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Abstract

The picture of HIV-1 genetic diversity in the global pandemic continues to evolve. Identification of 
new variants, including circulating and unique recombinant forms, recognition of new outbreaks and 
of changes in established epidemics, and characterization of growing numbers of full-length genomes 
provide a view of high dynamism and increasing complexity. The pervasive role of recombination as 
a major driving force in the generation of diversity in the HIV-1 pandemic is becoming evident, and 
is particularly visible in areas in which different genetic forms meet, referred to as “geographic re-
combination hotspots”. The importance of superinfection and its impact on HIV-1 diversification and 
propagation is surfacing, although restrictions to superinfection are also apparent. Genetic diver-
sity within subtypes is increasing over time and new geographically localized lineages deriving 
from point introductions are being recognized. Characterization of such variants may be of rele-
vance to vaccine development and may allow the detection of intrasubtype recombination and 
superinfection. Recent studies supporting the correlation of HIV-1 clades to immune responses and 
to drug resistance-associated mutations lend increasing relevance to the role of molecular epide-
miology as an essential tool in combating the AIDS pandemic. However, knowledge on the global 
HIV-1 genetic diversity and its implications is still far from adequate and a major scaling up of ef-
forts is needed. (AIDS Reviews 2005;7:210-24)
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Introduction

Molecular epidemiology refers to the use of mo-
lecular tools for epidemiologic studies. When applied 
to the HIV-1 pandemic, it commonly refers to studies 
on the propagation and distribution of HIV-1 molecu-
lar forms in different geographic areas (Fig. 1) and 
groups with different epidemiologic features, such as 
risk practices, including the analysis of temporal 
trends in transmission1,2. Such studies have been of 

prime importance for the recognition of recombination 
as a major mechanism of HIV-1 evolution in the pan-
demic. More recently, molecular epidemiology has 
also been applied to studies on prevalences of HIV-1 
isolates resistant to antiretroviral drugs. Various mo-
lecular tools have been used for studies on the epi-
demiology of HIV-1 genetic variants, but phylogenetic 
sequence analysis is the most reliable method and the 
one providing more information on global and regional 
patterns of propagation of HIV-1 infection. The ap-
plication of phylogenetic methods to epidemiologic 
studies on HIV-1 and other RNA viruses is possible 
thanks to their rapid evolution, allowing accurate re-
construction of transmission events even within close-
ly related clusters3. In the initial studies on molecular 
epidemiology of HIV-1 clades, env and gag segments 
were the regions of the genome most commonly ana-
lyzed, although more recently, sequencing of pol seg-
ments has become more common, mainly due to its 
usefulness for detecting drug resistance-associated 
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mutations. Given the extraordinarily high recombina-
tion potential of HIV-1, characterization of full-length 
genomes, of which more than 1000 are currently avail-
able in public sequence databases4, may provide 
much epidemiologically relevant phylogenetic infor-
mation that could be missed in the analyses of short 
genome segments. In all these studies, appropriate 
sampling is of the utmost importance in order to 
examine sufficiently representative numbers of sam-
ples of each geographic area and groups with dif-
ferent risk behaviors, including recently acquired 
infections.

A review of the literature reveals the growing propor-
tion of studies related to HIV-1 genetic variants. The 
relevance of HIV-1 molecular epidemiology is rein-
forced by recently published studies supporting the 
correlation of HIV-1 genetic forms to susceptibility to 
immune responses, including neutralizing antibodies5 
and cell-mediated immunity6,7, and to development of 
drug-resistance mutations8, with obvious implications 
for the development of effective vaccines able to cope 
with the global HIV-1 diversity, and for the introduction 
of antiretroviral therapies in developing nations. Recent 
studies have also provided new data on the role of 
recombination in the generation of HIV-1 diversity, di-
versification within subtypes, frequency of superinfec-
tion, new outbreaks, and changes within established 
epidemics.

Newly identified recombinant forms

HIV-1 recombinant forms can be classified from an 
epidemiologic perspective as unique recombinant 
forms (URF), detected in a single individual or a single 
epidemiologically linked cluster, which constitute sub-
stantial proportions of infections in areas with hetero-
geneous circulating clades, and circulating recombi-
nant forms (CRF), which have propagated to some 
epidemiologic extent. Identification of a new CRF re-
quires characterization of at least three epidemiologi-
cally unlinked viruses with identical mosaic structures, 
at least two of them characterized in near full-length 
genomes (> 8 kb)9. Twenty CRF have been reported 
to date. CRF that have spread widely are: 

– CRF01_AE, of Central African origin, which is the 
predominant genetic form in Southeast Asia; 

– CRF02_AG, prevalent in West and parts of West-
Central Africa; 

– CRF07_BC and CRF08_BC, the major variants circu-
lating among injecting drug users (IDU) in China; 

– CRF12_BF which circulates widely in Argentina 
and Uruguay, and, with a lower prevalence, in 
Chile (unpublished data). 

