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An arsenite-oxidizing bacterium, Agrobacterium albertimagni strain AOL15 (ATCC
BAA-24), was isolated from the surface of aquatic macrophytes collected in Hot Creek,
California. Under laboratory conditions, whole cell suspensions of AOL15 oxidized
arsenite with a Ks of 3.4 § 2.2 ¹M and a Vmax of 1.81 § 0.58 £ 10¡12 ¹mole ¢ cell¡1 ¢
min¡1 (or 0.043 § 0.017 ¹mole ¢ mg protein¡1 ¢ min¡1). The Ks value for AOL15 is the
lowest value to date reported for whole cell suspensions and is comparable to ambient
concentrations of arsenic of 2.7 ¹M reported for Hot Creek, indicating that AOL15
can oxidize arsenite under ambient conditions. Previous studies at this site revealed a
rapid in situ oxidation of geothermally-derived arsenite while � eld incubation studies
demonstrated that this oxidation was bacterially mediated. The isolation of the arsenite
oxidizer AOL15 from this environment supports these previous observations. Arsen-
ite does not support chemolithoautotrophic growth of AOL15 and toxicity studies with
AOL15 showed that arsenite (at 5 mM) is toxic to AOL15, yet arsenate concentrations
as high as 50 mM do not show any toxic effects. These results suggest that the oxidation
of arsenite by AOL15 is a detoxi� cation mechanism.

Keywords arsenite-oxidation, Agrobacterium albertimagni strain AOL15, arsenite,
arsenic, redox, microbial oxidation

Geothermal waters often contain elevated concentrations of arsenic and can be an important
source of arsenic to both surface and groundwater (Welch et al. 1988). In the eastern Sierra
Nevada, California, the concentrations of arsenic in Hot Creek, a tributary of the Owens
River, average 2.7 ¹M as a result of inputs of geothermal water containing arsenic in
concentrations in excess of 13 ¹M (DWR 1967; Eccles 1976). Arsenic in the geothermal
water at Hot Creek occurs primarily in the CIII oxidation state (arsenite) but, after mixing
with meteoric surface water, undergoes rapid in situ oxidation to As(V) or arsenate (Wilkie
and Hering 1998), which is thermodynamically favored in oxic surface waters (Ferguson
and Gavis 1972; Cullen and Reimer 1989). Field incubation studies demonstrated that
the oxidation was associated with an aquatic macrophyte, Potamogeton pectinatus. Rapid
arsenite oxidation was observed in the presence of the plant or of particulate material
detached from the plant surfaces by shaking. Inhibitionby antibiotics and � ltration suggested
that arsenite oxidation was mediated by bacteria colonizing the surface of the aquatic
macrophytes (Wilkie and Hering 1998).

To date, several microorganisms are known to catalyze transformations of arsenic in-
cluding oxidation, reduction, and methylation (Cullen and Reimer 1989; Dowdle et al.
1996; Newman et al. 1998; Stolz and Oremland 1999). Arsenite-oxidizing bacteria have
been isolated from many different environments (i.e., cattle-dipping � uids, soil, sewage,
mines and mine waters, and aquatic environments) and have been studied under labora-
tory conditions. Table 1 summarizes the different studies on arsenite-oxidizing isolates or
consortia. Although the ambient concentrations of arsenic were not reported for many of
these studies, the concentrations used in the laboratory studies were highly elevated in
some cases (e.g., 100 mM for isolates from cattle-dipping � uids)(Green 1918; Turner 1949;
Legge 1954; Legge and Turner 1954; Turner 1954; Turner and Legge 1954). In the studies
where whole-cell or enzyme kinetics were examined, Michaelis-Menten Ks or Km values
range from 2 to 1540 ¹M (Osborne and Ehrlich 1976; Phillips and Taylor 1976). In the
current study, the ambient concentrations of arsenic are near 2.7 ¹M, and the experimental
concentrations of arsenic are low (2– 450 ¹M for kinetic studies) relative to other reports
of arsenite oxidation.

