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Wide Variation in the Multiplicity of HIV-1 Infection
among Injection Drug Users�
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Recent studies indicate that sexual transmission of human immunodeficiency virus type 1 (HIV-1) generally
results from productive infection by only one virus, a finding attributable to the mucosal barrier. Surprisingly,
a recent study of injection drug users (IDUs) from St. Petersburg, Russia, also found most subjects to be
acutely infected by a single virus. Here, we show by single-genome amplification and sequencing in a different
IDU cohort that 60% of IDU subjects were infected by more than one virus, including one subject who was
acutely infected by at least 16 viruses. Multivariant transmission was more common in IDUs than in hetero-
sexuals (60% versus 19%; odds ratio, 6.14; 95% confidence interval [CI], 1.37 to 31.27; P � 0.008). These
findings highlight the diversity in HIV-1 infection risks among different IDU cohorts and the challenges faced
by vaccines in protecting against this mode of infection.

Elucidation of virus-host interactions during and immedi-
ately following the transmission event is one of the great chal-
lenges and opportunities in human immunodeficiency virus
(HIV)/AIDS prevention research (14–16, 31, 34, 45). Recent
innovations involving single-genome amplification (SGA), di-
rect amplicon sequencing, and phylogenetic inference based on
a model of random virus evolution (18–20, 43) have allowed
for the identification of transmitted/founder viruses that actu-
ally cross from donor to recipient, leading to productive HIV
type 1 (HIV-1) infection. Our laboratory and others have made
the surprising finding that HIV-1 transmission results from
productive infection by a single transmitted/founder virus (or
virally infected cell) in �80% of HIV-infected heterosexuals
and in �60% of HIV-infected men who have sex with men
(MSM) (1, 13, 18, 24). These studies thus provided a precise
quantitative estimate for the long-recognized genetic bottle-
neck in HIV-1 transmission (6, 11–13, 17, 25, 28, 30, 35, 38, 42,
47–49) and a plausible explanation for the low acquisition rate
per coital act and for graded infection risks associated with
different exposure routes and behaviors (15, 36).

In contrast to sexual transmission of HIV-1, virus transmis-
sion resulting from injection drug use has received relatively
little attention (2, 3, 29, 42) despite the fact that injection drug
use-associated transmission accounts for as many as 10% of
new infections globally (26, 46). We hypothesized that SGA
strategies developed for identifying transmitted/founder vi-

ruses following mucosal acquisition are applicable to decipher-
ing transmission events following intravenous inoculation and
that, due to the absence of a mucosal barrier, injection drug
users (IDUs) exhibit a higher frequency of multiple-variant
transmission and a wider range in numbers of transmitted
viruses than do acutely infected heterosexual subjects. We ob-
tained evidence in support of these hypotheses from the simian
immunodeficiency virus (SIV)-Indian rhesus macaque infec-
tion model, where we showed that discrete low-diversity viral
lineages emanating from single or multiple transmitted/
founder viruses could be identified following intravenous in-
oculation and that the rectal mucosal barrier to infection was
2,000- to 20,000-fold greater than with intravenous inoculation
(19). However, we also recognized potentially important dif-
ferences between virus transmission in Indian rhesus macaques
and virus transmission in humans that could complicate an
IDU acquisition study. For example, in the SIV macaque
model, the virus inocula can be well characterized genetically
and the route and timing of virus exposure in relation to
plasma sampling precisely defined, whereas in IDUs, the virus
inoculum is generally undefined and the timing of virus infec-
tion only approximated based on clinical history and serocon-
version testing (8). In addition, IDUs may have additional
routes of potential virus acquisition due to concomitant sexual
activity. Finally, there is a paucity of IDU cohorts for whom
incident infection is monitored sufficiently frequently and clin-
ical samples are collected often enough to allow for the iden-
tification and enumeration of transmitted/founder viruses. To
address these special challenges, we proposed a pilot study of
10 IDU subjects designed to determine with 95% confidence if
the proportion of multivariant transmissions in IDUs was more
than 2-fold greater than the 20% frequency established for
heterosexual transmission (1, 13, 18, 24). A secondary objective
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of the study was to determine whether the range in numbers of
transmitted/founder viruses in IDUs exceeded the 1-to-6 range
observed in heterosexuals (1, 13, 18, 24). To ensure compara-
bility among the studies, we employed SGA-direct amplicon
sequencing approaches, statistical methods, and power calcu-
lations identical to those that we had used previously to enu-
merate transmitted/founder viruses in heterosexual and MSM
cohorts (1, 13, 18, 20, 24).