The list of HIV-1 CRF is growing incessantly, both as 
a consequence of the emergence of new recombinants 
in areas where different clades co-circulate and of the 
new characterization of old, previously unrecognized 
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Figure 1. Global geographic distribution of HIV-1 genetic forms. Letters and numbers represent subtypes and CRF, respectively. Those with 
larger sizes represent predominant genetic forms in each area. Genetic forms circulating in particular countries are shown followed by the 
countries’ names in parentheses.
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CRF. Six have been added to the list in the last two years: 
CRF09_cpx, CRF16_A2D, CRF17_BF, CRF18_cpx, 
CRF19_cpx, and CRF20_BG. 

CRF09_cpx is a complex recombinant with segments 
of subtypes A, F, G, K and one or more unclassified 
subtypes10,11. It is related in part to CRF02_AG and to 
Z321, a URF from the Democratic Republic of Congo 
(DRC) that was isolated in 1976. CRF09_cpx is circulat-
ing as a minor variant in West and Central Africa, and 
has been identified in Senegal, Ghana, Ivory Coast, and 
Cameroon10-13. Recombinants between CRF09_cpx 
and CRF02_AG or CRF06_cpx have been detected in 
the last three countries11,13,14.

CRF16_A2D has been identified only in four persons, 
one in Kenya, one in Korea, and two in Argentina15. 

CRF17_BF has been detected in seven individuals 
from several South American countries (Argentina, 
Paraguay, Bolivia, and Peru)16. Sequences are still un-
available and its recombinant structure is unpub-
lished. 

The last three CRF have been identified in Cuba, a 
country with a low HIV-1 prevalence, but with an un-
usually high HIV-1 genetic diversity, derived from the 
introduction of multiple African variants17,18 (Fig. 2). 
CRF18_cpx and CRF19_cpx were originally identified 

in partial pol and env sequences (7 and 21%, respec-
tively) of individuals from Cuba17. CRF18_cpx is a com-
plex AFGHKU intersubtype recombinant which also 
circulates in Cameroon and probably in other central 
African countries (DRC, Republic of Congo, Gabon, 
and Angola)19. CRF19_cpx is an ADG intersubtype re-
combinant17,20. Viruses representative of its probable 
parental strains, an AG recombinant from Cameroon 
and a subtype D virus from Gabon, have been identi-
fied20. CRF20_BG and phylogenetically related BG 
recombinants, including two other, still unnamed, CRF, 
have recently expanded in Cuba, mostly among men 
who have sex with men (MSM) in Havana City18,21,22. 
They derive from subtype B and G strains circulating 
in Cuba. Infections with these BG recombinants have 
increased in recent years, representing 31% of HIV-1 
diagnoses in 2003 among MSM in Havana City18.

A fact that is becoming apparent with the analysis of 
several CRF is that some of them are part of larger 
families of related recombinant forms, including other 
CRF and URF. Thus, BF recombinants of Argentina and 
other South American countries (Uruguay, Bolivia, 
Chile, and Venezuela – but not Brazil), including 
CRF12_BF and a high diversity of URF, appear to de-
rive from a common recombinant ancestor, an idea 

Table 1. Geographic variants of HIV-1 subtypes and CRF

Subtype/CRF Country/area of  Countries/areas Names given CRF derived
 introduction of variant of further propagation   from variants

A1 Ukraine FSU* IDU-A, FSU-A 03_AB
 West Africa West Africa A3
 East Africa East Africa
B Thailand SE Asia, China, India B’,Thai B 07_BC 08_BC 15_01B
 Ukraine Russia IDU-B 03_AB
 Korea
 Trinidad and Tobago
 Cuba
C South Africa South, SE Asia C’
 India Myanmar, China, Nepal CIN 07_BC 08_BC
 Brazil Argentina, Uruguay
 Ethiopia  C”, Eth2220 cluster
 Cuba
D West-Central Africa South Africa  05_DF
 East Africa   10_CD
F1 Brazil   12_BF
 Romania
G Portugal Spain GP, GES 14_BG
 Cuba   20_BG
 Nigeria
01_AE Central African Republic
 Thailand SE Asia, China, Finland  15_01B
02_AG Uzbekistan
06_cpx Estonia

*FSU: countries of the Former Soviet Union, including Russia, Belarus, Moldova, Latvia, Estonia, Kazakhstan, and Uzbekistan.
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inferred from coincidence in multiple recombination 
breakpoints and clustering in phylogenetic trees of 
partial sequences23,24. Some of these recombinants 
appear to be secondary recombinants of CRF12_BF, 
but others, with simpler structures or separate phylo-
genetic clustering, seem to derive from lineages which 
are ancestral to CRF12_BF23. Similarly, the three BG 
intersubtype CRF and one URF from Cuba (character-
ized by us in full-length genomes) have multiple coin-
cident breakpoints and cluster in trees of segments of 
subtypes B and G, suggesting a common ancestry22. 
BC recombinants circulating in China (CRF07_BC and 
CRF08_BC) are also partially homologous in their mo-
saic structures and derive from common parental 
strains25-27, and URF related to them have been identi-
fied in Myanmar and China28-30, some of them appar-
ently secondary recombinants, but others probably 
derived from an ancestor of the CRF. CRF05_DF might 
also be part of a larger family of closely related DF 
recombinants of Central Africa31. Related recombinants 
might derive from recombination between the parental 
strains in a single dually or multiply infected individual, 
in which different recombinants can predominate along 
the course of the infection32 and be transmitted to dif-
ferent individuals, or they may be generated by suc-
cessive rounds of recombination in different individuals 
within a transmission chain. CRF thus would be the 

result of a selection process from a larger pool of di-
verse related recombinants, one or more of which be-
come circulating thanks to their biologic properties and 
to chance introductions in the appropriate transmission 
networks. 

