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Introduction
Analyses of microbial genetic sequences and phylogenies have become increasingly important in
the tracking and investigation of events leading to infections. It has recently been proposed that these
activities be termed microbial forensics [1,2]. Studies of HIV have frequently assumed a pivotal role in
this developing discipline. Since the evolutionary rate of HIV is so great that it is unlikely to isolate
viruses with identical genomes, their sequences provide an exquisite tool to investigate their evolution.
The proper use of phylogenetic analyses to study the evolutionary patterns of variation in this retrovirus
can enable investigators to discern events during its spread through a population.
Forensic studies of HIV sequence data first entered wide public awareness in the early 1990’s in
the case of the HIV-infected Florida dentist who was suspected of transmitting the virus to patients in
his care [3]. Subsequent analyses of the HIV sequences obtained from the dentist and his infected
patients strongly supported the finding that most of his patients who had no other risk factor for HIV
infection had viruses that were closely related to those of the dentist [4]. Several subsequent analyses
have reexamined these inferences and support the conclusions of Ou et al. [5,6] (but see [7]). Other
studies of HIV transmissions have been conducted in several countries: in Sweden, a rape case [8] and
two cases of knowingly exposing others to HIV infection [9,10] among others [10]; in the Netherlands,
a deliberate injection [11]; in France, nosocomial transmissions from a surgeon to one of his patients
[12] and a nurse to one of his patients [13]; in New Zealand, a case of deliberate transmission [14], and
in the United States, deliberate transmissions to a cluster of sexual partners [15]. Investigations in several cases have exonerated suspected individuals [10,13,16,17]. Perhaps the most notorious case is that
of the physician from Louisiana who was convicted of deliberately infecting his girlfriend with HIV and
HCV that he obtained from two of his patients [18]. This widely covered case [19–21] established the
legal precedent of the admissibility of HIV phylogenetic analysis in a criminal court in the United
States. There is also the recent case in Libya of seven medical personnel convicted of and sentenced to
death for the reckless nosocomial transmission of HIV [22–24], although it appears that the molecular
sequence data presented in this case was either not considered or not properly applied [24,25].
It has been noted that phylogenetic patterns cannot act as the sole proof of a transmission event
from a donor to recipient [18] and DNA forensic evidence needs to be considered in courts and by
authorities in the context of the totality of the evidence available to them to adjudicate the guilt or
innocence of a suspect in a case [10]. Even in cases in which patterns are consistent with a direction of
transmission from the suspected donor to the alleged victim, it may be impossible to know with certainty that the transmission was directly from the donor to the victim without an intervening individual.
The rapid evolution of HIV that gives each virion virtual uniqueness eliminates the possibility of establishing identity of viruses from one individual to the next and requires the use of phylogenetic inference
to deduce the evolutionary relationships of viruses among individuals in a case.
There have been published guidelines for the use of human DNA identity profiling as evidence in
court cases for more than a decade [26,27]. Leitner and Albert have provided an excellent review of 27
forensic investigations in Sweden and the methodologies followed in them [10]. In this methodological
review, we add our recommendations on how these studies should be conducted. We first present a set
of guidelines that we propose for use in HIV forensic studies and then present three recent case studies
that illustrate patterns relevant to our discussion, including one that highlights the criticality of including local control specimens as part of the framework for analysis. We then close with some remarks that
reflect our views on the potential benefits and drawbacks that forensic studies of HIV may present.
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Requirements and Guidelines
Forensic specimen handling
Biological specimens used for forensic studies are generally governed by legal rules of evidence
that require the maintenance of a so-called chain-of-custody. Once these specimens arrive in a laboratory, their handling needs to be closely recorded. Unlike human DNA identity profile work, these forensic studies are most often conducted in an academic research laboratory environment in which specimen handling and storage may not follow the rigorous protocols followed in forensic or clinical laboratories. However, it is essential that the handling and storage of specimens and products derived from
them be closely monitored. Once the specimen is in the custody of the lab, it is the responsibility of
principal investigators, laboratory supervisors, and the technicians that specimens and their derived
products be properly handled. The technicians working with forensic specimens should be experienced
in the methods and techniques that are used and any work that is done with the forensic specimen must
be recorded in laboratory notebooks. Since these records may be called into court, we recommend that
these notes be kept in special notebooks devoted solely to the work with the forensic specimens and
their derived products. For further guidelines, see the Supporting Online Material from Budowle et al.