We first surveyed investigators representing acute-infection
cohorts in the United States, Canada, Russia, and China; only
one cohort—the Montreal Primary HIV Infection Cohort
(41)—had IDU clinical samples and clinical data available for
study. The Montreal cohort of subjects with acute and early-
stage HIV-1 infection was established in 1996 and recruits
subjects from both academic and private medical centers
throughout the city. Injection drug use is an important con-
tributing factor to Montreal’s HIV burden, with IDUs com-
prising approximately 20% of the city’s AIDS cases and 35% of
the cohort (21, 40, 41). A large proportion of Montreal’s IDUs
use injection cocaine, with 50 to 69% of subjects reporting
cocaine as their injection drug of choice (4, 5, 9, 22, 23).

Subjects with documented serological evidence of recent
HIV-1 infection and a concurrent history of injection drug use
were selected for study. These individuals had few or no re-
ported risk factors for sexual HIV-1 acquisition. Clinical his-
tory and laboratory tests of HIV-1 viremia and antibody sero-
conversion were used to determine the Fiebig clinical stage (8)
and to estimate the date of infection (Table 1). One subject
was determined to be in Fiebig stage III, one subject was in
Fiebig stage IV, five subjects were in Fiebig stage V, and three
subjects were in Fiebig stage VI. We performed SGA-direct
amplicon sequencing on stored plasma samples and obtained a
total of 391 3� half-genomes (median, 25 per subject; range, 19
to 167). Nine of these sequences contained large deletions or
were G-to-A hypermutated and were excluded from subse-
quent analysis. Sequences were aligned, visually inspected us-
ing the Highlighter tool (www.hiv.lanl.gov/content/sequence

/HIGHLIGHT/highlighter.html), and analyzed by neighbor
-joining (NJ) phylogenetic-tree construction. A composite NJ
tree of full-length gp160 env sequences from all 10 subjects
(Fig. 1A) revealed distinct patient-specific monophyletic
lineages, each with high bootstrap support and separated from
the others by a mean genetic distance of 10.79% (median,
11.29%; range, 3.00 to 13.42%). Maximum within-patient env
gene diversity ranged from 0.23% to 3.34% (Table 1). Four
subjects displayed distinctly lower within-patient maximum env
diversities (0.23 to 0.49%) than the other six subjects (1.48% to
3.34%). The lower maximum env diversities in the former
group are consistent with infection either by a single virus or by
multiple closely related viruses, while the higher diversities can
be explained only by transmission of more than one virus based
on empirical observations (1, 13, 18, 24) and mathematical
modeling (18, 20).

An example of productive clinical infection by a single virus
is shown in phylogenetic tree and Highlighter plots from sub-
ject ACT54869022 (Fig. 1B). A similar phylogenetic pattern of
single-variant transmission was found in 4 of 10 IDU subjects
(Table 1). Examples of multivariant transmission are shown for
subject HDNDRPI032, for whom there was evidence of infec-
tion by 3 transmitted/founder viruses (Fig. 1C) and for subject
HDNDRPI001, for whom there was evidence of infection by at
least 5 transmitted/founder viruses (Fig. 1D). One IDU sub-
ject, HDNDRPI034, had evidence of multivariant transmission
to an extent not previously seen in any of 225 subjects who
acquired their infection by mucosal routes (1, 13, 18, 24) or in
any of 13 IDUs, as recently reported by Masharsky and col-
leagues (29). We greatly extended the depth of our analysis in
this subject to include 163 3� half-genome sequences in order
to increase the sensitivity of detection of low-frequency viral
variants. Power calculations indicated that a sample size of 163
sequences gave us a �95% probability of sampling minor vari-
ants comprising as little as 2% of the virus population. By this
approach, we found evidence of productive infection by at least
16 genetically distinct viruses (Fig. 2). Fourteen of these could

TABLE 1. Subject demographics and HIV-1 envelope analysis results

Subject identifier Age
(yr) Sexa Fiebig

stage

Estimated
no. of days

postinfectionb
CD4 count

Plasma
viral
load
(log)