Geographic variants within subtypes  
and CRF

All HIV-1 subtypes (except probably B) have origi-
nated in Central Africa, and derive from point introduc-
tions and expansion of Central African viruses in the 
incipient pandemic, probably in the DRC33. Subtype B 
probably derives from the point introduction of a sub-
type D-related virus in Haiti or the USA. Dates of origin 
of subtypes B and C have been estimated by molecu-
lar clock analyses; for subtype B they range from the 
late 1950s to the early 1970s34-38, and for subtype C 
from the 1950s to the 1960s38,39.

The earliest subtype B infections were documented 
in homosexual men in the USA in 197840. In the follow-
ing years, subtype B propagated among homosexual 
men and IDU in Western Europe and in the Americas. 
The subtype B epidemics in Western Europe41 and 
Latin America appear to derive from multiple introduc-
tions from the USA, but in some countries local variants 
of subtype B deriving from point introductions have 
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Figure 2. Distribution of genetic forms in Cuba in samples collected in 2003, based on pol sequences18.
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been reported. One of these, introduced in the late 
1980s in Thailand42, has spread to other countries in 
the area. Other subtype B variants of monophyletic 
origin with more limited spread have been reported in 
Ukraine and Russia43,44, Trinidad and Tobago45, Ko-
rea46,47, and Cuba17,18. The Southeast Asian variant, 
usually named B’ (but also Thai B) was introduced 
initially among IDU in Thailand in 198842,48. It has 
spread to neighboring countries, mainly among IDU, 
including Myanmar (here also transmitted via hetero-
sexual contact), China, Manipur state (northeast India), 
Malaysia, and Singapore49. A homogeneous B’ sub-
variant of monophyletic origin has been identified in 
paid blood donors in China, infected in large numbers 
through unsafe collection procedures, mostly in the 
central provinces of Henan and Hubei50,51. Full-length 
genomes of viruses of this sublineage from Henan, as 
well as of other B’ viruses from China, Thailand, and 
Myanmar, have been characterized52-55. B’ is parental 
of CRF07 and CRF08_BC26,27, which are circulating 
widely in China, and of CRF15_01B56, a minor recom-
binant of Thailand.

The Ukrainian subtype B variant (named IDU-B)57, 
was introduced among IDU in the seaport city of Niko-
layev in 199444. It has had a limited spread in Ukraine 
and Russia, but it has recombined with the subtype A 
variant circulating among IDU in the Former Soviet 
Union (FSU) to generate CRF03_AB43, which caused 
an explosive epidemic among IDU in the Russian Bal-
tic city of Kaliningrad and has been occasionally de-
tected in several countries of the FSU.

Local subtype B variants of monophyletic origin have 
been reported in Trinidad and Tobago45, where it 
causes a heterosexually transmitted epidemic, in Ko-
rea46,47, transmitted mainly among homosexual men, 
and Cuba17, where a local variant is responsible for 
about half of HIV-1 infections among homosexual 
men in Havana City. Full-length genome sequences 
of the Korean and Cuban variants have been ob-
tained. The existence of a subtype B variant specific 
of IDU in Northwestern Europe has been claimed on 
the basis of several nucleotide polymorphisms which 
are absent from the homosexual population58. In Brazil, 
a local subtype B variant (Bbr) has been identified on 
the basis of a characteristic Env V3 loop tetrapeptide59. 
In both cases, however, phylogenetic characterization 
of full-length genomes supporting the existence of 
such variants has not been published. 

The epidemic among IDU in countries of the FSU is 
mainly caused by a subsubtype A1 variant (most com-
monly designated IDU-A, but also FSU-A)57,60,61 de-

rived from a single introduction, first detected in the 
seaport city of Odessa in southern Ukraine in 199544. 
Since 1996 it has spread widely among IDU in a vast 
geographic area comprising most FSU countries of 
eastern Europe and central Asia, including Russia57,60-62, 
Belarus63, Moldova64, the Baltic States of Latvia65 and 
Estonia66, and the central Asian republics of Kazakh-
stan67 and Uzbekistan68,69. Heterosexual transmission 
of this variant has also been reported in Russia and 
Belarus60,63. In spite of its wide geographic dispersion 
and of the aging of the epidemic, it is still characterized 
by a surprisingly low genetic diversity60. A subvariant 
of IDU-A with characteristic polymorphisms in prote-
ase, including V77I mutation, is responsible for many 
of the more recent outbreaks in Russia, Belarus, Ka-
zakhstan, and Uzbekistan62,69,70. As mentioned previ-
ously, IDU-A is, with IDU-B, parental of CRF03_AB43. 

