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Summary

A population genetic model is developed and then applied to the synonymous gene sequence
variation observed in samples of the Human Immunodeficiency Virus Type 1 (HIV-1). The
samples, which were taken from several previous studies, contain sequences of the envelope
glycoprotein gene (gp 120) of HIV-1. This analysis suggests that the viral population within an
infected patient at any specific time is likely to be composed of close relatives. The viruses in a
sample are likely to share a recent common ancestor probably due to consistent positive selection
for non-synonymous mutations coupled with low recombination in this region of the genome.
There is no substantial difference in synonymous evolutionary rate between samples of sequences
obtained from Peripheral Blood Mononucleate Cells (PBMCs) and samples taken from blood
plasma. This is likely to be due to the high rate of migration between these 2 HIV sub-
populations. The mutation rate for the genetic region examined is estimated at 9-20 x 10~4 per site
per month. Under the assumptions of the estimation procedure, this estimate can be bounded
between 8-50 and 9-91 x 10~4 with 95% confidence. When coupled with direct estimates of
mutation rate, the rate of synonymous evolution suggests that the mean number of generations per
month for HIV-1 in vivo is between 1 and 4.

1. Introduction

Populations of HIV-1 within single patients harbour
remarkable levels of genetic variation (Hahn et al.
1986; Fisher et al. 1988; Balfe et al. 1990; Simmonds
et al. 1991; Wolfs et al. 1991). This variation is likely
to have important consequences both for HIV
transmission and pathogenesis. Strains of HIV vary in
their ability to infect different cell types in vitro and
also in their cytopathic tendencies (Chesebro et al.
1991; Fouchier et al. 1992). In addition, genetic
changes in the envelope glycoprotein gene (gp 120)
have been shown to alter the susceptibility of HIV
isolates to immune recognition (Looney et al. 1988;
MacKeating et al. 1989; Tersmette et al. 1988).

Longitudinal studies of HIV populations, in which
multiple samples are taken from the same individual
over the course of an infection (e.g. Balfe et al. 1990;
Simmonds et al. 1991; Wolfs et al. 1991; Holmes et al.
1992), have established that much of this variation
develops de novo over the course of a single infection.
Little or no variation is found in the envelope gene
when samples of viruses are obtained from individuals
that have become infected with HIV very recently
(Zhang et al. 1993). However, when samples are taken

from the same individuals several years later, extensive
gene sequence variation is observed. This variation
results from the evolutionary divergence of the HIV
population from the original sequence (Wolfs et al.
1991; Holmes et al. 1992).

Here, I develop a model that predicts the expected
rate and pattern of synonymous gene sequence
evolution in an HIV population under the assumption
that synonymous changes are selectively neutral. The
model predicts the value of several summary statistics
of synonymous evolution. Longitudinal studies of
gene sequence evolution conducted by Balfe et al.
(1992), Wolfs et al. (1991), and Holmes et al. (1992)
provide sufficient data to establish the values of these
summary statistics from a series of patients. I apply
the model to these data by inverting the theoretical
predictions and using the observed values of the
summary statistics to estimate, or at least make
inferences about, the parameters of the model. I argue
that the values of these parameters provide important
information about the interaction between HIV and
the immune system of an infected patient.

This paper uses a population genetic model as an
inferential structure. Two aspects of the longitudinal
studies of HIV sequence evolution greatly facilitate
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this exercise. First, it is possible to compare sequences
directly to their ancestors instead of just comparing
them to the other sequences in the same sample. The
expected difference between a sequence and its
ancestor can be established without making many of
the assumptions necessary to establish the expected
difference between sequences in the same sample.
Secondly, longitudinal data from multiple patients is
available. In effect, this provides multiple realizations
of the same evolutionary process. Comparing the
pattern of evolutionary change in different HIV
populations allows us to estimate the amount of
stochasticity in the evolutionary processes of HIV and
provides a means to statistically justify parameter
estimates.

