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ABSTRACT
Background
The structure of sexual contact networks plays a key role in the epidemiology of sexually
transmitted infections, and their reconstruction from interview data has provided valuable
insights into the spread of infection. For HIV, the long period of infectivity has made the
interpretation of contact networks more difficult, and major discrepancies have been observed
between the contact network and the transmission network revealed by viral phylogenetics.
The high rate of HIV evolution in principle allows for detailed reconstruction of links between
virus from different individuals, but often sampling has been too sparse to describe the
structure of the transmission network. The aim of this study was to analyze a high-density
sample of an HIV-infected population using recently developed techniques in phylogenetics to
infer the short-term dynamics of the epidemic among men who have sex with men (MSM).

Methods and Findings
Sequences of the protease and reverse transcriptase coding regions from 2,126 patients,
predominantly MSM, from London were compared: 402 of these showed a close match to at
least one other subtype B sequence. Nine large clusters were identified on the basis of genetic
distance; all were confirmed by Bayesian Monte Carlo Markov chain (MCMC) phylogenetic
analysis. Overall, 25% of individuals with a close match with one sequence are linked to 10 or
more others. Dated phylogenies of the clusters using a relaxed clock indicated that 65% of the
transmissions within clusters took place between 1995 and 2000, and 25% occurred within 6
mo after infection. The likelihood that not all members of the clusters have been identified
renders the latter observation conservative.

Conclusions
Reconstruction of the HIV transmission network using a dated phylogeny approach has
revealed the HIV epidemic among MSM in London to have been episodic, with evidence of
multiple clusters of transmissions dating to the late 1990s, a period when HIV prevalence is
known to have doubled in this population. The quantitative description of the transmission
dynamics among MSM will be important for parameterization of epidemiological models and in
designing intervention strategies.
The Editors’ Summary of this article follows the references.
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Introduction

test for resistance before commencing antiretroviral therapy
(ARV) [26] has led to a substantial increase in the availability
of viral sequence data from HIV-infected individuals. Continual improvements in computational resources have allowed previously unapproachable datasets to be analysed, and
new analytical methods have been developed which incorporate sample date information and allow the evolutionary
dynamics of a population to be inferred from sequence data.
Such approaches, collectively termed ‘‘phylodynamics,’’ have
been applied to a number of infectious agents because of the
availability of datasets of sequences from dated samples and
the rapid rate of evolution of RNA viruses [27].
In this study, we have used HIV sequences generated from
routine clinical treatment to provide a dense sample of the
population attending a large London clinic. We adopted a
‘‘relaxed clock’’ [28] methodology to analyse these sequences
in order to infer the molecular phylodynamics of the HIV
epidemic among MSM in London.

Sexually transmitted infections spread through an often
complex network of sexual contacts [1]. The characteristics of
such a network play a vital role in determining both shortterm dynamics and longer-term equilibrium prevalence of
disease [2,3]. Early epidemiological modelling of the HIV
epidemic among men who have sex with men (MSM)
identiﬁed primary infection, when infectivity might be
highest [4], as a potential driver of the epidemic [5], but
empirical evidence to support this has been lacking. The
reconstruction of contact networks from interview data has
provided valuable insights into epidemics of sexually transmitted infections such as Chlamydia [6] and gonorrhoea [7],
and has been applied in studies of some HIV-infected
populations [8,9]. However, the interpretation of the contact
network in the context of HIV infection is more problematic
because of the long period of infectivity and the low average
risk of infection per contact [10]. Although in some cases it
has been shown that the reconstructed HIV transmission
network maps closely onto the contact network [11,12] in
other cases the transmission network was not reﬂected by the
contact network [13,14].
Another line of investigation has taken the approach of
phylogenetic analysis of population-based samples of viral
sequences. These have yielded different outcomes according
to risk group. Infections among injection drug user populations often reveal clustering to a greater or lesser extent
[15–17], associated with a pattern of explosive epidemics
among this risk group [18,19]. In contrast, evidence for
infection clusters from analysis of sequences from population
surveys of individuals infected by sexual contact is quite
limited, and the typical structure of a phylogeny of viral
sequences from such a population is star-like [15]. The United
Kingdom MSM HIV epidemic is a subtype B epidemic and is
rooted in that of the United States [20], probably with
multiple introductions into the UK population [21]. Even
though some studies have been predicated on the higher
infectivity of individuals in acute infection [4], these have
usually nevertheless identiﬁed a limited number of such
networks of rather low degree (connectivity) [22]. In one such
recent study, a larger number of clusters were described [23],
but this was from a population of acutely infected individuals
that included a high proportion of injection drug users (34%
of total); only 54% were MSM [24]. The extent to which sexual
transmission of HIV among MSM is clustered therefore
remains open.
One possible reason why uncertainty over the degree of
clustering has persisted has been the nature of sampling.
Diagnosis of acute (or recent) infection is usually made in
only a small proportion of individuals. Pilcher et al. describe
107 (18%) and 23 (4%) individuals out of 583 as ‘‘recent’’ and
‘‘acute’’ infections, respectively [25]; Pao et al. similarly report
that 103 recent infections (8%) were identiﬁed out of 1,235
patients seen [22]. Population-based analyses in chronic
infection have in the past been restricted in scale for
computational reasons to low-density samples [15]. Such
sampling will inevitably bias the results towards underreporting of clusters, especially those of higher degree.
There have been a number of recent developments that
have permitted a new approach to this issue. The recommendation that patients with HIV should receive a genotype
PLoS Medicine | www.plosmedicine.org

