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Summary

At Hot Creek in California, geothermally derived ars-
enite is rapidly oxidized to arsenate. This process is
mediated by microorganisms colonizing the surfaces
of submerged aquatic macrophytes in the creek. Here
we describe a multifaceted approach to characteriz-
ing this biofilm community and its activity. Molecular
techniques were used to describe the community as
a function of 16S-rRNA gene diversity. Cultivation-
based strategies were used to enumerate and isolate
three novel arsenite oxidizers, strains YED1-18, YED6-
4 and YED6-21. All three strains are 
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-Proteobacteria

 

,
of the genus 

 

Hydrogenophaga

 

. Because these strains
were isolated from the highest (i.e. million-fold)
dilutions of disrupted biofilm suspensions, they
represent the most numerically significant arsenite
oxidizers recovered from this community. One clone
(Hot Creek Clone 44) obtained from an inventory of
the 16S rDNA sequence diversity present in the bio-
film was found to be 99.6% identical to the 16S rDNA
sequence of the isolate YED6-21. On the basis of most
probable number (MPN) analyses, arsenite-oxidizing
bacteria were found to account for 6–56% of the
cultivated members of the community. Using MPN
values, we could estimate an upper bound on the
value of V

 

max

 

 for the community of 1 

  

¥¥¥¥

 

 10----

 

9

 

 

  

mmmm

 

mole
arsenite min----

 

1

 

 cell----

 

1

 

. This estimate represents the first
normalization of arsenite oxidation rates to MPN cell
densities for a microbial community in a field incuba-
tion experiment.

Introduction

 

Since the first report of arsenite oxidizers and reducers in
1918 (Green, 1918), microorganisms have been charac-
terized that catalyse various transformations of arsenic
including oxidation, reduction and methylation reactions
(Cullen and Reimer, 1989; Dowdle 

 

et al

 

., 1996; Newman

 

et al

 

., 1998; Stolz and Oremland, 1999). Despite previous
characterizations of isolated arsenite oxidizers, the contri-
bution of any isolate to arsenite oxidation in its native
environment remains unquantified (Green, 1918; Turner,
1949; Legge, 1954; Legge and Turner, 1954; Turner, 1954;
Turner and Legge, 1954; Osborne and Ehrlich, 1976; Phil-
lips and Taylor, 1976; Ilyaletdinov and Abdrashitova, 1981;
Weeger 

 

et al

 

., 1999; Santini 

 

et al

 

., 2000; Gihring and Ban-
field, 2001; Gihring 

 

et al

 

., 2001; Oremland 

 

et al

 

., 2002;
Santini 

 

et al

 

., 2002; Donahoe-Christiansen 

 

et al

 

., 2004).
For example, rates of 

 

in situ

 

 arsenite oxidation have not
yet been related to the abundance of microbes recovered
in culture. This work attempts to bridge this gap through
a multifaceted study of bacterial arsenite oxidation at Hot
Creek.

Our recent studies have demonstrated that microbial
processes are predominantly responsible for the oxidation
of arsenite at Hot Creek, a tributary of the Owens River,
which is located in the Long Valley Caldera in the eastern
Sierra Nevada of California (Wilkie and Hering, 1998;
Kneebone and Hering, 2000; Salmassi 

 

et al

 

., 2002). Geo-
thermal inputs of arsenic to Hot Creek result in an average
arsenic concentration of 2.7 

 

m

 

M (Eccles, 1976; Wilkie and
Hering, 1998). In the hot springs located on the banks and
in the stream bed of Hot Creek, arsenic concentrations
can exceed 13 

 

m

 

M. Geothermally derived arsenic is intro-
duced into Hot Creek as arsenite, As(III), but undergoes
rapid oxidation to arsenate, As(V), within the creek. This
process was found to be mediated by microorganisms
colonizing the surface of an abundant aquatic macrophyte

 

Potamogeton pectinatus

 

 (Wilkie and Hering, 1998; Sal-
massi 

 

et al

 

., 2002). The arsenite oxidizer, 

 

Agrobacterium
albertimagni

 

 AOL15 was previously isolated from this bio-
film community by our laboratory (Salmassi 

 

et al

 

., 2002).
However, because 

 

A. albertimagni

 

 was enriched using an
undiluted inoculum, the role and abundance of this spe-
cies in the biofilm is unknown. Herein, we report on the
results of a combination of approaches, including molec-
ular inventories, most probable number (MPN) enrichment
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and strain isolation, and kinetic studies, that allow us to
evaluate the prevalence and diversity of arsenite oxidizers
in this biofilm community, and to estimate cell-normalized
rates of arsenite oxidation.

