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Homologous env sequences from 17 human T-leukemia/lymphotropic virus type I (HTLV-I) strains from
throughout the world and from 25 simian T-leukemia/lymphotropic virus type I (STLV-I) strains from 12
simian species in Asia and Africa were analyzed in a phylogenetic context as an approach to resolving the
natural history of these related retroviruses. STLV-I exhibited greater overall sequence variation between
strains (1 to 18% compared with 0 to 9% for HTLV-I), supporting the simian origin of the modern viruses in
all species. Three HTLV-I phylogenetic clusters or clades (cosmopolitan, Zaire, and Melanesia) were resolved
with phenetic, parsimony, and likelihood analytical procedures. Seven phylogenetic clusters of STLV-I were
resolved with the most primitive (deeply rooted) divergence involving several STLV-I strains from Asian
primate species. Combined analysis of HTLV-I and STLV-I revealed that neither STLV-I clusters nor HTLV-I
clusters recapitulated host species specificity; rather, multiple clades from the same species were closer to
clades from other species than to each other. We interpret these evolutionary associations as support for the
occurrence of multiple discrete interspecies transmissions of ancestral viruses between primate species
(including human) that led to recognizable phylogenetic clades that persist in modern species. Geographic
concordance of divergent host species that harbor closely related viruses reinforces that physical feasibility for

hypothesized interspecies virus transmission in the past and in the present.

The presence in monkeys and great apes of retroviruses
designated simian T-cell leukemia/lymphotropic viruses
(STLVs), which are related to the human T-cell leukemia/
lymphotropic virus type I (HTLV-I) (13, 23, 43, 52), has been
demonstrated by seroepidemiological studies and by viral
isolation and partial DNA sequencing of a few STLV type I
(STLV-I) isolates (3-6, 9, 19, 20, 22, 24, 26-28, 32, 34, 36, 48,
49, 57-60). Pathological manifestations, mirroring HTLV-I-
caused adult T-cell leukemia/lymphoma, in STLV-I-infected
gorillas, baboons, macaques, and African green monkeys have
been described (24, 33, 34, 47, 57, 58). However, no cases of
progressive myelopathy, like tropical spastic paraparesis/
HTLV-I-associated myelopathy in humans (15, 40, 44), in
STLV-I-infected animals have been reported to date. Molec-
ular epidemiology studies of HTLV-I suggest that the degree
of HTLV-I variation over a period of centuries is very low (17),
and one form of HTLV-I (so-called cosmopolitan HTLV-I)
was discovered to occur in many cities of the world, most likely
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Biology, National Cancer Institute, Building 37, Room 6A01, Be-
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disseminated through the slave trade (14, 17). This interpreta-
tion is supported by the genetic homogeneity of HTLV-I in
West Africa, the Americas, and Japan (7, 12, 17, 31, 41, 52).
However, the identification of genetically divergent HTLV-1
variants in remote populations of Melanesia and Australia (2,
16, 18, 53, 61, 62) has raised new questions about the origin
and epidemiological natural history of HTLV-1.

In the present study we have revisited the evolutionary
relationship among HTLV-I variants by phylogenetic analysis
of a 522-bp segment of the env gene in 17 strains from
throughout the world. In addition, we used the homologous
STLV-I sequence to examine the divergence among 25 STLV-I
strains from 12 simian species that carry STLV-I infection. In
both human and simian analyses, recognizable phylogenetic
clusters (or clades) were defined and confirmed by three
analytical approaches (phenetic or distance-based trees, max-
imum parsimony, and maximum likelihood). When sequences
from both STLV-I and HTLV-I sequences were combined, the
human and simian clades were resolved but were phylogeneti-
cally interspersed and not separated as werc human versus
simian sequence groupings. Furthermore, there were several
examples in which distinct clades from one species were more
closely related to sequence clades from another species than
they were to each other. The simplest interpretation of these
patterns would involve the periodic occurrence of interspecies
transmission of STLV-1 and HTLV-I viruses between different
primate species. Several examples of emerging pathological
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TABLE 1. Origins of the human samples

