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Southern Africa continues to be the epicenter of the HIV/AIDS epidemic. This HIV-1 subtype C epidemic
has a predominantly heterosexual mode of virus transmission and high (>15%) HIV prevalence among
adults. The epidemiological dynamics of the HIV-1C epidemic in southern Africa are still poorly under-
stood. Here, we aim at a better understanding of HIV transmission dynamics by analyzing HIV-1 subtype
C sequences from Mochudi, a peri-urban village in Botswana.

HIV-1C env gene sequences (gp120 V1C5) were obtained through enhanced household-based HIV test-
ing and counseling in Mochudi. More than 1200 sequences were generated and phylogenetically distinct
sub-epidemics within Mochudi identified. The Bayesian birth-death skyline plot was used to estimate
the effective reproductive number, R, and the timing of virus transmission, to classify sub-epidemics as
“acute” (those with recent viral transmissions) or “historic” (those without recent viral transmissions).

We identified two of the 15 sub-epidemics as “acute.” The median estimates of R among the clusters
ranged from 0.72 to 1.77. The majority of HIV lineages, 11 out of 15 clusters with 5+ members, appear to
have been introduced to Mochudi between 1996 and 2002. The median peak duration of viral transmis-
sions was 7.1 years (range 2.9-9.7 years). The median life span of identified HIV sub-epidemics, i.e., the
time between the inferred epidemic origin and its most recent sample, was 13.1 years (range 10.2-22.1
years). Most viral transmissions within the sub-epidemics occurred between 1997 and 2007. The time
period during which infected people are infectious appears to have decreased since the introduction of
the national ART program in Botswana.

Real-time HIV genotyping and breaking down local HIV epidemics into phylogenetically distinct sub-
epidemics may help to reveal the structure and dynamics of HIV transmission networks in communities,
and aid in the design of targeted interventions for members of the acute sub-epidemics that likely fuel
local HIV/AIDS epidemics.

© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction 2013a,b, 2014). Better understanding the dynamics of HIV trans-
mission networks and mechanisms of HIV transmission in these
communities could assist in the design and evaluation of preventive

HIV interventions.

Sub-Saharan Africa remains the area most severely affected by
the HIV/AIDS epidemic, accounting for 70% of people living with HIV

worldwide (UNAIDS, 2013b). Increased access to HIV treatment and
advanced prevention of mother-to-child HIV transmission have
helped reduce the number of HIV infections in southern African
countries (UNAIDS, 2013b, 2014). At the same time, many south-
ern African communities experience a devastating burden of HIV
prevalence, at about 20% among general adult population (UNAIDS,
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E-mail address: messex@hsph.harvard.edu (M. Essex).
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Recent advances in molecular epidemiology and phylodynam-
ics have made it possible to model the structure and dynamics of
HIV epidemics (Bezemer et al., 2014a,b, 2010; Frost and Volz, 2010;
Kuhnert et al., 2014; Leigh Brown et al., 2011; Leventhal et al., 2014,
2012; Stadler and Bonhoeffer, 2013; Stadler et al., 2012, 2013; Volz
et al., 2013a, 2013b, 2012, 2009; Wertheim et al., 2014). Most of
these studies were performed in HIV-1 subtype B settings in cohorts
of men who have sex with men (MSM). It is likely that major princi-
ples and ideas developed in these studies are applicable to southern
African communities, although the most prevalent viral subtype in
southern African countries is HIV-1C, and the predominant mode
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of HIV transmission is heterosexual. Hence, these methods could
be employed to better understand the epidemiological dynamics
of HIV in southern Africa.

In this study we focus on circulating HIV lineages in a peri-
urban Botswana community, the village of Mochudi. We utilize
the well-established infrastructure and exceptional sample and
data collection of the Mochudi Prevention Project. Using phyloge-
netic linkage to identify HIV lineages, we break down the local HIV
epidemic into sub-epidemics and trace the spread of the phylo-
genetically distinct HIV lineages that caused these sub-epidemics
over time.

Proper interpretation is needed to make epidemiologi-
cal/biological conclusions based on phylogenetic clustering.
Identification of HIV clusters and interpretation of HIV clustering
results depend on specifics of sampling, genotyping, and phyloge-
netic inference. The relationship between phylogenetic clustering
and transmission chains might be weak, or unreliable, if sampling
is sparse and/or phylogenetic uncertainty is high. We previously
showed that the extent of HIV clustering can be affected by samp-
ling density (Novitsky et al., 2014). Importantly, a sampling density
of approximately 70% was achieved in this study.

The approach of dividing the HIV epidemic into sub-epidemics
has been used previously to study HIV transmissions within dif-
ferent risk groups (Barcherini et al., 1999; Cantoni et al., 1995;
Feng et al,, 2013; Graw et al., 2012; Kivela et al., 2010; Ng et al.,
2013) (reviewed in Tanser et al., 2014). HIV lineages circulating in
a given community or village can be identified and distinguished
phylogenetically. Alocal HIV epidemic in a given community can be
considered as a series of sub-epidemics caused by phylogenetically
distinct HIV lineages that are likely to represent viral transmis-
sion chains. Mapping of HIV lineages/clusters followed by fitting
recent HIV infections into these lineages can be used to trace HIV
transmissions and associate viral transmissions with the spread
of particular HIV variants. This approach ensures confidentiality,
as HIV dynamics are studied entirely through virus variation, and
not as directional HIV transmission between particular individuals
participating in the prevention project.

2. Materials and methods
2.1. Ethics statement

This study was conducted according to the principles expressed
in the Declaration of Helsinki. The study was approved by the
Health Research and Development Committee (HRDC) of the
Republic of Botswana, and the Office of Human Research Admin-
istration (OHRA) of the Harvard School of Public Health. All adult
study subjects provided written informed consent for participation
in the study; all minor study subjects provided written informed
assent, and each minor’s guardian provided written informed con-
sent, for their participation in the study.

