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M A J O R A R T I C L E

The Global Transmission Network of HIV-1

Joel O. Wertheim,1,2 Andrew J. Leigh Brown,3 N. Lance Hepler,4 Sanjay R. Mehta,2 Douglas D. Richman,1,2,5

Davey M. Smith,2,5 and Sergei L. Kosakovsky Pond2

1Department of Pathology and 2Department of Medicine, University of California, San Diego; 3Institute of Evolutionary Biology, University of Edinburgh,

United Kingdom; 4Bioinformatics and Systems Biology Graduate Program, University of California, San Diego; and 5Veterans Affairs San Diego

Healthcare System, California

(See the editorial commentary by Pennings et al on pages 180–2.)

Human immunodeficiency virus type 1 (HIV-1) is pandemic, but its contemporary global transmission

network has not been characterized. A better understanding of the properties and dynamics of this network is

essential for surveillance, prevention, and eventual eradication of HIV. Here, we apply a simple and computa-

tionally efficient network-based approach to all publicly available HIV polymerase sequences in the global data-

base, revealing a contemporary picture of the spread of HIV-1 within and between countries. This approach

automatically recovered well-characterized transmission clusters and extended other clusters thought to be con-

tained within a single country across international borders. In addition, previously undescribed transmission

clusters were discovered. Together, these clusters represent all known modes of HIV transmission. The extent

of international linkage revealed by our comprehensive approach demonstrates the need to consider the global

diversity of HIV, even when describing local epidemics. Finally, the speed of this method allows for near-

real-time surveillance of the pandemic’s progression.

Keywords. human immunodeficiency virus; transmission network; molecular epidemiology.

The origin and geographic expansion of human immu-

nodeficiency virus type 1 (HIV-1) have been well char-

acterized using phylogenetic approaches [1], but these

methods are suboptimal for describing recent HIV

transmission. Phylogenies are well suited for differenti-

ating distinct viral lineages but not for identifying

transmission partners; it is generally accepted that phy-

logenetic analysis is most powerful at excluding potential

transmission partners, rather than establishing linkage

[2–6]. Conversely, transmission networks focus on simi-

larity and directly link genetically similar viruses. Al-

though network methods have previously been used to

study HIV [7, 8], partly because recombination in HIV

complicates phylogenetic inference, they have not been

adopted in the context of global epidemiological patterns.

Previous studies investigating HIV transmission

clusters typically begin by inferring a phylogeny and

then identifying those clades (ie, subtrees) that have ap-

propriate statistical support. This identification alone,

however, is insufficient for epidemiological purposes,

because such an analysis lacks the concept of recency;

for example, individual HIV-1 subtypes will form well-

resolved clades. Hence, the isolates within supported

clades are often designated as a transmission cluster if

the mean [9], median [10], or maximum [11, 12]

genetic diversity (a proxy for time) within these clades

falls below a given cutoff. The branching structure

within the phylogeny is irrelevant after these clades

have been identified. A conceptual problem arises as

these clades are not easily resolved into transmission

pairs and clusters [11, 13, 14], and, within a transmis-

sion cluster, all individuals are treated as equally

related/connected; the inferred branching structure

within these clusters is again discarded (but see Leigh

Brown et al [12] for an alternative approach), wasting

the considerable computational effort expended to

infer the complete phylogeny. Furthermore, the rela-

tionship between statistical support for a clade and
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population dynamics may be conceptually ambiguous [15].

High statistical support (eg, bootstrap) for any specific clade in-

dicates that there is no close relative to the clade in question,

not that the members of the clade itself are necessarily closely

related to each other [16]. A final problem with using phyloge-

netic methods to infer transmission clusters is that often only a

single geographic region is considered, and the data must be

subsampled for computational tractability [9, 11, 12, 15, 17–19].

Both of these simplifications can seriously bias the interpreta-

tion due to the limited scope of the analysis, as closely related

or relevant sequences may be inadvertently excluded during se-

quence selection.

We applied a network approach to analyze global HIV-1

transmission patterns by constructing HIV-1 transmission

clusters using only close genetic links to identify potential

transmission partners. In contrast with phylogenetic approach-

es, inclusion in our transmission clusters required only a shared

connection with another member of the cluster. We identified

potential transmission partners—HIV-positive individuals

whose viral pol gene sequences were genetically similar (≤1%

nucleotide genetic distance)—and defined transmission clusters

as maximal connected groups of potential transmission part-

ners. Focusing on only potential transmission partners (1)

maintains the internal structure of the transmission clusters,

(2) obviates the reliance on a phylogeny to identify highly sup-

ported clades, and (3) eliminates the need to subsample the

dataset, which allows for consideration of the global diversity of

HIV-1 when inferring transmission clusters.

