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ABSTRACT The global diversity of HIV forms a major challenge to the development
of an HIV vaccine, as well as diagnostic, drug resistance, and viral load assays, which
are essential to reaching the UNAIDS 90:90:90 targets. We sought to determine
country level HIV-1 diversity globally between 1990 and 2015. We assembled a
global HIV-1 molecular epidemiology database through a systematic literature search
and a global survey. We searched PubMed, EMBASE (Ovid), CINAHL (Ebscohost), and
Global Health (Ovid) for HIV-1 subtyping studies published from 1 January 1990 to
31 December 2015. We collected additional unpublished data through a global sur-
vey of experts. Prevalence studies with original HIV-1 subtyping data collected be-
tween 1990 and 2015 were included. This resulted in a database with 383,519 sub-
typed HIV-1 samples from 116 countries over four time periods (1990 to 1999, 2000
to 2004, 2005 to 2009, and 2010 to 2015). We analyzed country-specific numbers of
distinct HIV-1 subtypes, circulating recombinant forms (CRFs), and unique recombi-
nant forms (URFs) in each time period. We also analyzed country-specific propor-
tions of infections due to HIV-1 recombinants, CRFs, and URFs and calculated the
Shannon diversity index for each country. Finally, we analyzed global temporal
trends in each of these measures of HIV-1 diversity. We found extremely wide varia-
tion in complexity of country level HIV diversity around the world. Central African
countries such as Chad, Democratic Republic of the Congo, Angola, and Republic of
the Congo have the most diverse HIV epidemics. The number of distinct HIV-1 sub-
types and recombinants was greatest in Western Europe (Spain and France) and
North America (United States) (up to 39 distinct HIV-1 variants in Spain). The propor-
tion of HIV-1 infections due to recombinants was highest in Southeast Asia (>95%
of infections in Viet Nam, Cambodia, and Thailand), China, and West and Central Af-
rica, mainly due to high proportions of CRFO1_AE and CRF02_AG. Other CRFs played
major roles (>75% of HIV-1 infections) in Estonia (CRFO6_cpx), Iran (CRF35_AD), and
Algeria (CRF06_cpx). The highest proportions of URFs (>30%) were found in Myan-
mar, Republic of the Congo, and Argentina. Global temporal analysis showed consis-
tent increases over time in country level numbers of distinct HIV-1 variants and pro-
portions of CRFs and URFs, leading to increases in country level HIV-1 diversity. Our
study provides epidemiological evidence that the HIV pandemic is diversifying at
country level and highlights the increasing challenge to prevention and treatment
efforts. HIV-1 molecular epidemiological surveillance needs to be continued and im-
proved.

IMPORTANCE This is the first study to analyze global country level HIV-1 diversity
from 1990 to 2015. We found extremely wide variation in complexity of country
level HIV diversity around the world. Central African countries have the most diverse
HIV epidemics. The number of distinct HIV-1 subtypes and recombinants was great-
est in Western Europe and North America. The proportion of HIV-1 infections due to
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recombinants was highest in South-East Asia, China, and West and Central Africa.
The highest proportions of URFs were found in Myanmar, Republic of the Congo,
and Argentina. Our study provides epidemiological evidence that the HIV pandemic
is diversifying at country level and highlights the increasing challenge to HIV vaccine
development and diagnostic, drug resistance, and viral load assays.

KEYWORDS HIV, recombinant, circulating recombinant form, CRF, unique
recombinant form, URF, molecular epidemiology, diversity

he HIV pandemic remains a major global public health problem. In 2019, 38 million

people were living with HIV, 690,000 people died of AIDS-related illnesses and 1.7
million became newly infected with HIV (1). Sustainable Development Goal 3 aims to
end the AIDS epidemic by 2030 (2). To achieve this, the UNAIDS 90:90:90 fast-track
strategy aims for 90% of people living with HIV to know their HIV status, 90% of people
who know their status to receive antiretroviral therapy (ART), and 90% of people on ART
to have a suppressed viral load by the end of 2020 (1). Furthermore, a preventative HIV
vaccine is likely necessary to end the HIV pandemic (3). Global HIV genetic diversity and
evolution form a major challenge to these treatment and prevention efforts (4).
Reaching the UNAIDS 90:90:90 targets depends on diagnostic assays, drug resistance
testing, and viral load assays, all of which are heavily influenced by HIV genetic
variability (5). Moreover, the global diversity of HIV represents an enormous challenge
to development of a globally effective HIV vaccine, which will need to protect against
divergent HIV subtypes and recombinants (6).

