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Next-generation sequencing (NGS) has been successfully used to trace HIV-1 infection. In this study,

we investigated the transmission and evolution of HIV-1 quasispecies in a couple infected through
heterosexual behavior. A heterosexual couple in which both partners were infected with HIV-1 was
followed up for 54 months. Blood samples including whole-blood and plasma samples, were collected at
various time points. After HIV-1 subtyping, NGS (Miseq platform) was used to sequence the env region
of the HIV-1 quasispecies. Genetic distances were calculated, and phylogenetic trees were generated.
We found both partners were infected with HIV-1 subtype circulating recombinant form (CRF), CRF65_
cpx. The quasispecies distribution was relatively tightly clustered in the phylogenetic tree during early
infection. Over time, the distribution of HIV-1 quasispecies gradually became more dispersed at 12t
months, with a progressive increase in gene diversity. By 37t months, the sequences obtained for

both partners formed different clusters in the phylogenetic tree. These results suggest that the HIV-1
contact tracing results generated by the Miseq platform may be more reliable than other conventional
sequencing methods, which can provide important information about the transmission and evolution of
HIV-1. Our findings may help to better target preventative interventions for promoting public health.

Viral quasispecies constitute a set of related variants within a virus population (e.g., from an infected patient)
with similar mutations due to the rapidity and mutation-prone nature of viral replication'. The variability and
frequency of human immunodeficiency virus type 1 (HIV-1) quasispecies provide useful information about the
transmission and evolution of HIV-1 under the host immune pressure. The tracing of early HIV-1 infection
is important for understanding the transmission and evolution of the virus, the course of infection in HIV-
1-infected sex workers?, iatrogenic infections® and for litigation in cases of deliberate infection®’, which requires
epidemiological investigations and molecular epidemiological evidence based on HIV-1 nucleic-acid sequenc-
ing®. The genetic relationship is determined by the genetic distance, and measurement of genetic distance between
the nucleic-acid sequences of HIV variable region genes from the infected and suspected source of infection is an
effective technique to trace the infection routes.

The direction of transmission can be deduced from the paraphyletic relationship. HIV-1 transmission results
in a genetic bottleneck, as a single genetic variant is responsible for establishing infection, resulting in the para-
phyly of source viruses with respect to those of the recipient. A subset of source viral sequences is more closely
related to all recipient sequences than to other source sequences’. HIV-1 evolves rapidly under the pressure of
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1 1 month FP1 83290 51 0.7 0.0~0.9 FW1 106443 12 0.6 0.0~0.6
2 4 months FP2 180118 35 0.9 0.0~1.3 FW2 125743 18 0.6 0.0~1.6
3 7 months FP3 150266 103 1.6 0.0~2.6 FW3 171124 31 0.6 0.0~1.2
4 12 months FP4 136249 310 1.7 0.0~3.6 FW4 150694 60 0.6 0.0~2.9
5 15 months FP5 135538 48 0.6 0.0~1.2 — — — — —

6 18 months FP6 90088 23 0.6 0.0~0.6 — — — — —

7 28 months FP7 160427 111 17 0.0~3.8 FW7 83329 91 2.9 0.0~5.4
8 37 months FP8 112776 322 23 0.0~4.8 FW8 97328 190 3.1 0.0~6.1
9 54 months XFP9 NA NA NA NA FW9 175811 74 0.6 0.0~1.2
1 1 month MP1 172087 41 0.6 0.0~1.5 MW1 134179 70 0.8 0.0~4.3
2 4months MP2 69949 129 1 0.0~2.0 MW2 259369 87 0.6 0.0~0.9
3 7 months MP3 106222 311 1.6 0.0~3.2 MW3 211341 22 0.8 0.0~1.9
4 12 months MP4 103859 296 2 0.0~4.5 MWw4 152531 188 12 0.0~2.5
5 15 months MP5 78413 51 1.2 0.0~1.9 — — — — —

6 37 months MP8 156241 44 0.7 0.0~0.7 MW3 75115 123 27 0.0~5.4

Table 1. Sequence and genetic distance information for HIV-1 quasispecies. The samples from F at different
sampling time is numbered as FP(x), FW(x) while samples from M at different sampling time is numbered as
MP(x), MW (x). “(x)” means the times of sampling. xSubject of FP9 had been treated with antiretroviral therapy
for 16 months before sampling, and the others were not treated. “—” means absent of samples. “NA” means “Not
available”

the immune system in individuals. Over time, the similarity of HIV-1 strains between the source and the infected
individual lessens, and the paraphyletic relationship becomes blurred, eventually disappearing®-'°.

