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Abstract
A strain of Halomonas bacteria, GFAJ-1, has been reported to be able to use arsenate as a nutrient
when phosphate is limiting, and to specifically incorporate arsenic into its DNA in place of
phosphorus. However, we have found that arsenate does not contribute to growth of GFAJ-1 when
phosphate is limiting and that DNA purified from cells grown with limiting phosphate and
abundant arsenate does not exhibit the spontaneous hydrolysis expected of arsenate ester bonds.
Furthermore, mass spectrometry showed that this DNA contains only trace amounts of free
arsenate and no detectable covalently bound arsenate.

Wolfe-Simon et al. isolated strain GFAJ-1 from the arsenic-rich sediments of California’s
Mono Lake by its ability to grow through multiple subculturings in artificial Mono Lake
medium AML60 that lacked added phosphate but had high concentrations of arsenate (+As/
−P condition) (1). Because GFAJ-1 grew in −P medium only when arsenate was provided,
and because significant amounts of arsenate were detected in subcellular fractions, growth
was attributed to the use of arsenate in place of phosphate. However, the basal level of
phosphate contaminating the −P medium was reported to be 3–4 μM (1), which previous
studies of low-phosphate microbial communities suggest is sufficient to support moderate
growth (2). GFAJ-1 grew well on medium supplemented with ample phosphate but no
arsenate (1500 μM PO4, +P/-As condition), indicating that GFAJ-1 is not obligately
arsenate-dependent.

Wolfe-Simon et al. (1) further reported that arsenic was incorporated into the DNA
backbone of GFAJ-1 in place of phosphorus, with an estimated 4% replacement of P by As
based on the As:P ratio measured in agarose gel slices containing DNA samples. This
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finding was surprising because arsenate is predicted to reduce rapidly to arsenite in
physiological conditions (3, 4), and because arsenate esters in aqueous solution are known to
be rapidly hydrolyzed (5). We have now tested this report by culturing GFAJ-1 cells
supplied by the authors (1) and by analyzing highly purified DNA from phosphate-limited
cells grown with and without arsenate.

Wolfe-Simon et al. reported that GFAJ-1 cells grew very slowly in AML60 medium
(doubling time ~12 hours), and that, when phosphate was not added to the medium, cells
failed to grow unless arsenate (40 mM) was provided (1). However, although we obtained
strain GFAJ-1 from these authors, in our hands GFAJ-1 was unable to grow at all in AML60
medium containing the specified trace elements and vitamins, even with 1500 μM sodium
phosphate added as specified in (1). We confirmed the strain’s identity using RT-PCR and
sequencing of 16S rRNA, using primers specified by Wolfe-Simon et al. (1); this gave a
sequence identical to that reported for strain GFAJ-1. We then found that addition of small
amounts of yeast extract, tryptone or individual amino acids to basal AML60 medium
allowed growth, with doubling times of 90–180 minutes. Medium with 1 mM glutamate
added was therefore used for subsequent experiments (12).

With 1500 μM phosphate but no added arsenate (Wolfe-Simon et al.’s −As/+P condition),
this medium produced ~ 2 × 108 cells/ml, similar to the −As/+P yield obtained by Wolfe-
Simon et al. (1). As expected, the growth yield depended on the level of phosphate
supplementation (Fig. 1), with even unsupplemented medium allowing significant growth (~
2 × 106 cells/ml). As ICP-MS analysis showed that this medium contained only 0.5 μM
contaminating phosphate, our supplementing with an additional 3.0 μM phosphate replicates
Wolfe-Simon et al.’s ‘−P’ culture condition. The growth analyses shown in Fig. 1 were
performed in the absence of arsenate, and showed that GFAJ-1 does not require arsenate for
growth in media with any level of phosphate.

The cause of the discrepancies between our growth results and those of Wolfe-Simon et al.
is not clear. The arsenate dependence they observed may reflect the presence in their
arsenate (purity and supplier unknown) of a contaminant that filled the same metabolic role
as our glutamate supplement. Our +As and −As cultures grew to similar densities, and we
never observed cases where +As cultures grew but −As cultures did not. The phosphate
dependence we observed is also consistent with that expected from work on other species
(2).

To investigate the possible incorporation of arsenate into the GFAJ-1 DNA backbone, we
purified and analyzed DNA from GFAJ-1 cells grown in four differently supplemented
versions of AML60 medium, matching those analyzed by Wolfe-Simon et al. i.e. −As/−P:
no arsenate, 3.5 μM phosphate; +As/−P: 40 mM arsenate, 3.5 μM phosphate; −As/+P: no
arsenate, 1500 μM phosphate; +As/+P: 40 mM arsenate, 1500 μM phosphate. Initial
purification of DNA consisted of two preliminary organic extractions, precipitation from
70% ethanol, digestion with RNase and proteinase, two additional organic extractions, and a
final ethanol precipitation (12). DNA was collected from 70% ethanol by spooling rather
than centrifugation, since this reduces contamination with other substances insoluble in
ethanol (6).