Methods
Dataset
Our base dataset comprised 2,126 anonymised HIV-1
nucleotide sequences (concatenated full-length protease [PR]
and partial reverse transcriptase [RT] coding sequences,
1,497 nucleotides in length) from patients attending HIV
clinics at the Chelsea and Westminster Hospital, London,
during the period 1997–2003. The Chelsea and Westminster
clinic is the largest clinic serving patients with HIV in
London, with more than 6,500 patients, contributing 29% of
the London patients to the United Kingdom Collaborative
HIV Cohort (UK CHIC) study in 2006. Its primary catchment area comprises the inner-city London boroughs of
Westminster, Kensington and Chelsea, and Wandsworth,
with an HIV-infected patient population that is characteristic of London, including a high proportion (.75%) of
MSM. Sequences were provided by VircoBVBA (Michelen,
Belgium), having been generated for VircoGEN resistance
reports for patients about to start therapy or experiencing
failure of therapy. Overall, 384 (18%) patients were
receiving ARV at the time the analyzed sample was taken.
More details of patients receiving ARV are given in Table
S1. Ethical approval for this work was given by the London
Multicentre Research Ethics Committee (MREC/01/2/10; 5
April 2001).
For patients with multiple sequences, only the oldest
sequence was included. Sex and self-reported exposure group
were available for each sequence, but other identiﬁers and
clinical data were delinked to maintain conﬁdentiality. HIV-1
subtype was determined using the REGA HIV Subtyping Tool
version 2.0 [29].

Identification of Transmission Clusters
In order to remove the inﬂuence of convergent evolution
at antiretroviral drug resistance mutations on the phylogenetic analysis, two versions of the dataset were analyzed: (i)
third-base positions only (for analyses of exact and exact plus
ambiguous differences; 499 sites) and (ii) a codon-stripped
dataset from which 37 codons associated with major
resistance in PR (30, 32, 33, 46, 47, 48, 50, 54, 76, 82, 84, 88,
and 90) and RT (41, 62, 65, 67, 69, 70, 74, 75, 77, 100, 103, 106,
108, 115, 116, 151, 181, 184, 188, 190, 210, 215, 219, 225, and
0393
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represent the termini of transmission chains, analysis was
restricted to internal branch lengths extracted from timescaled BEAST consensus trees.

236) were stripped from the alignment (leaving 1,386 nt).
Analyses based on genetic distance made use of the ﬁrst
dataset using uncorrected (Hamming) distances; those based
on Bayesian Monte Carlo Markov chain (MCMC) phylogenetic
approaches used the second.
Phylogenies were constructed with MrBayes [30] using a
general time-reversible (GTR) model of nucleotide substitution with a proportion of invariant sites (i) and gamma
distribution of rates (C). The MCMC search was run for 5 3
106 generations, with trees sampled every 100th generation
(with a burn-in of 50%) and a posterior consensus tree
generated (from 25,000 trees). From this consensus tree, the
posterior probability of nodes was used as phylogenetic
support for each transmission cluster group. Cluster group
size was determined using nodes with a posterior probability
of 1.

Results
Selection of the Transmission Network
We analyzed consensus sequences of the HIV-1 PR and RT
coding regions obtained from the plasma viral population of
patients (N ¼ 2,126) attending HIV clinics at the Chelsea and
Westminster Hospital, London, between 1997 and 2003. As
expected of sequences obtained during chronic HIV infection, these were highly variable, with an average (uncorrected) difference between sequences of 12% at
synonymous sites among the 1,695 subtype B sequences
(Table S2). To maximize the information used in initial
comparisons between virus sequences from different individuals, we made use of ambiguous as well as exactly identiﬁed
nucleotides. Ambiguous nucleotides (denoted by IUPAC
symbols; e.g., R ¼ G or A and M ¼ A or C) occur frequently
in consensus HIV sequences because of the presence of cocirculating variants within patient plasma samples. We scored
an exact difference at a site where there was no overlap (e.g.,
A versus T or M versus T), and an ambiguous difference (e.g.,
M versus A or M versus R) if overlap was identiﬁed. Exact
differences between patient consensus sequences represent
the ﬁxation of different alleles in the respective viral
populations, while ambiguous differences reﬂect polymorphic sites where they still share alleles. As evolutionary
divergence between populations increases, the number of
sites where alleles are shared decreases. We therefore expect a
negative slope when these values are plotted against each
other.
Initial comparisons of all sequences in the dataset required
a simple, computationally tractable approach because of its
large size (2.26 3 106 pairwise comparisons), while recognizing
the potential for bias through convergent evolution in
patients prescribed the same drugs. This was avoided by
restricting analysis to the third-base position in the 499
codons sequenced. We present these data as a colour density
graph of the number of exact and ambiguous differences
between all patient consensus sequences (Figure 1). Two
major density peaks are observed, both showing the expected
negative slope. As this is a diverse patient population with
multiple HIV-1 subtypes, the density peak with the higher
number of differences can be interpreted as corresponding
to inter-subtype comparisons, and that with the smaller
number to intra-subtype comparisons (Figure 1).
In addition to the two major peaks, a small, yet distinct,
third density peak can be seen close to the origin, which
represents pairwise comparisons between particularly closely
related sequences. The apparent trough in density between
this and the adjacent group corresponded to approximately
25 nucleotide differences, which was used to deﬁne a subset
of sequences that had at least one other close relative. This
subset includes 483 patients, of which 402 were infected with
HIV-1 subtype B. These 402 were overwhelmingly MSM, with
just ten self-reporting injection drug use (four female, six
male), and 13 self-reporting heterosexual contact (nine
female, four male), as a risk factor, and were the basis of
the detailed studies described below.

Ancestral State Reconstruction
The ancestral state of amino acids for each cluster group
was determined using MrBayes. Separate runs (106 generations, sampling every 100 generations, burn-in 25%) were
performed for each group using an HIV-1 subtype C
sequence as outgroup under the GTR þ I þ C model of
nucleotide substitution. For each run, trees were constrained
to include a topology prior for a monophyletic group
comprising the cluster group of interest. At the root node
of this constraint, the ancestral states of each of the 37 amino
acid positions (both genes) associated with drug resistance
were compared to known mutations attributed to drug
resistance (http://www.iasusa.org/).

