and mercury methylation potential. Sec-
ond, we quantified specific PLFA biomarkers as indicators of
microbial groups. Because sulfate-reducing bacteria have been
implicated in environmental mercury methylation in previous
studies, we compiled a database of published information
about the PLFA composition of sulfate-reducing bacteria to
identify biomarkers for sulfate-reducing bacterial groups in
Clear Lake sediments.

Our results show that mercury methylation potential, sedi-
ment organic carbon, and lake sample location are strongly
related to changes in sediment microbial community structure.
Based on analysis of PLFA biomarkers for sulfate-reducing
bacterial groups, Desulfobacter species dominated sulfate re-
ducer populations at all lake locations and also made up a
greater portion of the microbial biomass at sites with higher
mercury methylation potential.

MATERIALS AND METHODS

Sediment collection. Sediment samples were collected in April and July of
1997. One sample location was chosen in each of three major arms of the lake
(Fig. 1). Samples were collected from a boat with an Eckman dredge. In April,
bulk surficial (0 to 4 cm) sediments were collected from three separate dredges
per lake location. In July, a similar protocol was used, except that each dredge
was subcored twice. The two subcores from each dredge were sectioned into 0-
to 4- and 4- to 8-cm depth intervals and homogenized, resulting in one 0- to 4-cm
and one 4- to 8-cm sample per dredge. Samples were transported on ice and were
stored at 2°C until processed (,24 h).

C and N elemental analyses. A portion of each sediment sample was freeze-
dried, pulverized in a steel ball mill, and analyzed for total C and N using an
elemental analyzer (Fisons NA 1500 Series 2).
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Mercury methylation potential in sediment slurries. Mercury methylation
potential assays were carried out in anoxic sediment slurries made from sec-
tioned cores. Sediments (0 to 4 cm) were slurried with surficial water from the
Upper Arm (UA) site amended to 125 ppm of Hg21 (as HgCl2) in the ratio of
1 part sediment to 2 parts (wt/vol) water and sparged with O2-free N2. One slurry
made from each pair of sections was frozen immediately for an initial methyl-
mercury measurement, and the other slurry was incubated at in situ temperature
in the dark, static (unshaken), for 5 days. Incubations were ended by freezing the
slurries. Sediment slurries were analyzed for methylmercury at Battelle Marine
Science Laboratory (Sequim, Wash.) using the method of Bloom (2a). Extracts
were derivatized with sodium tetraethyl borate to form volatile ethyl-mercury
compounds, which were subsequently separated using gas chromatography and
detected by cold vapor atomic fluorescence (2, 27).

Because inorganic Hg additions to the sediment slurries were roughly 4 to 60
times ambient levels, the resulting mercury methylation rates are considered
“potential” rates representative of the activity of a stimulated population. The
Hg amendments employed have been shown previously (E. E. Mack, unpub-
lished data) to saturate methylation potential at the three study sites. The effect
of added inorganic mercury on microbial community composition was tested by
measuring sediment PLFA profiles before and after incubations (methods de-
scribed below).

PLFA analyses. Sediment samples were frozen (280°C) within 24 h of collec-
tion, lyophilized, homogenized, and stored frozen (220°C) until analysis. Trip-
licate (April 1997) or duplicate (July 1997) 1-g subsamples were extracted with a
one-phase solvent extractant using a modification of the method of Bligh and
Dyer (5). Polar lipids (including phospholipids) were separated from neutral
lipids and glycolipids using solid-phase extraction columns (0.50 g of Si; Supelco,
Inc., Bellefonte, Pa.). The polar lipid fraction was subjected to mild alkaline
methanolysis, and the resulting fatty acid methyl esters (FAMEs) were extracted
with two aliquots of hexane. The hexane was evaporated under N2 at room
temperature, and FAMEs derived from polar lipids were redissolved in hexane
containing an internal standard (19:0 FAME). Samples were analyzed by capil-

lary gas chromatography (Hewlett-Packard 6890) using a 25-m Ultra-2 column
(J&W Scientific). Peaks were identified using 33 bacterial FAME standards and
MIDI peak identification software (Microbial ID, Inc., Newark, Del.). Peak
identifications were confirmed by capillary gas chromatography-mass spectrom-
etry (GC-MS). The GC-MS system consisted of a Finnigan MAT GCQ system
(ion trap) operated in positive ionization mode with electron ionization (70 eV).

