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EDITORIAL REVIEW

Phylogenetic analysis as a forensic tool in HIV
transmission investigations

Ana B. Abecasisa,b, Marta Pingarilhoa and Anne-Mieke Vandammea,b

Because HIV is a fast-evolving virus, HIV genomic sequences of several individuals can be
used to investigate whether they belong to a transmission network. Since the infamous
‘Florida dentist case’ in the beginning of the 1990s, phylogenetic analyses has been
recurrently used in court settings as a forensic tool in HIV transmission investigations, for
example cases where one or more complainants allege that a defendant has unlawfully
infected them with HIV. Such cases can arise both in the context of HIV-specific criminal
laws – in countries where transmission of HIV infection is specifically criminalized – or in
the context of general laws, for example, by applying physical or sexual assault laws toHIV-
related cases. Although phylogenetic analysis as a forensic technique for HIV transmission
investigations has become common in several countries, the methodologies have not yet
been standardized, sometimes giving rise to unwarranted conclusions. In this literature
review, we revisit HIV court case investigations published in the scientific literature, as well
as the methodological aspects important for the application and standardization of
phylogenetic analyses methods as a forensic tool. Phylogenetic methodologies are
improving quickly, such that more recently, phylogenetic relatedness, directionality of
transmission and timing of nodes in the tree are used to assess whether the phylogenetic
transmission analysis is consistent with or contradicting the charges. We find that there has
been a lack of consistency between methods used in court case investigations and that it is
essential to define guidelines to be used by phylogenetic forensic experts in HIV transmis-
sion cases in court. Copyright ! 2018 Wolters Kluwer Health, Inc. All rights reserved.

AIDS 2018, 32:543–554

Keywords: court, forensics, HIV, phylogenetics, transmission

Introduction

(1) HIV’s fast evolutionary rate allows to study transmission
networks of HIV-1 infection.

(2) HIV transmission investigation as a forensic tool happens
frequently. It can occur in the context of criminal or
civil law, whether or not under an HIV-specific law.

(3) The currently debated hot topics in the context
of forensic HIV transmission investigations include

whether direction of transmission can be ascertained,
whether intermediary links can be excluded and
whether it can provide evidence for the timing of
HIV transmission.

The genetic divergence of HIV is so large, that the same
individual houses a swarm of genetically slightly different
viruses: ‘quasispecies’ [1]. During transmission, one or
a few of these virus variants are transmitted and
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subsequently diverge in the newly infected individual,
such that epidemiologically linked individuals never have
the same virus [2]. This enormous genetic variation has
been successfully used for research at epidemic scale, to
study evolutionary history and phylogeography [3,4], and
at a local scale, to study transmission networks of HIV-1
patients [5,6].

Phylogenetic inference has become a standard way to
characterize HIV-1 transmission networks. This can be
used to understand transmission, to aid in the develop-
ment of better public health prevention initiatives [5,6] or
to study transmission of drug resistance [7]. In addition, it
has been used in court as part of the evidence in attempts
to prove, or to disprove, transmission between defendant
and complainant.

Cases of HIV transmission investigations occur under
criminal or civil law. Criminal law deals with crime and
legal punishment of criminal offenses. Civil law deals with
disputes between individuals, between organizations and/
or between the two. Under civil law, the outcome
primarily involves compensation for injuries or damages,
and/or an injunction; under criminal law, a defendant is
found innocent or guilty, and if guilty subject to custodial
or noncustodial punishment often accompanied by public
condemnation via the media and, sometimes, lifetime sex
offender registration (in jurisdictions where HIV-related
prosecutions are considered sexual assaults). Criminal
laws related to this issue vary from country to country.
Prosecutions can occur under HIV-specific laws (around
70 countries have HIV-specific criminal laws) or under
general criminal or public health laws, such as
endangerment, poisoning, physical or sexual assault and
even murder. At least 32 countries are known to have
applied general or public health laws, and three (Australia,
Denmark and United States) have applied both HIV-
specific and general criminal laws [8,9]. In criminal cases
addressing allegations of HIV-1 transmission, HIV
forensics are sometimes relied upon to prove both timing
and direction of transmission to show that the defendant
infected the complainant and that the defendant was
aware of their HIV-positive diagnosis at the time of
alleged transmission [10].