Wolfe-Simon et al. suggested that arsenate ester bonds in GFAJ-1 DNA might be protected
from hydrolysis by intracellular proteins or compartmentalization of the DNA (7). We
therefore tested whether purification exposed GFAJ-1 DNA to spontaneous hydrolysis. Gel
analysis of DNA immediately after purification revealed fragments of > 30 kb, whether cells
were grown with limiting or abundant phosphate, and with or without 40 mM arsenate (Fig.
2A). We also reexamined this DNA after two months of storage at 4 °C. All preparations
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showed very similar sized fragments of dsDNA and of ssDNA (Figs. 2B and 2C), with no
evidence of hydrolysis. Haemophilus influenzae DNA served as a control for gel migration,
indicating that GFAJ-1 DNA is not associated with hydrolysis-protecting proteins or other
macromolecules that might have persisted through the purification. Unless arsenate-ester
bonds are intrinsically stable in DNA, our analysis estimates a minimum separation between
arsenates in the DNA backbone of at least 25 kb, three orders of magnitude below that
estimated by Wolfe-Simon et al.

Arsenate in bonds that were stable to spontaneous hydrolysis should be detectable as free
arsenate, arsenate-containing mononucleotides, or arsenate-containing di-nucleotides after
enzymatic digestion of purified DNA. We therefore used liquid chromatography-mass
spectrometry (LC-MS) to analyze GFAJ-1 DNA for arsenate after digestion with P1 and
snake venom nucleases (12). Relevant molecular species were identified by negative mode,
full scan, high-mass resolution LC-MS analysis (12). This method was used to analyze two
independent replicate DNA preparations from cells grown in either +As/−P or −As/+P
medium, and fractions from CsCl gradient analyses of these DNAs.

The initial DNA preparations of +As/−P DNAs contained some free arsenate anion
(H2AsO4

−) (Table 1); similar to levels reported by Wolfe-Simon et al. (1). This arsenate was
largely removed by three serial washes with distilled water; digested washed DNA
contained arsenate at a level slightly higher than in the water blank (Fig. 3 and Table 1).
Thus, we concluded that most of the arsenate we detected after preliminary DNA
purification arose by contamination from the arsenate-rich (40 mM) growth medium.

Further analyses compared the nuclease-digested and washed fractions obtained from CsCl
isopycnic density gradient centrifugation of the DNAs (Fig. 3) (12). The arsenate detection
limit for these measurements was ~ 5 × 10−8 M (Table S1); a level that if present in the
fractions with the most DNA would correspond to an As:P ratio of < 0.1%, 50-fold lower
than the 4% ratio reported by Wolfe-Simon et al. Although traces of arsenate (or a
contaminant of similar mass to arsenate) were found in several fractions of the CsCl
gradient, the arsenate peak never exceeded the limit of detection, and a similar intensity
signal at m/z of arsenate was observed in the water blank. There was no evidence that the
arsenate trace co-migrated with the DNA. In contrast, normal phosphate-containing
deoxynucleotides were observed in rough proportion to the abundance of DNA throughout
the gradient for both the +As/−P and −As/+P cells (Fig. 4A and Table S2).

Likewise, no arsenate-conjugated mono- or dinucleotides were detected by exact mass (Figs.
4B and 4D). Although retention time and ionization efficiency could not be validated using
standards for these molecules, their behavior, if the molecules were stable, would be
expected to resemble their phosphorylated analogs sufficiently to allow detection. Finally,
an enrichment of deoxynucleosides per ng DNA obtained from GFAJ-1 grown in the +As/
−P condition, relative to either −As/+P or −As/−P conditions, could indicate nicked DNA
resulting from arsenate-ester hydrolysis. However, we did not detect any enrichment despite
detecting deoxyadenosine, deoxyguanosine, deoxycytidine, and thymidine (Fig. S1 and
Table S2). Thus, while we detected arsenate associated with GFAJ-1 DNA, we found no
evidence for arsenate bound sufficiently tightly to resist washing with water, nor able to co-
migrate with the DNA in a CsCl gradient. Differences in DNA purity can readily explain the
conflict of these results with Wolfe-Simon et al.’s claim that GFAJ-1 uses arsenate to
replace scarce phosphate in its DNA.

