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We have sequenced the pl7 coding regions of the gag gene from 211 patients infected either
through injecting drug use (IDU) or by sexual intercourse between men from six cities in Scotland,
N. England, N. lIreland, and the Republic of Ireland. All sequences were of subtype B.
Phylogenetic analysis revealed substantial heterogeneity in the sequences from homosexual men.
In contrast, sequence from over 80% of IDUs formed a relatively tight cluster, distinct both from
those of published isolates and of the gay men. There was no large-scale clustering of sequences
by city in either risk group, although a number of close associations between pairs of individuals
were observed. From the known date of the HIV-1 epidemic among IDUs in Edinburgh, the rate of
sequence divergence at synonymous sites is estimated to be about 0.8%. On this basis we estimate
the date of divergence of the sequences among homosexual men to be about 1975, which may
correspond to the origin of the B subtype epidemic. © 1997 Academic press

The high genetic diversity which usually characterizes HIV-1 has been exploited in many
investigations of postulated linkage between infections. These include the identification of
individuals belonging to an infection cluster of individuals attending a dental practice in Florida
(QOu et al, 1992; Hillis and Huelsenbeck, 1994), of haemophiliacs in Scotland and Germany
(Baife et al., 1990; Holmes et al., 1995; Kleim et al., 1991; Chanter et al., 1993), and of a rape
victim and their assailant in Sweden (Albert et al., 1994), It has also allowed the exclusion of
nosocomial infection as a source of HIV infection from an HIV-positive surgeon (Rogers et al.,
1993; Holmes et al., 1993), from a second U.S. dentist (Jaffe et al., 1994), and from a British
health care worker (Arnold et al., 1995). Studies of emerging epidemics have revealed high
levels of sequence similarity among patients infected in a short period of time (Ou et al., 1993;
McCutchan et al., 1992; Dietrich et al., 1993; Grez et al., 1994) and in a recent investigation of a
lengthy transmission chain, sequence data have been able to reconstruct the transmission routes
reported (Leitner et al., 1996).

These studies have been carried out with sequences from the V3 region of the env gene
(Ou et al., 1992; Hillis and Huelsenbeck, 1994; Balfe et al., 1990; Kleim et al. 1991; Chant et
al., 1993), from the p17 coding region of the gag gene (Holmes et al., 1993, 1995; Albert et al.,
1994), and, more recently, with datasets consisting of the entire env gene (Arnold et al., 1995) or
of combined env and gag gene sequences (Leitner et al., 1996). We have shown that the pl17
coding sequence on its own can reconstruct known cases of epidemiological linkage and have
used it to describe the molecular epidemiology of HIV-1 within Edinburgh (Holmes et al., 1995),
In that investigation, injecting drug.users (IDUs) and haemophiliacs were identified as forming
distinct infection clusters, with patients infected following heterosexual transmission grouping
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with the IDUs. An investigation in Amsterdam based on V3 region sequences also suggested a
separation of IDUs from other risk groups, although only two synonymous nucleotide positions
in the V3 loop were consistently associated with the distinction (Kuiken and Goudsmit, 1994).

We have analyzed nucleotide sequence data in order to reconstruct and compare the HIV
epidemics in Scotland, Ireland, and the north of England. Samples were obtained from
individuals infected by sexual contact between men and by injecting drug use from three cities in
Scotland (Edinburgh, Glasgow, and Dundee), from Newcastle in the north of England, Belfast
(Northern Ireland), and Dublin (Republic of Ireland). Sequences of the p17 coding region were
obtained from over 200 individuals in this survey and we have analyzed the phylogenetic
relationships .among these sequences using both parsimony and neighbor-joining (N-J)
techniques. Our results indicate lasting distinctions between these risk groups which extend
between cities and suggest that HIV-1 was sufficiently rapidly transmitted among IDUs in these
cities for those patients to be defined as a single group r from their viral genotypes.

MATERIALS AND METHODS

Patients

Samples were obtained with informed consent from 211 HIV-1-seropositive homosexuals
and IDUs attending genito-urinary medicine and infectious diseases clinics in Edinburgh,
Glasgow, Dundee, Newcastle, Belfast, and Dublin between 1993 and 1995. All patients were
resident in the city where they attended, although a few reported travelling overseas and were
suspected to have acquired their infections outside the British Isles. Approximately 20
individuals from each risk group within each city were included in the study. When samples
from more individuals were available, a subset was chosen at random for sequencing. Most were
seroprevalent cases, although seroconversion dates were available for a minority. Where the
number of patients available was less than 20, then all samples in that category (risk group and
city) were sequenced.