Time-Scaled Phylogenies
Dated phylogenies were obtained using a Bayesian MCMC
method (BEAST version 1.4.2; available from http://beast.bio.
ed.ac.uk/ [28]). The date used for each sequence in any
analysis was the number of days since the isolation date of the
oldest sequence, with sequences dated using the number of
days from the earliest sequence isolation date. Separate
analyses were performed using the GTR þ I þ C and an
adaptation of the SRD06 nucleotide substitution models [31].
The adapted SRD06 model used two independent relaxed
molecular clocks for ﬁrst/second and third codon positions.
For each analysis, a MrBayes phylogenetic tree was generated
and used as a starting tree for BEAST. The most appropriate
demographic model (either a constant or exponential model
of population size) and distribution of rates amongst
branches (lognormal or exponential) were determined using
the GTR þ I þ C model. Log-normal priors were placed on
root height (under the assumption that individual clusters
were likely to have formed within 10 y [median of the
distribution] of the latest sequences but could have formed
within 40 y [95% upper limit]), population size (assuming a
median value of effective population size that approximated
that of the size of the individual clusters), and a Jeffrey’s prior
placed on mean substitution rate. For each cluster group, the
selected model was used for two separate MCMC runs of
chain length 5 3 106 (sampling parameters and trees every
1,000 generations). All parameters were estimated from an
effective sampling size .200. Trees generated from both
BEAST runs were combined and trees summarized after a
10% burn-in (leaving 9,000 trees) using TreeAnnotator
(available from http://beast.bio.ed.ac.uk). As external branches
PLoS Medicine | www.plosmedicine.org
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differences at 499 third-base positions, recognized all linkages
between individuals involving 24 differences (4.8%) or fewer.
Many of the groups revealed link only two or three
individuals, but nine groups with six or more members were
identiﬁed using this criterion (Figure 2). These largest groups
linked 30, 16, 14, 12, eight, seven (32), and six (32) individuals
each. As a sensitivity analysis, the criterion was relaxed
successively to 25, 26, and 27 differences (5.0%, 5.2%, and
5.4%, respectively), and the change in group was size noted
(Figure 2). Only two groups changed size substantially,
indicating discontinuities in the difference matrix. Cluster
A (30 members at 24 differences) grew to 63 members at 27
differences, and Cluster B (14 members) to 26. Clusters D (12
members), F (eight members), G (seven members), H (six
members), and I (six members) did not change, while cluster C
(16 members) added one and E grew from six to nine
members (Figure 2). Overall, there was a surprising degree of
consistency at different thresholds, suggesting that the
clusters identiﬁed represented distinct, bounded, epidemiological entities.
In the second approach, we performed a detailed phylogenetic analysis on the same sequence dataset. To maximize
resolution, the full sequence dataset was used (all codon
positions), but with 37 codons associated with major
resistance in PR and RT removed, leaving 1,386 aligned
nucleotide positions. A Bayesian MCMC phylogeny was
reconstructed from these site-stripped sequences, using a
subtype C sequence as an outgroup (Figure 3). In this
approach, we deﬁne clusters as clades identiﬁed with a
posterior probability of 1. All the clusters identiﬁed using the
genetic distance approach meet this criterion on the Bayesian
MCMC tree (Figure 3). Differences between them relate to the
size of the clusters identiﬁed, usually due to the inclusion of a
small number of additional sequences when deﬁned phylogenetically. The overall distribution of cluster size under this
deﬁnition is shown in Figure 4. From this it can be seen that

Figure 1. Distribution of Genetic Distance Among All Pairwise
Comparisons of 2,126 Patient-Derived HIV Sequences
Key indicates the number of comparisons for each datapoint by colour.
Sequences were compared at all 499 third-base sites and recorded for an
exact difference or an ambiguous difference (see text for details). Two
major peaks reflect within subtype (30–60 differences) and between
subtype (100–110 differences) comparisons, respectively. The third
smaller region of density close to the origin identifies patients with at
least one other closely related sequence in the dataset.
doi:10.1371/journal.pmed.0050050.g001

Epidemiological and Phylogenetic Structure of the
Transmission Network
In order to identify patterns of transmission among the 402
subtype B sequences, two complementary approaches were
adopted. The ﬁrst, based on the matrix of pairwise exact

Figure 2. HIV Transmission Clusters Defined by Genetic Distance
Patients included in major clusters are represented by a red node, and connecting lines between red nodes represent a genetic distance of less than
4.8% (24 differences). Sensitivity of the clusters to the distance criterion shown by additional nodes in green (5.0%), blue (5.2%), and orange (5.4%).
doi:10.1371/journal.pmed.0050050.g002
PLoS Medicine | www.plosmedicine.org
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phylogenetic methods incorporating a relaxed molecular
clock (the other clusters were not large enough for this
analysis). For each cluster, an exponential model of population growth was signiﬁcantly favoured over a constant
population size (data not shown). Evolutionary rate estimates
were obtained using the unpartitioned (GTR þ I þ C)
nucleotide substitution model and the SRD06 model, which
has two rate partitions, for third-base position and ﬁrst- plus
second-base positions respectively. Substitution rates at
third-base positions vary nearly 3-fold among clusters (Figure
S1), but the differences are not signiﬁcant. The highest mean
rate estimate at third-base positions was 4 3 104 for cluster
D, while the mean rate at ﬁrst- and second-base positions
varied between 5 3 105 for cluster C and 1 3 104 (cluster D).
The coefﬁcient of variation in substitution rate was 0.6 or less
for all clusters except cluster A, the largest cluster, which was
1.12 (Table 1). On the basis of 95% highest probability
distributions, a log-normal rate distribution was adopted for
all clusters to generate time-scaled trees (Figure 5A). Each of
the clusters reveals some degree of internal structure,
particularly the two largest clusters, A and B. In these it can
be seen that there are two subclades in cluster A comprising
sequences that are much more closely related to each other
than they are to those of the other.