The principal laboratory methods used include the direct sequencing of nested PCR products, the sequenc-
ing of cloned PCR products'! and end-point limiting-dilution PCR'% These methods are used to deduce the
transmission relationship, and the direction of transmission for the HIV-1 gene subtype or quasispecies. These
methods are complex and have several disadvantages, including the generation of limited information. In recent
years, next-generation sequencing (NGS) has been widely used for the deep sequencing of HIV-1 quasispecies for
the detection of superinfection!*!* and the identification of antiretroviral drug resistance mutations at frequen-
cies below the detection limit'>!®. We have successfully used NGS (Illumina company, Miseq platform), which is
simpler, cheaper and more practical than conventional methods, and developed the use of this technique for the
tracing of HIV-1 infection in individuals thought to have become infected with the virus through sexual activity!”.

In this study, we used NGS (Miseq platform) to study the transmission and evolution of the HIV-1 env region
in a single HIV-1-concordant heterosexual couple over a period of 54 months, and to compare the potential dif-
ference between the results obtained from immune cells in whole-blood and plasma samples. Both members of
the couple were in the early stages of infection.

Results

Subtypes and NGS sequencing. HIV-1 gag region fragments from all samples of the HIV-1-infected cou-
ple and controls were successfully amplified and then sequenced. The phylogenetic trees confirmed that the viral
genotypes present in male partner (M) and his wife (F) were a circulating recombinant form (CRF), CRF65_cpx.
The interpersonal genetic distance between the viruses from M and F was 0.1%, which was much smaller than
that between F and six other local controls.

For F, amplification was successful for eight plasma samples and unsuccessful for one plasma sample.
Amplification was successful for all seven whole-blood samples from E Viral sequences were successfully ampli-
fied from all 6 plasma and 5 whole-blood samples from M, the first member of the couple to be infected. All the
amplicons obtained were successfully sequenced by the Miseq platform. The various quasispecies sequences in
each sample were counted and ranked in terms of their frequency, from high to low. Quasispecies sequences with
counts of more than 50 were selected for further study (Table 1). The number of valid sequences obtained from
F was 83290-180118 (mean, 131094) for plasma samples and 83329-175811 (mean, 122444) for the whole-blood
samples. The plasma and whole-blood samples contained 23-322 (mean, 125), 12-190 (mean, 67) unique HIV-1
quasispecies, respectively. For M, the number of valid sequences obtained was 69949-172087 (mean, 114462) and
75115-259369 (mean, 166507) for whole-blood samples. The plasma and whole-blood samples obtained from M
contained 41-311 (mean, 145) and 22-188 (mean, 98) unique HIV-1 quasispecies, respectively.

Evolution of HIV-1 quasispecies overtime. The dominant quasispecies frequency accounted for more
than 70% of all sequences at the first time point, except that in whole-blood samples from M (Fig. 1). In plasma
samples from F, the number of quasispecies gradually increased from the first to the fourth time point. However,
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Figure 1. Frequency of each HIV-1 quasispecies sequence. The frequency of each quasispecies sequence in each
sample was determined by counting, and ranked from high to low. Different quasispecies are indicated with
different colors.

A 100 B 0.06
I 9%
=8
E S w0 0.05
§§ 0 -+FP i -~ FP
3 =
£8 0 ~FW 2003 - MP
22 4 ~MP 2 -FW
2§ 3 —MW g 002 - MW
i 5
g3 2 2001
25 10
o2
=1
=5 0 0
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40 45 50 55 60
Estimated months since infection Estimated months since infection
C 0.06 D 006
—-Plasma
0.05 0.05
-=-Whole Blood
g ]
5 004 ~FP 5 004
2 ]
s -~MP s
g 003 -FW H 0.03
& &
% 002 MY g 00
5 5
5
< 001 < 001
0 0
0 5 10 15 20 25 30 35 40 45 50 55 60 0 5 10 15 20 25 30 35 40