Sample preparation and DNA Extraction

EDTA-treated whole blood samples were collected, shipped to Edinburgh, and processed
within 48 hr. The blood samples were separated into plasma and peripheral blood mononuclear
cell (PBMC) fractions by ficoll Hypaque (Pharmacia) density gradient centrifugation at 1500 g
for 30 min and the PBMC fraction was stored immediately in liquid nitrogen. DNA extraction
was performed from 10° to 107 uncultured PBMCs as described by Simmonds et al. (1990).

PCR amplification and sequence analysis

An approximately 390-base pair (bp) fragment of the p17 coding region of the gag gene between
positions 69 and 453 in the HIV-HXB2 genome (Myers et al., 1995) was amplified for each
patient by nested polymerase chain reaction (PCR) essentially as described by Leigh Brown and
Simmonds (1995), using primers “gag 1-4” of Holmes et al., (1993). Single-stranded DNA was
purified on streptavidin-coated magnetic beads (Dynal-Dyna-beads M280) and sequenced using
an Applied Biosys-tems PRISM Sequenase Terminator Single Stranded DNA Sequencing kit
according to ABI operating instructions, as described elsewhere (Leigh Brown and Simmonds,
1995).

The raw nucleotide sequences were assembled with the TED and XBAP sequence editors
(Staden, 1993) and .aligned using the CLUSTAL V algorithm (Higgins and Sharp, 1988), as
implemented in version 2.2 of the Genetic Data Environment (GDE) package (Smith et al.,
1994). The final alignment was improved manually. Phylo-genetic analyses were performed
using programs taken from version 3.52c¢ of the Phylogeny Inference Package (PHYLIP;
Felsenstein, 1989) using the neighbor-joining method (Saitou and Nei, 1987; program



“NEIGHBOR”), maximum parsimony (“DNAPARS”), and bootstrap resampling (Felsenstein,
1985) (“SEQBOOT” and “CONSENSE”). Nucleotide distances were estimated using the
generalized two-parameter (maximum likelihood) model (Kishino and Hasegawa, 1989)
(“DNADIST™). Principal coordinates analysis was performed using the program “PCOORD”
(Higgins, 1992).

RESULTS

Two sequences of the pl7 coding region of gag were obtained for all newly sequenced
patients. Preliminary neighbor-joining phylogenetic analysis of 411 sequences from 211 patients
showed that for all patients for whom more than one sequence was obtained, the sequence which
grouped most closely was the other from the same individual. This preliminary analysis also
included sequences from 24 HIV-1 subtype B reference isolates, as a check for contamination.
Subsequently, a single sequence was used from each patient for all further analyses so as to
reduce computation time.

Of the approximately 390 nucleotide sites sequenced no fewer than 268 were variable in
the dataset. At the amino acid level, 99 of 130 residues showed some variation. The variable
residues were distributed throughout the sequence, with some evidence for greater conservation
toward the 3’ end. The amino acid sequences obtained from 116 homosexual men and 84 IDUs
are shown in Fig. 1 aligned against HIV-1yy; the sequences from additional patients analyzed
from Edinburgh will be presented elsewhere (C. M. Wade et al., submitted).

Nucleotide distance comparisons

Nucleotide distances were calculated for all possible pairwise comparisons of the
sequences from 211 new patients together with those of 24 reference isolates. The mean
distances between individuals were calculated by city and risk group (Table 1); the mean
distance among reference sequences was 6.03%. Among homosexual men, the mean distances
for each city were very similar with an overall mean of 7.2% (range 6.7% (Belfast)-7.5%
(Edinburgh)). However, for four cities, there was even greater uniformity among IDUs (range
4.3-4.4%). The mean distance among Belfast IDUs was higher, at 7.3%, but only four IDUs were
available from this city and only one from Newcastle. There was a marked difference between
the means for the two risk groups: the means for homosexual men were significantly higher than
those for IDUs (P < 0.001; based on binomial standard errors given in Table 1). In addition the
mean distances among 16 haemophiliacs from Edinburgh was 3.3 + 0.23%. This group, all of
whom seroconverted following exposure to a common batch of factor VIII, had previously been
found to show a low level of nucleotide diversity (Holmes et al., 1995).

Comparisons between sequences from different cities reveal an unexpected feature in both
risk groups. The mean divergence between patients from the same risk group for any pair of
cities was no greater than the within-city diversity for the same risk group. The range of intercity
mean distances among IDUs was 4.3-4.6% and for homosexual men was 6.8-7.4%. Thus,
overall, there was no effect whatever of geographical origin on nucleotide distance, but a highly
significant and consistent effect of risk group.

