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Abstract

Phylogenetic reconstruction has become a standard way to investigate and
reconstruct transmission histories. The accuracy and reliability of the methods
becomes a particularly critical issue when the reconstruction is performed as part
of a criminal investigation. Here we report on and discuss experiences gained from
phylogenetic reconstructions of 27 Swedish HIV-1 transmission chains. The police
or public health authorities had requested the investigations and in many cases the
results were used as evidence in court. We have established a relatively simple
procedure for reliable reconstruction of transmission chains based on double
sampling, direct population sequencing, and maximume-likelihood tree analysis. In
19 cases we found support for an epidemiological link between the index case and

other purposes.

the recipient(s), whereas in 4 cases we found no such support. In the remaining
cases the epidemiological questions or the results were more complex. An
important limitation is that it is usually impossible to determine the direction of HIV-1
transfer or formally exclude that the subjects under investigation are indirectly,
rather than directly, linked, i.e. that the virus has been transmitted via a third
person. Given these limitations, we conclude that phylogenetic analysis is a very
powerful tool for reconstruction of HIV-1 transmission chains for forensic as well as
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Introduction

HIV-1 infection has been, and stilhjs; a very seriy
ous disease. Before the introduction of highly active
antiretroviral therapy (HAART) the Jong-term mortal-
ity of HIV-1 infection was|close)td 1002t s possi-
ble that HAART may reduce long-term mortality, but
if o, at the expense of life-long treatment with drugs
that have considerable side -effects."“Therefore|
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some countries, including Sweden, have passed
laivs-which dictate that it is criminal to deliberately
transmit-Hi\<1-ahd' other severe infections. In Swe-
den, itis also illegal to expose someone to these se-
verefinfectionswitttout informing the potential recip-
ient about the risk. For HIV-1, such exposure can
gceur during unprotected sex and sharing needles.
MhelSwedish communicable disease act also states
that contact tracing must be performed for sexually
transmitted diseases (STD) and that, an.infected
person must infarpmabeut-his or/hericontacts. If it is
discoyered that| an) HIV-T) trapsmissioh may have
been unlawful, the case can be transferred to the
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Fig. 1 (A). The true transmission history of the Swedish Transmission Chain. Each tip in the tree represents a sample from an
infected individual. From some individuals more than one sample was available, for instance, p1.136 and p1.719 are two samples
from patient 1 (index case in the study). All internal nodes indicate transmission events where the donor lineage continues below
the split and the recipient lineage above. All events are according to the indicated time scale. (B) A reconstructed maximum
likelihood tree based on a combined env-env gene fragment. Bootstrap values are indicated for all clusters as percent out of 1000
resamplings. Branch lengths were optimized under the GTR + G substitution model. The reconstructed tree resembled the true
transmission history to 94%, and all epidemiological linkages were accurate.

public health authorities or to the police. Note that
HIV-1 transmission can never be unlawful if the
transmitter was not aware of his or her infection at
the time of transmission. This part can often be re-
solved by prior HIV test results and interviews with
the transmitter’s doctor, etc. An important part of the
forensic investigation of deliberate HIV-1 transmis-
sion is a reconstruction of the transmission chain
using DNA sequencing and phylogenetic inference.
In this review we report on and discuss experiences
gained from phylogenetic reconstructions of 27
Swedish HIV-1 transmission chains. The police or
public health authorities had requested the investi-
gations and in many cases the results were used as
evidence in court.

The Swedish transmission chain

In order to allow results from phylogenetic recon-
structions of HIV-1 transmissions to be used as evi-
dence in court, it is imperative that the conclusions
drawn from the investigations are accurate and reli-
able. What evidence do We(haye that oy Teconstruces
tions of HIV-1 transmission chains reflect reality? Sim-
ulation experiments have shown that phylogenetic
methods can reconstruct evolutionary histories!
Such simulations usually consist of three steps.
First, a tree is constructed, byjthe. investigator. Second,
sequences are generated' using‘the 'Constructed
tree and a suitable model of evolution. Finally, at-
tempts are made to reconstruct the tree fromitheses
guences. The results from such simulations have
provided important information about the strengths
and weakfesses) of different phylogenetic, meth-
ods'®, but they do met{fully reveal{how aeeurate the

methods-are on'realdata’ There’are ‘atjleast two rea-

sons for this. First, all models used are oversimplifi-

cations of real evolution. Second, the evolutionary
process is often incompletely understood and thus
impossible to accurately model. For these reasons it
is important to document whether real evolutionary
histories can be reconstructed using phylogenetic
methods. However, in most biological systems evo-
lution is too slow to follow in a lifetime. RNA viruses
are an important exception because they display
very rapid genetic evolution, and thus it is possible
to follow their evolution in real time.