J. VIROL.

Phylogenetic cluster and
HTLV-I strain code

Clinical diagnosis®

Laboratory designation

Geographical origin

I
H5
H10
H14
HATK
HHS35
H15
H16
H18
H19
H1711
H7

II
HZ69
HZ6
HZ17
HZ15

III
HMEL1
HMELS

TSP/HAM
TSP/HAM
ATL

ATL

ATL

ATL

ATL

ATL

ATL

Healthy carrier
Healthy carrier

Healthy carrier
NSP
TSP/HAM
Healthy carrier

Healthy carrier
Healthy carrier

HTLV-I,
HTLV-I,,
HTLV-I,,
HTLV-41x

HTLV-I,,,,
HTLV-1,,

HTLV-I4
HTLV-I,

HTLV-I,,,
HTLV-I,;

HTLV-1y.y,
HTLV-Iy.s

Guadeloupe (West Indies)
Peru (South America)
Mauritania (Africa)

Japan (Asia)

Jamaica (West Indies)
Ivory Coast (West Africa)
Ivory Coast (West Africa)
Ivory Coast (West Africa)
Ivory Coast (West Africa)
Guinea Bissau (West Africa)
Bellona (Melanesia)

Zaire (central Africa)
Zaire (central Africa)
Zaire (central Africa)
Zaire (central Africa)

Papua New Guinea (Melanesia)
Solomon Islands (Melanesia)

“ Phylogenetic cluster (clade) based on analysis in this report (Fig. 1).

» NSP, nonspastic paraparesis; TSP/HAM, tropical spastic paraparesis/HTLV-I-associated myelopathy; ATL, adult T-cell leukemia.

viruses between species have been described in the epidemio-

logic literature (35, 42, 54).

MATERIALS AND METHODS

HTLV-I samples. DNA sequences of the env genes were
obtained previously by PCR amplification of genomic DNA

(see below) from previously described HTLV-I strains (17). A
listing of HTLV-I strains, geographic locales of collection, and
their clinical diagnoses is presented in Table 1.

STLV-I samples. Twenty-five monkeys with positive serology
in an HTLV-I Western blot (immunoblot) were included in
this study (Table 2). Samples 22 and C194 represent cell lines
established from the peripheral blood mononuclear cells

TABLE 2. General features of the nonhuman primate isolates

. Phylogenetic Laborato Geographical Species or STLV-I

Species Common name clus):erg(clade) designatioryn frig?n pestrairl code
Cercopithecus aethiops Green monkey S6 22 Kenya CAE-22
Cercopithecus aethiops Grivet S6 6242 Ethiopia CAE-6242
Cercopithecus aethiops Sabeus S3 9315 Senegal CAE-9315
Cercopithecus aethiops Sabeus S3 9310 Senegal CAE-9310
Cercopithecus aethiops Sabeus S3 9306 Senegal CAE-9306
Cercopithecus aethiops Sabeus S3 9313 Senegal CAE-9313
Cercopithecus aethiops Tantalus S6 21 Uganda CAE-21
Cercopithecus aethiops Tantalus S6 59 Uganda CAE-59
Cercopithecus ascanius Red tail monkey S6 57 Uganda CAS-57
Cercopithecus mitis albolugaris Sykes monkey S6 203 Kenya CMI-203
Cercopithecus mitis Mitis S6 MZ Zaire CMI-MZ
Macaca mulatta Rhesus macaque S1 173.78 India MMU-173.78

S1 39.83 India MMU-39.83

Macaca nemestrina Pig tail macaque S1 PTM3 Asia MNE-PTM3
Macaca fascicularis Crab-eating macaque S1 C194 Indonesia MFA-C194
Papio cynocephalus Yellow baboon S1 991.ICC Russia (Sukhumi Colony) PCY-991
Papio cynocephalus Yellow baboon S7 2304 East Africa (Kenya/Tanzania) PCY-2304
Papio anubis Olive baboon S7 1713 Kenya/Tanzania PAN-1713
Papio hamadryas Hamadryas baboon S7 152 Kenya/Tanzania PHA-152
Papio papio Red baboon S4 5X28 West Africa PPA-5X28
Pan troglodytes Common chimpanzee S5 114.1 Sierra Leone PTR-114.1
Pan troglodytes Common chimpanzee S2 X90 Sierra Leone PTR-X90
Pan troglodytes Common chimpanzee S5 X43 Unknown PTR-X43
Pan troglodytes Common chimpanzee S5 3570 Unknown PTR-3570¢
Pan troglodytes Common chimpanzee S2 2042 Unknown PTR-2042°