Estimated months since infection Estimated months since infection

Figure 2. Changes in the proportion of the top-ranked quasispecies sequence over time and the influence of the
infection duration on genetic distance. (A) The sequence is defined as that ranked 1 in the first sample. (B) The
intraspecimen average genetic distance at different follow-up times, for whole-blood and plasma samples. (C) Is
the average genetic distance between the first sample and follow-up samples taken at different times thereafter,
for whole-blood and plasma samples. (D) Is the average genetic distance between the viruses present in the two
partners. Blood samples including Whole-blood (MW, FW) and Plasma (MP, FP) samples, were collected from
the male (M) and female (F) partners at various time points. Genetic distances were calculated with the Jukes-
Cantor model in MEGA 6.0.6 software.

the distribution of quasispecies was very concentrated at the 5™ and 6" time points, with a gradual dispersal
observed thereafter (Fig. 1). Whole-blood samples from F and plasma and whole-blood samples from M also fol-
lowed similar patterns. From 1 to 37 months post-infection, the intraspecimen gene diversity gradually increased
in both plasma and whole-blood samples from both M and E For each subject, diversity between the follow-up
sample and the first sample tended to increase over time (Fig. 1). Greater sequence dispersal was observed for
plasma than for whole-blood samples.

At baseline, other than for the whole-blood sample from M (MW), the most frequent quasispecies sequence
accounted for more than 50% of the sequences obtained. As the duration of the infection increased, the distribu-
tion of the quasispecies populations changed. The overall proportion of the most frequent quasispecies decreased
first, but this proportion increased in MW samples from the 15" week (Fig. 2A).
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The effect of infection time on genetic distance. The genetic distance between the populations of
HIV-1 quasispecies gradually increased over time in the absence of antiretroviral treatment. From the 1% to the
8™ sample, average genetic distance in F increased from 0.7% in plasma and 0.6% in whole blood to 2.3% and
3.1%, respectively. In M, from the 1% to the 6™ sample, average genetic distance increased from 0.6% in plasma
and 0.8% in whole blood to 0.7% in plasma and 2.7% in whole blood. After 16 months of antiretroviral therapy
(corresponding to a time point 54 months after the start of infection), PCR on plasma from F failed, whereas that
on whole-blood samples succeeded, with an average genetic difference between HIV-1 quasispecies of 0.6%. This
finding suggests that long-term antiretroviral treatment has a significant effect on the composition of the popula-
tion of HIV-1 quasispecies (Fig. 2B).

Average genetic distance between the viruses in the follow-up samples and those in the first sample also tended
to increase over time. This increase was slightly more marked for plasma than for whole blood in M (Fig. 2C). No
amplification was achieved with the FP9 sample for 54" months (Fig. 2C). The average genetic distance between
the viruses present in the male and female partners increased from 0.7% in both plasma and whole blood in the
first month to 5.4% in plasma and 4.7% in whole blood in the 37" month after infection. Figure 2D also illustrates
the average genetic distance to the first sample at different follow-up times. Overall, this genetic distance was
slightly higher for plasma than for whole-blood samples.

The influence of infection time on the inference of evolutionary mechanism from the phyloge-
netic tree. HIV-1 transmission results in a genetic bottleneck through sexual activity, as a single genetic
variant is responsible for establishing infection, resulting in the paraphyly of source viruses with respect to those
of the recipient. During acute infection HIV-1 in M has been very quickly transmitted to F. Thus, phylogenetic
analyses showed that the sequences from M and F clustered together, but it was difficult to identify the direction
of transmission (Figs 3 and 4). The distribution of quasispecies population was fairly narrow in early infection
with a close genetic distance, leading to tight clustering on the phylogenetic tree (Fig. 3A-D). However, this distri-
bution gradually became more dispersed over time, resulting in a scattering of samples on the phylogenetic tree.
In addition, analysis of the FW9 sample showed a concentration of the distribution after 16 months of antiviral
therapy (Fig. 3B). Even though, the population of quasispecies present in early infection included the quasispecies
predominating later in infection, no re-infection or viral recombination has been observed over time within this
couple in the study (Figs 3 and 4).

Analyses based on the analysis of the phylogenetic tree obtained at 12 months resulted in correct inference
of the evolutionary mechanism from data for plasma, whole-blood or mixed samples. The MP3 population was
located at the root of the phylogenetic tree, giving rise to a large number of MP3 quasispecies, and a small number
of FP3 quasispecies, MW 3 and FW3 were paraphyly-relevant, and MW3 was located at the tip of the phylogenetic
tree (Figs 3 and 4). On the phylogenetic tree obtained 37 months after infection, the distance between the popu-
lations obtained from F and M was greater on this tree.