One of the most carefully studied examples of a
known phylogenetic tree involves a Swedish HIV-1
transmission chain®. This transmission chain con-
sisted of 9 individuals from whom 13 samples were
obtained. The index case, a Swedish male (p1) be-
came heterosexually HIV-1 infected in Haiti in 1980.
During the next five years he transmitted the virus to
six women (p2, p4, p5, p7, p8, and pll). Three of
these women later infected two male sexual part-
ners (p6 and p10) and two children (p3 and p9).
Detailed knowledge about the transmission history
was obtained through in-depth interviews that were
done by [doctorsyornurses with special training in
contact tracing. For all subjects it was possible to
define a narrow time-interval of a few months during
which [thel transmission had occurred. Records of
probable symptomatic primary HIV infection further
narfowed this-interval down, for some individuals.
DNA"populatien 'sequences” from the env V3 and
pl7 gag regions of the HIV-1 genome were deter-
mined rand several common tree-reconstruction
methods were tested for their ability to reconstruct
the true transmission history. Reassuringly, the re-
constructed trees were almost idéntical to the true
tree (Fig. 1) Thus, 94% of the quartets agreed be-
tween'the reconstructed tree and the true'transmis-
sion history®.
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Table 1. Swedish transmission investigations

Case Year Subjects Route Index? Recipient? Linkage Police® Subtype
18 1992 2 HE M F Y Y B
2° 1993 3 HE M 2F Y Y G
3° 1993 2 HE M F Y Y D
49 1994 4 HE/VE M 1F1IM1C Y N AID
5 1994 3 HE M 2F Y Y B
6 1994 2 HE F M Y Y A
7 1994/1995 3 HE M 2F Y Y A
8 1994 2 HE M F Y Y B
9 1995 2 HO M M Y N B
10 1995 2 HO M M Y N B
11 1995 2 HE M F 4 N

12 1996 2 HE M F Y Y A
13 1996 2 HE/IVD M F Y N B
14 1996 2 HE M F N Y B
15 1995 4 HE/IVD F 2M1F Y N B
16 1996 2 HE M F Y B
17 1996 6 IVD YIN5 N B
18 1996 2 HO M M Y Y B
19 1997 3 HE F 2M Y Y B
20 1997/2000 2 HE M F Y Y D
21 1998 2 HE M F Y Y A
22 1998 1 IVD? 6 N N B
23 1998 2 HO M M N Y B
24 1999 3 HE M 2F Y Y D
25 1999 17 IVD/HE 7 N B
26 1999 1 IVD 6 Y N B
27 2000 2 HE M F N Y A
1HE, heterosexual; HO, homosexual; VE, mother-child contact; IVD, intravenous drug use. 2M, male; F, female; C, child. Y, the case was
investigated on the commission of the police or the court; N, the case did not become part of a police investigation. 4This case was
closed after failure to amplify DNA from one of the subjects. *Samples from two individuals were not possible to analyze. Of the
remaining four, three were linked and one was unlinked. 6This investigation was whether an IVD user was linked to a previously
established group of IVD users. "This was an epidemiological investigation of IVD users in southern Sweden. Molecular as well as
traditional methods were used. 8Ref.no. °Ref. no.

The main conclusion from the studies of the
Swedish transmission chain was that complex HIV-1
transmission chains could be accurately reconstruct-
ed by the methods used, i.e. direct population se-
guences, realistic substitution models, and maximum-
likelihood calculations. However, the reconstructed
tree had one error that involved a mother-to-child
transmission. The reconstructed tree suggested
that the child had infected the mother, which was
obviously wrong. As we will discuss further under
Limitations and in the section on genetic distance
and time, this is not a surprising result because a vi-
ral phylogeny is not necessarily identical to the
transmission history of the virus®. However, it is im-
portant to stress that evN)Oa
was accurately reconstructed, even if the sugge
ed direction of the transmission in one ¢case was in-

repr i

correct. oauce

iologcal inn@gg_u

or

and local epidemics. One special example of the
latter is the use of molecular epidemiology for foren-
sic purposes. The most well known example is the
Florida dentist case from 1992°. The severe conse-
guence of the use of phylogenetic reconstruction in
a court case raised a large amount of controversy®-
16, The molecular evidence indicated that the Flori-
da dentist had transmitted HIV-1 to several of his
patients, but the case was finally settled out-of-
court'’. The first case in which evidence based on
molecular epidemiology was used in court involved
a_rape_in_Stockholm, Sweden, in 1992, Based
partly on molecular evidence, the rapist was found
guilty of deliberate transmission of HIV-1 and im-

lgdiqsg@m @ippem@bﬁ]e[g%al other forensic investi-

gations of HIV-1 transmission have been performed

in.Sweden (Table -1[)1E idemiological investigations
Faihﬁ 1/ transmissions have also been

conducted in several other countries, but it is not

Forensic investigat\i’WJ[h out the P rior V@iﬁémﬁg&m&gm i arztsoffrgrrri]mfi]rgniﬁ Vce;g