Recently, the existence of a new A sub-subtype, 
designated A3, circulating in West Africa has been 
proposed71. A3 viruses were detected in Ivory Coast, 
Nigeria, Niger, Guinea-Bissau, Benin, and Equatorial 
Guinea72. In Dakar, Senegal, 9.4% of infections in fe-
male prostitutes were attributed to A3. The designation 
of this variant as sub-subtype was based on genetic 
distances with A1 and A2 viruses within the range 
defined for inter-sub-subtype distances. However, in 
phylogenetic trees of full-length genomes, A3 variants 
cluster with 100% bootstrap support with A1 refer-
ences and interdigitate with the Eastern European 
A1 cluster and a large cluster comprising all other A1 
references from East Africa (Kenya, Uganda, and Tan-
zania) (Fig. 3). This tree topology suggests that A3 vi-
ruses, rather than a new sub-subtype, may represent 
a West African variant of sub-subtype A1. 

Subtype C variants of monophyletic origin have been 
reported in India, Ethiopia, and Brazil. The Indian sub-
type C variant (CIN)73,74 has spread widely in that coun-
try mainly via heterosexual contact, but also parenter-
ally among IDU in the northeastern state of Manipur75,76. 
Subtype C viruses of Indian origin have propagated in 
Myanmar53,77,78, in Yunnan province of China28,79, and 
in Nepal80. Viruses from Myanmar and China are close-
ly related to each other77, and may represent a subvari-
ant within the CIN strain, which is parental of two CRF 
(CRF07_BC and CRF08_BC)26,27. 

The existence of two subtype C Ethiopian variants, 
named C’ and C”, have been proposed by analysis of 
some partial genome segments81,82, in which 20% of the 
viruses analyzed in pol and the env V3 region were found 
to be recombinant between both lineages. However, in 
analyses of full-length genomes, a single Ethiopian 
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subcluster was found, which was not sustained in sev-
eral subgenomic regions83. It is possible that extensive 
recombination between both variants has blurred the dis-
tinction between them, altering the tree structures of full 
genomes and of some subgenomic segments. In Cuba, 
a subtype C variant related to the Ethiopian cluster is 
circulating in a minority of homosexual men, of which 
we have recently characterized two full-length ge-
nomes (unpublished data).

In Brazil, a subtype C variant of monophyletic origin 
has rapidly expanded in recent years in the Southern 
states of the country, where prevalences of 30-45% of 
infections have been reported, reaching 58% in recent 
infections in the city of Rio Grande84-88; this variant is 
not associated with any particular risk factor. Sporadic 
cases of infection with the Brazilian C variant have 
been reported in Argentina, Uruguay, and Para-
guay15,89. Coalescent methods, by which the geneal-
ogy and changes in population size and growth rates 
are inferred from randomly sampled sequences, indi-
cate that the Brazilian subtype C variant has a single 

origin in the 1990s and that its growth rate is about 
twice that of subtype B or of African subtype C90.

Subtype C viruses circulating in Southern Africa have 
been reported to derive from multiple introductions90,91, 
although in another study81 they formed a monophy-
letic cluster with viruses from India and of the Ethio-
pian C’ variant in some subgenomic regions. The 
monophyletic origin of most viruses from South Africa 
and India is also supported in trees of full-length ge-
nomes, after excluding several Ethiopian and South 
African viruses (some of them probable intrasubtype 
recombinants) (Fig. 3). Some authors have applied 
the designation C’, originally used for an Ethiopian 
strain, to all viruses of the South African/Indian cluster92. 
By use of coalescent methods, it has been inferred that 
subtype C in sub-Saharan Africa is growing exponen-
tially, with a current doubling time of 2.4 years38. 

Two phylogenetic clusters are distinguished in sub-
type D: the East African cluster, circulating in Uganda 
and Kenya, and the West African cluster, comprising 
isolates from the DRC, Cameroon, Chad, and strains 
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Figure 3. Neighbor-joining tree of full-length genomes showing geographic clusters within HIV-1 genetic forms. Nodes signaled with a dot 
are supported by ≥ 90% bootstrap values. BR: Brazil; CD: Democratic Republic of Congo; CF: Central African Republic; CN: China; CM: 
Cameroon; CU: Cuba; ES: Spain; KR: Korea; MM: Myanmar; NG: Nigeria; TD: Chad; UZ: Uzbekistan; ZA: South Africa. FSU: countries of 
the Former Soviet Union.
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from the early epidemic in South Africa93-95. The West 
African cluster is subdivided in two subclusters, one 
including most viruses from the DRC and those from 
South Africa and the other including viruses from Cam-
eroon and Chad95. CRF05_DF (31) and CRF10_CD96 
derive from West and East African subtype D parental 
strains, respectively.

Two distinct sub-subtype F1 variants have been re-
ported in Brazil and Romania, forming separate clus-
ters in phylogenetic trees97. In Brazil, subtype F vi-
ruses represent 10-15% of HIV-1 infections. Extensive 
recombination with subtype B has generated frequent 
URF and has rendered pure subtype F uncommon in 
Brazil98. A BF recombinant of Brazilian origin is the 
ancestor of CRF12_BF and related recombinants24, 
which are widely circulating in Argentina and have 
been sporadically detected in other countries of South 
America (except Brazil). A distinct subtype F variant is 
predominant in Romania both among adults and chil-
dren (the latter being horizontally infected through con-
taminated injection equipment and blood transfu-
sions)99. Greater distances between the isolates from 
adults indicate an initial introduction in this popula-
tion99. Only analyses of partial sequences have been 
published, but we have recently obtained a near com-
plete genome sequence of a Romanian F subtype virus 
(unpublished data), which is closely related to the 
MP411 isolate, collected from a French man but prob-
ably acquired in central Africa. 

