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summary

We evaluated accuracy of phylogenetic methods to predict direction of HIV transmission in 33
partner-index pairs. Results showed that phylogenetic methods which fail to incorporate
phylogenetic uncertainty may provide useful information for population-level analyses but are

insufficient in legal contexts.
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ABSTRACT

Background

We evaluated use of phylogenetic methods to predict the direction of HIV transmission.
Methods

For 33 index-partner pairs with genetically-linked infection, samples were collected from
partners and indexes close to time of partners’ seroconversion (SC); 31 indexes also had an
earlier sample. Phylogenies were inferred using env next-generation sequences (one tree per
pair/subtype). Direction of transmission (DoT) predicted from each tree was classified as correct
or incorrect based on which sequences (index or partner) were closest to the root. DoT was also

assessed using maximum-parsimony to infer ancestral node states for 100 bootstrap trees.
Results

DoT was predicted correctly for both single pair and subtype-specific trees in 22 pairs (67%)
using SC samples and 23 pairs (74%) using early index samples. DoT was predicted incorrectly
for four pairs (15%) using SC or early index samples. In the bootstrap analysis, DoT was
predicted correctly for 18 pairs (55%) using SC samples and 24 pairs (73%) using early index
samples. DoT was predicted incorrectly for seven pairs (21%) using SC samples and four pairs

(13%) using early index samples.
Conclusions

Phylogenetic methods based solely on tree topology of HIV env sequences, particularly without

consideration of phylogenetic uncertainty, may be insufficient for determining DoT.

KEY WORDS: networks, epidemiology, viral dynamics
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INTRODUCTION

The rapid evolutionary rate of HIV can be used to identify transmission groups based on genetic
similarity of HIV [1]. HIV network studies often seek to identify genetically-linked infections,
determine when transmission occurred, and infer the likely source of infection. Such studies
have provided information about social, community, and global HIV transmission networks [2-6]
and informed the design of HIV prevention interventions and interpretation of HIV prevention
studies [3, 4, 7]. Phylogenetic analysis of HIV has also been used in court cases to determine
the genetic linkage and direction of transmission; however, a great deal of caution is needed
when interpreting results of phylogenetic analyses in legal settings [8-12]. Results can be
significantly impacted by methodological factors, including the choice of model, the sequencing
method, genetic distance threshold, time since infection, and the methods used to address

ambiguous nucleotides in sequence alignments [13-16].

Transmission clusters of HIV infections are typically defined using either genetic distance
measures alone (e.g. [6, 14]) or in conjunction with branch support values (e.g. [17, 18]). It is
possible to confirm genetic linkage if appropriate local controls are included in the analysis and
if extensive contact tracing is performed; however, it is often impossible to rule out the possibility
that additional linked individuals remain un-sampled [11]. In legal settings, analysis of genetic
linkage between two persons should include as many sequences as possible from the local
outbreak [11]. However, there are no clear guidelines on the number or relatedness of the
reference sequences necessary for accurate determination of the direction of HIV transmission

between two individuals.

HIV genetic diversity is often assumed to correlate with time since infection [6, 19, 20]. More
sophisticated models that incorporate time-sampled sequences can account for variation in the
evolutionary rate and more accurately predict the timing of transmission events [21, 22]. These

molecular clock methods are appropriate for small datasets (e.g. consensus sequences from
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cross-sectional population surveys or clonal sequences from a few potentially-linked cases [3, 4,
23, 24]). However, inferring the timing of HIV transmission events is complicated by the
preferential transmission of ancestral viruses [25] and differences in intra- and inter-host
evolutionary rates [26]. Transmission models that take these factors into account may provide

greater accuracy [25].

Direction of transmission is difficult to assign using phylogenetic methods since many factors
may confound the analysis, including variable viral population size, heterogeneous evolutionary
rates, on-going reinfection between long-term partners, unidentified additional partners, drug-
resistant mutations creating parallel evolution, transmission of multiple and/or recombinant
variants, lack of phylogeny branch support, an inadequate number of sequences and/or time
points from the potential donor/recipient, and insufficient sequences from other infected
individuals from the local outbreak (i.e. the “background” sequences [11, 27, 28]. However, tree
topologies may provide some information [9, 29]. Two informative characteristics of
phylogenetic trees are placement of the ancestral node and topological pattern (e.g.,
monophyly, polyphyly, and paraphyly; see Methods) [9, 30]. The concordance between
topological pattern and direction of transmission were substantiated in retrospective analyses of
two court cases [9], simulated datasets [31] and, most recently, in documented transmission

pairs [30].