Discussion

We used a recently developed approach based on NGS (Miseq platform) to analyze the HIV-1 quasispecies pres-
ent in samples, to study the transmission and evolution of HIV-1 under the host immune pressure, and to provide
molecular epidemiological data for the tracing of HIV-1 infection. We found that HIV-1 quasispecies richness
tended to increase early in infection, but that the diversity of the quasispecies population was low at specific time
points (FP5, FP6, FW9, MP8, MW2). The virus may have escaped host immunity through rapid evolution, in
which case quasispecies richness might be expected to continue to increase during early infection. Viral adap-
tation to the host environment resulted in a stable population of quasispecies, with a decrease in quasispecies
richness and gene diversity. At this time point, quasispecies richness was high for all the samples except for the
whole-blood sample from F. The two participants in this study had recently become infected and chose not to
take antiretroviral drugs in the first 37 months post-infection. This situation provided an ideal opportunity for
studying the host-virus relationship. However, given the small number of individuals studied, additional investi-
gations will be required to determine whether the trends observed are universal and to strengthen our findings.

There is strong evidence to support the existence of a bottleneck following transmission by heterosexual inter-
course. Thus, despite the diversity of the viruses present in the person transmitting the infection, only one or
a few quasispecies seem to be transmitted. As shown in the Figs 3 and 4, M was infected within one month
after non-marital heterosexual exposure, and then quickly transmitted viruses from M to F during acute HIV-1
infection. Thus, the quasispecies population distribution was fairly narrow in early infection with a close genetic
distance, leading to tight clustering on the phylogenetic tree (Fig. 3A-D). Moreover, HIV-1 evolves rapidly in
individuals, this distribution gradually became more dispersed over time, resulting in a scattering of samples on
the phylogenetic tree. HIV-1 intra-patient quasispecies clustering of both partners intersect each other, and viral
strains evolved independently, thus it is difficult to infer the direction of transmission. However, neither viral
recombination nor intrapersonal HIV-1 transmission over time were observed for both partners in our study
(Fig. 4), suggesting that the quasispecies distribution was relatively tightly clustered during very early infection,
with the sequences found located within a single cluster in the phylogenetic tree (Figs 3 and 4).

The relationship and direction of transmission have been successfully inferred by genetic distance and par-
aphyly relevance studies in a number of cases, in infection trace ability investigations®!®!#19. The duration of
HIV-1 infection has a direct impact on the trace ability results. The longer the time since infection, the greater the
difference between quasispecies populations is likely to be between the person acting as the source of the infection
and the person infected. However, few studies have monitored HIV-1 variants. In this study, we found that the
average genetic distance between the first same and follow-up samples tended to increase over time, although
follow-up was cut short by the death of M in this study. These findings are consistent with the view put forward by
Kupfer®. FW9/FP9 were the only samples obtained after the initiation of treatment, and the lack of HIV-1 DNA
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Figure 3. Evolution of HIV-1 quasispecies within one couple at different follow-up times from the phylogenetic
tree. (A-D) The evolution of FP/MP and FW/MW. FP/MP mean the plasma samples of F and M, respectively.
FW/MW mean the whole-blood samples of F and M, which were collected from the female (F) and the male
(M) partners at various time points. The calculation time required was reduced by including only quasispecies
identified more than 50 times.

amplification from the plasma sample demonstrates the efficacy of the antiretroviral treatment. For whole blood,
average genetic distance with respect to the first sample had increased. Overall, the average genetic distance
between the viruses present in the two partners increased over time, and this difference was slightly greater for
plasma than for whole blood. It remains unclear how long individuals should be followed up.

Attempts to determine the direction of transmission must take several factors into account: (1) the timing
of sample collection relative to the onset of infection: the shorter the duration of infection, the easier the inter-
pretation. The accuracy achievable at different time intervals has yet to be studied; (2) the interval between the
infection events in the two individuals. Determination is easier for longer intervals. However, care is required
when trying to infer the direction of transmission early in infection, particularly for longer sampling intervals.