“ From Bastrop breeding center, Bastrop, Tex., record of geographic origin is unknown; PTR3570 was captive born and PTR2042 was wild born.
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FIG. 1. Phylogenctic trees derived from analysis of 522 nucleotide bp from the envelope region of 17 HTLV-I strains. (A) Neighbor-joining tree
determined by using the Kimura distance values given in Table 3. Branch lengths represent percent sequence divergence. Values in italics denote
the number of trees generated by 100 bootstrap replications which support the adjacent node. (B) Tree derived by maximum parsimony (length,
232 steps; consistency index, 0.901) obtained by both heuristic search and bootstrap analyses. Numbers on branches represent limb length and
homoplasy, in that order. Numbers in italics are bootstrap values (100 replications) in support of the adjacent node. (C) Maximum-likelihood tree
(In likelihood, — 1709.54; 2,148 trees examined) generated with a transition/transversion ratio of 2. Limb lengths estimate the expected number
of substitutions per site X 100. Branch lengths not significantly different from zero were collapsed into polytomies. For each method, alteration of

sequence input did not alter phylogenetic associations.
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TABLE 3. Genetic divergence among all pairs of viral sequences

HTLV-I Genetic distance” and % sequence mismatch®
or STLV-I
strain code” 1 2 3 4 5 6 7 8 9 0 11 12 13 14 15 16 17 18 19 20 21 22

1. H10 01 09 07 13 03 05 19 17 13 17 29 25 25 33 80 76 41 39 39 41 37
2. H5 0.2 07 05 11 01 03 1.7 15 1.1 15 27 23 23 31 78 74 39 37 37 41 37
3. H14 1.0 08 01 15 05 07 21 19 15 19 27 23 23 35 82 78 43 41 41 45 37
4. H1711 08 0.6 0.2 1.3 03 05 19 1.7 13 17 29 25 25 33 80 76 41 39 39 43 39
5. H7-BELLONA 13 12 15 13 09 11 25 23 19 23 33 29 29 39 87 79 43 41 41 45 45
6. H15 04 02 06 04 10 01 15 13 09 13 25 21 21 29 76 72 37 35 35 39 35
7. H18 06 04 08 06 12 02 13 11 07 15 23 19 19 27 78 74 39 37 37 39 37
8. HHS35 19 1.7 21 19 25 15 13 05 09 29 37 33 33 41 89 81 53 51 51 53 51
9. H19 1.7 1.5 19 1.7 23 13 12 06 07 27 35 31 31 39 87 83 51 49 49 51 49
10. H16 13 1.2 15 13 19 10 08 10 08 23 31 27 27 35 82 78 43 41 41 47 45
11. HATK 1.7 15 19 17 23 13 15 29 27 23 35 31 31 35 87 83 47 45 45 49 45
12. HZ69 29 27 27 29 33 25 23 36 35 31 35 03 03 19 87 83 47 45 45 51 33
13. HZ6 27 25 25 27 31 23 21 34 33 29 33 06 00 15 83 78 43 41 41 47 29
14. HZ17 27 25 25 27 31 23 21 34 33 29 33 06 00 1.5 83 78 43 41 41 47 29
15. HZ15 33 31 35 33 38 29 27 40 38 35 35 19 1.7 17 91 87 51 49 49 55 41
16. HMEL1 77 75 79 7.7 83 73 75 84 83 79 83 83 80 80 86 39 87 85 85 85 89
17. HMELS 73 71 75 73 75 69 7.1 77 79 75 79 79 77 77 83 38 87 85 85 89 85
18. PHA-152 40 38 42 40 42 36 38 52 50 42 46 46 44 44 50 83 83 01 05 37 45
19. PCY-2304 38 36 40 38 40 35 36 50 48 40 44 44 42 42 48 81 81 02 03 35 43
20. PAN-1713 38 36 40 38 40 35 36 50 48 40 44 44 42 42 48 81 81 06 04 35 43
21. CMI-203 40 40 44 42 44 38 38 52 50 46 48 50 48 48 54 81 84 36 35 35 4.7
22. CAE-22 36 36 36 38 44 35 36 50 48 44 44 33 31 31 40 84 81 44 42 42 46

23. CAE-6242 50 50 54 52 58 48 50 63 61 58 58 58 56 56 61 90 94 42 40 40 48 3.6
24. CMI-MZ 35 33 36 35 40 31 33 46 44 40 44 40 38 38 44 84 83 44 42 42 50 46
25. CAE-21 42 40 44 42 48 38 38 52 50 46 48 42 40 40 46 98 94 54 52 54 58 52
26. CAE-59 48 46 50 48 54 44 44 58 56 52 54 44 42 42 48 98 94 60 58 60 63 52
27. CAS-57 33 31 35 33 38 29 31 44 42 38 38 31 29 29 35 79 79 48 46 48 56 35