Our LC-MS analyses rule out incorporation of arsenic in DNA at the ~ 0.1% level, and a
much lower limit is suggested by our gel analysis of DNA integrity. Given the chemical
similarity of arsenate to phosphate, it is likely that GFAJ-1 may sometimes assimilate
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arsenate into some small molecules in place of phosphate, such as sugar phosphates or
nucleotides. Although the ability to tolerate or correct very low level incorporation of
arsenic into DNA could be a contributor to the arsenate resistance of GFAJ-1, such low level
incorporation would not be a biologically functional substitute for phosphate, and thus
would have no significant impact on the organism’s requirements for phosphate.

From a broader perspective, GFAJ-1 cells growing in Mono Lake face the challenge of
discriminating an essential salt (PO4, 400 μM) from a highly abundant but toxic chemical
mimic (AsO4, 200 μM). Similar salt management challenges are encountered by many other
microorganisms, for instance those growing in environments with scarce potassium and
plentiful ammonia (8). Organisms typically adapt to such conditions not by incorporating the
mimic in place of the essential salt but by enriching for the salt at multiple stages, from
preferential membrane transport to the selectivity of metabolic enzymes. The end result is
that the fundamental biopolymers conserved across all forms of life remain, in terms of
chemical backbone, invariant. (9) (10) (11)
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Fig. 1. Growth curves of GFAJ-1 in AML60 medium supplemented with different concentrations
of phosphate
Each line is the mean of 10 replicate 300 μl cultures in wells of a Bioscreen C Growth
Analyzer. The phosphate additions used to replicate the ‘−P’ and ‘+P’ conditions of (1) are
indicated.
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Fig. 2. Integrity of GFAJ-1 chromosomal DNA after long-term storage
Lanes: 1 and 7: HindIII digest of lambda DNA; 2: H. influenzae chromosomal DNA; 3–6:
GFAJ-1 chromosomal DNA grown in the specified combinations of As and P (−As: no
arsenate; +As, 40 mM arsenate; −P, 3 μM added phosphate, +P, 1500 μM added phosphate).
Panel A. ~100 ng of GFAJ-1 DNA immediately after purification. Panel B. 200 ng of the
same DNAs after 2 months storage in Tris EDTA at 4°C. Panel C. The same DNAs as B,
but 800 ng/lane and after 10 min at 95 °C.
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Fig. 3. LC-MS analysis of arsenate in purified and CsCl fractioned DNA from arsenate-grown
GFAJ-1 cells
Representative extracted ion chromatograms for arsenate (mass-to-charge ratio, m/z =
140.9174 +/− 3 ppm) are shown as the chromatographic retention time in minutes plotted
against intensity in ion counts. Sample identity is indicated to the right, along the axis
extending into the page. DNA from arsenate-grown GFAJ-1 cells (+As/−P undigested
gDNA) was analyzed by LC-MS at a 1:10 dilution, as were the water wash (+As/−P wash of
gDNA), the same DNA following washing and enzymatic digestion (+As/−P washed,
digested DNA), and finally, fractions of the same DNA after a CsCl gradient purification
and digestion (+As/−P CsCl Fractions #1 – #8, with DNA concentrating in Fractions #6, #7,
and #8). Potassium arsenate standards (Std 1.7e-6 to 1.7e-8 [M]) and a water blank were
also analyzed. One of four representative experiments is shown.
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Fig. 4. LC-MS analysis of deoxynucleotides from purified and CsCl fractioned DNA from
arsenate-grown GFAJ-1 cells
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Representative extracted ion chromatograms are shown as the chromatographic retention
time in minutes plotted against intensity in ion counts. One of four representative
experiments is shown.
A. and B. Extracted ion chromatograms for A. deoxyadenosine-phosphate (dAMP; m/z =
330.0609 +/− 5 ppm) and B. its arsenate analog deoxyadenosine-arsenate (dAMA; m/z =
374.0087 +/− 5 ppm). DNA from arsenate grown GFAJ-1 cells (+As/−P washed, digested
gDNA) was washed, digested, and analyzed by LC-MS, as was the same DNA following a
CsCl gradient purification and digestion (+As/−P CsCl Fractions #1 – #8). To keep the peak
on scale, the signal for +As/−P washed, digested gDNA has been multiplied by 0.5. This
observed large peak matches the known retention time of dAMP.
C. and D. Extracted ion chromatograms for C. the dideoxynucleotide deoxyadenosine-
phosphate (dAMP-dAMP; m/z = 643.1185 +/− 5 ppm) and D. its mono-arsenate analog
deoxyadenosine-arsenate-deoxyadenosine-phosphate (dAMA-dAMP; m/z = 687.0663 +/− 5
ppm). DNA from arsenate grown GFAJ-1 cells (+As/−P washed, digested gDNA) was
washed, digested, and analyzed by LC-MS, as was the same DNA following a CsCl gradient
purification and digestion (+As/−P CsCl Fractions #1 – #8). Partially digested −As/+P DNA
shows a large peak at the exact mass of dAMP-dAMP.
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