A subtype G variant of monophyletic origin was iden-
tified among IDU in Galicia (northwestern Spain)100,101, 
although more recently it has been shown to be circu-
lating more widely in Portugal, where it is transmitted 
both via heterosexual contact and among IDU102,103. 
In a recent survey, subtype G viruses, most of them of 
the local variant, represented 18% of infections in Por-
tuguese subjects102. Among IDU in Lisbon, the propor-
tion of infections with viruses of subtype G was 49.5% 
in gag and 24% in env, with 29 of 30 Genv viruses 
belonging to the local strain103. A mean interisolate 
distance of 11% in env suggests that subtype G was 
introduced in Portugal more than a decade ago103. 
Phylogenetic analyses show a close relationship of the 
Portuguese/Galician strain with viruses from Cameroon 
and Gabon104. This variant is parental of CRF14_BG100 
and of diverse URF detected in Portugal and Gali-
cia100,105. In Cuba, a local subtype G variant, character-
ized in full-length genomes, is found in 5% of individu-
als, mainly transmitted heterosexually17. It is parental 
of CRF20_BG and of two other related BG CRF, which 
have spread among homosexual men in Havana 

City21,22,100. Subtype G variants in Nigeria have also 
been characterized in partial sequences106, forming 
three clusters in env and two in gag. Characterization 
of full-length genomes has not been published, but 
four of five available subtype G sequences from Nige-
ria group in a monophyletic cluster (Fig. 3). 

Among CRF01_AE isolates, two main clusters are 
distinguished, corresponding to the Central African 
and Southeast Asian variants107,108. In Southeast Asia, 
CRF01_AE was introduced among female prostitutes 
and their male patrons in Thailand in 198942,48,109. 
Since the mid-1990s it has replaced subtype B’ (intro-
duced one year earlier) as the main genetic form trans-
mitted among IDU110. CRF01_AE has propagated 
widely to all countries in the region, including Myan-
mar, Cambodia, Laos, Vietnam, China, Malaysia, Sin-
gapore, Indonesia, Philippines, and Taiwan49. It is 
transmitted mainly via heterosexual contact, but in 
some countries (Thailand, Myanmar, Vietnam, China, 
and Malaysia) it also spreads among IDU. In China, it 
is circulating mainly among IDU in the southeastern 
province of Guangxi, close to the Vietnamese border. 
Viruses from Guangxi and northern Vietnam form a 
highly homogeneous subvariant which has been char-
acterized in full-length genomes26,111,112. CRF01_AE is 
parental of CRF15_01B, detected in 1.7% of samples 
in Thailand, both among IDU and heterosexuals56. In 
Malaysia, 22% of newly diagnosed infections were 
CRF01/B’ recombinants, mainly found among IDU, but 
also among homosexuals and heterosexuals; 19 shared 
common breakpoints in protease-reverse transcrip-
tase, and might represent a new CRF113. A limited 
outbreak of a CRF01_AE strain of Southeast Asian ori-
gin has been reported among IDU in Finland114.

Variants of CRF02_AG and CRF06_cpx of monophy-
letic origin have caused recent outbreaks among IDU 
in Uzbekistan69 and Estonia115, respectively, where 
they have generated URF by recombination with IDU-A 
viruses. A CRF11_cpx variant has been reported to 
circulate among a minority of IDU in Switzerland116, 
although full-length genomes are not available. In 
Cuba, a variant of CRF18_cpx, of Central African ori-
gin, is transmitted both via heterosexual and homo-
sexual contact, and has recombined locally with 
CRF19_cpx, and subtypes B and G17-19,104. 

In summary, several subtypes and CRF have diversi-
fied through point introductions in different geographic 
areas, generating local variants and subvariants shar-
ing a common ancestry, many of which have been 
characterized in full-length genomes. Some of these 
variants have spread extensively, such as IDU-A in 
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countries from the FSU, C’ in South Africa , and a sub-
variant, CIN, in India, Myanmar and China, variants of 
subtypes A and D in East Africa, B’ and CRF01_AE in 
Southeast Asia and China, and, in a more localized 
scale, subtypes C and F in Brazil, and subtype G in 
Portugal and Spain. Some of these variants have re-
combined with subtype B strains circulating locally, 
generating diverse recombinant forms, including 
CRF: CRF12_BF, circulating in Argentina and Uru-
guay, CRF14_BG in Portugal and Spain, CRF03_AB in 
countries of the FSU, CRF07_BC and CRF08_BC in Chi-
na, CRF15_01B in Thailand, and CRF20_BG and re-
lated CRF in Cuba, all of which (except the Cuban BG 
recombinants) appear to have originated among IDU. 
The recognition of these variants may be relevant to 
the characterization of intrasubtype or intra-CRF re-
combinants and superinfections in areas in which two 
or more variants are circulating, and may be also rel-
evant for studies on virus biology, susceptibility to im-
mune responses, response and development of resis-
tance to antiretroviral drugs, pathogenicity, and 
transmissibility. It is possible that there are intrasu-
btype differences on these points, as has been re-
ported between subtypes. It must be considered that 
the age of subtypes is currently similar or even great-
er than that of HIV-1 group M when subtypes origi-
nated, which would be reflected in intrasubtype dis-
tances which are similar or larger, and increasing over 
time, than intersubtype distances at the birth of sub-
types. Therefore, it may be necessary to adopt uniform 
definition criteria and a nomenclature system, and to 
establish reference isolates for these variants, similarly 
to subtypes, sub-subtypes, and CRF. 