2.2. Study subjects

The study subjects participating in the Mochudi Prevention
Project (MPP) have been previously described (Novitsky et al.,
2013). To estimate HIV-1 incidence and prevalence among 16-64-
year-old residents, three rounds of home-based HIV testing and
counseling (HTC) were conducted (at baseline and through two
follow-up campaigns) in the northeastern sector (NES) of Mochudi
during May 2010-August 2013.

During the household visits, consented eligible residents were
asked to donate a blood sample for a rapid HIV test, and quan-
tification of HIV-1 RNA and viral genotyping (if HIV positive). HIV
testing was performed in the household using Botswana HIV testing

guidelines that include two rapid tests in parallel: Determine
HIV-1/2 (Abbott Diagnostic Division, Belgium/Luxembourg) and
Uni-Gold (Trinity Biotech, Wicklow, Ireland). Only concordant
results in both tests were considered valid. HIV-infected individuals
were referred to the Botswana national ART program (free-of-
charge treatment of all adults with CD4 <350 cells/uL or WHO
Stage III/IV). ART-naive HIV-infected individuals (newly diagnosed,
or linked to care) were invited to a clinic to determine their eligibil-
ity for initiation of ART; a clinic visit included collection of venous
blood by phlebotomy for CD4 and HIV-1 RNA testing.

A total of 6238 age-eligible individuals were tested during
household-based HTC in Mochudi, and 1240 of them were found
HIV positive. HIV-1 prevalence was estimated at 19.9% (95% CI
18.9% to 20.9%). During the MPP, a total of 30 seroconverters were
identified based on paired HIV-negative and HIV-positive tests.

2.3. HIV-1C env gp120 sequences

Nucleotide sequences spanning the HIV-1C env gp120 V1C5
region were generated by population-based (bulk) Sanger sequenc-
ing. All analyses in this study are based on a single sequence per
subject, i.e., the number of viral sequences corresponds to the
number of individuals. Details on nucleic acid extraction, ampli-
fication, sequencing and multiple sequence alignment have been
presented elsewhere (Novitsky et al., 2013). The conserved and
variable regions corresponding to functional domains within HIV-1
env gp120 were aligned separately by applying differential penal-
ties for gap opening and gap extension. The aligned segments were
concatenated into a final multiple sequence alignment.

2.4. Rationale for including sequences from Botswana only

Recently we analyzed clustering patterns between the 785 V1C5
sequences from Mochudi and 1244 non-Botswana HIV-1C V1C5
sequences (Novitsky et al., 2013). We demonstrated that among
212 clustered Mochudi sequences, 191 (90.1%) were found in clus-
ters with other Mochudi sequences, while 21 (9.9%) clustered
with sequences from other parts of Botswana. Remarkably, none
of the Mochudi sequences clustered with non-Botswana HIV-1C
sequences, suggesting robustness of the observed clusters with
Mochudi sequences, and providing a rationale for narrowing the
analysis in the current study exclusively to HIV-1C V1C5 sequences
with a Botswana sampling origin.

2.5. HIV-1 subtyping

A total of 1122 sequences were generated from 1240
HIV-positive individuals from Mochudi (success rate of viral geno-
typing: 90.5%; 95% CI 88.7-92.0%; Fig. 1A). HIV-1 subtyping was
performed using the REGA HIV-1 subtyping tool v3.0 (Pineda-Pena
et al., 2013). The vast majority, 1114 (99.3%; 95% CI 98.5-99.7%)
of 1122 generated HIV-1 env sequences, belong to HIV-1 sub-
type C. The 8 non-subtype C sequences included 4 A1, 1 A1/G, 1
D/CRF10_CD, 1 G/J, and 1 CRF11_cpx.

2.6. HIV-1C V1C5 sequences included in the analyses

A total of 1111 HIV-1 env V1C5 sequences with known geo-
graphic origin and time of sampling were utilized from multiple
Botswana-Harvard AIDS Institute Partnership (BHP) studies per-
forming viral genotyping. Most of these sequences, 1107 (99.6%;
95% C199.0-99.9%; Fig. 1B), belong to HIV-1C, while 4 non-subtype
C sequences included 2 A1, 1 A1/G, and 1 CFR11_cpx. A subset of
133 (12.0%; 95% CI 10.2-14.1%) HIV-1C sequences originated from
Mochudi (Fig. 1B).
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A. HBHTC in Mochudi

15,000
Total population in NES Mochudi (est.)

B. HIV-1 env from BHP studies

1,111
HIV-1 env seqgeunces from BHP studies

6,238 (71.7%)
Tested for HIV

1,240 (19.9%)
HIV-positive

1,122 (90.5%)

HIV-1 env sequences

1,114 (99.3%)
HIV-1C

8,700
Ages 16 to 64 years old (est.)

1,107 (99.6%)
HIV-1C

4 (0.4%)
Non-HIV-1C

2,462 (28.3%)

Not tested for HIV 133)(12.0%)

Mochudi

974 (88.0%)
Non-Mochudi

4,998 (80.1%)
HIV-negative

118 (9.5%)
No sequences

8 (0.7%)
Non-HIV-1C

C. HIV-1C env sequences
1,114 133

HBHTC Mochudi Mochudi, BHP studies

2,221
Total HIV-1C env seqeunces

2,213 (99.6%)
Non-recombinants; RDP4

8 (0.4%)

604 (27.3%)
In clusters; ML-RAXML

1,609 (72.7%)

95 (4.3%)
In clusters with 5+ members
BEAST2 analysis

509 (23.0%)

Non-Mochudi, BHP studies

Recombinants: excluded

Not in clusters; ML-RAXML

In clusters with <5 members

D. HIV-positive in Mochudi

15,000
Total population in NES Mochudi (est.)

8,700
Ages 16 to 64 years old (est.)

1,731 (19.9%)
HIV-positive in NES of Mochudi (est.)

Fig. 1. Flowchart of home-based HTC (A), generation and preliminary analysis of HIV-1C env gp120 V1C5 sequences (B and C), and estimation of HIV-positive individuals in

Mochudi (D).

