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Abstract

Large numbers of unique recombinant forms (URF) of human immunodeficiency virus (HIV-1) have been found among
sexual transmission populations in China. Here, we report a novel second-generation URF of HIV-1 named BD201AQ
that was isolated from an HIV-1-positive man who was infected through homosexual transmission in Baoding City, Hebei
Province, China. Phylogenetic analysis based on the near-full-length genome (NFLG) sequence indicated that BD201AQ
formed a monophyletic branch that did not cluster with other HIV-1 subtypes. Recombination analysis showed that the
NFLG of BD201AQ had 12 segments, six CRFO7_BC and six CRF01_AE segments, with CRFO7_BC as the main frame-
work. These findings indicate that the constant emergence of novel recombinant forms should receive more attention and
that more measures should be taken to monitor the molecular epidemiological characteristics of HIV-1 and to prevent the

spread of HIV-1 infections.

Human immunodeficiency virus (HIV) is one of the dead-
liest pathogens worldwide. HIV, which causes acquired
immunodeficiency syndrome (AIDS), has been a major
global public health threat since the first case was reported
in 1981 [1]. The extremely high genetic variability and high-
speed replication capacity of HIV have led to a high degree
of genetic diversity. Recombinants readily arise when dif-
ferent HIV strains co-circulate in the same area or within a
population, and at least 125 circulating recombinant forms
(CRFs) and many unique recombinant forms (URFs) have
been recorded in the Los Alamos HIV Sequence Database
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(www.hiv.lanl.gov). The continuous emergence of new
recombinant forms has brought new challenges to the moni-
toring, treatment, and prevention of HIV infections.

The city of Baoding, which is located in central Hebei
Province in northern China, is the most populous city in
Hebei Province. Baoding has borders with Beijing and Tian-
jin, and has experienced the second-worst HIV-1 epidemic in
Hebei Province. Lu et al. [2] reported that, in 2019, 77.5% of
HIV-1-infected individuals in Hebei Province were men who
have sex with men (MSM); 49.6% of them were infected
with the CRFO1_AE strain, and 29.7% were infected with
the CRFQ7_BC strain. In 2020, the Baoding CDC reported
data showing that 98.3% of HIV-infected individuals were
infected through sexual transmission and that homosexual
transmission accounted for 91.7% of the cases [3]. These
data indicated that MSM populations are at high risk of HIV
infection in Baoding. In a previous study [4], we showed
that CRFO1_AE (53.0%) and CRFO7_BC (26.5%) were the
predominant strains among MSM in Baoding. We predicted
that co-circulation and dual infections with CRFO1_AE and
CRF07_BC would contribute to the emergence of second-
generation recombinant strains.
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In this study, we detected and characterized a second-
generation HIV-1 recombinant strain (BD201AQ) derived
from the CRFO1_AE and CRF07_BC subtypes, isolated
from an MSM infected with HIV-1. The BD201AQ-infected
man was a Chinese citizen of Han ethnicity who resided in
Baoding. He was 28 years old and unmarried, with primary
school education, and was diagnosed by the Baoding CDC
in November 2020. He was infected with HIV-1 through
homosexual transmission. His baseline CD4*T cell count
was 333 cells/pl. This study was approved by the Medical
Ethics Committee of the Baoding People’s Hospital. Writ-
ten informed consent was obtained from the subject prior to
sample collection.

The near-full-length genome (NFLG) sequence of
BD201AQ was amplified because of the discordant sub-
types of the gag and pol genes. RNA was extracted using a
QIAamp Viral RNA Mini Accessory Set (QIAGEN, Dues-
seldorf, Germany), and PrimeScript IV 1st Strand cDNA
Synthesis Mix (TaKaRa Biotechnology, Dalian, China)
was used to reverse transcribe the RNA into 3" and 5' half-
molecule cDNAs using the primers 1.R3.B3R and 07Rev8.
The primer sequences and their locations corresponding to
the HIV-1 reference strain HXB2 genome (GenBank no.:
K03455) are listed in Table 1. Nested polymerase chain
reactions (PCR) was performed using TaKaRa Premix Taq
(TaKaRa Biotechnology) to amplify two regions of the
NFLG sequence of BD201AQ. The primers used for PCR
are listed in Table 1. The same amplification conditions were
used in two rounds of amplification of the two regions as
follows: 5 min at 94°C, followed by 30 cycles of 30 s at
94 C, 30 s at 60°C, and 6 min at 72°C, and extension for 10