Geographic recombination hotspots

In areas in which different HIV-1 genetic forms co-
circulate in the same population, high frequencies of 
unique mosaic viruses derived from recombination be-
tween the co-circulating clades are usually detected, 
a fact which attests to the high frequency of dual or 
multiple infections with different variants. These areas 
have been referred to as “geographic recombination 
hotspots”, a denomination first applied to Central 
Myanmar53, but which is similarly applicable to many 
other areas. This doesn’t necessarily imply that HIV-1 
recombination is common only in those areas. It may 
also be frequent in areas in which a single clade cir-
culates or is highly predominant, although intraclade 
recombinants may remain undetected by usual phylo-
genetic analyses. 

High prevalences of URF have been reported in cen-
tral Africa (DRC, Cameroon, Gabon, Republic of Con-
go, and Angola), West Africa (Ivory Coast, Ghana, 
Niger, and Nigeria), East Africa (Uganda, Kenya, Tan-
zania, and Ethiopia), Asia (central Myanmar, Thailand, 
Yunnan province of China, and Manipur state of India), 
Europe (Portugal and Estonia), and the Americas (Ar-
gentina, Brazil, and Cuba) (Table 2). Some of these 
geographic recombination hotspots have been identi-
fied recently. In Ghana, 64 (25.7%) of 249 viruses 
analyzed in gag, pol, and env were URF, the majority 
having CRF02_AG as parental, with other recombining 
clades being subtypes A, D, and G and CRF06_cpx117. 
In another study in Ghana, 24% were URF in protease-
reverse transcriptase, involving recombination between 
CRF 02, 06, and 09, and subtypes A, D, and G13. In 
Gabon, six of 41 (14.6%) samples analyzed in pol and 
env were URF118. In Angola, 37 and 17% prevalences 
of URF, respectively, involving multiple subtypes, were 
reported in two studies119,120. In Ethiopia, 20% of sam-
ples analyzed in gag-pol and the env V3 region were 

Table 2. Geographic recombination hotspots

Country Subtypes/CRF involved 
 in recombination

Central Africa
 DRC A1,A2,C,D,F1,G,H,J,K,01,02,U
 Cameroon A,B,D,F2,G,H,J,01,02,09,11,
 13,18,U,O
 Gabon A1,C,D,G,H,02,U
 R. of Congo A1,D,F1,G,H,J,U
 Angola A1,A2,B,C,G,H,U,05
West Africa
 Ghana 02,06,09,A1,D,G
 Ivory Coast 02,06,09
 Niger 02,06
 Nigeria A1,G
East Africa
 Kenya A1,C,D
 Tanzania A1,C,D
 Uganda A1,C,D
 Ethiopia C’,C”
Europe
 Portugal B,G,14
 Estonia 06,A1
Southeast Asia
 Myanmar B,C,01
 Yunnan (China) B,C,07,08
 Thailand B,01
 Manipur (India) B,C
South America
 Brazil B,F1,C
 Argentina B,12
Caribbean
 Cuba B,G,18,19
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intrasubtype recombinants between different variants 
circulating in the country81. Outside of Africa, most 
recombination hotspots are found in areas in which 
IDU represent a major proportion of infections (except 
Cuba, where most infections are transmitted sexually). 
In Portugal, 25% of viruses from IDU in Lisbon were 
BG recombinants, most of which did not belong to 
CRF14_BG, and therefore were potential URF103. In 
Estonia, 16% of samples, most of them from IDU, 
were CRF06/A URF115. In Northern Thailand, five of 
38 seroconverting IDU harbored CRF01_AE/B URFs, 
which represented four of seven (57.1%) new infec-
tions in 2002121. In Manipur state in Northeastern India, 
B’C recombinants were detected in three of 14 and 
three of 28 samples, respectively, in two studies among 
IDU or their sexual partners75,76. It should be noted that 
in most studies only short genome segments have 
been analyzed, resulting in an underestimation of the 
real prevalence of URF. 

Geographic recombination hotspots are the birth-
place of most CRF, some of which have propagated 
widely outside of their place of origin. CRF represent 
only a few recombinants among the thousands gener-
ated in these areas, which have become selected for 
epidemic expansion due to their biologic properties 
and to chance introduction in appropriate transmission 
networks. Thus, CRF01_AE, CRF05_DF, and all the 
complex CRF (04, 06, 09, 11, 13, 18 and 19) have most 
likely originated in Central Africa; CRF02_AG probably 
originated in Central or West Africa, where subtypes A 
and G co-circulate; CRF10_AD in East Africa; CRF14_BG 
in Portugal; CRF07 and 08_BC in Myanmar or South 
China; CRF12_BF in Brazil; and CRF20_BG and two 
other related CRF in Cuba. 