The total set of 2221 HIV-1C env sequences was comprised
of 1114 Mochudi sequences sampled during 2010-2013, 133
Mochudi sequences sampled during 2000-2008, and 974 non-
Mochudi sequences sampled from other regions across Botswana
during 1999-2014 (Fig. 1C).

2.7. Multiple sequence alignment

Multiple codon-based sequence alignment was generated by
MUSCLE (Edgar, 2004) in Mega6 (Tamura et al., 2013) with gap
opening penalty —3.2 and gap extension penalty —0.8. Variable
loops V1, V2, V4, and V5 were independently re-aligned with
reduced penalties, —0.8 for gap opening and —0.4 for gap exten-
sion, followed by concatenation in SeaView v.4 (Gouy et al., 2010)
and minor manual adjustments in BioEdit (Hall, 1999).

2.8. Recombination analysis

The V1C5 sequences were analyzed for the presence of recom-
bination signal using RDP4 (Martin et al., 2010), a software package

for statistical identification of recombination events. The RDP4
package utilizes non-parametric recombination detection meth-
ods, such as RDP (Martin and Rybicki, 2000), GENECONV (Padidam
etal., 1999), Bootscan/Recscan (Martin et al., 2005), MaxChi (Smith,
1992), Chimaera (Posada and Crandall, 2001), SiScan (Gibbs et al.,
2000) and 3Seq (Boni et al., 2007). RDP4 does not require reference
sequences, which makes analysis of viral sequences from epidemi-
ologically unlinked patients more practical (Novitsky etal.,2011).A
total of 8 sequences from Botswana (none from Mochudi) demon-
strated evidence for recombination signal in RDP4 by at least 2 out
of the 7 methods of analysis (data not shown). All recombination
points were unique.

2.9. HIV-1C genotyping coverage

The total number of HIV-infected individuals in Mochudi was
estimated at 1731 based on HIV-1 prevalence of 19.9% among
16-64-year-old residents (Fig. 1D). HIV-1C env sequences were
generated from blood samples collected in 1114 tested residents
in Mochudi during the 2010-2013 household-based HTC (Fig. 1A).
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In addition, 133 HIV-1C env sequences from Mochudi (Fig. 1B)
were generated through other BHP studies, resulting in a total of
1247 available HIV-1Cenv sequences of Mochudi origin. The overall
HIV-1C genotyping coverage for Mochudi was estimated at 72.0%
(95% CI 69.8% to 74.1%) as a proportion of generated HIV-1C V1C5
sequences (n=1247; single sequence per person) to the estimated
total number of HIV-infected individuals in Mochudi, n=1731. The
HIV-1C genotyping coverage at the lower end (0.70) was used as
a prior of sampling rate s in the analysis of effective reproductive
number R.

2.10. Definition of HIV cluster

We define HIV transmission clusters in terms of the mode of
virus transmission, and specifics of sampling and genotyping. HIV
transmission in Botswana and other southern African countries is
predominantly heterosexual. In this study we define the HIV clus-
ter as a viral lineage that gives rise to a monophyletic sub-tree of
the overall phylogeny with strong statistical support in the con-
text of high sampling density. High bootstrap support of splits is
known to be an effective technique to test the relative stability
of groups within a phylogenetic tree (Van de Peer, 2009). We use
the bootstrapped maximum likelihood (ML) method (Felsenstein,
1985,2004; Nei and Kumar, 2000) and internode certainty (Salichos
and Rokas, 2013; Salichos et al., 2014) to determine the statistical
support of clusters in Mochudi.

Short branches, genetic distances below a given threshold,
monophyly, and estimated time to most recent common ancestor
have been used to define HIV clusters (Brenner et al., 2008; Hue
et al., 2004, 2005b; Hughes et al., 2009; Leigh Brown et al., 2011;
Lewis etal.,2008). Bootstrap proportions can be used as arough sta-
tistical estimate for a node in the phylogenetic tree (Andrieu et al.,
1997; Buckley and Cunningham, 2002; Efron, 1979; Efron et al.,
1996; Felsenstein and Kishino, 1993; Hillis and Bull, 1993; Lee,
2000; Sanderson, 1989; Swofford et al., 1996). We use bootstrap
support to test the relative stability of groups within a phyloge-
netic tree (Van de Peer, 2009) in Mochudi where sampling density
is relatively high (72%), which is key for tracing HIV spread. We
assume that the tree inferred from densely sampled HIV sequences
is more close to a true transmission tree (than a tree reconstructed
from a low density sample), and the high bootstrap support in such
atree is more likely to be associated with true transmission chains.
Thus, the identified phylogenetically distinct viral lineages in the
context of high sampling density in a local community are likely
represent HIV transmission chains, and if so, viral lineages could be
used to trace virus spread in the community (e.g., Mochudi) over
time.

For the definition of HIV clusters, we follow the strategy of “boot-
strap plus similarity” rather than “bootstrap vs. similarity.” This
approach proved to be suitable in our recent study in Mochudi, in
which HIV clusters identified by bootstrapped maximum likelihood
had low intra-cluster distances (Novitsky et al., 2013). The distri-
bution of intra-cluster distances in clusters with 3+ members was
located on the left shoulder of the histogram of total pairwise dis-
tances in the sample set. The pairwise distances among dyads were
located even further left.

Internode certainty measures the level of support for a given
internal node by considering its frequency in a given set of trees
jointly with the most prevalent conflicting bipartition in the same
set of trees (Salichos and Rokas, 2013). Internode certainty values
near zero indicate the presence of an almost equally supported
bipartition that conflicts with the inferred internode, whereas val-
ues close to one indicate the absence of conflict (Salichos and Rokas,
2013; Salichos et al., 2014).