Phylogenetic reconstruction based on genetic in-
formation in epidemiological invest{géti@h;ei
known as molecular epidemiology. On a larg
scale, molecular epidemiology has been used to

workers to their patients have frequently been in-
[of {and obviously this is an important issue.

er the Florida dentist case, investigations of oth-
er possible dentist-to-patient transmissions have

follow t ndemi rmini V1 subt ' no. evidence. of epidenti linkage®®20.
distrib al ei ti a[t)% fof eU t irﬁaa e}@ nyestigati ave levaluated
virus. MoteCular ep 0 al n'used on a ibl SMISSioNs infected ‘stirgeons

smaller scale to study HIV-1 transmission chains

to their patients. Some studies have supported sur-
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sequence D-ELI (subtype D) is used to root the tree.

Fig. 2. Reconstruction of transmission case 18. (A) Maximum likelihood tree based on the env V3 sequences. (B) Maximum
likelihood tree based on the p17 gag sequences. S-1, subject 1, virus population sequence from the accused person. S-2, subject
2, virus population sequences from the person aggrieved. HS-#, virus population sequence from controls from the same risk group
as the accused person (homosexual). Other sequences are representatives for database sequences of HIV-1 subtype B, and

geon-to-patient transmission?!, while others have
not??, Recently, a nurse-to-patient transmission in
France was supported by molecular evidence?®. In
addition, other investigations of epidemics in social
contexts have included outbreaks in a prison? and
in a paediatric hospital®>28, A criminal investigation
was recently reported from Australia where an HIV-
positive man had infected at least one other per-
son, who subsequently had infected yet another
person?’.

In Sweden, where the rape case was the first in-
vestigation, we have, up to now, completed 27
investigations of HIV-1 transmission requested by
the police or the public health authorities (Table 1).
Heterosexual contact has been the most common
mode of transmission (63%). In the majority of the
heterosexual cases a man was suspected to have
transmitted to one or more females, but three cases
involved a female perpetrator. The remaining cases
involved homosexual contact (four cases), intra-
venous drug use (three cases), or a.combination of
heterosexual contact and intravenous drug use (two
cases). One case, case 25, involved a group of 17
intravenous drug (VD) us€rs[in-southienn Swedef.
In this case molecular epidemiology was used to-
gether with traditional epidemiology to,disentangle
the transmission pathways betweer/ thel siibjects.
The investigation has revealed a complex transmis-
sion pattern and it is ngt-fully Glear lif thererhave
been one or several introductions-of-HIV-1linto the
group?®. At least two other cases (cases 1 and 12)
have involved rape, but the reconstruction of [HIV-1
transfer can obviously not prove rape. The investi-
gations only test whether the virus variants carried
by subjéets\invalved.are epidemiolagically linked ar.
not. In\19,¢ases a=clear epidemiologieal |linkage

could be-réconstructed,'and 4’ cases ‘the recon-*

struction suggested no direct linkage.

Examples

Case 18. This investigation involved two homo-
sexual men. The index case was accused of having
had unprotected sex with, and thereby infecting, the
recipient without informing the recipient about the
fact that he was HIV-1 infected. It was clear that the
index case was aware of his infection, since, among
other things, he had received antiretroviral treat-
ment. Figure 2 shows the reconstructed evolutionary
relationship of the env V3 and pl17 gag sequence
fragments. The virus was of subtype B, as expected
in this risk group in Sweden. A control group con-
sisting of viral sequences from the same risk group
and geographical area was used together with se-
quences from the international HIV database in Los
Alamos, NM?. As seen in figure 2, the viruses car-
ried by the two subjects were clearly linked, a finding
that was supported by a bootstrap value of 97% for
the V3 analysis. Based on the molecular as well as
other evidence, the accused man was found guilty.

