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Transmission of human immunodeficiency virus type 1 (HIV-1) from a male accused of rape and deliberate
transmission of HIV-1 was investigated by sequencing of the HIV-1 pol and gag genes from virus obtained from
the male and from the female victim. Parts of the reverse transcriptase and p17%”¢ genes were amplified and
directly sequenced from uncultured peripheral blood mononuclear cells. The sequences were compared with
sequences from 21 unrelated HIV-1-infected controls from the same geographic area (Stockholm, Sweden).
Bootstrap analysis of phylogenetic trees demonstrated that the sequences from the female were significantly
more closely related to the sequences from the male than to sequences from the controls. Furthermore, we
found that the male and female shared two distinct genetic variants of HIV-1. In p17%*¢ the major variant had
an unusual, out-of frame deletion of 3 nucleotides which the minor variant lacked. These results indicated that
the male had transmitted more than one infectious unit to the female. From this study we concluded that it was
highly likely that the HIV-1 strains carried by the male and the female were closely epidemiologically linked.

The possibility of studying the molecular epidemiology of
human immunodeficiency virus type 1 (HIV-1) infection has
been greatly augmented by the introduction of the PCR. Most
studies have concentrated on sequence variation in the V3
loop of the external envelope glycoprotein gp120, since this
region contains important determinants for neutralization and
cell tropism (19, 20). Thus, several authors have shown that V3
loop sequences obtained during or shortly after seroconversion
are homogeneous, although the virus population later displays
a high degree of sequence variation (23, 31, 33, 34, 36).
Sequence analysis of the V3 loop was also used to investigate
the “Florida dentist case” (18). From this analysis Ou et al.
concluded that a dentist had infected several of his patients. In
a similar study, Holmes et al. (10) used p17%“ sequences to
investigate whether a HIV-1 infected surgeon was likely to
have infected one of his patients. Their investigation showed
that the patient was probably infected by transfusion of
HIV-1-contaminated blood and not by the surgeon.

We have recently described a rapid, automated method for
direct genomic sequencing (2, 12, 27, 28, 30). Here, we have
used this method to determine pol and gag gene sequences in
HIV-1 from a male accused of rape and from the female
victim. The male was a Swedish intravenous-drug abuser who
was found to be HIV-1 positive in 1986. Before the present
analysis was conducted, he had been convicted of rape and
deliberate transmission of HIV-1 in the Stockholm district
court. The evidence the conviction rested upon did not include
any forensic analysis since the female did not file a report until
1 year after the alleged rape. However, she had been shown to
seroconvert for HIV-1 antibodies within a few weeks after the
rape. Therefore, a genetic analysis of the HIV-1 strains carried
by the male and the female was performed before the case was
tried in the court of appeal. Thus, the purpose of the investi-
gation was to determine if viral sequences from the female
were significantly more closely related to sequences from the
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male than to sequences from relevant controls. The study
demonstrated that the HIV-1 strains carried by the male and
the female were genetically very closely related. In addition, we
found that the female probably was infected by more than one
infectious unit from the male.

MATERIALS AND METHODS

Patients. Two samples of whole blood were obtained on
separate days from the male and from the female. In addition,
we had access to frozen peripheral blood mononuclear cells
(PBMC) from the female obtained 17 months earlier, i.e., 5
weeks after the suspected transmission. The female experi-
enced a symptomatic primary HIV-1 infection 3 weeks after
the transmission, and when the first PBMC sample was ob-
tained after an additional 2 weeks, her serum was HIV-1
antibody positive and HIV-1 antigen negative. Frozen PBMC
samples from 21 unrelated HIV-1-infected individuals (10
intravenous-drug abusers and 11 homosexual men) from the
same geographic area (Stockholm, Sweden) served as controls.
Care was taken in the selection of the controls, especially the
intravenous-drug abusers, to ensure that they represented a
cross section of virus strains present in Stockholm. Thus, these
samples were obtained between 1986 and 1989 from patients
attending both of the infectious disease clinics in Stockholm.

