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Mostt  HIV-1 subtyp e F viruse s describe d so far have been isolate d fro m individual s originatin g in South America , Romania , 
orr  Centra l Africa . Previou s studie s have show n that subtyp e F viruse s fro m thes e thre e areas can be distinguishe d by 
phylogeneti cc  tree analysi s of variou s part s of the HIV genom e Subtyp e F strain s circulatin g in Centra l Afric a and classifie d 
ass subgrou p F2 and F3 have relativel y larg e nucleotid e distance s fro m strain s of subgrou p F1, whic h include s some Africa n 
strains ,, alon g wit h strain s fro m Romani a and South Americ a Subtyp e F strain s have now appeare d in Europe . In thi s study , 
wee analyze d the complet e gag gene and a larg e fragmen t of the pol gene of seven strain s of Africa n origi n that represen t 
thee thre e F subgroups . At least fiv e of the seven strain s appear to be intersubtyp e recombinants . Of fou r strain s circulatin g 
inn Belgiu m and the Netherlands , thre e were F/D mosaic s and the fourt h harboure d a G9" ,/GHpo7F3"" * recombinan t structure . 
Twoo of the thre e F/D mosaic s showe d identica l breakpoint s and were independentl y introduce d in Belgiu m and the 
Netherland ss At least two of the mosaic s were furthe r transmitted . The remainin g thre e strain s of the seven we studie d were 
isolate dd fro m individual s in Cameroon . Two include d larg e or smalle r F1 fragment s in gag and pol. The thir d strai n was 
subtyp ee D alon g the entir e gag and pol fragment , A parenta l Africa n subtyp e F that showe d no evidenc e for recombinatio n 

w a ss not f o u n d S 2000 Academic Press 

INTRODUCTION N 

Humann immunodeficiency virus type 1 (HIV-1) strains 
off the major group M are subdivided into eight "pure" 
subtypess (A-D, F-H, J) and various circulating recombi-
nantt forms (CRFs) on the basis of phylogenetic analysis 
off partial and full-genome sequences (Korber ef at., 
1998).. Phylogenetic tree analyses reveal that the genetic 
subtypess of HIV-1 have nucleotide differences of 20-30% 
inn their envelope (env) gene (Korber et at., 1998). In most 
Europeann countries, HIV-1 subtype B is the predominant 
subtype,, but non-B subtypes have been introduced (Ar-
noldd ef a/., 1995; Alaeus ef at.. 1997; Lasky ef at. 1997). 

HIV-11 subtype F is predominantly found in Central 
Africa,, South America, and Romania (Dumitrescu ef a/., 
1994;; Apetrei ef at.. 1997). African countries where HIV-1 
subtypee F viruses have been detected are Cameroon 
(Delaportee ef a/., 1996; Triques ef a/., 1999), the Demo-
craticc Republic of Congo (DRC) (Mokili ef at., 1999; 
Triquess et a/., 1999), Gabon, and the Central African 
Republicc (CAR) (Triques ef a/., 1999). Reported preva-
encess of env HIV-1 subtype F viruses in these African 

Too whom reprint reauests should be addressed at Division of 
Publicc Health and Envronrrenl, Municipal Health Service. Nieuwe 
Achtergrachtt 100, 1018 WT Amsterdam, the Netherlands Fax- (31-20) 
555-5533.. F-mail- eodcoul^gggd.arrsterdarr.n 

countriess vary from 3% to approximately 10% (Janssens 
eff at., 1997; Takehisa ef a/., 1998). In some European 
countries,, sporadic cases of env HIV-1 subtype F viruses 
havee been reported, mainly among individuals with an 
epidemioiogicall link to Central Africa or South America. 
Recently,, seven subtype F cases were described in Bel-
gium,, six of which were independent introductions be-
tweenn 1985 and 1994 and one was a mother-to-child 
transmission.. At least two of these Belgium env subtype 
FF strains presumably originated from West Central Afri-
cann countries (Heyndrickx eta!., 1998). HIV-1 envsubtype 
FF viruses have also been introduced in the Netherlands 
andd strains of African origin have been isolated from 
individualss with an epidemiological link to the DRC 
(Wolfss ef a!., 1992). 

Authorss of a recent paper on the genetic heterogeneity 
off HIV-1 subtype F strains from Central Africa (Triques ef 
at.,at., 1999) apparently found certain strains difficult to 
classify.. These strains are genetically closely related to 
HIV-11 subtype F, but form distinct clusters beyond the 
subtypee F cluster first described, which included strains 
fromm Africa, Brazil, and Romania. To resolve the classifi-
cation,, the problematic strains were divided into three 
subgroups,, F1, F2, and F3, based on comparison of their 
envenv and gag sequences. Group F1 includes strains from 
Romania,, South America, and the DRC, whereas F2 and 

65 5 



CHAPTERR 3 

-- 89BRbz162-F1 

93BR020-F1 1 

-- BEVI1052-F1 

BEV1850-F1 1 

-- 96R95-F1 

96R97-F1 1 

-- HP411-F1 

-- 97R101-F1 

97R105-F1 1 

-- R890S20-F1 

BZVI1206-F1 BZVI1206-F1 

-- BEVI1310-F1 

BEVI507-F1 1 

 BEVI1267-F1 

-- KP257-F2 

CMR271-F2 2 

 R890820-D 

 BEVI12Q6-D 

-- BEVI1267-D 

 MP535-F3 

 GAVI354 

SE6165-G G 

-- 91ZR02-G 

SE9173-J J 

SE9280-J J 

-- 90CR056-H 

-- BEVI991-H 

-- CBR025-C 

—— C2220-C 

 IH05-E 

JRFL-I I 

RF-B B 

ELII -D 

—— NDK-D 

-- 94UG114-D 

-- RF-B 

CA20 CA20 

BEVI1052-F F 

93BR020-F F 

BEVIS50-F F 

SE9173-J J 

-- SE9280-J 

-- 90CR056-H 

BEVI991-H H 

92UG037-A A 

U455-A A 

93ZR6911 93ZR6911 

 92KG083-G 

-- SE6165-G 

S c a l e :: each - i s a p p r o x i m a t e l y equal t o the d i s t a n c e of 0.004006 i ss approx imate ly equal t o the d i s t a n c e of 0.001601 

FIG.. 1. Neighbour-joining phylogenetic trees of HIV-1 based on the V3 region of the env gene {276 nt, tree A), and the full genome of gag (1464 nt, 
treee B) and pol {1146 nt, tree C). The trees were constructed using a set of reference sequences from the Los Alamos GenBank- subtype A (U455, 
UG37);; B (RF, JRFL); C (92Br025, C220); D (UG114, NDK); F (93BR020 from Brazil and BEVI850 from the DRC); G (SE6165), H (90CR056, BEVI991); and 
JJ (SE9173, SE9280). For these subtypes full-length sequences were available, but for E and I, only env sequences were available. Other references 
usedd are 89BRbz162 and BEVI1052 from Brazil, and 96R95, 96R97, 97R101, and 97R105 from Romania. The numbers in the figure represent the 
bootstrapp value (100 replicates) for neighbour joining. Only bootstrap values higher than 70 are shown. 

F33 are represented by African strains from Cameroon 
{F2,, F3) and the DRC (F3). These subgroups have nucle-
otidee differences of 23.5-27.8% in env and 6.8-9.7% in 
p244 gag and may represent new subtypes (Triques etal., 
1999).. For most African strains classified as subtype F, 
sequencee information for the pol gene is limited and for 
thee gag gene mainly partial sequences were published. 
Wee therefore sequenced and phylogenetically analyzed 
thee complete gag gene and a large pol fragment for 
severall viruses that previously were identified as sub-

typee F on the basis of their env gene (Wolfs et ai, 1992; 
Nkengasongg et ai, 1994; Heyndrickx et ai., 1998; Op de 
Coull et ai., 1998). Four of these strains had been intro-
ducedd into Belgium and the Netherlands, where at least 
twoo were transmitted further, one passing from a mother 
too her child and one passing to a sexual partner. We 
examinedd these strains to determine which viruses cir-
culatingg in Belgium and the Netherlands are recombi-
nantt forms and which might represent the parental Afri-
cann subtype F Furthermore, we examined three strains 
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FIG.. 1— Continued 

fromm Cameroon that clustered as subtype F2 in order to 
understandd the phylogenetic relations between strains 
fromm the subgroups F1, F2, and F3 of HIV-1. 