Estimating the frequencies of synonymous (ds) and nonsynonymous substitutions (d,)
separately revealed that the difference between risk groups came from both classes of
substitution (Table 1). However, the mean synonymous divergence among sequences from
homosexuals was nearly twice that among IDUs, while the ratio for nonsynonymous
substitutions was 1.4. A corresponding difference in the ratio dy/d, between the risk groups was
observed. For samples from homosexual men-this was 3.0, while for IDUs it was 2.3.
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TABLE 1

Nucleotide Distances among Homosexual Men and Injecting Drug
Users According to City

IDU Homosexual
Nucleotide Nucleotide
distance % distance %
City n (xSE) n (xSE)
Edinburgh® 30 4.3 +0.19 24 7.5+0.28
Glasgow* 22 4.4+0.23 25 7.2+0.27
Dundee® 18 4.4 +0.25 8 7.1+0.49
Newcastle® 1 — 19 6.9+ 0.30
Dublin® 19 44+0.24 19 6.9+0.3
Belfast® 4 7.3+0.76 22 6.7 +0.28
Total® 94 46+0.11 117 7.2+0.12
Synonymous® 94 8.3+0.82 117 155+ 1.1
Nonsynonymous” 94 3.6 +0.33 117 5.0+0.35
Dy/d,’ 94 2.3 117 3.0

& Overall nucleotide distances.
® Nucleotide distances for synonymous (d;) and nonsynonymous (d,) nucleotide
substitutions considered separately for the two risk groups.

Phylogenetic analysis

The initial comparison of the 211 patients’ sequences with HIV-1 reference sequences
revealed that all belonged to subtype B. All further analyses were undertaken against a
background only of subtype B reference sequences. An N-J tree was constructed for the.
sequences from all 211 IDUs and homosexual men together with 16 Edinburgh haemophiliacs
and 24 subtype B reference sequences. The tree is characterized by long branches to the tips with
few, and short, internal branches (Fig. 2). Nevertheless, one subdivision is apparent, which
appeared consistently with different numbers of sequences. This contains approximately 80% of
the sequences from IDUs and a small number (5) from homosexual men, but none of the
reference sequences, the closest being HIV-1pn136. A total of 13 IDUs were located among
sequences from homosexuals in the N-J tree (Fig. 2). The location of the Edinburgh
haemophiliacs among these sequences confirmed their separation from the IDUs proposed by
Holmes et al. (1995) and specifically associated the source of this infection with the homosexual
risk group (see below).

In order to test the division of the dataset into two risk group-associated clusters, a
parsimony analysis was carried out and a majority-rule consensus of 100 of the most
parsimonious trees is shown (Fig. 3). This dado-gram also split into two groups, again separating
most of the IDUs from the remaining sequences, with none of the B subtype reference sequences
among them. To investigate the stability of the IDU cluster, each of the 100 trees was examined,
and the location of each IDU sequence recorded. Only the 9 sequences identified by asterisks in
Fig. 3, which moved in or out of the IDU group in different trees, showed any inconsistency in
their clustering. We conclude that the parsimony analysis strongly supports the existence of two
phylogenetically distinct clusters, associated with the two risk groups.

A third method of analyzing nucleotide distance data, based on the principal coordinates
technique (Higgins, 1992), was employed to assess the division of the sequences by risk group.
Following a transformation of the distances, principal coordinates analysis determines which
combination of variables is most suited to reflect the variation in the dataset (the “principal



coordinates”). Although the principal coordinates will be a poor reflection of the total variation
in the dataset, they will reflect the major distinctions and consequently the method is particularly
useful in resolving major trends within a data-set which may often be invisible or unreliable in a
tree. Principal coordinates analysis of the 211 patients from the two risk groups (Fig. 4) clearly
distinguished the sequences into two groups containing sequences from IDUs and homosexual
men, respectively, and with very little overlap between the two.

Detection of contact networks

As indicated above, although the main IDU cluster was repeatedly identified among the
most parsimonious trees, bootstrap resampling of the data did not support it. However, a total of
13 smaller clusters were supported at the 65% level or above, including 6 groups known
previously to be linked. These included groups of reference sequences derived from the HIV-
1, a1 strain, sequences from individuals who were part of an outbreak of HIV-1 infection in a
Scottish prison in 1993 (Taylor et al., 1995; Yirrell et al., 1997) and sequences from the