HIV-1 group M originates from zoonotic transmission of simian immunodeficiency
virus (SIV) from chimpanzees to humans in Cameroon in the beginning of the 20th
century, most likely during the process of hunting and butchering of primates for
bushmeat (7-9). HIV-1 group M then spread south via the Congo river to Kinshasa,
Democratic Republic Congo (DRC), which was the largest city in the area at the time
and is where the oldest known HIV samples have been found (10, 11). Initial diversifi-
cation of HIV-1 group M into subtypes occurred in Kinshasa in the first half of the 20th
century (11, 12). The spread of HIV-1 around the world subsequently took place in the
second half of the 20th century and led to the dispersal and differential distribution of
HIV-1 subtypes around the world (4, 13). For example, HIV-1 subtype B spread from
Central Africa to Haiti in the Caribbean around 1967 and onward to the USA around
1971 (14). From the United States, subtype B then spread further to Europe, Asia, and
Australia (13).

The extraordinary global genetic diversity of HIV has its origin in the error-prone
reverse transcriptase enzyme, which lacks a proof-reading mechanism. Phylogenetic
analysis of global HIV sequences has led to a classification system for HIV-1 into four
genetic groups: M, O, N, and P. The majority of global infections are caused by viruses
in group M, which has diversified into nine distinct subtypes A to D, F to J, K, and L (15,
16). Variation within a subtype is usually between 8 and 17% (maximum 30%) at the
amino acid level, while variation between subtypes is around 17 to 35% (maximum
42%), depending on the subtypes and genome regions considered (17). Moreover,
coinfection with different strains of HIV can lead to recombination between HIV variants
(18). If a recombinant virus is identified in at least three epidemiologically unlinked
individuals and the full-length genomes have been sequenced, it is designated as a
circulating recombinant form (CRF). Recombinants that do not meet these criteria are
referred to as unique recombinant forms (URFs) (15).

The differential global distribution of HIV-1 subtypes and recombinants has led to
distinct subtype distributions in different countries and regions around the world (19).
Some CRFs, such as CRFO1_AE and CRF02_AG, formed early on in the epidemic in
West/Central Africa and have spread globally. Other CRFs formed much more recently
and are currently confined to smaller geographical areas. To date, 106 distinct CRFs
have been identified and CRFs constitute 16.7% of all global HIV-1 infections (19-21).
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FIG 1 Numbers of HIV-1 variants from 1990 to 2015. Countries are shaded according to the number of subtypes, CRFs and URFs in each time period: 2010 to
2015 (A), 2005 to 2009 (B), 2000 to 2004 (C), and 1990 to 1999 (D). CRF, circulating recombinant form; URF, unique recombinant form.

New recombinants continue to form, as evidenced by the high proportion of URFs
detected in some regions, contributing 6.1% of HIV infections globally (19).

Given the impact of HIV variability on the development of an HIV vaccine and
diagnostic, resistance, and viral load assays, we sought to determine worldwide HIV
diversity. We built a global HIV-1 molecular epidemiology database of 383,519 sub-
typed HIV-1 samples from 116 countries collected over from 1990 to 2015, which was
derived from both a systematic literature search and a global survey. We analyzed this
database to determine country level distributions and trends in numbers of distinct
HIV-1 variants, proportions of infections due to CRFs and URFs, and diversity indices.