This study focuses on the demographic structure of
HIV populations. Demographic factors, such as viral
generation time, have important effects on the
dynamics of amino acid evolution. I test whether there
are significant differences in the mean number of
generations per unit time between different sub-
populations of HIV within an infected individual;
whether there is significant variation in viral genera-
tion time within a single HIV population; and whether
there is significant common ancestry in the genea-
logical structure of intra-patient HIV populations. I
use the observed rate of synonymous gene sequence
evolution to produce a statistically bounded estimate
for the mutation rate per site per month and to
suggest upper and lower limits for the mean number
of HIV generations per month in vivo. These estimates
may be useful for setting limits on the rate of adaptive
HIV evolution within patients and for determining
whether different clinical practices may affect this rate.

2. Theory

The complex retroviral replication cycle is initiated
when a virion infects a host cell (Fig. 1). A viral
enzyme, reverse transcriptase, generates a DNA copy
of the viral RNA template. The resulting minus strand
of DNA is converted into a double stranded molecule
and then integrated into the host cell genome. The
viral sequence, in DNA form within the host genome,
is referred to as provirus. RNA progeny are then
generated by transcription via RNA polymerase II
and packed into virions. The virions are released to
infect other cells. Point mutations may occur at
several stages of the replication cycle but are especially
likely during reverse transcription.

The duration of each phase in the replication cycle
may be variable, especially the period of integration.
This has the important consequence that a random
samples of viruses may contain individuals that have
different numbers of ancestors between themselves
and the viruses that founded the population. These
viruses will have experienced different lengths of
'evolutionary time'. A discrete generation population
genetic model, in which all individuals have the same

number of ancestors, is therefore probably inap-
propriate for HIV evolution. A second important
consideration in the development of a synonymous
evolution model is that non-synonymous mutations
are often under strong selection in HIV. These selected
mutations may have an important effect of the
dynamics of neutral variation at linked sites.

I assume that the HIV population that eventually
becomes established within an infected patient evolves
from a single progenitor sequence. This does not
require that a single virus founds the entire population,
but merely that all viruses that contribute descendants
to the future samples from the population share a
single sequence (within the region of the genome with
which we are concerned). This single sequence is
referred to as the progenitor sequence. The actual
infecting particle that an individual virus is descended
from is referred to as its progenitor virus.

I assume that the introduction of synonymous
point mutations over the course of a replication cycle
is a Poisson process. This assumption is justified when
the per site mutation rate is small and the number of
sites is sufficiently large (Kimura 1969). I denote /is as
the total synonymous mutation rate per replication
cycle (summed across all sites in the sequence and all
stages of the replication cycle). I assume that all sites
within the focal sequence are completely linked and
that all new mutations occur at sites that had not
previously undergone mutation in the ancestry of this
particular virus. Non-synonymous mutations may
also occur within the sequence, but I assume that they
occur independently of synonymous mutations. I
assume that synonymous mutations are selectively
neutral. The selection regime on non-synonymous
mutations is arbitrary.

I denote S(T) as the number of synonymous
differences between a randomly sampled virus and the
progenitor sequence at time T (number of time units
after infection) and k(T) as the number of generations
between that virus and its progenitor virus. Because
synonymous mutations are introduced independently
each generation, S(T) is the sum of k{T) independent
Poisson random variables where k(T) is itself a
random variable. The probability distribution of 5(7")
is:

Prob[S(T) = i\

= £ Prob [k(T) = n] Prob [S(T) = i \ k{T) = «], (1)

where

Prob[S(T) = i (2)

The mean and variance of this distribution are:

E[S(T)]=fisE[k(T)], (3)

Var[5(r)] = ti.E[k(T)]+tfVar[k(T)]. (4)

These relations are useful because they can be used
to derive the expected values for several sample
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Fig. 1. The replication cycle of HIV proceeds through a
series of stages that are represented by letters in the
figure. The cycle begins with (a) entry of viral RNA into
a host cell, followed by (b) reverse transcription, (c)
replication of the resulting DNA into a double stranded
molecule, (d) incorporation of the viral DNA into the
host genome, (e) transcription of the proviral DNA, and
finally (/) the production and release of new virions.