I\ | | lmlh 7, /
l‘lh/ , :'" A /

FIG. 2. Neighbor-Joining phylogenetic tree of sequences of the MA protein coding region
(p17) of the gag gene from 227 patients and 24 subtype B reference sequences. Risk group
codes: H, haemophiliac; G, homosexual man; I, injecting drug user. B, Subtype B isolate
sequences: 1, HIV-I a1 sequence BRU; 2, HIV-1 BH102; 3, HIV-1ph; 4, HIV-I a1, clone
HXBZ, 5, HlV-lMN; 6, HlV-leg; 7, HlV-IpH135; 8, HlV-IBZlgo; 9, HlV-IRFZ; 10, HlV'INL4.3; 11,
HlV'lNYG; 12, HlV'1CDc4; 13, HlV'1D31; 14, HlV'lHOYl; 15, HlV'IYUZ; 16, HlV-lle53; 17, HIV-
Lipcse; 18, HIV-15re, 19, HIV-11g132; 20, HIV-1gz167; 21, HIV-1yan; 22, HIV-1gr; 23, HIV-
lcama; 24, H1V-1gzo00.

Edinburgh haemophiliac cohort (Table 2). The haemophiliacs grouped specifically with a
sequence from a homosexual man attending the Edinburgh GUM clinic who was infected in
1984.

A total of seven new groups were identified by bootstrapping of the entire tree with values
exceeding 70%, five of which were supported in over 98% of bootstrap replicates (Table 2).
Most of these groups contained a single pair of individuals, but one (99%) included three
homosexual men from Edinburgh. In all clusters, the individuals identified came from the same
city, consistent with the interpretation that they represent true contact networks.



DISCUSSION

In this study we have analyzed nucleotide sequences of the p17 coding region of the gag
gene obtained from over 200 patients representing the two major risk groups in six cities.
Comparisons based on nucleotide distances revealed no evidence that subdividing the data by
city led to significant heterogeneity. However, there was a consistent and highly significant
effect of risk group, with the sequences, of injecting drug users all being more similar to each
other, regardless of their city of origin. Both the neighbor-joining and parsimony methods of tree
construction separated the majority of IDUs into a single cluster; none of the 24 HIV-1 subtype
B reference isolates grouped with IDUs, instead all were widely distributed in the rest of the tree.

There has been considerable discussion about the appropriateness of various
methodologies for the reconstruction of HIV-1 phylogenies (Hillis et al., 1994; Leitner et at.,
1996). An equally important issue is the choice of gene region for sequencing (Holmes et al.,
1995; Arnold

FIG. 3. Parsimony tree of sequences of the pl7 protein coding region (MA) of the gag
gene from 227 patients and 24 subtype B reference sequences. The majority-rule consensus of
100 of the most parsimonious trees is shown. For risk group and subtype B isolate sequence
codes, see Legend to Fig. 2. Sequences marked * showed variable location with respect to the
main IDU cluster among the 100 trees. All others showed a constant location.

et al., 1995; Leitner et al., 1996). The gag gene evolves more slowly than the V3 region of env
(Leigh Brown and Monaghan, 1988) and it has been suggested that it does not contain sufficient
information for the accurate reconstruction of phylogenies (Arnold et al., 1995; Leitner et al.,
1996). However, when nucleotide distances are as great as has been observed in this study (Table
1), that is not likely to pose a significant problem. Indeed, we detected no less than five
previously unknown linkages between patients, supported in >98% bootstrap replications and.
confirmed all seven previously known clusters included in the dataset. We conclude that for
community-based studies, the p17 coding sequencers sufficiently informative.

No previous study of the molecular epidemiology of HIV-1 has attempted a systematic
comparison of HIV sequences from multiple cities and risk groups. Extensive studies in Thailand
have concentrated on two centres of infection, in the north and south of the country, and have
compared the viral sequences from IDUs and patients infected by heterosexual contact. These
studies revealed a geographic division between two genetically very distinct strains (Ou et al.,
1993; McCutchan et al., 1992), but also that subtype E sequences were associated with a



predominantly heterosexual mode’ of transmission, while subtype B sequences were found in
IDUs (Kunanusont et al., 1995). These epidemics initiated from variants found in Thailand in
1989 and 1988, respectively (Weniger et al., 1994), and the-subtype E sequences are now
increasing in frequency in the IDU risk group as well (Kalish et al., 1995). Overall, the effect of
risk group appears to have been more significant than that of geographic location, as has clearly
been the case in our study.

