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volcanic systems, it is unlikely that such a

pressure is sustained over such a large area

inside the brittle volcanic deposits surround-

ing Ruapehu. However, because our data

cannot rule out this possibility, we consider

it a potential explanation. Both explanations

involve the magma system of Ruapehu in

connection with an eruption as a source for

the changes in anisotropy, and the deduced

assumptions about eruption forecasting are

similar for both mechanisms.

We conducted a three-dimensional numer-

ical stress calculation (17) to check quantita-

tively whether our proposed dike model can

explain the required stress changes. Results

show that stress changes inflicted by the

proposed dike system can be strong enough

to influence anisotropy. Other studies also

find temporal and spatial variations in stress

around active volcanoes, which suggests that

favorable stress conditions may be common at

other volcanoes. At Spurr Volcano, the

direction of s
H

, as determined by focal

mechanism analysis, changed by 90- (34) as

a result of an inflating magma dike before the

eruption. At Unzen Volcano (35), s
H

is

spatially rotated by 90-, which indicates a

local stress field with dimensions similar to

those in our study, produced by pressurized

volcanic gas or magma. At Vesuvius volcano,

splitting parameters determined from a local

earthquake swarm (36) show a slight increase

in dt and minor variations of F before the

time of the largest earthquake (M3.6) of the

swarm, interpreted as a stress-change caused

by the earthquake. All these findings and their

interpretations are consistent with our pro-

posed model. Because the observations from

Mt. Spurr show a 90- rotation of the stress

direction, they do not provide evidence for the

90--flip model (30), which involves a rotation

of F but not of the stress direction.

If the anisotropy changes recur before

and after eruptions, they could be used for

midterm forecasting of eruptions. Once the

time intervals between changes and eruption,

or the existence of a certain Bstress thresh-

old[ before an eruption, have been estab-

lished by further monitoring, predictions can

be made for the onset of new eruptions.

Achievable warning times could be months

to a few years in advance, therefore possibly

filling a gap in the available forecasting

methods. Additionally, the changes between

1998 and 2002 suggest that the technique

can be used to monitor real-time stress

changes in and around magma chambers that

are more subtle than those caused by a large

eruption. For other areas in geophysics, the

evidence presented in this paper suggests

that renewed attempts at using anisotropy for

stress monitoring associated with other ac-

tivities, such as reservoir loading, mining, or

even natural changes associated with earth-

quake activity, could be fruitful.
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Evidence for Positive Epistasis
in HIV-1

Sebastian Bonhoeffer,1* Colombe Chappey,2 Neil T. Parkin,2

Jeanette M. Whitcomb,2 Christos J. Petropoulos2

Reproductive strategies such as sexual reproduction and recombination that
involve the shuffling of parental genomes for the production of offspring are
ubiquitous in nature. However, their evolutionary benefit remains unclear.
Many theories have identified potential benefits, but progress is hampered by
the scarcity of relevant data. One class of theories is based on the assumption
that mutations affecting fitness exhibit negative epistasis. Retroviruses
recombine frequently and thus provide a unique opportunity to test these
theories. Using amino acid sequence data and fitness values from 9466 human
immunodeficiency virus 1 (HIV-1) isolates, we find in contrast to these theories
strong statistical evidence for a predominance of positive epistasis in HIV-1.

One of the most fundamental questions in

biology is why sexual reproduction and recom-

bination are so widespread. Meiotic recombi-

nation and sexual reproduction both induce the

shuffling of parental genomes for the produc-

tion of offspring. Intuitively, shuffling might

appear to be beneficial, because it promotes

genetic diversity among the offspring and thus

allows for a faster rate of adaptation. Howev-

er, this explanation has several shortcomings.
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First, sexual reproduction and recombination

do not always increase genetic variation. Sec-

ond, even when they do, it is not clear why

greater genetic variation should generally be

adaptive. Third, recombination may not only

create but also destroy favorable combinations

of mutations. Therefore, what is the evolution-

ary benefit of shuffling two genotypes that

are proven viable in their current environment?

