Modern analogs and the known physics
of outburst flooding (73) indicate that tun-
neling below the ice is the most probable
flood release mechanism (see the figure,
C). Because ice floats on water, thinning
ice dams are unstable. Initiation of a flood
routed beneath the ice therefore preempts
the possibility of a flood routed across the
ice. Once a subglacial path is established,
an ice-walled conduit will tend to grow by
melting its walls. If the hydrostatic pres-
sure of the ice enclosing the conduit ex-
ceeds the water pressure in the conduit, a
creep closure process will also be active.
Competition between melting and closure
determines the progress of the flood.

Modern analogs to subglacial outburst
floods from Lake Agassiz can be found in
Iceland and elsewhere. However, in terms
of the released water volume, the flood
from superlake Agassiz is by far the largest
known glacial outburst of the past 100,000
years. A physical model of subglacial out-
burst flooding (13) suggests that the maxi-
mum discharge of the flood was 5 to 10
sverdrups and that it lasted less than a year.
There is geological evidence that this first
flood was followed by a smaller one from a
lower water level of ~125 m (10).

There are two possible explanations for
these findings: (i) The reservoir was
drained by two successive drops in lake
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level, and (ii) the first flood drained the
reservoir to sea level, and the second flood
occurred after the ice dam had been re-
sealed and the reservoir partially refilled.
Either way, once the dam had been perma-
nently breached, the ~0.1 sverdrup dis-
charge that formerly overflowed to the St.
Lawrence Valley was routed northward to
Hudson Bay.

Marine sediments provide clear evi-
dence for the 8200-year cold event (3) but
are equivocal about changes in ocean circu-
lation that may have accompanied it. The
response of the North Atlantic circulation to
injection of fresh water into the Labrador
Sea has been explored with a coupled
ocean—atmosphere—sea ice model (/4) in
which a fixed volume of fresh water was re-
leased to the Labrador Sea at a steady rate
over intervals of 10 to 50 years. All simula-
tions show a weakening of the thermohaline
circulation in the Nordic Seas in response
to freshwater input. For some simulations,
the recovery time is greater than 200 years.
However, the released water volume in the
model exceeds a recent estimate (//) of
maximum lake volume by a factor of ~3,
and the rate of release differs from the sharp
pulse of less than 1 year duration suggested
by flood modeling (73).

Much remains unknown about the 8200-
year cold event. Further studies of how ice
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sheet margins, oceans, and vegetation zones
were affected will help us to understand the
cascade of responses that followed the ini-
tial outburst. Geological and geophysical
studies in the Hudson Bay region and
Labrador Sea could determine where the
water release occurred and whether it took
place as one or multiple events.
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Weapons of
Mutational Destruction

Vineet N. KewalRamani and John M. Coffin

cells use to fight viral infections is
rapidly becoming more visible. An
oft-proposed strategy for fighting viral in-
fections is to design drugs that induce a high
rate of mutation, potentially causing the
viruses to succumb to “error catastrophe.” A
recent cluster of papers (/-5) describes a
new function for a cellular protein called
APOBEC3G that may act in just this way to
block the replication of retroviruses such as
human immunodeficiency virus (HIV).
Researchers have long recognized that
the viral protein Vif is essential for repli-
cation of HIV in “nonpermissive” primary
human CD4" T cells, as well as in some

The remarkable array of defenses that
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transformed T cell lines (6-8). But it re-
mained unclear how Vif enables HIV to
replicate in nonpermissive cells. Vif appeared
to exert its effect in either the production or
transmission of new virus particles (9—11).
Although virus particles produced by non-
permissive cells in the absence of Vif appear
to be physically indistinguishable from those
produced in its presence, their ability to in-
fect any host cell type is greatly diminished
(12—14). Initial examination of the replica-
tion block indicated that HIV produced in
nonpermissive cells without Vif could not ef-
ficiently complete reverse transcription of the
viral RNA genome (10, 11, 15). Elegant ex-
periments have shown that the nonpermis-
siveness of cells is a dominant effect and that
Vif’s ability to counteract it is species specif-
ic (16—18). These results and others implied
the presence of a dominant factor in nonper-
missive cells that reduces virus infectivity
and that is counteracted by Vif.