 

Results

 

Isolation and identification of dominant arsenite oxidizers

 

Previous work at Hot Creek had identified the aquatic
macrophyte 

 

P. pectinatus

 

 as being the key submerged
substratum for colonization by arsenite oxidizers, though
little was known about the microbiota comprising this
biofilm. Here, MPN enrichment and direct plating proce-
dures were employed in attempts to cultivate and isolate
numerically abundant microbes dominating arsenite
oxidation in the biofilm. A total of 547 isolates were
obtained after direct plating of serial dilutions of homog-
enized suspensions of the biofilm onto a yeast extract
agar medium. Further analysis of these isolates identi-
fied 390 (71%) strains as being capable of arsenite
oxidation.

 

Characterization of isolates

 

After analysis of their SSU rRNA-encoding genes based
on both restriction fragment length polymorphism (RFLP)
and sequence analysis, all arsenite oxidizers isolated
from the final (10

 

-

 

6

 

) dilution plates were identified as
being members of the genus 

 

Hydrogenophaga

 

. Two rep-
resentative strains, 

 

Hydrogenophaga

 

 strain YED6-4 and

 

Hydrogenophaga

 

 strain YED6-21 were selected for fur-
ther study. These two isolates were chosen because str.
YED6-21 had a tendency to aggregate, forming flocs in
liquid culture while str. YED6-4 did not. An arsenite oxi-
dizer isolated from the 10

 

-

 

1

 

dilution plate, 

 

Hydrogenoph-
aga

 

 strain YED1-18, was also selected for further study
because of its close but distinct phylogenetic relatedness
to strains YED6-4 and YED6-21. Strain YED1-18 formed
deep yellow coloured colonies, and was thus easily dis-
tinguished from YED6-4 and YED6-21, which formed
cream-coloured colonies. All three of the arsenite oxidiz-
ers (strains YED6-4, YED6-21 and YED1-18) are rods
that stained Gram-negative. Strain YED6-4 (approxi-
mately 2.0 

 

¥

 

 0.5 

 

m

 

m by transmission electron microscopy,
data not presented) is a markedly longer rod than
strains YED6-21 and YED1-18 (both approximately
1.25 

 

¥

 

 0.5 

 

m

 

m). All three strains were able to oxidize ars-
enite to arsenate as illustrated by the disappearance of
arsenite in growing cultures (Fig. 1) but were apparently
unable to use it as an energy source. However, despite
being close relatives, the spectrum of substrate utilized
by these strains exhibited several key differences
(Table 1).

 

Inventory of rRNA gene diversity of the 
Potamogeton-surface biofilm

 

The microbial community attached to the dominant sub-
merged plants at Hot Creek was characterized at the level
of bacterial SSU rRNA encoding gene diversity. In total,
414 clones were recovered after polymerase chain reac-
tion (PCR) using universal bacterial PCR primers and
DNA prepared from the macrophyte biofilm community as
templates. RFLP analysis of this collection revealed 33
unique amplimer groups (i.e. groups having identical
RFLP patterns). Representative clones from each of
these 33 groups were selected for sequencing. Out of the
collection of 414 clones, 364 (88%) shared the same
RFLP pattern and thus were assigned to a single
amplimer group. Two clones representing this amplimer
were analysed by sequencing and found to exhibit 

 

>

 

 97%
identity to the plastid-encoded rDNA of a diatom, the
stramenopile 

 

Odontella sinensis

 

. Microscopic and cultiva-
tion analysis of fresh biofilm material revealed only low
population densities of diatoms and filamentous green
algae, implying that these microorganisms were neither
as dominant nor abundant within the microbial community
as the inventory results suggested. As a possible expla-
nation of this discrepancy, 

 

Odontella

 

 reportedly contains

 

Fig. 1.

 

Growth and concurrent oxidation of arsenite in cultures of 
YED6-4, YED6-21 and YED1-18 grown in the presence of approxi-
mately 150 

 

m

 

M arsenite in YE medium at 30

 

∞

 

C. Symbols: (

 

�

 

) cell 
growth measured by plate counts, (

 

�

 

) arsenite in control experiments 
without bacterial cells, (

 

�

 

) arsenite in cell cultures. Lines are included 
as a guide. The variable initial cell concentrations are resulting from 
differences in cell densities in the inocula.
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large numbers of chloroplasts and thus plastid genome
encoded 

 

rrn

 

 genes per cell (Coleman and Goff, 1991).
The remaining approximately 50 amplimers were simi-

lar to Bacteria. Among the most highly represented of
these were members of the 

 

b

 

- and 

 

g

 

-

 

Proteobacteria

 

,
which accounted for 32% and 39% of the bacterial rDNA
clones recovered respectively. One clone, Hot Creek
Clone 44, was found to be a chimera between the rDNA
genes of a proteobacterium and a firmicute. The 627
nucleotides comprising the 3-prime end of this clone
shared 99.6% identity with the comparable positions in the
rDNA cloned from 

 

Hydrogenophaga

 

 str. YED6-21, which
was one of the most abundant of the cultivated arsenite
oxidizers from the Hot Creek biofilm (Fig. 2). The recovery
of an environmental sequence from the biofilm similar to
one from one of the cultivated 

 

Hydrogenophagas

 

 provides
a further indication that members of this genus may play
key roles in arsenite oxidation at Hot Creek.