DNA profiling technology has been successfully used to
link suspects to crime scenes; identify victims of
accidents, disasters and wars or exonerate wrongly
convicted prisoners, as the human genome remains
relatively unchanged during our lifetime. However, for
HIV-1 infected individuals, the problem becomes much
more challenging, as each patient houses a quasispecies of
dynamically evolving viral strains. How different the
viruses in two epidemiologically linked individuals are
depends on many factors and can still not be reliably
predicted. Yet, phylogenetic inference attempts to
recapture the molecular epidemiology of the viruses.
When a-priori hypotheses can be drawn based on contact

tracing, phylogenetic analyses can be used to draw limited
conclusions about the epidemiological links between the
involved individuals, in the context of the relationship of
the viruses with appropriate local controls. Consequently,
phylogenetic analysis has been recurrently used as a
forensic technique to investigate whether the relationship
between viruses infecting a set of individuals is compatible
or in contradiction with the virus having passed directly
between them [10].

Yet, there are concerns regarding phylogenetic analysis,
particularly whether it can indicate direction of
transmission, timing of HIV transmission and whether
intermediary links can be excluded [10,11]. The
establishment of timing of infection, in particular, is
highly relevant, as one of the requirements for required
state of mind (mens rea), for example recklessness, that
should be proven, is that infection took place after the
defendant knew his/her HIV-positive status. More recent
cases have used phylogenetic and population genetics
analyses to estimate an approximate time window
of infection.

Beyond research purposes, phylogenetic analyses in court
involve taking additional, rigorous care regarding what
the results can prove in a particular case when a defendant
is being prosecuted. In this context, this review puts
together courts cases around the world, of crucial
importance for HIV forensics. As phylogenetic analyses
to investigate transmissions is expanding globally, the
most rigorous standards must apply to the appropriate use
of those techniques in court. A narrative of all published
cases is available in supplementary material (Suppl. 1,
http://links.lww.com/QAD/B207). Although HIV
transmission investigations in forensics have become
very common, the scientific publication of such
investigations is decreasing, given the lack of novelty.
As such, many of the reported cases are not so
recent anymore.

In court, the results of phylogenetic
analyses need to be put in the context
of other types of evidence

The phylogenetic investigation is only one of the many
steps needed to frame what can be concluded from the
phylogenetic tree: that is to conclude whether the tree is
consistent with or contradicting the charges. Two other
very important aspects are determining the window
period of infection based on serological or molecular
results, and performing thorough contact tracing to trace
potential other sources of infection to be included in the
analysis. Given that treatment can prevent transmission
[12,13], it is also important to determine whether the
defendant was infectious at the time of the event. We
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could not find data on this type of evidence in the articles
discussed, so we cannot comment on how these have
been used for the interpretation of phylogenetic results.

One specific single-tree topology is
compatible with several alternative
transmission scenarios

It is impossible to know for certain that all persons
involved in the transmission network have been
sampled. Whether links are missing needs to be
assessed through contact tracing, and these depend
on testimonies of defendant and complainant, and
potential other witnesses. Therefore, in reconstructing
a transmission history from a phylogenetic tree in the
context of forensic investigations, one should never
assume that all links are known. Complainants have
to recall or be willing to fully disclose all risk
contacts [14].

Phylogenetic analysis results should be interpreted with
caution, whether using population sequencing, multiple
clones or next-generation sequencing (NGS). When
using population sequencing, if phylogenetic analysis
shows that the two strains under investigation are more
related to each other than to control strains, all of the
alternative scenarios are also plausible (Fig. 1):

(1) defendant was infected by complainant, not the other
way around;

(2) there is a third party with a similar viral strain, linking
defendant and complainant;

(3) both complainant and defendant were infected by one or
more third parties with similar viral strains;

(4) the complainant was already HIV-positive and was
reinfected with another strain, either by the defendant
or by a third party [10].

