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Abstract

There are currently few detailed studies describing HIV-1 recombination events or the potential impact of
recombination on drug resistance. We describe here the viral recombination dynamics in a drug-naive patient
initially infected with a circulating recombinant form 19 (CRF19) virus containing transmitted drug resistance
mutations followed by superinfection with ‘‘wild-type’’ subtype B virus. Single genome analysis showed re-
placement of the primary CRF19 virus by recombinants of the CRF19 virus and the superinfecting subtype B
virus. The CRF19/B recombinant virus dominating after superinfection had lost drug resistance mutations and
at no time was the superinfecting subtype B variant found to be dominant in blood plasma. Furthermore, the
detection of recombinant viruses in seminal plasma indicates the potential for onward transmission of these
strains.

Transmitted drug resistance and HIV-1 superinfection
are issues of concern with implications for HIV-1 disease

progression and treatment. Transmitted drug resistance and
persistence of resistant variants reduce treatment options in
treatment-naive patients, while superinfection can potentially
enhance viral fitness and evolutionary adaptation within the
patient. Here, we examine the dynamics of recombination
between a CRF19 virus containing multiple transmitted drug
resistance mutations and a superinfecting subtype B virus
without drug resistance mutations.

HIV-1 superinfection occurs despite the preexisting host
immune response to the initial virus.1 Rates of superinfection
have been estimated to be close to rates of initial infection,
indicating a lack of protective immunity against newly ac-
quired HIV-1 infection by preexisting infection. However,
superinfection may be difficult to detect when the super-
infecting virus is of the same subtype as the initial virus, and
the detection of possible consequent recombinants is re-
stricted to a handful of reports.2–6

It has previously been reported that superinfection with a
virus of different subtype can result in replacement of the
original virus.2,7–9 Fang et al.4 showed replacement of subtype
A virus with AC, but did not show the presence of ‘‘pure’’
subtype C virus, so the superinfection could have been with
an AC recombinant. Others have reported dual infection10 or
superinfection3,5,6 with the same subtype followed by re-
combination. Koelsch et al.11 described complete replacement

of drug-resistant virus with superinfecting wild-type virus,
while Pingen et al.12 described complete replacement of wild-
type virus with drug-resistant virus, but recombination was
not detected in these reports.

Here, we report an examination of HIV-1 superinfection
using single genome analysis. Our data show almost complete
replacement in blood plasma of the initial transmitted drug-
resistant strain by recombinants of the initial and secondary
infecting HIV-1 variants. To our knowledge, this is the first
study to examine HIV-1 recombination over time after su-
perinfection in such detail using single genome analysis.

As part of a study examining the persistence of transmitted
drug resistance-associated mutations, we performed popula-
tion sequencing of HIV-1 protease (PR) and reverse tran-
scriptase (RT) regions from longitudinal blood plasma
samples and a seminal sample from a 28-year-old male who
has sex with men (MSM). The patient was determined to have
been recently infected with HIV-1 ( < 6 months) by serological
incidence testing.13 The viral load and CD4 counts over the
period of study are shown in Fig. 1. Antiretroviral treat-
ment (darunavir, ritonavir, and emtricitabine) was started at
87 weeks postdiagnosis. Sequencing was performed in both
directions using overlapping internal primers.14 Sequences
(bases 2269–3509 in HXB2) were analyzed using Sequencher
software (Gene Codes) with a minority population cut-off of
25%. Drug resistance mutations were defined using the
Stanford University HIV drug resistance database.
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At diagnosis, the blood plasma sample of this patient
showed the presence of numerous drug resistance mutations
in RT, namely D67N, K70R, K101E, Y181C, G190A, T215L,
and K219E, indicating high level transmitted drug resistance
to nucleoside and nonnucleoside reverse transcriptase inhib-
itors (Table 1). Three further blood plasma samples taken 6,
18, and 34 weeks postdiagnosis showed a similar pattern of
resistance mutations. In a blood plasma sample taken
54 weeks after diagnosis the same resistance mutations could
be detected, but many mixed peaks were also observed in the
sequence chromatograms. Further samples, taken 85 to
98 weeks after diagnosis, showed no major resistance muta-

tions except for one sample showing Y181Y/C 93 weeks
postdiagnosis (see Table 1).