Many theories have been proposed to

account for the possible advantages of

recombination Esee reviews in (1–4)^. Cur-

rently favored are population genetic theo-

ries that are based on interactions between

selection and genetic variation. These theo-

ries can be grouped into two classes: (i)

those based on the effect of genetic drift in

populations that are limited in size and (ii)

those based on the effects of fitness inter-

actions between alternative alleles at differ-

ent loci (epistasis). Although there is

growing belief that an explanation for the

evolution of recombination could emerge

from one or a combination of the existing

theories, the key problem that has hampered

progress is the limited amount of data that

allows the testing of these theories.

The population genetic theories based on

epistasis require a particular form of interac-

tion for recombination to be advantageous.

Beneficial mutations need to interact antag-

onistically (that is, they need to increase

fitness less than multiplicatively with in-

creasing number of mutations) and detrimen-

tal mutations need to act synergistically (they

need to decrease fitness more than multipli-

catively with increasing number of mutations)

(5–7). In both cases, the interaction is charac-

terized by negative epistasis, which is a mea-

sure of the deviation from multiplicativity of

the fitness effect caused by the individual

mutations. In a two-locus–two-allele model,

epistasis can be defined as E 0 w
ab

þ w
AB

–

w
aB

– w
Ab

, where a/A and b/B are the

alternative alleles at the two loci and w
**

is

the log fitness of the corresponding genotype.

The appeal of theories about the evolution

of recombination based on negative epistasis

(in particular between deleterious mutations)

is that recombination can efficiently eliminate

deleterious mutations under these circum-

stances. Provided that the deleterious muta-

tion rate is sufficiently high, this could be a

strong selective advantage for all living

organisms, and hence these theories could

account for the ubiquity of recombination

and sexual reproduction in nature (6, 8).

Many studies have tested for epistasis

Ereviewed in (9)^. However, no clear evidence

has yet been found for an overall predomi-

nance of positive or negative epistasis (10–16),

probably because of limited statistical power.

Moreover, few of these studies have been

carried out in organisms with high rates of

sexual recombination, and often epistasis was

measured with regard to fitness-related proper-

ties rather than total fitness (15, 17). Only one

recent study of RNA bacteriophages inferred

positive epistasis by accumulation of muta-

tions in lineages with different fitness (18).

Retroviruses such as human immuno-

deficiency virus 1 (HIV-1) provide a unique

opportunity to test theories about the evolu-

tion of recombination, because their replica-

tion cycle can be viewed as a primitive form

of sexual replication (19). Retroviruses pack-

age two full-length copies of the RNA ge-

nome. After infection of a cell, the viral

polymerase Ereverse transcriptase (RT)^
engages one copy of the genomic RNA and

converts the sequence into proviral DNA.

During this process, the RT carrying the

nascent DNA provirus may disengage from

the first RNA template and reengage the

second. If the infecting virion is heterozy-

gous (that is, if it carries two distinct

genomic RNA strands), this process of

template switching may lead to the produc-

tion of a recombinant provirus. Heterozygous

virions are produced when cells are simulta-

neously infected by two or more distinct

proviruses, which occurs frequently in HIV-

1 infection (20). Recent estimates suggest

that in HIV-1, the RT switches RNA tem-

plates approximately 10 times per replication

cycle (21), yielding an average of about one

recombination event per 1000 base pairs.

To test whether negative epistasis pre-

dominates in HIV-1, we analyzed 9466 virus

samples derived from HIV-1–infected pa-

tients for routine drug-resistance testing.

Viral fitness was assayed based on the

construction of HIV-derived test vectors

(22). In essence, patient virus–derived ampli-

cons representing all of protease (PR) and

most of RT are inserted into the backbone of

a resistance test vector. This vector is based

on the NL4-3 molecular HIV clone and has

been modified so that it can undergo only a

single round of replication. The fitness assay

then quantifies the total production of

infectious progeny virus after a single round

of infection of the patient-derived virus rel-

ative to that of an NL4-3–based control

virus. The fitness of the NL4-3–based control

virus thus equals 1. Note that although most

mutations in our data set evolved in patients

in the context of drug therapy, fitness is

measured in vitro in the absence of drugs. In

addition to the fitness measurement, all of PR

and amino acids 1 to 305 of RT were se-

quenced by population sequencing.