[2] (http://www.sciencemag.org/cgi/data/301/5641/1852/DC1/1).
PCR methods and practices. Amplification of regions targeted for sequence analysis should be
done in a laboratory designed in keeping with guidelines presented by Dieffenbach et al. [28] with
standard techniques designed to minimize carryover contamination [29]. These considerations are good
practice for all HIV-related PCR techniques and should be the absolute minimum standard for work
with forensic specimens.
Amplification via PCR and the handling of specimens, reagents, and products should be done in
dedicated laboratory areas specifically designed for such work. Diligence should be maintained to prevent the contamination of amplification reactions with either products of previous reactions or reagents
from other reactions from the same time. Dieffenbach et al. have outlined procedures for setting up
laboratory spaces to prevent contamination of reactions [28]. Practices of particular note include:
1. PCR templates should be prepared and reactions set up in an area or room dedicated for this
purpose. PCR products or DNA clones should never be handled in this “clean” area.
2. Pipettes and other laboratory equipment used in the clean area should be designated for PCR
and are not to be used for general laboratory work.
3. All reagents should be dispensed with positive-displacement pipettors or special barrier pipette
tips.
4. In order to minimize aerosols and carryover, liquids and condensation should be briefly centrifuged before tubes are opened. Efforts should be made to avoid popping tubes open and touching
the inside rim of the cap. Opening tubes with single use towel strips can prevent contamination
between tube and gloves.
5. Gloves should be worn at all times and changed frequently. They should be tight fitting so that
loose glove material does not get caught when closing PCR tubes.
6. Lab coats dedicated for use in the PCR set-up area should be worn, and washed frequently and
always following a spill involving nucleic acids.
Dieffenbach et al. also discuss special handling procedures for solutions and reagents [28]. Below are
our recommendations and requirements modified from their suggestions:
1. Solutions and reagents for PCR reactions should be designated for PCR, always handled with
clean gloves, and stored in a clean area.
2. Solutions should be sterile, nucleic acid-free, and free of nucleases. To the extent possible,
reagents should be purchased pre-made from an offsite company to completely eliminate the
chance of in-house contamination.
3. All reagents should be dispensed from single-usage aliquots to minimize the chance of carryover
contamination.
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4. To avoid the possibility of carryover contamination, the PCR machines cannot be located in the
PCR clean area and tubes that have been in a PCR machine should never be returned to the clean
area.
5. A first-round reaction tube should never be opened once it leaves the clean area except for the
addition of positive control DNA.
6. Second-round reaction mixes should be set-up in the clean area, but the addition of first-round
material to the second-round reaction mix must be done outside of the clean area.
7. Negative control reactions that contain all reagents except the target template must be included
in all PCR experiments.
Sequence assembly and error checking.
We recommend the use of automated sequencing machinery for generating HIV sequences for
forensic studies, since they directly store results as computer files. All computer files generated in the
work with the sequences must be kept and backups should be archived. The use of sequence assembly
software, such as Sequencher (Gene Codes, Ann Arbor, MI), greatly facilitates the reconciliation of
multiple sequencing reactions; sequencing of both template strands are strongly recommended.
Sequencher software (among others) also helps maintain information that tracks the dates, times, sequencing reactions, and original automated base calls.
Any edits of the sequence data to reconcile multiple reactions must be recorded. In general, we
recommend that, if multiple reactions differ in the base calls of a sequence, the assembled sequence
record the difference as the most inclusive IUPAC ambiguity; for example, if the call of a forward
reaction at a particular site in the sequence is a G while the call of the reverse reaction at the site is a T
(complementary to A), the reconciled call at this site should be encoded as an R (indicating a purine, i.e.,
G or A). An exception to this procedure would be the editing of base calls at the ends of the sequence
reaction runs where the signal is poor and all base calls 3′ (or alternatively 5′) to it are removed.