Although numerous studies have reported on arsenite oxidation, its physiological role
is not always well understood or described. In two studies, arsenite-oxidizing strains iso-
lated from mine waters, Pseudomonas arsenitoxidans (Ilyaletdinov and Abdrashitova 1981)
and strain NT-26 (Santini et al. 2000), were shown to be capable of chemolithoautotrophic



T
A

B
L

E
1

Su
m

m
ar

y
of

st
ud

ie
s

of
ar

se
ni

te
ox

id
iz

er
s

Is
ol

at
io

n
A

m
bi

en
t

E
xp

er
im

en
ta

l
M

ic
ro

or
ga

ni
sm

en
vi

ro
nm

en
t

[A
s]

[A
s]

( m
M

)
K

m
( ¹

M
)

V
m

ax
R

ef
er

en
ce

B
ac

il
lu

s
ar

se
no

xy
da

ns
C

at
tle

-d
ip

pi
ng

�u
id

s
N

R
20

–
10

0
N

R
N

R
1

P
se

ud
om

on
as

ar
se

no
xy

da
ns

C
at

tle
-d

ip
pi

ng
�u

id
s

N
R

20
–
10

0
45

0y
10

0
¹

M
/m

g
N

/h
2–

5
X

an
th

om
on

as
ar

se
no

xy
da

ns
31

¹
M

/m
g

dr
y

w
t./

h
A

ch
ro

m
ob

ac
te

r
ar

se
no

xy
da

ns
So

il
co

ns
or

tiu
m

S
oi

ls
N

R
2.

5–
40

N
R

N
R

6
A

lc
al

ig
en

es
fa

ec
al

is
R

aw
se

w
ag

e
N

R
10

–
20

45
0y

0.
05

¹
m

ol
/m

g
pr

ot
ei

n/
m

in
7

2y y

A
lc

al
ig

en
es

st
ra

in
S

oi
l

N
R

0.
24

–
2.

4
15

40
y

6.
7

¹
lO

2/
m

in
( c

a.
10

10
ce

lls
)

8
P

se
ud

om
on

as
ar

se
ni

to
xi

da
ns

M
in

e
w

at
er

N
R

13
.3

–
26

.7
N

R
N

R
9

Se
aw

at
er

co
ns

or
tiu

m
C

oa
st

al
se

aw
at

er
<

70
nM

0.
00

13
70

–
14

4y
3.

6–
9.

2
¹

M
/h

r
10

A
s1

–
A

s6
M

in
e

w
at

er
27

–
17

3
¹

M
0.

67
–
6.

7
N

R
N

R
11

Su
lf

ol
ob

us
ac

id
oc

al
da

ri
us

—
¤

N
A

1
N

R
N

R
12

A
lc

al
ig

en
es

fa
ec

al
is

—
¤

N
A

0.
20

N
R

0.
02

3
¹

m
ol

e/
m

g
pr

ot
ei

n/
m

in
13

pu
ri

�e
d

en
zy

m
e

U
L

PA
s1

C
on

ta
m

in
at

ed
w

at
er

0.
47

m
m

ol
/k

g
1.

33
N

R
N

R
14

dr
y

w
t.

N
T-

25
,N

T-
26

G
ol

d
m

in
e

N
R

5–
10

N
R

N
R

15
ar

se
no

py
ri

te
ro

ck
A

gr
ob

ac
te

ri
um

al
be

rt
im

ag
ni

M
ac

ro
ph

yt
e

su
rf

ac
es

2.
7

¹
M

0.
00

2–
5

3.
4

§
2.

2y
( 1

.8
1

§
0.

58
) £

10
¡

12
¹

m
ol

/
¤¤

st
ra

in
A

O
L

15
ce

ll/
m

in
0.

04
3

§
0.

01
7

¹
m

ol
/m

g
pr

ot
ei

n/
m

in

¤ P
re

vi
ou

sl
y

is
ol

at
ed

ba
ct

er
iu

m
,†

w
ho

le
ce

lls
,†

ce
ll

ex
tr

ac
ts

,¤¤
th

is
st

ud
y,

N
R

D
no

tr
ep

or
te

d,
N

A
D

no
ta

pp
lic

ab
le

.
†

( 1
)

G
re

en
19

18
;

( 2
)

T
ur

ne
r

19
49

;
( 3

)
T

ur
ne

r
19

54
;

( 4
)

T
ur

ne
r

an
d

L
eg

ge
19

54
;

( 5
)

L
eg

ge
19

54
;

( 6
)

Q
ua

st
el

an
d

S
ch

ol
en

�
el

d
19

53
;

( 7
)

P
hi

ll
ip

s
an

d
Ta

yl
or

19
76

;
( 8

)
O

sb
or

ne
an

d
E

rh
li

ch
19

76
;

( 9
)

Il
ya

le
td

in
ov

an
d

A
bd

ra
sh

it
ov

a
19

82
;

( 1
0)

S
cu

dl
ar

k
an

d
Jo

hn
so

n
19

82
;

( 1
1)

W
ak

ao
et

al
.

19
88

;
( 1

2)
S

eh
li

n
an

d
L

in
ds

tr
on

19
92

;
( 1

3)
A

nd
er

so
n

19
92

;(
14

)
W

ee
ge

r
et

al
.1

99
9;

( 1
5)

S
an

ti
ni

20
00

.