Distribution of ARV Resistance–Associated Mutations
It is important to know whether the structure of the
transmission network has inﬂuenced the transmission of
drug-resistant virus. We have identiﬁed all patient samples
with resistance-associated mutations in the six clusters by
coloured circles at the tips (Figure 5A). There are a total of six
patients in four clusters, ﬁve with mutations in RT and 1 with
mutations in PR (Table S3). In one case in cluster A and a
second in cluster E, two patients who were nearest neighbours
in the phylogeny both had resistance-associated mutations.
However, the mutations are either entirely (cluster A) or
substantially (cluster E) different in the patient pairs (Figure
S3), so there is no clear evidence of transmission of drug
resistance in any of these clusters.

Dating Transmission Events
Each viral sequence in the time-scaled phylogenies represents a different patient. Therefore, for any two sequences,
the branches connecting them through their most recent
common ancestor (MRCA) include at least one transmission
event. Consequently, the distance between the MRCA and the
previous node estimates the upper bound of time between
transmission events. Figure 5B shows the structure of the
time-dated phylogenies with tips removed, revealing the
variation in internode distances. This representation is scaled
by calendar year, from which we can infer the periods over
which these clustered transmissions occurred. For clusters A
and E this spans much of the 1990s, from 1994 to 2000, while
the transmissions that link cluster B occurred earlier in the
decade, up to 1995. Most transmissions in the remaining
clusters (C, D, and H) occurred in the latter part of the
decade. The procedure used to estimate the MRCA dates
allows us to provide an indication of the conﬁdence in these
dates through the marginal distributions of the times to the
MRCA (TMRCA) for the subclades (Figure S4). As expected,
these are always narrowest for the most recent nodes and

Figure 3. Bayesian MCMC Phylogenetic Tree of All Sequences Closely
Linked to At Least One Other (N ¼ 402)
Clusters with 10 members (and a posterior probability of 1) are shown
in red. Letters indicate the position of identified clusters. Scale bar
indicates number of substitutions.
doi:10.1371/journal.pmed.0050050.g003

of all patients with a close link to one other sequence in the
database, the great majority (85%) have links to more than
one, and 25% are closely associated with 10 or more others.
Six of the larger clusters were made up entirely of MSM
(clusters B, D, E, F, H, and I). Clusters A and C are also
primarily composed of MSM, but include one female patient
in each. Cluster G (seven individuals) included one female
and one injection drug user. Thus, the clustering identiﬁed in
this study reﬂects the epidemiology of HIV transmission by
sexual contact among MSM.

Detailed Phylogenies of Clusters
Clusters A–E and H, comprising 88 patients in all, were
selected for further analysis on an individual basis using
PLoS Medicine | www.plosmedicine.org
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Figure 4. Distribution of Cluster Size from MrBayes Phylogenetic Tree of Closely Related Sequences (N ¼ 402)
A cluster is defined by nodes with a posterior probability of 1. Letters indicate the six largest clusters phylogenetically defined.
doi:10.1371/journal.pmed.0050050.g004

become much shallower as the time between the node and the
dated samples increases.
It is very likely that not all members of any transmission
cluster have been sampled, so the average time between
transmissions will almost certainly be overestimated. Analysis
of the overall distribution of internode intervals, estimated
from the trees (Figure 6), reveals a median of 14 mo, but is
highly skewed so that 25% of internode intervals were of 6
mo or less. As the patients in these clusters represent 25% of
those with at least one linked sequence, this suggests that at
least 5% of transmissions on average occur within 6 mo of
infection in this almost exclusively MSM population.

with HIV in London to reconstruct the transmission network
in this population. In contrast to previous studies based on
sparsely sampled populations, by examining all pairwise
comparisons among sequences from more than 2,000
patients, we were able to identify a subset of 402 subtype B
pairs with a genetic distance of 5% or less. Detailed
phylogenetic analysis identiﬁed a number of large clusters
among these patients, which together comprised 25% of this
group. ‘‘Dated phylogeny’’ analysis of these clusters [28]
revealed an episodic pattern, with many of the transmissions
within them occurring within a short space of time.
New HIV diagnoses among MSM have risen steadily in the
United Kingdom for almost 10 years, and are now approaching twice the number recorded annually in the mid to late
1990s [32]. Efforts to characterize the changes in this
population that have been responsible, including the Na-

Discussion
We have made use of sequence data obtained for resistance
genotyping for the largest clinical centre treating patients
Table 1. Relaxed-Clock Analysis of Major Clusters Using BEAST
Cluster

1
2
3
4
5
6

Taxa

10
10
12
18
20
30

Range, Monthsa

59
77
68
74
78
59

Tree Height, Monthsb

rrc

GTRþIþC

SRD06

GTRþIþC

SRD06

GTRþIþC

SRD06

92.8
218.2
82.1
153.8
230.5
133.4

112.1
213.3
83.5
230.1
176.9
138.1

0.68
0.63
0.41
1.00
0.48
0.68

0.59
0.54
0.32
0.61
0.38
0.31

11.2 (0.7–44.8)
25.3 (2.9–129.6)
6.3 (0.1–20.2)
15.0 (1.1–217.7)
22.7 (1.9–104.5)
8.3 (0.1–42.6)

20.8 (0.5–32.9)
28.7 (1.3–115.4)
4.5 (0.9–19.4)
7.0 (0.1–74.8)
17.3 (3.6–130.3)
11.1 (0.4–41.0)

Median Internal Branch Length, Months (Range)

a

Time interval between the earliest and latest sequences within the cluster.
Consensus time-scaled tree length from the latest sequences to the time of the most recent common ancestor of the cluster.
Coefficient of rate variation.
doi:10.1371/journal.pmed.0050050.t001
b
c