RESULTS S 

Comparisonn with published African HIV-1 subtype F 
sequences s 

Inn order to phylogenetically characterize HIV-1 subtype 
FF strains of African origin introduced into Belgium and 
thee Netherlands and to understand the phylogenetic re-
lationss with published subtype F sequences from Africa, 
wee sequenced the entire gag gene and a large portion of 
potpot of seven HIV-1 strains that were previously classified 
ass env subtype F (Nkengasong ef a/., 1994; Janssens ef 
a/.,a/., 1997; Op de Coul ef at., 1998). The samples were 
collectedd after we conducted a BLAST search (Altschul 
eff at., 1999) on an HIV-1 subtype F virus that was intro-
ducedd in the Netherlands. In our previous study on HIV-1 
subtypee F viruses, in which we analyzed sequences from 
Romania,, we observed that an HIV strain isolated from a 
Dutchh man (R890820) who had a female partner from the 
DRCC clustered in the phylogenetic tree within the group 

off Romanian subtype F sequences (Op de Coul ef at, 
2000).. By using the BLAST search this sequence was 
comparedd with the HIV sequence database to identify 
thee most closely related African sequences. The 
R8908200 env sequence showed a high homology of 94 
andd 92% with two African subtype F sequences 
(BEVI1206andd BEVI1267) identified in Belgium. In the env 
V33 phylogenetic tree in Fig. 1A it is shown that the three 
envenv sequences clearly belong to the genetic subtype F, 
butt were placed beyond the Romanian and South Amer-
icann subclusters. HIV strain 93ZR6911, which was also 
introducedd in the Netherlands, clustered in between the 
subtypee F group that included reference sequences from 
Romania/Southh America and a group of Cameroon se-
quencess (CA4, CA16, CA20, 94CMr304, 94CMr271, 
94CMr275)) which were also tentatively characterized as 
subtypee F in the sequence database. Their distinct po-
sitionn from the Romanian/South American subtype F 
clusterr was previously observed by other researchers 
andd recently these sequences were classified as HIV-1 
subtypee F2 (Triques ef at., 1999). The BLAST search 
revealedd that the 93ZR6911 strain showed highest ho-
mologyy with strain GAVI354 (94%) from Gabon (Delaporte 
eff at, 1996), also tentatively registered as subtype F 
inn the sequence database. Furthermore, sequence 
93ZR69111 showed homology with the African strains 
EQTB11,, ZR36, MP535, and MP446, recently classified as 
subgroupp F3 (Triques ef at, 1999). To this day, only one 
subtypee F strain from sub-Saharan Africa has been de-
scribedd (BEVI850) that clusters consistently with subtype 
FF references in phylogenetic trees based on the env, 
gag,gag, and pot gene. This is due partly to the limited 
numberr of pot sequences available and partly to inter-
subtypee recombination. To examine the possibility of 
intersubtypee recombination among the subtype F strains 
introducedd in Belgium and the Netherlands, we se-
quencedd the complete gag gene (1464 nucleotides (nt)) 
andd a large fragment of po/( 1146 nt) of four strains, which 
clusteredd in env as F1 (R890820, BEVI1206, BEVI1267) 
andd F3 (93ZR6911). Additionally, we analysed three se-
quencess from Cameroon that clustered as subgroup F2 
(CA4,, CA16, and CA20). 

Thee gag sequences of the three env subtype 
F11 strains —R890820, BEVI1206 and BEVI1267 —were 
foundd to cluster together, as in the env tree, although this 
timee with subtype D references (Fig. 1 B). Furthermore, 
thee gag sequences formed a distinct subcluster within 
thee major subtype D cluster, with a bootstrap value of 
100.. One of the Cameroon sequences (CA4) also clus-
teredd within the D subtype but was highly divergent from 
thee subtype D references included in the tree analysis. 
Thee gag sequence of 93ZR6911 also showed a discor-
dantt branching from the env tree. Although it clustered 
ass subgroup F3 in env, it clustered as a highly divergent 
subtypee G strain in gag. As in the env tree, the strains 
CA166 and CA20 did not clearly group within the clusters 
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FIG.. 2. Bootscan analysis of the complete gag and partial env and pol sequences of four African recompinant strains to determine the 
recomhinationn breakpoints. The analysis is Pased on neighPour-joining tree analysis (Kimura two-parameter distances) with Pootstrapping. The 
Pootstrapp values that support the clustering of the query sequences with the references are plotted. The chosen window size is 300 nt, moving with 
stepss of 20 nt along the alignment. The recombination Preakpoints are visualised in the Pars aPove the graph. The unresolved parts of the genome 
aree shown in white. 

off gag reference sequences for the distinct subtypes A-J, 
althoughh they appeared to have more affinity with the 
subtypee F cluster than with other subtypes. We also 
constructedd a gag tree based on P24 sequences of 624 
ntt in which we included the P24 sequences MP255 and 
MP2577 obtained from the GenBank and classified by 
Triquess ef al. as subgroup F2 (data not shown). This tree 
showedd that the four strains from Cameroon also formed 
onee cluster in gag, but the bootstrap value of this cluster 
wass low (49). 

Althoughh these Cameroon sequences were recently 
classifiedd as a subgroup F2 of HIV-1 subtype F, their 
geneticc relationship with the subtype F1 cluster is similar 
too the relationship previously observed for the subtypes 

BB and D. In the phylogenetic tree based on the 1146 nt 
polpol fragments (Fig. 1C), the three pien7D»»s recombinant 
strainss R890820, BEVI1206, and BEVI1267 no longer be-
longedd to subtype D, but were placed in a distinct sub-
groupp with bootstrap value 82, close to the subtype F 
referencee sequences, but with the sequences CA16 and 
CA200 in between. The pol fragment of strain 93ZR6911 
clusteredd with bootstrap value 93 as a highly distinct 
variantt of subtype H. The CA4 sequence remained sub-
typee D in the tree based on pol sequences. So far, these 
resultss show that at least five out of seven African strains 
harbourr intergenic recombinant structures. 

Too determine whether the sequences with inter-
spersedd positions or long branches represent intersub-
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FIG.. 2 — Continued 

typee gag or pol intragenic recombinants, we constructed 
treess based on smaller overlapping segments of the gag 
andd pol gene of approximately 400 nt each. We did this 
analysiss for each putative recombinant sequence sepa-
rately.. This "short-fragment" tree analysis revealed that 
thee first 400 nt of gag sequence 93ZR6911 clustered 
interspersedd between the subtypes G and A, suggesting 
recombinationn between strains from the subtypes A and 
G.. The first 400 nt of the pol sequence 93ZR6911 clus-
teredd interspersed between subtypes G and H, indicat-
ingg that a recombination breakpoint is localised in this 
area.. The second and third parts of 400 nt clustered 
consistentlyy with the subtype H reference. The tree that 
includedd the first 400 nt of pol (protease and approxi-
matelyy 100 nt of RT) of the strains BEVI1206, BEVI1267, 
andd R890820 showed positions interspersed between 
subtypess D and F. The second 400 nt fragment of the 
threee strains clustered with subtype D, but the last frag-
mentt clustered again with subtype F. When the same 
analysiss was conducted for strains CA16 and CA20, the 
sequencess could not be assigned to any of the reference 

subtypess included in the gag (Fig. 1B) and pol tree (Fig. 
1C),, but consistently clustered with interspersed and 
similarr positions that were relatively near but not within 
thee subtype F cluster. These viruses may therefore be-
longg to a "new" subtype, but the possibility of intersub-
typee recombination should be studied more extensively 
beforee such a conclusion is reached. 