55



56 T. M. Salmassi et al.

growth, deriving energy from the oxidation of arsenite. In other cases, arsenite oxidation
is generally presumed to be a detoxi� cation mechanism without experimental observations
of any toxic effects. This explanation is commonly offered because differential levels of
toxicity are associated with arsenite and arsenate. The toxicity of arsenite results from its
af� nity for sulfhydryl groups; various enzymes can be inactivated when arsenite binds to the
cysteine residues of these proteins (Ferguson and Gavis 1972; Summers and Silver 1978).
Arsenate, an analogue for inorganic phosphate, exerts a lower level of toxicity by substituting
for phosphate in membrane transport systems and in ATP (Summers and Silver 1978).

Here, we examine the kinetics and physiological role of arsenite oxidation by the strain
Agrobacterium albertimagni, strain AOL15. The kinetic studies demonstrate that, at the
ambient concentrations of arsenic at Hot Creek, AOL15 oxidizes arsenite at about half
of its maximum rate. In trying to assess the physiological role of AOL15 and possible
explanations for its arsenite oxidizing capability, observations from laboratory and � eld
incubation studies are compared but with the caveat that this organism is not a dominant
member of the microbial community attached to the Hot Creek plant surfaces (based on
molecular level analyses of the bio� lm).

Materials and Methods

Isolation Procedure

In August 1997, fresh samples of Potamogeton pectinatus were collected in sterile poly-
propylene bottles, transported to the laboratory on ice, and stored at 4±C for 1 day. Clip-
pings of the plant samples were then placed into a sterile, 15-ml polypropylene centrifuge
tube with 5 ml of deionized water. The centrifuge tube was vigorously mixed with a vortex
mixer and 1 ml of the resulting suspension was inoculated into a liquid citrate medium
(which was selected to provide a chemically well-de� ned, simple growth medium). The
medium was amended with 30 ¹M arsenite and within 1 week, the resulting turbid medium
showed a complete oxidation of the arsenite to arsenate. At this point, the culture was trans-
ferred to fresh arsenite-amended citrate medium and, after several transfers, an enrichment
culture was established. To increase selectivity for arsenite-resistant microorganisms, ar-
senic concentrations in the enrichment cultures were gradually increased from 30 ¹M to
500 ¹M during the isolation process. A serial dilution of the liquid culture was plated and
all resulting colonies were transferred to liquid media to screen for arsenite oxidation using
the KMnO4 method (described next).

Media

The medium used for the establishment of the enrichment culture and eventual isolation
of arsenite-oxidizing microorganisms was a minimal medium with citrate as the carbon
source, herein referred to as citrate medium (composition [g/L]: KH2PO4 (0.75), K2HPO4

(0.61), NH4Cl (0.67), MgSO4 ¢ 7H2O (0.2), CaCl2 (0.023), FeCl3 (0.0024), MnCl2 ¢ 4H2O
(0.003), Na2MoO4 ¢ 2H2O (0.001), sodium citrate (3.64) with 30 ¹M arsenite for isola-
tion, and a � nal concentration of 500 ¹M arsenite for the pure culture). After isola-
tion, the citrate medium was modi� ed to improve growth by the addition of 1 g/L tryp-
tone to the de� ned medium. A mannitol-based medium [modi� ed from Kerr (1992)] was
also used for growth studies, herein referred to as mannitol medium (composition [g/L]:
K2HPO4 (0.5), MgSO4 ¢ 7H2O (0.4), NaCl (0.2), yeast extract (0.3), L-glutamate (2.0),
and mannitol (10.0) with variable � nal concentrations of arsenite ranging from 0 to 5 mM).
For variable pH growth studies, the phosphate-buffered medium consisted of 10%
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Luria-Bertani (Difco) with pH ranging from 4 to 13 (desired pH obtained by addition
of citric acid, hydrochloric acid, tris, glycine, or sodium hydroxide).