RESULTS

Number of HIV-1 variants per country. We first analyzed the number of distinct
HIV-1 subtypes, CRFs and URFs per country in four time periods: 1990 to 1999, 2000 to
2004, 2005 to 2009, and 2010 to 2015 (Fig. 1). Several Western countries had the
highest numbers of distinct HIV-1 variants in 2010-15: Spain (39 variants), France (35
variants), and the United States (32 variants) (Fig. 1; see also Data Set S1 in the
supplemental material). Spain’s epidemic consists of all 9 “pure” subtypes (A to K), 29
different CRFs, and URFs (analyzed as a group). Several countries in Central Africa
(Cameroon and Republic of the Congo), as well as the United Kingdom, also have high
numbers of subtypes and recombinants (20 to 30 variants). In contrast, many countries
in Southern Africa, Ethiopia, India, Latin America, the Caribbean, and Southeast Asia
have low numbers of variants (1 to 5 variants). Importantly, the median number of
distinct HIV-1 variants in each country increased over the time periods (P = 0.0341)
(Table 1 and Fig. 1; see also Data Set S1).

Proportion of HIV-1 recombinants in each country. We next analyzed the pro-
portion of infections due to recombinants in each country (Fig. 2). Countries in South
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TABLE 1 HIV-1 diversity over time

Journal of Virology

Median (interquartile range) for time period®:

Diversity measure® 1990-1999 2000-2004 2005-2009 2010-2015 Pd

No. of subtypes/CRFs/URF¢ 6 (1-25) 6.5 (1-36) 8 (1-39) 7 (1-39) 0.0341
No. of CRFsc 1 (0-16) 2 (0-26) 3 (0-29) 3 (0-29) <<0.0001
Recombinant proportion 0.050 (0-0.145) 0.084 (0.017-0.235) 0.134 (0.016-0.437) 0.164 (0.032-0.528) <0.0001
CRF proportion 0.017 (0-0.075) 0.047 (0-0.148) 0.072 (0.007-0.365) 0.092 (0.005-0.420) 0.0003
Other CRF proportion 0 (0-0.008) 0.005 (0-0.033) 0.009 (0-0.041) 0.010 (0-0.072) <0.0001
URF proportion 0.004 (0-0.027) 0.011 (0-0.067) 0.018 (0-0.063) 0.028 (0.003-0.095) 0.0028
Shannon diversity index 0.727 (0.251-1.122) 0.753 (0.259-1.236) 0.833 (0.262-1.353) 0.943 (0.361-1.393) 0.2881

aMedians and interquartile ranges for country level values of different diversity measures across four time periods are shown (from 1990 to 2015), except as noted in
footnote c.

bCRF, circulating recombinant form; URF, unique recombinant form; Other CRF, CRFs other than CRFO1_AE and CRF02_AG.

For these values, the medians and ranges are indicated.

9P values were determined using the Kruskal-Wallis test.

East Asia and West and Central Africa, as well as China, Estonia, Iran, and Algeria, had
a recombinant proportion of >80% in 2010 to 2015 (Fig. 2). For example, Cambodia’s
HIV epidemic is purely made up of recombinants (CRFO1_AE and URFs). In contrast,
Western Europe and North America, East and Southern Africa, Australia, Ethiopia, and
India have low proportions of recombinants (0 to 20%). Montenegro and Malawi have
no recombinants reported across all four time periods. The median proportion of
infections due to recombinants in each country consistently increased over time, which
was highly statistically significant (P < 0.0001) (Table 1 and Fig. 2; see also Data Set S1).

Proportion of CRFs in each country. To further dissect the contribution made by
recombinants, we examined the proportion of CRFs per country (Fig. 3). In 2010-15,
West and Central Africa (CRF02_AG), Southeast Asia (CRFO1_AE), China (CRFO1_AE,

A. 2010-2015 B. 2005-2009

2000-2004

FIG 2 HIV-1 recombinant proportions from 1990 to 2015. Countries are shaded according to the proportion of recombinants in each time period: 2010 to 2015
(A), 2005 to 2009 (B), 2000 to 2004 (C), and 1990 to 1999 (D).
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FIG 3 CRF proportions from 1990 to 2015. Countries are shaded according to the proportion of CRFs in each time period: 2010 to 2015 (A), 2005 to 2009 (B),
2000 to 2004 (C), and 1990 to 1999 (D). CRF, circulating recombinant form.