No. of
SGA

amplicons

Diversity of env genes (%)c No. of transmitted/
founder viruses

Mean Interquartile
range Maximumd Model

predictione
Phylogenetic

estimatef

HDNDRPI034 47 M III 29 240 7.88 163 1.07 0.55 3.34 �1 16
HDNDRPI029 18 F IV 48 440 4.34 29 0.16 0.15 0.49 1 1
HTM385 24 M V 62 406 5.37 22 0.12 0.08 0.27 1 1
CQLDR03 42 M V 66 NDg 5.01 21 0.08 0.08 0.23 1 1
HDNDRPI001 36 M V 28 690 5.94 25 0.90 0.63 1.91 �1 5
HTM319 39 M V 68 520 4.43 25 0.77 0.46 1.54 �1 3
HDNDRPI032 37 M V 73 1,040 3.53 19 1.48 2.99 3.34 �1 3
ACTDM580208 39 M VI 93 387 4.53 30 1.17 0.97 2.64 �1 3
ACT54869022 28 M VI 68 723 3.43 27 0.07 0.04 0.24 1 1
PSL024 46 M VI 82 340 4.46 21 0.82 0.63 1.57 �1 3

a M, male; F, female.
b Numbers of days postinfection were estimated on the basis of serological markers, clinical symptoms, or a history of a high-risk behavior leading to virus exposure.
c Diversity measurements determined by PAUP* analysis.
d The model prediction of the maximum achievable env diversity 100 days after transmission is 0.60% (95% CI, 0.54 to 0.68%). Diversity values exceeding this range

imply transmission and productive infection by more than one virus. Diversity values less than 0.54% can be explained by transmission of one virus or of multiple closely
related viruses (18).

e Model described in Keele et al. (18).
f Minimum estimate of transmitted/founder viruses.
g ND, not determined.
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FIG. 1. NJ trees and Highlighter plots of HIV-1 gp160 env sequences. (A) Composite tree of 382 gp160 env sequences from all study subjects. The numerals
at the nodes indicate bootstrap values for which statistical support exceeded 70%. (B) Subject ACT54869022 sequences suggest productive infection by a single
virus (V1). (C) Subject HDNDRPI032 sequences suggest productive infection by as many as three viruses. (D) Subject HDNDRPI001 sequences suggest
productive infection by at least five viruses with extensive interlineage recombination. Sequences are color coded to indicate viral progeny from distinct
transmitted/founder viruses. Recombinant virus sequences are depicted in black. Methods for SGA, sequencing, model analysis, Highlighter plotting, and
identification of transmitted/founder virus lineages are described elsewhere (18, 20, 24, 44). The horizontal scale bars represent genetic distance. nt, nucleotide.
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be identified unambiguously based on the presence of discrete
low-diversity viral lineages, each consisting of between 2 and 48
sequences. Two additional unique viral sequences with long
branch lengths (3F8 and G10) exhibited diversity that was
sufficiently great to indicate a distinct transmission event as
opposed to divergence from other transmitted/founder lin-
eages (see the legend to Fig. 2). It is possible that still other
unique sequences from this subject also represented transmit-
ted/founder viruses, but we could not demonstrate this for-
mally. We also could not determine if all 16 (or more) trans-
mission events resulted from a single intravenous inoculation
or from a series of inoculations separated by hours or days;
however, it is likely that all transmitted viruses in this subject
resulted from exposure to plasma from a single infected indi-
vidual, since the maximum env diversity was only 3.34% (Fig.
1A). It is also likely that transmission occurred within a brief
window of time, since the period from transmission to the end
of Fiebig stage III is typically only about 25 days (95% CI, 22
to 37 days) (18, 20) and the diversity observed in all transmit-
ted/founder viral lineages in subject HDNDRPI034 was ex-
ceedingly low, consistent with model predictions for subjects
with very recent infections (18, 20).

Lastly, we compared the multiplicity of HIV-1 transmission
in the Montreal IDU subjects with that of non-IDU subjects
for whom identical SGA methods had been employed. In this
combined-cohort analysis, we found the frequency of multiple-
variant transmission in heterosexuals to be 19% (34 of 175)
and in MSM 38% (19 of 50) (Table 2) (24). The current study
was powered to detect a �2-fold difference in multivariant
transmission between IDUs and heterosexual subjects; in fact,
we observed a 3-fold-higher frequency of multiple-variant
transmission in Montreal IDUs (6 of 10 subjects [60%]) than in
heterosexuals (odds ratio, 6.14; 95% CI, 1.37 to 31.27; Fisher