In this study, we define HIV clusters by a combination of boot-
strapped ML (Felsenstein, 1985, 2004; Nei and Kumar, 2000) and

internode certainty (Salichos and Rokas, 2013; Salichos et al.,
2014). The bootstrap threshold was set to 0.80. While the inter-
node certainty threshold was set at 0.70 (Salichos and Rokas,
2013; Salichos et al., 2014), clusters with bootstrap support of
0.80 and internode certainty between 0.50 and 0.70 were also
considered.

2.11. Phylogenetic linkage analysis

Phylogenetic relatedness among HIV-1C env gp120 sequences
was estimated by ML analysis (Nei and Kumar, 2000) using
RAXML ver. 8 (Stamatakis, 2014). The best-fit model of nucleotide
substitution, GTR+ "4 +I, the general time-reversible substitution
model with a gamma distribution of among-sites rate variation
(a-shape parameter at 0.56) and invariant sites (pj, at 0.05),
was determined in MEGA6 (Tamura et al., 2013). The number of
replicates was 1000. The RAXML analysis was performed using
the high-performance computing cluster Odyssey (http://rc.
fas.harvard.edu/kb/high-performance-computing/architectural-
description-of-the-odyssey-cluster/) at the Faculty of Arts and
Sciences, Harvard University (https://rc.fas.harvard.edu/). The
bootstrap support of splits was used as statistical support of
monophyletic clades (subtrees, viral lineages, clusters). The boot-
strap value of 0.80 was chosen as a threshold for identification of
distinct viral lineages for the ML phylogeny. A relatively relaxed
definition of clusters was used intentionally to avoid elimination
of some viral sequences that show the capacity to cluster. This
is reasonable because (i) the sample set included prevalent HIV
infections with unknown time of transmission that likely diverged
from the transmitted virus over time due to substantial HIV-1
intra-host evolution, (ii) the current analysis is based on the HIV-1
env gp120 V1C5 region, one of the most diversified regions across
the HIV-1 genome, and (iii) the goal of ML screening was to select
a subset of sequences with the capacity to form clusters in the
subsequent Bayesian analysis.

HIV-1C clusters with 5+ members identified by ML screening
were grouped for phylodynamic analysis. The Bayesian Markov
Cain Monte Carlo (MCMC) phylogenetic inference implemented in
the BEAST package v.2.1.3 (Bouckaert et al., 2014) was utilized to
estimate time-scaled branch lengths and node heights. We make
the simplifying assumption that the branching times in the tree
reflect the timing of actual transmission events, the estimated
branch lengths and node heights were interpreted as timing of HIV
transmissions. The analysis employed a general time-reversible
substitution model with a gamma distributed rate variation and
proportion of invariant sites (GTR+I4+I), an uncorrelated log-
normal relaxed molecular clock model (Drummond et al., 2006),
and a Birth-Death Skyline Serial model (BDSKY) as a model for viral
transmission (Stadler et al., 2012, 2013). The following prior dis-
tributions of the BDSKY model parameters were used: LogNorm(0;
0.5) for effective reproductive number R; LogNorm(—0.5; 1) for the
rate of becoming non-infectious §; and Beta(35;15) for sampling
rate s. The evolutionary rate for the analyzed V1C5 region of gp120
was set to 7.86E — 03 (see Section 2.12 and Supplementary materi-
als). The BEAST2 analyses were run until all relevant parameters
converged, with 20% of the MCMC chains discarded as burn-in.
Statistical confidence is represented by values for the 95% high-
est probability density (HPD) intervals. To generate the log file, five
independent MCMC runs of 2 x 108 chain length were combined
with LogCombiner (Drummond et al., 2012). Sampling dates were
used toinfer the tree height and internal node ages in the Maximum
Clade Credibility (MCC) time-trees using BEAST2 (Bouckaert et al.,
2014). Similarly to the log file, the time-trees from five indepen-
dentrunsof 2 x 108 chain length were combined with LogCombiner
(Drummond et al., 2012) with 20% of the MCMC chains discarded
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Fig. 2. Phylogenetic relationships of 2213 HIV-1C V1C5 sequences from Botswana based on the bootstrapped Maximum Likelihood analysis and 1000 bootstrap replicates.
Clusters with bootstrap support of >0.80 are collapsed. Clusters with 5+ members are shown in red and enumerated. Clusters with 2 to 4 members are shown in green. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

as burn-in, and generation of MCMC time-trees in TreeAnnotator
(Bouckaert et al., 2014; Drummond et al., 2012).

2.12. Inter-host HIV-1C V1C5 evolutionary rate

To estimate inter-host rate of nucleotide substitution per site
within the V1C5 region of HIV-1 gp120, a subset of 58 viral
sequences from Botswana sampled over 17 years, from 1996
to 2013, was utilized. The rate was estimated in the BEAST
package v.2.1.3 (Bouckaert et al., 2014) using the general time-
reversible substitution model with a gamma distributed rate
variation (GTR+TI'4), an uncorrelated log-normal relaxed molecu-
lar clock model (Drummond et al., 2006), and a Birth-Death Skyline
Serial model as a tree prior. A uniform prior was used for the ori-
gin parameter, with the upper value of 43 years, based on the
assumption that HIV infection was introduced to Botswana after
1970 (2013 — 1970=43; see Supplementary materials). The mean
inter-host evolutionary rate for the V1C5 region of HIV-1 gp120
was estimated at 7.86E—03 (median 7.84E —03) of nucleotide
substitutions per site with 95% HPD from 7.19E — 03 to 8.57E — 03.
This rate was used as a prior for inferring time-trees in this study.

2.13. Statistical analysis

All confidence intervals of estimated proportions are asymp-
totic 95% binomial confidence intervals (95% CI) computed with

the prop.test function in R version 3.0.1 (R Core Team, 2013). P-
values less than 0.05 were considered statistically significant and
all hypothesis tests were two-sided. The Bonferroni correction was
applied in recombination analysis due to the multiple methods
used. Plots and histograms were produced in R. All figures were
finalized in Adobe Illustrator CS6.