In many cases reviewed herein (Table 1 and Suppl. 1,
http://links.lww.com/QAD/B207), monophyletic clus-
tering was significant and court investigations suggested
that intermediate contacts could be excluded, whereas no
other risk contacts could be identified. How contact
tracing was performed was often not described, in part
because those that perform contact tracing are not the
same as those that perform phylogenetic analysis. Yet, it is
often clear that other pieces of evidence were used to
support or discard hypothesis of transmission (e.g. timing
of seroconversion, physical examination, HIV status of
other family members, testimonies of other individuals)
[15–18].

Phylogenetics can be used to exonerate
individuals

There are examples where the information present in the
topology of the tree was used to exonerate individuals. In
the nosocomial infection case reported in [19], where two
nurses were a potential source of infection of a patient, the
virus from nurse 1 clustered significantly in a separate
cluster. Phylogenetic analysis was crucial to exclude nurse
1 as source. Also, the topology of the tree reconstructed in
[20] was used as evidence against transmission from an
HIV-1-infected surgeon to his patient. It seems indeed
logical to exonerate defendants that cluster significantly
separate from the complainant. However, the longer the
time since the events, the higher the chance that onward
transmission is separating viruses infecting linked
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Fig. 1. Hypothetical phylogenetic tree for an investigation of HIV transmission. When the defendant and the complainant form a
monophyletic cluster that is significantly supported, alternative scenarios cannot be excluded. Because complete sampling of all
patients with HIV (or at least from the epidemiologically relevant population who are local to the parties under investigation) is not
feasible, it is impossible to know if (and how many) other individuals belong to the same transmission chain. !Statistically
significant support of that cluster.
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individuals, as can be appreciated in [21]. In that case, a
time frame of more than 2 years potentially resulted in
separation of a direct link by onward transmission.

Potential confounding factors in phylogenetic
analyses, such as convergent evolution, should
be considered and corrected for in forensic
investigations
A confounder that influences topology is convergent or
parallel evolution, as illustrated in [22]. When recon-
structing a transmission chain of treated patients, Lemey
et al. found that phylogenetic analysis based on the pol
gene, was incompatible with the known transmission
history. However, after eliminating codon positions
associated with drug resistance, the phylogeny became
compatible with the transmission history. Contrarily to
pol, results generated from the gp41 alignment were fully
compatible with the transmission history. Indeed, some of
the samples had been taken after therapy failure, and the
difference between the pol and env tree could thus be
attributed to drug-selective pressure resulting in a pattern
of parallel evolution. Since that article, drug-resistance
mutations are usually stripped from pol alignments before
performing phylogenetic analyses of transmission inves-
tigations. Other factors potentially leading to convergent
evolution include the human leukocyte antigens type of
the patients and HIVadaptation to neutralizing antibodies
acting on env [23,24].

Analyses of HIV-1 transmission clusters
need to be put in the context of the local
epidemic

An HIV-1 transmission cluster has been defined as a set of
HIV-1 sequences that are aggregated nonrandomly, linked
to their epidemiology [25]. Even when two individuals are
phylogenetically and epidemiologically linked, this evi-
dence on its own cannot prove that person A infected
person B. The amount of genetic variation between the
HIV strains of the person who transmitted the infection
and the person who received it depends on many factors
including the time passed since infection, therapy taken,
immune pressure and potential subsequent events of
superinfection. Therefore, the topology and evolutionary
distances of a tree joining defendant and complainant(s)
must be placed in context of the epidemic. The inclusion of
controls in the analyses, together with anyone identified in
contact tracing, and eventually other known linked
infections, is critically important to translate the phyloge-
netic link present in a reconstructed transmission cluster
into a meaningful epidemiological link.