Direct DNA sequencing. A region of the pol gene corre-
sponding to amino acids 8 to 222 of the reverse transcriptase
was directly sequenced from uncultured PBMC from the male,
the female, and the controls. Similarly, a region corresponding
to amino acids 32 to 132 of p17%“® and the first 8 amino acids
of p24%“¢ was sequenced from the male, the female, and
selected controls. The PBMC were isolated from whole blood,
lysed, and used for PCR amplification as previously described
(1, 28). The nested primers used to amplify a region corre-
sponding to amino acids 8 to 222 of the reverse transcriptase
were as follows (their positions in the HIV-1 MN strain are in
parentheses): the outer pair was JA99, 5'-GGGGGAATTG
GAGGTTTTATCAAAG-3' (2409 to 2433), and RIT137 5'-
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TTCTGTATGTCATTGACAGTCCAGC-3' (3340 to 3316);
the inner pair was JA100, 5'-GACCTACACCTGTCAACAT
AATTGG-3" (2500 to 2524), and RIT136, 5'-biotin-GATG
GAGTTCATAACCCATCCAAAG-3" (3270 to 3246). The
nested primers for p17%“¢ were as follows: the outer primers
were JA112 5'-GGAGAGAGATGGGTGCGAGAGCGTC-
3’ (779 to 803), and JA115, 5'-GGCTCCTTCTGATAATGCT
GAAAAC-3' (1332 to 1308); the inner primers were JA113,
5'-CGATGGGAAAAAATTCGGTTAAGGC-3' (829 to 853),
and JA114, 5'-biotin-TCTCTTCTACTACTTTTACCCATG
C-3" (1279 to 1255). The product from the first PCR was
diluted 100-fold before the second PCR with the inner primers.
The temperature cycles were 94°C for 1 min, 60°C for 1 min,
and 72°C for 2 min, repeated 30 times for both pol primer
pairs, and 94°C for 30 s, 60°C for 30 s, and 72°C for 1 min,
repeated 30 times for both p17%“® primer pairs. The PCR
product was directly sequenced without prior cloning by an
automated sequencing method based on a paramagnetic solid
support (2, 27). The sequences of the fluorescein isothiocya-
nate (FITC)-labelled sequencing primers used in this study
were as follows: RIT227, 5'-FITC-AATCTGTTGACTCA
GATTGG-3' (2529 to 2548); RIT136F, 5'-FITC-GATG
GAGTTCATAACCCATCCAAAG-3' (3270 to 3246); JA116,
5'-FITC-GAAAAAATTCGGTTAAGGCC (835 to 859); and
JA117,5'-FITC-GCATTTAAAGTTCTAGGTGA-3' (1261 to
1237). Each sample (two from the male and three from the
female) was analyzed on separate occasions, and both DNA
strands were sequenced to yield a partial overlap in the middle
of the sequenced region. Recommended laboratory routines
were followed to avoid false positives in the PCR, and relevant
positive and negative controls were included in each analysis
(15).

Cloning. The accuracy of the direct sequencing method was
analyzed by comparison with sequences from multiple clones
generated from the PCR-amplified material as follows. The
product from the PCR with the outer primers (JA99 and
RIT137) was amplified with the modified inner primers
RIT331, 5'-CCCGAATTCGATGGAGTTCATAACCCATC
CAAAG-3' (3270-3246), and RIT333, 5'-CCCGGATCCATC
CATACAATACTCCAGTATTTGC-3" (2725-2749) (under-
lined bases correspond to restriction sites for EcoRI and
BamH]I, respectively). Following amplification and phenol
extraction, the fragment was restricted by 10 U each of EcoRI
and BamHI. The restricted fragment was ligated to EcoRI and
BamHI-digested pRIT28 (13) and transformed to Escherichia
coli RRI M15 (21). The cloned fragment was sequenced as
described previously (11).

For p17%“, an approach described by Simmonds et al. (24)
was used to sequence individual viral clones. The HIV-1 DNA
copy numbers in one of the PBMC lysates obtained at 18
months from the male and the female were determined by
limiting dilution as previously described (4, 24). Then 45 PCRs
were performed on PBMC lysates which had been diluted to
contain on average 0.3 molecule per PCR. These amplifica-
tions yielded 13 positive PCRs from the male and 15 from the
female, each likely to represent the amplification of a single
HIV-1 molecule. The PCR products were directly sequenced
as described above.