3. Results
3.1. HIV-1C gp120 V1C5 sequences in clusters

Maximum-likelihood was used to assess phylogenetic rela-
tionships among 2213 non-recombinant HIV-1C env gp120
V1C5 sequences from Botswana, including 1247 sequences from
Mochudi (Fig. 1C; 1114+ 133 =1247). The phylogeny was inferred
using RAXML with 1000 bootstrap replicates.

Viral lineages with bootstrap support of splits of >0.80 were
selected (Fig. 2). A total of 604 V1C5 sequences were found in
233 clusters. The majority of HIV lineages, 163 of 233 (70%; 95%
CI from 63.6% to 75.7%), were dyads. The cluster size distribution
has a tail typical of a power law distribution (Clauset et al., 2009)
(Fig. 3). A total of 15 viral lineages with 5+ members that included
95 HIV-1C V1C5 sequences from Botswana (82 from Mochudi and
13 from elsewhere in Botswana) were used for analysis in BEAST2
(Bouckaert et al., 2014). The selected HIV lineages included 7 clus-
ters with 5 members, 4 clusters with 6 members, 1 cluster with 7
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Fig. 3. Cluster size distribution. Axis x shows cluster size as the number of members
per cluster. Axis y shows the number of identified clusters. Clusters with 5+ members
(n=15) were analyzed in this study.

members, 1 cluster with 8 members, 1 cluster with 9 members, and
1 cluster with 12 members.

3.2. Trajectories of the effective reproductive number, R

The R trajectories and corresponding 95% HPD were estimated
for 15 HIV clusters identified in Mochudi with 5+ members (Fig. 4;
blue curves and gray polygons). The MCC time trees with node
bars indicate uncertainty in estimation of the convergence time per
node and distribution of tMRCA are presented on the background
of the effective reproductive number R trajectories for each of the
15 clusters. Slight increase (Fig. 4A) and decrease in R (Fig. 4B), and
fluctuations of R around the threshold of 1 (Fig. 4C), exemplify dif-
ferential behavior of the effective reproductive number for clusters
¢03.n07, c04_n08, and c05_n06, respectively. The trajectories of the
remaining 12 clusters with 5+ members are presented in Fig. 4D.
The median estimates of R were within the range 0.72-1.77. The
uncertainty illustrated by the 95% HPD intervals in gray (Fig. 4)
varied across the identified HIV sub-epidemics in Mochudi.

The estimated R trajectories allowed us to identify four HIV clus-
ters (c03_.n07, c10_.n05, c13_n05, and c14_n05) with increasing R.
These HIV lineages with the effective reproductive number R above
the 1.0 threshold during the most recent time are interpreted as HIV
sub-epidemics on the rise.

The R trajectories in four other HIV clusters (c02_n09, c04_n08,
c08_n06, and c09_n05) had decreasing R below the 1.0 threshold
at present; hence these HIV sub-epidemics appear to have peaked
in the past and to be declining. The remaining seven HIV clus-
ters (c01_n12, c05.n06, c06_n06, c07_n06, c11.n05, c12_n05, and
¢15.n05) had R values fluctuating near the threshold of 1.0.

The composition of analyzed clusters with 5+ members was not
uniform. All 15 clusters with 5+ members included sequences from
Mochudi, providing evidence of the spread for each analyzed viral
lineage in the village of Mochudi. There were two types of clus-
ters, the Mochudi-unique and mixed clusters (Table 1). Most of
the HIV clusters with 5+ members, 11 of 15, were Mochudi-unique
and included individuals from Mochudi only. In two mixed clusters
(c04_n08 and c15_n05) individuals from Mochudi dominated, while
in two other clusters (c02_.n09 and c09_n05), Mochudi residents
were a minority.

3.3. Acute and historic HIV sub-epidemics

We distinguish two types of HIV sub-epidemics based on the
presence or absence of recent HIV transmissions, e.g., within the

last 5 years, within targeted clusters. HIV lineages with recent HIV
transmissions and R trajectories on the rise were considered acute
HIV sub-epidemics. HIV lineages without evidence of recent HIV
transmissions and declining or fluctuating R trajectories were con-
sidered historic HIV sub-epidemics. In this study, a five-year period
(from the most recent sampling date in the cluster) was chosen as
the recency period.

Using a combination of the 5-year recency threshold and the
shape of R trajectories, we identified 2 acute and 13 historic HIV
sub-epidemics with 5+ members in Mochudi (Table 1).

To test whether the R value at the root is smaller than the R value
at present (expanding HIV sub-epidemic), we calculated the Bayes
Factors (BF) for each cluster (Jeffreys, 1961) by comparing the R
value in the earliest interval (at the root) to that of the last interval
(at present) at each saved sample of the MCMC.

Two HIV sub-epidemics, c03_n09 and c14_n05, were identified
as acute. In these sub-epidemics, the time between the most recent
HIV transmission and the most recent sample is 3.1 and 4.5 years,
respectively. Both sub-epidemics demonstrate an increase in R
toward the present, with moderate evidence for cluster c03_n09
(BF=4.46) and weak evidence for cluster c14_n05 (BF=2.02).

With 5.3 years since the most recent viral transmission, clus-
ter c01_n12 was close to the 5-year threshold. The R-trajectory in
c01_n12 was elevated above the threshold of 1.0 in the early and
mid-2000s, but declines toward 1.0 in the most recent time period.
Based on the observed R-trajectory and the BF value 0f 1.18,c01.n12
was not considered an acute HIV sub-epidemic. All other clusters
were above the 5-year recency threshold with BF values below 2,
and were therefore considered to be historic HIV sub-epidemics
(Table 1 and Fig. 4A-D).

In this analysis, the 5-year recency was based on the assump-
tion that the infectious period of an HIV-infected individual is
approximately 5 years, although heterogeneity among individuals
could vary broadly. Applying an alternative, more stringent recency
period would result in fewer acute HIV sub-epidemics. For exam-
ple, using a 3-year recency threshold would leave only one acute
sub-epidemic, c03_n07, while tightening the recency threshold to 2
years would result in no acute HIV sub-epidemics identified among
the analyzed HIV lineages in Mochudi.