statistics that can be calculated directly from gene
sequence data. The mean number of synonymous
substitutions per virus, a, and the variance in the
number of substitutions per virus within an HIV
population, y, can be estimated when the progenitor
sequence is known by using the following formulae:

1 v
" J-i

and

(5)

(6)

where s} is the number of synonymous differences
between the y'th sequence and the progenitor in a
sample of size n. The number of generations in the
ancestry of a virus, k(T), can be expressed as the
product of g, the number of generations per unit time
in the ancestry of that virus, and T, the amount of
time since infection. Using eqns 3 and 4, the expected
values of a and y can be shown to equal:

E[a]=fisgT,

<T\ -P),

(7)

(8)

where g and a\ are the mean and variance of the
distribution of g in the viral population and p is the
correlation of the number of synonymous differences
from the progenitor among viruses within the popu-
lation.

In principle, each of the four parameters in eqns 7
and 8 may have 'infection specific' values. The
synonymous mutation rate, fis, is determined by the
total mutation rate in a sequence and the fraction of
all changes that are synonymous. Since both may
depend on the initial sequence, fig will be specific to the
progenitor sequence. If progenitor sequences differ
substantially among different HIV infections, then

some portion of the interpatient variation in a and y
will be attributable to variation in /is.

The distribution of g in an HIV population, from
which g and <J\ are obtained, is determined by the
infection rate of free virions into new cells and
especially the duration of reproductive activity by
proviral DNA. The number of ancestors between a
given virus and its progenitor virus should be inversely
related to the lengths of reproductive lifespan of its
ancestors. The length of reproductive lifespan depends
on the pathogenicity of the virus, i.e. how quickly the
production of new viruses from proviral DNA kills
the host cell. The value off should thus be positively
related to viral pathogenicity. If pathogenicity is
related to rate of replication, the distribution of g
could also be expressed as a function of the distribution
of proviral replication rates.

The variance in g, a2
g, should parallel the variance in

pathogenicity and replication rate. There are likely to
be both genetic and environmental sources of variation
in these quantities. An environmental component of
variation is the range of cellular environments
experienced by HIV. Incorporation of proviral DNA
into different parts of the host cell genome may cause
variation in replication rate due to the variable activity
of surrounding genes within that cellular type (Zhang
et al. 1993). In addition, several studies have identified
genetic strains of HIV with variable pathogenicity
(Fisher et al. 1988; Hwang et al. 1991; Westervelt et
al. 1992; and references therein). When there is
genetic variation for pathogenicity, the generation
times of viruses within lineages will be correlated. This
will increase <T\. At present, it is unknown whether g
and (T\ have constant values across different infections.
They may vary among patients or over time within a
single patient or even among sub-populations of HIV
at the same time within a single patient.

The correlation parameter, p, depends on the
genealogical structure of the HIV population within a
patient and specifically on the extent of shared ancestry
by viruses. The correlation of s} is shown, in Appendix
1, to equal:

P = ' (9)

where k is the number of generations of shared
ancestry for two randomly sampled viruses. When the
mutation rate is small, p reduces approximately to the
ratio of average number of generations that a virus
shares with another randomly sampled virus to the
average number of total generations:

(10)
E[k\

The amount of shared ancestry is a function of the
genealogical structure of the population. Because the
genealogy of an HIV population probably changes
stochastically over the course of an infection, a
consistent value for p across infections is unlikely.

1-2
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Table 1. Summary of longitudinal sequence studies

Patient

1 p74

2 p77

3 p82

4 p82
5 Wl
6 W495

Source

Zhang et al. (1993)
Balfe et al. (1990)
Zhang et al. (1993)
Balfe et al. (1990)
Zhang et al. (1993)
Balfe et al. (1990)
Holmes (1992)
Wolfs et al. (1991)
Wolfs et al. (1991)

Sample
type

DNA

DNA

DNA

RNA
RNA
RNA

M

35

35

33

35
35
35

T

62

62

62

86
60
57

e
0-59

0-63

0-61

0-61
0-61
0-63

a

117

117

1-43

1-54
113
1-25

r
0157

0157

0-527

0-764
0-696
0-500

a/T

00189

00189

00231

00179
00188
00219

a/(TK6)