CRF07_BC, CRF08_BC), Iran (CRF35_AD), Estonia (CRF06_cpx), and Algeria (CRFO6_cpx)
had very high proportions of CRFs (80 to 99%) (Fig. 3; see also Data Set S1). In contrast,
the Americas, India, Australia, and East and Southern Africa had low proportions of CRFs
(0 to 20%). Peru, Montenegro, and Malawi had no CRFs across all four time periods. The
median proportion of infections due to CRFs consistently increased over the time
periods, which was highly statistically significant at P = 0.0003 (Table 1 and Fig. 3; see
also Data Set S1).

CRFO1_AE and CRF02_AG formed early on in the HIV epidemic in Central Africa and
have spread globally since, in much the same way as “pure” HIV subtypes, and make up
significant numbers of infections globally and regionally (19). To gain a clearer picture
of the contributions of “other CRFs” (i.e., CRFs other than CRFO1_AE and CRF02_AG),
we also analyzed these “other CRFs” separately (Fig. 4). Iran (CRF35_AD), Algeria
(CRF06_cpx) and Estonia (CRF06_cpx) had very large portions of “other CRFs” in 2010
to 2015 (>75%) (Fig. 4; see also Data Set S1). In contrast, the Americas, Western Europe,
East and Southern Africa, and Australia had very low levels (0 to 10%). Many countries,
including Ethiopia, Peru, and the Philippines, have no “other CRFs” across all four time
periods. The median proportion of infections due to “other CRFs” in each country
consistently increased over time, which was highly statistically significant (P < 0.0001)
(Table 1 and Fig. 4; see also Data Set S1).

Proportion of URFs in each country. The final subset of recombinants we exam-
ined was the proportion of URFs (Fig. 5). We found that Myanmar, Republic of the
Congo, and Argentina had very high proportions of URFs from 2010 to 2015 (>30%)
with Togo, South Sudan, Rwanda, Angola, and Ghana also having high proportions (20
to 30%) (Fig. 5). In contrast, the vast majority of the world, including Europe, the
Americas, Southern Africa, India, and Australia, had very low proportions (0 to 5%).
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A. 2010-2015 B. 2005-2009

FIG 4 Other CRF proportions from 1990 to 2015. Countries are shaded according to the proportion of other CRFs in each time period: 2010 to 2015 (A), 2005
to 2009 (B), 2000 to 2004 (C), and 1990 to 1999 (D). Other CRFs, CRFs other than CRFO1_AE and CRF02_AG. CRF, circulating recombinant form.

Kazakhstan, Malawi, Montenegro, the Philippines, Serbia, and Slovakia had no URFs
reported across all four time periods. The median proportion of URFs per country
significantly increased over the time periods (P = 0.0028) (Table 1), although much of
Europe, North America, and Australia still had very low levels from 2010 to 2015 (Fig.
5; see also Data Set S1).

Shannon Diversity Index for each country. Finally, we integrated the numbers
and proportions of distinct HIV-1 subtypes, CRFs and URFs by calculating the Shannon
Diversity Index (SDI) for each country in each time period (Fig. 6). In 2010 to 2015,
Central African countries had the highest SDI values, with Chad (2.28), Democratic
Republic of the Congo (DRC) (2.26), Angola (2.14), and Republic of the Congo (2.05) all
having values greater than 2 (Fig. 6; see also Data Set S1). Certain parts of Europe
(United Kingdom, Belgium, Portugal, Finland, and Bulgaria), as well as West and Central
Africa, and Cuba, also had high levels of diversity with SDI values between 1.5 and 2.
Southern Africa, Ethiopia, India and areas of Latin America had very low levels of
diversity. Some countries (Malawi and the Dominican Republic) had an index of 0,
indicating that only a single HIV-1 subtype was detected (Fig. 6; see also Data Set S1).
The median of the SDI of all countries consistently increased over the time periods,
indicating that HIV-1 diversity is increasing in countries around the world, although this
trend did not reach statistical significance (P = 0.2881) (Table 1 and Fig. 6; see also Data
Set S1).