Here, we evaluated the accuracy of phylogenetic methods to prediction the direction of
transmission in 33 index-partner pairs from the HIV Prevention Trials Network (HPTN) 052
clinical trial [32-34]. The analysis was performed using HIV env sequences obtained with next-
generation sequencing (NGS). This data set was ideally suited for this study, since the 33 index-
partner pairs were previously shown to have genetically-linked infections, and since direction of
transmission was known for all pairs (index participants were HIV-infected at study enroliment;

partners acquired HIV infection during the study).
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HIV sequences were analyzed using different sample sets and phylogenetic methods. All
analyses were performed using partner samples collected near the time of the partner’s
seroconversion (SC). Two different index sample sets were compared: (1) index samples
collected close to the time of the partner’'s seroconversion (SC/SC sample set), and (2) index
samples collected at an earlier study visit (early/SC sample set). In the first method, maximum
likelihood (ML) trees were inferred using sequences from each index-partner pair as well as
using sequences from all index-partner pairs of the same HIV subtype. The direction of
transmission was predicted by determining which sequences (index or partner) were closer to
the root of the tree based on topological patterns. The second method used maximum
parsimony to infer the state of the ancestral node in 100 bootstrap replicates for each index-

partner pair.

METHODS

Study cohort and HIV sequences. HIV sequence data was obtained from samples collected in
the HPTN 052 clinical trial [34]. This trial enrolled HIV-serodiscordant pairs and assessed the
impact of early antiretroviral treatment (ART) on HIV transmission. A full description of the study
protocol and institutional review board oversight is available in the original publication [34]. This
report includes analysis of sequence data from HIV-infected participants (“indexes”) and
participants who acquired HIV infection in the trial (“partners”). HIV sequences from the index-
partner pairs included in this study were previously shown to be genetically linked [32, 33].
Genetic linkage of most index-partner pairs was based on phylogenetic and Bayesian analysis
of HIV pol sequences obtained by bulk Sanger sequencing; in selected cases, linkage was
confirmed by neighbor-joining tree analysis of next-generation sequencing (NGS) using 454-
Roche Biotechnology [32, 33]. This study only included pairs where both index and partner were

infected with a single HIV strain.
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The study included index-partner 33 pairs. Samples from newly-infected partners were obtained
at the visit when seroconversion was documented or at the next study visit (SC sample, median
91 days after the last HIV negative visit, range 84 to 588 days); partners were not followed in
the HPTN 052 trial after HIV infection was confirmed. Index seroconversion (SC) samples were
collected at the visit closest to the visit where the partner’s infection was documented (>90 prior
to partner's SC: N=9; 0-90 days prior to partner's SC: N=14; 1-90 days after partner’s SC,
N=10; Figure 1). For 31 pairs, an additional earlier index sample was also available which was
analyzed separately (range: 84-1174 days prior to the index SC sample; median: 362 days prior

to the index SC sample).

A total of 450,336 NGS-derived reads from the env gene (nucleotides 7941-8264 relative to
HXB2) were obtained from plasma samples from the 33 index-partner pairs [34, 35]. From these
reads, 9,051 consensus sequences (“sequences”) were generated using GS Amplicon Variant
Analyzer, version 2.5 (Roche); each consensus sequence represented a cluster of >=10
individual reads. Each sample had an average of 91 sequences representing 4,503 reads.
Sequence alignments were manually edited by codon using AliView [36] and frameshift
insertions were removed. Sequences were subtyped using REGA
(http://dbpartners.stanford.edu:8080/RegaSubtyping/stanford-hiv/typingtool). Reference

sequences were obtained from the Los Alamos HIV Database (https://www.hiv.lanl.gov/).

Single-tree method. For each index-partner pair, separate sequence alignments were
constructed from two sample sets: 1) partner SC samples with index SC samples (SC/SC
sample set), and 2) early index samples with partner SC samples (early/SC sample set). In
addition, sequences from all pairs of the same subtype (Al: N=2; AE: N=1; B: N=3, C: N=27)
were combined using the SC/SC sample set and the early/SC sample set (pairs with subtypes
Al and AE were combined, giving a total of six analyses, two for each subtype). ML trees were

inferred for all alignments using the HKY model of nucleotide substitution with gamma-
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distributed among-site variation using PhyML [37] in the Geneious software package

(www.geneious.com) and RaxML v8.2.9 [38].