min at 72°C. The amplification products were detected by
1% agarose gel electrophoresis, and those with the expected
sizes were purified and sequenced by Beijing Bomaide Gene
Technology Co., Ltd. The chromatogram data were assem-
bled using ContigExpress software in the Vector NTI suite
v11.5.1 (Invitrogen). The NFLG sequence of BD201AQ is
8971 nucleotides (nt) long, spanning from the gag gene to
a region of three long terminal repeats (corresponding to
nt 672-9613 in the HXB2 genome). The NFLG sequence
was aligned with subtype reference sequences and CRFs
in China (https://hiv.lanl.gov/components/sequence/HIV/
search/search.html) using MAFFT v7.0 (http://maftt.cbrc.
jp/alignment/server/index.html) and adjusted manually
using BioEdit (v7.2.5.0). The phylogenetic tree and subre-
gion trees were constructed by the neighbor-joining method,
using MEGA 6. Recombination breakpoints were identified
by SimPlot (v3.5.1.0) and Bootscan analysis.

The phylogenetic tree based on the NFLG sequence of
BD201AQ (Fig. 1) showed that the BD201AQ sequence was
closely related to the CRFO1_AE reference sequences but
formed a distinct monophyletic branch separately from them.
SimPlot analysis indicated that BD201AQ is a recombinant
form composed of CRFO1_AE and CRF07_BC, with 11
obvious breakpoints (Fig. 2A). Bootscan analysis was car-
ried out to map the exact recombination breakpoints, using
CRFO1_AE (GenBank nos. KC596062 and KC596061)
and CRF07_BC (GenBank nos. BJ070032 and GZ070087)
as reference sequences and subtype FI (GenBank nos.
AF077336 and AF005494) as an outgroup (Fig. 2B). This
analysis indicated that the NFLG sequence of BD201AQ is
divided into 12 regions: Icgpg; ap (HXB2, nt 711-1170),

Table 1 Sequences and

. ; Name Primer sequence (5'-3") Position in HXB2
locations of the primers used for
reverse transcription and nested Reverse transcription ~ 07Rev8 CCTARTGGGATGTGTACTTCTGAACTT  5219-5193
PCR 1.R3.B3R ACTACTTGAAGCACTCAAGGCAAGCT 9611-9642
TTATTG
Nested PCR forward Upperl A AGTGGCGCCCGAACAGG 0634-0650
1.USBIF CCTTGAGTGCTTCAAGTAGTGTG 0538-0571
TGCCCGTCTGT
07For7 CAAATTAYAAAAATTCAAAATTTT 4875-4912
CGGGTTTATTACAG
VIF1 GGGTTTATTACAGGGACAGCAGAG 4900-4923
Nested PCR reverse 07Rev8 CCTARTGGGATGTGTACTTCTGAACTT 5219-5193
Revll ATCATCACCTGCCATCTGTTTTCCAT 5066-5041
2.R3.B6R TGAAGCACTCAAGGCAAGCTTTATT 9607-9636
GAGGC
Low2c TGAGGCTTAAGCAGTGGGTTCC 9591-9612
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Fig. 1 Phylogenetic tree of the near-full-length genome sequence of »

BD201AQ (8971 bp, A) and the sequences of other HIV-1 strains.
The tree was constructed by the neighbor-joining method, using
MEGA 6. The stability of each node was assessed by bootstrap tests
with 1000 replicates. Bootstrap values > 90% are shown at the corre-
sponding nodes. The scale bar indicates 5% genetic distance.

Mcgrpo7 e (HXB2, nt 1171-2463), Mlegpg; ap (HXB2, nt
2464-2941), IVcgrpor pc (HXB2, nt 2942-3209), Vegpgy Ak
(HXB2, nt 3210-3375), VIcgpy; pc (HXB2, nt 3376-3890),
Vlcgpor_ag (HXB2, nt 3891-4142), Villcgry; pe (HXB2, nt
4143-4619), IXcrpo;_ap (HXB2, nt 4620-5570), Xcrro7 Be
(HXB2, nt 5571-8693), XIcgrpg; ap (HXB2, nt 8694-8829),
and XIlcgpg; gc (HXB2, nt 8830-9513). A mosaic map of
BD201AQ is shown in Fig. 2C. Subregion phylogenetic
analysis was used to confirm the genetic origins of each seg-
ment. Segments [ and III were clustered with CRFO1_AE
cluster 1, and cluster 5 (Fig. 3A), and segments V, VII, and
IX were all clustered with CRFO1_AE cluster 4 (Fig. 3B).
CRFO1_AE cluster 1 strains are prevalent among hetero-
sexuals and injecting drug users (IDUs), and CRFO1_AE
clusters 4 and 5 are associated with homosexual transmis-
sion [5]. Segment XI was too short to construct a neighbor-
joining phylogenetic tree. BD201AQ exhibits intra-subtype
recombination, which does not rule out the possibility of
dual infection. CRFO7_BC segments II, IV, VI, VIII, and
X were clustered with CRFO7_BC_N, which is prevalent
among MSM in northern China (Fig. 3C).