 

Bacterial enumeration

 

An MPN analysis conducted on macrophyte material col-
lected from Hot Creek revealed that the cell densities of
total cultivated heterotrophs on YE media ranged from
(0.47–3.7) 

 

¥

 

 10

 

9

 

 total cells g

 

-

 

1

 

 (normalized to the dry
weight of plant matter) with a geometric mean of
1.4 

 

¥

 

 10

 

9

 

 cells g

 

-

 

1

 

 (

 

n

 

 

 

=

 

 9). The densities of arsenite oxidiz-
ers (i.e. as determined by a KMnO

 

4

 

 assay) ranged from
(0.059–1.7) 

 

¥

 

 10

 

9

 

 cells g

 

-

 

1

 

 with a geometric mean of
3.3 

 

¥

 

 10

 

8

 

 cells g

 

-

 

1

 

. These data are summarized in Table 2.
On the basis of the geometric mean values, between 6%
and 56% of the total microbes recovered during MPN
cultivation were arsenite oxidizers. These values are lower
than the value of 71% estimated from the isolations on
solid media, which may reflect differences in the recovery
of viable cells using solid or liquid cultivation media, by no
means a rare or unexpected result.

 

Table 1.

 

Properties of three Hot Creek 

 

Hydrogenophaga

 

 isolates.

Property Strain YED6-4 Strain YED6-21 Strain YED1-18

Cell morphology 2.0 

 

¥ 

 

0.5 

 

m

 

m rod 1.25 

 

¥ 

 

0.5 

 

m

 

m rod 1.25 

 

¥ 

 

0.5 

 

m

 

m rod
Colony colour Cream Cream Yellow
Carbon sources

Mannitol –

 

+ +

 

Sucrose –

 

+ +

 

Glycerol

 

+

 

–

 

+

 

Maltose –

 

+ +

 

Galactose – –

 

+

 

Propionate –

 

+

 

–
Electron acceptor

Nitrate

 

+

 

– –
Fumarate

 

+

 

– –

All three strains utilized acetate, succinate, citrate, fructose, glucose, mannose, pyruvate and lactate under aerobic incubation; and grew
anaerobically in yeast extract fermentation broth.
None of the three strains utilized formate aerobically, or respired DMSO, Fe(OH)

 

3

 

, sulfate, sulfite, thiosulfate, or arsenate anaerobically.
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Fig. 2.

 

16S rRNA-based phylogenetic position 
of arsenite oxidizing strains YED6-4, YED6-21 
and YED1-18 within the 

 

b

 

-Proteobacteria

 

. Ini-
tially, a tree-puzzle maximum likelihood analy-
sis was performed without the truncated Clone 
44 sequence using 1103 unambiguous, aligned 
positions. After this, the 3-prime terminal 627 
nucleotides of Clone 44 were added using the 
‘add to pre-existing tree via parsimony’ function 
in 

 

ARB

 

. The bar denotes nucleotide changes per 
nucleotide position. See 

 

Experimental proce-
dures

 

 for accession numbers.
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Cells were also enumerated using microscopy and plate
counts (Table 3). The MPN and plate counts agreed within
a factor of 2–3 with the plate counts yielding slightly lower
estimates of cell density. However, the recovery of
microbes during such cultivation regimes was clearly
incomplete, corresponding to only 1–5% of cells observed
by microscopy. Although such discrepancies are not sur-
prising, they highlight the potential biases of cultivation-
based methods (Amann 

 

et al

 

., 1995).

 

Community rates of arsenite oxidation

 

The kinetics of arsenite oxidation by the microbial com-
munity were examined in batch experiments conducted
with samples transported back to the laboratory (sample
ABC*), as well as in the field (sample D*). Duplicate sam-
ples were spiked with either 2 

 

m

 

M or 50 

 

m

 

M initial arsenite
during both field and lab experiments. The lower concen-

tration was chosen based on the apparent K

 

s

 

 that had
previously been deduced for 

 

A. albertimagni

 

 AOL15, as
well as the ambient arsenic concentration at Hot Creek
(DWR, 1967; Eccles, 1976; Salmassi et al., 2002); the
higher concentration reflected the concentration at which
arsenite oxidation by A. albertimagni AOL15 had been
observed to proceed at its maximum rate or Vmax.