FIG. 1. Map of Clear Lake. Sample locations are shown with water depths and sediment total mercury and methylmercury concentrations per gram (dry weight)
of sediment (0 to 4 cm) (43). These concentrations represent typical total Hg and methylmercury distributions in the lake (see reference 41). The OA site is closest
to the source of mercury contamination (Sulfur Bank Mine). The LA site is closest to the lake outlet and experiences the bulk of water movement through Clear Lake.
The UA site is farthest from the Sulfur Bank Mine and receives the major stream inflows into the lake.

FIG. 2. Percent carbon and total PLFA content of surficial (0- to 4-cm) Clear
Lake sediments. Three replicate dredge samples from each lake location on
April and July sampling dates are shown. Carbon contents for replicate dredge
samples had very small coefficients of variation (,2.3%).
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FIG. 3. (A) CA ordination of PLFA abundance data for Clear Lake sediment samples (outliers LAB2 and OAT3 omitted). The plot shows 89% of the total
variability in the data set. Each point represents the average of duplicate or triplicate PLFA analyses. Separate dredges are represented by independent points and are
identified by numbers 1 through 3. July samples are additionally identified by either “B” (bottom; 4- to 8-cm depth) or “T” (top; 0- to 4-cm depth). Samples which lie
close together have similar fatty acid compositions. Ellipsoids drawn on the plot are meant to aid in identifying samples from the same location and sample date (dashed
line, April; solid line, July). (B) CA ordination scores for PLFA variables (outlier samples LAB2 and OAT3 omitted). The expected abundance of each fatty acid
decreases with distance from its location in the plot. Fatty acids which lie close to samples in panel A above when the plot origins are superimposed are likely to have
a high relative abundance in those samples. For example, fatty acid i14:0 is likely to have the highest abundance in samples from the LA.
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FAME isomers were separated on a 30-m capillary column (DB-5MS; 0.25-mm
internal diameter; film thickness, 0.25 mm; J&W Scientific). Double bond posi-
tions in monounsaturated fatty acids were confirmed by GC-MS analysis of their
dimethyldisulfide adducts (30).

Fatty acids are described using the nomenclature “number of carbons:number
of unsaturations,” followed by double bond locations referenced from the omega
(v), or aliphatic, end of the molecule. For example, “18:1v7” denotes an 18-
carbon, monoenoic fatty acid with a double bond at carbon 7. Unsaturated fatty
acids with unknown double bond locations are followed by a capital letter. Other
conventions are listed as follows: cy, cyclopropyl group; i or a (or br), iso- or
anteiso-branched (or unspecified branching); c or t, cis- or trans- double bond
configuration; 10me, methyl-branched at C-10 (from carboxylic end); 2OH or
3OH, hydroxy substitution at C-2 or C-3 (from carboxylic end); unk, unknown.

Statistical analyses. Fatty acid data were analyzed using four statistical ordi-
nation methods designed to explore the structure of large multivariate data sets.
Ordination methods have the common goal of arranging sample points in space
such that points which fall close together have similar values for variables. We

used several ordination methods in order to assure a robust interpretation of
differences in PLFA composition among samples (22). The first ordination
method, principal component analysis (PCA), is analogous to multiple linear
regression and is widely used to summarize multivariate data sets of many types
(6, 12). Fatty acid data for PCAs were converted to mole percentages in order to
eliminate the effect of differences in total PLFA abundance (microbial biomass)
among lake locations. Peaks included in the analyses accounted for more than
95% of named peaks in each sample. PCA ordinations were calculated using
correlation (rather than covariance) matrices (22). Some recent reports in the
statistical literature suggest that compositional data sets (such as PLFA abun-
dances expressed in mole percent) are subject to artifacts when analyzed using
PCA (21, 39, 42). As a result of this concern, we also analyzed PLFA results using
correspondence analysis (CA) (17). One potential advantage of CA over PCA is
that ordinations are the same regardless of whether nanomole or mole percent
(compositional) data are used (21). PLFA data for CA ordinations were input as
nanomoles per gram. CAs were based on the same set of fatty acid peaks as were
PCA analyses.

