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(Background: An unusual bacterium GFAJ-1 grows\
in +As/—P medium and was purported to substitute
arsenic for phosphorus in cell macromolecules.

Results: E. coli also grows in +As/—P medium and is due
to massive ribosome degradation and arsenate tolerance.
Conclusion: Growth in +As/—P medium can be
explained without invoking arsenic incorporation into
biological macromolecules.

Significance: It is unlikely that strain GFAJ-1 represents a
novel arsenic-based life form.
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A recent study (Wolfe-Simon, F., Switzer Blum, J., Kulp, T.R.,
Gordon, G. W., Hoeft, S. E., Pett-Ridge, J., Stolz, J. F., Webb,
S. M., Weber, P. K., Davies, P. C., Anbar, A. D., and Oremland,
R.S. (2011) Science 332,1163-1166) described the isolation of a
special bacterial strain, GFAJ-1, that could grow in medium con-
taining arsenate, but lacking phosphate, and that supposedly
could substitute arsenic for phosphorus in its biological macro-
molecules. Here, we provide an alternative explanation for these
observations and show that they can be reproduced in a labora-
tory strain of Escherichia coli. We find that arsenate induces
massive ribosome degradation, which provides a source of phos-
phate. A small number of arsenate-tolerant cells arise during the
longlag period prior to initiation of growth in +As/—P medium,
and it is this population that undergoes the very slow, limited
growth observed for both E. coli and GFAJ-1. These results pro-
vide a simple explanation for the reported growth of GFAJ-1 in
arsenate without invoking replacement of phosphorus by
arsenic in biological macromolecules.

A great deal of excitement has been generated by the recent
report of the isolation of a bacterial strain that can grow in the
presence of arsenate in a medium apparently lacking any source
of phosphate (+As/—P) (1). Based on this information, the
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authors concluded that arsenic substitutes for phosphorus in
the phosphorus-containing molecules of this organism.
Although justifiable skepticism has arisen over whether arsenic
can actually substitute for phosphorus in DNA, RNA, and other
molecules (Ref. 2 and references therein), the fact remains that
the addition of arsenate was found to stimulate growth of Halo-
monadaceae GFAJ-1 cells in a Pi-free medium (1). Thus,
although arsenic cannot replace phosphorus in biological mate-
rial, based on recent evidence (3, 4), how growth could occur
in +As/—P medium is still an open question. Despite consid-
erable speculation, no clear explanation has been provided for
this observation.

Wolfe-Simon et al. (1) found that GFAJ-1 cells do not grow in
medium lacking both arsenate and phosphate, but that growth
ensues after a long lag of ~80 h upon the addition of 40 mm
arsenate. Growth is extremely slow and limited, amounting to a
20-fold increase in cell number over a period of 6 days. Never-
theless, growth does occur and was shown not to be due to
phosphate impurities in the growth medium as there is no
growth in the absence of added arsenate. However, no explana-
tion was given for the long lag period prior to commencement
of growth or for why growth is so limited despite the presence of
a high concentration of arsenate.

In this study, we provide a detailed explanation for this phe-
nomenon and show that it can be completely reproduced in a
laboratory strain of Escherichia coli. We find that the presence
of arsenate induces massive ribosome degradation in the bac-
terial cell population. This degradation, which releases free
bases from RNA, provides sufficient phosphate to allow lim-
ited growth of the small number of cells that are selected for
arsenate tolerance during the long lag period prior to initia-
tion of growth. These findings provide a simple explanation
for the growth of GFAJ-1 cells in arsenate with no need to
invoke the replacement of phosphorus by arsenic in biolog-
ical macromolecules.

EXPERIMENTAL PROCEDURES

Bacterial Strains—E. coli strain MG1655 (seq)* I was used
in this study. MG1655 (seq)* is an rph+ derivative of MG1655,
constructed by Donald Court (NCI, National Institutes of
Health, Bethesda, MD) and provided by Kenneth Rudd (Uni-
versity of Miami). The RNase I™ derivative was constructed by
recombineering (5, 6) and confirmed by PCR and direct assay
for RNase L.