At an initial arsenite concentration of 2 mM, pseudo first-
order kinetics were observed with rate constants of 0.78–
1.05 min-1 in field incubations and 0.34–0.42 min-1 in the
laboratory (Fig. 3). Comparable pseudo first-order rate
constants for arsenite oxidation (1.2 min-1) have been
reported within a stream for a hot spring ecosystem in
Yellowstone National Park (Jackson et al., 2001; Langner
et al., 2001). Rates were also reported for ex situ reaction
vessels for microbial mat samples with pseudo first-order
kinetic rate constants ranging from 0.0054 to 0.045
min-1. However, direct comparisons with the Yellowstone

Table 2. Summary of MPN determination in suspensions produced by releasing surface-associated microorganisms from Potamogeton collected
at Hot Creek.

Plant samplea
Plant concentrationb

(g dry weight l-1)
MPN (total cells),
cells g-1 (dry weight)

MPN (oxidizer cells),
cells g-1 (dry weight)

Oxidizers as
% of total

A-I 5.4 5.9 ¥ 108 2.2 ¥ 108 37
A-II 2.2 ¥ 109 3.7 ¥ 108 17
A-III 1.0 ¥ 109 5.9 ¥ 107 6
Geometric mean (sample A) 1.1 ¥ 109 1.7 ¥ 108 15
B-I 6.0 4.7 ¥ 108 6.7 ¥ 107 14
B-II 2.0 ¥ 109 5.3 ¥ 108 26
B-III 9.5 ¥ 108 5.3 ¥ 108 56
Geometric mean (sample B) 9.6 ¥ 108 2.7 ¥ 108 28
C-I 3.3 3.7 ¥ 109 1.7 ¥ 109 46
C-II 1.7 ¥ 109 6.1 ¥ 108 36
C-III 3.0 ¥ 109 5.1 ¥ 108 17
Geometric mean (sample C) 2.7 ¥ 109 8.1 ¥ 108 30
Geometric mean (samples A, B, C) 4.7 1.4 ¥ 109 3.3 ¥ 108 24

a. Each of the three collected samples (A, B and C) were subsampled in triplicate (i.e. A-I, A-II and A-III) for MPN analysis. Each subsample
(e.g. A-I) was used to inoculate an MPN determination set that included a 10-fold dilution series in triplicate. Thus, for each sample (e.g. A), a
total of 90 test tubes were inoculated in order to determine the MPN values reported in this table.
b. Plant concentration determined for individual samples (A, B and C) after drying of collected plant sample at 60∞C in glass beaker.

Table 3. Comparison of MPNs and direct and plate counts.

Plant sample
Direct count,
cells ml-1

MPN geometric mean,
total cells (cells ml-1)

Plate count,
cells ml-1

A 1.2 ¥ 108 (6.0 ¥ 106)c 2.6 ¥ 106

B 8.2 ¥ 107 (5.8 ¥ 106)d 2.1 ¥ 106

C 7.8 ¥ 108 (8.8 ¥ 106)e 4.6 ¥ 106

Combined sample ABC – (7 ¥ 106)f –
Combined sample ABC*,a 7.3 ¥ 107 – 7.9 ¥ 106

D 1.1 ¥ 108 – 8.1 ¥ 107

D*,b 1.2 ¥ 108 – 1.9 ¥ 107

a. Combined sample ABC after removal of settled aggregate plant debris.
b. Sample D after removal of settled aggregate plant debris.
c. Value determined by combining MPN [1.1 ¥ 109 cells g-1 (dry weight)] and plant concentration (5.4 g dry weight l-1) values reported in Table 2.
d. Value determined by combining MPN [9.6 ¥ 108 cells g-1 (dry weight)] and plant concentration(6.0 g dry weight l-1) values reported in Table 2.
e. Value determined by combining MPN [2.7 ¥ 109 cells g-1 (dry weight)] and plant concentration (3.3 g dry weight l-1) values reported in Table 2.
f. Calculated value (average of A, B and C values in this table); not an actual MPN value.
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rate constants are of limited value because cell densities
were not reported in that study. Similarly, the previously
reported slower pseudo first-order rate constants for
Hot Creek (0.05 min-1) were not accompanied by
biomass data either (Wilkie and Hering, 1998). A recent
study on the redox transformations of arsenic within
periphyton communities reported an oxidation rate of
~0.35 mmol litre-1 h-1 for arsenite; however, no population
estimates for the oxidizers were performed. In this same
study, arsenate reduction was also observed and esti-
mates by MPN of these populations were performed (Kulp
et al., 2004).