The first Florida dentist case already used local controls
and contact tracing. However, it was criticized for how
controls were selected: they were sampled in clinics that

were not close enough to the potential transmission
setting [26–28]. Following this case, it became consensual
across most of the studies (Table 1) that the set of controls
should contain as many local sequences as possible with
no known direct link with the case. The criteria for local
controls strains were most commonly the same geo-
graphic origin, same risk group or same subtype as the
complainant and as the defendant, often different sets if
these criteria were different between both parties.

More recently, it has become common practice to also
include the most similar publicly available sequences
selected as database controls, using BLAST search [29,30].
The goal is to find sequences clustering with the query
sequence, and since a potential clustering sequence is not
necessarily the most similar one, it is customary to add at
least 10 most similar sequences per query sequence [31].
This is because the power to exonerate the defendant, if
indeed he/she was not the source of the infection,
depends on how close the control strains are to the case
strains. The closer the control strains, the more likely that
the strains from defendant and complainant will get
separated in the tree if not linked. However, for most of
the cases mentioned (Table 1), this was either not done or
not reported (not available).

It is often difficult to obtain relevant controls if no local
sequences have been deposited in the public databases.
Then forensic scientists have to resort to sampling the
local infected population and this poses ethical questions.
The establishment of countrywide databases containing
sequences and limited anonymized information from all
sampled HIV-1 patients is a public health effort in many
countries; however, not all consortia are prepared to share
their data in part to avoid their use in court cases.

The controls used so far are epidemiologically and temporally
relevant to the parties under investigation. In some studies,
contact tracing was used to define the set of controls; in
others, it was defined based on risk group or geographic or
subtype criteria, but most frequently there is no mention of
using BLAST searches. Thus, controls included in the
analyses were selected using inconsistent criteria.

Analyzing the pol genomic region has
advantages over using other genomic
regions for court investigations

In Table 1, we list genomic regions used for the analyses
performed in different court case investigations. Most
cases use env; some combine the analysis of env with that
of another genomic region, either gag or pol. Only one
case analyzed three genomic regions (gag, env and pol)
[17]. Leitner et al. [32] concluded that the accuracy of the
reconstructed tree topology was more dependent on the
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amount of genetic information taken into account than
on the phylogenetic reconstruction methods used. When
investigating the Swedish transmission chain, involving
nine patients, he found that the V3 genomic fragment
generated more accurate phylogenetic history recon-
structions than the p17 fragment. However, the
combination of the two dataset V3þ p17 generated even
better results [33]. Also Holmes et al. [20] established p17
as an epidemiological informative genomic region to be
used in transmission cases.

Lemey and Vandamme [34] performed a systematic
investigation of the most suitable genetic region to
reconstruct three known transmission clusters by perform-
ing phylogenetic analysis of genetic fragments extracted
from a full-genome alignment of the transmission clusters
along with control sequences. The sliding window
approach showed that, whereas some clusters were highly
supported in some regions, others were not supported at all
in the same region. The only consistent result was that the
larger the region, the more reliable the reconstruction. pol
seemed to be particularly consistent for all investigated
transmission clusters, provided the fragment used was large
enough. However, as described above, when using pol,
resistance-related positions need to be removed. The
analysis of pol also provides an advantage for selecting
control sequences, as many sequences available from drug
resistance testing are from pol. However, many of the cases
reviewed herein were performed before the era of routine
drug resistance testing.

These observations argue in favor of the analysis of two
regions to obtain as much information as possible. Also,
potential recombination can be assessed.

Different phylogenetic reconstruction
methods should be used, as a measure to
assess how dependent the results are on
the method used