Subtype analysis using the SCUEAL15 algorithm and
phylogenetic analysis using the neighbor-joining method in
MEGA5 Software16 that included HIV-1 reference sequences
from the Los Alamos HIV Sequence Database (www.hiv
.lanl.gov/) identified the population sequences prior to 54
weeks postdiagnosis as the circulating recombinant form 19
(CRF19). In CRF19, the region of the HIV-1 pol gene we se-
quenced with our population sequencing protocol (bases
2269–3509 in HXB2 numbering) is derived from subtype D.17

However, at later time points (from 85 weeks postdiagnosis
onward) subtype analysis identified the plasma-derived
population sequences as either subtype B or recombinant
variants of B and D subtypes. The seminal plasma sample
from this patient taken at 87 weeks postdiagnosis showed
subtype B virus without drug resistance mutations by popu-
lation sequencing.

The heterogeneous PR and RT population sequence
detected in blood plasma at 54 weeks postdiagnosis indicates
the presence of evolutionary distant HIV-1 variants in the
patient’s plasma. Moreover, the detection of differing HIV-1
subtypes in plasma before and after this ‘‘mix’’ was detected
points to HIV-1 superinfection with a different subtype. To
investigate this further and examine the evolutionary dy-
namics of the disappearance of transmitted drug resistance
mutations detected in this patient, we performed single ge-
nome sequencing on blood plasma samples taken at 34, 54, 85,
and 87 weeks postdiagnosis. Viral RNA was reverse tran-
scribed using Superscript III Reverse Transcriptase (Invitro-
gen) with primer 3560- (5¢-TGGCTCTTGATAAATTTGA
TATGTCC). Before polymerase chain reaction (PCR) ampli-
fication with Platinum PCR SuperMix (Invitrogen), the cDNA
was serially diluted in 5 mM Tris–HCl, pH 8.0, and only PCR
products from the dilution yielding 30% or less of positive
PCR reactions were sequenced. First round PCR was per-
formed using primers 1849 + (5¢-GATGACAGCATGTCA
GGGAG) and 3560-; nested PCR was performed using
primers 1870 + (5¢-GAGTTTTGGCTGAGGCAATGAG) and
3501- (5¢-GCTATTAAGTCTTTTGATGGGTCATA). Sequen-
cing of PCR products was performed in forward and reverse
directions and sequences (bases 1893–3408 in HXB2) were

FIG. 1. Longitudinal analysis
of CD4 T cell count and HIV-1
viral load of patient under
study. CD4 T cell count (cells/
mm3) is indicated with black
diamonds (left y-axis) and viral
load (log10 copies/ml) is indi-
cated with gray squares (right
y-axis). The patient started an-
tiretroviral therapy after the
sample at 87 weeks post-
diagnosis was taken as indi-
cated with a gray bar. Time
points for which population-
based sequencing has been
performed are indicated with
open triangles and time points
used for single genome analy-
sis are indicated with closed
triangles.