The distribution of log fitness values

ranges over three orders of magnitude and

has a long tail extending to low fitness

values (Fig. 1A), which likely reflects the

fact that mutations acquired during drug

therapy are often detrimental in the absence

of drugs. One commonly used method to test

for epistasis is to plot the logarithm of fitness

as a function of the number of mutations

relative to a reference strain (10, 11). If there

is no epistasis, the fitness effects of the in-

dividual mutations contribute multiplicatively

to fitness, and thus log fitness decreases lin-

1Ecology and Evolution, ETH Zurich, ETH Zentrum
NW, CH-8092 Zurich, Switzerland. 2ViroLogic, 345
Oyster Point Boulevard, South San Francisco, CA
94080–1913, USA.

*To whom correspondence should be addressed.
E-mail: seb@env.ethz.ch

Fig. 1. (A) Distribution of relative fitness values of all 9466 sequences included in the data set. (We
use log10-transformed data throughout.) The fitness is based on a recombinant virus assay (22),
which measures the total production of infectious progeny virus after one complete round of
replication relative to a reference control virus. (B) Mean and standard error (gray dots and bars)
of log fitness as a function of the number of amino acids differing from the reference virus
(Hamming distance) for all sequences in the data set. The lines represent fitted values (solid lines)
and 95% confidence intervals (dashed lines) of a nonparametric regression based on cubic splines
(using the implementation of generalized additive models in the R statistical software package)
(28). For small (G10) and large (950) Hamming distances, the large standard errors are due to the
small number of sequences in each Hamming distance class. Missing error bars indicate that there
is only one sequence in this Hamming distance class. In the intermediate range of Hamming
distances (10 to 50), standard errors are low because all classes are represented by between 36
and 498 sequences.
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early with increasing number of mutations. A

less than linear decrease suggests the predom-

inance of positive epistasis and a more than

linear decrease suggests negative epistasis.

Figure 1B shows the mean and standard error

of log fitness as a function of the number of

amino acid differences compared to the NL4-3

reference virus (the Hamming distance). Be-

cause there are limited numbers of sequences

in the data set with Hamming distances smaller

than 10 or larger than 50, the fluctuations in

mean and standard error are large in these

Hamming ranges. In the intermediate range,

however, the standard errors are small because

of the large number of sequences in each

Hamming distance class. The 95% confidence

interval of a nonparametric fit shows that there

is a highly significant deviation from linearity

for large Hamming distances, which is sug-

gestive of positive epistasis.

Alternatively, the less than linear decrease

could be explained by a bias in the data set

against sequences with very low fitness. Such

a general bias is unlikely in our data set, be-

cause these viral sequences are generally de-

rived from patients receiving drug therapy,

whereas fitness is measured in the absence of

drugs. Mutations that confer high fitness in the

presence of drugs therefore have an increased

probability of existing in our data set. Howev-

er, these mutations are included in the data set

irrespective of their effect on fitness in the

absence of drugs, and it is therefore unlikely

that they are biased against low fitness in our

assay. Nevertheless, for very large Hamming

distance it is possible that the less than linear

decrease of log fitness is a result of the ex-

haustion of those mutants that have high fitness

in the presence but low fitness in the absence of

drugs, and an underrepresentation of sequences

with low fitness in both environments.

A more direct test for epistasis is to

measure fitness interactions between pairs of

alternative amino acids at different positions

in the aligned sequence set. Assume we have

two alternative amino acids a and A at

position i and b and B at position j. Provided

that there are sequences in the data set for all

four possible combinations of the two amino

acids at both positions, we estimate epistasis

as E 0 wab þ wAB j waB j wAb, where wab

denotes the mean log fitness of all sequences

that have amino acid a at position i and amino

acid b at position j in the aligned sequence set.

The definition of epistasis requires the selec-

tion of a reference genotype. That is, it is nec-

essary to define which of the four genotypes

represents ab, because otherwise the sign of E

is arbitrary. Commonly, ab is defined as the

fittest genotype. However, if there is mea-

surement error in fitness, it can be shown that

defining ab as the fittest genotype results in a

bias toward positive epistasis. Similarly, de-

fining AB as the least fit genotype results in a

bias toward negative epistasis. Measuring epis-

tasis with regard to a predefined genotype does

not result in a bias. Therefore we choose as the

reference genotype the amino acid combina-

tion found in the NL4-3 strain, because fitness

is measured relative to this strain. (Repeating

the analyses below with the consensus se-

quence as the reference sequence had negli-

gible effects, because the NL4-3 strain and

the consensus sequence differ in only six

amino acid positions.)