Localizationn of recombination breakpoints 

Thee Recombination Identification Program (RIP) was 
usedd to confirm recombination and to determine all pu-
tativee parents of the recombinant structures. The se-
quencess were compared with reference sequences of 
eachh subtype: A through J. The env\/3 sequences of the 
strainss CA4, CA16, CA20, and 93ZR6911 and the gag 
sequencess of CA16 and CA20, previously classified as 
F22 or F3, could not be assigned to any of the reference 
sequencess included in the RIP analysis. There were no 
clearr indications for recombination events in these re-
gions.. As expected, the pol sequences of R890820, 
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FIG.. 2 — Continued 

BEVI1267,, and BEV11206 showed most similarity with the 
referencee sequences for subtypes D and F. Strain 
93ZR69111 (gag plus pol sequence) consisted of parts 
belongingg to subtypes A, G, and H. The pol sequences of 
CA166 and CA20 contained fragments of subtype F, 
whereass the CA4 strain matched with the subtype D 
referencee along the entire gag and pol sequence. To 
determinee more precisely the breakpoints of the inter-
subtypee recombinant sequences, we performed 
bootscann analysis (Ray, 1999) as described under Mate-
riall and Methods. This analysis, in which a sliding win-
doww of 300 nt moved across the aligned sequences with 
stepss of 20 nt, confirmed the results that we observed in 
thee short-fragment tree analysis and the RIP analysis. 
Thee analysis was repeated with a window of 200 nt 
movingg with steps of 10 nt with similar results (data not 
shown).. The bootscan graph for the gag and pol se-
quencee of strain R890820 (Fig. 2A) shows at least three 
recombinationn breakpoints, the first within the gag gene 
att about nucleotide position 1250, and second and third 
withinn the reverse-transcriptase (RT) gene in pol. Inter-
estingly,, the bootscan analysis revealed identical break-
pointss in pol for BEVI1206 (Fig. 2A) and R890820, from 

Belgiumm and the Netherlands, respectively, and both rep-
resentt individuals with an epidemiological link with the 
DRC.. The F1en7DBa7DFpo1 recombinant sequences were 
ndependentlyy introduced in the two countries and be-
longedd to different individuals. Strain BEVI1267 (Fig. 2B) 
alsoo contained parts of the subtypes D and F, but certain 
partss of gag and pol could not be assigned to any 
subtypee of the HIV-1 group M. Strain 93ZR6911 (Fig. 2C) 
clusteredd with the subtype G reference in a 746 nt gag 
fragment,, and in the first 250 nt of the pol gene. However, 
thee rest of the pol sequence clustered with subtype H, 
whereass the env part showed most homology with the 
Braziliann subtype F reference. In contrast to the RIP 
analysis,, the bootscan analysis did not provide evidence 
forr a subtype A fragment in the gag gene. Figure 2D 
showss that sequence CA16 clustered with subtype F 
throughoutt the entire sequenced gag and pol fragment, 
althoughh the bootscan value did not consistently reach 
thee 70% level of significance. Partly this is due to the 
gag-polgag-pol transition area, which has a low sequence infor-
mationn density, and this causes a drop in the bootscan 
valuee at position 1100 in the graph. The gag, pol, and env 
regionss of strain CA20 showed a complex and partly 
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unclearr picture (not shown), but the first 400 nt of gag 
andd the last 800 nt of pol clustered with subtype F. The 
14000 nt in between these areas could not significantly be 
assignedd to any subtype. 

DISCUSSION N 

Inn our study of samples from seven individuals in-
fectedd with the HIV-1 env subtype F virus, we sequenced 
thee gag gene and an 1146 nt pol fragment in order to 
examinee the HIV strains for intersubtype recombination. 
Att least five of the seven HIV-1 strains, which repre-
sentedd subgroups F1, F2, and F3 (Triques et al., 1999), 
appearr to be intersubtype recombinants (R890820, 
BEVI1206,, BEVI1267, CA4, 93ZR6911). Three strains 
(R890820,, BEVI1206, and BEVI1267) are recombinants of 
subtypess F and D; subtype F in env and subtype D in gag 
withh two differing structures in pol. Strains R890820 and 
BEVI1206,, which were independently introduced in the 
Netherlandss and Belgium, show identical breakpoints in 
thee pol gene, halfway through the reverse-transcriptase 
gene.. This crossover site was previously observed (Cor-
nelissenn et al., 1996). To exclude the possibility that the 
strainss with identical breakpoints have an epidemiolog-
caii link we checked the birth dates of the female partner 

off R890820 and the Belgium woman BEVI1206 and they 
weree different. 

Thee strains CA4 and 93ZR6911 from Cameroon and 
thee DRC also represent various intersubtype recombi-
nants,, with strain 93ZR6911 including at least three sub-
types:: G, H, and what appears to be F. The eni/part of this 
strainn shows most homology with env regions of recently 
publishedd strains (Triques et al., 1999), classified as F3. 
However,, based on genetic distances Triques et al. dis-
cusss the possibility that these regions could originate 
fromm a new subtype. Strains CA16 and CA20 from Cam-
eroonn appear to be intersubtype recombinants that most 
likelyy include segments of an unknown subtype, but they 
alsoo include subtype F segments, which could explain its 
closerr relationship with subtype F in the tree based on 
gaggag and pol fragments. The problematic sequences 
thereforee do not fulfill all the criteria for a new subtype, 
sincee they do not consistently cluster in one group equi-
distantt from the other subtypes in each genomic frag-
ment. . 

Att least five of seven HIV-1 subtype F viruses of African 
originn that were included in this study appear to be 
intersubtypee recombinants. This could be due to sam-
plingg bias or to the relative rarity of HIV-1 subtype F in 
Africaa and the presence of many other subtypes. The 
parentall African subtype F virus was perhaps an unfit 
viruss that could not compete with the many other HIV-1 
subtypess circulating in Africa. The nonrecombinant sub-
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TABLEE 1 

Epidemiologica ll  Informatio n for Study Subject s 

Sample e 

R890820' ' 
BEVI1206 6 
BEVI1267" " 
93ZR6911 1 
CA4 4 
CA16 6 
CA20 0 

Gender r 

M M 
F F 
F F 
F F 
na' ' 
na a 
na a 

Originn of subject 

Thee Netherlands 
Belgium m 
Belgium m 
DRC C 
Cameroon n 
Cameroon n 
Cameroon n 

Yearr of 
sampling g 

1989 9 
==1994 4 
S1994 4 

1993 3 
1993 3 
1993 3 
1993 3 

Cityy of 
sampling g 

Amsterdam m 
Antwerp p 
Antwerp p 
Amsterdam m 
Yaoundé é 
Yaoundé é 
Yaounde e 

Riskk exposure 

Femalee partner from the DRC 
Travelingg in Africa 
Malee partner from DRC 
Heterosexuall contact 
na a 
na a 
na a 

HIVV env subtype 

F1 1 
F1 1 
F1 1 
F3 3 
F2 2 
F2 2 
F2 2 

** Evidence of transmission of F/D recombinant strains. 
"" na, information is not obtained. 

typee E parent of the E/A recombinant strain is still un-
identified,, while the E/A recombinant strain is spreading 
fastt in Asia. The high number of recombinants found 
amongg the relatively limited number of env subtype F 
virusess from Africa that have so far been sequenced 
suggestss that this virus has increased its fitness, either 
byy chance or as a survival mechanism, by recombining 
withh other subtypes that are more readily and widely 
spread.. In Brazil and in Argentina as well, recombinants 
andd mosaics that include subtype F fragments have been 
reportedd (Sabino era/., 1994; Marquina et al., 1996). The 
spreadd of a B/C strain in China and the A/G-lbMg in 
sub-Saharann Africa (McCutchan et al., 1999) strengthens 
thee hypothesis that recombination does not have to be 
disadvantageouss and may even promote the survival of 
thee virus. Recombination is a genetic mechanism for the 
generationn of multiple variants from single variants. It 
enabless the virus to try a number of variants in its 
strugglee with the host's immune system and eventually, 
thee fittest variant will surpass the others. So far, there is 
noo evidence that intersubtype recombination is harmful 
forr the HIV-1 virus. In fact, it has been shown that recom-
binantt viruses can readily spread further (McCutchan et 
al.,al., 1999). Two of the three F/D recombinants we studied 
weree further transmitted: one strain was passed on from 
aa mother to her child (BEVI1267) and another was sexu-
allyy transmitted (R890820). The independent introduction 
off similar recombinant HIV strains (R890820 and 
BEVI1206)) in two different countries could be coinciden-
tal,, but could also point to the emergence of this partic-
ularr recombinant strain. In that case, this F/D recombi-
nantt could become widely dispersed as time goes on. 