Table 1. Drug Resistance Profiles and Subtypes

Observed in Longitudinal Samples

by Population-Based Sequencing

Sample type

Time
postdiagnosis

(weeks)a
RT drug resistance

mutations

Blood plasma 1 D67N, K70R, K101E,
Y181C, G190A,
T215L, K219E

6 D67N, K70R, K101E,
Y181C, G190A,
T215L, K219E

18 D67N, K70R, K101E,
Y181C, G190A,
T215L, K219E

34 D67N, K101E, Y181C,
G190A, T215L, K219E

54 Mix at multiple codons
85 None
87 None
89 None
94 Y181Y/C
98 None

Seminal plasma 87 None

aAntiretroviral treatment was started after the samples at 87 weeks
postdiagnosis were taken. Population-based sequencing results of
HIV-1 pol from blood plasma RNA and from one seminal RNA
sample are shown.
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analyzed using Sequencher software (Gene Codes). Any se-
quences containing double peaks in the chromatographs were
excluded. As the last two available samples before the patient
started antiretroviral therapy were less than 2 weeks apart at
85 and 87 weeks postdiagnosis, we have combined the results
of these two samples and, for the benefit of simplicity, refer to
these data as ‘‘85–87 weeks postdiagnosis.’’

Table 2 summarizes the single genome sequencing results.
As expected, at 34 weeks postdiagnosis, the closest time point
available before the detection of the mixed population in
plasma, a relatively homogeneous population of virus vari-
ants was detected. All 25 single genome sequences were
CRF19 and all contained the following NRTI and NNRTI drug
resistance mutations: D67N, K101E, Y181C, G190A, T215L,
and K219E, with the exception of a single genome that addi-
tionally contained K70R.

In contrast, the plasma RNA sample at 54 weeks post-
diagnosis showed a considerable mix of viruses. Most (18/25,
72%) were CRF19 variants similar to those found at the pre-
ceding time point. However, one subtype B variant (1/25, 4%)
and six recombinants of the two subtypes (6/25, 24%) were
also detected. The majority of genomes (20/25, 80%) still
contained some drug resistance mutations at this time point.
Eighteen of these 20 genomes with drug resistance mutations
were CRF19, one was a CRF19/B recombinant with RT being
CRF19, and the last was a CRF19/B recombinant showing
drug resistance mutations only in the 5¢ region of RT where
the amplicon was CRF19 (D67N and K101E). Five of the 25
(20%) variants at 54 weeks showed no drug resistance mu-
tations. One of these was subtype B, while the four remaining
genomes without drug resistance mutations were recombi-
nants between CRF19 and B with the N-terminal region of RT
being subtype B.

By 85–87 weeks postdiagnosis, the majority of genomes
detected (40/43, 93%) did not contain any drug resistance
mutations. Of these, two were subtype B and 38 were CRF19/B
recombinants with most of the RT region derived from sub-

type B. Only 3/43 (7%) sequences had resistance mutations.
One was a CRF19/B recombinant with drug resistance mu-
tations only up to G190A in RT where the amplicon was
CRF19, and the remaining two were CRF19 variants with
several drug resistance mutations (Table 2).

To examine a compartment relevant for sexual transmission
of HIV-1, we also performed single genome sequencing on a
seminal plasma sample collected at 87 weeks postdiagnosis.
This showed that the majority of the sequences (18/21) in semen
were subtype B with the remaining three sequences being
CRF19/B recombinants. None of the seminal plasma single
genome sequences contained any drug resistance mutations.

These data suggest that the patient was superinfected with
a subtype B variant between 34 and 54 weeks postdiagnosis.
Coincidentally, the patient was diagnosed with rectal Chla-
mydia infection at 36 weeks and urethral Gonococcus and
Chlamydia infections at 46 weeks postdiagnosis, indicating
risk behavior during this period. HIV-1 superinfection has
previously been associated with a peak in viral load,1 but this
has not always been reported and, indeed, in this case we do
not detect a change in the viral load between 34 and 54 weeks
(see Fig. 1). After superinfection, recombinants between the
original multidrug-resistant CRF19 virus and the super-
infecting subtype B virus gradually became the predominant
species in the patient. To analyze this in detail, we determined
the breakpoints of the mosaic viruses by SimPlot18 using a
randomly selected CRF19 single genome sequence from time
point 34 weeks and the subtype B sequence from time point
54 as parental sequences, HXB2 (accession no. K03455) as an
outgroup sequence, and a 200 bp window and a 20 bp step
size. The breakpoint areas were estimated from the crossover
points in the similarity plots by maximizing the v2 value using
informative site array positions (Supplementary Table S1 and
Fig. 1; Supplementary Data are available online at www
.liebertpub.com/aid). As expected, control HIV-1 sequences
from subtype B, CRF19, and subtype D variants showed no
breakpoints using this method (data not shown).