HIV-1 superinfection may also influence evolutionary analysis. In superinfection, a previously infected indi-
vidual is re-infected with another strain different from that responsible for the first infection. HIV-1 superin-
fection has been reported to have a worldwide incidence of 0-7.7% per year?'. Many superinfections may go
undetected due to the low sensitivity of conventional methods?!. If HIV-1-infected couples, in addition to having
sex with each other, also have high-risk extramarital behavior, then HIV-1 quasisequence analysis needs to take
into account not only the two partners in the couple, but also more distant external associations. The detection
of HIV-1 superinfection requires cloning or NGS techniques. Several studies on HIV-1 superinfection have been
published??-?. For example, Redd et al., detected HIV-1 superinfection in couples and in female sex workers?® in
Ugandan. When identified, cases of superinfection should be subject to additional follow-up.
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Figure 4. Influence of the duration of infection on the inference of the evolutionary mechanism by phylogeny.
Neighbor-joining tree for quasispecies of the HIV env region (HXB2 position 7169 to 7520) from the male
(MWx and MPx) and female (FWx and FPx) partners of the couple, based on analyses of plasma samples and
whole-blood at various time points during follow-up. (A,B,C and D) correspond to 1, 7, 12, 37 months post-
infection, respectively.

In summary, the implementation of high-throughput NGS using the Miseq platform can improve the inves-
tigation of HIV transmission and subsequently intrapersonal HIV evolutionary studies. This allowed us to
study the characteristics of HIV paraphyly for different HIV transmission modes under the pressure of the host
immune system, in addition to the molecular epidemiologic relationship between the individuals.

Methods

Ethics statement. The participants provided written informed consent for their information, and clinical
samples were stored and used for research. Ethical approval for this study was obtained from the institutional
review board of the National Center for AIDS/STD Control and Prevention of the Chinese Center for Disease
Control and Prevention, and written informed consent was provided according to the declaration of Helsinki. The
methods were carried out in accordance with approved guidelines and regulations.

Epidemiological Materials. The 46-year-old male partner (M), was found HIV-1 seroconversion within
one month after non-marital heterosexual exposure, with a viral load of 110,000 copies/ml. His wife (F), who was
32 years old, was also found HIV-1 seroconversion 4 days later, with a viral load of 17,000 copies/ml. She had not
engaged in any high-risk behavior other than unprotected sex with her husband. Both M and F were identified in
early infection and were followed for 37 and 54 months, respectively. M refused antiretroviral therapy and died
after 37" months of infection. F started antiretroviral therapy after 38" months of infection and continued to
be followed to the 54" months. Seven whole-blood and nine plasma samples were collected from F at nine time
points, and five whole-blood and six plasma samples were collected from M at six time points (Table 1). Thus, in
total, 12 immune cells from whole-blood and 15 plasma samples were studied.

Laboratory Tests. To investigate the HIV-1 similarity and possible transmission between the couple, another
six HIV-1-infected patients were enrolled as controls. The RNA was extracted from the plasma using the QIAamp
MinElute Virus Spin Kit kit (QIAgen, Germany). The RNA was reverse-transcribed to generate complementary
deoxyribonucleic acid (¢cDNA) using SuperScript III First-Strand Synthesis System by RT-PCR (Invitrogen, USA).
The fragments of the HIV-1 gag gene region (HXB2 positions 781 to 1861) was selected for HIV-1 gene subtype
analyses, as previously described!”.

Total nucleic acids and RNA were extracted from whole-blood and plasma samples of HIV-1-infected cou-
ple, respectively. A target fragment corresponding to HXB2 positions 7170-7515 was amplified by nested PCR.
The primers for the first round of amplification have been described elsewhere!®?’. The primers used for the
second round of amplification were X1-ATAAGKATAGGACCAGGACAA (HXB2 positions 7148 to 7168) and
X2-ATGGGAGGRGCATACATTGCT (HXB2 positions 7541 to 7521). Sequencing was performed on the Miseq
platform, with a 2 x 300 basepairs (bp) read length. Paired-end reads were assembled, and the raw tags were
subjected to qualitative filtering, as previously described?. We adopted a conservative approach to ensure high
sequencing quality: only HIV-1 quasispecies sequences appearing more than 50 times in whole-blood and plasma
samples were analyzed!”**°,
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We used the HIV-1 Align program (http://www.HIV.Lanl.gov/content/sequence/ VIRALIGN/viralign.html)
to generate sequence alignments. Repetitive sequences were removed, resulting in a number of unique quasispe-
cies sequences for each sample. We then calculated genetic distances and generated neighbor-joining trees with
the Jukes—Cantor model, using MEGA 6.0.6 software. The trees generated were assessed by the bootstrap method,
with 1000 replications.
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