In Vivo Assay for Ribosome Degradation—Ribosome break-
down was measured by a variation of a previously described
method (7, 8). Fifty ml of Tris-buffered salts (100 mm Tris-HCl,
pH 7.6, 50 mm NaCl, 18.8 mm NH,Cl) supplemented with 0.1
mM KH,PO, and 0.2% glucose, 0.1 mm uridine, and 0.2 uCi/ml
[®H]uridine (GE Healthcare) were inoculated with a small vol-
ume of overnight culture to an initial A, 0f 0.01. Cultures were
grown to an A, of ~0.2. The culture was split into two equal
volumes, and cells were collected by centrifugation for 15 min
in a Sorvall SS34 rotor. The cell pellets were washed twice in
Tris-buffered salts and resuspended in 25 ml of the same solu-
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tion containing either 0 mm or 1.5 mm KH,PO, and 0.2% glu-
cose. Each sample was divided into two 12-ml cultures, of which
one was supplemented with 40 mm Na,HAsO,, and incubated
with shaking at 37 °C. Five hundred-ul portions were collected
from each of the four cultures prior to and at various times
throughout the incubation period and immediately stored at
—80 °C for further analysis of the acid-soluble material. A,
readings were taken to monitor cell growth. In addition, cul-
tures lacking radioactivity were followed to analyze cell growth
in the presence of arsenate.

Analysis of Acid-soluble Material—Stored culture samples
were thawed, mixed with 250 ul of 4 M formic acid, and incu-
bated on ice for 15 min. After incubation, samples were centri-
fuged at maximum speed for 20 min in a Fisher bench-top
microcentrifuge at 4 °C. Half of the supernatant fraction was
removed and added to 5 ml of scintillation fluid. Samples were
counted in a scintillation counter to determine acid-soluble
radioactivity. The remaining acid-soluble fraction was neutral-
ized with 1 M Tris and further analyzed by separation on 3SMM
paper in a tert-amyl alcohol:formic acid:H,O (6:4:1) solvent.
After chromatography, the paper was cut into 1-cm strips, and
radioactivity was determined.

Isolation of Arsenate-tolerant Cells—To measure growth of
cells after exposure to arsenate, cells were grown with shaking
at 37 °C in medium containing 0.1 mm phosphate in the pres-
ence or absence of 40 mM arsenate. After a 250-h incubation,
which allowed for generation of arsenate-tolerant cells, por-
tions of culture were diluted (1:25) into fresh medium either in
the presence or in the absence of 40 mmM arsenate. Cell growth
was monitored by A, readings.

RESULTS

Arsenate Induces Increased Ribosome Degradation— A major
clue as to how cells are able to grow in +As/—P medium came
from data already in the Wolfe-Simon et al. study (1). The gel
presented in Fig. 24 of that study reveals the disappearance of
two intense bands in the +As/—P culture when compared with
cells grown in —As/+DP. Based on the intensity of the bands
relative to DNA, we speculated that these bands are 23 S and 16
S rRNA. Interestingly, Wolfe-Simon et al. (1) did not comment
on these two bands or on their disappearance.

It is known that nutrient deprivation, such as carbon or P;
starvation, can lead to the breakdown of ribosomes (9). To
assess directly whether the presence of arsenate might affect
ribosome degradation, we made use of assays previously devel-
oped in our laboratory to measure this process (7, 8). Cells
growing in low phosphate medium (0.1 mm P,) were prelabeled
with [*H]uridine, which primarily labels ribosomes, and were
then washed to remove unincorporated uridine and P;. Cells
were then placed in various media under conditions described
by Wolfe-Simon et al. (1), the release of acid-soluble radioactive
products was measured, and the products identified. This assay
is superior to a gel-based assay in that it affords a quantitative
measure of ribosome breakdown (7, 8). The efficiency of the
wash protocol was indicated by the absence of growth in
medium lacking both phosphate and arsenate (see Fig. 3).