The direction of transmission for each assessment was independently scored by two
investigators as described in [31] and discrepancies in scoring were reconciled by a third party.
Three topological patterns were assessed: (1) both subjects were monophyletic (all sequences
from a given participant shared a common ancestor which excluded sequences from any other
subject); (2) paraphyletic/monophyletic (the monophyletic clade of one subject shared a
common ancestor with some, but not all, of the other subject's sequences); and (3)
paraphyletic/polyphyletic (a mixed clade containing all sequences from one subject shared a
common ancestor with some, but not all, of the other subject’'s sequences; Supplemental
Figure 1). The direction of transmission was scored as “correct” if index sequences were
paraphyletic and partner sequences were monophyletic/polyphyletic, and “incorrect” if partner
sequences were paraphyletic and index sequences were monophyletic/polyphyletic. If
sequences from both index and partner were monophyletic, the direction of transmission was

scored as “equivocal’.

Bootstrapping method. For each of the 33 pairs, separate sequence alignments were
constructed for the two sample sets (SC/SC sample set; early/SC sample set). All alignments
also included a reference set consisting of a single random sequence from each of the other
index-partner pairs and the HXB2 sequence for rooting. One hundred bootstrap phylogenies of
each alignment were generated with RAXML v8.2.9 [38]. For each phylogeny, Phyloscanner
v1.6.4 was used to infer the ancestral state of each of the internal nodes of the tree using a
modified maximum parsimony procedure [39]. Ancestral states were classified as index, partner,

or an “unsampled” state representing either a third party or an unclear ancestry.

For each of the 100 trees generated for an index-partner pair, we identified the earliest node(s)

in the tree (i.e. the node that had no ancestral nodes with a sampled state). The state of this
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node (i.e. index, partner, unsampled) was considered to represent the transmitting subject for

that tree.

If there was no such node (i.e. separate clades from each subject with no implied ancestry),
then the tree was labelled as 1) “equivocal’ if there were no tips from the reference set
descended from the most recent common ancestor node of both patients, or 2) “unlinked” if

there was at least one tip (Supplemental Figure 2).

For each index-partner pair, the direction of transmission was assigned as follows: (1) “correct”
if the state of the earliest node was classified as the index in at least twice as many trees as
those where it was classified as partner; (2) “incorrect” if the state of the earliest node was
classified as partner in twice as many trees as those where it was classified as index; (3)
“‘unlinked” if at least one tip from the reference set was descended from the earliest node in

more than half of the trees; and (4) “indeterminate” for all other cases.

RESULTS

Transmission direction predicted using the single-tree method. For each of the 33 index-
partner pairs, we first evaluated the predicted direction of transmission using the single-tree
method. Two trees were evaluated for each index-partner pair: individual (only sequences from
that pair plus subtype reference sequences) and subtype-specific (all sequences of the same
subtype combined). The analysis was first performed using the SC/SC sample set (index and
partner samples collected near the time of the partner’s seroconversion visit). The predicted
direction of transmission was correct in both trees (individual and subtype-specific) for 22 pairs
(67%) and incorrect in both trees for four pairs (12%). Trees were discordant for the remaining

seven pairs (Figure 2, Supplemental Table 1).
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The analyses described above were next performed using the early/SC sample set available for
31 pairs (partner samples collected near the time of the partner's seroconversion visit; index
samples collected at an earlier visit) (Figure 2). The predicted direction of transmission was
correct for both trees for 23 pairs (74%), incorrect for both trees for four pairs (13%), and

discordant and/or equivocal for four pairs.

We then compared results obtained using the SC/SC and early/SC sample sets to determine
whether the timing of sample collection impacted the prediction of the direction of transmission.
This analysis was performed for the 31 index-partner pairs who had results from an early index
sample. Nineteen pairs (61%) had the correct direction of transmission predicted in both trees
(single and subtype-specific) for both sample sets. Four pairs (13%) had the incorrect direction
predicted for both trees for both sample sets. Two pairs had the incorrect direction predicted in
one tree for both sample sets. The remaining six pairs had discordant predictions for the two
sample sets. Incorrect and/or equivocal predictions did not appear to be correlated with the time

between collection of the index SC sample and the corresponding partner SC sample.

Transmission direction predicted using the bootstrapping method. We next evaluated the
accuracy of predictions of the direction of transmission using replicate bootstrap trees (i.e.
bootstrap support for the predicted direction using the modified maximum parsimony approach
implemented in Phyloscanner). For the SC/SC sample set, the direction of transmission was
predicted correctly for 18 pairs (55%), incorrectly for seven pairs (21%), and indeterminate for
eight pairs (24%). (Figure 3a, Supplemental Table 1). For the 31 pairs with the early/SC
sample set, the direction of transmission was predicted correctly for 24 pairs (73%), incorrectly
for four pairs (13%), and indeterminate for three pairs (12%) (Figure 3b). Sixteen pairs (52%)
had the correct direction predicted for both sample sets, and three pairs (10%) had the incorrect
direction predicted for both sample sets. The predicted direction of transmission for the

remaining 12 pairs was either indeterminate or inconsistent between sample sets.
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6102 Ateniged 0 Uo Jasn (ZNYDOI4) ZniD oplemsQ oedepuNn - Ag 60Z652S/YELAISIPIUIEBOL 0 L/10P/0BIS e-0]o1LIE-00URADE/PIl/WI00 dNO"dlWBpEDE//:SA}Y WO} POPEOJUMOQ