3.4. Relaxing clustering definition

To examine how relaxing the clustering definition affects HIV
transmission chains, we analyzed clusters with bootstrap support
between 0.70 and 0.80. The number of HIV sequences in clusters
increased from 604 (27.3%; 95% CI 25.5% to 29.2%) to 707 (31.9%;
95% CI 30.0% to 33.9%). The number of sequences in clusters with
5+ members increased from 94 (4.2%; 95% CI 3.5% to 5.2%) to 154
(7.0%; 95% C16.0% to 8.1%). Six additional clusters with 5+ members
included one cluster with 22 members, one with 17, two with 8, one
with 7, and one with 6 members. Our focus was on the first five of
these clusters, as the smallest cluster with 6 members was essen-
tially the same as previously described cluster ¢15.n05 with one
additional sequence from Mochudi. The trajectories of the effective
reproductive number R in HIV sub-epidemics with 5+ members that
were identified by relaxing bootstrap support between 0.70 and
0.80 were similar to the R-trajectories described above for clusters
identified by bootstrap of >0.80 (Supplementary Fig. S1).

All clusters with 5+ members that were identified by relaxed
bootstrap threshold between 0.70 and 0.80 included up to 4 nested
clusters identified with more stringent bootstrap support of >0.80.
The size of the nested clusters was small, with 2-3 members per
cluster. Five clusters with 5+ members were mixed by composi-
tion, although the proportion of non-Mochudi sequences was low
(Table 2). Two of these clusters, c17_n22 and c21_n08 could be clas-
sified as acute HIV sub-epidemics based on their R-trajectories and
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Table 1
HIV-1C V1C5 clusters with 5+ members, bootstrap threshold >0.80.

Cluster ID Members per cluster Mochudi- ML Internode The most Time to the Acute, or

unique, or bootstrap Certainty’ recent HIV most recent historic

Total From From outside mixed cluster support transmission transmission sub-epidemic
Mochudi Mochudi

c01.n12 12 12 0 Unique 0.92 0.71 Oct 2006 53 Historic
c02_.n09 9 3 6 Mixed 0.88 0.88 Jul 1994 17.8 Historic
c03.n07 7 7 0 Unique 1 0.99 Feb 2009 3.1 Acute
c04.n08 8 6 2 Mixed 0.8 0.84 Oct 2000 11.9 Historic
c05.n06 6 6 0 Unique 0.99 0.98 Dec 2001 10.2 Historic
c06-n06 6 6 0 Unique 1 1 Aug 2004 7.6 Historic
c07_n06 6 6 0 Unique 0.86 0.53 Dec 2003 8.2 Historic
c08_n06 6 6 0 Unique 0.9 0.89 Dec 2003 9.3 Historic
c09-n05 5 1 4 Mixed 0.94 0.96 Jan 1997 14.2 Historic
c10-n05 5 5 0 Unique 0.92 0.72 Sep 2002 8.4 Historic
c11_n05 5 5 0 Unique 1 1 Feb 2005 6.8 Historic
c12_n05 5 5 0 Unique 1 1 Apr 2005 6.8 Historic
c13.n05 5 5 0 Unique 1 1 Jan 2005 6.2 Historic
c14.n05 5 5 0 Unique 0.8 0.72 Nov 2006 4.5 Acute
c15.n05 5 4 1 Mixed 0.81 0.62 Jan 2003 9.1 Historic

" Most prevalent conflicting bipartitions.

™ HIV sub-epidemic with (acute), or without (historic) HIV transmission over last 5 years.

estimated time of the most recent HIV transmission. However, both
of them had low internode certainty, 0.38 and 0.48, respectively.
There is no statistical evidence for an increase in R for the clusters
identified by relaxing the bootstrap threshold below 0.80.

3.5. Introduction of HIV-1C lineages to Mochudi

We used the time of the most recent common ancestor (tMRCA)
for HIV sub-epidemics with 5+ members as lower bounds for
the time HIV-1C lineages were introduced to Mochudi. The lower
bounds for the timing of each introduction indicate the latest possi-
ble time, with the possibility of an earlier introduction. The tMRCA
was estimated through the posterior distribution of the tree heights
obtained for each HIV lineage. Fig. 5 illustrates the summary statis-
tics (median, quartiles, and range) for each sub-epidemic. The
barplots show the estimated lower bounds of the time at which
each sub-epidemic was introduced to Mochudi. The shaded den-
sity plot is a smoothed summary over all sub-epidemics, obtained
by dividing time into small units (0.1 years) and assigning to each
time point the number of sub-epidemics for which the 95% HPD of
its time of introduction contains this time point. This summary sug-
gests that among clusters with 5+ members, the majority of HIV-1C
lineages were introduced to Mochudi at, or before 1996 and 2002.

3.6. Timing of viral transmissions within HIV-1C sub-epidemics
in Mochudi

The internal nodes in the MCC time tree reflect the estimated
time of coalescence of any two lineages. Assuming that a substantial
fraction of HIV transmissions occurs during early stage of infection
(Wawer et al., 2005) due to high levels of HIV-1 RNA (Quinn et al.,

2000), we use this as a proxy for the time of viral transmission.
The projection of internal nodes on the time scale gives an idea
of the potential time of transmission events. The uncertainty of
the coalescent times is reflected in the 95% HPD intervals. Overall,
this analysis provides estimates for the time of HIV transmissions
within each HIV sub-epidemic in Mochudi.

We utilized the MCC time-trees to estimate the time of viral
transmission within 15 HIV-1C sub-epidemics in Mochudi. Specif-
ically, we focused on the time interval between the oldest and
the most recent viral transmission within each cluster with 5+
members. For each sub-epidemic, this time interval was estimated
by projecting internal nodes associated with terminal branches to
the time line in the MCC time-tree (Fig. 6). The time interval was
interpreted as peak viral transmission for a particular HIV lineage
(shown as horizontal boxes). The corresponding 95% HPD values of
flanking nodes were interpreted as confidence intervals (shown as
dashed lines).