METHODS

Sequence Dataset

All HIV-1 group M protease and reverse transcriptase gene se-

quences (pol, HXB2 coordinates: 2253–3554) at least 500 nu-

cleotides long were downloaded from the Los Alamos National

Laboratory (LANL) HIV sequence database on 1 February

2012. Only 1 sequence per individual, based on classification in

the LANL database, was retained. These sequences represent all

known subtypes, 47 circulating recombinant forms, and many

unique recombinant forms. Clonal and “problematic” sequenc-

es were removed, leaving 84 757 sequences. Sequences were

codon-aligned to HXB2 using an extension of the Smith-

Waterman algorithm [20], which uses amino acid homology to

directly align nucleotide sequences (more suitable for aligning

isolates from different divergent subtypes) and corrects out-of-

frame insertions and deletions (likely sequencing errors). Given

the evolutionary conservation of this genomic region, codon in-

sertions relative to HXB2 were filtered from downstream analyses.

As a conservative screen for contamination, we inspected

clusters that included sequences from the 1980s, as many of

them are used as laboratory controls. Eight clusters, contain-

ing a total of 230 sequences, were removed as suspected

contaminants because they included sequences from both the

1980s and the late 1990s/2000s; a small genetic distance

between such heterochronous sequences is implausible, and we

attributed it to laboratory contamination or sample mislabel-

ing. The largest of these clusters contained the HIV reference

sequence, HXB2, and 188 other sequences sampled between

1983 and 2010 representing 25 countries and regions, with

more than half the isolates coming from the United States,

China, France, and Italy.

The final curated pol dataset, after removing these potential

contaminants, contained 84 527 sequences.

Network Construction

Genetic distance (Tamura-Nei 93, or TN93 [21]) was deter-

mined for all pairs of pol sequences (approximately 3.5 billion

comparisons). TN93 distances, which model a single nucleotide

transversion rate and 2 nucleotide transition rates, were used

because they are the most complex genetic distances that can be

represented by a closed-form solution, allowing for rapid dis-

tance calculations. The network was constructed by identifying

pairs of sequences (nodes) that overlapped for a minimum of

500 nucleotides and whose divergence was ≤1% (0.01 expected

substitutions per site); these sequences were connected (an un-

directed edge placed between 2 nodes) in our network. Due to

the low divergence cutoff used to identify potential transmis-

sion partners, network construction is not expected to be no-

ticeably affected by evolutionary model selection [22]; hence,

TN93 was chosen as a balance between computational tracta-

bility and biological realism.

Network construction was neither a computationally nor

memory-intensive process, because sequences were analyzed in

a pairwise fashion, and only those pairs whose divergence was

below a cutoff were stored in memory (≤0.002% of total). Nu-

cleotide ambiguities were averaged during distance calculations

(eg, the distance between R:A is the mean of the distances

between A:A and G:A) to prevent spurious connections between

sequences of poor quality or multiple infections. This analysis

(https://github.com/veg/HIVClustering; https://github.com/veg/

TN93; https://github.com/veg/BioExt), including alignment, dis-

tance calculation, and network construction, can be performed

in <30 minutes on a small (128 CPUs) computer cluster and in

<8 hours on a standard laptop computer (2.53 GHz Intel Core 2

Duo MacBook Pro), making it an extremely efficient tool for

rapidly reconstructing the recent history of HIV-1. The addition

of a sequence to an existing network has linear complexity in the

size of the current network and, in practical terms, can be ac-

complished nearly instantaneously, making the method very at-

tractive for an online implementation.

Bootstrap Datasets

To test the overall stability of our network inference, network

replicates were constructed from 1000 bootstrapped codon
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alignments. We calculated the frequency of edges from the

global network in the bootstrap datasets and explored the vari-

ance in the genetic distance these edges represent.

RESULTS

Network Inference

The global transmission network was built from every publicly

available HIV-1 group M pol sequence (n = 84 527, 1 sequence

per individual), representing 141 countries/regions (Table 1).