DNA Extraction, 16S rDNA Sequencing and DNA-DNA Hybridizations

For the extraction of genomic DNA, a 100-ml cell suspension was centrifuged at 10,000 £
g for 15 min and resuspended in 4 ml dilute Tris-EDTA buffer (0.01 M Tris, 0.005 M EDTA).
The sample was treated sequentially with (a) lysozyme (1 mg/ml for 30 min at 37±C) fol-
lowed by addition of l ml of concentrated Tris-EDTA buffer (0.21 M Tris, 0.08 M EDTA),
(b) SDS, sodium dodecyl sulfate (1% solution for 60 min at 60±C), and (c) proteinase
K and RNAase (0.5 mg/ml and 0.01 mg/ml, respectively, for 45 min at 37±C). The DNA
was separated from the bulk solution using a series of phenol and chloroform extractions.
The DNA was then precipitated using a combined ethanol and 0.3 M sodium acetate solu-
tion, vacuum dried, redissolved in Tris-EDTA buffer (20 mM Tris and 5 mM EDTA), and
stored at ¡20±C [method modi� ed from Ausubel et al. (1992) and Gerhardt et al. (1994)].
Puri� ed genomic DNA from liquid-grown cultures were quanti� ed and »10 ng of DNA
was used as the template for PCR ampli� cation. Universal primers [S-D-Bact-0011-a-S-17
(50 to 30: GTTTGATCCTGGCTCAG) and S-D-Bact-1492-b-A-16 (50 to 30: TACCTTGT-
TACGACTT)] (Kane et al. 1993; Wheeler et al. 1996) were used to amplify the 1.4-kb PCR
fragment per protocols established by Ruimy et al. (1994). Directly following puri� cation on
Qiagen columns (Qiagen, Valencia, California), amplicons thus generated were sequenced.
The identity of a given PCR product was veri� ed by sequencing at the DNA Sequencing
Core Facility at the Beckman Institute of the California Institute of Technology using the
dideoxy chain termination method with Sequenase DNA sequencing kit (United States
Biochemical Corporation, Cleveland, Ohio) and with an ABI 373A automatic sequencer
as recommended by the manufacturer (Perkin-Elmer Corp., Foster City, California). The
phylogenetic relationships of organisms examined in this study were determined by com-
parison of individual 16S rDNA sequences to existing sequences in the public database
(GenBank). The resulting 1,412 base-pair sequence was analyzed using MacVectorTM,
GENETYX-MAC 8.0, AssemblyLIGNTM, Genetic Data Environment (GDE) version 2.0,
Phylip version 3.6 (J. Felsenstein and the University of Washington, Seattle [public do-
main]). DNA-DNA hybridizations were carried out with biotinylated DNA by � uorometric
hybridizations in microdilution wells as described previously (Ezaki et al. 1989; Satomi
et al. 1997, 1998).

Nucleotide Accession Numbers

The nucleotide sequence for strain AOL15 reported here has been deposited with GenBank
nucleotide sequence databases under accession number AF316615.

Transmission Electron Microscopy

Standard methods for transmission electron microscopy (TEM) were used for AOL15 sam-
ples. Cells grown in mannitol medium were pelleted and � xed in a 2.5% glutaraldehyde
solution and stained with saturated uranyl acetate for TEM based on the procedures out-
lined by Robinson et al. (1987). Samples were observed on a Philips EM 201 transmission
electron microscope at 80 kV.

Growth and Toxicity Studies

In determining growth rates and doubling times, mannitol medium was used exclusively.
Cell numbers were determined microscopically using the � uorochrome DAPI to stain cells.
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Stained cells were retained on 0.2-¹m pore � lters before viewing and counting (Kepner and
Pratt 1994). In determining the ability of AOL15 to grow in variable pH or NaCl media,
positive results were reported for solutions with minimum optical density of 0.25 at 600 nm.
Plate counts were used to determine cell numbers in experiments monitoring growth and
oxidation concurrently. For the variable salt content growth studies (%NaCl), the medium
consisted of neutral pH (pH 7) solution of 1% tryptone with salt content (%NaCl) ranging
from 1 to 10%. To determine if AOL15 was capable of chemolithoautotrophic growth
by arsenite oxidation, a medium was prepared with bicarbonate as the carbon source and
arsenite at 1 or 5 mM as the energy source (Santini et al. 2000), herein called bicarbonate
medium.

The ability of AOL15 to grow anaerobically in mannitol medium with nitrate (5 mM),
ferric iron (20 mM), sulfate (5 mM), sul� te (5 mM), thiosulfate (5 mM), arsenate (5 mM),
fumarate (20 mM), malate (10 mM), and DMSO (10 mM) as terminal electron acceptors
was tested at 30±C.

For the carbon-source utilization characterization of AOL15, API 20 NE strip tests
(BioMerieux S. A., Marcy l’Etoile, France) and Biolog GN microplates (Biolog Inc.,
Hayward, California)were used. Results for AOL15 were compared with those for Agrobac-
terium tumefaciens (ATCC #23308) and Blastobacter aggregatus (ATCC #43293), two
species that are phylogenetically related to AOL15.

To determine the toxic effects of arsenite and arsenate, LB plates with variable con-
centrations of either arsenite or arsenate ranging from 10 ¹M to 50 mM were prepared.
Cultures of AOL15, A. tumefaciens, and B. aggregatus were plated and incubated at 30±C
and colony formation was monitored.