exact test, P � 0.008) and a 1.5-fold-higher frequency in Mon-
treal IDUs than in MSM (odds ratio, 2.41; 95% CI, 0.50 to
13.20; P � 0.294, not significant). In addition, we found that
the range of numbers of transmitted/founder viruses was
greater in IDUs (range, 1 to 16 viruses; median, 3) than in
either heterosexuals (range, 1 to 6 viruses; median, 1) or MSM
(range, 1 to 10 viruses; median, 1). The finding of larger num-
bers of transmitted/founder viruses in IDUs was not simply the
result of more intensive sampling, since the numbers of se-
quences analyzed in all studies were comparable. Moreover, it
is notable that in studies reported elsewhere, we sampled as
many as 239 sequences by SGA or as many as 500,000 se-
quences by 454 pyrosequencing from four acutely infected
MSM subjects and in each case found evidence of productive
clinical infection by only a single virus (24; W. Fischer, B.
Keele, G. Shaw, and B. Korber, unpublished). These results
thus suggest that IDUs may be infected by more viruses and by
a greater range of viruses than is the case following mucosal
transmission. On this count, our findings differ from those
reported by Masharsky and coworkers for an IDU cohort from
St. Petersburg, Russia (29). Their study found a low frequency
of multiple virus transmissions (31%), not significantly differ-
ent from that of acutely infected heterosexuals, and a low
number of transmitted/founder viruses (range, 1 to 3 viruses;
median, 1). Because the SGA methods employed in both stud-
ies were identical, the numbers of sequences analyzed per
subject were comparable (median of 25 sequences in Montreal
versus 33 in St. Petersburg), and because the discriminating
power of the SGA-direct sequencing method was sufficient to
distinguish transmitted/founder viruses differing by as few as 3
nucleotides, or �0.1% of nucleotides (Fig. 2, compare lineages
V4 and V5), it is unlikely that differences in the genetic diver-
sity of HIV-1 in the two IDU populations explain the differ-

FIG. 2. NJ tree and Highlighter plot of HIV-1 3� half-genome sequences from subject HDNDRPI034. Sequences emanating from 16
transmitted/founder viruses are color coded. Fourteen transmitted/founder viral lineages comprised of 2 or more identical or nearly identical
sequences could be readily distinguished from recombinant sequences (depicted in black), which invariably appeared as unique sequences
containing interspersed segments shared with other transmitted/founder virus lineages. The two sequences with the longest branch lengths (3F8
and G10) were interpreted to represent rare progeny of discrete transmitted/founder viruses because their unique polymorphisms far exceeded the
maximum diversity estimated to occur in the first 30 days of infection (0.22%; CI, 0.15 to 0.31%) (18) and far exceeded the diversity observed within
the other transmitted/founder virus lineages. The horizontal scale bar represents genetic distance.

TABLE 2. Multiplicity of HIV-1 infection in IDU, heterosexual, and MSM subjects

Cohort Reference Virus
subtype

Total
no. of

subjects

Single-variant
transmission

Multiple-variant
transmission

P value Odds
ratio 95% CI Median Range

No. of
subjects

%
of total

No. of
subjects

%
of total

Heterosexuals Keele et al. (18) B 79 65 82.30 14 17.70 1 1–4
Abrahams et al. (1) C 69 54 78.30 15 21.70 1 1–5
Haaland et al. (13) A or C 27 22 81.50 5 18.50 1 1–6
Total 175 141 80.60 34 19.40 0.008a 6.14 1.37–31.27 1 1–6

MSM Keele et al. (18) B 22 13 59.10 9 40.90 1 1–6
Li et al. (24) B 28 18 64.30 10 35.70 1 1–10
Total 50 31 62.00 19 38.00 0.294b 2.41 0.50–13.20 1 1–10

IDUs Bar B 10 4 40.00 6 60.00 3 1–16

a Fisher’s exact test of multiple-variant transmission in heterosexuals versus in IDUs.
b Fisher’s exact test of multiple-variant transmission in MSM versus in IDUs.
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ences in findings between the two studies. Instead, we suspect
that the explanation lies in the small cohort sizes (10 versus 13
subjects) and the particular risk behaviors of the IDUs in each
cohort. The Russian cohort is heavily weighted toward heroine
use, whereas the Montreal cohort is weighted toward injection
cocaine use, the latter being associated with more frequent
drug administration and the attendant infection risks of needle
sharing (4).

The results from the present study indicate that transmission
of HIV-1 to IDUs can be associated with a high frequency of
multiple-variant transmission and a broad range in the num-
bers of transmitted viruses. This wide variation in the multi-
plicity of HIV-1 infection in IDUs is likely due to the absence
of a mucosal barrier to virus transmission (12, 19) and differ-
ences in the virus inocula (27, 29, 32, 39). The findings sub-
stantiate concerns raised in recent HIV-1 vaccine efficacy trials
that different vaccine candidates may be more efficacious in
preventing infection by some exposure routes than by others
(7, 10, 33, 37). They further suggest that biological compari-
sons of molecularly cloned transmitted/founder viruses respon-
sible for vaginal, rectal, penile, and intravenous infection could
facilitate a mechanistic understanding of HIV-1 transmission
and vaccine prevention (24, 44).