PLoS Medicine | www.plosmedicine.org
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Figure 5. Relaxed-Clock Time-Scaled Phylogenies for the Six Largest Clusters
Time-scaled phylogenies were generated using the partitioned SRD06 model.
(A) Full trees with scale bar graduations in years.
(B) Terminal branches removed with scale in calendar years to show timing of transmission events.
doi:10.1371/journal.pmed.0050050.g005

tional Survey of Sexual Attitudes and Lifestyles (NATSAL;
[33]), have provided substantial amounts of information on
current risk behaviour of this population. Unprotected anal
intercourse with one or more partners in the past year was
reported by between 32% and 45% of MSM [34] recruited in
different surveys; approximately 18% of respondents in
another study reported unprotected anal intercourse with
individuals of unknown HIV status [35], and 3.2% of
PLoS Medicine | www.plosmedicine.org

respondents reported unprotected anal intercourse with ﬁve
or more partners in the previous year [34]. There was also a
notable and signiﬁcant increase in prevalence of risk
activities between the 1990 and 2000 NATSAL surveys [36].
We have used a database of HIV sequences collected in the
course of routine clinical treatment from 2,126 patients to
characterize the relationships between viruses infecting
different individuals attending a large clinic in London.
0398
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Figure 6. Histogram of Internal Branch Lengths (N ¼ 88) from All Six N  10 Clusters Estimated Using the Partitioned SRD06 Model
Median branch length was 13.14 mo, and the 25th percentile was 5.8 mo. Similar results were obtained using the GTR þ I þ C model (unpublished data).
doi:10.1371/journal.pmed.0050050.g006

The depth of sampling meant this study was much more
informative about the transmission patterns than previous
studies [15]. We identiﬁed 402 individuals whose virus had a
close relationship with at least one other, and using two
different approaches showed that almost 90 of these
individuals could be linked in clusters of 10 or more
individuals. Using information on the date each sample was
taken, we have reconstructed dated phylogenies that revealed
that at least 25% of transmissions among these individuals
occurred within a few months of their infection. The
tightness of clustering is striking, with most of the linked
transmissions occurring within periods of at most 3–4 y. The
closeness of these events is inevitably underestimated as a
result of incomplete data (i.e., intervening individuals not
sampled), so the actual average time between transmissions in
these clusters is likely to be smaller. Extrapolation of the
conclusions from this clinic population more widely depends
on the degree to which patients attending the Chelsea and
Westminster clinic reﬂect the UK MSM population with HIV
as a whole. This clinic is the largest HIV clinic in the UK and
has contributed 6,551 (24%) out of a (2006) total of 26,811
patients to the UK CHIC study [37], comprising 29% of all the
patients from London. While the location of its primary
catchment area within central London suggested it would be
likely to be representative, we have recently been able to
extend these studies to the entire UK CHIC patient
population. Preliminary analysis of HIV genotypes from
8,088 patients that have been investigated for clustering using
the genetic distance approach revealed 2,150 individuals with
a link to at least one other patient. Among these, several large
clusters have been observed, with Chelsea and Westminster
patients distributed among patients from other clinics (data
not shown). We are therefore conﬁdent the pattern described
in the current study reﬂects that of the wider UK population
of MSM with HIV.
Other possible limitations of the study should be recognised. Although the use of a phylogenetic deﬁnition of
clusters avoids the necessity to select an arbitrary distance
value, there are clear restrictions on what can be concluded
PLoS Medicine | www.plosmedicine.org

from the phylogeny. The similarity between many of the
sequences within these clusters is frequently so high that there
is little power to estimate the internal order of transmissions
with any conﬁdence. Neither is it possible, from the
phylogeny alone, to determine direction of transmission, or
how many individuals in the cluster were transmitters. Thus,
cluster E (Figure 5) could have been generated by transmissions from a minimum of three individuals transmitting to
six, one, and two others, respectively; or alternatively, from a
maximum of seven, where one transmits to three others and
all others transmit once. The former situation would be
expected under a more skewed distribution of partner
numbers, which has been suggested by several studies
[8,33,34,38]. These results therefore complement rather than
replace studies that would deﬁne parameters such as partner
number.
One of the possible consequences of rapid transmission
within clusters is a local increase in the transmission of drugresistant strains [39,40]. Whether this had occurred was
examined by maximum likelihood reconstruction of ancestral
states at all sites associated with drug resistance in the six
large clusters. In no case was a drug-resistant virus identiﬁed
at the root of these clusters (unpublished data), which may
have reﬂected the time at which these particular events were
occurring (Figure 5B). The distribution of mutations at the
tips of the trees also do not suggest extensive transmission of
resistance-associated mutations. There were only two cases
where nearest-neighbour patients both had mutations, and
the mutations differed between the pair in each case,
suggesting they were all examples of secondary rather than
primary resistance.
As the time-dependent phylogenies are calibrated in
calendar years, we are able to estimate when most of the
transmissions in each cluster occurred. For cluster A, the
largest cluster comprising 30 individuals, most of the transmissions between them occurred within about 6 y preceding
1999 (Figure 5B); for cluster C, the transmissions were tightly
restricted to 1995–1997, with many estimated to have
occurred in 1996; for cluster B, however, the transmissions
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Table S3. Details of Resistance Mutations Detected Within Clusters
Numbers of resistance-associated mutations observed in each cluster
according to coding region and in total.
Found at doi:10.1371/journal.pmed.0050050.st003 (38 KB DOC).

mostly occurred between 1991 and 1995. Many of the
transmission intervals (with the exception of cluster B) lie
within or closely precede the period during which HIV
diagnoses have been increasing. Given an expected delay
from infection to diagnosis of 3–5 y, we could infer that these
clustered transmissions contributed to the increase in
prevalence that occurred in London and the United Kingdom
in that time [32]. From these results we can also say that many
of these transmission clusters were initiated relatively early in
the highly active antiretroviral therapy (HAART) era and
before transmitted ARV resistance became a signiﬁcant
problem in the UK [40].
As epidemiological models become increasingly complex,
incorporating variable mixing patterns [41], quantitative data
on the transmission network structure and the dynamics of
transmission will be vital to ensure appropriate parameterization. The level of epidemiologically relevant information
yielded by the time-dated phylogeny with respect to the
structure and dynamics of the HIV transmission network in
this population represents a substantial increase in our depth
of knowledge on which interventions can be based.