Inn this study we observed intragenic crossover sites 
withinn the gag and pol gene, in addition to those previ-
ouslyy described for the env (Neilson et al., 1999), gag, 
andd pol gene (Comelissen ef al., 1996; Korber et al., 1998) 
andd the long terminal repeat (Blanckard et al., 1999). The 
threee F/D recombinant viruses exhibited not only a 
breakpointt between the env and the gag gene but also 
evidencee for intragenic exchange within pol between 

7 2 2 

subtypee D and F strains. Intragenic recombination within 
thee pol gene is not surprising, since this gene is highly 
conserved,, and conserved parts of the genome are pos-
siblyy more subject to recombination. The crossover site 
thatt we observed in pol was not localized at the pro-
tease-reversee transcriptase transition point but within 
thee RT region. The pol fragments of the samples R890820 
andd BEVI1206 have similar breakpoints, suggesting a 
singlee shared crossover event in the past. Also possible, 
butt perhaps less likely, is that the crossover between the 
subtypess D and F occurred at the same positions in 
distinctt individuals who were coinfected with subtype D 
andd F strains. The breakpoint in the pol gene of strain 
BEVI12677 has a different location than in the other 
strains,, which implies that the exchange of sequence 
informationn between subtype D and F viruses has oc-
curredd at separate points during the course of the epi-
demic.. The recombination event most likely occurred in 
Centrall Africa, where the prevalence of non-B subtypes 
iss much higher than in Belgium or the Netherlands. 

Itt is striking to note that recombination seems to occur 
moree often between viruses that belong to the more 
closelyy related subtypes, such as subtype F and D or A, 
G,, and H. This observation was not pursued by our study, 
butt suggests the possibility that the strains with parts of 
moree closely related subtypes are not true recombinants 
butt consist of fragments with different evolutionary rates 
possiblyy caused by different immunological pressures. 
Onn the other hand, coinfections with distinct genotypic 
HIVV strains have been described (Diaz ef al., 1995; Janini 
eff al., 1998). In one study even with evidence of viral 
recombinationn in an acute seroconverter (Zhu ef al., 
1995). . 

Furthermore,, the categorization of HIV-1 viruses as 
differentt subtypes or as subgroups of a subtype (as F1, 
F2,, and F3) is basically a matter of arbitrary definition. It 
iss possible that the F subgroups represent unidentified 
subtypess with a relatively small nucleotide distance. 

Inn conclusion, this study demonstrates that three F/D 
recombinantss from Africa have been introduced indepen-
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dentlyy in Belgium and the Netherlands. Secondary trans-
missionn of at least two of these recombinant viruses has 
occurredd in both countries. The recent appearance of 
HIV-11 env subtype F viruses in Russia (Leitner et ai, 
1996),, the Philippines (Santiago ef ai, 1998), Belgium 
(Fransenn et ai, 1996), and the Netherlands (Op de Coul ef 
ai,ai, 1998) may suggest that subtype F is spreading. 
Whetherr its spread is the result of emerging recombinant 
strainss is a hypothesis that cannot be confirmed without 
additionall sequence analysis of other genes besides the 
env.env. Full-length sequence analysis is also needed to 
furtherr characterise and possibly rename the strains 
noww classified as F2 and F3. See Note added in proof. 

MATERIAL SS AND METHODS 

Stud yy subject s 

Sevenn samples seropositive for HIV-1 env subtype F 
weree obtained for sequencing from the Department of 
Microbiologyy of the Institute of Tropical Medicine in Ant-
werp,, Belgium, and the Academic Medical Center in 
Amsterdam,, the Netherlands. Four of these samples had 
beenn taken from heterosexual individuals living in the 
Netherlandss or Belgium. One of these (R890820) was 
obtainedd from a subject described in a previous study 
(Wolfss ef ai, 1992), a Dutch man, who suffered from an 
acutee HIV-1 infection in 1989 in the Netherlands. His 
HIV-seropositivee female partner originated from the DRC. 
Thee three other samples came from persons whose 
strainss were closely related to R890820, as determined 
byy a BLAST search of the HIV sequence database. They 
includedd BEVI1267, taken from a Belgium woman who 
acquiredd the virus from a HIV-seropositive partner from 
thee DRC and subsequently passed it to her child; sample 
BEVI1206,, taken from a Belgium woman who most likely 
becamee infected in Africa; and sample 93ZR6911, ob-
tainedd from a woman originally from the DRC who was 
livingg in Amsterdam (Op de Coul ef ai, 1998). Addition-
ally,, we sequenced three env subtype F strains that were 
collectedd from heterosexual individuals in Cameroon 
(CA4,, CA16, and CA20) (Nkengasong ef ai, 1994; 
Heyndrickxx ef ai, 1998). The env sequences of the 
sevenn viruses described in the present study were pre-
viouslyy published under Accession Numbers AJ228222, 
AJ228225,, AF032169, ZR9306911, X80541, X80443, 
X80448.. The 1464 nt gag and 1146 nt pol sequences were 
newlyy obtained for this study and submitted to the Gen-
Bankk under Accession Numbers AF247517-AF247523. 
Tablee 1 summarizes the epidemiological information that 
wass obtained for the seven study subjects. 

DNAA Sequencin g and phylogeneti c tre e analysi s 

Virall RNA was extracted from 100 ptl of serum (Am-
sterdam)) or culture supernatant (Antwerp) (Boom ef ai, 
1990)) and transcribed into complementary DNA (cDNA). 

Thee cDNA was used as templates for nested PCR am-
plificationn of sequences encoding almost the entire gag 
genee (p17, p24, p2, p7, p1, and p6), a total of 1464 nt, plus 
aa large portion of pol (the complete protease and half of 
reversee transcriptase), a total of 1146 nt. The 276 nt V3 
regionn of the env genes has been published previously 
(Wolfss ef ai, 1992; Heyndrickx et ai, 1998). We conducted 
nestedd PCR amplifications for both the gag and the pol 
fragments.. The gag gene was amplified in two parts of 
7299 nt and 735 nt, respectively. The pol gene was ampli-
fiedd in three partly overlapping fragments (A, 336 nt; B, 
5433 nt; and C, 487 nt) using primers and PCR conditions 
describedd in a previous paper (Cornelissen ef ai, 1996). 
Thee amplified double-stranded DNA products were di-
rectlyy sequenced in two directions on the ABI 377 auto-
maticc sequencer (Applied Biosystems, Foster City, CA) 
usingg the dye terminator primer set. The sequences were 
alignedd by using Clustal X (Thompson et ai, 1994) and 
subsequentlyy revised manually. The nucleotide align-
mentss were included in phylogenetic trees generated by 
thee neighbour-joining method (MEGA program) (Kumar 
etet ai, 1993) using Kimura two-parameter distances. The 
treess included reference sequences according to Los 
Alamoss (Korber ef ai, 1998) representing different HIV-1 
subtypess for which there is no evidence for intersubtype 
recombination;; subtype A (U455, UG37), B (RF, JRFL), C_ 
(92BR025,, C2220), D (94UG114, NDK), F (92BR020), G 
(SE6165),, H (90CF056, BEVI991), and J (SE9173, SE9280) 
(Salminenn et ai, 1996; Carr et ai, 1998; Gao et ai, 1998; 
Korberr ef ai, 1998; Laukkanen et ai, 1999). Subtype E 
andd I sequences were included only in the phylogenetic 
treee analysis of the env gene, since the gag and pol parts 
off these viruses show mosaic structures with subtypes A 
andd A/G, respectively (Carr ef ai, 1998). Bootstrap anal-
ysiss was conducted to test the phylogenetic clusters for 
statisticall significance. 