In 2002, Sheehy and colleagues (/9)
identified this inhibitory protein as CEM15,
later called APOBEC3G. This protein be-
longs to a family of nucleic acid editing en-
zymes related to APOBECI, a cytidine
deaminase that edits the apolipoprotein B
messenger RNA (mRNA). Expression of
APOBEC3G, normally restricted to non-
permissive cell types, converts permissive
cells into nonpermissive cells. The
APOBEC enzyme family deaminates spe-
cific cytidine (C) residues in either DNA or
mRNA, converting them to uridine (U)
residues (79, 20). In addition to APOBECI,
the family includes the activation-induced
cytidine deaminase (AID), a protein in-
volved in the generation of antibody diver-
sity. Expression of either APOBECI1 or
APOBEC3G in Escherichia coli greatly in-
creases the rate of C— T mutations in the
DNA (20). This observation suggested that
deamination of cytidines in either the HIV
RNA genome or its DNA copy might me-
diate the antiviral effect of APOBEC3G.
Such a mechanism would require that
APOBEC3G targets retroviral particles
and that Vif regulates this process. Both
hypotheses have been borne out by a series
of recent papers that appeared rapidly after
the identification of APOBEC3G as the
cellular target of Vif (1-5).
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ABOBEC3G
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APOBEC3G on the warpath. Retrovirus production in a nonpermissive cell expressing APOBEC3G
results in the incorporation of APOBEC3G (green) into viral progeny. (Left box) Although these viri-
ons are able to invade host cells and undergo the early steps of reverse transcription, the
APOBEC3G cytidine deaminase induces rapid accumulation of deoxyuridine residues (green) at
mutagenic hotspots in the nascent minus strand of the transcribed retroviral DNA. These mutations
diminish second-strand DNA synthesis by reverse transcriptase, increasing the lability of the viral
genome. Copying of the mutated base into plus-strand DNA and repair by cellular systems makes
the mutation permanent (red) and integration of the viral DNA genome proceeds, resulting in a hy-
permutant provirus. (Right box) Mutations introduced into double-stranded DNA are likely to be
repaired correctly. The presence of the viral protein Vif in the infected host cell prevents the incor-

poration of APOBEC3G into retroviral particles.

In the first report, published in Science,
Lecossier et al. (2) found a marked increase
in guanine (G) to adenine (A) mutations in
newly synthesized HIV DNA following in-
fection with Vif-defective HIV produced by
nonpermissive cells. Despite the inferred
presence of APOBEC3G in virions, no ef-
fect on HIV genomic RNA was observed.
These results have been reproduced and ex-
tended through direct examination of
APOBEC3G activity (1, 3-5). Coexpres-
sion of APOBEC3G during Vif-defective
HIV production in permissive cells strong-
ly impaired infectivity of viral progeny.
However, coexpression of a catalytically in-
active APOBEC3G mutant protein had no
effect on the infectivity of Vif-defective
HIV (3, 5). As noted by Sheehy et al. (19),
APOBEC3G copurifies in HIV virions pro-
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duced in the absence of Vif (I, 3, 4).
Although APOBEC3G appears to be large-
ly confined to the cell cytoplasm (3), it is
not clear how APOBEC3G becomes incor-
porated into HIV particles. Remarkably,
APOBEC3G can be incorporated into the
virions of unrelated retroviruses, including
murine leukemia virus (MLV) (/, 3, 4), and
its antiviral effect can be counteracted by
the Vif of HIV-1 (I, 3, 17).