The network contained 4342 connected components with ≥2

nodes (clusters) comprising 13 295 nodes (individual sequenc-

es) and 51 182 edges (undirected, potential transmission links)

(Figures 1 and 2 and Supplementary Figure 1). The average

degree (number of edges per node) was 3.84.

Like smaller, local HIV-1 networks [12, 23] and sexual net-

works in general [24], the inferred global network appears to be

scale-free. A classical mechanism for generating scale-free net-

works is the preferential attachment process, whereby a new

member of the network connects to an existing node with proba-

bility proportional to the latter’s degree (eg, a connection to an

existing node with degree 10 is 5 times more likely than to a

node with degree 2). We compared the fit of 4 different degree

distributions (negative binomial [not scale free], Pareto, Waring,

and Yule [all scale free]) using Bayesian information criterion

[12]. The Waring distribution, a preferential-attachment model

with a proportion of connections formed randomly [25], provid-

ed the best fit to the inferred degree distribution. The characteris-

tic exponent of the Waring distribution (ρ) for the global tran-

smission network is 1.74; a smaller ρ indicates a higher propensity

for high-degree nodes.

The network analysis is performed without explicit regard

for HIV-1 subtype. Misclassification of subtype or recombinant

provenance (a common problem [26]) will not affect the infer-

ence of the global network, because no sequences were exclud-

ed based on prior classification. Moreover, distance-based

approaches are able to handle the inclusion of recombinant se-

quences, as no single underlying phylogeny is assumed.

However, the oversampling of certain subtypes and circulating

recombinant forms (eg, B and CRF01_AE) could bias the

network toward more high-degree nodes.

International Dimension of HIV Transmission

A global analysis including all published HIV-1 sequences re-

covered previously characterized transmission clusters, expand-

ed known transmission clusters by incorporating additional

isolates and/or smaller clusters, and identified previously unde-

scribed transmission clusters (for representative examples and

references, see Figure 3 and Table 2). For example, both UK

clusters (shown in Figure 3) were partially characterized in the

literature, but these transmission clusters had not been consid-

ered in the global context, and hence the international links

had been missed. The global network analysis also discovered 2

large international transmission clusters: (1) a 333-node cluster

representing 17 countries, primarily comprising heterosexuals

and injection drug users in Southeast Asia, and (2) a 674-node

cluster representing 18 countries, primarily comprising injec-

tion drug users and men who have sex with men in the former

Soviet Union (Figure 2). Portions of both of these networks

have been previously described in the literature (Supplementary

Data); however, the extent of international transmission had

been vastly underestimated, because these previous studies nar-

rowly focused on single countries or regions. We argue that a

Table 1. Los Alamos National Laboratory pol Sequences in

Global Network Analysis and Their Propensity for Clusteringa

Geographic

Regionb
pol Sequences

in LANL

Sampling

Yearsc

Observed

Clustered/

Expected

Clustered

χ
2

Test

Central Asia 273 1998–2009 5.43 ***

Eastern Asia 4916 1991–2010 2.38 ***

Eastern Europe 2885 1986–2011 2.02 ***

Northern
America

17 836 1982–2010 1.82 ***

Central
America

1124 2001–2010 1.78 ***

Western Asia 333 1994–2009 1.58 ***

Northern
Europe

4330 1986–2009 1.55 ***

Southern
Europe

7187 1991–2011 1.00 NS

Northern Africa 306 1998–2010 0.97 NS

Southern Asia 1748 1993–2010 0.94 NS

Southeastern
Asia

4080 1990–2011 0.92 NS

Caribbean 1505 1996–2010 0.89 NS

Western
Europe

5640 1986–2009 0.70 ***

Eastern Africa 5323 1985–2010 0.57 ***

Australiad 819 1987–2004 0.49 ***

Middle Africa 1967 1983–2009 0.42 ***

South America 8685 1989–2010 0.40 ***

Southern Africa 3206 1984–2010 0.34 ***

Unknown
origine

9861 2001–2003 0.25 ***

Western Africa 2503 1990–2010 0.14 ***

Abbreviations: LANL, Los Alamos National Laboratory; NS, not significant.
a Propensity for clustering was not uniform across geographic regions (χ2 test,

P < .0001, df = 19). Data are shown from most overrepresented to most

underrepresented.
b Based on the United Nations geographic region and composition (http://

unstats.un.org/unsd/methods/m49/m49regin.htm).
c Twenty percent of sequences in LANL do not have associated sampling

years.
d Includes 1 sequence from Fiji.
e Sequences without associated geographic sampling information in LANL.