Table 2. Drug Resistance Profiles and Subtypes of Longitudinal Single Genome Sequences

Time postdiagnosis
(weeks)

No. of sequences/total
no. of sequences

at time point (%) Subtypea RT resistance mutations

34 24/25 (96%) CRF19 D67N, K101E, Y181C, G190A, T215L, K219E
1/25 (4%) CRF19 D67N, K70R, K101E, Y181C, G190A, T215L, K219E

54 18/25 (72%) CRF19 D67N, K101E, Y181C, G190A, T215L, K219E
1/25 (4%) B None
3/25 (12%) CRF19/B None
1/25 (4%) CRF19/B/CRF19 None
1/25 (4%) B/CRF19 D67N, K101E, Y181C, G190A, T215L, K219E
1/25 (4%) CRF19/B D67N, K101E

85 and 87b 34/43 (79%) CRF19/B None
2/43 (5%) B None
3/43 (7%) B/CRF19/B None
1/43 (2%) CRF19/B/CRF19/B None
1/43 (2%) CRF19/B D67N, K101E, Y181C, G190A
2/43 (5%) CRF19 D67N, K101E, Y181C, G190A, T215L, K219E

87 seminal plasma 18/21 (86%) B None
3/21 (14%) CRF19/B None

aHIV-1 subtypes were defined using SimPlot.
bThe results from blood plasma samples from weeks 85 and 87 postdiagnosis were combined, as the time points were less than 2 weeks

apart.
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The analysis showed that the six recombinant viruses
present at 54 weeks postdiagnosis are potentially the result of
five different recombination events (Fig. 2). Of the sequences
at 85–87 weeks postdiagnosis, 35/43 (81%) were CRF19/B
recombinants. The majority of these had a breakpoint up-
stream of the RT start codon: either between nucleotides 2363
and 2442, equivalent to codons 38–64 of PR (18/43, 42%),
or between nucleotides 2487 and 2540, equivalent to codons
79–96 of PR (3/43, 7%). A total of 13/43 (30%) had a break-
point immediately downstream of the RT start codon, similar
to one of the recombinants detected at 54 weeks post-

diagnosis. The last CRF19/B recombinant had a breakpoint
further into RT between nucleotides 3119–3137 (equivalent to
codons 190–196 of RT) and retained drug resistance mutations
where the RT was derived from the parental CRF19 virus.

Four of the sequences detected at 85 and 87 weeks post-
diagnosis seemed to represent more complex recombinants:
three were determined to be CRF19/B/CRF19 recombinants
and one was a putative CRF19/B/CRF19/B recombinant,
none of which contained drug resistance mutations. Our
analysis also showed that all 25 single genomes detected at 34
weeks postdiagnosis were pure CRF19 in the sequenced
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FIG. 2. Breakpoint analyses
of mosaic viruses. For each
single genome sequence the
region of the amplicon that is
CRF19 (white), the region that
is subtype B (dark gray), and
the region within which the
putative breakpoint lies (light
gray) are depicted. Sequences
with overlapping breakpoint
regions are grouped together
and the results of time points
85 and 87 weeks post-
diagnosis are combined. The
number of times each se-
quence variant is detected at
that time point is indicated on
the right of each bar re-
presenting the sequence vari-
ant. The RT start codon is
indicated with a filled triangle
and the black lines indicate
drug resistance mutations
defined using the Stanford
University HIV drug resis-
tance database. The dotted
line indicates that not all
grouped sequences contain
the specified drug resistance
mutation. The numbers above
and below the bars indicate
HXB2 nucleotide numbering.
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region, as were 18/25 (72%) of the sequences at 54 weeks and
2/43 (5%) at 85–87 weeks postdiagnosis. However, 1/25 (4%)
sequences at 54 weeks and 2/43 (5%) sequences at 85–87
weeks postdiagnosis were pure subtype B. Thus, these data
show the selection of a limited number of CRF19/B recom-
binants without drug resistance mutations over time, pre-
dominantly with a breakpoint near the start codon of RT
despite the detection of ‘‘pure’’ subtype viruses and the other
rare complex recombinants.