At 50 mM (initial) arsenite, concentrations decreased
linearly with time (Fig. 4) with pseudo zero-order rate
constants of 1.5–1.7 mM min-1 in field incubations,
0.98–1.0 mM min-1 in the laboratory incubations con-
ducted immediately upon sample return, and 0.33–
0.36 mM min-1 in laboratory incubations conducted after
the samples had been stored for 48 h prior to the starting
of the experiment. The shift in the reaction order from
pseudo first-order (at lower arsenite concentrations) to
pseudo zero-order (at higher arsenite concentrations) is
consistent with an enzymatic process where the Ks value
lies between 2 mM and 50 mM.

Observed rates of arsenite oxidation were slower when
samples had been transported back to the laboratory on
ice, i.e. 6–8 h after sample collection. A further decrease
in oxidation rates was observed when samples were
stored for 48 h prior to analysis, underscoring the impor-
tance of performing kinetic experiments using samples
upon collection in the field. Inactivation of arsenite-oxidiz-
ing microorganisms may have occurred during the time
between sample collection at Hot Creek and the labora-

tory experiments. It is not known if this affected the viable
cell recovery during MPN studies (which were conducted
after processing samples in the laboratory).

Discussion

In our isolation efforts, we were successful in isolating
arsenite-oxidizing bacteria from million-fold dilutions of our
starting material. The recovery corresponding to a popu-
lation density in the Potamogeton – surface biofilm of
approximately 105 arsenite-oxidizing cells (g dry weight
plant material)-1. The phylogenetic position of these iso-
lates (strains YED6-4, YED6-21 and YED1-18) is pre-
sented in Fig. 2. The recovery of Hydrogenophaga cells
on agar plates inoculated with highly diluted biofilm mate-
rial suggests that members of this genus may be signifi-
cant contributors to arsenite oxidation within the microbial
community attached to the surfaces of these aquatic
plants.

Members of the genus Hydrogenophaga are often
described as being ‘knallgas’ bacteria, i.e. facultative
autotrophs capable of fixing CO2 while utilizing molecular
hydrogen as the electron donor and oxygen as the termi-
nal electron acceptor for growth (Aragno and Schlegel,
1999). Our Hydrogenophaga isolates were unable to grow
autotrophically on arsenite but growth on H2 was not
examined. Arsenite oxidation by species of Hydrogenoph-
aga isolated from gold mines has recently been reported
(Santini et al., 2002; vanden Hoven and Santini, 2004).
However, our study relates the kinetics of arsenite oxida-
tion to the recovery of numerically abundant isolates from
a microbial community for the first time. Community anal-
ysis provided further evidence that Hydrogenophaga spe-

Fig. 3. Pseudo first-order plots of oxidation of As(III) at an initial 
concentration of 2 mM by material shaken from the surface of the 
aquatic macrophytes at Hot Creek. (�, �) Plant sample ABC* in 
laboratory incubation; (�, �) plant sample D* in field incubation; and 
(�, �) filtered control sample.
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cies and other b-Proteobacteria are prevalent members
of Potamogeton-surface biofilms, as together they
accounted for approximately 32% of the bacterial rRNA-
genes inventoried.

The MPN analysis of this community demonstrated that
arsenite oxidizers constituted between 6% and 56% of the
cells recovered in liquid culture (Table 2). Agar plate
based studies revealed a slightly higher value (71%). This
discrepancy may be explained by the inherent differences
between the two cultivation techniques. In liquid media,
the fastest growing viable bacterial cell in a given tube can
overrun any others present. Thus, an organism unable to
oxidize arsenite might outcompete those that can, result-
ing in a tube marked ‘positive’ for growth, ‘negative’ for
arsenite oxidation. It is much more difficult for fast growing
colonies to completely overrun slower strains on agar
plates prepared with an adequately diluted inoculum. This
analysis shows that, among the cultivated bacteria, ars-
enite oxidizers are both abundant (as demonstrated by
their persistence in million-fold dilutions) and widely rep-
resented (as 71% of all isolates from solid media and
approximately 6–56% by MPN analysis were capable of
arsenite oxidation). We speculate that the same trends
may hold for the not-yet-cultivated members of the biofilm
community.