Accession Numbers
The sequences analyzed have been deposited in GenBank (http://www.
ncbi.nlm.nih.gov/Genbank) under accession numbers EU236439–
EU236538. The GenBank accession number for the HIV-1 subtype
C sequence is AF110959.

Acknowledgments
We are very grateful to Esther Fearnhill and Dr. David Dunn, Medical
Research Council Clinical Trials Unit (London, United Kingdom), for
assistance with data; to Dr. Sergei Kosakovsky Pond for his assistance
with the analysis in the early stages of this work; and to Dr. Simon
Frost for discussions.
Author contributions. FL and AJLB designed the study, and FL
performed preliminary analyses. GJH analyzed the data and prepared
the results for publication. AR developed the BEAST software and
provided advice and assistance for data analysis. ALP recruited study
subjects and supervised clinical care. All authors contributed to
writing the paper.
References
1. Doherty IA, Padian NS, Marlow C, Aral SO (2005) Determinants and
consequences of sexual networks as they affect the spread of sexually
transmitted infections. J Infect Dis 191: S42–S54.
2. Eames KT, Keeling MJ (2004) Monogamous networks and the spread of
sexually transmitted diseases. Math Biosci 189: 115–130.
3. Eames KT, Keeling MJ (2002) Modeling dynamic and network heterogeneities in the spread of sexually transmitted diseases. Proc Natl Acad Sci
U S A 99: 13330–13335.
4. Pilcher CD, Tien HC, Eron JJ Jr., Vernazza PL, Leu SY, et al. (2004) Brief but
efﬁcient: Acute HIV infection and the sexual transmission of HIV. J Infect
Dis 189: 1785–1792.
5. Jacquez JA, Koopman JS, Simon CP, Longini IM (1994) Role of the primary
infection in epidemics of HIV infection in gay cohorts. J Acquir Immune
Deﬁc Syndr 7: 1169–1184.
6. Wylie JL, Cabral T, Jolly AM (2005) Identiﬁcation of networks of sexually
transmitted infection: A molecular, geographic, and social network
analysis. J Infect Dis 191: 899–906.
7. De P, Singh AE, Wong T, Yacoub W, Jolly AM (2004) Sexual network
analysis of a gonorrhoea outbreak. Sex Transm Infect 80: 280–285.
8. Rothenberg RB, Potterat JJ, Woodhouse DE, Muth SQ, Darrow WW, et al.
(1998) Social network dynamics and HIV transmission. AIDS 12: 1529–
1536.
9. Potterat JJ, Phillips-Plummer L, Muth SQ, Rothenberg RB, Woodhouse DE,
et al. (2002) Risk network structure in the early epidemic phase of HIV
transmission in Colorado Springs. Sex Transm Infect 78: i159–163.
10. Chakraborty H, Sen PK, Helms RW, Vernazza PL, Fiscus SA, et al. (2001)
Viral burden in genital secretions determines male-to-female sexual
transmission of HIV-1: A probabilistic empiric model. AIDS 15: 621–627.
11. Leitner T, Escanilla D, Franzen C, Uhlen M, Albert J (1996) Accurate
reconstruction of a known HIV-1 transmission history by phylogenetic tree
analysis. Proc Natl Acad Sci U S A 93: 10864–10869.
12. Trask SA, Derdeyn CA, Fideli U, Chen Y, Meleth S, et al. (2002) Molecular
epidemiology of human immunodeﬁciency virus type 1 transmission in a
heterosexual cohort of discordant couples in Zambia. J Virol 76: 397–405.
13. Yirrell DL, Pickering H, Palmerini G, Hamilton L, Rutemberwa A, et al.
(1998) Molecular epidemiological analysis of HIV in sexual networks in
Uganda. AIDS 12: 285–290.
14. Resik S, Lemey P, Ping LH, Kouri V, Joanes J, et al. (2007) Limitations to
contact tracing and phylogenetic analysis in establishing HIV type 1
transmission networks in Cuba. AIDS Res Hum Retroviruses 23: 347–356.
15. Leigh Brown AJ, Lobidel D, Wade CM, Rebus S, Phillips AN, et al. (1997)
The molecular epidemiology of human immunodeﬁciency virus type 1 in
six cities in Britain and Ireland. Virology 235: 166–177.
16. Yirrell DL, Robertson P, Goldberg DJ, McMenamin J, Cameron S, et al.
(1997) Molecular investigation into outbreak of HIV in a Scottish prison.
BMJ 314: 1446–1450.
17. Salminen M, Nykanen A, Brummer-Korvenkontio H, Kantanen ML, Liitsola
K, et al. (1993) Molecular epidemiology of HIV-1 based on phylogenetic
analysis of in vivo gag p7/p9 direct sequences. Virology 195: 185–194.
18. Nguyen L, Hu DJ, Choopanya K, Vanichseni S, Kitayaporn D, et al. (2002)
Genetic analysis of incident HIV-1 strains among injection drug users in
Bangkok: Evidence for multiple transmission clusters during a period of
high incidence. J Acquir Immune Deﬁc Syndr 30: 248–256.
19. Piyasirisilp S, McCutchan FE, Carr JK, Sanders-Buell E, Liu W, et al. (2000)
A recent outbreak of human immunodeﬁciency virus type 1 infection in