Phylogenetic tree analysis. Phylogenetic tree analyses of
nucleotide sequences were conducted with three different
programs from the PHYLIP package, version 3.41, provided
by J. Felsenstein (6): DNAML (maximum likelihood), DNA
PARS (maximum parsimony) (6), and NEIGHBOR (neighbor
joining) (22). The distance matrix needed for the neighbor-
joining method was obtained with the DNADIST program.
For DNAML and DNADIST the value for the transition/
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transversion ratio was set at 1.5 as described by Holmes et al.
(10). Multiple runs performed with the JUMBLE option with
all three programs gave the same general branching pattern.
Additional analyses performed using the TREEALIGN soft-
ware (version November 1990) written by Jotun Hein (7) and
distributed by the EMBL database also gave the same general
pattern. Bootstrap analysis was performed on maximum like-
lihood and parsimony trees with the DNABOOT program of
PHYLIP; in each case at least 100 resamplings were per-
formed.

RESULTS

Analysis of the sequences from the male and the female. The
direct DNA sequence analysis showed that the gag and pol
genes of the virus populations harbored by the male and the
female were very closely related (Fig. 1 and 2). In pol, all
sequences from the male and the female differed from the
consensus sequence at position 49 (Lys-49—Arg) and position
204 (Glu-204—Lys). In addition, mixed sequences were ob-
served at positions 169, 178, 202, 207, and 211, indicating the
presence of genetic polymorphism within the individual sam-
ples (Fig. 1). Similarly, the p17%* sequences from both the
male and the female differed from the consensus sequence at
positions 91, 94, 121, 122, 124, and 138 (Fig. 2). In addition,
several positions in gag also displayed sequence polymor-
phisms. Interestingly, most of the polymorphic sites in the pol
and gag genes were shared between the male and the female,
although the relative proportion of the individual bases some-
times differed. It should be stressed that the sample which was
obtained from the female 5 weeks after infection also displayed
most of these polymorphic sites.

To prove that the apparent genetic polymorphism was not
an artifact of the direct sequencing method, the PCR products
from the pol gene were cloned and sequenced individually.
These experiments confirmed the existence of polymorphism
in all sites identified as polymorphic by direct sequencing (Fig.
3). Note that several additional mutations were observed
among individual clones. They may represent true variations,
but they may also be errors introduced by the Taq polymerase
during PCR.

We also amplified and directly sequenced the p17%“® genes of
single HIV-1 DNA molecules. Figure 4 shows the nucleotide
sequences over a region corresponding to amino acids 110 to
127 of the p17%“¢ protein, where the direct PBMC sequence
indicated that the virus populations in both the male and the
female harbored virus variants differing in length. This was
confirmed by the analysis of single viral DNA molecules, which
showed that 4 of 13 molecules from the male and 1 of 15
molecules from the female had normal lengths, whereas a
majority of the molecules had an unusual out-of frame deletion
of 3 nucleotides.

Phylogenetic tree analyses. In a first set of experiments we
sequenced the pol genes from the male, the female, and all of
the controls (unrelated Swedish intravenous-drug abusers and
homosexual men). The sequences from the male, the female,
and the controls belonging to the same risk group as the male
(intravenous-drug users) are presented in Fig. 1. Phylogenetic
tree analyses using several different algorithms showed that the
pol gene sequences from the male and the female clustered
together. A representative pol tree generated with the maxi-
mum likelihood algorithm is presented in Fig. SA. As expected,
the sequences from the male and the female were more closely
related to sequences from other intravenous-drug abusers than
to sequences from homosexual men.

Bootstrap analysis was used to examine whether the clade
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FIG. 1. Comparison of HIV-1 reverse transcriptase amino acid
sequences from the male, the female, and 10 intravenous-drug abusers
(IV). The amino acid sequences were deduced from direct DNA
sequences of virus populations in uncultured PBMC. The sequences
have been aligned to a consensus of HIV-1 subtype B sequences (Los
Alamos Database). A dash indicates identity with the consensus
sequence; a letter indicates an amino acid change relative to the
consensus; a plus sign indicates a silent nucleotide change or polymor-
phism relative to the consensus. A number indicates a nonsilent
polymorphism according to the following code: 1 = K, N, R, and S; 2
=landM;3=QandE;4=DandE;5=1and V;6 =1, M, and
L;7=RandS;8=KandM;9=KandE;0 =R and G;and 1 =
V and L. A nucleotide was scored as polymorphic only if at least 20%
of the virus population was reproducibly estimated to be mutant.