As is shown in Fig. 1, a low level of RNA degradation (less
than 10% in 20 h) was observed when cells were placed in
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FIGURE 1. Ribosome degradation during growth of E. coli in media lack-
ing or containing arsenate. Samples from each of four cultures prelabeled
with [PH]uridine were analyzed for acid-soluble material at the indicated
times as described under “Experimental Procedures.”
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FIGURE 2. Analysis of acid-soluble material released during ribosome
degradation. A portion of the acid-soluble material obtained in Fig. 1 was
analyzed by paper chromatography as described under “Experimental Proce-
dures.” The migration positions of standards are shown at the top of the
figure.
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medium lacking P; or containing only a low level of P; (1.5 mm).
However, in the presence of 40 mM arsenate, almost 70% of the
total radioactivity originally present in the cells was recovered
in the acid-soluble fraction after 20 h, indicating massive ribo-
some degradation. This number actually represented the min-
imum amount of ribosome degradation because, based on ear-
lier work (8), some portion of 16 S and 23 S rRNA may still be
present as fragments that are too large to be in the acid-soluble
fraction. Most importantly, these results reproduced in E. coli
what appeared likely from the data in Wolfe-Simon ez al. (1), i.e.
that ribosomes largely disappear in the presence of 40 mm
arsenate.

Additional analysis by paper chromatography of the acid-
soluble radioactive material generated revealed a peak that
migrated at the same position as uracil (Fig. 2), indicating that
the radioactive nucleotides produced during rRNA degradation
were acted upon further to release the free base, thereby also
providing a source of P,. Uracil was also the final product of
ribosome degradation induced by carbon starvation.”

Growth of E. coli in the Presence of Arsenate—To further
examine the relation between our findings with E. coli and the

2 G. N. Basturea and M. P. Deutscher, unpublished observation.
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FIGURE 3. A, growth of E. coli cells in media containing arsenate. Cultures were centrifuged, washed in Tris-buffered salts, and resuspended in the same solution
containing 0.2% glucose plus either no addition or additions of 1.5 mm KH,PO, or 40 mm arsenate. Cultures were incubated with shaking at 37 °C. Agq, readings
were taken to monitor cell growth. B, growth of E. coli cells pre-exposed to arsenate. Cells were initially grown with shaking at 37 °C in Tris-buffered salts/glucose
medium containing 0.1 mm phosphate in the presence or absence of 40 mm arsenate. After 250 h of incubation to select for arsenate-tolerant cells, two portions were
diluted into fresh medium containing 0.1 mm phosphate in the presence or absence of 40 mm arsenate. Cell growth was monitored by Aq, readings.

results of Wolfe-Simon et al. (1) with strain GFAJ-1, we moni-
tored growth of E. coli in media containing arsenate. Initially,
we examined growth during the experiment presented in Fig. 1.
In this experiment, growth was observed only in the —As/+P
medium. There was no growth in the —As/—P medium or in
either of the media containing 40 muM arsenate during the 20-h
incubation (data not shown).

To more closely recapitulate the growth experiments of
Wolfe-Simon et al. (1), unlabeled cell cultures were monitored
for more extended periods of time. One representative experi-
ment is presented in Fig. 3A. E. coli did not grow in the absence
of both phosphate and arsenate, whereas growth began imme-
diately in a medium containing 1.5 mm phosphate. In +As/—P
medium, cells initially died. Based on viable cell count, >99% of
cells were eliminated in 24 h; however, a small population sur-
vived, and eventually, the culture grew, but only after a long lag,
amounting to ~80 h in this experiment. The time of growth
initiation varied in different experiments, and we propose that
is due to the variable time required for outgrowth of the small
population of arsenate-tolerant cells (see below). The growth
pattern closely reproduced the observations of Wolfe-Simon et
al. (1) and indicated that the ability to grow in arsenate is not a
special property of GFAJ-1 cells.