Using values reported in Tables 2 and 3, the normalized
MPN value for the density of arsenite oxidizers
(3.3 ¥ 108 cells g-1 (dry weight) may be combined with the
pseudo zero-order rate constant (1.5–1.7 mM min-1) and
the mean plant concentration [4.7 g (dry weight) l-1] deter-
mined in the field incubations from this study to estimate
a field-Vmax of 1 ¥ 10-9 mmole min-1 cell-1. This value is
about 1000-fold higher than the Vmax of 1.81 ± 0.58 ¥
10-12 mmole min-1 cell-1 determined for A. albertimagni
AOL15 (Salmassi et al., 2002). A lower bound for the field
Vmax may be obtained by estimating the density of arsenite
oxidizers as 6% of the direct count (i.e. 6% of
1.2 ¥ 108 cells ml-1 for sample D* in Table 3, taken as a
conservative estimate). The field Vmax obtained in this way
is 2 ¥ 10-10 mmole min-1 cell-1. This would be consistent
with preliminary kinetic studies conducted with the iso-
lated Hydrogenophaga spp.; which showed more rapid
arsenite oxidation than with A. albertimagni AOL15 (data
not shown). The Ks of 3.4 ± 2.2 mM previously determined
for A. albertimagni AOL15 does appear to be representa-
tive of the community, since the oxidation kinetics shift
from pseudo first-order at 2 mM arsenite to pseudo zero-
order at 50 mM arsenite.

This work provides further evidence that arsenite oxida-
tion is a capability of both diverse and abundant microor-
ganisms in this biofilm community. The combination of
molecular and cultivation-based approaches allows the
first quantitative characterization of the biofilm community.
This study also provides the first quantification of bacteri-

ally mediated arsenite oxidation rates normalized to MPN
cell densities reported for any environment.

Experimental procedures

Sample collection

Fresh samples of P. pectinatus were collected from Hot Creek
on four occasions. In June 2000, four samples of plants of
25 g (approximate wet weight) each were collected in sterile
50 ml centrifuge tubes and stored in either 70% ethanol or
phosphate buffered saline (PBS) for molecular inventories. In
October 2000, triplicate samples of approximately 500 g each
were collected with creek water and transported to the labo-
ratory on ice for cultivation-based studies. In the laboratory,
these samples were vigorously mixed by vortexing for 5 min
and the resulting suspension was used as the undiluted inoc-
ulum for the isolation of arsenite oxidizers. On two separate
occasions in March 2001, additional plant samples were col-
lected for kinetics experiments and MPN analysis. On the first
date, three individual samples of approximately 500 g each
(called samples A, B and C) were collected and transported
immediately to the laboratory on ice. Within 6–8 h of collec-
tion, the samples were individually mixed by vortexing for
5 min and part of the resulting suspensions were used for
MPN analysis (triplicate samples AI–AIII, BI–BIII and CI–CIII,
Table 2). The remaining portions of the suspensions were
pooled together into one composite sample (ABC). After set-
tling of the larger plant debris, the overlying suspension was
decanted (sample ABC*) and subsampled for kinetic studies,
direct microscopic counts and viable plate counts. On the
second collection date, one plant sample of approximately
500 g (D) was collected and processed onsite by vigorous
manual shaking. After settling of the larger plant debris, the
overlying suspension was decanted (sample D*) and the
resulting suspension was used for kinetic studies conducted
in the field and for direct and plate counts.

Media

The YE medium used for isolation for bacteria contained the
following: freshwater basal medium from (Widdle and Bak,
1992), 1.0 g l-1 yeast extract, 1.19 g l-1 HEPES, 1 ml l-1 10-
Vitamin Supplement [10 mM phosphate buffer adjusted to
pH 7.2 and containing: 100 mg l-1 riboflavin; 1 g l-1 of each of
thiamine·HCl, L-ascorbic acid, D-Ca-pantothenate, folic acid,
niacinamide, nicotinic acid, 4-aminobenzoic acid/PABA, pyri-
doxine·HCl, lipoic acid, NAD, and thiamine pyrophosphate;
1 ml l-1 of Vitamin B12 solution; 1 mg ml-1 of cyanocobalamin;
and 1 ml l-1 of trace element solution no. 2 (amended with
25 mg l-1 sodium vanadate and selenite-tungstate solution)]
(Widdle and Bak, 1992). The pH of the medium was adjusted
to 8.0, close to the average pH of 8.3 observed at Hot Creek
(Wilkie and Hering, 1998). An arsenite concentration of
100 mM was selected to allow detection of arsenite oxidation
by the qualitative KMnO4 assay (see Characterization of the
New Isolates section) and yet to avoid the toxic effects of
arsenite observed with other laboratory strains (data not
shown). Solid media were prepared using 1% agarose (Gibco
Ultrapure) as the gelling agent. YE broth was used for MPN
determinations.
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DNA extraction

DNA was extracted from plant samples collected in June
2000 using a bead-beating (Mini Bead Beater, Biospec
Products) technique described by Dawson (Dawson, 2002).
Briefly, plant clippings from these samples were placed into
individual tubes with 600 ml of extraction buffer [NaCl
(200 mM), Tris (200 mM), sodium citrate (2 mM), CaCl2
(10 mM), EDTA (50 mM), pH adjusted to 8.0] and 100 ml of
0.5 mm glass beads and vortexed at a low speed for 3 min.
Then, 500 ml of the resulting solution was transferred to a
clean tube for the extraction of DNA by bead-beating.
Genomic DNA of the isolates was obtained using the
DNeasyTM Tissue Kit (Qiagen, Valencia, CA) following the
manufacturer’s recommended procedure.