30. PTR-X43 31 29 29 27 36 27 25 35 33
31. PPA-5X28 33 31 34 33 38 29 31 36 38
32. PTR-2042 44 42 46 44 48 40 38 48 46
33. PTR-X90 48 46 50 48 52 44 42 48 50

37. CAE-9310 42 40 44 42 42 38 36 46 48
38. MNE-PTM3 98 96 96 94 103 94 92 98 100
39. MFA-C194 11.7 11.7 113 115 125 115 113 119 121
40. MMU-39.83 144 144 140 142 150 142 144 150 152
41. PCY-991.ICC 13.6 13.6 132 134 142 134 13.6 142 144
42. MMU-173.78 132 132 129 13.1 138 13.1 132 138 14.0
43. HTLV-1I 29.7 29.7 30.1 30.3 30.5 299 299 29.7 299

119 125 11.1 113 11.3 115 13.1 129 121 119 121 123 119
15.0 150 13.8 140 140 142 152 152 154 152 152 152 148
142 142 13.1 132 132 134 144 144 146 144 144 144 140
13.8 13.8 12.7 12.8 12.8 13.1 150 15.0 142 14.0 13.6 14.0 14.0
299 30.8 29.7 29.7 29.7 303 28.7 28.7 29.5 29.3 29.3 29.1 29.5

¢ Number given below with species or strain codes refers to the same species or strain when given over the field of data.
b Upper matrix is genetic distances estimated by using the two-parameter model of Kimura (30), and given in Kimura distance values.
¢ Lower matrix is the percent sequence mismatch between aligned sequences, with a gap scored as a single residue regardless of nucleotide length (39).

(PBMC) from an African green monkey and a crab-eating
macaque, respectively. Sample 114.1 is a previously described
STLV-I isolate from a Sierra Leone chimpanzee (28). Samples
X90 and X43 represent cultured PBMC (28 weeks) from
wild-caught chimpanzees held at the South West Foundation
(San Antonio, Tex.). Samples 3570 and 2042 represent fresh
PBMC from a captive-born chimpanzee and a wild-caught
chimpanzee housed at the Bastrop Breeding Colony, respec-
tively. Samples 57 and 203 are continuous cell lines from the
PBMC of a red tail monkey housed at the Uganda Virus
Research Institute and a bluec monkey housed at the Yerkes
Primate Center (Atlanta, Ga.), respectively. Samples 9310,
9315, 9306, 9313, and 6242 represent uncultured PBMC from
four free-ranging sabeus monkeys and one grivet, respectively.
Sample 1713 is a lymph node from an olive baboon, and
samples 2304, 152, and 5x28 are PBMC from a yellow, a

hamadryas, and a red baboon, respectively, held at the South
West Foundation. Samples MMU-173.78 and MMU-39.83 are
viral isolates (6) derived from wild-caught rhesus macaques
generously provided by R. Desrosiers of the New England
Regional Primate Research Center (Southborough, Mass.).
Sample MZ represents fresh PBMC from a free-ranging
Cercopithecus mitis generously provided by D. Messinger from
the National Institute of Biomedical Research (Kinshasa,
Zaire). Samples 21 and 59 are uncultured PBMC from free-
ranging tantalus monkeys from Uganda. Sample 991.ICC
represents a cell line obtained from a yellow baboon (19), and
isolate PTM3 is from an Asian monkey (pig tail macaque) and
was previously described (60).

DNA, PCR amplification, molecular cloning, and DNA
sequencing. The PCR amplification of genomic DNA from
antibody-positive animals was accomplished with the primer