consisting of the pol gene sequences from the male and the
female was likely to represent a true monophyletic group (Fig.
5A). In different analyses the bootstrap values ranged from 58
to 63%. The exact interpretation of results from bootstrap
analysis is unclear, but Hillis and Bull (8) have shown that
bootstrap proportions of >70% in most situations correspond
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FIG. 2. Comparison of HIV-1 p17%* amino acid sequences from
the male, the female, and nine intravenous-drug abusers. The amino
acid sequences were deduced from direct DNA sequences of virus
populations in uncultured PBMC. The amino acid sequences have
been aligned to a consensus of HIV-1 subtype B sequences (Los
Alamos Database). A period indicates a gap introduced to align the
sequences; an underlined period indicates that a major proportion of
the virus population had an deletion at this position whereas a minor
proportion of the virus population had an aspartic acid; other symbols
are as described for Fig. 1. A number indicates a nonsilent polymor-
phism according to the following code: 1 =IandL;2=1and V;3 =
Eand G;4=SandT;5=AandS; 6 = Randstop; 7= Cand F; 8
=Sandstop; 9 =KandR;0=GandV;1=Fand Y;2=FandL;
3=GandR;4=AandD;5=DandE; 6 = Eand K; 7 = K and
Q;8=DandG;9=Mand;0=LandQ;1 = Aand G;and2 =
H and Q. A nucleotide was scored as polymorphic only if at least 20%
of the virus population was reproducibly estimated to be mutant.

to a probability of >95% that the corresponding clade is real.
Thus, we could not conclusively show that the pol gene
sequences from the female were statistically more closely
related to sequences from the male than to sequences from the
some of the controls, even though the sequences from the male
and the female clustered together.

To increase the statistical power of our investigation we
decided to also sequence part of the gag gene from the male,
the female, and the most closely related controls, i.e., the
unrelated intravenous-drug abusers (Fig. 2). The p17%“® region
was chosen since it appears to be especially suitable for
epidemiological investigations (10). Figure 5B shows the phy-
logenetic tree and the bootstrap values obtained with the
p17%? sequences (control B85 was not included since PCR
amplification from this sample was not successful). The p178“¢
tree resembled the pol gene tree in that the sequences from the
male and the female clustered together. The high bootstrap
value (97%) strongly suggested that they represented a true
monophyletic clade.

Transmission of more than one infectious unit. The analysis
of the HIV-1 gag and pol gene sequences from the male
revealed several positions with clear evidence of genetic poly-
morphism (Fig. 1 and 2). Many of these positions were also
polymorphic in the sequences from the female. Furthermore,
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FIG. 3. Comparison of HIV-1 reverse transcriptase amino acid
sequences obtained by direct DNA sequencing and by DNA sequenc-
ing of multiple clones obtained by molecular cloning of the PCR
products. Two distinct genetic variants present in both the female and
the male have been indicated by open and solid triangles. Other
symbols are as described for Fig. 1.

the male and the female shared two distinct genetic variants in
both the pol and the gag genes (Fig. 3 and 4). In p178° the
major virus variant in both the male and the female had an
unusual out-of frame deletion of 3 nucleotides which the major
variant lacked. These findings strongly suggest that more than
one infectious unit was transmitted from the male to the
female, since otherwise it would be highly unlikely that so
many sequence polymorphisms would be shared between the
male and the female.

Detection of AZT resistance-associated mutations in un-
treated intravenous-drug users. The HIV-1 pol gene se-
quences from the intravenous-drug users revealed that two
patients (no. 27 and 2213) harbored virus with a Lys-70—Arg
mutation (Fig. 1) that has been reported to confer partial
zidovudine (AZT) resistance (16). This was surprising since
these patients never had received AZT treatment. Patient 27
was tested in January 1987, and at this time no patients had
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been given AZT in Sweden. Therefore, the Arg-70 mutation in
this patient represents a natural and not a drug-induced
sequence variation. Patient 2213 was tested in September 1989
during an ongoing primary infection. Thus, the presence of the
Arg-70 mutation in this patient could be due either to a natural
variation as in patient 27 or to the transmission of an AZT-
resistant HIV-1 variant.