Polymerase chain reaction, cloning, RFLP and 
sequencing

Extracted community DNA from the plant samples was used
as template for PCR from each of the extracted preparations.
The DNA yield was assessed qualitatively by gel electro-
phoresis and several dilutions (ranging from the original
extracted DNA to a 10-4 dilution) were used in subsequent
PCR mixtures. The primers 8F (5¢- to 3¢: AGAGTTTGATC
CTGGCTCAG) and 1492R (5¢- to 3¢: TACCTTGTTAC
GACTT)] (Kane et al., 1993; Wheeler et al., 1996) were used
to amplify the approximately 1.5 kb 16S rDNA genes from
these samples. Over 10 replicate PCR amplifications from
community DNA were conducted with standard PCR
reagents (Perkin-Elmer) and 1 mM (final concentration)
betaine to facilitate strand separation. The primer annealing
temperature was varied (62∞ ± 10∞C) to optimize reaction
conditions using a Master Cycler Gradient PCR machine
(Eppendorf).

All reaction products were cloned into Escherichia coli cells
using the TOPO TA Cloning kit from Invitrogen (Carlsbad,
California) following procedures recommended by the manu-
facturer. Plasmids were purified out in 96 well (deep well, 2 ml
volume) culture plates by an alkaline lysis procedure (Ng
et al., 1996). The plasmid product was used as a template to
re-amplify the 16S rDNA insert using primers T3 (5¢- to 3¢:
TAATACGACTCACTATA), and T7 (5¢- to 3¢: ATTAACCCT
CACTAAAGGGA) and the reaction products were analysed
by RFLP.

For restriction digest analyses, the enzymes Hin P1I and
Msp I (New England Biolabs) were used at final concentra-
tions of 30 units of enzyme ml-1. The digestion reactions were
incubated at 37∞C overnight, and visualized by ethidium bro-
mide staining and UV illumination after separation by elec-
trophoresis on a 2.5% low melting point agarose gel. Unique
clones identified from the RFLP analysis were sequenced
using primers T3, T7 and 515F (5¢- to 3¢: GTGCCAGCMGC
CGCGGTAA) at the DNA Sequencing Facility at the Univer-
sity of Colorado at Boulder and in most cases, resequenced
with primers 515F and 1100R (5¢- to 3¢: AGGGTTGC
GCTCGTTG) at the DNA Sequencing Core Facility at the
Beckman Institute at Caltech using the dideoxy chain termi-
nation method with Sequenase DNA sequencing kit (United
States Biochemical Corporation, Cleveland, Ohio) and with
an ABI 373 A automatic sequencer (Perkin-Elmer, Foster

City, California). Sequences were edited using Sequencher
(Genecodes) and screened using the Basic Local Alignment
Search Tool (BLAST; Altschul et al., 1990). Chimeric
sequences were identified using the CHIMERA_CHECK pro-
gram of the Ribosomal Database Project (RDP; Maidak et al.,
2000). Sequences were aligned to the most similar of the
available sequences from the databases using the ARB soft-
ware package (Ludwig et al., 2004). Distance, parsimony and
maximum likelihood phylogenetic based inferences were
determined using ARB. Bootstrap analysis (resampling of 100
replicates of the individual sequence data set being analysed
by maximum parsimony) was performed to determine the
relative robustness of the resulting phylogenetic tree topolo-
gies. For the construction of figures, the consensus phyloge-
netic trees were viewed in and exported from Treeview
(Version 1.6.5; Page, 1996).

The 16S rDNA genes of strain isolates were amplified
using the same protocols and primers with the following
exceptions. Plasmids containing cloned DNA were purified
from E. coli cells using the Plasmid Mini Kit (Qiagen, Valen-
cia, CA) following the manufacturer’s recommended proce-
dures. The resulting PCR product was then sequenced using
primers T3, T7, the bacterial primers 356F (5¢- to 3¢: ACTC
CTACGGGAGGCAGCA), 805F (5¢- to 3¢: ATTAGATACCCTG
GTAGTC), 907R (5¢- to 3¢: CCGTCAATTCCTTTRAGTTT)
and 1200R (5¢- to 3¢: GTAGCRCGTGTGTMGCCC) at the
DNA Sequencing Core Facility at the Beckman Institute at
Caltech.