914 xlO"4

8-56

10-80

8-39
8-78
9-95

c c

Ml :
P: tqtaca aqaccc aaciac aataca aqaaaa aqtata catata qqacca ggaaaa gcattt tatgca acaqqa qaaata atagga qatata agacaa qcacat tqt

2: c

A: g
7: t
S :
1O:
11 :
12:

W495:
P: tgtaca aqoccc aacaac aataca aqaaaa aqtata cccata qqacca qqqaqa qcattt tstaca acaqqa qaaata ataqqa qatata aqacaa qcacat tqt

P82:
P: tgtaca aqaccc aacaac aataca aqaaaa aqtata catata qqacca qqaaqa gcattt tataca acagqa qaaata atagqa gatata aqacaa gcacat tqt
RNA sample:
91: g t
92: q
93: q q

1OO:
1O1:
1O2:
1O3:

P: tqtaca aqaccc aacaac aataca agaaaa aqtata catata qqacca qgaaga gcattt tataca acagqa qaaata atagqa qatata aqacaa qcacat tqt

DMA sanple:
c:
d:
e:
r -.

q
q
q
q

h:
1:

P74:
P: tqtaca agaccc agcaac aataca aqaaaa aqtata catatq qqaccq qqqaqa qcattt tatqca acagga gaaata ataqqa qatata aqacaa qcacat tqt

p77:
P: tqtaea aqaccc aqcaac aataca aqaaga agtata ccaata ggaccg gqqaqa qcattt tatgca acaqqa gaaata ataqqa gatata agacaa qcacat tqt

c: c
d: c a
C: c
1: c
o: c

Fig. 2. The set of nucleotide sequences from each patient. The first sequence in each set (preceded by the P) is the
progenitor. Under each progenitor sequence is the set of sequences taken later. All positions at which synonymous
replacements occurred are denoted. Nonsynonymous substitutions are not shown.

3. The studies

Sequence data was extracted from 4 published papers:
Balfe et al. (1990), Zhang et al. (1993), Holmes et al.
(1992), and Wolfs et al. (1991). Each of these studies

presents sequence data from the V3 hypervariable
region of the envelope glycoprotein gene. I focus on a
35 amino acid section of the V3 area called the 'loop
region'. This sequence was chosen for practical
reasons. The sequence is shared among these studies,
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its length is conserved across and within patients, and
it has a highly conserved progenitor sequence.

Balfe el al. (1990) present a set of sequence samples
obtained in 1989 from several haemophiliacs infected
via blood transfusion in 1984. The sequences were
extracted from proviral DNA incorporated in Per-
ipheral Blood Mononucleate Cells (PBMCs). The
loop region progenitor sequences for the patients
p74, p77, and p82 in Balfe et al. (1990) are presented
in Zhang et al. (1993). These three samples are
numbers 1, 2 and 3 in Table 1. Holmes et al. (1992)
present a temporal series of HIV sequences extracted
from virions (RNA) in the blood plasma of one of the
same patients (p82). I contrast the final sample from
this study taken in 1991 to the p82 progenitor sequence
to obtain values for a and y (number 4 in Table 1).
Wolfs et al. (1991) present temporal series of HIV
sequences (RNA) obtained from blood plasma samp-
les from 2 different patients (Wl and W495). I use the
last sample taken from each patient to obtain values
of a. and y (numbers 5 and 6 in Table 1).

The initial samples obtained from patients p74, p77,
and p82 were genetically homogenous. The initial
samples from patients Wl and W495 were not
completely homogenous but were dominated by a
single clone with a few other sequences that differed at
one or two sites. The dominant sequence in each
initial sample from Wl and W495 was chosen as the
progenitor. Each sequence taken later from each
patient was denoted as to the number of third codon
position synonymous site differences from its pro-
genitor sequence. Substitutions were classified as either
synonymous or non-synonymous based on their effect
on the amino acid sequence in the original codon of
the progenitor sequence. Figure 2 gives the progenitor
nucleotide sequence from each patient and the
synonymous replacements observed in each sequence
in the later sample. The number of months between
infection and the final samples (T in Table 1) was
estimated from information provided in the original
studies. Finally, I calculated 0, the fraction of all third
position changes that are synonymous for each
progenitor sequence.