***Bonferroni-corrected P value < .001 (df = 1).
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global-scale analysis is a prerequisite for capturing the scope of

these transmission clusters and should become commonplace

in the field.

Our analysis revealed the contemporary pattern of HIV-1

transmission across international borders (Figure 4). Of the

106 countries or regions represented in transmission clusters,

individuals from 72 (68%) of these countries/regions had a po-

tential transmission partner from another country/region (see

Supplementary Table 1 for a list of the most connected coun-

tries). Moreover, 22.6% of potential transmission partners were

from different countries/regions, likely due to the high connect-

edness of larger, international transmission networks

(Figure 2), and 3.6% of transmission clusters included potential

transmission partners in multiple countries/regions. Of course,

substantial sampling and publication biases exist within public

sequence databases, particularly regarding the undersampling

of isolates from sub-Saharan Africa. However, the international

nature of inferred transmission clusters is all the more striking

because of the biases toward densely sampling local epidemics.

Transmission Clusters

Inclusion in our transmission clusters required only 1 shared

edge with another member of the cluster. Therefore, one would

expect to find more and larger transmission clusters in regions

with young epidemics and extensive sampling, and indeed the

propensity for clustering in our network varied across geo-

graphic regions (χ2 test, P < .0001; Table 1). Isolates from

recent epidemics in Central and East Asia clustered more

Figure 1. Partial human immunodeficiency virus type 1 global transmission network inferred from pol locus. All clusters containing between 3 and 125

nodes are depicted (n = 1038). Edge lengths are optimized for visual presentation and do not represent genetic distances between potential transmission

partners. All nodes are of equal size. Colors correspond to geographic regions.
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frequently than isolates from elsewhere in the world, and iso-

lates from older and more diverse African epidemics were less

likely to be found in clusters. Furthermore, the 3 largest trans-

mission clusters predominantly from a single country/region

were found in younger epidemics from Pakistan, Taiwan, and

China (Supplementary Figure 1).

Overall, inferred transmission clusters were densely connect-

ed, suggesting that most isolates were linked to multiple other

isolates in their cluster. The mean genetic distance between

nodes was ≤1% for 96% of the clusters comprising ≥3 nodes,

and the mean distance for the largest clusters (Figure 2 and

Supplementary Figure 1) did not exceed 2%. Thus, many of

these clusters could be identified using approaches and thresh-

olds adopted in earlier studies, albeit at a much steeper compu-

tational cost and only if the relevant sequences had been

considered for inclusion a priori. Notably, our network ap-

proach identifies clusters that include all potential transmission

partners without excluding peripherally linked partners; these

potential partners may have been excluded by previous

methods that rely on mean, median, or maximum genetic dis-

tance within a cluster. As expected in a scale-free, densely con-

nected network [37], we observed a log-linear relationship

between cluster size and the maximum pairwise divergence

within a cluster (Figure 5A).

Most viruses from potential transmission partners were

sampled within a narrow timeframe of each other (Figure 5B);

importantly, the actual number of years of evolution separating

these sequences is greater than these times, except when 1 virus

is the direct descendant of the other [38]. Viral isolates from

60% of the potential transmission partners were obtained

within 1 year of each other. Surprisingly, it appears as if our

network approach was able to capture at least some transmis-

sion events involving chronic infections: the 95th percentile of

years separating potential transmission partners extended to 5

years. Furthermore, we found that nearly 1% of potential trans-

mission partners were separated by at least a decade. This un-

usually long time span separating viruses with <1% genetic

divergence may be explained by (1) transmission of latent virus

due to reemergence after antiretroviral therapy [39], (2) trans-

mission of a slowly evolving virus from individuals with low viral

load (ie, elite controllers) [40], (3) possible preferential transmis-

sion of ancestral variants [41, 42] (although see [43]), and/or (4)

incorrectly recorded year of sampling or contamination.

Network Stability

The global transmission network inference appears robust to a

number of model parameters and assumptions. More than 99%

of edges were supported in a majority-rule bootstrap consensus

network (Supplementary Figure 2); this analysis is a network

analog of the phylogenetic bootstrap.