Nucleotide sequence accession numbers. HIV-1 sequences
were deposited in GenBank under accession numbers GU562001
to GU562291 and GU938194 to GU938295. See also www.hiv
.lanl.gov/content/sequence/HIV/USER_ALIGNMENTS/Bar.
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Fonds de la Recherché en Santé du Quebec, and by grants and con-
tracts from the National Institutes of Health (AI67854, AI27767, and
HHSN266200400088C) and the Bill & Melinda Gates Foundation
(grant 37874).

REFERENCES

1. Abrahams, M.-R., J. A. Anderson, E. E. Giorgi, C. Seoighe, K. Mlisana, L.-H.
Ping, G. S. Athreya, F. K. Treurnicht, B. F. Keele, N. Wood, J. F. Salazar-
Gonzalez, T. Bhattacharya, H. Chu, I. Hoffman, S. Galvin, C. Mapanje, P.
Kazembe, R. Thebus, S. Fiscus, W. Hide, M. S. Cohen, S. A. Karim, B. F.
Haynes, G. M. Shaw, B. H. Hahn, B. T. Korber, R. Swanstrom, and C.
Williamson. 2009. Quantitating the multiplicity of infection with human
immunodeficiency virus type 1 subtype C reveals a non-Poisson distribution
of transmitted variants. J. Virol. 83:3556–3567.

2. Aceijas, C., G. V. Stimson, M. Hickman, and T. Rhodes. 2004. Global
overview of injecting drug use and HIV infection among injecting drug users.
AIDS 18:2295–2303.

3. Baggaley, R. F., M. C. Boily, R. G. White, and M. Alary. 2006. Risk of HIV-1
transmission for parenteral exposure and blood transfusion: a systematic
review and meta-analysis. AIDS 20:805–812.

4. Brogly, S. B., J. Bruneau, J. Vincelette, F. Lamothe, and E. L. Franco. 2000.
Risk behaviour change and HIV infection among injection drug users in
Montreal. AIDS 14:2575–2582.

5. Bruneau, J., F. Lamothe, E. Franco, N. Lachance, M. Desy, J. Soto, and J.
Vincelette. 1997. High rates of HIV infection among injection drug users
participating in needle exchange programs in Montreal: results of a cohort
study. Am. J. Epidemiol. 146:994–1002.

6. Derdeyn, C. A., J. M. Decker, F. Bibollet-Ruche, J. L. Mokili, M. Muldoon,
S. A. Denham, M. L. Heil, F. Kasolo, R. Musonda, B. H. Hahn, G. M. Shaw,
B. T. Korber, S. Allen, and E. Hunter. 2004. Envelope-constrained neutral-
ization-sensitive HIV-1 after heterosexual transmission. Science 303:2019–
2022.

7. Dolin, R. 2009. HIV vaccine trial results—an opening for further research.
N. Engl. J. Med. 361:2279–2280.

8. Fiebig, E. W., D. J. Wright, B. D. Rawal, P. E. Garrett, R. T. Schumacher, L.
Peddada, C. Heldebrant, R. Smith, A. Conrad, S. H. Kleinman, and M. P.
Busch. 2003. Dynamics of HIV viremia and antibody seroconversion in
plasma donors: implications for diagnosis and staging of primary HIV infec-
tion. AIDS 17:1871–1879.

9. Fischer, B., J. Rehm, S. Brissette, S. Brochu, J. Bruneau, N. El-Guebaly, L.
Noel, M. Tyndall, C. Wild, P. Mun, and D. Baliunas. 2005. Illicit opioid use
in Canada: comparing social, health, and drug use characteristics of un-
treated users in five cities (OPICAN study). J. Urban Health 82:250–266.

10. Flynn, N. M., D. N. Forthal, C. D. Harro, F. N. Judson, K. H. Mayer, and
M. F. Para. 2005. Placebo-controlled phase 3 trial of a recombinant glyco-
protein 120 vaccine to prevent HIV-1 infection. J. Infect. Dis. 191:654–665.

11. Gottlieb, G. S., L. Heath, D. C. Nickle, K. G. Wong, S. E. Leach, B. Jacobs,
S. Gezahegne, A. B. van ’t Wout, L. P. Jacobson, J. B. Margolick, and J. I.
Mullins. 2008. HIV-1 variation before seroconversion in men who have sex
with men: analysis of acute/early HIV infection in the multicenter AIDS
cohort study. J. Infect. Dis. 197:1011–1015.
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