Once the sequence data have been assembled and reconciled into contigs, they should be checked
against both public (GenBank or Los Alamos HIV Sequence Database) and local laboratory databases
[30]. The public databases may be queried using Worldwide Web interfaces (http://www.ncbi.nlm.nih.gov/
BLAST/ or http://www.hiv.lanl.gov/content/hiv-db/BASIC_BLAST/basic_blast.html). Both FASTA [31]
and BLAST [32] are suitable for the purpose of checking sequences against the local database.
Epidemiological issues and selection of local controls
It is essential that the degree of relationships between forensic specimens be examined in the
context of the broader HIV epidemic. Wherever possible, a proper understanding of the molecular
epidemiology of HIV is desirable; for example, local outbreaks with rapid spread may lead to clustering
of very closely related variants among individuals (see for example, Liitsola et al. [33]). Therefore, it
has been consistent practice to include so-called local controls in forensic studies [4,10]. The proper
selection of these is crucial to deriving proper inferences. The local controls should be isolated at a time
near the suspected date of transmission and reflect the risk group(s) and, where there are multiple
circulating subtypes or recombinant forms, genetic clade or subtype of the forensic case [10].
The assertion of Hillis (in testimony [34]) and Metzker et al. (in the Proceedings of the National
Academy of Sciences, U.S.A. [18]) that there is no evidence of correlation of risk group to genetic
sequence variants is incorrect. Studies of subjects from Thailand [35], the Netherlands [36] (as well as
elsewhere in Europe [37]), Brazil [38,39], Russia [33,40], Denmark [41], Argentina [42] and Australia
[43] have demonstrated that individuals from different risk groups are infected by distinct populations
of HIV variants. A recent study by Anderson et al. of a set of sequences drawn from clinics in five cities
across the United States using both phylogenetic analysis and multidimensional scaling has demonstrated a degree of geographic and risk-group correlation with HIV genetic structure [44]. Furthermore,
even if the correlation of genetic variability to risk group is weak or absent at a given time in the past,
there is no way to predict that this would be the case at any given time in such a rapidly changing
epidemic. Clearly, the prudent course is to make the best effort to have a properly designed population
of local controls to the extent possible.
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While it may be difficult to obtain an ideal set of local control individuals, a correctly conducted
forensic study may depend on proper recruitment of this group. These individuals should be assured
that their identities will be protected. If the local controls are not truly reflective of the populations from
which the alleged donor and recipient pair are drawn, then the local control set is in effect a convenience
sample. A convenience set of HIV reference sequences is better than no reference set at all. Such a set
might be obtained from the Los Alamos National Laboratory HIV Sequence Database (http://
www.hiv.lanl.gov/content/hiv-db/ALIGN_CURRENT/ALIGN-INDEX.html) or selected from GenBank
either more or less at random, or guided by BLAST searches to derive a set of the most similar sequences. However, when using a convenience control set, conclusions made about the relative relatedness of the sequences of the alleged donor recipient may be incorrect (see Case Study 3 below).
Considerations of diversity and choice of genes for analysis
In all studies of HIV sequences it is wise to keep in mind the extent of genetic diversity seen in the
retroviral genome. Levels of HIV-1 genetic diversity within an infected subject vary during the course
of infection and these patterns have been well characterized (for an example, see [45]). Due to these
considerations, the genetic diversity of the suspected source individual and the alleged recipient will
likely differ. While it might seem desirable to examine patterns of diversity in the individuals concerned
to make some inferences about the time of infection, such studies need to be carefully designed so that
proper methods are used to gauge viral genetic diversity and conclusions from them interpreted with
caution and only in the context of the other inferences derived from the sequence data.
Investigators who make use of PCR-generated HIV sequences should keep in mind that, while
samples bearing low numbers of viral templates may be amplified, the resulting product will reflect this
limited number of input copies and any diversity in the product may be the result of errors during PCR
amplification [46]. Methods are available to assess this phenomenon and estimate the effective number
of input templates [47].
There are several sequencing approaches that are intended to cope with viral genetic diversity.