A computer program identified 103,286

pairs of alternative amino acids in the data set,

where one genotype represented the amino

acid combination found in the NL4-3 strain.

The distribution of epistasis values between

these pairs extends to both positive and

negative values of epistasis (Fig. 2A). The

mean of the distribution is 0.052, and 60% of

all pairs have positive epistasis. Clearly, the

measurements of epistasis are not all indepen-

dent, because pairs of mutations may be linked

to each other. To test whether the observed

mean epistasis is significantly different from

zero, we randomized the association between

sequence and corresponding fitness value and

repeated the analysis 100 times. This random-

ization procedure revealed that the difference

in mean epistasis between the real and ran-

domized data is highly significant (Fig. 2B).

The observation that the mean epistasis for

the randomized data set did not differ sig-

nificantly from 0 (t test, P 0 0.5) shows that

measuring epistasis with regard to a predefined

genotype does not introduce a bias toward

nonzero epistasis.

To test whether the observed positive mean

epistasis resulted from random measurement

errors, we restricted the analysis only to those

positions at which we were able to detect

amino acid variants that significantly affect

fitness (22). A comparison of the 59 identified

positions with data downloaded from the

Stanford HIV Drug Resistance Database

(http://hivdb.stanford.edu/) showed that all

identified sites exhibit known drug treatment–

associated polymorphisms (22). Repeating the

epistasis analysis restricted to the selected 59

positions, we obtained a mean epistasis of

0.109 (Fig. 2C). Restricting the analysis to po-

sitions with significant fitness effects thus shift-

ed the mean epistasis to a more positive value.

These analyses provide strong statistical

evidence for the predominance of positive

epistasis in the genome of an organism under-

going frequent recombination and thus chal-

lenge hypotheses about the evolution of

recombination based on negative epistasis.

Our findings relate to the larger context of the

evolution of recombination as follows. First,

as in most other studies, fitness is not mea-

sured in the natural environment. However,

we see no reason why the in vitro estimates of

epistasis should be shifted toward positive

values in comparison to the natural environ-

ment. Both PR and RT activity are essential

for viral replication, and mutations affecting

these viral enzymes probably have similar

effects in vivo and in vitro. Second, our anal-

ysis is restricted to mutations in PR and RT.

The genomic region surveyed constitutes

around 15% of the coding HIV-1 genome.

Because the prevailing form of epistasis may

depend on the biological process that is

affected (23), it is conceivable that positive

epistasis prevails only among mutations in

PR and RT. Whether it also prevails in other

regions of the HIV genome will require ad-

ditional investigation. The predominance of

positive epistasis among drug resistance mu-

Fig. 2. (A) Distribu-
tion of epistasis values
between all possible
pairs of alternative
amino acids across
the aligned sequence
set (n 0 103,286). The
solid vertical line indi-
cates zero epistasis.
To test whether the
mean of this distribu-
tion (0.052) is signifi-
cantly different from
zero, we repeated the
analysis 100 times
based on randomized data sets. (B) The mean epistasis observed for the
real data (black bar) is highly significantly different from the mean epistasis
for the 100 randomized data sets (gray bars). (C) Distribution of epistasis

values when the analysis is restricted to positions that have a highly
significant effect on fitness (22). Restricting the analysis to these 59
positions shifts the distribution toward more positive values (mean 0 0.109).
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tations may have implications for drug ther-

apy, because computer simulations suggest

that under these conditions, recombination

impairs rather then facilitates the evolution

of drug resistance in HIV (24). Third, it is

unclear whether the beneficial effects of re-

combination for negative epistasis are negated

by detrimental effects reflecting an equal

degree of positive epistasis. However, approx-

imate calculations assuming weak linkage be-

tween the locus coding for recombination rate

and the loci under selection suggest that

variation in the epistatic interactions weakens

the selection for recombination and that re-

combination is selected against for positive

mean epistasis (25). Finally, it remains to be

shown whether the pattern of epistasis found

in HIV-1 is representative of that in other

organisms (in particular of that in eukaryotes).