DISCUSSION

This is the first study to analyze global country level HIV-1 diversity, using the largest
HIV-1 molecular epidemiology database assembled to date, based on 383 519 samples
from 116 countries from 1990 to 2015. We found increases in the numbers of HIV-1
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A. 2010-2015 B. 2005-2009

FIG 5 URF proportions from 1990 to 2015. Countries are shaded according to the proportion of URFs in each time period: 2010 to 2015 (A), 2005 to 2009 (B),
2000 to 2004 (C), and 1990 to 1999 (D). URF, unique recombinant form.

variants and the proportions of CRFs and URFs in countries around the world, leading
to increases in country level HIV-1 diversity.

Central African countries show the greatest HIV-1 diversity, a reflection of the origin
and early diversification of the HIV epidemic in this region (11). Some countries outside
Central Africa also have extremely diverse epidemics, which often reflect historical links
to Central African countries, such as Belgium with the DRC, and Portugal and Cuba with
Angola (13).

In contrast, India, Ethiopia, and Southern Africa show the lowest levels of diversity,
since subtype C dominates in these areas (19, 22). This illustrates the role of the founder
effect, even though the different levels of HIV prevalence reached in these respective
regions indicates the role of other factors in HIV epidemics. The fact that these
epidemics have remained surprisingly homogeneous suggests that transmission occurs
mainly within these regions rather than through ongoing migration into the regions.
However, South Africa shows a high level of diversity within subtype C due to multiple
introductions of subtype C from surrounding countries (22), as well as intrasubtype
recombination (23). This indicates that diversity may be underestimated in our analysis,
since we did not incorporate intrasubtype diversity in our analysis.

Western Europe shows the highest numbers of distinct subtypes and recombinants
and as a result also has high levels of diversity. The high number of distinct HIV variants
reported in Western Europe may in part be due to the routine availability of HIV drug
resistance testing in this region, which led to large numbers of subtyped samples,
enabling detection of variants that occur at low frequency (19). This is in contrast to
other regions (Southern Africa, Ethiopia, India, Latin America, the Caribbean, and
Southeast Asia), which reported low numbers of variants, which may in part be due to
the limited availability of resistance testing. The Western European HIV epidemic was
originally dominated by subtype B, due to the founder effect of subtype B infections
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A. 2010-2015 B. 2005-2009

FIG 6 Shannon diversity index from 1990 to 2015. Countries are shaded according to their Shannon diversity index in each time period: 2010 to 2015 (A), 2005
to 2009 (B), 2000 to 2004 (C), and 1990 to 1999 (D).

from the United States (13). However, the Western European epidemics have since
diversified, first due to waves of migration from outside Europe, e.g., immigration from
Angola to Portugal. Subsequently, diversification appears to be driven mainly by
population mobility between European countries (24), as well as increased transmission
among native individuals (25).

The highest proportions of URFs are seen in Myanmar, Argentina, Republic of the
Congo, and several other West and Central African countries. Myanmar may have a high
level of URFs due to Burmese long-distance truck drivers crossing the China-Myanmar
border, allowing high levels of cross-border transmission leading to very high levels of
dual infection and recombination between subtypes B, C, and CRFO1_AE (26). In
Argentina a large proportion of infections are due to URFs composed of subtypes B and
F (5, 27). Republic of the Congo and neighboring countries have high rates of URFs
composed of a plethora of distinct subtypes and CRFs, often leading to the formation
of complex CRFs (5, 28).