Leitner and Albert favor so-called population sequencing (also referred to as consensus sequencing)
[10,48]. In their approach, they estimate the input copy number for PCR and adjust the reactions so that
at least 10 gene copies are amplified. The products of these reactions are then sequenced and polymorphism at variable sites is noted using IUPAC ambiguity codes (e.g., G and A nucleotides at a site are
coded as R). While relatively fast and inexpensive, this methodology has several disadvantages. First, it
does not quantitate the genetic diversity of a sample; second, the sequence estimated is reflective of the
consensus of a sample and the genetic distance between two samples will be an underestimate of the
average pairwise genetic distance; third, and perhaps most importantly for considerations in forensic
investigations, it is not possible to reconstruct phylogenies in which the sequence lineages interdigitate
(see e.g., Figure 1, where clusters A and B contain both C and N sequences). We recommend instead that
sequences be obtained from either a molecular clone (after appropriate quantitation of template input as
described above) or, to avoid PCR-associated mutations, direct sequencing of PCR product derived
from a single molecule template. Since regions of the HIV genome are prone to length variation, samples
that are subjected to direct sequencing should contain relatively low variability and should be diluted to
approximate a molecular end-point (one amplifiable copy) to obtain an unambiguous sequence.
A variety of HIV genes have been used to examine viral relationships in forensic studies. Portions
of the gp120 region of env , including the V3 loop, contain ample genetic variability and have been most
frequently used. Studies have also examined portions of gag (p17) [8,11,12,15] pol (RT [8,10,13,18,49],
and IN [50]), and tat [51]. While it may useful to examine regions that are governed by different selective regimes[18], care should be exercised in interpreting results from genes that are less variable than
env, particularly regions that are depauperate in variability and potentially subject to selective forces
governed by resistance to antiviral drugs that may lead to potential parallel or convergent mutations.
The p17-encoding region of gag frequently shows sufficient variability and is recommended if it is
desirable to include an additional gene.
Phylogenetic and distance analysis of HIV sequences for forensic studies. Sequence sets used for
genetic analyses should be aligned such that each position at every site in the alignment has positional
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homology, i.e., the nucleotides at any site are presumed to have descended from a common ancestor at
that position in the alignment. Computational methods, such as CLUSTAL [52,53], using progressive
clustering alignment algorithms may be used to facilitate the alignment process, but their results need to
be visually inspected and perhaps adjusted. Furthermore, sequence regions containing sites that cannot
be unambiguously aligned should be removed from the alignment (gap-stripped [30]). Forensic analyses of sequence data may also examine the shared presence of bases or segments in variable length
regions that might have unclear positional homology. Researchers should be cautioned that the dynamics of sequence evolution in these regions is not clearly known and may be governed by parallel or
convergent evolution; thus inferences made about such shared patterns may be particularly prone to
error.
A pattern of frequent and repetitious G→A mutational bias, referred to as hypermutation [54], is
often seen in retroviral sequences; these mutations are caused by a host enzyme, APOBEC3G, that
apparently acts to protect against retroviral infection (see KewalRamani and Coffin [55] for a review).
Such parallel mutations in different infected individuals can confound evolutionary inference, especially in the pol gene where genetic variability is relatively low. Therefore, sequences with regions of
substantial G→A mutational bias should be removed from alignments intended for forensic study.
HYPERMUT [56,57] (http://www.hiv.lanl.gov/content/hiv-db/HYPERMUT/hypermut.html) may be
used to detect regions of hypermutation. Patterns of mutation at a site of greater than 5–10% of G’s
substituted by A’s with G→A replacements more than twice that of A→G or a high level of unique
nonsynonymous substitutions indicate probable hypermutation.
Standard methods of phylogenetic analysis should be used in forensic studies. In the field of HIV
research, the current state of the art involves using evolutionary models of nucleotide replacements
such as the Hasegawa-Kishino-Yano (HKY) [58] or the general time-reversible (REV or GTR) model
[59,60], among others. Such models take into account the skewed base composition of retroviral sequences and are preferable to models that assume equal base frequencies (e.g., Jukes-Cantor [61] or
Kimura 2-parameter [62]). The computer program Modeltest [63], in conjunction with PAUP* [64],
allows researchers to evaluate a set of evolutionary models with varying numbers of estimated parameters using either hierarchical likelihood-ratio testing [65] or the Akaike information criterion [66]. In
addition to evaluating evolutionary rate parameters, these methods examine Γ- (gamma-) distributed
site-to-site rate variability [67] and the impact of invariable sites. PAUP* runs on a variety of computer
platforms (Macintosh, DOS/Windows, and UNIX) and can be used to implement models using these
parameters to infer evolutionary trees using neighbor-joining [68], or maximum likelihood [69]. [It is
also possible to perform maximum parsimony phylogenetic analyses using PAUP*, although the use of
Fitch (unweighted) parsimony is not recommended due to the highly skewed base composition of
retroviral genomes.] Strength of support can be evaluated using site-resampling bootstrapping [70] or
parametric bootstrapping approaches [65]. Bayesian methods of phylogenetic inference [71] have also
been suggested for evaluating reliability of evolutionary relationships [18].