AINN NH3LSYIHLINOS VYAON Ag 9T0Z ‘€T Atenuer uo /610" wse’IAl/:dny woly papeojumoq


http://jvi.asm.org/

VoL. 68, 1994 PHYLOGENESIS OF AFRICAN AND ASIAN STLVs AND HTLVs 2697
TABLE 3—Continued
Genetic distance and % sequence mismatch®
23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43
5.1 35 43 49 33 41 35 3.1 3.1 4.5 49 51 49 57 43 100 127 158 149 145 397
5.1 33 4l 47 3.1 39 33 29 29 43 47 49 47 57 41 9.7 12,6 158 149 144 397
5.5 37 45 5.1 35 43 37 29 33 47 S1 53 51 6.1 45 9.7 122 154 144 140 404
5.3 35 43 49 33 4.1 35 27 31 4.5 49 51 49 59 43 95 124 156 147 142 407
59 41 49 56 39 47 41 37 37 49 53 57 53 59 43 106 136 165 156 152 410
49 3.1 39 45 29 37 3.1 27 27 41 4.5 47 45 55 39 95 124 156 147 142 401
5.1 33 39 45 3.1 35 29 25 29 39 43 45 43 53 37 93 122 158 149 144 40.1
6.5 47 53 6.0 45 4.5 39 35 35 49 49 55 49 59 47 100 129 165 156 151 398
6.3 45 5.1 58 43 43 37 33 37 47 51 57 5.1 6.1 49 102 131 168 158 154 40.1
59 4.1 47 53 39 39 33 29 33 47 47 53 47 57 45 97 129 165 156 151 40.1
59 45 49 55 39 47 41 37 33 51 5.5 57 55 6.5 49 110 135 165 156 151 417
59 41 43 4.5 3.1 3.1 2.5 2.1 4.1 39 43 49 39 41 33 113 120 152 143 138 396
55 37 39 41 27 27 21 1.7 37 35 39 45 39 41 29 108 120 151 142 138 400
5.5 3.7 39 41 27 27 21 1.7 37 35 39 45 39 41 29 108 120 151 142 138 40.0
63 45 47 49 35 3.1 29 25 4.1 47 51 49 51 53 37 11.7 124 156 147 142 406
9.6 89 105 105 83 9.1 9.3 89 89 95 93 104 96 109 104 124 143 168 159 166 383
10.0 8.7 100 10.1 83 87 8.5 8.1 85 100 102 109 100 109 100 11.1 141 169 151 16.6 383
4.3 4.5 55 62 49 59 53 49 53 59 59 65 6.3 6.3 57 115 131 170 16.1 156 395
4.1 4.3 53 6.0 47 57 51 47 5.1 57 57 63 6.1 6.1 55 113 129 168 159 154 39.1
4.1 4.3 55 62 49 57 51 47 51 57 57 63 6.1 6.1 55 113 131 168 158 149 390
49 5.1 59 66 57 59 53 49 55 6.7 6.7 7.4 7.2 72 66 11.1 134 168 159 154 387
37 47 53 53 35 49 43 39 51 5.7 6.1 6.3 57 63 55 121 129 163 154 154 394
5.7 6.6 72 59 7.0 6.3 6.1 6.1 6.5 7.2 74 68 7.2 74 119 138 163 152 149 379
5.6 55 6.2 45 53 47 43 51 57 6.1 59 59 65 53 110 131 156 147 149 390
6.3 5.4 1.7 27 5.1 45 4.1 5.1 59 55 57 60 70 53 118 143 181 17.6 17.1 415
69 6.0 1.7 2.1 58 5.1 47 62 66 6.6 7.2 70 81 64 129 150 193 183 178 421
58 44 27 21 39 37 33 45 47 5.1 57 55 6.5 49 11.7 133 172 163 158 413
67 52 50 56 38 1.7 1.3 53 39 59 53 59 66 49 11.7 138 175 165 16.1 397
6.1 46 44 50 36 1.7 0.7 47 45 53 51 53 59 47 111 131 173 168 158 403
60 42 40 46 33 1.3 08 43 4.1 49 47 49 55 43 102 131 122 63 154 403
6.1 52 52 6l 46 54 48 44 49 41 5.1 4.5 59 47 106 131 152 143 138 393
6.3 56 58 6.3 46 38 44 40 50 35 4.1 35 53 41 113 134 165 151 147 407
69 60 54 63 50 58 52 48 42 35 3.7 27 45 37 11.7 131 159 149 145 39.1
7.1 58 56 69 56 52 50 46 52 40 3.6 29 51 31 11.7 140 154 150 145 403
6.5 58 58 67 54 58 52 48 46 35 2.7 29 29 25 115 131 145 136 13.6 395
69 63 6.7 77 63 63 58 54 59 52 44 50 29 3.1 117 134 154 145 145 40.1
7.1 52 52 61 48 48 46 42 48 40 36 31 25 3.1 11.7 141 154 145 141 404
1.5 107 113 123 113 113 107 100 102 109 113 113 111 113 113 11.8 171 166 168 39.7
127 121 131 136 123 127 121 113 123 123 121 129 121 123 129 113 140 131 136 372
148 142 161 17.1 155 157 155 148 140 150 144 140 132 140 140 157 129 1.1 33 3938
138 134 157 163 148 150 152 144 132 138 136 13.6 125 132 132 153 121 1.2 21 383
136 13.6 154 159 144 146 144 140 128 134 132 132 125 132 129 155 125 33 2.1 389
28.7 293 307 310 307 297 301 301 293 303 293 30.1 295 299 301 294 284 299 289 293