Analyses

In kinetics experiments, arsenite oxidation was monitored by measuring As(III) concen-
trations over time. Arsenic (III) and As(V) in � ltered samples were separated using anion
exchange columns � lled with AG 1-X8 resin, dry mesh size 100–200 in the acetate form
(Bio-Rad, Hercules, CA) as previously described and validated (Wilkie 1997; Wilkie and
Hering 1998). Total arsenic concentrations were measured in the initial � ltered samples and
arsenite concentrations were measured in samples processed through the anion exchange
columns. Arsenic concentrations were determined by inductively coupled plasma mass
spectrometry (ICP-MS) on a Perkin-Elmer ELAN 4000.

A qualitative KMnO4 screening technique was used to monitor the consumption of
arsenite and production of arsenate in culture growth media. Thirty milliliters of 0.01 M
KMnO4 were added to 1 ml of the culture medium containing 500 ¹M total arsenic. A
pink color for the resulting mixture indicated that arsenate (which does not react with
permanganate) was present and thus was a positive result for arsenite oxidation. A clear
or orange colored solution indicated that arsenite (which reacts with permanganate) was
present and thus was a negative result for oxidation.

Additionally, AOL15, A. tumefaciens, and B. aggregatus were sent for fatty acid methyl
ester (FAME) analysis (Microbial ID, Inc., Newark, Delaware). Fatty acids were separated
by high-resolution gas chromatography and the resulting fatty acid pro� les were analyzed
as previously described (Ringelberg et al. 1994).

Kinetics of Arsenite Oxidation

To determine the kinetic constants for whole cell suspensions (Ks and Vmax ), cultures of
AOL15 were used. In a standardized procedure, frozen stocks of AOL15 were used to in-
oculate into mannitol medium without arsenite at a dilution of 1:50 and allowed to grow for
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24 h. After 24 h, the fully-grown culture was transferred into mannitol medium with 500
¹M arsenite at a dilution of 1:1,000. After 24 h of growth in the presence of arsenite, the
cultures reached late exponential/early stationary phase and were harvested by centrifuga-
tion at 12,000 £ g for 20 min at 4±C with two wash steps using 10 mM HEPES buffer at pH
7. The washed cells were resuspended in HEPES buffer and allowed to equilibrate to 30±C;
kinetic experiments were initiated by the addition of arsenite. Samples were collected, ster-
ilized by � ltration (0.2 ¹m � lter), and analyzed for arsenite and total arsenic by the anion
exchange method and ICP-MS described before. Kinetic parameters were determined from
a plot of initial rate vs. initial substrate concentrations using Scientist (Micromath Scienti� c
Software). The variability associated with cell counts resulted in a 32% error in the Vmax

value and a calculated error of 65% in Ks. For data sets with low initial substrate concen-
trations, initial rates were calculated from Ks and Vmax values � t to the individual data sets.
To compare Vmax values with literature values, protein concentration determinations were
made using the Bio-Rad DC protein assay (Hercules, California).

Results and Discussion

Isolation and Identi� cation of AOL15

The isolation procedure described here yielded two strains capable of arsenite oxidation.
Agrobacterium albertimagni strain AOL15 (Figure 1) was selected for further study after
16S rDNA analysis revealed that these strains were 100% identical. A polar � agellum
was observed by microscopy and AOL15 was found to be motile in mannitol medium
but immotile in citrate medium (a similar observation was also made for Green’s arsenite
oxidizer) (Green 1918).

FIGURE 1 Negatively stained transmission electron micrograph of AOL15 grown in
mannitol medium without arsenite (stained with uranyl acetate).
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FIGURE 2 Phylogenetic tree of AOL15. Numbers at branch points are bootstrap val-
ues for a distance- (� rst value) and parsimony- (second value) based analysis. Single
bootstrap values are for distance-based analysis only. Accession numbers: Blastobacter
aggregatus (X73041), Blastobacter capsulatus (X73042), Agrobacterium albertimagni
strain AOL15 (AF316615), Agrobacterium rubi (D12787), Agrobacterium tumefaciens
(D12784), Agrobacterium vitis (D01258 and D14502), Rhizobium fredii (D12792),
Sinorhizobium xinjiangensis (D12796), NT-25 (AF159452), NT-26 (AF159453), Rhizo-
bium gallicum (U86343), Agrobacterium rhizogenes (X67224), Rhizobium leguminosarum
(U29386), Blastobacter denitri� cans (S46917), Paracoccus denitri� cans (X69159).