Case 27. This investigation involved a man and a
woman where the man was accused of having in-
fected the woman through unprotected sex. Also, in
this case|it Was [clear\that the man was aware of his
HIV-1 infection before they had met. The female
claimed.that the -accused man had infected her,
while’ he' ‘statedy thatshe had told him that she
thought that she had been infected at some prior
timepoint. Both individuals\were found to carry sub-
type Avirus: The viruses were, however, not closely
related to each other. Figure 3 shows the env V3
trée|in Whi¢h the sequences from the man and the
female are separated by several local and data-
base control sequences. The man, who was held in
custody,duiing theinvestigation,/was immediately
released and the \chargesywerg dropped|when the
results from the” molecular investigation Were pre-
sented to the police and the district attorney.
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A-U455
A-D687
LC-1
LC-2
LC-13
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LC-5
LC-15
LC-14
A-SF1703
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Fig. 3. Reconstruction of transmission case 27. Maximum likelihood tree based on the env V3 sequences. S-1, subject 1, virus popu-
lation sequence from the accused person. S-2, subject 2, virus population sequence from the person aggrieved. LC-#, virus
population sequences from controls from the same risk group (subtype A infected person sampled in Sweden). Other sequences
are representatives for database sequences of HIV-1 subtype A, and sequence B-MN (subtype B) is used to root the tree.

Investigation procedure

In the following sections we will present and dis-
cuss the methods that were used in the forensic in-
vestigations of HIV-1 transmissions in Sweden. As
outlined in the flowchart (Table 1), the investigation
consists of several steps that are consecutively de-
pendent on each other. We will look in detail at each
step. Naturally, there are many other valid ways to
perform these investigations. Nevertheless, we feel
that our investigation method provides an attractive
balance between accuracy and reliability on the
one hand and cost in time and labour on the other.
It is an absolute requirement that the methods used
are accurate and reliable, but it is also important
that the investigation can be completed within a
reasonable time and at a reasonable cost. Often the
accused person has been held in custody while we
have performed the investigation, and therefore it
has been our goal to complete the investigation in
less than four weeks.

Samples

Two samples of whole blood, drawn on different
days, are obtained from each subject. The two sam-
ples are treated individually throughout the complete
investigation to minimise the risk of sample mix-up and
contamination. If the analysis does not show the same
result on both samples it should be considered invalid.
The identity of each individual is protected by labora-
tory codes, and all information on the samples is kept
in an access-restricted database and fireproof safes.
On a few occasions we have, in addition, included ear-
lier samples from some of the individuals involved in
the investigation'®. Such prior samples, however, must
be used with caution since they probably were collect-
ed for other than forensic reasons. This brings up ethi-
cal considerations as to which stored samples can
and cannot be used, and consent from the subject
may have to be acquired.

In most investigations we have used sequenced

raviral DNA from peripheral blood mononuclear

No part of this pubfication may be
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performed on a combined V3+p17 fragment. See text for further details.
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Table 3. PCR and sequencing primers for forensic investigations

Fragment Primer Use! Position? Sequence®

envV3 JA167 outer sense 6876 TAT CYT TTG AGC CAATTC CYATAC A
JA168 inner sense 6988 ACA ATG YAC ACATGG AATTAR GCC A
JA169 inner antisense 7373 AGA AAA ATT CYC CTC YAC AAT TAAA
JAL70 outer antisense 7388 GTG ATG TAT TRC ART AGA AAAATT C

pl7 gag JA152 outer sense 624 ATC TCT AGC AGT GGC GCC CGAACA G
JA153 inner sense 679 CTCTCG ACG CAG GACTCG GCTTGCT
JA154 inner antisense 1237 CCC ATG CATTCAAAGTTCTAG GTG A
JA155 outer antisense 1300 CTG ATA ATG CTG AAAACATGG GTAT

nner primers also serve as sequencing primers.
2Position according to HIV-1 strain MN.
3Degenerate nucleotides are indicated by the IUPAC-IUB codes.

cells (PBMC), but in some cases RNA from plasma
virions has been used instead. The PBMC virus
population often is slightly more heterogeneous, but
our studies on the Swedish transmission chain show
that both DNA and RNA can be used for accurate
reconstruction of transmission chains. However,
DNA may be the only option if a subject is on suc-
cessful HAART. Before sequencing, the number of
viral DNA copies is determined in each sample.
This is done to ensure that the virus population is
correctly sampled. Hence, it is important that each
direct population sequence is based on a minimum
of ten DNA (or RNA) molecules (see further below
under Genetic information). If the viral copy num-
bers are low, we run several PCR reactions from the
original sample and pool the amplicons to ensure
that the in vivo virus population is adequately sam-
pled. The DNA load in the PCR tubes is determined
by the limiting dilution procedure®. Briefly, each
sample is diluted in sequential steps and several
parallel PCR reactions are run on each dilution. The
number of viral DNA copies per PCR reaction is
then calculated according to the Poisson distribu-
tion formula®. In this context it is important to stress
that commercial or in-house HIV-1 quantification
methods based on competitive PCR are often not
adequate for this specific purpose. These assays
are designed to measure virus load in vivo, while we
want to know how many viral DNA or RNA mole-
cules have been successfully extracted and ampli-
fied in each PCR reaction tube.