FIG. 4. Effect of temperature on Clear Lake sediment PLFA composition. Fatty acid ratios shown are expected to increase with an increase in temperature. July
samples (higher temperature) are identified with crosshatched bars. Error bars are 1 standard deviation (n 5 3). Samples with different lowercase letters are significantly
different at the 95% confidence interval in one-way analyses of variance.
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PCA and CA ordination methods are unconstrained, in the sense that no
information about potential environmental driving forces (explanatory variables)
is included in the calculations. Only relationships among samples and variables
(fatty acids) are considered. Constrained, or direct gradient analysis, forms of
both PCA and CA show the relationship of samples and variables (fatty acids) to
measured environmental gradients. Redundancy analysis (RDA) is the direct
gradient analysis form of PCA (36). Canonical correspondence analysis (CCA) is
the direct gradient analysis form of CA (32, 45). Both RDA and CCA allow the
significance of measured environmental gradients to be tested explicitly using a
Monte Carlo simulation. The Monte Carlo test returns a P value associated with
the effect of the environmental variable on the PLFA composition of the sam-
ples.

Rules for interpreting ordination plots are different for PCA and RDA than
for CA and CCA (24). PCAs and RDAs in our study indicated relationships
among samples and fatty acids very similar to those indicated by CA and CCA.
For simplicity, we report ordination results only for CA and CCA. All ordination
analyses were performed using Canoco software (Microcomputer Power, Inc.,
Ithaca, N.Y.). Lab replicate PLFA analyses were averaged before ordination
analyses.

Other statistical analyses were performed using the general linear models
function of SAS (SAS Institute, Inc., Cary, N.C.). PLFA content and mercury
methylation potential of surficial sediments were regressed against the average
carbon content (three replicate dredge samples) at each site. The effect of
bottom water temperature on potentially temperature-sensitive fatty acid ratios
was tested using one-way analyses of variance (by sample date) in which both
depth intervals from July samples were included and treated as a single group of
observations. Methylmercury concentrations in methylation potential assays
were compared using two-tailed Student’s t tests.

RESULTS

Physical and chemical characteristics of Clear Lake sedi-
ments. Sediment pH at all of the Clear Lake sampling sites was
slightly alkaline on both sample dates (7.7 to 7.8). Pore water
sulfate concentrations in the top 5 cm ranged from 30 to 110
mM at the Oaks Arm (OA) site, 50 to 100 mM at the Lower
Arm (LA) site, and 40 to 150 mM at the UA site over a
14-month period (28). Lake bottom temperatures were 13°C in
April 1997 and 25°C in July 1997. These temperatures are
characteristic of temperatures recorded at the same locations
over a 3-year period (41).

The total nanomoles of PLFA in Clear Lake sediment sam-
ples was correlated with percent carbon in sediments (Fig. 2).
The LA sediment samples consistently had the highest organic
carbon contents, followed by the OA samples. Carbon contents
for replicate dredge samples had very small coefficients of
variation (,2.3%). C-to-N ratios at all sites ranged between
7.7 and 8.5 and did not show any significant relationship with

lake location, sediment depth, or sampling date (data not
shown).

PLFA composition of Clear Lake sediments. A set of 37
consistently quantified fatty acid peaks (out of 71 detected) was
selected for statistical analysis. The 37 fatty acids included in
the analyses sum to greater than 95% of the total nanomoles of
PLFA in each sample and had coefficients of variation below
10% in lab replicates. Minor peaks not reproducibly quantified
due to detection limits were omitted. Lab replicate PLFA
analyses were averaged before ordination analyses.

In both indirect (CA and PCA) and direct (CCA and RDA)
gradient analyses, LA and OA samples were tightly grouped
except for two outliers. These outliers (LAB2 and OAT3)
contain especially high amounts of 20:4 and 18:2 polyunsatu-
rated fatty acids. These polyunsaturates are characteristic of
eukaryotes and may be associated with invertebrates in Clear
Lake sediments. We removed several chironomids from LA
sediments and extracted their polar lipids using the procedure
described for sediments. The chironomids had a PLFA com-
position typical for eukaryotic organisms (20) and contained
primarily saturated and unsaturated even, straight-chain fatty
acids. The polyunsaturated fatty acids 20:4 and 18:2 repre-
sented 23% of total chironomid PLFA. The two outlier sam-
ples have been omitted from the ordination shown in Fig. 3.