To determine the evolution of network properties through

time, we reanalyzed the sequences, censoring the most recent

Figure 2. Large international transmission clusters. A, Southeast Asian transmission cluster, CRF01_AE, primarily from Thailand and Vietnam. Additional

isolates from Belgium, Cambodia, China, Czech Republic, France, Greece, Indonesia, Japan, Luxembourg, Malaysia, Singapore, Sweden, Taiwan, United

Kingdom, and United States. B, Former Soviet Union transmission cluster, subtype A1, primarily from the former Soviet Union. Isolates from Azerbaijan,

Belarus, Cyprus, Czech Republic, Denmark, Georgia, Israel, Kazakhstan, Latvia, Moldova, Portugal, Russia, Slovenia, Spain, Sweden, Ukraine, United

Kingdom, and Uzbekistan. Edge lengths are optimized for visual presentation and do not represent genetic distances between potential transmission

partners. All nodes are of equal size, and colors correspond to geographic regions in Figure 1.
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year in a stepwise fashion. The current network structure

appears to have been largely established by the early 2000s,

when there were only about 500 inferred clusters (Figure 5C).

In our dataset, 17 280 sequences (20%) lacked an associated

year of sampling, and excluding these sequences resulted in

slightly biased estimates of the network characteristic exponent

(ρ). This bias is due to the higher frequency with which isolates

without known sampling years were found in clusters (χ2 test,

P < .0001). To confirm the source of this bias, we reconstructed

100 replicate networks with 17 280 random sequences removed;

the network characteristic exponent ρ (95% confidence interval,

1.72–1.75) was indistinguishable from that (ρ = 1.74) in the

original network.

A 1% distance cutoff (0.01 substitutions per site) for poten-

tial transmission partners was selected because it is a conserva-

tive approximation of the level of intrahost diversity early in

infection and has been used in previous transmission network

analyses in a cohort of recently infected individuals [19, 44].

This strict cutoff favors the detection of recent transmission

partners and will likely miss older transmissions between part-

ners with long-term chronic infections. Nevertheless, we found

that the overall network structure is stable with respect to the

Figure 3. Examples of transmission clusters inferred from the global network shown in Figure 1. Node size is proportional to relative degree (number of

edges per node). Edge lengths are optimized for visual presentation and do not represent genetic distances between potential transmission partners.

Colors correspond to geographic regions in Figure 1.
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distance cutoff used to determine putative transmission part-

ners (Figure 5D). For reasonable levels of intrahost pol diversity

(0.002–0.02 substitutions per site), the network characteristic

exponent is constrained to a relatively narrow range (ρ = 1.54–

1.84).

Drug Resistance

The structure of the global network supports a hypothesized

fitness trade-off between drug resistance–associated mutations

(DRAMs) and viral transmission. We observed an inverse rela-

tionship between the degree of the node (a proxy for transmis-

sibility) and the number of DRAMs at that node. This analysis

was performed on both the original network (ordinal logistic

regression, P < .0001) and the network constructed after remov-

ing the DRAM sites (see below, P < .01), adjusting for year and

region of sampling. In the absence of antiviral drug treatment,

resistance mutations should incur a fitness cost that could result

in decreased viral transmission [45]. Nodes with high degrees,

an indicator of more frequent transmission events, were less

likely to harbor DRAMs. This pattern suggests that in the

absence of antiretroviral therapy, resistance mutations should

dissipate from the viral population. However, most of the viral

isolates analyzed here lacked information about the patient’s

drug treatment status. Future studies of transmission networks

constructed from higher quality datasets (in which infection

stage and drug treatment status are known) will be able to better

address the issue of DRAM fitness costs across populations.

To determine whether DRAMs influence network construc-

tion, we removed 36 codons associated with major drug resis-

tance mutations (http://hivdb.stanford.edu/pages/download/

resistanceMutations_handout.pdf ) and repeated the analysis.

In the absence of these sites, the network was found to have a

Figure 4. Global transmission patterns of human immunodeficiency virus type 1. There are 211 putative transmission links between countries/regions.

Green countries/regions are sampled in the network; gray indicates absence of sampling. Connections for each country/region originate in the centroid of

its map region.