Phylogenetic analysis by 16S rDNA (mask: comparing 1,329 of the 1,412 aligned
base pairs) showed that AOL15 was most closely related to B. aggregatus and
A. tumefaciens (Figure 2) with 97.0 % and 97.7% sequence identity, respectively. Of
the previously described arsenite oxidizers, the chemolithoautotrophic strains NT-25 and
NT-26 are the closest to AOL15 (94.2% similarity) and are included in the phyloge-
netic tree. DNA-DNA hybridizations con� rmed that AOL15 and B. aggregatus were more
closely related (30% similarity) than AOL15 and A. tumefaciens (10–15% similarity) but
that AOL15 was a new species (less than 70% identical) (Wayne et al. 1987). However,
because the genus Blastobacter may be reclassi� ed in the near future (as an Agrobac-
terium) (Hugenholtz et al. 1994), we suggest that strain AOL15 be grouped with the genus
Agrobacterium.

The phenotypic pro� les showed that AOL15 was metabolically similar tobothAgrobac-
terium tumefaciens and Blastobacter aggregatus . All three strains (AOL15, A. tumefaciens,
and B. aggregatus) were positive for esculin hydrolysis, ¯-galactosidase activity, and
oxidase activity and were negative for indole formation, glucose fermentation, arginine
dihydrolase activity, and gelatinase activity. All three strains utilized the same 41 car-
bon sources of the 95 tested. In the FAME analysis, the relatedness of the three species
(A. tumefaciens , B. aggregatus , AOL15) was determined by applying a Euclidean distance
method to analyze the fatty acid pro� les (Microbial ID, Inc., Newark, Delaware). This
analysis revealed that, of these three strains, AOL15 and B. aggregatus were more closely
related than AOL15 and A. tumefaciens or B. aggregatus and A. tumefaciens.

Growth and Toxicity Studies

AOL15 was grown at three different temperatures (25, 30, and 37±C) with varied concen-
trations of arsenite. An attempt was also made to grow the culture without arsenic at 4
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TABLE 2 Doubling time for AOL15

Temp. (±C) [As(III)] (¹M) Doubling time (h)

25 0 2.0
25 5 1.9
25 500 2.0
30 0 1.3
30 50 1.3
30 500 1.6
37 0 1.5

and 42±C. The optimal growth temperature was 30±C (which is comparable to � eld tem-
peratures ranging from 23 to 28±C) with a doubling time of 1.3 h in mannitol medium
when grown without arsenic (Table 2). Only slight differences in the growth rates were
observed with variations in arsenite concentration up to 500 ¹M. However, cultures grown
at 1 mM and 2.5 mM arsenite mannitol medium exhibited signi� cant lag periods before
entering exponential growth phase (data not shown). This lag suggests that higher concen-
trations of arsenite are toxic to AOL15. Consistent with this hypothesis, it was observed
that AOL15 could grow on solid media in the presence of 50 mM arsenate (the highest
level tested) but growth was not observed in the presence of 5 mM arsenite. Although
the strains A. tumefaciens and B. aggregatus (which are closely related to AOL15) were
tolerant to elevated concentrations of arsenite, neither strain was capable of oxidizing ar-
senite (as determined by the permanganate assay). A. tumefaciens could grow in the pres-
ence of 500 ¹M arsenite but not at 5 mM. B. aggregatus could grow at 400 ¹M arsenite
but not at 500 ¹M. In the literature, the highest levels of tolerance reported by Green
(100 mM arsenite) and Turner (60 mM arsenite) are signi� cantly higher than the levels
observed here (Green 1918; Turner 1949).

Arsenite did not support chemolithoautotrophic growth of AOL15 in bicarbonate
medium. Growth was observed, however, when the bicarbonate medium was amended with
500 ¹M mannitol. In addition, growth experiments with gradual increases of arsenite did not
show increases in cell numbers compared withparallel batches grownwithout arsenite. Thus,
arsenite oxidation does not appear to be linked to chemolithoautotrophic growth, rather,
given the toxic affects of arsenite, it appears to be a detoxi� cation mechanism for AOL15.

AOL15 was not able to grow using any of the tested terminal electron acceptors other
than molecular oxygen nor did it exhibit fermentative growth. This is consistent with the
reports on the Agrobacterium genus, although some strains have been reported that are capa-
ble of anaerobic respiration in the presence of nitrate (Kersters and De Ley 1984). Optimal
growth of AOL15 was observed at neutral pH (pH 7 and 8), comparable to � eld conditions
(pH 8.3), and at low salt conditions (less than 2% NaCl although no concentrations below
1% were tested).