Samples from the same lake location grouped together re-
gardless of sediment depth, and samples from different lake
locations consistently separated along the first (most impor-
tant) ordination axis (Fig. 3A). Both PCA and CA ordinations
explained greater than 50% of the total variation in PLFA
composition on the first axis. Relationships between commu-
nity PLFA composition and lake location, sampling date, and
sediment carbon content were determined using direct gradi-
ent analyses (CCA and RDA) with Monte Carlo simulations.
Lake location was a highly significant explanatory variable
(P , 0.001). Sediment percent carbon was also highly signifi-
cant (P , 0.001) and produced ordinations almost identical to
those which included lake location as an environmental vari-
able. Sampling date was not significant as an explanatory vari-
able (P . 0.05). When samples from a given lake location were
analyzed in separate ordinations, sampling date was significant
for the UA site (P , 0.001) but not significant for the LA and
OA sites (P . 0.05).

Effect of temperature on sediment PLFA composition. The
in situ temperature of Clear Lake bottom water increased from
13°C in April to 25°C in July 1997. Since temperature adapta-
tions of phospholipid membranes may have contributed to
changes in PLFA composition, we looked for shifts in fatty
acids which are expected to play a role in regulating phospho-
lipid membrane fluidity. Many bacteria respond to increased
temperature by decreasing the amount of fatty acid unsatura-
tion in their membranes. Other strategies for decreasing mem-
brane fluidity in response to elevated temperature include in-
creasing the proportion of branched-chain fatty acids or
increasing the ratio of iso- to anteiso-branched fatty acids (25).
Ratios of saturated to monounsaturated isomers in 16- or
18-carbon fatty acids were slightly higher in July samples at all
lake locations, as expected for an increase in temperature (Fig.
4). Ratios of i17:0/a17:0 and i15:0/a15:0 were also slightly
higher in July samples, consistent with a membrane adaptation
to higher temperature (Fig. 4). Amounts of branched versus
unbranched fatty acids (mole percent) changed very little
across lake locations and sample dates and did not show a
consistent trend with temperature (data not shown).

Mercury methylation potential in Clear Lake sediments.
Initial sediment methylmercury concentrations at the three
lake sites were not significantly different (0.2 , P , 0.9).

FIG. 5. Mercury methylation potential in surficial (0- to 4-cm) Clear Lake
sediments. Methylmercury concentrations at initial (t 5 0 days) and final (t 5 5
days) incubation times are shown. Error bars are 61 standard deviation (n 5 2
dredge samples). Within each of the two panels of the graph, bars with different
letters are significantly different (P , 0.05, two-tailed Student’s t test).
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FIG. 6. (A) CCA ordination of PLFA abundance data for Clear Lake sediment samples (0- to 4 cm). The plot shows 86% of the total variability in the data set.
Mercury methylation values (nanograms per gram [dry weight] of sediment) were divided by total nanomoles of PLFA (microbial biomass). Since only one
environmental variable was included in the analysis (Hg methylation potential), it is 100% correlated with the first CCA axis. (B) CCA ordination scores for PLFA
variables. As for CA ordinations, the expected abundance of each fatty acid decreases with distance from its location in the plot, and fatty acids which lie close to samples
in panel A above when the plot origins are superimposed are likely to have a high relative abundance in those samples.
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Therefore, differences in methylation potential derive from
differences in methylmercury concentrations observed after 5
days with added mercury (Fig. 5). In spite of small sample sizes
(n 5 2 dredges for each site/incubation time), methylation
potential at the LA site is significantly greater than at the other
two sites (P , 0.05). Methylation potential at the three sites
was correlated with sediment percent carbon (r2 5 0.82, P ,
0.02) but was uncorrelated with total PLFA (r2 5 0.48). CCA
ordination of the sediment PLFA composition with mercury
methylation potential as an explanatory variable (Fig. 6) pro-
duced sample and PLFA biplots remarkably similar to those
produced by including environmental variables for percent car-
bon or lake location. Mercury methylation potential was a
highly significant explanatory variable (P , 0.001). The addi-
tion of 125 ppm of Hg21 to sediment slurries did not change
microbial community structure or total biomass based on
PLFA analysis of the sediments before and after 5-day mercury
methylation potential incubations (data not shown).