Examinatio nn fo r intersubtyp e recombinatio n 

Alll sequences were analysed with the Recombination 
Identificationn Program to examine the possibility of inter-
subtypee recombination in the env, gag, and pol frag-
mentss (Siepel et ai, 1995). The sequences were com-
paredd with reference sequences for the subtypes A to J. 
Whenn recombination was demonstrated, a more exten-
sivee analysis was conducted by phylogenetic tree anal-
ysiss of short genomic fragments. Subsequently the se-
quencess were scanned by an advanced technique of 
bootscanning,, as implemented in the SIMPLOT program 
forr Microsoft Windows, in which a panel of reference 
sequencess (sliding window) moves across the query 
sequencee (Ray, 1999). The bootscan analyses were con-
ductedd with various window sizes and window steps. In 
eachh step, a phylogenetic tree with 100 replicates was 
constructedd by NEIGHBOR, from the PHYLIP package, 
usingg Kimura two-parameter distances of DNADIST 
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(Felsenstein,, 1997). Sequence gaps were excluded from 

thee analysis. The bootstrap value of each query se-

quencee and its corresponding reference sequence were 

plotted.. Reference sequences that showed no relation-

shipp with the recombinant strains were removed, and the 

analysiss was repeated to simplify the graphic figure and 

too determine the breakpoints more precisely. This sec-

ondd bootscan analysis was done only when removing 

thee sequences did not significantly influence the shape 

off the graph and the bootscan values. The breakpoints 

weree localized as the midpoints of the transition from 

onee subtype to another. The bootscan analysis was con-

ductedd separately for the gag and pol genes (data not 

shown),, since their information density varies because of 

differencess in mutation variability. The env part could not 

bee analysed separately, given the shortness of the frag-

ment.. The bootscan analysis was therefore conducted 

forr the whole sequence, including the gag, pol, and env 

fragments.. Since intragenic differences in nucleotide 

variabilityy could disturb the result of the bootscan anal-

ysis,, we adjusted the window size from 200 to 300 nt and 

thee corresponding number of window steps (from 20 to 

100 nt) to see if the picture would change. The bootscan 

analysiss was also conducted in an effort to characterise 

genomicc fragments that could not be assigned to any of 

thee reference sequences in the phylogenetic trees. Frag-

mentss shorter than 200 nt and having a bootstrap value 

lowerr than 70% were considered to be not significant and 

thereforee unresolved. 
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Forr  reliabl e classificatio n of HIV-1 strain s appropriat e referenc e sequence s are needed . The HIV-1 geneti c subtyp e F has 
aa wid e geographi c spread , causin g significan t epidemic s in South America , Africa , and som e region s of Europe . Previousl y 
onlyy two full-lengt h sequence s of each of the HIV-1 subtyp e F subcluster s F1 and F2 have been described . To exten d the 
knowledg ee of subtyp e F variatio n on a complet e genom e level , thre e new virtuall y full-lengt h F1 sequence s were clone d and 
sequenced ,, two fro m Afric a and one fro m Sout h America . Compariso n of the new and previousl y describe d sequence s 
showe dd that monophyleti c clusterin g of the subcluste r F1 of subtyp e F is consisten t and highl y supporte d in all genom e 
regions .. Two additiona l full-lengt h strain s were show n to be mosaic s of subtype s F and D. These epidemiological ^  unrelate d 
F/DD sequence s showe d simila r chimeri c structure , suggestin g that they may represen t a previousl y undescribe d circulatin g 
recombinan tt  for m (CRF) This was supporte d by partia l sequence s fro m thre e additiona l unlinke d F/D recombinant s Geneti c 
distance ss in the phylogeneti c trees sugges t that the recombinatio n event leadin g to the putativ e CRF occurre d relativel y long 
ago,, clos e to the divergenc e of the F1 and F2 subclusters . Furthermore , all fiv e F/D recombinant s are linke d to the 
Democrati cc  Republi c of Congo , suggestin g that the origina l recombinatio n event too k plac e in central  Africa , p 2000 Academic 
Press s 

INTRODUCTION N 

AA high degree of variation among HIV-1 strains has 
resultedd in the establishment of multiple parallel evolu-
tionaryy lineages. Strains of HIV-1 are phylogenetically 
dividedd into three groups, M (major), 0 (outlier), and N 
(non-M-non-O),, of which the M group viruses are most 
widespreadd and form the majority of the HIV/AIDS pan-
demic.. The M group can be further divided into several 
differentt subtypes (A-K) (Korber ef a/., 1998; Triques ef 
ai.,ai., 2000). Subtype F is furthermore subdivided into two 
subclusters,, or subsubtypes, designated F1 and F2. For 
mostt subtypes, there are now a sufficient number of 
completee genome sequences available to demonstrate 
thatt the phylogenetic subtype classification is consistent 
inn all parts of the genome. 

Subtypee F strains have been found in significant num-
berss in South American countries such as Brazil and 
Argentinaa (Potts era/., 1993; Morgado eta!., 1994; Sabino 
eff ai, 1996, Louwagie ef at.. 1994; Gao ef ai, 1996b; 
Lukashovv ef a/.. 1996; Marquina ef ai, 1996; Camp-
odonicoo et ai, 1996), in Africa in the Democratic Republic 
off Congo (DRC) and Cameroon (Nkengasong ef a/., 1994; 
Lukashovv et ai, 1996), and in Europe in Romania, Russia, 

Too whom correspondence and reprint requests should be ad-
dressed,, hax +358-9-4744 8461. E-mair Mika.Salmmen^ktl.fi 

Cyprus,, and France (Dumitrescu ef a/., 1994; Liitsola ef 
ai.,ai., 1996, Kostrikis et ai. 1995; Simon et ai., 1996). See 
alsoo the HIV Sequence Database (http://hiv-web.lanl.gov; 
Korberr ef ai, 1998). The Cameroonian isolates and one 
strainn from the DRC form the F2 subcluster within the F 
cluster,, whereas the other strains fall into the F1 sub-
clusterr (Nkengasong ef ai., 1994; Lukashov ef ai., 1996; 
Triquess et ai.. 1999, 2000; Peeters et ai., 1998). 

However,, as with most HIV-1 sequences (independent 
off the subtype) available in GenBank, the majority of the 
availablee subtype F sequences are short sequence frag-
mentss (usually env or gag). So far only two full-length 
strainss of subtype F1 and two of subtype F2 have been 
clonedd and sequenced (Gao et ai., 1998b; Triques etal., 
2000).. Often HIV-1 strain subtypes are determined by 
sequencingg only one or a few short segments of the 
genome.. Such a typing strategy overlooks the fact that in 
additionn to evolving by accumulation of point mutations, 
severall studies conducted in recent years have shown 
thatt recombination between subtypes may be quite com-
monn (Robertson etal., 1995a). 