All of these results support a model (see
the figure) wherein APOBEC3G is incor-
porated into virions by nonspecific interac-
tions (with the RNA genome, perhaps) and
then deaminates cytidine residues specifi-
cally on the minus DNA strand (synthe-
sized by reverse transcribing the RNA
genome). When copied into plus-strand
DNA, the mutations appear as the comple-

mentary G- A changes. The apparent
specificity for minus-strand targets could
reflect APOBEC3G’s preference for single-
stranded DNA or DNA-RNA hybrids.
However, it is more likely that deoxyuri-
dine is also introduced into plus-strand
DNA when it is double-stranded. Unlike
single-stranded DNA or an RNA-DNA
hybrid minus strand, double-stranded
DNA is rapidly repaired by the cellular re-
pair machinery.

The distribution of mutations introduced
in this way reveals an interesting preference
(1-5, 20) for runs of at least two Gs, most
often preceded by a T or A residue, corre-
sponding to deamination in runs of two or
more Cs followed by an A or T residue. As
an antiviral mechanism this preference
might be particularly efficient because mu-
tation of either or both Gs in a TGG (tryp-
tophan) codon leads to a translation termi-
nation signal. Thus, nearly one out of three
such mutations would be lethal to the virus.
Another lethal event could result from the
negative effects of uridine residues in viral
DNA on reverse transcription (7, 3-5, 13,
21). Hypermutant viral genomes and
proviruses with mutant spectra similar to
those observed in these studies have been
repeatedly identified both in virus-infected
cell cultures and in HIV patients (22-27).
Initial suggestions that these hypermutant
viral genomes resulted from errors intro-
duced by reverse transcriptase or an imbal-
ance in the host nucleotide pool clearly
need revision.

Thus, APOBEC3G seems to be an in-
nate viral restriction mechanism. Attacking
viral genomes is a tried and true host de-
fense: Long ago, bacteria evolved restric-
tion endonucleases to cleave the DNA of
the phage that infected them. Similarly, ver-
tebrate cells shut off cellular protein synthe-
sis when they detect double-stranded (viral)
RNA (28). Many organisms use small inter-
fering RNAs (siRNAs) as an antiviral de-
fense. These defense mechanisms make a
direct assault within the newly infected cell,
whereas APOBEC3G is a letter bomb
slipped into the virus particle on its way out
of the host cell.

Unlike other family members, APOBEC3G
has not been ascribed a normal cellular
function, raising the possibility that it
evolved specifically as an antiviral (per-
haps even antiretroviral) defense. In sup-
port of APOBEC3G’s involvement in in-
nate immunity, Mariani and colleagues re-
cently identified and characterized the
murine, macaque, and African green
monkey orthologs of this deaminase and
found that they all efficiently restricted
HIV replication (4). The inability of HIV-
1 Vif to counteract any but human
APOBEC3G may provide a significant
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species-specific barrier to primate lenti-
virus transmission.

We have much to learn about how Vif
counteracts APOBEC3G action. It remains
unclear how APOBEC3G targets retrovirus
particles, and, reciprocally, how Vif ex-
cludes APOBEC3G from HIV virions.
Mariani et al. (4) demonstrate that Vif inter-
acts directly with APOBEC3G; this interac-
tion could lead to sequestration, inactiva-
tion, or degradation of the target protein, or
its exclusion from the virion. In fact,
APOBEC3G degradation products have
been detected in the presence of Vif, but Vif
does not appear to affect the half-life of
APOBEC3G within cells (4).

