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Keywords.

Phylogenetics, the study of relatedness
among homologous genetic sequences, is
an integral part of virology research. Phy-
logenetic methods are used to reconstruct
ancestral relationships among a set of
viral sequences and to provide a frame-
work within which hypotheses about
virus evolution can be tested. By account-
ing for the nonindependence or shared
ancestry of sampled sequences, the phy-
logenetic context makes it possible to dis-
tinguish between founder effects and
natural selection as explanations for the
spread of virus variants [1]. The recogni-
tion that circulating virus lineages coa-
lesced at some time in the past makes it
possible to use the dates and locations of
viral sequences to reconstruct the spatio-
temporal dynamics of an epidemic [2].
Viruses such as human immuno-
deficiency virus type 1 (HIV-1) are mea-
surably evolving and, thus, generate
epidemics in which there is a correspon-
dence between the transmission network
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and phylogenetic branching [3]. Viruses
that are phylogenetically clustered are
likely to be connected by shorter transmis-
sion chains than viruses that are phyloge-
netically more distant from one another.
Factors such as geography, the method of
virus transmission, and the risk factors of
infected persons also influence the param-
eters of a phylogenetic tree [3]. When
combined with epidemiological data, phy-
logenetic cluster analyses can inform
public health interventions by determining
which epidemiological factors are associat-
ed with increased virus transmission [4, 5].

The parameters responsible for virus
evolution and spread and the extent to
which virus phenotypic characteristics
correlate with shared ancestry can be esti-
mated from large sequence datasets by
subsampling up to several hundred se-
quences at a time and integrating or aver-
aging the results obtained from the
resulting trees [6]. Repeated subsampling
makes large phylogenetic analyses tracta-
ble and yields parameter estimates that
are independent of any single phylogeny.

The HIV-1 reverse transcriptase (RT)
gene has been sequenced more often
than any other virus gene because RT se-
quences are often used in clinical settings
to help guide the use of antiretroviral
therapy. In this issue of The Journal of In-
fectious Diseases, Wertheim and col-
leagues leveraged the vast amount of
publicly available HIV-1 RT sequence
data to analyze the relatedness of previ-
ously published HIV-1 RT sequences

from >80 000 individuals worldwide [7].
To analyze this large number of sequences,
the authors dispensed with a phylogenetic
approach and instead clustered sequences
solely by their genetic distances without
considering their ancestral history. Viruses
were represented as nodes and were con-
nected to one another if the genetic diver-
gence of their sequences was no greater
than 1%.

Wertheim and colleagues found that
13300 sequences, approximately one-
sixth of the sequences in the dataset, were
connected to at least 1 other sequence and
that the mean number of connections
per sequence was 3.8. The 1% threshold
for connecting sequences from different
individuals was sensitive enough to iden-
tify many of the inferred transmission
clusters reported in the previously pub-
lished studies from which the sequences
were obtained. Most of these clusters were
known from smaller regional cohorts of
HIV-1-infected individuals. The authors’
global analysis made it uniquely possible
for them to identify >200 connections
among sequences in different countries.

As in previous studies of transmission
clusters, Wertheim et al found that the
degree of connectivity of viruses from
different individuals was heterogeneous
with some nodes connected to many
more nodes than other nodes. Such hetero-
geneous connectivity patterns characterize
most biological and social networks [8].
Consistent with the decreased replication
fitness of viruses with drug resistance
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mutations, sequences containing drug re-
sistance mutations were less likely to be
part of a cluster than sequences without
drug resistance mutations.

The article by Wertheim and col-
leagues warrants commentary to address
the use of a network (rather than a tree)
to study HIV-1 transmission dynamics
and to review the epidemiological con-
clusions that can be drawn by analyzing
populations of HIV-1 sequences from
different individuals either in isolation or
in combination with temporal, geograph-
ic, epidemiological, and clinical data.