Genetic information

One important conclusion from the studies of the
Swedish Transmission Chain Was lthat/accuracy 'of
the reconstructed tree topology (branching order)
was more dependent,gn;the amount of genetic-in-
formation than the phylogenetic ‘reconstruction
method®. As discussed further below, the choice of
phylogenetic reconstruction method ig)fot jfrelet
vant, however. Some methods clearly produced in-
ferior topologies and, even more importantly,
branch/engths jand-molecular-clock, estimates jare
critically\dependent-oh the chaice|of/evelutionary

modelPL Mtis important to stress that the*amount of ™

genetic information is not the same as the sequence

length. Thus, the more variable env V3 fragment
contained more genetic information than the longer
pl7 gag fragment. The best results, however, were
obtained with a combined env V3 + p17 gag frag-
ment. In all investigations performed after case 1,
where a pol fragment was used together with the
pl7 gag fragment, env V3 and p17 gag were used.
The primer sequences are given in Table 3. This
choice was based on our studies of the Swedish
Transmission Chain that show that complex HIV-1
transmission histories can be accurately recon-
structed using these relatively short sequence frag-
ments. Furthermore, the same studies have identi-
fied models of evolution and tree reconstruction
methods that allow accurate reconstructions (see
further below).

We have used direct population sequencing’
rather than sequencing of individual clones. There
are several reasons for this choice. First, we avoid
the problem of PCR-induced substitutions, because
each direct sequence is generated from a minimum
of 10 individual HIV-1 dsDNA templates. Even if the
Tag polymerase misincorporates a nucleotide in
the first PCR cycle, a specific error will only be pre-
sentin 1 out of > 40 DNA strands (= 20 dsDNA mol-
ecules) present after the first PCR cycle (i.e. <
2.5%). The direct population sequencing method
has a detection limit of 10-20% for polymorphic nu-
cleotide positions. Thus, PCR-induced errors will
not affect the deduced nucleotide sequence. Sec-
ond, by direct population sequencing many more
samples can be analysed in a given time. One se-
guénceis(sufficientto deseribe the population with
a resolution of 10-20% for polymorphic positions,
while 5-10 clonal sequences would normally be re-
guired.for\the \same resolution. As mentioned previ-
ously, time is important when a person may be held
in | eustody,~Unti ~the- investigation is completed.
Third; “direct’ population’sequencing involves less
laboratory manipulations on the virus population.
fraditional [cloning procedures may introduce un-
wanted selection, thereby biasing the population
structure. Finally, the tree reconstruction will involve
5:10 times-fewer sequences.” This\makegs\it more
feasible tomse better, but'eomplter-intense, models
ofevolutionand reconstructionrmethods. One draw-
back of direct population sequencing is that the
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linkage between the nucleotides in mixed positions
is usually impossible to decipher. This is less of a
problem in studies on transmission pathways be-
tween individuals than in studies on virus population
dynamics within a single individual.

There are two ways of describing a population
sequence, either by ambiguity codes or by a major-
ity rule. In our investigations we have used the 1U-
PAC-IUB ambiguity codes, where R, for instance, in-
dicates the nucleotides A and G. Originally R was
defined as A or G (i.e. an unresolved nucleotide po-
sition). However, we use ambiguity codes to indi-
cate polymorphic nucleotide positions (i.e. when
some virus variants have an A and others have a G
in a certain position). Therefore, a population se-
guence describes many sequences at the same
time and, thus, the ambiguity codes should be in-
terpreted as multi-state characters rather than am-
biguities. In contrast, a majority rule population se-
guence contains the most abundant nucleotide at
every position. Note that this still is a population se-
guence although its sequence suggests a clone.
There is a problem with this, namely that the se-
guence may not exist as a real variant in the popu-
lation. The use of multi-state characters avoids this
problem since it includes all variants down to a cer-
tain resolution, but unfortunately some phylogenetic
software does not accept sequences that contain
ambiguity codes.