The second major study to compare HIV sequence variants in different risk groups has
focussed on two risk groups in Amsterdam infected with HIV-1 subtype B. These studies
analyzed V3 region sequences and detected a minor, but consistent, difference between
sequences from IDUs and homosexual men in the nucleotide sequence of theV3 loop (Kuiken et
el., 1993; Kuiken and Goudsmit, 1994). Subsequently, differences were reported in other coding
regions as well (Kuiken et al., 1996). The statistically significant difference in nucleotide
distances we have described, and the similar division in the phylogenetic analyses, suggests that
these studies appear to identify the same group of IDUs. We have extended our studies to include
IDUs known to have been infected in Amsterdam and have found them to fall into the main IDU
cluster we originally identified in Edinburgh (Holmes et al., 1995). Intriguingly, this does not
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FIG. 4. Principle coordinates analysis separates the main IDU cluster from other risk
groups. The plot represents the two largest principle coordinates as ordinate and abscissa, with
arbitrary units. The identifiers for risk groups are as described in the legend to Fig. 2.

apply to IDUs from southern Europe, whose sequences scatter widely among those of
homosexual men (D. Lobidel and V. Soriano, unpublished data).



From our data, and there is a clear indication that a genetic bottleneck occurred when HIV-1
entered the IDU group we have studied, presumably reflecting infection of a single individual
followed by very rapid spread. The major epidemic in Edinburgh occurred in 1983/1984
(Robertson et al., 1986), which appears to be earlier than epidemics among IDUs in other cities,
including Amsterdam (van Haastrecht et al., 1991). The extreme rapidity of transmission
(Robertson et al., 1986), coupled with the lack of variability observed in the first few weeks of
the infection (Zhang et al., 1993; Zhu et al., 1993) can account for the rapid spread of almost
identical variants among highly susceptible populations, as has also been described in Thailand
(Weniger et al., 1992), Bombay (Dietrich et al., 1993; Grez et al., 1994; Pfutzner et al., 1992),
and recently among inmates of a Scottish prison (Yirrell et al., 1997).

Although the overall nucleotide diversity observed in IDUs is restricted, the diversity
observed among this sample of homosexual men is at least as great as that observed between
subtype B sequences from across the United States. In particular, the branch lengths between
some of these sequences are substantially greater than

TABLE 2

Significant Associations between Patients Identified from Phylogenetic Analysis of gag pl7
Sequences

Cluster Patients Bootstrap® Risk group

1 1397 100 Homosexual Newcastle
1294 Homosexual Newcastle

2 1333 70 Homosexual Glasgow
1144 Homosexual Glasgow

3 1066 100 Homosexual Belfast
1090 Homosexual Belfast

4 Go8 100 Prisoner” Glasgow
1523 Homosexual Glasgow

5 1122 71 IDU Glasgow
1142 IDU Glasgow

6 1363 99 Homosexual Edinburgh
1299 Homosexual Edinburgh
1260 Homosexual Edinburgh

7 1021 100 Homosexual Edinburgh
1020 Homosexual. Edinburgh

8 1028 66 Homosexual Edinburgh
EDI Haemophilia cohort®  Edinburgh

Percentage of bootstrap replications in which the cluster was observed. Those shown
were all observed in >65% of bootstrap replicates.

Seropositive prisoner identified in Glenochil prison (Taylor et al., 1995; Yirrell et al.,
1997).

¢ Edinburgh Haemophilia Cohort (Holmes et al., 1995).

those between the reference isolates, and even exceed -the divergence between the prototype B
subtype strain HIV-1MN and the prototype subtype D strain HIV-Ig 1 (Myers et al., 1995). There
are three possible factors responsible: first that the virus has entered the homosexual risk group



in northern Europe on many occasions, each of which has established descendent lineages, i.e.,
there has been no recent bottleneck. Second, the reference sequences have all been obtained from
tissue culture-adapted strains; it is possible that the known selection that is imposed on the virus
in this process (Meyerhans et al., 1989; Kusumi et al., 1992) results in a restriction of diversity
in p17. Restriction of amino acid divergence of p17 in vivo is indicated by the greater dy/d, ratio
we have observed among homosexual men than IDUs. This indicates a slowing down of the
divergence of amino acid, sequences relative to synonymous sites (Table 1). A final factor is that
the isolates referred to were established in the early to mid 1980s, while patient sequences have
continued to evolve during the intervening decade.

The availability of an independent date for the IDU epidemic in Edinburgh, approximately
10 years prior to sampling, and the point source origin of the virus in this population, allows the
estimation of a mean divergence rate at synonymous sites of 0.83% (+0.08%) per year. The
equivalent estimate among sequences from homosexual men was 1.55% (+0.11%) (Table 1).
Assuming these have evolved at the same rate, the time between divergence and sampling in this
group is 18.7 years (95% confidence interval, 13.4-26.4 years), corresponding to a date of about
1975 (95% CI, 1968-1980). If our sample of homosexual men represent an unbiased sample of
the B subtype, this is an estimate of the origin of the B subtype epidemic.
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