Subtyping, multiple-sequence alignment, phylogenetic
reconstruction and population genetic analysis are impor-
tant steps in forensics investigations. Several alignment
algorithms exist [35], yet for HIV transmission investiga-
tions, and particularly for pol, the level of complexity of the
alignments is very low, and all algorithms have been shown
to perform well [36]. For phylogenetic reconstruction,
distance methods, particularly neighbor-joining, have
been shown to perform better than parsimony methods,
whereas ML methods perform better than distance
methods. In any case, using a correct model to estimate
evolutionary distances has been shown important to
generate the correct tree [37–39]. Despite being much
slower, Bayesian estimation seems to perform better than
any other method. Posterior probabilities, however, seem
to overestimate the reliability of the clades, whereas

bootstrap support is generally considered to be over
conservative. However, contradicting previous studies that
reported Bayesian estimation as better performing than
ML, Wertheim et al. [40] found that the ML time-free tree
topology was strikingly closer to the true tree than the
posterior distribution of Bayesian trees, but comparisons
between bootstrapped ML trees and the Bayesian posterior
distribution of trees showed they were quantitatively
similar [37,40–44]. Pattengale et al. [45] analyzed the
number of ML bootstrap replicates necessary to reach
convergence and found that this number is highly
dependent on the dataset. In their analyses of ‘stopping
criteria’, the number of replicates deemed sufficient
typically varied between 100 and 500. Similarly, the
length of the Markov Chain Monte Carlo runs needed for
the Bayesian analysis is highly variable depending on the
dataset.

Many of the studies described herein did not use Bayesian
approach to phylogenetic estimation, most likely because
such investigations were performed when it was still very
time consuming. Yet, for most court cases, at least two
different methods were used, which allows to circumvent
any over or under conservativeness of different phyloge-
netic approaches. Ideally, all methods are concordant, but
if the two most reliable methods, ML and Bayesian, are
discordant, then care should be taken when interpreting
the results.

Phylogenetic investigation of direction
of transmission can only be performed in
the context of next-generation sequencing
or of multiple clones (or samples)
representing the patients’ viral
quasispecies

In cases where transmission is supported by both
phylogenetic and other evidence, additional questions
become important, namely direction of transmission,
direct vs. indirect and timing of transmission. For these
more complex investigations, it is important to rely on
sequencing methods more complex than Sanger sequenc-
ing, such as NGS or sequencing of multiple clones and/or
samples. Direction of transmission, in particular, can only
be investigated when multiple viral strains are available
from the complainant and the defendant. These give a
representation of the quasispecies present in each patient
and not only of the predominant viral strain. In addition,
direction of transmission is more reliably assessed when
multiple samples, and especially early samples, are
available. At the same time, any discrepancies between
early and late samples could uncover superinfection, if
contamination and sample mix-up can be excluded.

In theory, providing molecular evidence for direction of
transmission (source to recipient) is possible if a
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paraphyletic relationship is observed (Fig. 2). Paraphyly
results from a significant genetic bottleneck when
establishing productive infection to a recipient, as the
majority (>75%) of productive infections derive from a

single virus [46]. This argument was used in [47], along
with evidence from contact tracing, not only about the
directionality of the transmission, but also arguing there
was a direct transmission between defendant and several
complainants. Similarly, Romero-Severson et al. [11]
recently provided evidence from simulations that an
observed paraphyletic–monophyletic phylogenetic rela-
tionship corresponds to a high level of confidence that the
directionality of infection is from the paraphyletic to the
monophyletic partner, still not excluding a potential third
contact in between. It can be argued that this reasoning is
not necessarily valid if multiple back and forth transmis-
sion events can have occurred, for example when the
relationship between defendant and complainant lasted
for a considerable period. This is especially true when
early samples from complainant but not from defendant
are available (Fig. 2b).

It is however possible to exclude one direction of
transmission from the establishment of the time window
of infection. If the time windows do not overlap, then the
one infected later cannot be the source of infection.