Although phylogenetic analyses provide the most definitive information on the relatedness of
sequences in a forensic case, measures of genetic distance might also be of value. Genetic distances can
be estimated with PAUP* [64] using parameter settings estimated in a similar fashion to the methods
mentioned above. While the inferences of relationships derived from phylogenetic methods are more
robust, genetic distances for regions with well characterized evolutionary rates (e.g., the C2-V5 region
of env [45]) might be useful in estimating the time of transmission events. Researchers should keep in
mind that the distance measured reflects divergence from the most recent common ancestor (MRCA) of
the descendent lineages; the time of this MRCA would pre-date the transmission event. Again, conclusions based on genetic distances should be interpreted with great caution and considered in the context
of the other inferences derived from the sequence data.
Other considerations
Despite efforts to prevent laboratory error, the possibility of human error remains. Errors in laboratory technique leading to detection of HIV in samples that are ultimately shown to come from uninfected
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individuals (false positives) may be as great as 2-5% [72]. Errors resulting in misidentification can be
caused by carryover contamination [29], by errors in labeling of specimens, or by attribution of laboratory results to the wrong individual [73]. While Bayesian approaches may be used to evaluate the impact of false positive results on the estimation of the posterior odds (and perhaps the odds of guilt) [73],
the probability of laboratory error in a specific case is difficult to quantify. One solution suggested to
reduce the impact of laboratory error is to split specimens and send them to separate, independent
laboratories [74]. According to recommendations of the National Research Council Committee on DNA
Forensic Science, specimens used for DNA identity profiling analysis should be subjected to repeat
testing “whenever feasible” [27]. In instances of HIV forensic testing, it would seem that duplicate
testing either in different laboratories or of specimens obtained at different times should be a minimum
standard [18]. A further safeguard we have followed in our forensic analyses is to use different laboratories to analyze specimens from individuals who are suspected of epidemiologic linkage [51,72]; for
example, specimens from the suspected donor would go to one laboratory, while those from the alleged
recipient would go to another. The resultant sequences may then be compared with the virtual assurance
that any linkage seen would not be due to inadvertent contamination or other laboratory errors.
Since HIV populations become more genetically distinct as the infection progresses, it is important in forensic cases that viral variants be sampled as close to the time of transmission as possible.
While phylogenetic relationships will continue to be maintained, affinities among particular lineages
may be lost due to the extinction of particular lineages during infection.
At times it may be desirable to conduct further analyses of specimens, for example, heteroduplex
analyses (HMA or HTA) [75] to estimate genetic diversity or to investigate the presence of rare variants.
Analyses such as these should be conducted with the greatest of care, since they involve simultaneous
handling of specimens from multiple subjects and are thus prone to sample mix-up and carryover contamination. Such studies should only be done after preliminary genetic characterization of specimens
has been completed.

Case Studies
In order to present some cases of forensic analyses, we include case studies of three data sets.
Case study 1 (see also de Oliveira et al. [51])
While attempting to draw a blood sample from a child with advanced AIDS, a health care worker
was cut with glass from a broken blood collection tube that punctured her glove. Despite prompt washing of the cut and post-exposure prophylactic treatment with ZDV, the nurse presented symptoms compatible with acute HIV viremia 13 days following the accident. The nurse had never had a blood transfusion, denied the use of injection drugs, and reported celibacy in the 6 years before the accident.
However, tests of blood samples obtained from her on the day of the accident reportedly tested positive
for anti-HIV-1/2 antibodies, and it was alleged that she had been infected prior to the accident.