Published data on PLFA composition of sulfate-reducing
bacteria. PLFA biomarkers for sulfate-reducing bacterial
groups have been identified by previous researchers and are
shown in Table 1. Some of these biomarkers were determined
for a small subset of isolates and may not be present in, or
exclusive to, all members of the groups which they are reported
to represent. To provide a more comprehensive comparison of
the reported biomarkers with published PLFA abundances in
sulfate-reducing bacterial isolates, we compiled available in-
formation into a database containing 100 strains (3, 7, 13–15,
26, 34, 43, 46). PLFA abundances in the database are ex-
pressed in mole percentages. Desulfovibrio (n 5 52), Desul-
fobacter (n 5 16), and Desulfobulbus (n 5 6) were the most
commonly reported genera. Twelve genera have at least one
representative in the database. An “other” category includes
“Spirillum” and “fat vibrio” (14), Thermosulfobacterium com-
mune (46), isolates 3801 and 3794 (15), and two examples of
Geobacter metallireducens (26). Sulfate-reducing archaea are
not included in the database.

The published PLFA analyses were of variable quality and
resolution. In order to include some data sets we would oth-
erwise have discarded due to poor gas chromatography peak
resolution or differences in analytical methods, we grouped
some structurally similar fatty acids into summed aggregates.
For example, iso- and anteiso-15:1 isomers were summed and
reported as “br15:1.” Although some detailed information is
lost using this approach, it allowed us to compare the largest
possible number of isolates. Fatty acids of 13 carbons or less in
chain length were not reported in some published analyses. In
addition, OH-substituted fatty acids derived from polar lipids
were sometimes reported jointly with lipopolysaccharide OH
fatty acids, making it difficult to compare OH-substituted fatty
acid abundances among different studies. As a result of these
analytical limitations in previous studies, fatty acids 11:0, 12:0,
a13:0, i13:0, 13:0, and OH-substituted fatty acids were omitted
from ordination analyses of the compiled database.

CA and PCA ordinations of the pure culture PLFA database
showed three clusters of isolates containing Desulfobacter, De-
sulfobulbus, and Desulfovibrio isolates (Fig. 7). Relationships

between isolates in the ordination plots reflect their taxonomic
identity, as suggested by previous studies comparing the PLFA
compositions of 25 (26) or 40 (46) strains of sulfate-reducing
bacteria. Desulfovibrio isolates in the database are character-
ized by high relative amounts of branched saturated and
branched monounsaturated fatty acids. Four Desulfovibrio iso-
lates contained the polyunsaturated fatty acid 18:2 (,1 mol%),
which was not detected in any other isolates in the database.
Desulfobacter isolates were associated with high relative
amounts of methyl-branched and cyclopropyl fatty acids, espe-
cially 10me16:0, cy17:0, and cy19:0. The fatty acid 10me18:0
was detected in a single isolate (0.5 mol%, marine Desul-
fobacter sp. strain 3ac10 [14]). Desulfobulbus isolates in the
database were characterized by a high abundance of un-
branched fatty acids (17:1, 15:1, and 15:0). Other genera are
represented by very few strains in the database and fell be-
tween or within the Desulfovibrio, Desulfobulbus, or Desul-
fobacter groups on ordination plots.

Average contents of biomarker PLFAs for Desulfovibrio
(br17:1), Desulfobacter (10me16:0), and Desulfobulbus (17:1) in
selected genera from the database are shown in Table 2. Bi-
omarker fatty acids for Desulfovibrio (br17:1) were detected in
48 out of 52 Desulfovibrio PLFA analyses but were also de-
tected in six isolates assigned to other genera including Desul-
fomonas (46), Desulfomicrobium (46), Desulfococcus (26), De-
sulfotomaculum (26), Desulfuromonas (26), and Desulfosarcina
(26). The Desulfobacter biomarker (10me16:0) was detected in
10 out of 11 Desulfobacter PLFA profiles but was also detected
in three isolates assigned to Desulfotomaculum (26), Geobacter
(26), or Desulfobacterium (46). The Desulfobulbus biomarkers
(17:1) were detected in all Desulfobulbus PLFA analyses but
were also detected in numerous isolates from at least nine
other genera (Table 2).

DISCUSSION

Microbial community structure in Clear Lake sediments is
significantly related to a gradient in organic carbon among the
lake sample sites. In contrast, inorganic mercury concentration
appeared to have no effect on community structure, either in
microcosm mercury methylation potential assays or in lake
sediments with differing total Hg concentrations (Fig. 1). Pore
water sulfate concentrations and sediment organic matter C/N
ratios were not significantly different among lake locations and
therefore cannot be responsible for the differences in commu-
nity composition that we observed. Sediment PLFA patterns
did not change significantly between 0- to 4- and 4- to 8-cm
depths, likely due to intense sediment bioturbation by chirono-
mid larvae and oligochaete worms (41).