Arsenite Oxidation

The growth of AOL15 and the redox speciation of arsenic were monitored simultaneously.
As shown in Figure 3, AOL15 grew exponentially for 15 h and then reached stationary
phase. The decrease in the measured arsenite concentration shows that oxidation occurred
during the late exponential phase, once the culture had reached a high cell density. Oxidation
of 585 ¹M arsenite (i.e., 290 ¹mole) was complete within 24 h. Arsenite oxidation in short
term assays (<5 h) was not observed in suspensions of washed cells from cultures grown



62 T. M. Salmassi et al.

FIGURE 3 Growth of AOL15 in the presence of approximately 500 ¹M (585 ¹M) arsenite
in mannitol medium at 30±C (representative data set). Symbols: (¥) cell growth measured
by plate counts, (H) arsenite in control experiments of mannitol solution without bacterial
cells, ( ) arsenite in mannitol solution with growing cells. Lines are included only as a
guide.

in the absence of arsenite (data not shown) but cells that had previously been grown in the
presence of arsenite were able to oxidize arsenite immediately. This capacity to oxidize
arsenite was not lost even after 10 consecutive transfer and growth cycles in arsenite-free
medium. This implies that arsenite oxidation is an inducible activity that is likely to be
encoded on the chromosome.

The kinetic parameters for arsenite oxidation by AOL15 were determined using washed
and resuspended whole cells harvested at late exponential/early stationary phase. The val-
ues of the kinetic parameters for arsenite oxidation are Ks D 3.4 § 2.2 ¹M and Vmax D
1.81 § 0.58 £ 10¡12 ¹mole ¢ cell¡1 ¢ min¡1 (0.043 § 0.017 ¹mole ¢ mg protein¡1 ¢ min¡1)
(Figure 4). Further kinetic studies with cells harvested in the exponential growth phase and
in stationary phase showed comparable rates of arsenite oxidation (data not shown). Thus,
the apparent localization of arsenite oxidation to the late exponential/early stationary phase
(Figure 3) is attributable to the fact that the number of cells present in the early part of the
growth experiment was not suf� cient to oxidize arsenite at a detectable rate.

The Ks value for AOL15 is substantially lower than previously reported values (ranging
from 70 ¹M to 1540 ¹M) for arsenite oxidation by whole cell suspensions (Table 1). The
arsenic concentration in Hot Creek averages 2.7 ¹M, thus the Ks value observed here is
close to the conditions experienced by AOL15 in its natural setting. The protein-normalized
Vmax reported here (0.043 § 0.017 ¹mole ¢ mg¡1 ¢ min¡1) compares very well with the Vmax

reported for whole cell studies of Alcaligenes faecalis (0.05 ¹mole ¢ mg¡1 ¢ min¡1) (Phillips
and Taylor 1976) and for the cell-free extracts of A. faecalis (0.023 ¹mole ¢ mg¡1 ¢ min¡1)
(Anderson et al. 1992). The arsenite oxidase from Alcaligenes faecalis is the only enzyme
for arsenite oxidation that has been puri� ed and characterized. It has been described as an
oxomolybdenum enzyme and its activity has been localized to the periplasmic space of
the bacterial cell (Anderson et al. 1992; McNellis and Anderson 1998). It has also been
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FIGURE 4 Oxidation rate as a function of initial arsenite concentration [As(III)]±. Data
points ( ) � t with theoretical line with Ks D 3.4 § 2.2 ¹M and Vmax D 1.81 § 0.58 £
10¡12 ¹mole ¢ cell¡1 ¢ min¡1.

suggested that arsenite oxidation is a resistance mechanism that occurs by a periplasmic
electron transfer chain with arsenite oxidase as the � rst protein in the transfer sequence
(Anderson et al. 1992; McNellis and Anderson 1998).

Implications of Arsenite Oxidation at Hot Creek

For AOL15, arsenite is clearly more toxic than arsenate and the enzymatic transformation of
arsenite to the less toxic form may be a mechanism for resistance and detoxi� cation. This
is in contrast with the arsenic resistance (in Gram-negative and Gram-positive bacteria)
associated with the reduction of arsenate to arsenite. In these cases, arsenite is exported
from the cell into a low-arsenite external medium along a favorable chemical gradient
(Rosen 1996; Silver 1996). In Hot Creek, however, the elevated concentrations of arsenite
in the external cell environment could result in passive diffusion of arsenite (as the uncharged
species H3AsO3) into the cell. In this case, arsenite oxidation could minimize arsenic uptake
into the cell.