4. Analysis

A contrast of a and y values from the same HIV
population allows a comparison of predictions based
on the same parameters. If both <T\ and p are zero,
then the expected value of a — y is zero. The expected
difference can be positive if, and only if, p is positive.
The expected value of a—y can be negative if, and
only if, cr| is positive. Thus, consistent differences
between a. and y across patients indicates that either p
and a* is generally positive. This comparison does not
require constancy of /is or g across patients or an
accurate estimate of T for each sample because paired
values are used.

Values of a and y from each patient are presented

in Table 1. In every case, a. is greater than y. In 5 of
6 cases, y is less than half a. A paired sample Mest
indicates that a —y is significantly positive (t = 9-08;
D.F. = 5;P < 00003). Two alternative non-parametric
tests, the sign test (Z = 2-04; P = 004) and the
Wilcoxon matched pair test (Z = 2-20; P = 0028)
also indicate a significant difference between a and y.
The positive values of oc — y suggests that p is
consistently non-zero, indicating substantial shared
history in the genealogical structure of HIV popula-
tions.

The /-test of differences between a and y assumes
that the distribution of oc — y under the null hypothesis
is approximately normal. The exact distribution of
this quantity, or of either a or y alone, is unknown. In
fact, it cannot be determined without specifying the
distribution of k{T) in eqn 1. However, because the
numerator of the r-statistic is calculated by averaging
multiple independent random variables (the a —y
values from different patients), its distribution should
converge on normality as a consequence of the central
limit theorem. This convergence is also exploited
below to determine confidence intervals for the
mutation rate per site per month.

Each of the statistical tests applied to the a—y
values assumes independence of the paired samples.
The two different pairs from p82 can be treated as
independent only if p = 0. This assumption is part of
the null hypothesis being tested here and it is therefore
valid to treat the two pairs of values from p82 as
independent for this analysis. However, as this analysis
indicates that p is generally positive, we cannot treat
these samples as independent random variables in
subsequent analyses.

The expectation of a./ T is equal to the product off
and fis (eqn 3). I now assume that /is is approximately
constant across the patients in Table 1. Constancy of
/is implies that the only parametric source of variation
in oc/Tis the differences in g among HIV populations.
A significant difference in oc/T values between viral
RNA and proviral DNA samples would indicate that
viruses in different HIV sub-populations within
patients have different mean generation times. Two t-
tests contrasting RNA and DNA samples (each
excluding one of the a/T values from p82) found no
evidence for differences between these two sample
types.

If the relation between /ts and the total mutation
rate per replication cycle can be determined, the data
in Table 1 can be used to obtain an unbiased and
statistically bounded estimate of the mutation rate per
site per month. I now employ a simple mutational
model to obtain such an estimate. I assume that all 3rd
positions sites in the sequence are equally mutable and
that all base changes at these sites are equally likely.
Under this condition,

li, = M6u, (11)

where M is the number of sites in the sequence, 6 is the
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fraction of all changes that are synonymous, and u is
the mutation rate per base pair per replication cycle.

For the data in Table 1, M = 35 and 6 varies
between 0-59 and 0-63. The estimated value of u*g
from each patient is given in the last column of Table
1. The two estimates from p82 were averaged and then
combined with the values from the other 4 patients to
give an estimated mutation rate per site per month of
9-20 x KT". This estimate can be bounded between
8-50 x 10"4 and 9-91 x 10"4 with 95% confidence
(assuming normality of the sample mean).