Phylogenetic reconstruction

Inference of evolutionary history from DNA se-
guences is a very powerful tool. Many methods of
tree reconstruction have been proposed and used
in biological contexts. The efficacy and accuracy of
phylogenetic reconstruction methods have been
studied in many different ways including computer
simulations®®, experimental phylogenetics®?, and
real evolutionary histories®. For HIV-1 and many oth-
er systems, the best reconstructions have been de-
rived using maximum-likelihood (ML) methods®3%%,
The ML method has the advantage of allowing the
investigator to choose an explicit model of evolution
but, on the other hand, requires that a reasonably
realistic model be chosen. The use of an inade-
guate model may give the wrong answer. HIV-1 evo-
lution has been carefully investigated®* and shown
to be best described for the env V3 and pl7 gag
fragments by the general(fime«eversible [(GTR op
REV) model including Gamma (G) distributed sub-
stitution rates among sites (GIR.+ G)3.%4 _Another
important advantage of the ML-method'is'that itthas
a sound statistical framework. This allows hypothe-
sis testing and estimation ¢f-confidence intervals-for
all inferred parameters. For instance, itis'easy to
test the statistical support for alternative transmis-
sion pathways. Using ML hypothe§is| testing;
Holmes et al®?. investigated whether a patient was
more likely to have been infected by an HIV-1 posi-
tive sufgeon of through~an ~HIV-1 \coptaminated
batch of\blood. It was found that the treeinking|the
patient t0the blood batch was significantly better

(p < 0.01) than the tree linking the patient to the sur-
geon.

As mentioned above, given sufficient and consis-
tent phylogenetic information, the ability of the ML
method to find the correct topology is relatively in-
sensitive to violations of the substitution model®.
This is fortunate because many phylogenetic recon-
struction programs do not include the GTR + G
model®®, while others do not accept, or correctly
handle, multi-state characters®. Phylogenetic soft-
ware is constantly being improved and refined, and
thus our ability to accurately reconstruct HIV-1
transmission histories also improves over time. Cur-
rently, we carry out the reconstruction of a transmis-
sion chain in several steps,

1) The sequences from the subjects are aligned
to a subtype reference set®’. The genetic subtype of
the virus carried by the subjects is determined by a
quick neighbour-joining (NJ) tree.

2) Based on step 1, a set of control sequences
from the same subtype is selected. After realign-
ment, a ML tree is calculated using the F84 substi-
tution model. This tree represents the final tree if the
resultis clear, i.e. if the sequences from the subjects
under study are clearly not linked, or if they are
clearly directly linked and separated only by very
short distances.

3) If the ML tree is not completely clear, the
branch lengths are recalculated under the GTR + G
model. Steps 1-3 are performed on both the env V3
and p17 gag sequences.

4) A combined V3 + pl7 tree is calculated using
ML and either the F84 or the GTR + G model.

5) Bootstrap values are calculated under the F84
model using NJ on 1000 permutations of the align-
ment in step 2.

All ML trees are calculated on a parallel computer
using a parallelised version of the program
DNAML35383% and the GTR + G corrections are cal-
culated using BASEML®, NJ trees and bootstrap
analysis are calculated using the PHYLIP package®.

Controls

The HIV-1 genome is amazingly plastic, and this
is why we are able to perform reconstructions of
transmission chains at all. We cannot, however, say
much about the possible epidemiological linkage
between. two sequences without control se-
guehces! Phylogengtic reconstruction of a tree with
only two sequences is trivial and uninformative.
Thus, we need, to include control or background
material’ As-already mentioned above, HIV-1 is di-
vided into subtypes, or more correctly, group M
(mainpof, HIVA fisdivided-into subtypes?. If we in-
vestigate the "possiblé linkage between two se-
quences of subtype A, and used control se-
queffeestiom subtype B, then obviously our two
subtype A sequences would be more closely relat-
ed tp each other than to any_of the controls, irre-
spective~of\whether they-were) linked of not. Be-
cause of the poor choige'af control sequences, we
have esSentially performéd thétrivial phylogenetic
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reconstruction of two sequences. Scientists may
arrive at completely wrong conclusions if the con-
trol sequences are not correctly chosen. Conse-
guently, relevant control sequences need to be
carefully selected, but unfortunately such se-
guences are not always available.