Some countries and regions have high proportions of CRFs. CRFO1_AE and
CRF02_AG formed early on in the HIV epidemic in Central Africa and make large
contributions to the HIV epidemics in Southeast Asia and China (CRFO1_AE) and West
and Central Africa (CRF02_AG). The CRF epidemics in Iran (CRF35_AD) and Estonia
(CRF06_cpx and its next generation recombinants) are mainly driven by people who
inject drugs (PWID) (29, 30). Founder effects likely play an important role in the
dominance of CRFs in these epidemics. Algeria has a high proportion of recombinants
(such as CRF06_cpx), as Southern Algeria is a migration hub between sub-Saharan
African and Europe (31). Yet other regions have many distinct CRFs which formed more
recently and are composed of locally cocirculating subtypes and CRFs, such as CRFs
composed of subtypes B and F in South America, subtypes A, C, and D in East Africa,
subtypes B and CRFO1_AE in Southeast Asia, and subtypes B and C in China (5, 21).
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There are multiple geographical and socioeconomic factors that contribute to the
spread and diversification of HIV, including transportation networks, migration, founder
effects, urbanization, transmission networks, and population growth (12, 13). The
increase in the number and proportion of recombinants suggests that recombinants
may have an evolutionary advantage compared to other existing HIV variants (32).
While biological differences in transmission and pathogenesis between subtypes have
been reported (33, 34), it is difficult to conclusively ascertain these differences in
observational studies due to confounding influences by host genetic, behavioral, and
environmental factors. Moreover, disparities in provision and effectiveness of treatment
and prevention measures between different risk groups and geographical regions,
which harbor different HIV variants, influence the distribution of HIV variants and the
formation of recombinants.

A strength of our study is its unprecedented large size, due to data collected
through a comprehensive literature search and global survey. While sequences depos-
ited into HIV databases often have information on date and place of sample collection,
which render them useful for phylogeographic and phylogenetic analyses (12, 14), the
lack of representative sampling of populations precludes this data from being used in
epidemiological analysis. On the other hand, reliance purely on published data leads
not only to publication bias but also to restricted coverage, particularly for more recent
periods, due to the delay between sample collection and publication (32). Our use of
both published and unpublished data therefore increases representativeness and
comprehensiveness.

Our estimates depend on the quality and quantity of the underlying data. Although
we compiled a very large database, there was variation in the spatial and temporal
coverage by data sources, as well as absolute numbers of samples and depth of
coverage in relation to the size of epidemics in each country (19). Other limitations of
our study included heterogeneity among data sets in geographical sites, population/
risk groups, study design, subtyping methods, number and type of genome segments,
and publication bias. Although the vast majority of our data were acquired by sequenc-
ing, most samples were characterized in only one genome segment (mostly pol); it is
therefore likely that we underestimated recombination and diversity, since the rest of
the genome was not examined in these samples. Moreover, the heavy reliance on data
derived from pol sequencing may have biased our results and future studies should aim
to analyze multiple genome segments (i.e., pol, env, and gag) or the whole genome (35).
Finally, we did not have the actual viral sequences, which precluded phylogenetic,
phylodynamic, or phylogeographic analyses in this study (36).

Achieving the UNAIDS 90:90:90 targets depends on HIV diagnostic assays, resistance
testing and viral load assays that recognize all HIV-1 variants with equal efficiency. The
enormous variation in numbers, types, and proportions of HIV variants in different parts
of the world therefore presents a major challenge. Western Europe and North America,
as well as Central Africa, need the most wide-ranging assays because they have the
highest numbers of distinct subtypes and CRFs (37). On the other hand, Argentina,
Republic of the Congo, and Myanmar have the highest proportion of URFs and may be
breeding grounds for the generation of new HIV variants that are beyond the detection
capability of existing assays (38). Moreover, drug resistance is influenced by HIV
genotypes, although there is a paucity of data on drug resistance mutations in less
common subtypes, CRFs, and URFs (39, 40). Our data indicate that the evolving HIV
epidemic necessitates continuous updating of diagnostic, resistance, and viral load
assays.