Changes in established epidemics

The persistent predominance of one or more HIV-1 
variants in a geographic area has been attributed to a 
founder effect122, whereby the first genetic form success-
fully introduced in a population gains an initial advan-
tage over other genetic forms arriving later, and remains 
predominant due to similar transmission efficiencies and 
to restrictions to superinfection, particularly during the 
chronic phase of infection123. However, there are multi-
ple examples, some of them reported recently, which 
show that the distribution of HIV-1 variants in an epi-
demic is not static but can evolve relatively rapidly, 
even within groups sharing a transmission route. 

The case of IDU in Thailand has been known for 
several years: subtype B’ was first introduced among 

IDU in 1988, but CRF01_AE, introduced initially among 
promiscuous heterosexuals one year later, has become 
the predominant genetic form transmitted in IDU since the 
mid-1990s110. Infection with CRF01_AE in IDU was not 
associated with sexual risk behaviors124,125. One study 
found higher transmission rates for CRF01_AE com-
pared to subtype B among IDU in Bangkok, although 
it was difficult to differentiate the contributions of bio-
logic from epidemiologic factors126. Similarly, in IDU of 
the Yunnan province in south China, a shift in pre-
dominance from B’ (introduced since 1989) to Cenv 
viruses was noticed in the mid-1990s127. More recently 
in Brazil, subtype C has expanded in the southern 
states of the country85,87,88. Coalescent analyses indi-
cate faster expansion of the Brazilian subtype C vari-
ant, compared to subtype B or to the South African 
subtype C90. In Cuba, three BG intersubtype recombi-
nant forms have expanded recently among homosexu-
als from Havana City18,22. No infections with these re-
combinants were detected in individuals diagnosed in 
1998 or earlier, but they have increased gradually 
since 1999, reaching 31.4% of infections in 2003 diag-
noses, with a concomitant decrease of subtype B from 
88% in 1997 to 40% in 200318 (Fig. 4). In Uzbekistan, 
only subtype A and CRF03_AB viruses were detected 
in samples collected in 1999-2000, but 9.2% of infec-
tions with a CRF02_AG variant of monophyletic origin 
were detected in 2002-200369. In Kinshasa, DRC, sub-
type C infections among female prostitutes rose from 
0% in 1997 to 18.9% in 2002128. 

In several countries of Western Europe, an increase 
in non-subtype B infections has been noticed in recent 
years, particularly among nonimmigrant individuals, 
although evidence for the local circulation of non-sub-
type B genetic forms is lacking, except for subtype G 
and CRF14_BG in Portugal and Northwestern Spain100-

103 and CRF11_cpx among IDU in West Switzerland116. 
In Spain, 7.6% of seroconversions from 1997 through 
2004 were with non-subtype B viruses, all recorded in 
the last three years129. In a recent study in clinics of 
sexually-transmitted infections of England and Wales, 
71% of infections among heterosexuals were with non-
subtype B viruses, with proportions increasing in newly 
diagnosed infections130. In France, non-subtype B in-
fections increased from 10.6 to 19% in acute infections 
between 1996-1998 and 1999-2000. Among chroni-
cally infected individuals of European descent, non-
subtype B infections increased from 5.9 to 14% in this 
period131. The majority of these individuals did not re-
port a partner from sub-Saharan Africa. Similar trends 
have been observed in Italy132 and Belgium133.
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Rapid changes in the distribution of HIV-1 genetic 
forms in established epidemics, either by the introduc-
tion of new strains, by the expansion of minor variants, 
or by the local generation and expansion of new re-
combinant forms, support the need for continued sur-
veillance to monitor the genetic composition of the 
epidemic and the variants transmitted at each moment, 
which may have implications for vaccine development, 
response to antiretroviral therapies, or validity of tests 
used in clinical practice. 

The role of superinfection in the HIV-1 
pandemic

Superinfections can lead to the generation of new 
recombinant forms, or to the replacement of the ini-
tially infecting strain with the reinfecting virus as the 
predominant form in an individual. In some areas they 
may contribute to the high frequencies of URF, some 
of which exhibit complex mosaic structures apparently 
derived from multiple successive rounds of recombina-
tion134, suggesting that dual infections, including su-
perinfection, are relatively common in those popula-
tions. Reports of superinfection have multiplied since 
the first cases were published in 200232,135-139. How-
ever, several studies also point to the existence of re-
strictions to superinfection, particularly during chronic 