Does APOBEC3Gs ability to block HIV
infectivity extend to other retroviruses?
Recent studies by two groups suggest that
overexpression of human APOBEC3G dur-
ing production of MLV vectors resulted in its
incorporation into viral particles. This result-
ed in G - A hypermutation in newly synthe-
sized MLV DNA and impaired viral replica-
tion (I, 3). Significantly, Vif appeared to
counteract the deleterious effect of human
APOBEC3G on MLV replication. In a third
study, human APOBEC3G was efficiently
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incorporated into replication-competent
MLV particles, but there was a less dramatic
effect on viral replication (4). In addition,
MLY replication was not blocked by murine
APOBEC3G, suggesting that simple retro-
viruses have developed as yet unidentified
measures to counter cytidine deaminases.
Although human APOBEC3G is ex-
pressed in primary immune lymphocytes
(19), its full spectrum of expression has
not been finely examined. It is also un-
clear whether APOBEC3G expression is
up-regulated during viral infection and
whether it can be activated artificially. It
will be interesting to discover whether
there are individuals expressing unusually
low or high levels of APOBEC3G or re-
lated cytidine deaminases and whether
they are more or less susceptible to HIV
infection. It has been noted that there are
G- A hypermutations in simple retro-
viruses, HIV-1 and -2, and hepadnavirus-
es (22-26, 29). Thus, it will be intriguing
to determine whether APOBEC3G has
contributed to the genetic diversity of
retroviruses, and to test whether cytidine
deaminases are broadly lethal against oth-
er virus genera. Clearly, the search for an-
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tiviral weapons is far from over. Interested
parties are encouraged to stay tuned, or,
better yet, to join in the hunt.
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Biogeography for Bacteria

Tom Fenchel

Imost all macroscopic animal and
Aplant species have a limited distribu-

tion range on the surface of Earth—
not only because they require particular
habitats or climates, but also because of
historical contingencies. Over geological
time, taxonomic groups have evolved with-
in continents or even within the confines of
lakes, mountain ranges, or oceanic islands.
Members of these groups have remained
there as a result of natural barriers to mi-
gration. Microbes seem to be different. In
1913, the Dutch microbiologist Beijerinck
concluded that any bacterial species can be
found wherever its environmental require-
ments are met: The distribution of mi-
crobes requires no historical explanation,
but can be understood solely in terms of
habitat properties. Most taxonomic experts
have implicitly assumed that this also ap-
plies to unicellular eukaryotes (protozoa,
microalgae), but the topic has recently
drawn renewed interest (/). For sexual, out-
breeding eukaryotes, a theoretically based
species concept exists, at least in principle,
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Not feeling the heat. Octopus Spring in Yellowstone
National Park provides a favorable habitat for ther-
mophilic bacteria. [Photograph courtesy of Michael Kiihl]

and so “cosmopolitan distribution” can be
given a precise meaning—something that
is less obvious in the case of bacteria. The
explanation for cosmopolitan distribution
of microbes is numbers: Microbial popula-
tion sizes are enormous. Thus, the proba-
bility of dispersal is high and the probabil-
ity of local extinction is extremely low. In
the absence of effective migration barriers
and local extinctions, every habitat will
contain a pool of bacterial species that do
not thrive locally, but may grow if the envi-
ronment becomes more favorable. It has
been calculated that about 10'® viable bac-

teria annually are transported through the
atmosphere between continents (2). It is al-
so possible to isolate bacteria from places
where they “should not be” such as ther-
mophilic bacteria from cold seawater (3).
Indeed, there is evidence that
species of aquatic and soil microbes
are found wherever their needs are
met. This view is now challenged
by Whitaker et al. on page 976 of
this issue (4) and by Papke et al. in
a recent issue of Environmental
Microbiology (5) with their studies
of thermophilic prokaryotes from
geothermal springs.

Whitaker et al. (4) studied the
archaebacterium Sulfolobus solfa-
taricus. This organism thrives in
water and mud surfaces of hot
springs at temperatures between 50°
and 87°C and at a pH of about 4. It
makes its living oxidizing elemental sulfur
to sulfate or metabolizing organic matter.
Strains were isolated from geothermal
springs in Kamchatka (Russia), Yellow-
stone National Park and Lassen National
Park (North America), and Iceland.
Nominally the strains belong to the same
species because they have almost identical
16S ribosomal RNA (rRNA) sequences.
However, when the authors sequenced nine
protein-coding loci they found that genetic
distances between populations increased
proportionally with geographic distance.
The result is not fortuitous as several indi-
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