Analysis of the single genome sequences from the seminal
plasma sample taken at week 87 postdiagnosis showed three
CRF19/B recombinant viruses (3/21, 14%) with breakpoints
between nucleotides 2397 and 2408 (codons 48–52 of PR),
2436–2442 (codons 61–63 of PR), and 2553–2588 (codons 1–13
of RT), respectively. The first two CRF19/B recombinants
could be grouped with the most common recombinant se-
quence found in blood plasma (breakpoint region 2363–2442),
whereas the third had the second-most common breakpoint
region (2553–2588) found in blood plasma. However, the
majority of the single genome sequences detected in seminal
plasma were pure subtype B (18/21, 86%), while no ‘‘pure’’
CRF19 sequences were detected.

Next, we examined the relatedness of the viral sequences
derived by single genome sequencing using phylogenetic
analyses. Figure 3A shows a phylogenetic tree constructed
using the neighbor-joining method and 1,000 bootstrap tests
in MEGA5 Software16 including all the single genome se-
quences and subtype B and CRF19 reference sequences. In
general, the analysis showed that the sequences segregated
into three main clusters: the top and bottom clusters con-
tained the ‘‘pure’’ subtype B and CRF19 sequences, respec-
tively, whereas the middle cluster is composed of CRF19/B
recombinant virus sequences. The CRF19 cluster contains all
25 sequences from the first time point tested (34 weeks
postdiagnosis) as well as 19/25 sequences from the 54 week
time point and 2/16 sequences from the 87 week time point.
One of the sequences from 54 weeks in this cluster was
identified as a CRF19/B recombinant by SimPlot with a
breakpoint further upstream of the RT coding region
(between nucleotides 2320 and 2374, equivalent to codons
22–41 of PR) and therefore contains only a small portion of
subtype B and a large CRF19 region including the drug
resistance mutations. Unsurprisingly, this sequence (indi-
cated by ‘‘#’’ in Fig. 3A) grouped separately from the other

SGS in the cluster exemplifying its marked divergence from
the other CRF19 sequences.

The subtype B cluster is composed of the majority of se-
quences generated from the seminal plasma (18/21), the sin-
gle subtype B blood plasma sequence from week 54 (1/25),

FIG. 3. Neighbor-joining phylogenetic trees of pol single ge-
nome sequences. Neighbor-joining trees are shown of (A) all
full-length single genome sequences—nucleotides 1893–3408,
HXB2 numbering, (B) the 5¢ end of all single genome se-
quences—nucleotides 1893–2390, and (C) the 3¢ end of all single
genome sequences—nucleotides 2590–3408. Depicted are single
genome sequences of blood plasma RNA from 34 weeks (yellow
triangles), 54 weeks (red circles), 85 weeks (blue squares), and 87
weeks (purple diamonds) postdiagnosis, and of seminal plasma
RNA 87 weeks postdiagnosis (green upside down triangles).
Hash tags (#) indicate sequences in CRF19 and subtype B clus-
ters that were identified as CRF19/B recombinants by SimPlot
(see the main text). Scale bars indicate genetic distance (amino
acid substitutions per site). Asterisks (*) indicate that clustering
of CRF19, subtype B, and recombinants is supported by boot-
strap values of > 75%. Color images available online at www
.liebertpub.com/aid

‰

(Continued/)
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FIG. 3. (Continued).
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four sequences from week 85 (4/27), and one sequence from
week 87 (1/16). Two of the sequences from 85 weeks and the
sequence of 87 weeks in this cluster (indicated by ‘‘#’’ in Fig.
3A) were identified as complex B/CRF19/B recombinants
using SimPlot (Fig. 2 and Supplementary Table S1), illustrat-
ing that these recombination events are not supported by
phylogenetic analysis. However, we cannot formally exclude
that these three sequences are recombinant sequences as
identified by SimPlot, but group in the subtype B cluster
because the sequences contain only very small portions of
CRF19.