Comparison of predictions from the single-tree and bootstrap methods. In general, results
from the two approaches (i.e. single trees vs. bootstrapped trees) were consistent. For the SC/
SC sample set, both the bootstrap method and the single-tree method for both individual and
subtype-specific trees predicted the correct direction of transmission for 15 pairs (45%) and the
incorrect direction in three pairs (9%) (Figure 3; Supplemental Table 1). The bootstrap method
predicted an indeterminate direction for five pairs (0103, 2912, 0061, 0693, 3108) that were
correctly assessed using the single-tree method for both trees, and for one pair (1170) that was
incorrectly assessed using the single-tree method for both trees. The bootstrap analysis also
predicted the incorrect direction in two pairs (0645, 3283) that were correctly assessed in both
trees using the single-tree method. For one of these pairs (0645), approximately 25% of the
bootstrap trees predicted the correct direction of transmission; for the other pair (3283), none of
the bootstrap trees predicted the correct direction of transmission. Of note, the single trees for
this pair (3283) showed that only one index sequence was basal to the whole clade; the

remaining index sequences clustered together elsewhere.

For the seven pairs where results from both single trees were inconsistent, the bootstrap
method predicted a correct direction in three pairs (2515, 1018, 2318), incorrect in two pairs

(3179, 2899), and remained indeterminate for two pairs (2180, 0452 and 3108).

For the early/SC sample set, both the bootstrap method and the single-tree method for both
individual and subtype-specific trees predicted the correct direction of transmission for 21 pairs
(68%) and the incorrect direction in three pairs (10%) (Figure 3; Supplemental Table 1). The
bootstrap method predicted an indeterminate direction for two pairs (0103, 2515) that were
correctly assessed using the single-tree method for both trees, and for one pair (1170) that was
incorrectly assessed using the single-tree method for both trees. For the four pairs with
inconsistent or equivocal single trees, the bootstrap analysis predicted a correct direction of

transmission for three pairs (0452, 2180, 2187), an incorrect direction for one pair (0061). Taken
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together, these results suggest that using a single tree may overestimate the number of cases

that are correctly classified for the direction of transmission.

DISCUSSION

We evaluated the accuracy of using tree topology to predict the direction of HIV transmission in
33 genetically-linked index-partner pairs with known direction of transmission. We compared
different phylogenetic methods (single tree method; bootstrap method), different sampling
strategies (individual index-partner pairs; subtype-specific analysis), and different sample sets

(index samples collected near the time of partner seroconversion, or earlier).

The direction of transmission was predicted correctly for both individual and subtype-specific
trees in 67% of index-partner pairs when both samples were collected near the time of partner
seroconversion (SC/SC sample set). Similarly, direction of transmission was predicted correctly
for both trees in 74% of index-partner pairs when the analysis was performed using index
samples collected at an earlier date (early/SC sample set). The direction of transmission was
predicted correctly for only 61% of the index-partner pairs for both trees and both sample sets. It
is concerning that the direction of transmission was predicted incorrectly in 13% of index-partner
pairs for both trees and sample sets. In some cases, conflicting results were obtained for the
two tree types (individual, subtype-specific); this suggests that the choice and/or number of

background sequences may be an important factor in topological reconstruction.

The proportion of cases in this study where the direction of transmission was predicted correctly
was lower than that reported in previous studies that used a similar method of basing prediction
of direction of transmission using topological patterns [30, 31]. However, low branch support
could produce an incorrect result by chance placement of one or a few sequences. To address

this, we compared results obtained with the single tree method to results obtained using a
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maximum parsimony-based method to infer the state of the ancestral node for 100 bootstrap
replicates for each pair. In this analysis, the direction of transmission was correctly predicted for
only 18 index-partner pairs (55%) using the SC/SC sample set, and 24 pairs (73%) using the
early/SC sample set. Only 16 pairs (52%) had the correct direction predicted using both sample
sets. The lower percentage of correct predictions using the bootstrap method demonstrates the
potential of stochasticity to skew inferences and suggests that using only a single tree may
over-estimate confidence in determining the correct direction of transmission. Additional metrics
(e.g., the viral genetic diversity of host vs. recipient) could potentially provide additional
information that could enhance phylogenetic methods; however, this avenue has yet to be

explored fully.