5. Discussion

In this study, the mean number of synonymous
mutations per virus, a, was consistently greater than
the estimated intra-population variance in the number
of synonymous mutations per virus, y. In most cases
y was less than half a indicating that most of the
viruses isolated in each sample share a recent common
ancestor with other viruses in the sample. This result
is supported by the pattern of synonymous nucleotide
replacements observed in Fig. 2. Sequences within the
same sample share many of the same base substitutions
(as opposed to simply the same number of site
differences from their progenitor). This is unlikely to
have occurred if the lineages of the viruses were
distinct since initial infection.

This finding is important because high values of p
are a signature of natural selection. Natural selection
will tend to reduce the amount of neutral variation in
areas of low recombination (Hill & Robertson, 1966;
Kreitman, 1991; Charlesworth et al. 1993). There is
strong evidence of selection on non-synonymous
mutations in the HIV-1 envelope gene. Simmonds et
al. (1990) report that non-synonymous mutations are
almost twice as likely to become fixed as synonymous
mutations in the hyper-variable regions of this gene. It
thus seems likely that 'selective sweeps' (sensu
Kreitman 1991) are largely responsible for the close
relatedness of HIV isolates from the same sample. It
is interesting that a similar mechanism is probably
responsible for the initial homogeneity of HIV
populations in the envelope gene. Zhang et al. (1993)
suggest that selection for specific sequences in the V3
region of the envelope gene results in an ' initial virus
population [that is] essentially clonal... in the selected
region'. Sequence homogeneity early during infection
is also observed in other regions of the envelope gene,
presumably because of their linkage to the V3 area.
The selective processes responsible for sample hom-
ogeneity (relatively speaking) at different stages of
infection may be quite different however.

There was no significant difference in the syn-
onymous substitution rates per month (a/T) between
plasma RNA and PBMC proviral DNA samples. At
first, this result is somewhat surprising because
PBMCs may harbour dormant proviral DNA for long
periods of time (Holmes et al. 1992). This long

dormancy suggests that isolates from PBMCs should
have relatively low values for g. Conversely, the virion
population in the blood plasma may be dominated by
the progeny of actively replicating viruses, presumably
with shorter generation times (Holmes et al. 1992).
However, it is important to realize that g is determined
by the total number of generations in the ancestry of
viruses and not just the generation time of their most
recent ancestors. The plasma and PBMC populations
are probably not distinct. Gene flow among HIV sub-
populations will mix viruses with variable numbers of
ancestors and reduce any variation among sub-
populations. The existence of gene flow between
plasma and PBMC sub-populations of HIV is
supported by Simmonds et al. (1991) finding that
specific haplotypes that are dominant in a plasma
sample at one time often appear in later PBMC
samples.

A final analysis yielded a bounded estimate for the
in vivo mutation rate per site per month. This estimate
is specific to the V3 loop region of the envelope gene.
The confidence interval on this estimate is surprisingly
narrow, placing u*g between 8-50 and 9-91 x 10~4

with 95 % confidence. This high level of precision is
due to the low level of variation in the rate of
synonymous evolution among patients. An accurate
estimate of the mutation rate per month is directly
relevant to models HIV pathogenesis (e.g. Nowak et
al. 1990; Simmonds et al. 1991). Nowak and his
colleagues (Nowak et al. 1990; Nowak et al. 1991)
have hypothesized that the immune system of an
infected individual and the resident HIV population
undergo a kind of 'evolutionary arms race'. These
researchers have analysed models in which the HIV
population is able to produce 'escape mutants', new
variants that can evade the current immune sur-
veillance of the patient. The escape mutant increases
in abundance until eventually, the immune system
responds and suppresses it. Their models exhibit a
strange threshold behaviour however, such that once
the number of antigenically distinct viruses reaches a
certain number, the immune system collapses and the
total density of HIV increases dramatically. Nowak et
al. (1991) suggest that when an HIV population
reaches this genetic diversity threshold, an HIV
positive individual passes from the latent phase of the
disease to the development of immunodeficiency. The
present analysis is relevant to this model because the
rate at which an HIV population produces escape
mutations will be limited by the overall mutation rate
per unit time, u * g. The mutation rate per month may
also influence other evolutionary processes that occur
in HIV populations such as the rate of adaptation to
different cell types.