The potential contribution of a microorganism like AOL15 to the rapid in situ oxida-
tion observed at Hot Creek can be illustrated by comparing the kinetics of oxidation in
the � eld and in laboratory studies with AOL15. In � eld incubation studies, pseudo � rst-
order oxidation of arsenite was observed both at the ambient arsenite concentration and
in samples spiked with 2 ¹M arsenite with an average pseudo � rst-order rate constant of
0.050 min¡1. For Michaelis-Menten kinetics, pseudo � rst-order kinetics are expected for
the initial substrate concentration [S]o < Ks, then

V D
Vmax[S]

Ks
(1)
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and the pseudo � rst-order rate constant corresponds to Vmax=Ks. In the � eld study, this
assumption is not entirely valid since [As(III)]o is less than the Ks for AOL15 at the ambient
concentration of ca. 0.5 ¹M (Wilkie 1997) but is comparable to Ks in the spiked sample. For
illustrative purposes, however, Equation 1 can be used to estimate the cell density required to
achieve the pseudo � rst-order rate constant observed in the � eld incubations. With the values
of Vmax and Ks for AOL15, that estimated cell density is 108 cells/mL. This value is not a
direct representation of ambient conditions because it is an estimate of the number of cells
shaken off the plant surface rather than of the number of planktonic cells present in the creek
or in association with the bio� lm on the surface of the plants. However, it is a reasonable
estimate of the number of cells required to account for the observed oxidation and can be
even more informative if the density of the bio� lm is determined in the future. In addition,
prior experiments by Wilkie and Hering (1998) demonstrated comparable oxidation rates
with the intact bio� lm on the plant surface and with the surface material shaken off the
plants and the plant itself removed.

Microorganisms other than AOL15 may contribute wholly or in part to the arsenite
oxidation observed in the � eld. Susbsequent � eld experiments suggest that the Ks determined
for AOL15 is representative of the bio� lm community but that the Vmax for AOL15 is
lower than that for the dominant arsenite oxidizers in the community (Salmassi 2001). It
is likely that other oxidizers present on the surfaces of the macrophytes were not selected
in these isolations because the arsenic concentrations in the enrichment media (30 and
500 ¹M) were 10 to 170 times the ambient concentrations. A community analysis using
molecular techniques (genomic DNA extraction, ampli� cation using universal bacterial
primers, generation of clone library, and sequencing) did not show AOL15 to be a dominant
member of the attached microbial community; other arsenite oxidizers can be isolated from
this community under conditions closer to the natural environment (Salmassi 2001).

Description of Agrobacterium Albertimagni Strain AOL15 sp. nov

Agrobacterium albertimagni is named after the Dominican scholar Albertus Magnus, who
was the � rst person to describe arsenic.

AOL15 (Figure 1) is a Gram-negative rod, 1.5 ¹m long by 0.5 ¹m wide. When the
microorganism is grown in mannitol medium, one polar � agellum is observed by transmis-
sion electron microscopy and the species is motile although it is immotile in citrate medium.

Strict aerobe; positive for esculin hydrolysis, ¯-galactosidase activity, and oxidase ac-
tivity but negative for indole formation, glucose fermentation, arginine dihydrolase activity,
and gelatinase activity. From the assimilation tests, able to utilize D-glucose, L-arabinose,
D-mannose, D-mannitol, N -acetyl-D-glucosamine, maltose, L-malic acid, dextrin, D-arabitol,
D-fructose, L-fucose, D-galactose, gentiobiose, ®-D-glucose, m-inositol, ®-D-lactose, lactu-
lose, D-melibiose, ¯-methyl-D-glucoside, D-psiscose, D-raf� nose, L-rhamnose, D-sorbitol,
sucrose, trehalose, turanose, methyl pyruvate, mono-methyl succinate, D,L-lactic acid,
L-aspartic acid, L-glutamic acid, L-ornithine, L-proline, L-pyroglutamic acid, urocanic acid,
inosine, uridine, glycerol, glucose-1-phosphate, and glucose-6-phosphate .

Optimal growth occurs at 30±C on mannitol, at neutral pH (7 or 8) and at low % NaCl
(1– 4). The strain can oxidize arsenite but does not appear to grow chemolithoautotrophically.

Phylogenetically the species is 97.0% identical to Blastobacter aggregatus and 97.7%
identical to Agrobacterium tumefaciens. Based on DNA-DNA hybridizations, AOL15 is
30 to 31% identical to Blastobacter aggregatus and 10 to 15% identical to Agrobacterium
tumefaciens, which con� rms that it is a new species.

Bacterium isolated from the surface of the aquatic macrophyte Potamogeton pectinatus
in HotCreek, California. The strain type isAOL15—deposited in the American Type Culture
Collection (ATCC BAA-24).
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