Mercury methylation potential was positively correlated with
sediment percent carbon, highlighting the importance of het-
erotrophic biological activity for driving mercury methylation
in Clear Lake sediments. A positive correlation between mer-
cury methylation and percent carbon in sediments has also
been reported in previous studies (8, 23, 31). Sediment percent
carbon was also positively correlated with mercury methylation
potential expressed per nanomole of PLFA (microbial bio-
mass). This correlation is explained by the observed changes in
microbial community structure from the LA site (high percent
C) to the UA site (low percent C) and suggests that high-
carbon sites host microbial communities with higher mercury
methylation activity per unit of microbial biomass.

Previous studies have proposed the use of PLFA biomarkers
for distinguishing sulfate-reducing bacterial groups from each
other (Table 1) (14, 35, 46). Ordination analyses of the com-
piled fatty acid database for pure cultures of sulfate-reducing

TABLE 1. PLFA biomarkers for sulfate-reducing bacterial groups

Genus Biomarker PLFA Reference(s)

Desulfovibrio br17:1 (especially i17:1w7) 15, 26, 46
Desulfobacter 10me16:0 14
Desulfobulbus 17:1 (especially 17:1w6) 34
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FIG. 7. (A) CA ordination of PLFA abundance data for sulfate-reducing bacterial isolates. Samples which are plotted close together have similar PLFA
compositions. Strains included in the “other” category (H) are given in the text. Ellipsoids drawn on the plot are meant to aid in identifying isolates of the same genus.
(B) CA ordination scores for PLFA variables in the pure culture database. The expected abundance of each fatty acid decreases with distance from its location in the
plot. Fatty acids which are plotted close to samples in panel A when plot origins are superimposed are likely to have a high relative abundance in those samples.
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bacteria generally support the use of previously published bio-
markers for grouping pure cultures. Other studies have used
biomarker PLFAs to identify the presence and abundance of
sulfate-reducing bacterial groups in natural environments (9,
33, 44, 47). These studies assumed that other bacteria in envi-
ronmental samples did not contain significant amounts of the
sulfate reducer biomarkers. Biomarkers for Desulfobulbus spe-
cies consist of straight-chain saturated and monounsaturated
PLFAs (15:0, 15:1, and 17:1) which are known to be widely
distributed among bacterial taxa. As a result, this group is not
likely to be easily studied in environmental samples using
PLFA analysis. In contrast, biomarkers for Desulfovibrio
(br17:1) and Desulfobacter (10me-PLFA) are more narrowly
distributed or are present in small amounts in bacteria other
than sulfate reducers (37), suggesting that these two genera are
likely to be the major sources of their respective biomarker
fatty acids in environmental samples. The fatty acid 10me16:0
is a trace component of some high-G1C gram-positive strains
but is a major component of Desulfobacter strains. Likewise,
branched monounsaturates comprise a small percentage
(,10%) of fatty acids in a few high-G1C gram-positive groups
but usually represent a large percentage (.30%) of Desulfo-
vibrio fatty acids. The small number of available PLFA profiles
for sulfate-reducing isolates in genera other than Desulfovibrio
and Desulfobacter limits interpretation of environmental PLFA
profiles with respect to these organisms.

Although the PLFA database for environmental bacterial
isolates is limited, putative sulfate reducer biomarkers for De-
sulfovibrio and Desulfobacter groups are potentially very useful
for environments such as anoxic sediments dominated by the
activity of sulfate-reducing bacteria. Interpretation of Clear
Lake sediment PLFA data based on sulfate reducer biomark-
ers leads to several hypotheses which can be tested in future
studies. We assumed that an average cell contains 7.31 3 1028

nmol of PLFA (29). Based on the pure culture data in Table 2,
the biomarker fatty acid 10me16:0 makes up roughly 25% of
Desulfobacter PLFAs. Similarly, br17:1 fatty acids are approx-
imately 11% of Desulfovibrio PLFAs. Based on these conver-
sion factors, the bacterial community at the LA site has 91%
Desulfobacter (1.4 3 1010 cells/g of sediment [dry weight]), 2%