DISCUSSION

This article describes the use of DNA sequencing of the
HIV-1 gag and pol genes in the investigation of a suspect in a
rape case. By comparing the sequences from the male, the
female, and the controls we concluded that the HIV-1 strains
carried by the two parties were very closely related and that it
was highly likely that they were epidemiologically linked. On
the basis of the analysis presented here and other evidence in
the case, the verdict from the district court was upheld in the
court of appeal. It is important to stress that even though our
investigation showed that the strains carried by the male and
the female were epidemiologically linked, we could not deter-
mine the direction of the transmission, nor could we formally
rule out the possibility that both the male and the female were
infected by a third party. Thus, it was essential that the results
from our sequence investigation be used in conjunction with
other epidemiological information in the case.

In an epidemiological investigation of this type the selection
of controls is very important. Thus, all the controls were from
the same geographical area (Stockholm, Sweden) as the male
and the female. Furthermore, we took care to select samples
from individuals belonging the same risk group as the male
(intravenous-drug abusers) as well as from another risk group
(homosexual men). The samples from the intravenous-drug
abusers were obtained over several years and from both of
Stockholm’s two infectious disease clinics, to ensure that they
were likely to represent a cross section of HIV-1 strains from
Stockholm’s intravenous-drug abusers. The phylogenetic tree
analysis showed that the sequences from the intravenous-drug
abusers, including those from the male and from the female,
formed a cluster which was distinct from and less divergent
than that of the homosexual men. This fitted with the epide-
miological information, since the male had been infected
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FIG. 4. Comparison of HIV-1 p17* nucleotide sequences obtained by direct sequencing of undiluted PBMC lysates and by sequencing of
single HIV-1 molecules (clones) obtained by limiting dilution of the PBMC lysates prior to PCR. xxx, the direct sequence indicated that a minor
proportion of the virus population had an insertion at this position. Other symbols are as described for Fig. 2. aa, amino acids.
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FIG. 5. (A) Phylogenetic tree analysis comparing HIV-1 reverse
transcriptase nucleotide sequences obtained by direct sequencing of
PBMC from the male, the female, 10 unrelated intravenous-drug
abusers (IV), and 11 unrelated homosexual men (HS). The sequence
of the African HIV-1 isolate ELI (HIVELI) was used as an outgroup
to root the tree. The analysis was performed with DNA sequences
corresponding to amino acids 8 to 222. Some controls had received
AZT treatment; therefore, the nucleotides corresponding to amino
acids 41, 67, 70, 215, and 219, which confer AZT resistance (16, 26),
were excluded from the analysis. The tree was generated with the
DNAML program from the PHYLIP package, version 3.4 (6). Se-
lected bootstrap values are given. (B) Phylogenetic tree analysis
comparing HIV-1 p17*% nucleotide sequences obtained by direct
sequencing of PBMC from the male, the female, and nine unrelated
intravenous-drug abusers. The sequence of the African HIV-1 isolate
ELI (HIVELI) was used as an outgroup to root the tree. The analysis
was performed with DNA sequences corresponding to amino acids 32
to 140. The tree was generated with the DNAML program from the
PHYLIP package, version 3.4 (6). Selected bootstrap values are given.

through intravenous-drug use in Stockholm. Furthermore, the
fact that the sequences from the male and the female clustered
together with those from the intravenous-drug abusers indi-
cated that the controls were adequately chosen.

Our investigation showed that the male and female shared
two distinct genetic variants in both gag and pol; in p178* the
two variants even differed in length. This type of sequence
similarity forms a very strong epidemiological link, which is not
fully appreciated by phylogenetic tree analysis. In addition, this
strongly indicated that more than one infectious unit was
transmitted from the male to the female. Earlier investigations,
which have shown that V3 sequences are homogeneous early
after infection, have by some investigators been interpreted as
evidence for the transmission of a single infectious unit (33).
However, Zhang et al. as well as Zhu et al. recently showed
that the homogeneity is confined to the env gene and is not
present in p17%®€ (34, 36). Our study supports these data since
the sample from the female obtained 5 weeks after transmis-
sion was heterogeneous in sequence, especially in the p178%
gene. Data suggesting that more than one infectious unit may
be transmitted have been presented only once previously: in
the Florida dentist case, the dentist and patient A were shown
to share two genetic variants of HIV-1 (14). Clearly more
studies are needed to further address this problem, since our
study has not determined how many genomes were transmitted
or whether transmission of several genomes is common or rare.