In our analyses we always try to use local control
sequences of the same subtype as the virus car-
ried by the subjects under study. If possible, the lo-
cal control sequences are also matched for risk
group and geographical origin. For each case we
have investigated, our set of local control se-
guences has increased. In addition, other studies
of circulating HIV-1 genotypes in Sweden have pro-
vided a rich set of additional control sequences*..
Besides local controls, we always include all avail-
able sequences from the same subtype found in
the HIV database*?. When a large amount of se-
guences are available, like for subtype B in the env
V3 region (currently >1900 sequences)*, a BLAST
pre-screening is advisable. Finally, if the set of con-
trol group sequences still is very large, we first per-
form an analysis of all sequences and then recal-
culate a representative tree that includes all local
controls plus the most relevant database sequences
(Figs. 2 & 3). In addition to serving as epidemiologi-
cal controls, sequences from local controls as well
as sequences of commonly used laboratory strains
serve as controls of laboratory contamination®?,

Genetic distance in relation to time since
transmission

It has been shown that HIV-1 evolution involves a
relatively constant rate of nucleotide substitutions*®.
The number of nucleotide substitutions per unit of
time is referred to as the molecular clock*#’, In
many other biological systems researchers have
found that molecular clocks often are over-dis-
persed*0 i.e. there is more variation around the
expected rate than predicted by the Poisson error.
One reason for over-dispersion is that different lin-
eages in a tree may evolve at different rates, i.e. lo-
cal clocks may diverge significantly from the overall
clock®. In HIV, it has been reported that the rate of
evolution may vary in different stages of the dis-
ease®2%,. Nevertheless, several studies indicate
that the rate of evolution is relatively constant, at
least when averaged out over several indjviduals
and longer time periods*®®453)ir Imost! forensic in-
vestigations of HIV-1 transmissions the samples are
collected within one or few years aftet the time of
the alleged transmission. It is interesting-to-discuss
if it is possible to estimate the time of transmission
based on the genetic\ distance| between rthe (se-
guences. At least two aspects of this problem re-
guire comments.

First, it is obvious that detailed knowledge alout
the rate and dispersion of the molecular clock is re-
quired to.estimate the time for transmission. It is im-
portant/tg stiess that\beth-oftheseparameters have
to be determined for the sequénce fragment under
investigation, as well as for the specific reconstruc-
tion method and evolutionary model that is used.

Using the Swedish transmission chain, we have de-
termined the rate and dispersion of the molecular
clocks for the p17 gag and env V3 fragments as de-
termined by ML and the GTR + G model*. For most
other sequence fragments and phylogenetic meth-
ods, the knowledge about the characteristics of the
molecular clock is much more incomplete. Given
that the rate and dispersion of the molecular clock is
known, it is relatively simple to estimate the time for
transmission and also provide confidence limits on
this estimate. From these estimates we can deter-
mine if the molecular data fits with the proposed time
for transmission. This may sound very attractive, but
unfortunately the method is severely hampered by
the fact that the confidence limits usually are quite
wide, especially if the time since transmission is
short. The main reason for this, and the second as-
pect to consider is that we reconstruct the viral evo-
lutionary history, not the transmission history. The vi-
ral evolutionary history is closely dependent on the
transmission history, but, because the virus is a het-
erogeneous population, the genealogy of the trans-
mitted variant may not precisely describe the trans-
mission history®4>. Intuitively, it is easy to under-
stand that a virus variant that is transmitted must al-
ready have existed for a while in the donor before it
is transmitted to the recipient. We have named this
time interval «the pre-transmission interval»®4> and
more precisely it describes the (average) distance
in time from the most recent common ancestor of
the virus in the donor and the recipient to the time
point of transmission. The pre-transmission interval
will depend on the effective population size of the
virus in the donor. In addition, it will be influenced by
the transmission bottleneck, regardless of whether
this selection process is purely stochastic or if it also
has elements of positive or purifying selection. The
pre-transmission interval may cause as much ge-
netic distance between two samples as a few years
of intra-patient evolution. Faster evolving gene frag-
ments will be less affected by the pre-transmission
interval because of the steeper slope of the substi-
tution rate*.

In conclusion, estimation of time for transmission
using the molecular clock has limited use in most
forensic investigations because the confidence lim-
its_are wide. Furthermore, the molecular clock is
poorly characterised for most HIV-1 sequence frag-
ments. Nevertheless, it is often useful to be able to
State” that @ [transmission) was unlikely to have oc-
curred more than 4-5-years ago (something which is
often feasible). The method also has one important
advantage:\namely that the measure is not depen-
dent on the choice of controls. Thus, it can be the
onlyvalid method. if;no-suitable control sequences
are‘available.