Blood samples from the nurse (taken 20 days after the accident) and the child (sampled after 10
days) were examined at three different sites for HIV-1 nucleic acids corresponding to a region in the
first exon of tat and the V3-V5 region of env ; we present the results of the env analysis here (Figure 1).
Phylogenetic reconstructions were done using maximum-likelihood estimation [69] under an HKY model
of evolution [58] using the computer program PAUP* [64]. Bootstrap support [70] of phylogenetic
relationships were calculating using the neighbor-joining method [68]. Two distinct viral populations
(A and B) were detected in the phylogenetic analysis; these two form a monophyletic group to the
exclusion of sequences from the reference data set with 99% bootstrap support. Both nurse (indicated as
N) and child (C) sequences are found in each of the two clusters, indicating that the viral sequences
from the two subjects of this study are very closely related. The likelihood that two disparate clusters
would be found in two subjects also provides strong evidence of a shared transmission history. Since
this was a civil case, the pattern of relatedness shown led to an out-of-court settlement before a local
control population was included in the analysis.
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Case study 2
This study involves sequences from a case of suspected deliberate transmission. The phylogram
of the env C2-V5 region sequences from this study is shown in Figure 2. Four clusters of sequences (1–
4) are indicated on the tree: 1 through 3 (dashed-line boxes) indicate the local controls from this study;
cluster 4 (solid-line boxes) contains all of the sequences from the index case (A) and the alleged recipient (B). Average pairwise distance within cluster 4 is 1.31% (range: 0–3.39%), quite closely related for
env sequences from two different individuals. Sequence B23 is most closely related to the sequences
from the index case, as close as 0.82% distant (to A43). Also noteworthy and suggestive of direct
transmission is that the env sequences from B form a monophyletic cluster within those from A.
Case study 3
This case involves a child (referred to here as subject V) who apparently became infected with
HIV-1 while a patient at a hospital in City “Q,” a large city in the eastern United States. Initially a
nosocomial source of the infection was suspected, but subject U, a known HIV-1-positive friend of the
family, fell under suspicion. HIV-1 env C2-V5 gp120 region sequences from subject U and the child
were obtained and examined. Figure 3a illustrates the results of a preliminary phylogenetic analysis of
the env sequences: one from the suspected donor (U-1), three from the alleged recipient (V-1, V-2 and
V-3), as well as a variety of sequences chosen as a convenience sample from the Los Alamos HIV
sequence database. Note that this phylogram was constructed before local controls were available for
analysis. The sequences from V cluster together with 100% bootstrap support. Note also that the U and
V sequences cluster together with high bootstrap support (94%). While there is a high level of bootstrap
support in this analysis, the average genetic distance between U1 and the V sequences is high, >10%,
and does not appear to support the suspected time of transmission. However, based solely on the phylogenetic relationships evaluated, U-1 would appear to be related to the V sequences.
Figure 3b shows a maximum-likelihood phylogram of the data set constructed later after including 20 local controls (HIV sequences from infected children from the vicinity of City “Q” ( reflecting
the risk group of subject V). All of the sequences from the subject V samples formed a relatively closely
related cluster (#1). A larger group of more distantly related sequences (#2) includes the V sequences,
nearly all of the subject U sequences (excluding sequence C52), sequences from four of the local controls (LC-02, -09, -13, -20) and a sequence, AY139298, identified in the Anderson et al. study [44] as a
sample from Los Angeles (no sequences in the Anderson study were sampled from City “Q”). Within
this relatively large cluster of possibly epidemiologically linked viral sequences is a relatively tight
cluster of seven sequences from subject U (indicated by #3). The J62 and Q31 sequences seem to be
more divergent and, depending on the method of analysis, cluster variously with different local controls
or AY139298. These analyses appear to have uncovered an epidemiologically linked cluster, and taken
as a whole, the relationships seen do not indicate that subject U was the source of the infection of subject
V. An alternative explanation of the results is that U and V were infected from either an unknown
common source, or several individuals sharing a population of closely related viruses.
Case study 3 indicates the critical importance of including a proper set of local controls in a
forensic study of HIV sequence data. When the earlier analysis was conducted using the convenience
sample from subtype B sequences selected from a publicly available database, a phylogeny was reconstructed that was indicative of close relationship and the potential of a direct transmission. When controls from a relevant risk group were included, the genetic distance patterns seen for U-1 and V-1, V-2,
and V-3 were, of course, maintained, but our perception of the relationships was changed. It is evident
that there is a more complex epidemiologic pattern here, and the likelihood of direct transmission based
on these data is significantly reduced.