setenv 1 andenv 2 (env 1,5 TTT GAG CGG CCG CTC AAG
CTA TAG TCT CCT CCC CCTG 3'; env 2, 5" ACT TAG
AAT TCG GGA GGT GTC GTA GCT GAC GGAGG 3')
containing the Norl and the EcoRI restriction sites, respec-
tively. These primers amplify a 522-bp envelope fragment
(nucleotides 6046 to 6567) (equivalent to European Molecular
Biology Laboratory bases 6068 to 6589) of the Japanese
prototype HTLV-1 -« (52), spanning the carboxy terminus of
the gp46 and almost the entire transmembrane protein gp21.
PCR was carried out in a volume of 100 pl with 0.1 X PCR
buffer (10 mM Tris HCI [pH 8.3 at 25°C], 50 mM K(Cl, 1.5 mM
MgCl,, 0.001% [wt/vol] gelatin); a 0.2 mM concentration of
dATP, dCTP, dGTP, and dTTP; 200 ng of each primer; 2.5 U
of Thermus aquaticus DNA polymerase (Perkin-Elmer Cetus);
and 1 to 2 pg of each DNA. The reaction was carried out in a
DNA thermal cycler (Perkin-Elmer Cetus) with an initial
denaturation step for 5 min at 94°C and then 35 cycles for 1
min at 94°C, 1 min at 58°C, and 2 min at 72°C. The amplified
fragments were cloned at the Notl and EcoRI sites of the

Bluescript vector. The *?P-labelled oligonucleotides PE 1.2
(nucleotides 6312 to 6336) and PR (nucleotides 6453 to 6433)
were used as probes to select positive clones. Washing condi-
tions were 5X SSC (1x SSC is 0.15 M sodium chloride plus
0.015 M sodium citrate) at 37°C for 10 min. The plasmid DNA
of the positive recombinant clones was extracted, purified, and
sequenced by the Sanger et al. method (50).

Phylogenetic analysis. HTLV-I and STLV-I env DNA se-
quences (522 bp, positions 6046 to 6567) were aligned with the
GAP program of the Genetics Computer Group of the Uni-
versity of Wisconsin computer software package (8), which
uses the algorithm of Needleman and Wunsch (38). Pairwise
genetic distances between sequences were estimated by using
the two-parameter model of Kimura (30) and also by direct
estimation of percent aligned matches with gaps given a weight
of a single residue regardless of their length (39). Results
were comparable regardless of the distance measure em-
ployed. A phenetic analysis of distance matrices used the
neighbor-joining algorithm (46). Both Kimura distance esti-
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FIG. 2. Phylogenetic trees derived from analysis of 522 nucleotide bp from the envelope region of 25 STLV-I strains. (A) Neighbor-joining tree
determined by using Kimura distance values given in Table 3. Branch lengths represent percent sequence divergence. Values in italics are numbers
of trees in bootstrap analysis which support the adjacent node. Asterisks denote nodes not supported by bootstrap analysis. (B) Tree derived by
maximum parsimony represents consensus tree from the bootstrap analysis and one of 20 trees of equivalent length determined by a heuristic
search. Numbers on branches correspond to branch length and homoplasy, in that order. Numbers in italics are bootstrap values (100 iterations)
in support of the node. (C) Maximum-likelihood tree (In likelihood, —2912.47; 2,430 trees examined) generated with a transition/transversion ratio
of 2. Limb lengths approximate the expected number of substitutions per site X 100. Branch lengths not significantly different from zero were
collapsed into polytomies. In each method, different input orders did not alter topological associations.

mates and neighbor-joining trees were performed by using the
PHYLIP-3.35 (phylogenetic inference package) computer pro-
gram (10).