Selection of Arsenate-tolerant Cells—To test the hypothesis
that arsenate-tolerant cells arise during the long lag period
prior to the initiation of growth in arsenate-containing media,
cells were first pre-exposed to arsenate and were then placed in
medium containing either 0.1 mm phosphate or 0.1 mm phos-
phate supplemented with 40 mm arsenate. These two cultures
initially lagged due to the many dead cells present, but then
displayed essentially identical growth curves (Fig. 3B). These
data show that after pre-exposure to arsenate, the presence of
arsenate is no longer inhibitory, confirming that arsenate-tol-
erant cells were selected. In contrast, cells that were not previ-
ously exposed to arsenate did not grow in its presence during
the 80-h period of this experiment, whereas they grew normally
in —As/+P medium (Fig. 3B). In another experiment carried
out for 125 h, cells not previously exposed to arsenate eventu-
ally did grow in arsenate-containing medium, as expected for
the variable nature of development of arsenate tolerance (data
not shown). The significance of the long lag period prior to
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growth in arsenate was not examined or discussed by Wolfe-
Simon et al. (1).

DISCUSSION

The studies described here provide a simple, alternative
explanation for the recent findings of Wolfe-Simon et al. (1).
These authors proposed that arsenic is incorporated into bio-
logical molecules in an “unusual microbe, strain GFAJ-1, that
exceptionally can vary the elemental composition of its basic
biomolecules” to explain growth in +As/—P medium, whereas
we argue that their findings can be explained by known mech-
anisms and can be reproduced in a laboratory strain of E. coli.
Thus, although we agree with the experimental observations of
Wolfe-Simon et al. (1), we disagree with their interpretation of
the data based on our following observations: (a) arsenate
induces massive ribosome degradation, thereby providing a
source of phosphate (Fig. 1); and (b) placing cells in medium
containing arsenate leads to a population of cells that are arsen-
ate-tolerant and can grow in 40 mum arsenate (Fig. 3).

Ribosome degradation under conditions of stress is a well
known phenomenon (9). Although the effect of arsenate on this
process has not previously been examined, its dramatic stimu-
lation of the process is not surprising. Arsenate affects energy
metabolism and, therefore, would be expected to inhibit pro-
tein synthesis. We have already shown that inhibition of protein
synthesis stimulates ribosome degradation (7). The large amount
of ribosome degradation provides a straightforward explanation
for the observation of Wolfe-Simon et al. (1) in which the two most
intense bands on their gel of isolated nucleic acids essentially dis-
appear after growth in +As/—P medium, which we confirmed by
a completely different method.

The ability of E. coli to develop arsenate resistance is also well
known, and a large literature exists that describes this phenom-
enon (e.g. Ref. 10). Resistance may arise through a number of
mechanisms including transport or conversion to less damag-
ing chemical species. Arsenic resistance genes may be chromo-
somal or plasmid-enclosed. Detailed description of arsenate
resistance is beyond the scope of this study, but as we have
shown, it is responsible for the ability of E. coli to grow in
the presence of arsenate in our experiments, and it explains the
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long lag we observed prior to initiation of growth, which was
also seen with GFAJ-1 (1).

Finally, we may inquire whether sufficient phosphate could
be released from ribosome degradation to permit the growth
observed in arsenate. Both in our experiments and in those of
Wolfe-Simon et al. (1), growth is extremely limited, amounting
to 4-5 doublings from the original cell number. Moreover,
growth is extremely slow in +As/—P medium, with doubling
times ranging from ~10 h in our experiments to ~40 h for
GFAJ-1. The ribosome content of cells is closely related to their
growth rate. For example, reducing the growth rate of E. coli
from 24 to 100 min reduces their ribosome content >10-fold
(11). Assuming that a similar relationship holds at the
extremely low growth rates examined here, we would expect
cells in +As/—P medium to contain only ~10% as many ribo-
somes as the cells originally growing in the —As/+P medium
because they grow ~5-fold more slowly. In addition, because
<1% of the original cells survive in arsenate, and it is these cells
that grow out, the extensive ribosome degradation observed
provides more than sufficient phosphate to support the limited
20-fold increase in cell number reported by Wolfe-Simon et al.
(1) and the similar increase in our experiments.
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