The cumulative effect of HIV transmissions was estimated as
a sum of viral transmissions within each sub-epidemic per year.
The smaller (orange) area shows cumulative peaks of HIV trans-
missions, while the broader (light blue) area indicates 95% HPD,
accounting for uncertainty in estimates of the time of HIV transmis-
sions. The analysis suggests that the majority of HIV transmissions
in Mochudi (within the 15 sub-epidemics analyzed) peaked over
about a decade from about 1997 to 2007. The 95% HPD intervals
spread across a broader time interval from about 1993 to 2009.

4. Discussion

Insight into the dynamics of HIV transmission networks is criti-
cal for better understanding of HIV incidence in communities, and

Table 2

HIV-1C V1C5 clusters with 5+ members, relaxed bootstrap threshold between 0.70 and 0.80.
Cluster ID Members per cluster Mochudi- ML Internode The most Time to the Acute, or

unique, or bootstrap Certainty’ recent HIV most recent historic
Total From From outside mixed cluster support transmission transmission sub-epidemic”
Mochudi Mochudi

c16.n17 17 14 3 Mixed 0.76 0.84 Jan 2005 7.0 Historic
c17_n22 22 18 4 Mixed 0.70 0.38 May 2010 19 Acute™
c19.n07 7 5 2 Mixed 0.71 0.76 Dec 2006 5.1 Historic
c20.n08 8 7 1 Mixed 0.78 0.61 Sep 2001 10.5 Historic
c21.n08 8 7 1 Mixed 0.72 0.48 Jun 2007 4.7 Acute”

" Most prevalent conflicting bipartitions.

" HIV sub-epidemic with (acute), or without (historic) HIV transmission over last 5 years.

# Not supported by the BF values.
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Estimated lower bounds of the time HIV lineages were introduced to Mochudi, Botswana
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Fig. 5. Estimated lower bounds of the introduction time for 15 HIV-1C lineages with 5+ members in Mochudi. Boxplots show medians and quartiles of the estimated time.
Dashed lines indicate ranges of the estimated time per HIV lineage. Gray area on the background summarizes estimated lower bounds of time for 15 HIV-1C lineages.

for the design and evaluation of HIV prevention strategies. Phylo-
genetic mapping and linkage of circulating viruses could help in
developing strategies aimed to reduce onward HIV transmissions
in communities. The structure and dynamics of HIV transmission
networks in communities could be inferred through HIV cluster
analysis. A robust and cost-effective methodology for HIV cluster
analysis is particularly important for scale-up of HIV prevention
strategies.

In this study we used phylogenetic linkage as a tool for breaking
down the HIV epidemic in a single peri-urban village in Botswana
into a series of phylogenetically distinct HIV sub-epidemics. Fitting
of newly diagnosed cases of HIV infection into phylogenetically

HIV-1C clusters
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mapped clusters could help to identify “acute” sub-epidemics.
The ultimate goal of breaking down a local epidemic into HIV
sub-epidemics is to trace virus spread and to extinguish HIV
transmission chains, one by one, by targeted interventions. If this
approach works at the community level, it could be expanded to
the global HIV epidemic.

The important clinical and public health relevance of the
HIV sub-epidemics approach lies in its ability to track the main
driver of HIV transmissions in communities. To identify circulat-
ing HIV lineages in real time, spread of the virus in communities
should be traced proactively. Knowledge of HIV spread is time-
sensitive. Targeted interventions, such as enhanced HTC, linkage

2000
Years

2005 2010

Fig. 6. Estimated time of viral transmissions within 15 HIV-1C lineages with 5+ members in Mochudi. Boxplots show peaks, while dashed lines indicate 95% HPD interval
for each sub-epidemic. Smaller (orange) area on the background summarizes peaks of HIV transmission. Larger (blue) area on the background summarizes 95% HPD’s. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)



V. Novitsky et al. / Epidemics 13 (2015) 44-55 53

to care, and initiation of ART, could be applied to “acute” HIV
sub-epidemics, i.e., sub-epidemics with recent viral transmissions.
Targeted treatment-as-prevention (TasP) for the members of acute
sub-epidemics could be more efficient and cost-effective than uni-
formly applied TasP, particularly if the scale-up of TasP takes time.

In this study we showed differential transmission dynamics in
HIV sub-epidemics caused by different HIV lineages. We identified
acute HIV sub-epidemics with evidence of recent HIV transmissions
and distinguished them from historic sub-epidemics without recent
HIV transmissions. Importantly, in the context of high sampling
density, our results suggest that only a small fraction of circulating
HIV lineages are acute (with recent HIV transmissions). It is likely
that only the acute sub-epidemics fuel HIV spread in communities
at any given time.

In contrast to acute sub-epidemics, HIV sub-epidemics without
recent infections represent historic HIV transmissions that hap-
pened in the past. As this type of sub-epidemic does not contribute
to the current spread of HIV in communities, it might require less
attention and fewer resources and dedicated interventions. The
ultimate goal of public health interventions could be to transform
acute HIV sub-epidemics into historical ones.

For each HIV sub-epidemic with 5+ members, we estimated the
effective reproductive number R by linking evolutionary analysis
with the birth-death model (Stadler et al., 2012, 2013).

Information on the sampling origin of clustered viral sequences
is critical for better understanding of HIV transmission dynamics,
and transmission mixing, in particular. Most of the analyzed clus-
ters with 5+ members, 11 of 15, included HIV-1C sequences from
Mochudi only, suggesting local spread of these viral lineages in
Mochudi. However, four clusters included sequences from other
parts of Botswana outside of Mochudi indicating broader transmis-
sion range of some viral lineages.