Sequences were transformed into character states for anal-
ysis by the maximum-parsimony method available in the PAUP
(phylogenetic analysis using parsimony), version 3.1 (55, 56).
Both neighbor-joining and PAUP were evaluated statistically
for each tree, using 100 bootstrap iterations. This procedure
provides an index of confidence for each topological node, as
the fraction of bootstrap runs supporting the node. The
maximum-likelihood analysis of representatives of each of the
HTLV-I and STLV-I phylogenetic clusters was performed by
using actual base pair frequencies of the data in conjunction
with the DNAML program available in PHYLIP (10, 11).
Evolutionary trees for each method were rooted with HTLV-
IIyeo (29) sequences. The strengths and limitations of the
different phylogenetic methods are discussed elsewhere (10,
21, 45, 46, 55, 56).

Nucleotide sequence accession number. GenBank and

EMBL accession numbers are U03122, U03124, and U03126
to U03160 for the 24 STLV-I sequences and the 13 HTLV-I
sequences.

RESULTS

Phylogenetic reconstruction of HTLV-I sequences. We con-
structed phylogenetic trees based on aligned nucleotide se-
quences of 522 bp from the env gene of HTLV-I. The gene
segment was amplified from genomic DNA of infected patients
and spans the carboxy-terminal region of gp46 and nearly all of
the gp21 coding gene. The pairwise genetic divergence, repre-
sented by both percent sequence divergence or by Kimura
distance values are presented in Table 3. Different HTLV-I
sequence comparisons range from 0 to 9% divergence and
were 39 to 40% divergent from the HTLV-II outgroup se-
quence.

Evolutionary phenograms of HTLV-I sequences based on
Kimura distances (Table 3) were constructed by the neighbor-
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FIG. 3. Neighbor-joining tree of all human and simian isolates used in this study, using distance values from Table 3. Values on tree limbs
represent percent sequence divergence. Numbers in italics are numbers of trees within 100 bootstrap replications which support the adjacent node.
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FIG. 4. Phylogenetic analysis of 18 isolates representing the 10 major clades of STLV-I and HTLV-I. (A) Neighbor-joining tree based on
distance values given in Table 3. Limb lengths correspond to percent sequence divergence. Numbers in italics are bootstrap values (100 iterations)
in support for the adjacent node. (B) Maximum-parsimony tree representing the majority rule consensus tree derived from bootstrap analysis and
1 of 29 trees of equivalent length (432 steps; consistency index, 0.678) determined by a heuristic search. (C) Maximum-likelihood tree (in
likelihood, —2689.06; 4,154 trees examined) with a transition/transversion ratio of 2. Limb lengths approximate the expected number of
substitutions per site X 100. Branch lengths not significantly different from zero were collapsed into polytomies.
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FIG. 5. Alignment of the putative amino acid envelope sequences of the cosmopolitan, Zairian, and Melanesian HTLV-I variants with the
African and Asian STLV-I isolates and HTLV-II. Single-letter amino acid code was used. Asterisks indicate translational termination codon.
Blanks indicate sequence identity with HTLV-Is. Shared amino acids in the boxes are between the Zairian HTLV-I and the African STLV-I at
positions 330 and 344 and among the Melanesian HTLV-I, the Asian STLV-I, and HTLV-II at position 328 underline the major conserved amino
acid. A stretch of complete amino acid identity among all the isolates studied is indicated at positions 437 through 448. VIE1 and the underlined
sequence epitope identified correspond to a specific linear epitope identified at the carboxy terminus of the gp21 (25).

joining method with bootstrap resampling methods (Fig. 1A).
The nucleotide sequence data were also treated as character
states and analyzed for production of minimum-length trees
under the principle of maximum parsimony, using the PAUP
program (Fig. 1B). Finally, the aligned HTLV-I sequences
were analyzed for the phylogenetic relationship on the basis of
the principle of maximum likelihood (Fig. 1C). We used three
different phylogenetic methods to increase the reliability of the
derived topologies, since tree-building algorithms rely on
different assumptions (11, 21, 46, 56).

The neighbor-joining trees of HTLV-I sequences (Fig. 1A)
resolved the strains into three distinct phylogenetic clusters.
The first to diverge from a common ancestor were the two
isolates from Melanesia (HTLV-I-Melanesia). These se-
quences were distantly related (7.3 to 9.1% divergence) from
all other HTLV-I sequences. The second cluster was a group of
four sequences from Zaire (HTLV-I-Zaire), and the third
cluster was a group of 11 sequences which were geographically
heterogeneous but closely related (HTLV-I-cosmopolitan).
The three clusters were supported by the bootstrap iterations
at levels of 75, 94, and 77%, respectively (Fig. 1A).