Piecemeall sequencing may not accurately describe 
thee genetic makeup of a virus, since the recombination 
eventss might have occurred elsewhere in the genome 
thann in the sequenced parts. This has frequently resulted 
inn a strain that was originally classified as belonging to 
aa single subtype later proving to be a mosaic of two or 
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moree subtypes after a full-genome sequence was pro-
ducedd (Robertson ef al., 1995b; Carr ef al., 1996; Gao ef 
al.,al., 1996a,b, 1998a) 

Inn addition to reports of independent unique chimeric 
strains,, some epidemics caused by recombinant HIV-1 
strainss have been encountered (Carr ef al., 1996; 1998; 
Gaoo ef al., 1996a; Liitsola ef al., 1998). In these cases the 
recombinantss behave like the genetic subtypes, forming 
monophyleticc clusters in phylogenetic analyses. Such 
epidemicc recombinants form a significant contribution to 
thee molecular epidemiology of HIV and have recently 
beenn given the collective designation of a circulating 
recombinantt form (CRF). Currently three such CRFshave 
beenn described, the AECM24Ö CRF prevalent in Southeast 
Asia,, the AGlbf,G CRF prevalent in western and central 
Africa,, and the ABK A L 1 6 3 CRF, which is found in several 
Easternn European countries (Liitsola et al., 1998, submit-
tedd for publication, a}. The common factor in all CRFs 
describedd to date is that one of the parental viruses 
belongss to subtype A. No CRFs that would not include 
subtypee A-derived regions have yet been reported. 

Too allow a better definition of the F subtype and re-
combinantss involving subtype F we have cloned and 
sequencedd three virtually complete subtype F viruses 
andd two F/D recombinants and compared them to exist-
ingg sequences. The two F/D recombinants were also 
comparedd to epidemiologically unlinked F/D recombi-
nantt strains from The Netherlands and Belgium (Op de 
Coull ef al., 1999). 

RESULTS S 

Full-lengt hh clone s 

Thee lengths of the cloned sequences were as follows: 
F9363,, 8925 bp; BZ126, 8962 bp; VI850, 8945 bp; VI1310, 
90833 bp; and VI961, 9005 bp. The open reading frames for 
thee genes were intact in all sequences, except in VI961, 
inn which pol was prematurely truncated due to a frame-
shiftt mutation at position 3696, and in F9363, due to a 
pointt mutation resulting in a premature stop codon at 
14733 in pol. All strains had two N F K B sites, three SP-1 
sites,, a normal TATA box, and a typical 3-nt bulge in the 
TARR stem region. However, the secondary structure pre-
dictionn for the TAR top loop for one of the isolates (VI850) 
indicatedd a 4-nt top loop instead of the normal 6-nt loop. 
Whetherr this has any consequences for the biological 
propertiess of the virus is uncertain. There was some 
minorr variation in the length of gag products in some of 
thee strains compared to what is usually seen. In BZ126 
andd VI850 the Gag protein was six amino acids longer 
thann it usually is in subtype F strains. 

Phylogeneti cc  analyse s 

Thee phylogenetic tree based on full-length sequences 
showss the clustering of the subtype F strains together 
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withh the F1 reference strain BR020 as well as the inde-
pendentt clustering of the F/D mosaic strams (Fig. 1). A 
recentlyy published F1 sequence (Tnques ef al., 2000) 
wass not included in our analyses, but preliminary anal-
ysiss indicates that it is a member of the F1 subtype. The 
bootstrapp values supporting subtype and CRF clades 
andd intraclade subclusters (AGlbNlJ and AE -,At. CRFs, the 
F11 and F2 subclusters within the F clade) were signifi-
cant. . 

Detaile dd analysi s of the newl y derive d complet e 
genom ee sequence s 

Similarityy plotting and bootscanning analysis of the 
newlyy derived BZ126, F9363, and VI850 complete ge-
nomee sequences showed them to be most closely re-
latedd to the BR020 subtype F reference sequence in all 
genomee regions and therefore verified their classifica-
tionn as new reference strains for subtype F subcluster F1 
(Fig.. 2). A similar analysis of the virtually full-length se-
quencess of isolates V11310 and VI961 revealed them to 
bee F/D mosaics and to possess multiple recombination 
sitess throughout the genome. Figure 3 compares the 
similarityy and bootscan plots. The locations of the break-
pointss in the two sequences are shown. A short gap 
regionn in the beginning of the sequence in the similarity 
plotss represents a region for which no genetic data were 
availablee (due to the PCR strategy). The sequence of the 
5'' LTR U3 was not present in the cloned provirus but was 
reconstructedd based on the 3' LTR sequence for the 
purposee of clarity. The breakpoints in VM310 and VI961 
aree mostly similar but some slight discrepancies can be 
observed. . 

Thee sequences were next broken into 12 independent 
fragmentss corresponding to the inferred recombined re-
gionss and separately analyzed phylogenetically (Fig. 4). 
Thiss analysts confirmed the inferred breakpoints for most 
regions.. However, the fragment corresponding roughly to 
thee pol p10 protease coding region —the third fragment 
inn Fig. 3 —could not be verified to belong to subtype F by 
thiss analysis (tree not shown), although the bootscan 
seemss to indicate such a result. In the similarity plot the 
regionn was unclassified, and it is possible that it is too 
shortt to be analyzed reliably. In some of the trees the 
bootstrapp values are probably affected by placing of the 
otherr sequences. For example, strain UG114 seems to 
causee a lowering of the value for the D cluster in Fig. 4C 
(thee value is 71% without UG114; not shown). This might 
reflectt the close relationship between the B and the D 
subtypes.. Also, in some other fragments the short length 
ass well as the inconsistent clustering of strains repre-
sentingg different clades leads to low bootstrap values. 
Ann example of this is the vif-vpr region, which is prob-
lematicc in subtypes A and G and the AE, „..,,. CRF that 
tendd to form a supercluster in this region (Carr ef al.. 
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FIGG 1. Phylogenetic analysis based on full-lengih sequences. The letter specifying the clade is shown in front of the isolate name. The new 
full-lengthh F subtype sequences are shown in boldface type. The F/D mosaic sequences are shown in boldface italics. Bootstrap values for each clade 
andd intraclade subclusters (italics) are shown next to the nodes. Method used: DNADIST Kimura two-parameter, 100 replicates. 

1998).. This explains the cross-clustering of subtypes A 
andd G in Figs. 4G and 4H. 

Thee seventh fragment (the end of pol and the begin-
ningg of vif) was supported by a low bootstrap value (65%) 
inn the phylogenetic analysis (Fig. 4F). The bootscan pic-
turee suggests that the region might have a short frag-
mentt of subtype D in the middle (particularly in the 
isolatee V11310, Fig. 3B), although this could not be con-
firmedd by individual fragment phylogenetic analysis. Us-
ingg the split decomposition analysis as implemented in 
Splitstreee supported the classification of this region as 
recombinantt (not shown). However, due to the low boot-
strapp value and uncertain similarity plot the whole frag-
mentt is shown as "unclassified" in the genome picture in 
thee middle (striped). The eighth and ninth fragments 
weree analyzed phylogenetically separately because in 
VM310VM310 they are different from each other: the eighth 
fragmentt is classified as subtype D, whereas the ninth 
remainss unclassified (shown as striped; this isolate was 
excludedd from Fig. 4H). In Figs. 3C and 3D the corre-
spondingg fragments (fragments 8 and 9) of the sequence 
VI9611 are shown as a contiguous region belonging to 
subtypee D. 

Inn summary, the LTR R and U3 region of isolates V11310 
andd VI961 consists of subtype F and gag of subtype D. 
Thee pol region consists of intervening subtype D and F 
fragmentss with some unclassified regions. Vif is unclas-

sifiedd and D in both strains, but although i/prand the first 
exonn of tat are also D in the strain VI961, they remain 
unclassifiedd in V11310. Vpu and env are F in both strains 
exceptt for a small fragment of D in the gp41 region (tat 
andd rev second exons and the region coding for the 
transmembranee part of gp41). Nef is derived from sub-
typee F. In short, these F/D mosaics seem to consist of 
closee to equal proportions of subtypes F and D. 

Comparativ ee analysi s of fiv e distinc t F/D mosaic s in 
gag-polgag-pol and env region s 

Thee isolates BEVI1206 and BEVi1267 were analyzed 
earlierr by env sequencing and were classified as F 
(Heyndnckxx ef a/., 1998). BEVI1206 was obtained from a 
Belgiann woman who probably was infected in the DRC 
andd BEV11267 was obtained from a Belgian woman who 
acquiredd the virus from a seropositive partner from the 
DRC.. Later, these strains were analyzed in the gag-pol 
regionn along with another strain, R890820, and all were 
foundd to be structurally similar F/D mosaics (Op de Coul 
eff a/., 1999). R890820 was isolated from a Dutch man 
whoo had a female partner from the DRC. No epidemio-
logicall link was evident between the three cases based 
onn available background information. 