The average number of generations per month for
HIV in vivo could be estimated from the present data
if the mutation rate per replication cycle within the
loop region of V3 were known. A substantial number
of studies have examined the fidelity of HIV-1 reverse
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Table 2. HIV-1 reverse transcriptase fidelity assays

Source

Preston et al. (1988)
Roberts et al. (1988)
Weber & Grosse (1989)
Riccheti & Buc (1990)
Bakhanashvili & Hizi (1992 a)
Bakhanashvili & Hizi (19926)
Ji & Loeb (1992)
Ji & Loeb (1992)
Yu & Goodman (1992)
Yu & Goodman (1992)
Bakhanashvili & Hizi (1993)

Template

DNA
DNA
DNA
DNA
DNA
RNA
DNA
RNA
DNA
RNA
DNA

Error
rate*
(xlO~4)

2-50
5-88
1-35
1-90
1-57
3-82
1-69
1-45
108
3-53
4-56

Most of the error rate estimates are averages from multiple
tests reported in these studies.

transcriptase (RT) in vitro. Table 2 summarizes some
of these studies and contains data on error rates per
base pair by RT during both reverse transcription
(RNA to DNA) and DNA replication (DNA to
DNA). HIV-1 RT seems to introduce errors in about
equal frequency during both processes when the same
sequence is used as a template (Bakhanashvili & Hizi,
1993). If RT is the primary source of point mutations
and both stages of replication are equally mutable,
then a plausible range for g can be established by
dividing the estimated value of u * g obtained here by
twice the minimum and maximum RT error rates in
Table 2. This suggests that the mean number of
generations per month for HIV-1 in vivo is between
0-78 and 4-26.

Several assumptions of the analysis merit further
comment. The model is based on the assumption that
the entire sample of sequences taken at time T has
evolved from a single progenitor sequence. This
assumption is based on the empirical finding that HIV
populations are genetically homogenous within the
envelope gene at seroconversion (Zhang et al. 1993).
It is supported by Wolfs et al. (1991) finding that the
amount of divergence in samples taken several years
after infection was intermediate between the amount
of divergence in early and late samples. This suggests
that the genetic variation in the final samples (which
was the focus the analyses presented here) was the
result of a progressive divergence of the HIV
populations from initially homogenous founder popu-
lations and not the sudden appearance of genetic
variants that existed at the time of sero-conversion but
were hidden. In a similar kind of study, Holmes et al.
(1992) show how all of the various sequences from
p82 coalesce back to a single progenitor sequence.
Finally, Wolinsky et al. (1992) obtained samples of
HIV sequences from both the mother and infant of
three cases of placental HIV transmission. By per-
forming phylogenetic analyses on their data, these
authors were able to conclude that the genotypic

population within each infant was derived from a
single form present in the mother.

Taken together, these results support a monoclonal
origin for the envelope gene sequences observed later
in infection. It is important to note, however, that all
of this data is limited to the envelope gene. Genetic
homogeneity at sero-conversion is not observed in the
gag gene (Zhang et al. 1993). Thus, an alternative
model is necessary to describe synonymous evolution
in this region of the HIV genome.

The model presented here also assumes that all sites
within the focal sequence are completely linked.
Recombination frequently occurs in retroviruses and
there is some evidence that it occurs among the
different hypervariable regions within the envelope
gene of HIV (Simmonds et al. 1991). This study
focused on a very small sequence within one of the
hypervariable regions and thus recombination prob-
ably had little effect on the results. However, it is an
important consideration for the application of the
model to larger sequences. I show in Appendix 2 that
recombination does not change the expected number
of synonymous mutations per virus and therefore
does not change the expected value of a. Recom-
bination can reduce the variance in S(T), however,
and thus lower the expected value of y.