Limitations

The, reconstryction of a transmission chain for
forensicruseyrequires the highest standards of labo-
ratory| and™analysis! procedurgs.|\Good laboratory
practice, including detailed records of sample han-
dling, is important to control sample mix-ups and
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contamination risks. Limitations due to use of an in-
appropriate control group have already been dis-
cussed above. When it comes to the analysis part,
the reconstruction method is better suited to provide
evidence against than for linkage. This is because
we cannot formally exclude the possibility that there
exists an un-sampled link between the investigated
sequences. In other words, if we find that A is epi-
demiologically linked to B, we cannot exclude that
there may exist a third subject, C, who was infected
by A and then infected B. Itis also not possible to ex-
clude the possibility that C, who has not been sam-
pled, infected both A and B. If, on the other hand,
the sequences from the index case and the recipient
are separated by one or several control sequences,
we can with much higher confidence state that it is
highly unlikely that the proposed transmission has
occurred. Note that if more than two persons are in-
volved in the transmission chain the situation be-
comes more complex. Some investigators have,
therefore, suggested that each transmission pair
should be investigated separately*.

From a tree reconstruction alone it is usually not
possible to determine the direction of a transmis-
sion. Said differently, we cannot with certainty say
whether A infected B or B infected A. This is surely
the case if we are not able to root the tree, but may
also be the case for a rooted tree. As previously
stated, this is due to the fact that we reconstruct the
evolutionary history of the virus, not the transmis-
sion history84, It may very well be that a variant that
has not produced progeny in A was transmitted to
B. In a later reconstruction it would then seem as if
the population in B was ancestral to the population
in A which would be correct, but it would mislead us
about the direction of the transmission. This is one
possible explanation for the only «mistake» in the
Swedish Transmission Chain, where it seemed as if
a child had infected its mother®8, Limited or non-
representative sampling can induce the same pat-
tern. Note, however, that the linkage between two
subjects is not disrupted by this limitation; it is only
the direction of transfer that may be obscured. In
some special cases it may be possible to determine
the direction. If the sequences of B are significantly
more closely related to some subset of sequences
in A than many sequences of A are to each other,
the transmission was surely from A to B. This inves-
tigation would, however, require detailed analysis of
multiple clones from each subjegt] Al30, we |wain
against using the degree of heterogeneity (i.e. intra-
sample distances or number_of polymorphic,nu-
cleotides as indicators of time-since)transmission).
Intra-sample distances tend to vary during disease
progression> and are ,alsd-very, sensitive to-$am-
pling errors. In our 'forensic’ ‘cases,’ information
about the probable direction of the virus transmis-
sion has often been obtained througlrother) evis
dence, i.e. prior HIV antibody tests.

A third limitation of the tree reconstructions is that
the resolution may sometimes be too limited, In Sity-
ations where there is-explosive-spread of-HIV-1 from
a point selrce, sueh‘as when'hundreds of intra-
venous drug users became infected within a few

months in Kaliningrad, we will be unable to recon-
struct the exact transmission pathways.

In the written statement of the investigation we al-
ways notify about the limitations of the methods. Itis
specifically stated that we cannot formally exclude
the existence of «person C» by tree analysis. Thus,
if the sequences from the subjects under study are
linked we write that the result from the investigation
agrees very well with the possibility that the pro-
posed index case infected the proposed recipient.

Perspective

Reconstruction of transmission histories in crimi-
nal investigations will, unfortunately, not be obso-
lete in the future. Information campaigns and better
social care may reduce their number, but we have
not yet seen such trends. It is, once again, very im-
portant that the investigation is made according to
the best method available since the judicial system
relies strongly on fair and correct information from
expert witnesses. We must, therefore, continuously
follow the scientific field and improve our methods.
In Sweden, and in other countries as well, studies
are made of the epidemiological situation. For ex-
ample, in many European countries immigration
has brought new subtypes into the circulating HIV
population*-565960_ |t is naturally very important
that the local controls reflect the epidemiological
situation of the region where the alleged crime took
place. We must, therefore, be up to date with the
current epidemiological situation and keep repre-
sentative sets of reference sequences at hand. The
ideal situation would be to have HIV sequence ma-
terial from all new cases, but in some regions this
might not be practical for various reasons. It is also
important to follow development in the methodolo-
gy for phylogenetic reconstruction. Improvements
of established methods and introductions of new
techniques are frequently reported. Indeed, phylo-
genetic reconstruction is a scientific field in itself,
with several specialised journals reporting on the
progress.

In conclusion, we have shown that HIV-1 trans-
mission chains can be accurately reconstructed by
phylogenetic analysis of viral sequences. Sample
handling, sequencing techniques, gene regions,
and phylogenetic reconstruction methods are all im-
portant for an accurate result. We have presented
an lihvestigation| method, thich we feel provides an
attractive balance bétween relative simplicity and
high-accuracy,  However, we need to follow epi-
demiologieal changes as well as developments in
laboratory and computer analysis. Furthermore,
scientifie\studies of, virus eyelution will contribute to
a better understanding of genetic variation and
transmission. Thus, in the future the method of in-
vestigation|is likely to become even better.
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