Supporting Information
Figure S1. Nucleotide Substitution Rates Estimated from BEAST
Rates estimated using the GTR þ I þ C (solid line) and SRD06 (empty
square ¼ third-codon position; ﬁlled circle ¼ ﬁrst-/second-codon
positions) models, respectively for the six largest clusters. Error bars
show 95% highest posterior density of SRD06 rates.
Found at doi:10.1371/journal.pmed.0050050.sg001 (34 KB PPT).
Figure S2. Distribution of Internal Branch Lengths Estimated from
BEAST
Rates using the GTR þ I þ C (ﬁlled circles) and SRD06 (empty circles)
substitution models are shown separately (solid line ¼ median) for the
six largest clusters.
Found at doi:10.1371/journal.pmed.0050050.sg002 (55 KB PPT).
Figure S3. Identiﬁcation of Antiretroviral Resistance–Associated
Mutations on the Cluster Phylogenies
Found at doi:10.1371/journal.pmed.0050050.sg003 (115 KB PPT).
Figure S4. Dated Phylogenies with Marginal Distributions for
TMRCAs
BEAST analysis is based on a summary of a large number of
phylogenetic trees where individual trees may have a slightly different
topology (depending on the degree of support for the existence of
each node). To indicate support for an estimated node date, it is
possible to estimate the marginal distribution of TMRCA for all taxa
that are found within below each node of the maximum clade
credibility tree. For each node within each cluster tree, the
distribution of the TMRCA was calculated from the same tree sample
used to produce the trees. The distributions of each TMRCA have
been aligned (according to time) with the cluster trees from Figure 5.
Found at doi:10.1371/journal.pmed.0050050.sg004 (1.5 MB PPT).
Table S1. Proportion of Patients Receiving ARV at the Time of First
Sampling
Numbers of analyzed samples where patient had been receiving ARV
before sample was taken, by year.
Found at doi:10.1371/journal.pmed.0050050.st001 (30 KB DOC).
Table S2. Genetic Variation in the PR and RT Domains Among 1,695
Subtype B Sequences from the Chelsea and Westminster Clinical
Cohort
Average difference between 1,695 subtype B sequences and proportion of polymorphic sites. p-distance: uncorrected genetic distance;
dS p-distance: uncorrected distance at synonymous nucleotide sites;
dN p-distance: uncorrected distance at non-synonymous nucleotide
sites.
Found at doi:10.1371/journal.pmed.0050050.st002 (27 KB DOC).
PLoS Medicine | www.plosmedicine.org

0400

March 2008 | Volume 5 | Issue 3 | e50

Episodic Sexual Transmission of HIV

20.
21.
22.

23.

24.

25.
26.

27.

28.

29.
30.

31. Shapiro B, Rambaut A, Drummond AJ (2006) Choosing appropriate
substitution models for the phylogenetic analysis of protein-coding
sequences. Mol Biol Evol 23: 7–9.
32. Health Protection Agency (2007) HIV and AIDS in the United Kingdom:
Data to the end of March 2007. Available at: http://www.hpa.org.uk/hpr/
archives/2007/hpr1707.pdf. Accessed 4 February 2008.
33. Johnson AM, Mercer CH, Erens B, Copas AJ, McManus S, et al. (2001)
Sexual behaviour in Britain: Partnerships, practices, and HIV risk
behaviours. Lancet 358: 1835–1842.
34. Dodds JP, Mercer CH, Mercey DE, Copas AJ, Johnson AM (2006) Men who
have sex with men: A comparison of a probability sample survey and a
community based study. Sex Transm Infect 82: 86–87.
35. Hickson F, Reid D, Weatherburn P, Stephens M, Nutland W, et al. (2004)
HIV, sexual risk, and ethnicity among men in England who have sex with
men. Sex Transm Infect 80: 443–450.
36. Mercer CH, Fenton KA, Copas AJ, Wellings K, Erens B, et al. (2004)
Increasing prevalence of male homosexual partnerships and practices in
Britain 1990–2000: Evidence from national probability surveys. AIDS 18:
1453–1458.
37. UK Collaborative HIV Cohort (UK CHIC) Study (2004) The creation of a
large UK-based multicentre cohort of HIV-infected individuals. HIV Med 5:
115–124.
38. Liljeros F, Edling CR, Amaral LA, Stanley HE, Aberg Y (2001) The web of
human sexual contacts. Nature 411: 907–908.
39. Little SJ, Holte S, Routy JP, Daar ES, Markowitz M, et al. (2002)
Antiretroviral-drug resistance among patients recently infected with HIV.
N Engl J Med 347: 385–394.
40. Pillay D, Cane PA, Shirley J, Porter K (2000) Detection of drug resistance
associated mutations in HIV primary infection within the UK. AIDS 14:
906–908.
41. Goodreau SM (2006) Assessing the effects of human mixing patterns on
human immunodeﬁciency virus-1 interhost phylogenetics through social
network simulation. Genetics 172: 2033–2045.

southern China was initiated by two highly homogeneous, geographically
separated strains, circulating recombinant form AE and a novel BC
recombinant. J Virol 74: 11286–11295.
Korber B, Muldoon M, Theiler J, Gao F, Gupta R, et al. (2000) Timing the
ancestor of the HIV-1 pandemic strains. Science 288: 1789–1796.
Hue S, Pillay D, Clewley JP, Pybus OG (2005) Genetic analysis reveals the
complex structure of HIV-1 transmission within deﬁned risk groups. Proc
Natl Acad Sci U S A 102: 4425–4429.
Pao D, Fisher M, Hue S, Dean G, Murphy G, et al. (2005) Transmission of
HIV-1 during primary infection: Relationship to sexual risk and sexually
transmitted infections. AIDS 19: 85–90.
Brenner BG, Roger M, Routy JP, Moisi D, Ntemgwa M, et al. (2007) High
rates of forward transmission events after acute/early HIV-1 infection. J
Infect Dis 195: 951–959.
Routy JP, Machouf N, Edwardes MD, Brenner BG, Thomas R, et al. (2004)
Factors associated with a decrease in the prevalence of drug resistance in
newly HIV-1 infected individuals in Montreal. AIDS 18: 2305–2312.
Pilcher CD, Fiscus SA, Nguyen TQ, Foust E, Wolf L, et al. (2005) Detection
of acute infections during HIV testing in North Carolina. N Engl J Med 352:
1873–1883.
BHIVA Writing Committee on behalf of the BHIVA Executive Committee
(2003) British HIV Association (BHIVA) guidelines for the treatment of
HIV-infected adults with antiretroviral therapy. HIV Med 4: 1–41.
Grenfell BT, Pybus OG, Gog JR, Wood JL, Daly JM, et al. (2004) Unifying the
epidemiological and evolutionary dynamics of pathogens. Science 303:
327–332.
Drummond AJ, Ho SYW, Phillips MJ, Rambaut A (2006) Relaxed
phylogenetics and dating with conﬁdence. PLoS Biol 4: e88. doi:10.1371/
journal.pbio.0040088
de Oliveira T, Deforche K, Cassol S, Salminen M, Paraskevis D, et al. (2005)
An automated genotyping system for analysis of HIV-1 and other microbial
sequences. Bioinformatics 21: 3797–3800.
Huelsenbeck JP, Ronquist F (2001) MRBAYES: Bayesian inference of
phylogenetic trees. Bioinformatics 17: 754–755.