One recent modeling study claims that
direct transmission can be proven if a
paraphyletic–polyphyletic relationship is
observed between source and recipient

In addition, a paraphyletic–polyphyletic relationship could
indicate not only transmission directionality from the
paraphyletic to the nested polyphyletic partner, but also that
the transmission occurred directly from source (paraphy-
letic) to recipient (polyphyletic) [11] (Fig. 2). These findings
should however be interpreted with caution, as: usuallyonly
one variant establishes the new infection resulting in a
paraphyletic–monophyletic relationship, in which case
direct transmission cannot be proven; simulations – as the
ones used here – require assumptions that are not necessarily
true in the context of a court case and the claims were only
tested in three different known transmission scenarios
involving only two individuals. Cases that end up in
court are often not simple, but can involve individuals
in a relationship, such that transmission back and forth
cannot be excluded. Then directionality in paraphyletic-
monophyletic relationship can be reversed, depending
on which variants were sampled or disappeared. Similarly,
several court cases are known where multiple individuals
are involved in a sexual network where virus passes on
repeatedly in the network, and various of the individuals
could even be superinfected. Furthermore, such findings
are only applicable in cases where different clones and/or
samples of each patients’ viral population are available. This
ideal scenario is not available in most court cases described
in the literature, and often transmission clusters involve
several individuals, even if only two of them are investigated
(e.g. [48]).
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Fig. 2. Classes of topological signal when estimating direc-
tion of transmission according to Romero-Severson et al. and
corresponding compatible scenarios. Compatible scenarios
indicated inside dotted boxes have not been described by
Romero-Severson et al. and have been identified here, based
on previously described court cases. When colored gray,
these indicate unsampled individuals (U1, U2, U3 and B).
When host A (red) is epidemiologically linked to host B (blue),
the resulting virus populations upon sampling may relate to
each other such that: (a) both populations are monophyletic
(MM): If MM relationship is observed, no claims can be made
about direction of transmission: A can have infected B or vice-
versa, A and B can be linked through an intermediary host U2
(unsampled 2), or both A and B can have been infected by a
common source U1 (unsampled 1). (b) one is paraphyletic
and the other monophyletic (PM): According to Romero-
Severson, if a PM relationship is observed, it is indicative
that either host A (paraphyletic) infected host B (monophy-
letic) or that host A infected an intermediary host U2, which
then infected host B. However, we identify yet another
possible scenario: B and A have been infecting each other
back and forth in a long term relationship, but an earlier
sampled virus population of B is lacking and therefore A is
paraphyletic to B. (c) one is paraphyletic and the other
polyphyletic relative to the first (PP). According to Romero-
Severson, if a PP relationship is observed, it is indicative both
of direction of transmission and of direct transmission, for
example that A infected B, without intermediary hosts
involved. However, we identify alternative scenarios, based
on a Dutch court case [48]: in a network of individuals, where
several individuals have been infecting each other back and
forth, for example in sex parties and/or where at least one
individual transmits a dual infection to several others. In this
case, A could have infected U3 with a dual infection and U3
would then infect B (so, indirect transmission by unsampled
U2) or, again B could have been unsampled earlier in time
and therefore, B could have infected A and then vice-versa, or
there is a complex relationship between U1, A and B and
potentially even another U2. Adapted with permission [11].
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It is still not possible to confidently
estimate the timing of transmission using
molecular clock models

Establishing the timing of particular nodes in the tree is
highly relevant to infer whether the tree is compatible
with infection taking place around the time of the events
described in the charges. Time since infection has
previously been identified as an important variable in
analyses of this type [27]. The determination of the time
window of HIV-1 infection should be done from
laboratory testing, but can be narrowed down using
phylogenetic analysis. This time window is important in a
court setting for several reasons:

(1) To know if the defendant was in fact infected by the time
of the events described in the charges;

(2) To confirm that complainant was infected around the
time of the events described in the charges;

There are three published cases [49–51] where timing of
infection was estimated, using similar methodologies:
strict or relaxed molecular clock estimation using the
BEAST framework [52]. In 1993, it was found that,
although assuming a strict molecular clock allows
inferring accurate trees for clock-like datasets, when
the datasets violate the clock-like assumption, the
performance of the tree reconstruction is extremely
poor [53]. More recently, Wertheim et al. [40] evaluated
the accuracy of different clock assumptions on phyloge-
netic tree estimations and showed that relaxed clock
models, particularly the exponential and lognormal
relaxed clock models, were more accurate than the strict
clock and Bayesian or ML time-free models to infer the
correct phylogeny. Importantly, strict clock models
consistently estimated less accurate phylogenies than
time-free models and assuming a strict molecular clock on
nonclock-like data can severely decrease the accuracy
of the tree estimation [40]. Similarly, as with direction of
transmission, accuracy of estimating a time window of
transmission from phylogenetic information improves
when multiple clones/samples are available.