J. VIROL.

These questions are important for understanding how HIV-1
establishes infection and therefore for designing strategies for
reducing mother-to-child and sexual transmission of HIV-1.

Analysis by DNA sequencing has to our knowledge been
used only once earlier in forensic medicine, i.e., in the Florida
dentist case (18). However, this is the first time that evidence
of this type has been used in court, since a settlement was
reached in the Florida case before the case was taken to court.
It is interesting to compare the strategies employed in these
two investigations. One important difference is that we studied
the gag and the pol genes instead of the more variable env gene.
Recent data suggest that the V3 loop may be less suitable for
epidemiological studies than other regions of the genome,
since specific V3 sequences appear to be selected for during
primary HIV-1 infection (34). Furthermore the V3 loop is
under strong immunological selection pressure after serocon-
version (9, 25, 32). Thus, sequence variation in the V3 loop
may in some situations reflect not only evolutionary distance
but also different immunological selection. In our study we first
analyzed the pol gene, since we had observed that sequential
samples from single individuals usually displayed unique sig-
nature sequence patterns in pol (27). However, the bootstrap
analysis indicated that the number of informative sites was too
low to show that the sequences from the female were signifi-
cantly more closely related to those from the male than to
those from some of the controls. We therefore decided to also
analyze the p17%*® region, which is more variable than the
reverse transcriptase but still does not appear to be under
strong selection pressure (34). Our decision was influenced by
recent data which suggest that the p17%®® region may be
especially well suited for epidemiological studies (10).

In this study we have shown that consensus sequences
obtained by the direct sequencing method and by sequencing
of multiple clones are virtually identical, confirming our pre-
vious findings (17). This eliminates the need to analyze multi-
ple clones from each sample for this type of epidemiological
study. Another advantage of direct sequencing is that errors
introduced by the Taq polymerase during PCR do not cause
problems (24). Even in the most extreme case, in which one
single DNA molecule is added to the PCR mixture and a Taq
error occurs in the first PCR cycle, only 25% of the final PCR
product would display the mutation, since the two original
strands and one of the two copies generated in the first PCR
would still be correct. In the present investigation we know that
more than 10 DNA molecules were added to each PCR
mixture, since we quantified the HIV-1 DNA load in the
samples. Thus, it is highly unlikely that the direct sequences
contain Tag-induced errors. In contrast, we cannot exclude the
possibility that some of the rare mutations in our pol clones are
Taq induced, since these clones were generated from the PCR
products. Holmes et al. (10) used an alternative method to
overcome the problems associated with Tag-induced errors,
which we also used to generate our p17%% clones. Single HIV-1
molecules derived from limiting dilution of the DNA samples
were PCR amplified and directly sequenced. However, this
method does not eliminate the need to sequence several
molecules to determine a consensus sequence.

We have previously shown that it is possible to detect a
genetic variant that represents 10 to 15% of the virus popula-
tion in a sample by direct sequencing (17). In the present study,
a nucleotide was scored as polymorphic only if at least 20% of
the virus population was reproducibly estimated to be mutant
to avoid falsely calling a nucleotide polymorphic. This level of
resolution is likely to be sufficient for epidemiological investi-
gations but may be insufficient in some other situation.

In two of the intravenous-drug users that served as controls
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we detected the Lys-70—Arg mutation that has been reported
to confer AZT resistance (16). This finding is interesting since
these patients had not received AZT treatment. Zhang et al.
(35) recently reported a similar finding for one patient. This
may explain why this mutation usually is the first that develops
in AZT-treated patients (3). For one of the two patients the
Arg-70 mutation could not have been drug induced, since the
sample from this patient was obtained before AZT was intro-
duced in Sweden. However, for the other patient, who was
tested during primary HIV-1 infection, it cannot be excluded
that an AZT-resistant variant was transmitted from an AZT-
treated patient. Erice et al. (5) recently reported a similar
finding, and we have also documented one such case (29).

In summary, the analysis revealed that the sequences from
the male and the female were very closely related. It was even
possible to identify two distinct genetic variants which were
shared by the male and the female. Thus, it is highly likely that
HIV strains carried by the male and the female are epidemi-
ologically linked.
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