PLoS Medicine | www.plosmedicine.org

0401

March 2008 | Volume 5 | Issue 3 | e50

Episodic Sexual Transmission of HIV

Editors’ Summary
Background. Human immunodeficiency virus (HIV), the cause of
acquired immunodeficiency syndrome (AIDS), is mainly spread through
unprotected sex with an infected partner. Like other sexually transmitted
diseases, HIV/AIDS spreads through networks of sexual contacts. The
characteristics of these complex networks (which include people who
have serial sexual relationships with single partners and people who
have concurrent sexual relationships with several partners) affect how
quickly diseases spread in the short term and how common the disease
is in the long term. For many sexually transmitted diseases, sexual
contact networks can be reconstructed from interview data. The
information gained in this way can be used for partner notification so
that transmitters of the disease and people who may have been
unknowingly infected can be identified, treated, and advised about
disease prevention. It can also be used to develop effective communitybased prevention strategies.

determine dated phylogenies (patterns of genetic relatedness that
indicate when gene sequences change) for the clusters. These
phylogenies indicated that at least in one in four transmissions between
the individuals in the large clusters occurred within 6 months of
infection, and that most of the transmissions within each cluster
occurred over periods of 3–4 years during the late 1990s.
What Do These Findings Mean? This phylodynamic reconstruction of
the HIV transmission network among MSM in a London clinic indicates
that the HIV epidemic in this population has been episodic with multiple
clusters of transmission occurring during the late 1990s, a time when the
number of HIV infections in this population doubled. It also suggests that
transmission of the virus during the early stages of HIV infection is likely
to be an important driver of the epidemic. Whether these results apply
more generally to the MSM population at risk for transmitting or
acquiring HIV depends on whether the patients in this study are
representative of that group. Additional studies are needed to determine
this, but if the patterns revealed here are generalizable, then this
quantitative description of HIV transmission dynamics should help in the
design of strategies to strengthen HIV prevention among MSM.

Why Was This Study Done? Although sexual contact networks have
provided valuable information about the spread of many sexually
transmitted diseases, they cannot easily be used to understand HIV
transmission patterns. This is because the period of infectivity with HIV is
long and the risk of infection from a single sexual contact with an
infected person is low. Another way to understand the spread of HIV is
through phylogenetics, which examines the genetic relatedness of
viruses obtained from different individuals. Frequent small changes in
the genetic blueprint of HIV allow the virus to avoid the human immune
response and to become resistant to antiretroviral drugs. In this study,
the researchers use recently developed analytical methods, viral
sequences from a large proportion of a specific HIV-infected population,
and information on when each sample was taken, to learn about
transmission of HIV/AIDS in London among men who have sex with men
(MSM; a term that encompasses gay, bisexual, and transgendered men
and heterosexual men who sometimes have sex with men). This new
approach, which combines information on viral genetic variation and
viral population dynamics, is called ‘‘molecular phylodynamics.’’

Additional Information. Please access these Web sites via the online
version of this summary at http://dx.doi.org/10.1371/journal.pmed.
0050050.
 Read a related PLoS Medicine Perspective article
 Information is available from the US National Institute of Allergy and
Infectious Diseases on HIV infection and AIDS
 HIV InSite has comprehensive information on all aspects of HIV/AIDS,
including a list of organizations that provide information for gay men
and MSM
 The US Centers for Disease Control and Prevention provides
information on HIV/AIDS and on HIV/AIDS among MSM (in English
and Spanish)
 Information is available from Avert, an international AIDS charity, on
HIV, AIDS, and men who have sex with men
 The Center for AIDS Prevention Studies (University of California, San
Francisco) provides information on sexual networks and HIV
prevention
 The US National Center for Biotechnology Information provides a
science primer on molecular phylogenetics
 UK Collaborative Group on HIV Drug Resistance maintains a database
of resistance tests
 HIV i-Base offers HIV treatment information for health-care professionals and HIV-positive people
 The NIH-funded HIV Sequence Database contains data on genetic
sequences, resistance, immunology, and vaccine trials

What Did the Researchers Do and Find? The researchers compared the
sequences of the genes encoding the HIV-1 protease and reverse
transcriptase from more than 2,000 patients, mainly MSM, attending a
large London HIV clinic between 1997 and 2003. 402 of these sequences
closely matched at least one other subtype B sequence (the HIV/AIDS
epidemic among MSM in the UK primarily involves HIV subtype B).
Further analysis showed that the patients from whom this subset of
sequences came formed six clusters of ten or more individuals, as well as
many smaller clusters, based on the genetic relatedness of their HIV
viruses. The researchers then used information on the date when each
sample was collected and a ‘‘relaxed clock’’ approach (which accounts
for the possibility that different sequences evolve at different rates) to
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