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Figure 1. Maximum-likelihood phylogram (-LnL = 4221.0130) representing the reconstruction of the
phylogenetic relationships between the env (V3-V5) sequences obtained from the nurse (N), the putative
donor (C), and 28 sequences chosen from GenBank. Ten iterations with random sequence addition
were used. Scale bar represents 1% genetic distance (0.01 substitutions/site). Bootstrap values are
shown at nodes with greater than 70% support.
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Figure 2. Neighbor-joining phylogram representing the reconstruction of the phylogenetic relationships
between the env (C2-V5) sequences obtained from the index case (A31-44), the alleged recipient (B2229), three local controls (LC45 and LC48; LC46 and LC47; and LC49 and LC50) and 48 sequences
chosen from GenBank. Ten iterations of random sequence addition were used. Scale bar represents
10% genetic distance. Bootstrap values are shown at nodes with greater than 70% support.
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Figure 3. Phylograms of env (C2-V5) sequences from the U/V case. Suspected index case (subject U)
sequences are labeled with U, while those from the alleged recipient are labeled V. a. Preliminary
neighbor-joining tree including four sequences from the case (boxed) and 48 sequences obtained from
the Los Alamos HIV Sequence Database. b. Maximum-likelihood phylogram (-LnL = 6024.5864)
incorporating local controls. Local controls are labeled LC; AY139298, AY139313 and AY139338 are
from studies by Anderson et al. [44,76]; 87SFMHS5 is from the San Francisco Men’s Health Study
[77]. Starting trees for the ML searches were obtained either by stepwise addition of the 47 sequences
(10 iterations) or random starting trees (50 iterations), and then swapped using the SPR (subtreepruning and regrafting) method.
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Concluding Remarks
The use of HIV sequences in forensic studies provides the opportunity to use evolutionary patterns to inform the courts and other authorities about the possibility of events leading to infections.
Since HIV is both infectious and rapidly evolving, it provides an unusual opportunity for the application
of microbial forensics to the investigation of so-called biocrimes [1,2].
We consider the impact of scientific analyses on the investigation of events leading to both accidental and deliberate infections as having two-fold importance. First, this information can guide the
courts and juries in evaluating the totality of the evidence available to them to decide the guilt or innocence of suspects in a case. The impact of reckless or deliberate infection with HIV on a victim is
catastrophic. It is fully understandable that the victim and society would want such wrongs to be redressed. On the other hand, HIV forensic evidence has an even greater potential to exclude suspects and
clarify events during an investigation, perhaps contributing to the acquittal of the wrongly accused in
court proceedings. Second, we wish to emphasize that care must be used in the examination of forensic
data and in communicating the results of these examinations to the courts and to juries. These results are
potentially very powerful, either in support of other evidence leading to conviction of the guilty or to
exoneration of the falsely accused. However, for the value of the forensic evidence obtained from HIV
sequence data to be maintained, the collection, analyses, and expert evaluation of results must remain of
the highest quality. It would be of no value to the scientific community or to society as a whole for HIV
sequence forensics to fall into the realm of “junk” science. Experts in this area, serving both as witnesses for the adversaries in a case and advisors to the court, need to be able to acknowledge the limitations of the inferences that might be made. We support the recommendations by Leitner and Albert that
the language used by experts in written reports or testimony be appropriately conservative and acknowledge the limitations of inferences derived using microbial forensic methods [10]. Specifically, we
recommend that, where applicable, statements used should be similar to “the viral sequences from the
two subjects display a high level of similarity” or “the results from our analysis are compatible with the
possibility that subject A infected subject B.” Statements should include the possibility that an unknown
third person might be involved in the transmission chain and that direction of transmission cannot be
proven. Misleading testimony and other statements do not benefit the cause of justice, regardless of how
convinced an expert may be of the guilt or innocence of the accused.
We hope that the guidelines and perspectives provided here will be helpful to researchers that
conduct microbial forensic studies of HIV sequences. We anticipate that such studies in the future will
remain of the highest quality.
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