Global HIV diversity forms a major obstacle to developing a universal HIV vaccine (6).
Vaccine immunogen sequences need to match as closely as possible the sequences
circulating in the target population to ensure that cross-reactive immune responses
offer protection (41). Although our study shows increasing diversification of the global
HIV pandemic, our data also show large variations in the numbers of HIV variants and
the diversity between countries and regions. For example, the high-prevalence HIV
epidemic in southern Africa is nearly exclusively composed of subtype C. For this
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reason, a vaccine assessed in an efficacy trial in South Africa was based on subtype C
isolate sequences (42). However, this approach is unlikely to work in countries with
diverse epidemics with multiple circulating strains, especially since primary isolate
sequences have the greatest genetic distance to other viral isolates of the same and
other subtypes (41). A number of different approaches are being taken to address this,
including artificial centralized sequences, such as consensus, ancestral, or center-of tree
sequences (41, 43). The HVTN 705/Imbokodo trial under way in southern Africa is
evaluating a tetravalent vaccine composed of adenovirus serotype 26 vector expressing
mosaic gag, pol, and env inserts combined with subtype C gp140 protein, with the
intention of eliciting responses against a wide range of HIV subtypes, but still matching
subtype C predominant in the region. The HVTN 706/Mosaico trial taking place in North
America, Western Europe, and Latin America evaluates a nearly identical mosaic
vaccine, which also includes a mosaic gp140 glycoprotein (44). Other approaches in
development include focusing on conserved or structurally important regions of HIV
(45, 46). Knowledge of country level HIV-1 variants and diversity allows effective vaccine
design and development, since it allows prioritization of the development of candidate
vaccines that are likely to provide the greatest benefit to specific countries and regions.
Finally, temporal analysis shows that diversity and subtype patterns change over time,
and hence an influenza-like vaccine that needs to be changed periodically may be
required (17).

In summary, our study provides strong epidemiological evidence that the global HIV
epidemic is diversifying at the country level and highlights the increasing challenge
facing the development of an HIV vaccine, as well as diagnostic, drug resistance, and
viral load assays. New URFs and CRFs will continue to emerge and highlight the need
to continue and further improve surveillance and genetic characterization techniques
(35).

MATERIALS AND METHODS

Data collection. The global HIV-1 molecular epidemiology database was assembled by conducting
a comprehensive systematic review and a global survey, as described previously (19). The literature
databases Pubmed, EMBASE (Ovid), CINAHL (Ebscohost), and Global Health (Ovid) were searched to
identify studies published between 1 January 1990 and 31 December 2015. Search terms included Mesh
headings and Emtree terms, as well as free text words and synonyms, including “HIV,” “subtype,” “CRF,”
“URF,” and “epidemiology.” All references obtained by the searches were combined to form a central
database of citations in Endnote reference manager (Endnote X7; Clarivate Analytics, Philadelphia, PA).
Further published data were obtained from the WHO HIV Drug Resistance Report 2012 (47), references
in published reports and reviews on HIV diversity, screening issues of four specialist journals (AIDS,
Journal of AIDS, Journal of Virology, and AIDS Research and Human Retroviruses) published between
January 1990 and February 2016, and papers indexed on the Scopus citation database which referenced
previous publications on global HIV-1 molecular epidemiology (19). Unpublished original HIV-1 subtyp-
ing data were collected through a survey among experts in the field under the umbrella of the
WHO-UNAIDS Network for HIV Isolation and Characterization. Researchers were invited to contribute
HIV-1 subtyping data by completing a preformatted data collection template.

Studies were eligible for inclusion if they were prevalence studies of people living with HIV (PLHIV)
with 20 or more samples with known country and year of sample collection (between 1990 and 2015)
and with original HIV-1 subtyping data. The country designation of a data set was determined by the
country where the samples were taken and not by the country of origin of the participants. Subtyping
methods included sequencing, heteroduplex mobility assay (HMA), and serotyping. Any genome seg-
ment (e.g., gag, pol, and env) or the full-length genome could be used for subtyping. No minimum
sequence length was specified and all online subtyping tools were accepted. The subtyping data as
provided in each manuscript/submitted data set was taken as correct. The eligibility criteria for unpub-
lished data sources were the same as those applied to published sources.