Sequencess from these individuals were compared to 
thee newly obtained full-length F/D sequences, VI1310 
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FIG.. 2. Similarity plot (A) and bootscan (B) of the three new subtype F subgroup F1 complete genomes compared to the consensus reference 
sequences.. Similarity plots and bootscanning were performed as described under Materials and Methods, except that a window of 600 bp was 
employedd for reasons of clarity. Positions indicate alignment coordinates. (A) The BR020 reference was compared to the newly derived F1 sequences 
(solidd black lines) and to consensus reference sequences of subtypes A-K (gray dotted lines). (B) The bootstrap value of the F1 cluster of four 
sequencess was analyzed along an alignment of all reference sequences excluding F2 using neighbour-joining analysis. This was performed using 
thee bootscanning package for Linux. 

andd VI961, in the corresponding genomic regions (envV3 
andd gag-pol). The clustering of all five sequences is 
similarr in all regions analyzed (Figs. 5A-5C). The break
pointt in the gag-pol region where the sequence changes 
fromm D to F was found to be located at the same site in 
alll five sequences (Fig. 5D; position 1980-2722 in 
HXB2r).. The fragment may contain two other possible 
recombinationn sites, first at position 1340, which corre
spondss to 2148 in HXB2r (from D to F), and again at 
positionn 1420, which corresponds 2192 in HXB2r (from F 
too D), but there is some minor variation in the exact 
locationss (see Fig. 5D). However, this region is too short 
too allow for reliable interpretation. The results indicate 
thatt all five strains are likely to represent members of the 
samee recombinant HIV-1 evolutionary lineage. 

DISCUSSION N 

Thiss article describes the first full-length F/D intersub-
typee recombinant isolates and extends the known vari

ationn of the F subtype subcluster F1 by providing three 
neww virtually full-length reference sequences originating 
inn Kenya, Brazil, and the DRC. The full-length sequences 
off all these strains belong to the F1 subcluster in all 
genomicc regions and consistently cluster with the previ
ouslyy described full-length subcluster F1 reference strain 
BR020.. The phylogenetic structure of the F clade, and the 
F11 subcluster in particular, is now on a more solid basis 
thann before. Recent work by Triques ef ai (2000), which 
demonstratedd that subtype F does not form a homoge
nouss clade, but is divided in two distinct subclusters, is 
furtherr supported by the analysis presented here. 

Inn addition, two full-length sequences with an inter-
subtypee mosaic pattern consisting of intervening frag
mentss of subtypes F and D were described and their 
patternn of recombination and relation to other previously 
describedd recombinant viruses of subtypes F and D was 
analyzed.. In all the analyses, the virtually complete ge
nomee sequences of the two F/D recombinant strains 

8 0 0 



F/DD MOSAIC HIV-1 

1,0000 2,000 3,000 4,000 5.000 6,000 7,000 8,000 9,000 10,000 
Positionn (bp) 

1.0000 2,000 3,000 +.0000 5.000 6.000 7.000 8.000 9.000 10.000 
Positionn (bp) 

FIG.. 3. Similarity plot and bootscan analyses of the new full-length F/D mosaics. Black solid line depicts subtype D. gray line depicts subtype F. 
Inn similarity plots the subtypes are shown as dotted lines, in bootscan pictures the outgroup (subtype C) is shown as a dotted line. The locations of 
thee breakpoints in the genome are shown in the middle as in HXBr2. Gray regions depict subtype F, white regions depict subtype D, striped regions 
representt unclassified regions or regions whose classification was uncertain. (A and B) Analyses of the strain V11310. (C and D) Analyses of the strain 

VI961. . 

resembiee one another to a great extent. The genome 
segmentt patterns and breakpoint locations are very sim-
ilarr (Fig. 3). A common source of infection was first 
consideredd based on the similar genetic structure of the 
isolates,, but there was no evidence for an epidemiolog-
icall link between the individuals. On the contrary, the 
backgroundd information suggested that the infections 
weree independent. However, the original source of the 
viruss could be traced to the DRC in all cases. This brings 
upp the possibility that the viruses represent an evolution-
aryy lineage that has been established from a point 
sourcee since the original recombination event occurred. 
Thee likely location of this event would be Central Africa 
andd possibly even the DRC, where multiple subtypes 
(includingg F and D) are known to circulate (Peeters ef a/., 
1998).. The DRC has been reported to have a relatively 
highh prevalence (5.3%) of subtype D compared to many 
otherr African countries. The prevalence for subtype F is 

alsoo high (8.9%) in the DRC as well as in neighboring 
countriess such as Cameroon (14.4%) and Gabon (3.2%). It 
cann be predicted that in a country with several genetic 
subtypess of HIV-1 circulating, the chance of a dual infec-
tionn with two different subtypes is high and thus the 
likelihoodd for generating intersubtype recombinant 
strainss is also high. 

Anotherr case of three independent, yet highly similar 
F/DD mosaic isolates found by others supports the exis-
tencee of an F/D evolutionary lineage originating in Cen-
trall Africa (Op de Coul etai, 1999). In this study all of the 
isolatess also could be traced back to the DRC. In com-
parisonss of the gag-pol and V3 sequences from these 
strainss and the newly described F/D mosaics all se-
quencess were found to be highly related. In phylogenetic 
analysis,, some variation between the five F/D strains 
wass found, but it is of a magnitude similar to that seen 
withinn the other CRF subclusters, in particularthe AECMM0 
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FIG.. 5. Phylogenetic analyses comparing the F/D mosaic isolates BEVI1206, BEVI1267, R890820, VI961, and V11310. (A) An analysis of a fragment 
off 1980 bp from the gag-pol region (location in HXBr2: 859-2838). (B) An analysis of the next 520 bp (location in HXBr2- 2839-3416). (C) An analysis 
off an env fragment of 260 bp (location in HXBr2: 7032-7301). Bootstrap values for the specific clades are shown next to the node. Bootstrap values 
forr the other subtypes are not shown, but were significant. {D) A similarity ptot analysis of the gag-pol region using the five F/D mosaics as a 
consensuss query. Black line depicts subtype D, gray line depicts subtype F. The breakpoint is located at around base 1980 (location 2838 in HXBr2). 
Otherr subtypes are shown by dotted lines. 

andd AG|bNG lineages (Fig. 1}. The independent epidemio-

logicall origins of the isolates and the high level of sim-

ilarityy between them coupled with a monophyletic clus-

teringg in phylogenetic trees would suggest that this F/D 

mosaicc is a representative of a fairly prevalent evolution-

aryy lineage, which might in the future be classified as a 

neww CRF. However, the formal requirement for assigning 

aa new CRF is the existence of at least three epidemio-

logicallyy independent complete genome sequences that 

sharee their recombinant structure and form a monophy-

leticc cluster in all regions of the genome. Since we have 

sequencedd only two complete genomes, the formal clas-

FIG.. 4. Phylogenetic analyses of individual fragments (numbered according to Fig. 3) of the F/D mosaic strains based on recombination points in 
thee genome. Recombinant sequences are shown in large font. The bootstrap value supporting the clustering is indicated next to the node. Some of 
thee reference sequences were excluded from the first two analyses and from the last analysis because no sequence data from those regions were 
available.. (A) 5' LTR U3. (B) gag (p17, p24, p7, p6). The fragment corresponding to pol p10 was too short to be analyzed reliably and thus is not 
representedd here. (C) The beginning ofpo/p51. The bootstrap value for the D cluster is 71% without D-UG114 (data not shown). (D) The middle region 
ofpo/p51.. (E) The end of p51 and the first half of the RNaseH region. (F)The end ofpo/and the first half of vif. The bootstrap value for the F1 subcluster 
(excludingg F2) is 84% (data not shown). (G) The end of vif region and the first half of vpr. (H) The end of vpr and the first exons of tat and rev. The value 
forr the D cluster is given without D-UG114. F/D isolate V11310 was excluded because its subtype cannot be determined in this region. (I) Vpu, 4/5 of 
env.env. (J) Part of env gp4l (K) The end of env gp41, nef, 3' LTR. Genomic locations represented as in HXB2r. Between some of the analyzed fragments, 
shortt gap regions were excluded. 
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sificationn of the FD CRF will have to await sequencing of 
anotherr similar virus isolate. 