The GenBank accession numbers for other sequences
presented in Fig. 2 are as follows: Brachymonas denitrificans,
D14320 (Hiraishi et al., 1996); Clone 19523, AF097797 (Lay-
ton et al., 2000); Comamonas testosteroni, M11224 (Yang
et al., 1985); Hydrogenophaga str. NT-5, AY027498, Hydro-
genophaga str. NT-6, AY027499, Hydrogenophaga str. NT-
14, AY027497 (Santini et al., 2000); Hydrogenophaga flava,
AF078770 (Wen et al., 1999); Hydrogenophaga intermedia,
AF019037 (Contzen et al., 2000); Hydrogenophaga pallero-
nii, AF078769 (Wen et al., 1999); Hydrogenophaga pseud-
oflava, AF078771 (Wen et al., 1999); Hydrogenophaga
taeniospiralis, AF078768 (Wen et al., 1999); ‘Pseudomonas’
spinosa, AB021387 (Anzai et al., 2000); Sludge Clone T41,
Z93973 (Snaidr et al., 1997); Sludge Clone T98, Z93975
(Snaidr et al., 1997); and Xylophilus ampelinus, AF078758
(Wen et al., 1999).

Characterization of the new isolates

The physiological characteristics of the new isolates (YED1-
18 (ATCC BAA-306), YED6-4 (ATCC BAA-304) and YED6-21
(ATCC BAA-305) were determined by testing their ability to
grow on various carbon sources under aerobic conditions
and to respire electron acceptors other than molecular oxy-
gen. The carbon sources used are listed in Table 1 with
concentrations ranging from 1 mM to 12 mM. The ability of
the new isolates to grow anaerobically was tested in YE
medium (at 30∞C) with various terminal electron acceptors
listed also in Table 1 with concentrations ranging from 5 mM
to 20 mM. Anaerobic conditions were obtained using Hun-
gate anaerobic culture tubes (Bellco Glass, Vineland, NJ) and
a 100% nitrogen atmosphere. Positive results for growth were
based on absorbance readings OD630 of 0.2 or higher.
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For each of the new isolates, the growth in YE medium and
oxidation of 150 mM arsenite were determined concurrently.
Arsenite concentrations were measured by inductively cou-
pled plasma mass spectrometry (ICP-MS) as previously
described (Salmassi et al., 2002) and plate counts were used
to determine cell numbers in monitoring growth on YE
medium with 100 mM arsenite. In the isolation procedures,
the qualitative KMnO4 screening technique was used as pre-
viously developed and described (Salmassi et al., 2002)
except that the volume of KMnO4 used was 30 ml (not ml as
incorrectly stated in Salmassi et al., 2002). The purple
KMnO4 colour clears upon reaction with arsenite; thus, a
positive test for arsenite oxidation is indicated by the absence
of this loss of colour. Sulfide concentrations were determined
using the methylene blue method in testing for utilization of
sulfur-containing electron acceptors (Franson, 1981).

MPN analysis

Most probable number counts for the biofilm community were
determined with triplicate 10-fold dilution series of YE liquid
media, inoculated and incubated at 30∞C for 2 weeks. An
OD630 of 0.2 (pathlength = 1 cm) or higher was taken as a
positive indicator that cell growth had occurred in the test
medium. For all tubes, the colorimetric KMnO4 assay (see
above) (Salmassi et al., 2002) was used to determine which
tubes showed evidence of arsenite oxidation. Total cell num-
bers were determined using microscopy of subsamples pre-
served with glutaraldehyde (final concentration 2.5%) by
previously described methods (Kepner and Pratt, 1994).

The dry weight of the plants was determined for each of
the samples A–D (see above) after agitation to dislodge the
surface-associated microbes by removing the plant matter
and drying it to a constant weight at 60∞C in preweighed glass
beakers.

Kinetics experiments

Kinetic experiments were conducted at room temperature
(21∞C) in duplicate and were initiated by spiking subsamples
with either 2 mM or 50 mM arsenite. Aliquots were removed
from the reaction vessels over time and filtered through
0.22 mm cellulose nitrate membrane filters (VWR). Total
arsenic (in the filtered samples) and arsenite (in filtered sam-
ples passed through anion exchange columns) were quanti-
fied by ICP-MS as previously described (Salmassi et al.,
2002).

Nucleotide and isolate accession numbers

The nucleotide sequence for the three isolates [YED1-18
(Accession number AY168753), YED6-4 (Accession number
AY168755) and YED6-21 (Accession number AY168754)]
and all 31 clones [from Hot Creek Clone 1 through Hot Creek
Clone 83 (Accession numbers AY168722- AY168755)] of this
study have been deposited with GenBank.
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