In recent years, countless URFs derived from CRFO1_AE
and CRF07_BC have been reported in Hebei, Beijing, and
Tianjin [6-9]. Among the four CRFO1_AE/CRF07_BC
recombinants reported in Hebei Province, two used CRFO1_
AE as the backbone to insert four CRFO7_BC fragments,
and two used CRF0O7_BC as the backbone to insert three and
four CRFO1_AE fragments, respectively. The CRFO1_AE
fragment is from the CRFO1_AE cluster 4 strain in the Chi-
nese MSM population [6, 7]. Jiao et al. [8] reported that the
Beijing BJ2015EU16 strain includes two CRF07_BC and
one CRFO1_AE fragments, with CRFO7_BC as the back-
bone and two recombination breakpoints in the vpu and env
genes. Zhou et al. [9] reported that two recombinants in
Tianjin consisted of the CRFO1_AE backbone and part of
the CRFO7_BC sequence, with four breakpoints in the gag,
pol, vif, and tat genes. It can be inferred that the BD201AQ
recombinant identified in this study is different from the
recombinants reported previously because not only are there
breakpoints in the gag, pol, vif, env, and nef regions, but
there are also more breakpoints (i.e., 12).
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«Fig.2 Recombination breakpoints in the near-full-length genome
sequence of BD201AQ. A Similarity distance analysis of BD201AQ
performed using the Recombinant Identification Program v3.0 (http://
hiv-web.lanl.gov), which is one of the HIV Database tools, with win-
dow size of 300 bp. B Bootscan analysis of BD201AQ conducted
with window size of 300 bp and step size of 90 bp along with the
reference sequences of CRFO1_AE (red line), CRFO07_BC (yellow
line), and subtype F1 (black line). C Mosaic map of BD201AQ cre-
ated using the Recombinant HIV-1 Drawing Tool (http://www.hiv.
lanl.gov/content/sequence/DRAW_CRF/recom_mapper.html), which
is one of the HIV Database tools.

In conclusion, we reported a novel HIV-1 recombinant
strain (BD201AQ) isolated from an MSM individual in the
city of Baoding. Phylogenetic analysis of BD201AQ showed
that recombinant fragments within the CRFO1_AE subtype
could be traced back to clusters 1, 4, and 5 of CRFO1_AE
strains. The CRFO7_BC fragments were derived from HIV-1
genotypes circulating among Chinese MSM. With CRFO1_AE
and CRF07_BC emerging as the dominant subtypes in China,
the recombination diversity of the recently identified lineage of

new 0107 unique recombinant forms of HIV-1 may be unim-
aginably high, threatening populations across the country. In
China, CRFO7_BC_N, CRF01_AE cluster 4 and CRFO1_AE
cluster 5 are prevalent mainly among MSM populations [10],
and the high mobility, condom-free sex, and multiple sexual
partners of MSM populations have led to the emergence of
HIV-1 URFs in MSM populations [11-15]. HIV-1 recom-
bination is a major way in which the virus evolves rapidly,
increasing the fitness of the virus and helping the virus rap-
idly acquire drug resistance or escape the surveillance of the
immune system. Frequent recombination also makes HIV-1
molecular diagnosis, treatment, and vaccine development more
difficult. The recombination analysis of BD201AQ showed
that the recombination breakpoints are different from those of
the 0107 recombinant forms reported in Hebei Province. The
emergence of new complex recombinant forms has increased
the diversity of HIV-1 isolates circulating in Baoding, sug-
gesting the need for further molecular monitoring of HIV-1
diversity in the region to better respond to the HIV-1 epidemic.
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