Desulfovibrio (2.7 3 108 cells/g), and 7% other organisms. In
contrast, the UA site has 33% Desulfobacter (2.2 3 109 cells/g),
3% Desulfovibrio (2.2 3 108 cells/g), and 64% other organisms.
The OA site has a community composition intermediate be-
tween those of the LA and UA sites. It is unlikely that sulfate-
reducing bacteria can account for as much as 91% (LA) of the
sediment bacterial biomass, since they depend on fermentation
products produced from complex organic matter by large pop-
ulations of other heterotrophic bacteria. However, the esti-
mates above are useful as comparative measures of community
structure at different lake locations. Sulfate-reducing bacteria
constitute a larger portion of the sediment community at the
LA site, which also had higher mercury methylation potential
than the other two sample sites. The positive correlation be-
tween sulfate-reducing bacterial biomass and mercury methyl-
ation is interesting in light of previous work at the same sample
locations, which showed that sulfate reduction and mercury
methylation potential are highly correlated at the LA site but
only weakly correlated at the OA and UA sites (28). Together,
these results suggest that sulfate reducers are important for
mercury methylation in Clear Lake sediments, but other un-
known mercury methylators may also be important, especially
outside the LA.

Desulfobacter populations (or sulfate-reducing bacteria with
similar PLFA composition) were much more abundant than
Desulfovibrio populations at all lake sampling sites and were
also more abundant at sites with higher mercury methylation
potential per unit of microbial biomass. Desulfovibrio popula-
tions were most abundant at the UA site, which had the lowest
mercury methylation potential per unit of biomass. Results
from Clear Lake are consistent with those from a previous
microcosm study (38), which reported that mercury methyl-
ation potential in freshwater lake sediments was highly corre-
lated with the abundance of PLFA 10me16:0 (Desulfobacter
biomarker). In an estuarine sediment studied using oligonu-
cleotide probes (11), the peak in mercury methylation oc-
curred at the same sediment depth as peaks in rRNA from
several groups of sulfate-reducing bacteria including members
of the family Desulfovibrionaceae and Desulfobacter species.
Since there is no evidence that sulfate-reducing bacterial spe-
cies have different mercury methylating abilities, the observed
correlation between mercury methylation potential and Desul-
fobacter biomarker PLFA freshwater environments may simply
reflect the dominance of Desulfobacter species among sulfate-
reducing bacterial populations in lacustrine sediments studied
to date.

Our results suggest that further eutrophication of Clear
Lake may increase mercury methylation, either by altering
sediment microbial communities or by increasing sediment
organic carbon loading. Sulfate-rich waters from mining pits
adjacent to the OA of Clear Lake appear to be a major source
of sulfur in the lake (41) and could contribute to increased
production of methylmercury. Future mercury remediation
studies in the Clear Lake basin should consider sulfur inputs
and cycling. However, the lack of a strong relationship between
sulfate reduction and mercury methylation at two lake sample
sites also suggests that other bacterial groups which methylate
mercury are potentially important in the UA and OA of Clear
Lake.
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TABLE 2. Biomarker PLFA content for sulfate-reducing bacterial
isolates in published studies

Genus na

Fatty acid abundanceb

br17:1
(Desulfovibrio

biomarker)

10me16:0
(Desulfobacter

biomarker)

17:1
(Desulfobulbus

biomarker)

Desulfovibrio 52 25 6 13c 0 6 0 [,1] 0 6 1 [,4]
Desulfobacter 16 0 6 1 [,2] 11 6 6d 1 6 3 [,11]
Desulfobulbus 6 0 6 0 [ND] 0 6 0 [ND] 44 6 15

All others 26 4 6 8 [,26]e 0 6 2 [,8]f 2 6 5 [,19]g

a Number of occurrences in the database.
b Average 6 standard deviation [, maximum value] mole percent of total

PLFA. ND, not detected.
c Four isolates contained no detectable i17:1 isomers (48).
d One Desulfobacter isolate contained no detectable 10me16:0 (8).
e Detected in six isolates assigned to other genera (Desulfomonas and Desul-

fomicrobium [48] and Desulfococcus, Desulfotomaculum, Desulfuromonas, and
Desulfosarcina [28]; also detected in four unknown isolates [15, 16]).

f Detected in three isolates assigned to other genera (Desulfotomaculum and
Geobacter [28] and Desulfobacterium [48]).

g Detected in nine isolates assigned to other genera (Desulfotomaculum [15],
Desulfobacterium [48], Desulfomicrobium [48], Desulfuromonas [15, 48], Desulfo-
monas [48], Desulfotobacterium [28], Desulfococcus [28], and Desulfosarcina
[28]); also detected in three unknown isolates (15, 16).
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