With regard to timing of transmission, one needs to be
aware that a phylogenetic tree constructed from viral
genetic sequences is a gene tree, not a transmission tree
[54]. The variant(s) transmitted usually predate the
transmission date, and conversely, some transmitted
variants might have disappeared from the viral quasis-
pecies after transmission. Therefore, the time to the most
recent common ancestor of a clade joining the variants of
the recipient with the variants of the donor needs not
coincide with the transmission event. This is called the
pretransmission interval (Fig. 3).

Discordance between timing of nodes in a tree and the
transmission time is elegantly illustrated in a article by

Vrancken et al. [56], who showed that in the known
transmission history under study, ancestral viruses were
preferentially transmitted and this led to inconsistencies
between the known transmission time interval and the
one that was estimated in the genealogy. Paradoxically, in
the context of a molecular clock model, a preferential
persistence of ancestral viruses strains upon transmission
may result in more similar source-recipient lineages than
expected based on their transmission time and bias the
divergence time estimates toward more recent times [56].
In some of the cases described [49,51], the estimated
timing of nodes in the reconstructed phylogenetic trees
has been used as an estimate of the window period of
infection. Also, Gonzalez-Candelas et al. [50] found that
the largest inconsistencies found between the estimated
timing of infection from the tree and independently
derived estimates by the prosecution during the trial
corresponded to patients infected in the beginning and in
the end of the outbreak, indicating that molecular clock
estimates might not be robust enough especially at the
extremes of the time distribution of the nodes of the
phylogenetic tree.

Estimating the window period of infection based on
other tests, such as avidity or ambiguity counting or even
on multiassay algorithms is also possible and has been
shown to have a reliable performance at population level,
it can however not be used at individual level [57].
However, none of the criminal cases described used that
type of methodology. The use of NGS in the context of
criminal cases can be important for estimating timing of
infection: a recent study indicated that genetic diversity
calculated from NGS data enables a more accurate
estimation of coalescence times, which can give
information on time of infection, even many years after
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Fig. 3. Pretransmission interval. When genetic sequences are
used to build phylogenetic trees, the resulting tree is a gene
tree. Such a tree can be used to reconstruct historical events
such as a transmission event; however, the timing of the node
where donor and recipient join do not necessarily coincide
with the transmission event. Even when only one variant
was transmitted, the timing of that node may predate the
transmission event (adapted with permission from [55]).
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infection. The most precise estimates of coalescence times
were obtained using average pairwise distance or site
entropy based on third codon positions in the pol gene,
where viral diversity increases approximately linearly
during at least 8 years after infection [58].

The use of public health data in these types
of court investigations raises major ethical
issues that should be discussed

TheGlenochil prisonoutbreakdiscussed inSuppl. 1, http://
links.lww.com/QAD/B207 [59,60] led to the first prose-
cution of HIV transmission in Scotland, data and samples
from the prison outbreak were seized to build a case against a
former inmate, who was found guilty of recklessly
transmitting HIV to a female sexual partner [61]. This case
raised major ethical issues, as it illustrated how public health
data can be used in court and stressed the need for privacy
rules. Since that case, some progress has been made in the
communication between public health and law official such
as to design the best laws that compromise between damage
to the individual and damage to public health.

Criminalization of HIV-1 transmission does compromise
the general public health when individuals at risk for
infection avoid diagnosis, especially as many laws and
prosecutions do not need to prove transmission, but
rather rely on allegations of nondisclosure of known HIV-
positive status or prohibit potential or perceived exposure
to HIV during sex [62]. This overly broad use of the
criminal law is not recommended by leading global
bodies including Joint United Nations Programme on
HIV/Acquired Immune Deficiency Syndrome [63] and
the Global Commission on HIV and the Law [64].