Data extracted from data sources included country, city/region, years when samples were collected,
study type, population, subtyping method, genome segments analyzed, and the number of samples
designated as subtypes A, B, C, D, F, G, H, J, K, circulating recombinant forms (CRFs), and unique
recombinant forms (URFs). No patient-identifiable information was retrieved at any stage and consent
was presumed to have been obtained by the researchers who published or submitted each data set.

In total, 2203 data sets with 383,519 samples were collected from 116 countries across 1990 to 2015.
The data from different sources broke down as follows: 257,276 samples from the systematic review,
13,839 from other published sources, and 112,404 from the global survey (19). The vast majority of data
were acquired by sequencing (99.8% from 2010 to 2015, 99.5% from 2005 to 2009, 97.1% from 2000 to
2004, and 75.7% from 1990 to 1999), with the remainder by HMA and serotyping, which have less ability
to distinguish HIV variants (19). The genome segment most commonly subtyped was pol (94.2% in 2010
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to 2015, 91.1% in 2005 to 2009, 77.9% in 2000 to 2004, and 34.8% in 1990 to 1999), with env and gag
less frequently assessed (19). HIV subtyping data are mostly derived from pol sequencing because
genotypic HIV drug resistance testing is widely used to guide the choice of antiretroviral drugs, either at
the individual level before treatment initiation or at treatment failure (as is the case in most developed
countries) or at a population level to guide national and international treatment guidelines (47). We
achieved excellent coverage, with data for 77 (1990 to 1999), 93 (2000 to 2004), 97 (2005 to 2009), and
84 (2010 to 2015) countries, respectively (19).

Data analysis. The data were split into four time periods, based on the spread of data sets and
samples across the years: 1990 to 1999 (52,319 samples), 2000 to 2004 (107,513), 2005 to 2009 (146,728),
and 2010 to 2015 (76,959). For each country, the HIV-1 subtyping data were split into the four time
periods, and the subtype distribution (i.e., proportions) in each time period was determined based on the
number of samples for each subtype/CRF/URF. For data sets with sampling years that crossed multiple
time periods (e.g., 2003 to 2006), the total number of samples for each subtype/CRF/URF was divided by
the number of sampling years, giving the number of samples for each subtype/CRF/URF per year, which
were then assigned to the relevant time periods.

The country-specific HIV-1 subtype distribution data were then used to calculate for each country and
time period: (i) Number of distinct HIV-1 subtypes, CRFs and URFs (the latter as a group), (i) HIV-1
recombinant proportions, (iii) CRF proportions, (iv) Other CRFs proportions (i.e, CRFs other than
CRFO1_AE and CRF02_AG), (v) URF proportions, and (vi) the Shannon diversity index (see Data Set S1).
The Shannon diversity index (SDI) gives a value that accounts for the number and relative frequency of

genotypes (48, 49). The SDI is calculated using the formula H = — _gl piln p; in which R stands for
richness, meaning the total number of types in the data set, i is the number of species, and p; is the
proportion of each species. A low value indicates that most infections belong to few dominant
genotypes, whereas a high value indicates that infections are more evenly distributed across many
genotypes, i.e.,, higher diversity. Calculations were conducted in Windows Excel.

For each variable analyzed, the median and interquartile ranges of country values were calculated for
each time period, including only countries for which the variable was available. We used the Kruskal-
Wallis test to assess the statistical significance of changes over time (GraphPad Prism, version 8).
Country-specific HIV-1 variant numbers, proportions, and SDI values were visualized on world maps using
color coding developed for each variable, according to the distribution of the values for each variable.
Ranges for each color shade include the lower boundary but not the upper boundary, e.g., 0.2 to 0.4
means =0.2 and <04.

SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
SUPPLEMENTAL FILE 1, XLS file, 4.2 MB.
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