infection140-143. Of the 27 reported cases of superinfec-
tion, 18 were intersubtype, one intergroup, and only eight 
intrasubtype. These figures may not necessarily re-
flect their relative frequencies, since they may be 
biased by the use of methods detecting only intersub-
type superinfection. In at least three of the reported 
cases, superinfection has resulted in recombination 
between the initial and the secondary strains, two of 
them intersubtype and one intrasubtype32,144,145. The 
majority of superinfection have occurred in the early 
stages of infection: only two of seven intrasubtype and 
six of 18 intersubtype superinfection were detected more 
than one year after detection of the initial infection. Of 
the two intrasubtype superinfections detected after one 
year post-seroconversion, one occurred in a patient 
treated with antiretroviral drugs during the acute infec-
tion146. Several population-based studies have report-
ed the rarity of superinfection during chronic infection. 
In the USA, where only subtype B is circulating, no 
superinfections were detected during 1072 person-
years of observation in one study140, or among IDU 
after 215 person-years of follow-up in another one141. 
In the latter study, the relative risk of superinfection 
was significantly lower than initial infection in the study 
population. In a population of IDU in Switzerland among 
whom subtype B and CRF11_cpx are circulating, only 
two cases of superinfection after 346 person-years of 
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Figure 4. Changes in relative prevalences of main genetic forms of Cuba among homosexual men from Havana City according to year of 
diagnosis18.
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follow-up were detected116. No case of superinfection 
was detected among 14 treated seroconcordant cou-
ples harboring divergent HIV-1 strains followed up dur-
ing one to four years142, nor among nine individuals 
with established untreated infection with high-risk ex-
posure (four transfused with HIV-1-infected blood and 
five IDU consistently sharing injection equipment with 
other IDU)143. In studies of early infection, results are 
discordant: some suggest that superinfection is rela-
tively common139,147 and others that it is rare136,148,149. 
Discrepant results may derive from multiple factors that 
may affect the frequency and detection of superinfec-
tion: whether a single clade or multiple clades circulate 
in the study population, type and frequency of risk 
exposure, frequency of antiretroviral drug treatment, 
duration of follow up, and sensitivity of the method in 
detecting minor strains. We have found that detection 
of dual infection may also depend on the clinical mate-
rial used for study: one case of dual infection with two 
CRF (CRF12_BF and CRF14_BG), a very probable su-
perinfection with each CRF acquired in Argentina and 
Spain, respectively, was readily detected by direct se-
quencing, clonal sequencing, and by clade-specific 
PCR in DNA from PBMC, but not in plasma RNA where 
only CRF12_BF was detected150. 

The reported rarity of superinfection during chronic 
HIV-1 infection in humans is concordant with studies 
in nonhuman primates, reporting a window period after 
initial infection beyond which superinfection would be 
restricted151,152. This may reflect the time required for 
the immune responses to mature153. If this is so, it 
would suggest that immune mechanisms could protect 
against superinfection, which may offer hope for an 
effective vaccine against HIV-1, although results from 
one published case appear to indicate that even strong 
CD8+ T-cell-mediated responses against the initial 
strain may not be sufficient for protection against re-
infection146. Also of potential relevance for vaccine 
development would be to determine whether the de-
gree of genetic relatedness between viruses corre-
lates to protection from superinfection. Studies aimed 
at examining such hypothesis may be feasible in ar-
eas in which different subtypes or CRF and variants 
within them co-circulate in the same population (e.g. 
Cuba17,18). 

Concluding remarks

Recent studies supporting correlations of HIV-1 ge-
netic clades with susceptibility to neutralization by an-
tibodies5 and to cell-mediated immune responses6,7, 

and with development of specific drug resistance-as-
sociated mutations8 reinforce the role of molecular 
epidemiology as an essential tool for guiding interven-
tions aimed at the control of the HIV-1 pandemic. How-
ever, more studies are needed, in which main variants 
within subtypes and CRF should be included. The high 
frequency and complexity of URF detected in many 
areas indicate that recombination is a major mecha-
nism for the generation of HIV-1 diversity in the pan-
demic. Many of the recombination events could result 
from superinfections, which are more common than 
previously thought, although there also appear to exist 
restrictions to their occurrence, particularly during chron-
ic infection. They constitute natural experiments which 
may allow examining the correlation between HIV-1 ge-
netic variants and protective immune responses. 

In spite of rapidly accumulating data on global HIV-1 
diversity, much more remains to be known, and a ma-
jor scaling-up of efforts is still needed, especially in 
developing countries with high HIV-1 prevalences. In par-
ticular, it is important to carry out studies with epide-
miologically representative sampling of the population, 
including the collection of relevant epidemiologic data. 
In 1996, Hu, et al.154 proposed to establish “worldwide 
surveillance networks to monitor the molecular epide-
miology of HIV by systematically collecting isolates of 
representative HIV strains from different populations 
with various transmission risk factors, to help under-
stand the degree of genetic diversity within subtypes 
and what subtypes predominate in these popula-
tions” and added that “efforts should be made to 
sample on a continual basis […] sampling should also 
attempt to capture recent infections so as to reflect the 
strains currently transmitted”. These recommendations 
are still far from being fulfilled. At the time this was 
written, the importance of recombination and superin-
fection for generation of diversity in the pandemic was 
still not fully recognized. Today, we should add to the 
aforementioned proposal the need for characterization 
of full-length genomes of representative samples, par-
ticularly in areas in which multiple genetic forms are 
circulating, and for carrying out well-designed popula-
tion-based studies on superinfection, including exami-
nation of its frequency, timing during infection, and 
correlation with immune responses and genetic 
clades. 
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