The estimate of u*g obtained here should be
treated with caution because neither of the assump-
tions used to derive eqn 11 are likely to be exactly
correct. Roberts et al. (1988) found that sites within
an HIV sequence may vary quite substantially in their
mutability and it is commonly found that, at any
specific site, some nucleotide substitutions are more
likely than others. The validity of the suggested range
for g is even more uncertain. Its accuracy depends on
the sufficiency of in vitro studies of RT fidelity to
measure the mutation rate per replication cycle.
Riccheti & Buc (1990) and Bakhanashvili & Hizi
(1993) provide strong evidence that the mutation rate
is sequence (template) dependent. Since none of the
RT fidelity studies in Table 2 use the loop region of V3
as a template, it is difficult to be certain that the
average mutation rate per site within the loop region
lies between the extreme values in Table 2. Some
evidence suggests that mutability is higher in the
hypervariable regions of the HIV genome (Doi, 1991).
If the mutation rate per site in the loop region of V3
is greater than 11-76 x 10~4 (the upper limit suggested
by Table 2), then the mean number of generations per
monty by HIV-1 in vivo may be less than 0-78.

Despite the estimation difficulties and the other
caveats regarding population origination and recom-
bination, several aspects of the analysis are very
promising. Most important is the low variance among
patients in the rate of synonymous evolution. This
indicates that hypothesis tests and estimation proced-
ures based on synonymous variation should have
substantial statistical power. For example, despite the
limited number of patients, the data strongly suggest
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that p is significantly positive across infections. In
light of these results, I suggest that population genetic
analyses of synonymous variation may prove a useful
tool for making inferences about important aspects of
HIV infection.
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is supported by a National Science Foundation predoctoral
fellowship.
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Appendix 1

The correlation of S for two randomly sampled
viruses (s( and s}) can be expressed explicitly in terms
of the amount of shared history by expressing s, and
Sj as the sum of two components:

(Al)

where kt) is the number of generations since initial
infection that viruses / and j shared a common
ancestor, s{k(i) is the number of mutations occurring
in the lineage during this period of shared history,
s(k(—ktj) is the number of mutations occurring in the
lineage of virus / after the most recent common
ancestor, and s{kt — ki}) is the number of mutations
occurring in the lineage of virusy after the most recent
common ancestor. The conditional covariance of st

and Sj is

Co\ [s^s^k^k^kj]

= Cov [s(ktj), s(kt))] + Cov [s(k(j), sik, - *„)]

+ Cov [s(kt - ktj), s(ktl)] + Cov [s(kt - kv), s{k} - ktj)].
(A 2)

Since evolutionary changes in distinct lineages are
independent, all terms except the first are zero. Thus,

Cov [S(, s, I k(j, kp kt] = Cov[s(ktj), s(kl})] = Var [S \ ktl\.

(A3)

By analogy with eqn 4,

Cov [st, s}] = /*. E[ktJ]+tf Var [k(i] (A 4)

and after dividing this expression by eqn 4,

which, after a slight modification of notation, gives
eqn 9.

Appendix 2

Let the sequence contain L linkage groups which
recombination may occur among but not within. Let
v( be the number of synonymous substitutions within
the rth linkage group. Thus, the total number of
synonymous mutations on a randomly sampled
sequence, S, is:

and

(A 6)

(A 7)

where fis is the synonymous mutation rate within the
rth linkage group and k( is the number of ancestors of
the rth linkage group. Because the average number of
ancestors is the same for all linkage groups,

(A 8)

which is equivalent to the result for no recombination
(eqn 3).

The variance in S when there is recombination is:

(A 9)

where

Cov [Vi, v,] = p , t fiSj Cov [ku k}]. (A 10)

Denoting ntj as the correlation in the number of
ancestors between the rth and 7th linkage unit on a
randomly sampled virus, we find that:

Var[S] = ( A

p = (A 5)

The correlation coefficient, uip is determined by the
level of recombination between the rth andyth linkage
groups. If the two linkage groups are completely
linked, then the number of ancestors per group on a
single virus will inevitably be the same. In this case,
ntj = 1. When ni} is 1 for all i and j , then eqn A l l
reduces to eqn 4. If there is free recombination
between the rth and yth linkage groups (such that
parental contributors of these groups to the sampled
virus were different), then the number of ancestors per
group will be unrelated. In this case, ni} = 0 and
Var [S] is reduced relative to eqn 4.
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