Table 2. Examples of Transmission Clusters in the Global Network

Countries/Regions

No. of

Isolates

Sampling

Year(s) Subtype

Prior

Description

Risk

Factor(s) References

Greenland 15 1999–2006 B Yes Heterosexual [27, 28]

Libya 28 1998 CRF02_AG Yes Nosocomial [29]

Spain/Switzerland/Brazil 41 2005–2011 F1 Yes MSM/heterosexual [18, 30–32]

United Kingdom/France/Austria/Czech Republic 16 2000–2006 B Partial MSM [9, 12, 33, 34]

United Kingdom/Australia/Singapore 8 2005–2007 B Partial MSM [12, 35, 36]

France/Martinique 6 2006 B None Unknown NA

Abbreviations: MSM, men who have sex with men; NA, not applicable.
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slightly higher characteristic exponent: ρ = 1.84 (ie, fewer high-

degree nodes). To confirm the source of this shift, we recon-

structed 100 replicate networks with 36 random codons

removed in which ρ (mean, 1.75 [95% confidence interval,

1.72–1.78]) was indistinguishable from ρ in the original

network (ρ = 1.74).

The gag Transmission Network

Although the available dataset is much smaller, similar patterns

were seen in the global transmission network inferred using gag

sequences. The same network inference procedure was repeated

for gag (p24) (HXB2 coordinates: 1186–1879), yielding 9426

sequences. There were 592 distinct clusters in the gag network

(after excluding 6 clusters, containing 36 sequences, as poten-

tially contaminated), representing 43 putative cross-country

transmission events. Using isolates whose sequence spanned

both gag and pol regions, 72 clusters were linked, including the

2 large, international pol clusters (Figure 2). Therefore, pol is

not unique among HIV genes in its usefulness in reconstruct-

ing transmission history, and multiple loci can be used to

confirm or supplement network inference.

DISCUSSION

Analysis of the global HIV-1 transmission network provides a

comprehensive and current picture of the spread of HIV-1

within and between countries; it reveals that “local” epidemics

often include international transmission links and can be fully

understood only in the context of global HIV diversity. This

finding is in agreement with an analysis of transmission part-

ners within a single town in the United Kingdom, which found

that only 30% of the transmission events occurred locally [46],

as well as with earlier studies in Uganda [47]. The large

Figure 5. Properties of the human immunodeficiency virus type 1 global transmission network. A, Relationship between cluster size and maximum pair-

wise divergence within a cluster. B, Number of years separating viral sequence isolation from potential transmission partners in the global transmission

network. C, Network characteristic exponent ρ (black squares) stabilizes as number of clusters (gray circles) increases. Dashed line shows ρ inferred from

the complete network. D, Effect of distance cutoff for potential transmission partners on network characteristic exponent ρ (black squares) and the number

of clusters (gray circles).
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international clusters (Figure 2), along with the expanded UK

clusters, which were not previously known to extend beyond

that country’s borders (Figure 3), explicitly demonstrate the

risk incurred by arbitrarily restricting phylogenetic or network

analyses to single countries or regions: international transmis-

sion links are lost. Furthermore, these and other large transmis-

sion clusters, in which each isolate is a potential transmission

partner of at least 1 other isolate, could have been missed or

broken up by clustering methods that begin with a phylogenetic

tree and then identify highly supported clades with low levels

of divergence. Even high-resolution phylogenetic analyses of

local epidemics would benefit from including relevant isolates

identified by a method that is global in scope.

Although edges in the global network are not synonymous

with actual transmission events, they likely link individuals in

the same epidemiological transmission cluster. The scope and

size of many of the clusters presented here expand with a less

conservative distance cutoff (Figure 5D), but the network struc-

ture remains relatively unchanged. Moreover, the absence of

connectedness between countries and clusters should not be

interpreted as lack of direct transmission; rather, it reflects in-

complete and nonuniform sampling due to biases in publica-

tion of HIV-1 sequences. Thus, historical viral migration events

in the spread of HIV-1 subtypes around the world (eg, subtype

B from Haiti to the United States, subtype F1 from Angola

to Brazil and Romania, and subtype C from sub-Saharan Africa

to India and China [48–50]) are absent from our network

(Figure 4).

Transmission network approaches are well suited for the

analysis of HIV surveillance data, which are less susceptible to

the effects of sampling and publication bias (eg, oversampling

of geographic regions or risk groups) and would produce more

robust analysis. Last, our global-network approach will allow

researchers to determine, nearly instantaneously, if newly iso-

lated HIV-1 sequences fall within known transmission clusters,

enabling near-real-time surveillance of recent and growing

local epidemics and patterns of international transmission. As

more sequences are deposited in public databases, the accuracy

and resolution of this approach will continue to improve.
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