However, in contrast to studies measuring

epistasis in Escherichia coli, yeast, or Caeno-

rhabditis elegans (10, 13, 15), we have

measured epistasis in an organism in which

recombination occurs frequently. Therefore, it

may in fact be more appropriate to extrapolate

from retroviruses than from organisms that are

effectively asexual.

The predominance of interactions with pos-

itive epistasis in HIV-1 raises the question of

why retroviruses have evolved the capacity to

recombine (24). Whether drift-based explana-

tions for the benefits of recombination are ap-

plicable to HIV-1 remains to be investigated.

Recent studies suggest that drift can favor the

evolution of recombination even for very large

populations, as long as there are a sufficient

number of loci under selection (26). An al-

ternative explanation is the repair of single-

strand breaks (27). Retroviruses have single-

stranded RNA genomes that are susceptible

to ribonucleases and other agents during the

viral life cycle. Template switching by RT in

retroviruses could extend transcription beyond

breakage points and could thus explain why

retroviruses evolved to carry two complete ge-

nomes. According to this hypothesis, how-

ever, recombination in retroviruses would be

the consequence but not the cause of the

evolution of template switching.

Note added in proof: After this paper had

been accepted, a related paper or epistasis in

the vesicular stomatitis virus by Sanjuán et al.

appeared (29).
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Femtomolar Sensitivity
of a NO Sensor from

Clostridium botulinum
Pierre Nioche,1 Vladimir Berka,2 Julia Vipond,3 Nigel Minton,4

Ah-Lim Tsai,2 C. S. Raman1*

Nitric oxide (NO) is extremely toxic to Clostridium botulinum, but its mo-
lecular targets are unknown. Here, we identify a heme protein sensor (SONO)
that displays femtomolar affinity for NO. The crystal structure of the SONO
heme domain reveals a previously undescribed fold and a strategically placed
tyrosine residue that modulates heme-nitrosyl coordination. Furthermore,
the domain architecture of a SONO ortholog cloned from Chlamydomonas
reinhardtii indicates that NO signaling through cyclic guanosine mono-
phosphate arose before the origin of multicellular eukaryotes. Our findings
have broad implications for understanding bacterial responses to NO, as well
as for the activation of mammalian NO-sensitive guanylyl cyclase.

Nitric oxide (NO) is a small, short-lived, and

highly reactive gaseous molecule. In mam-

mals, NO is biosynthesized from L-arginine

by nitric oxide synthases, and it plays a key

role in many and disparate cellular responses

including host defense against microbial path-

ogens (1). Denitrifying bacteria generate NO

(1 to 70 nM) by a unique mode of respiration

in which nitrogen oxides (NO
3

j, NO
2

j, NO,

and N
2
O) are reduced to N

2
(2). Nondeni-

trifiers, like Escherichia coli, can produce NO

during anaerobic nitrate respiration (NO
3

j Y
NO

2

j Y NH
4

þ), although at much reduced

levels (3). Clostridium botulinum, a strict an-

aerobe, is neither a denitrifier nor capable of

making NO via other mechanisms. It is the

etiological agent of botulism and produces

the most toxic substance known to humans

Emedian lethal dose (LD
50

) , 0.2 ng per

kilogram of body weight^. Since the late 1920s

sodium nitrite, with NO as the antimicrobial

principle, has been used to inhibit the growth

of heat-resistant C. botulinum spores and toxin

production in cured meats (4–6). However,

the molecular strategies used by this bacte-

rium to recognize and avoid NO in its native

and host environments have remained elusive.

To identify candidate NO sensors in C.

botulinum, we investigated the hypothesis

(7, 8) that a prokaryotic counterpart to the

mammalian NO receptor, soluble guanylyl

cyclase (sGC) (9, 10), exists and that a

bacterial NO sensor may communicate with

the chemotaxis machinery. Thus, we screened

the genome of C. botulinum (www.sanger.

ac.uk/Projects/C_botulinum/) for an ortholog
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ERRATUM

www.sciencemag.org SCIENCE ERRATUM POST DATE 9 MAY 2008 1

CORRECTIONS &CLARIFICATIONS

Reports: “Evidence for positive epistasis in HIV-1” by S. Bonhoeffer et al. (26 November 2004,

p. 1547). The HIV sequence studies in this paper were not deposited in GenBank at the time of

publication but are now available there. The accession numbers are EU606356 to EU615822.

Post date 9 May 2008
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