Inn summary the findings of this study extend the infor-
mationn available for subtype F viruses, verify their divi-
sionn into two distinct subgroups, F1 and F2, and provide 
evidencee for the possible existence of the first CRF that 
doess not contain subtype A-like sequences. The results 
increasee our understanding of HIV-1 molecular epidemi-
ologyy and variation and may have implications for the 
designn of future vaccines. If HIV subtypes must be con-
sideredd in vaccine development, CRFs are in the same 
positionn as the subtypes and therefore information on 
theirr prevalence is as valuable as that of the subtypes. 

MATERIAL SS AND METHODS 

Vira ll  isolate s 

Full-lengthh clones were produced and completely se-
quencedd from five short-term PBMC coculture isolates 
(isolatedd according to UNAIDS Virus Isolation Guide-
lines)) from Belgium (isolates VI1310, VI961, and VI850, all 
linkedd to the DRC), Finland (F9363 linked to Kenya), and 
Brazill (BZ126). The isolates had been previously classi-
fiedd as members of subtype F based on phylogenetic 
analysess of short fragments or by heteroduplex mobility 
assayy (Delwart et al., 1993; Louwagie et al., 1994; Heyn-
dnckxefa/ . ,, 1998; Van de Peer et al.. 1996; Liitsoia ef al.. 
submittedd for publication, b). The isolate VI1310 was 
obtainedd from a Belgian woman, reportedly infected by a 
mann who frequently traveled to the DRC. The individual 
infectedd with VI961 was the partner of a seropositive man 
fromm the DRC. The isolate VI850 is from a Belgian man 
infectedd by his wife, who acquired the infection in the 
DRC.. The isolate F9363 is from a Finnish man. who most 
likelyy was infected by a Kenyan woman. Strain BZ126 is 
fromm a Brazilian individual infected in Brazil. Total cellular 
DNAA was isolated from the cells of the PBMC HIV co-
culturee at the peak of HIV antigen production using a 
commerciallyy available kit (Qiagen Blood and Cell Cul-
turee Kit, Qiagen GmbH, Hilden, Germany). 

PCRR and clonin g of the amplifie d fragment s 

PCRR amplification and cloning were performed essen-
tiallyy as previously described (Salminen et al., 1995a). 
Briefly,, virtually full-length genomes were amplified using 
thee Expand Long Template PCR Kit (Boehnnger Mann-
heim,, Mannheim, Germany) using buffer 2 since it turned 
outt to give optimal amplification and cloning results. 
Primerss MSF12 5'-AAATCTCTAGCAGTGGCGCCCGAA-
CAG-3'' (location in HXB2r, 623-649, includes a unique 
Bbe\Bbe\ site) and MSR5 5'-GCATGCGCCCTCAAG-
GCAAGCTTTATTGAGGCT-3'' (location in HXB2r, 9606-
9638,, includes a unique Bg!\ site) were used. These 
primerss amplify a region of 9003 bp in HXB2r. In some 
casess the first-round PCR was not successful, so an 
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additionall seminested PCR was carried out with primers 
MSF14,, 5'-TCTCTCGACGCAGGACTCGGCTTG-3' (loca-
tionn in HXB2r, 682-705), and MSR5, which amplify a 
fragmentt of 8945 bp. The first-round primers are comple-
mentaryy to the tRNA primer binding site, located at the 5' 
endd of the genome just before the gag leader region, and 
too the polyadenylation site at the 3' end, which is located 
betweenn the R and the U5 regions of the 3' LTR. 

Thee thermocycle program for the first-round PCR was 
CC for 2 mm, C for 10 s, C for 30 s, C for 8 

mm,, repeated for 9 additional cycles starting from step 2; 
CC for 10 s, C for 30 s, C for 8 mm, repeated 19 

times,, C for 30 mm (end segment). Total cellular DNA 
(50-2500 ng) from HIV-infected cells in a volume of 1 fx\ TE 
bufferr (10 mM Tns, 1 mM EDTA, pH 8.0) was used as 
templatee in a PCR of 50 fi\ (or in the case of the semin-
estedd PCR, 1 JLLI of the first-round product), after which 
thee products of 10 successful repeat reactions were 
pooledd and the amplified DNA was gel-purified using the 
QIAquickk Gel Extraction Kit (Qiagen GmbH). All other 
reactionn components were assembled according to the 
recommendationss of the manufacturer. Purified DNA was 
TA-clonedd using the pCR 2.1 vector (Invitrogen, San Di-
ego,, CA) following the manufacturer's instructions, but it 
wass incubated at C overnight in the ligation reaction. 
Plasmidss were heat-shock transformed into STBL-2 Max 
Efficiencyy cells (Gibco BRL Life Technologies, Inchinnan, 
Scotland).. Clones were chosen for further studies based 
onn positive hybridization with radioactively labeled 
probess and later by digestion with restriction enzymes. 
Plasmidd DNA was purified and prepared with the Qiagen 
Plasmidd Maxi Kit (Qiagen GmbH). 

Full-lengthh clones were sequenced completely by 
primerr walking using cycle-sequencing with dye-deoxy 
terminatorss and an ABI 377 automatic sequencer (Per-
kin-Elmerr Applied Biosystems Division, Foster City, CA). 

Phylogeneti cc  analyse s 

Neww full-length sequences were aligned with and 
comparedd to existing full-length reference sequences. 
Thesee included the following sequences: subtype A, 
(UG037,, U455, SE7253, SE7535, Q23, SE8131, SE8891, 
SE8538),, CRF AE,., , (TH253, CM240, CR402). CRF 
AG,, , .. (IbNG. DJ263, DJ264, SE7812); subtype B (CAM1, 
RF,, OYI, D31, U23487, HXB2r, MN, JRCSF); subtype C 
(BR025,, C2220); subtype D (ELI, NDK, Z2Z6, UG114); 
subtypee F, subcluster Fl (BR020), subcluster F2 (MP255, 
MP257);; subtype G (HH8793, G6165, NG083. NG003); 
subtypee H (CF056, VI991, VI997); subtype J; and subtype 
KK (EQTB11, MP535). 

Phylogeneticc analyses were performed and bootstrap 
valuess (100 replicates) calculated for each subtype 
branchh using ClustalW applying the Kimura two-param-
eterr model of evolution, or the SEQBOOT, DNADIST (with 
thee F84 maximum-likelihood model), and NEIGHBOR or 
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FITCHH programs of the Phylip software package (version 
3.572c,, Felsenstein, 1981, 1991). In order to determine the 
approximatee breakpoints in mosaic sequences, 
bootscanningg and similarity plot analyses were carried 
outt with SimPlot (version 2.5) in a sliding window of 400 
(orr 600) bases (Salminen et ai, 1995b; Ray, 1998/1999). 
Basedd on the inferred breakpoint locations, the se-
quencee alignment was broken into corresponding frag-
mentss that were phylogenetically analyzed individually. 
Somee regions for which the above methods did not 
unambiguouslyy provide classification were further ana-
lyzedd using the program Splitstree (version 2.1.1.), which 
inn contrast to most phylogenetic software is able to show 
alternativee tree topologies simultaneously (Huson, 1998). 

Sequenc ee accessio n number s 

Thee full-length sequences of VI1310, VI961, VI850, 
F9363,, and BZ126 have been deposited with GenBank 
underr accession numbers AF193253, AF076998, 
AF077336,, AF075703, and L22083, respectively. 
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