A network is derived from a matrix of
pairwise distances between each pair of
nodes or sequences in a dataset. For large
numbers of sequences, a network can be
created much more rapidly than a tree
because no attempt is made to take into
account the patterns of shared ancestry
of the individual sequences. One limita-
tion of creating a network directly from a
set of sequences, however, is that many
more connections may be inferred than
could have possibly existed in the real
transmission network, a problem that
may not occur if a phylogenetic analysis
had been performed first. For example, if
multiple infections happen in a short
time span, several people may be infected
with very similar viruses. The viral se-
quences from these people would all be
connected by the method of Wertheim
and colleagues, leading to many more
edges in the thus constructed network
than exist in reality. Indeed, with the ex-
ception of a study published by several
authors of the study reviewed here [9],
previous HIV-1 network analyses used a
preliminary phylogenetic analysis either
to define the connections between se-
quences or to characterize the internal
structure of a set of connected sequences
[4,5,10].

Both phylogenetic and network analy-
sis can be used to estimate the cluster size
distribution in a population of virus se-
quences. As in the study by Wertheim
et al, the distribution of cluster sizes in
populations of HIV-1 sequences is usually
found to be heterogeneous, consistent

with different rates of transmission for
different subpopulations or individuals
[4,5,10]. This heterogeneity suggests that
interventions to prevent transmission
should be targeted toward those with the
highest risk of transmitting the virus to
others. Not surprisingly, studies in which
sequence data are combined with behav-
ioral risk factors have shown that se-
quences from individuals with the same
risk factors are likely to cluster with one
another [10, 11].

Both phylogenetic and network analy-
ses of HIV-1 sequences combined with
information about the duration of infec-
tion have shown that sequences from re-
cently infected individuals are more likely
to cluster with sequences from other re-
cently infected individuals [4, 12]. This
clustering is consistent with the high
HIV-1 transmissibility known to occur
during acute infection [13]. In agreement
with these studies, the authors’ previous-
ly cited study [9] combined sequences
and clinical data from 3700 individuals
in 5 US clinics and found that sequences
that were part of a cluster (defined as
having a genetic distance no more than
1.5% from 1 or more other sequences)
were more likely to be from younger anti-
retroviral-naive individuals with high
plasma HIV-1 RNA levels than were se-
quences that were not part of a cluster.
These and other studies support inter-
ventions directed toward reducing the
risks of secondary transmission events by
individuals with acute infection [14].

Although the complete knowledge of a
specific transmission network is informa-
tive, such perfect knowledge is not requi-
red to understand the general processes
responsible for the spread of a virus [15].
Neither phylogenetic nor nonphyloge-
netic network analyses can prove that
HIV-1 transmission occurred directly
between 2 individuals [16]. Although 2
individuals may carry HIV-1 strains with
very similar sequences, these sequences
will not necessarily be unique; very
similar sequences could be found in
viruses from other persons within the
same transmission network. The notion

that sequences alone can identify specific
transmission events between individuals
is a misconception that has the potential
to jeopardize the continued public benefit
that results from the open publication of
pathogen genomes [17]. Hypotheses about
direct transmission, therefore, make sense
only when sequence analysis is combined
with contact tracing. Few studies, how-
ever, contain both contact data and HIV-
1 sequence data, and those that do have
been too small to provide insight into the
population-level factors responsible for
HIV-1 spread.

By identifying the large number of
connections between individuals in dif-
ferent countries, Wertheim and col-
leagues demonstrate the novel insights
that can be gained by analyzing publicly
available sequence data from a variety of
published studies. A more complete un-
derstanding of the relative importance of
different global transmission routes will
require further studies and new methods
that can incorporate information on the
intensity of sampling in different regions,
different risk groups, and different years.
Nonetheless, the data presented here
demonstrate that even a virus such as
HIV-1, which requires intimate contact
for transmission, can form small-world
networks linking virus variants from geo-
graphically remote regions [18].
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