Now that newer techniques improve the power of
phylogenetics to narrow down the source of an infection,
contact tracing and phylogenetics are more and more used
in public health to track down super-transmitters and
treat them to prevent ongoing transmission [65,66].
Public health bodies are very concerned how this will be
used in court cases. A recent gathering of the
Phylogenetics And Networks for Generalized HIV
Epidemics in Africa consortium discussed the ethical
issues on how to make cohort sequences public, including
avoiding exposure of cohort patients to prosecution [67].

Conclusion

Phylogenetic reconstruction is used in court in the
context of other, various, types of evidence. Phylogenetic
analysis is therefore only one of the steps needed for the
investigation, on its own it can never exclude the presence
of hypothetical third parties involved. We reviewed the

published cases where phylogenetic analysis was used in
the context of forensic HIV transmission investigations.
These reflect the past practice. It is difficult to establish
from these sources how phylogenetic analysis is currently
done in forensic context. Early cases received much more
attention than more recent cases, and most of the
published cases date from many years ago.

Epidemiological investigation and contact tracing were
the initial step of most of the cases reviewed herein (Table
1). Epidemiological investigation gives information on
control sequences to be included, and contact tracing
through interviews allows to trace other potential sources
of infection. When phylogenetic analysis indicates that
the two HIV strains under investigation are not related,
phylogenetic evidence on its own has been regarded as
solid enough to exclude the possibility of direct
transmission. Importantly, such investigations have been
used to exonerate suspects. On the other hand, when the
phylogenetic analysis indicates that the two HIV strains
are monophyletic, it has been considered as a piece of
evidence that, together with epidemiological data and
other types of evidence, contributed to convictions
in court.

Significantly, none of the studies listed here reported that
nothing could be concluded from the data collected. We
do however think that, in some context, where an
adequate epidemiological investigation has not been
performed, the phylogenetic expert can testify and say
that there is not enough information to draw conclusions.
An extensive number of cases could not reach a sound
conclusion, even when the case strains cluster together,
and this is usually because of lack of sufficient evidence
and lack of an appropriate epidemiological investigation
[47,51].

An additional important aspect is the determination of the
window period of infection based on actual serological or
molecular results. This is usually not the task of the
phylogenetic expert, but recent evidence indicates that
timing the most recent common ancestor of nodes in trees
contributes to understand the timing of infection. A few
cases reported have used this information [49]. Also, with
the generalization of NGS methods, assessing direction of
transmission and intermediate links may become possible
through phylogenetics and used as evidence in court.
However, these methods are still debated. Reliability of
such estimations, especially in the context of court cases,
should therefore be more extensively investigated and
validated, before starting to be used routinely in court.

In summary, phylogenetic investigations have been shown
useful for the analysis of HIV transmission in forensics and
many promising advances in research might empower its
use in future cases. At the same time, its use in public
health settings is of growing concern to public health
bodies, as their best tools to track down sources of
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infection to treat them and prevent further infections can
be used against these sources in court. This conflict
between individual and public health is being discussed
widely and will hopefully result in an acceptable balance
in future laws.
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transmission bottleneck. Retrovirology 2017; 14:22.

47. Scaduto DI, Brown JM, Haaland WC, Zwickl DJ, Hillis DM,
Metzker ML. Source identification in two criminal cases using
phylogenetic analysis of HIV-1 DNA sequences. Proc Natl Acad
Sci U S A 2010; 107:21242–21247.

48. van der Kuyl AC, Jurriaans S, Back NKT, Sprenger HG, van der
Werf TS, Zorgdrager F, et al. Unusual cluster of HIV type 1 dual
infections in Groningen, The Netherlands. AIDS Res Hum
Retroviruses 2011; 27:429–433.

49. de Oliveira T, Pybus OG, Rambaut A, Salemi M, Cassol S,
Ciccozzi M, et al. Molecular epidemiology: HIV-1 and
HCV sequences from Libyan outbreak. Nature 2006;
444:836–837.
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