The recombinant cluster contained the majority of se-
quences from weeks 85 and 87 postdiagnosis (33/43) as well
as 4/25 sequences from week 54 and 3/21 of the sequences
from seminal plasma.

Finally, since the majority of recombination events were
estimated to have occurred between nucleotides 2390 and
2590 (HXB2 numbering), we divided the sequences into two
regions, a 5¢ region consisting of nucleotides 1890–2390 and a
3¢ region consisting of nucleotides 2590–3408. Neighbor-
joining phylogenetic trees were then generated for each region
(Figs. 3B and 3C). As expected, the sequences in both phylo-
genetic trees formed two main clusters composed of CRF19
and subtype B sequences, respectively. This is in agreement
with the data showing that the mosaic viruses are CRF19 and
subtype B recombinants and that most of the plasma viruses
at later time points consist of CRF19 in the 5¢ region and
subtype B in the 3¢ region of PR/RT.

To conclude, we report here the detailed examination of a
case of HIV-1 superinfection with a subtype B virus after
initial infection with a CRF19 virus containing multiple drug
resistance mutations. Single genome amplification from lon-
gitudinal blood plasma samples enabled us to track the ap-
pearance of superinfection and recombinant virus variants
over time. The primers used for single genome amplification
were designed to detect all different HIV-1 subtypes and,
though it cannot be completely excluded, we have no indi-
cation of preferential amplification of one subtype over an-
other. We performed single genome amplification instead of
molecular cloning of PCR products generated from ‘‘bulk’’
PCR to exclude the possibility of experimentally introduced
recombination.

Taken together, our data indicate that the patient was first
infected with a drug-resistant CRF19 virus and then super-
infected with a drug-sensitive subtype B virus between weeks
34 and 54 postdiagnosis. Initially following superinfection,
many different recombinants were observed with varying
levels of drug resistance mutations, along with CRF19 and
subtype B variants. Eventually, the virus population was
almost completely replaced by drug-sensitive CRF19/B re-
combinants, with the recombination occurring around the
reverse transcriptase start codon so that the CRF19 RT region
containing drug resistance mutations is replaced by drug-
sensitive subtype B RT. While the superinfecting subtype B
virus never became the dominant species in blood plasma it
was the dominant species in the seminal sample we tested. In
addition, recombinant drug-sensitive viruses were detected in
the seminal plasma, indicating the possibility for further
transmission of these recombinant viruses.

We speculate that the presence of multiple drug resistance
mutations in RT of the original CRF19 virus negatively
influenced its viral fitness in the absence of therapy. But the

low number of ‘‘pure’’ subtype B virus sequences detected in
blood plasma and the selection of CRF19/B recombinant
variants suggest that some factor separate from the drug re-
sistance in pol of the original virus conferred replicative ad-
vantage in the patient over the superinfecting subtype B virus,
possibly immune escape mutations. On the other hand, no
CRF19 RT was detected that had lost drug resistance muta-
tions, indicating reversion of these collective drug resistance
mutations was not a preferred pathway.

A recent study in Kenya found that *30% of HIV-1-
infected patients carried unique recombinant forms,19 indi-
cating the potential for the emergence of new recombinants.
Within the United Kingdom, subtype is still largely associated
with risk group, in that most MSM are infected with subtype B
and heterosexuals with non-B.20,21 This study gives an
example of how these associations are starting to decline with
the possible consequent emergence of new recombinant
forms.

Sequence Data

Sequences are deposited in GenBank under the following
accession numbers: JX628919–JX629043.
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