We provided evidence that the life span of each HIV sub-
epidemic with a predominantly heterosexual mode of virus
transmission is limited. Within the sub-epidemic, the number of
HIV transmissions rises, peaks, and declines over time. This notion
provides a reasonable hope that each acute HIV sub-epidemic could
be ended, and transformed into a historical sub-epidemic. The
median life span of historical sub-epidemics-time of HIV trans-
missions within the sub-epidemic within the boundaries of 95%
HPD—was 13.3 years. The median peak of HIV transmissions was
6.8 years, ranging from 2.9 to 9.7 years.

Taken together, the study provides evidence for the presence
of multiple phylogenetically distinct HIV-1C lineages circulating in
the community and the limited life span of particular HIV-1C lin-
eages. The temporal nature of HIV sub-epidemics may be related to
the patterns of partnerships forming and to the specifics of hetero-
sexual transmission of HIV in southern African communities. Our
results suggest that in contrast to the stable progressive growth
of HIV transmission clusters over time described previously in the
predominantly MSM and IDU epidemics (Brenneretal.,2013,2011;
Leigh Brown et al., 2011; Poon et al., 2015), HIV sub-epidemics
in the predominantly heterosexual transmission setting, such as
southern African communities, have limited life spans and tempo-
ral dominance at any given time.

One of the study limitations is the focus on HIV clusters with
5+ members, which represent a relatively small subset of HIV-1C
circulating in Mochudi, Botswana. This limitation is related to the
methodology of inferring epidemiological parameters from virus
sequence data. Due to the small size of the clusters we combined all
clusters in a single analysis and let them share one of the epidemi-
ological parameters, the rate to become non-infectious, as well as
the evolutionary rate, which was fixed to 7.86E — 03. Nevertheless,
we recommend cautious interpretation of results originating from
clusters with very few members, and suggest that additional vali-
dation of the methodological approach used in this study might

be warranted. We were not able to take into account the differ-
ence between sampling densities within and outside Mochudi due
to the small size of the clusters, and particularly the small num-
ber of non-Mochudi sequences, which did not allow us separate
estimation.

Sampling events were assumed to remove infected individuals
from the infectious pool. To test if this has any impact on the results,
we repeated the analysis using the sampled ancestor version of the
birth-death skyline plot (Gavryushkina et al., 2014). However, none
of the clusters supported the existence of sampled ancestors within
our samples (data not shown).

Trajectories of the effective reproductive number R in this study
had relatively broad 95% HPD intervals. We calculated the BF values
for each cluster, testing whether the R value at the root is smaller
than the R value at present. When there is no or only weak evidence
for an increase in R through time, it is possible that a decreasing R-
trajectory might have provided a similarly good fit to the data as
an increasing R-trajectory.

The definition of an HIV cluster may be another limitation of
this study. The high (72%) sampling density utilized in Mochudi is
combined with the bootstrapped ML inference of HIV phylogeny
in this study. While pairwise distances were taken into account,
the model-based phylogeny (the bootstrap threshold in ML analy-
sis) was the primary criterion for identification of HIV clusters. The
rationale was based on HIV transmission mode, specifics of samp-
ling, and targeted region of the HIV-1 genome. The predominant
mode of virus transmission in the HIV epidemic in Mochudi, as
in most southern African countries, is heterosexual. The Mochudi
specimens represented a broad range of HIV infection stages includ-
ing numerous chronic infections. The diversity within the targeted
V1C5 region of HIV-1C env gp120 is one of the highest across
the viral genome. Due to high intra-host diversity within the tar-
geted V1C5 region, using a pairwise distance threshold as the
primary criterion for cluster definition could lead to elimination
of the vast majority of viral sequences from analysis. However,
the criteria for the definition of an HIV transmission cluster (e.g.,
bootstrap support, tree certainty, or pairwise distance threshold)
in a predominantly heterosexual epidemic remain uncertain. The
methodology of phylogenetic inference and thresholds used for
cluster identification in this study match well with previous stud-
ies (Bezemer et al., 2014a,b, 2010; Hue et al., 2004, 2005a, 2005b;
Hughes et al., 2009; Kosakovsky Pond et al., 2008; Leigh Brown
et al.,, 2011; Lewis et al., 2008; Volz et al., 2013a, 2013b, 2012,
2009). Further studies are needed to identify optimal, or “state of
the art,” approaches for biologically meaningful HIV cluster analy-
sis.

This study used relatively short viral sequences, ~1200 bp, span-
ning the V1C5 region of HIV-1C env gp120. It is possible that
bootstrapped ML inference of the short-range sequence set selected
HIV lineages that represent only small sub-chains of much larger
transmission chains in the population. Recently we demonstrated
that viral sequence length plays an important role in HIV cluster
analysis (Novitsky et al., 2015). It is likely that using long-range
sequences could refine clustering and reveal more extensive clus-
tering.

The relaxed definition of clusters with lower bootstrap thresh-
old (>0.70) resulted in a larger number of identified clusters
including clusters with 5+ members. This is consistent with our
recent studies on sampling density (Novitsky et al., 2014) and
importance of virus sequence length (Novitsky et al., 2015) in
HIV cluster analysis. Two additional acute HIV sub-epidemics were
found among clusters with 5+ members and bootstrap support
between 0.70 and 0.80, although both of these clusters had low
internode certainty. Classification of these clusters as acute was
driven primarily by recent HIV transmissions in the MCC time-trees,
and should be interpreted cautiously due to low internode certainty
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(0.38 and 0.48), low bootstrap support (0.70 and 0.72), and a lack
of support by the BF values.

Finally, we are assuming that the transmission tree coincides
with the phylogeny, which is a fair assumption when superinfec-
tion is relatively low and the within-host coalescence time is short
compared to the viral transmission time.

In summary, we demonstrated that proactive viral genotyping
and breaking down a local HIV epidemic into a series of phy-
logenetically distinct sub-epidemics might be a useful approach
for identification of acute HIV sub-epidemics in communities. This
approach might help to reveal the structure and dynamics of HIV
transmission networks in communities, and could aid in the design
of targeted interventions for members of acute sub-epidemics.
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