While both the single tree and the bootstrap methods predicted the correct direction of
transmission in more trees using the early/SC sample sets compared to the SC/SC sample sets,
generally, there was no clear trend between predicted direction and the timing of index samples
relative to the partner's sample. Because partners were not followed in the trial after infection
was confirmed, we were not able to evaluate performance of the methods for predicting the
direction of transmission when partner samples were collected from individuals with longer-term

infections.

It is possible that some other factor specific to the HPTN 052 trial could have impacted our
results. While most of the pairs studied in this report were infected with HIV subtype C (N=27),
both correct and incorrect predictions were found for pairs of three different subtypes (Al, B,
and C), which suggests that subtype is not a major factor impacting the accuracy of the
methods used. Differences in rates of evolution and population growth of the virus may be a
factor [27], which could result from ART (although only one of the 64 index samples was

collected after the index started ART).

14
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Other factors that may have influenced the accuracy of these methods include the sequence
length and genomic location of the env sequences analyzed. While diversity of the env region
likely enhanced the phylogenetic signal, selection bias during sample preparation might have
resulted in more frequent variants being preferentially amplified. The HIV env gene is also
subject to within-host selection pressure, which may have resulted in homoplasies caused by
convergent evolution (i.e. identical but independent changes) and/or lost variation; both of these
factors could have potentially masked true transmission patterns. Additionally, recombination
occurring during amplification/sequencing could have also resulted in homoplasies. We are
currently investigating the accuracy of these methods for predicting the direction of
transmission using full HIV genome sequences (using methods similar to those described in

Wymant et al [39]).

The findings here are particularly important because data from phylogenetic analyses have
been used as evidence in the criminal and civil justice systems in cases of suspected HIV
transmission [11]. Since the repercussions of incorrect conclusions are potentially severe in
legal settings, considerable effort has been invested in assessing the appropriateness and
accuracy of phylogenetic methods used to assess genetic linkage, timing, and direction of HIV
transmission [11]. It is widely acknowledged that current methods are best used for excluding
potential persons as the source of infections, and/or for assessing the duration of HIV infections,
rather than for determining the direction of transmission (e.g., between a plaintiff and the person
suspected of being the source of the plaintiff's infection). Our results strongly indicate that
methods to determine the direction of HIV transmission based solely on tree topology of HIV
env sequences, particularly without consideration of phylogenetic uncertainty, should be
considered insufficient for forensic or legal applications, especially in settings where additional

epidemiological information is unavailable. However, these methods may provide useful insights

15
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in the context of population level analyses (e.g., to identify factors associated with increased

Downloaded from https://academic.oup.com/jid/advance-article-abstract/doi/10.1093/infdis/jiy734/5259209 by Fundacao Oswaldo Cruz (FIOCRUZ) user on 04 February 2019

transmission risk).
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Figure 1. Time between collection of the index and partner samples. Blue dots indicate the
timing of collection of the early index sample; red dots indicate the timing of the index SC
sample. Data are plotted in days between collection of the index sample and the partner SC
sample. Positive values indicate that the index sample was collected before the partner sample;
negative values indicate that the index sample was collected after the partner sample. The
identifier number for each index-partner pair is shown on the x-axis. Pairs are grouped based on
the timing of collection of the index SC sample relative to collection of the partner SC sample.
Two pairs did not have an early index sample available for analysis. Abbreviation: SC:

seroconversion.

Figure 2. Predicted direction of transmission using the single tree method. Each
square/circle represents one index-partner pair. Pairs are grouped based on the timing of
collection of the index SC sample relative to collection of the partner SC sample. Squares show
data obtained for the SC/SC sample set; circles show data obtained for the early/SC sample set
(see text). The identifier number for each index-partner pair is shown to the right of the
corresponding square. Colors of the squares/circles correspond to the direction of transmission
predicted from individual pair trees and subtype-specific trees. Abbreviation: SC:

seroconversion.

Figure 3. Predicted direction of transmission using the bootstrap method (inferred
ancestral state of 100 bootstrap trees). Each bar shows the percentage of trees with different
predicted ancestral states for 100 bootstrap trees, colored according to the legend. The
identifier number for each index-partner pair is shown below each bar. Pairs are grouped based
on the timing of collection of the index SC sample relative to collection of the partner SC
sample. (A) Trees inferred using the SC/SC sample set. (B) Trees inferred using the early/SC

sample set.
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