The existence of the three HTLV-I clusters was strongly
corroborated by maximum parsimony (Fig. 1B, bootstrap = 60,
97, and 79%, respectively) and by maximum-likelihood analysis
(Fig. 1C). Evolutionary trees constructed by each analytical
method indicated that the HTLV-I-Melanesia clade was the

earliest divergence preceding the split between the HTLV-I-
Zaire and HTLV-I-cosmopolitan groups. Statistically signifi-
cant resolution of branching order within the HTLV-I-cosmo-
politan clade was not possible because of the low level of
genetic diversity among sequences within each group.
Phylogenetic analysis of STLV sequences. Twenty-five
STLV-I sequences from 12 nonhuman primate species (Table
2) were aligned separately, and their pairwise genetic diver-
gence was estimated (Table 3). Each of the phylogenetic
analyses revealed seven groups (or clades) within the STLV-I
sequences examined. The clades were identified on the basis of
consistent topological association in each of the three phylo-
genetic analyses (Fig. 2) plus the combining of clustered
sequences from species of a single primate genus (e.g., clade S7
includes sequences from three Papio species) and separation of
sequences from different simian genera (e.g., clade S2 and S3
from Pan and Cercopithecus species, respectively). The single
exception is the grouping in S1 of five ancestral Asian monkey
species STLV-I sequences (see below). A phenetic (neighbor-
joining) analysis (Fig. 2A) indicated that the earliest radiation
consisted of a heterogeneous mixture of five divergent se-
quences isolated from three species of Macaca from India and
Asia and one yellow baboon (Papio cynocephalus) from Russia
(clade S1). Three of these isolates, MMU-39.83, MMU-73.78,
and PCY-991, form a monophyletic group that is genetically
equidistant from the two other Asian macaque strains, MNE-
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PTM3 and MFA-C194. The next major radiation consists of
two groups: STLV strains from two chimpanzees (Pan tro-
glodytes) at the Texas research facility, with one of indetermi-
nate geographic origin and one from Sierra Leone (clade S2),
and four sabeus monkeys (Cercopithecus aethiops) from Sene-
gal (clade S3). The next group to diverge consists of a single
individual representing the red baboon (Papio papio) from
West Africa (clade S4). The placement of this sequence is not
strongly supported (29%) by the bootstrap analysis, which
instead puts this sequence distal to the radiation of another
group of chimpanzees (one from Sierra Leone and two captive
born but of unknown origin [clade S5]). A more recent
radiation consisted of a mixture of STLV-I isolates from
African species of Cercopithecus from Kenya, Ethiopia, Zaire,
and Uganda (clade S6) and three species of baboon (Papio)
from Kenya and Tanzania (clade S7 for STLV-East Africa).
The seven clades are indicated in Table 2 and in Fig. 2.

The minimum-length tree for STLV-I nucleotide sequences
produced with maximum parsimony (Fig. 2B) reaffirmed the
existence of each of these seven clades. The only disagreement
with the phenetic result involves the relative position of clade
S4 (consisting of a single baboon sequence, PPA-5x28) which
occurred as more primitive in both maximum-parsimony and
maximum-likelihood trees (Fig. 2C). The maximum-likelihood
tree also clustered the seven groups and reinforced the three-
way divergence of the Asian macaque-baboon sequence
within clade S1. In general, bootstrap support was moderate to
good for each of the seven clades, but sequence strain differ-
entiation was less well resolved within the identified clade
groups.

The combined results of the three phylogenetic analyses of
STLV-I strains lead to several important conclusions. First,
there are several examples of STLV-I sequences from a single
species that assort into genetically distinct clades. For example,
STLV-I from C. aethiops occurs in two distinct phylogenetic
clusters, S3 and S6; STLV-I from P. troglodytes occurs in two
clades, S2 and S5; and STLV-I isolates from baboon (Papio)
species occur in three distinct clades, S1, S4, and S7. Second,
and conversely, STLV-I sequences within the seven different
clades are composed of strains from related primate species.
For example, clade 6 contains sequences from three distinct
Cercopithecus species and clade 7 contains STLV-I from three
species of Papio. These results suggest very recent interspecies
transfer between species within these primate genera. Third,
certain clades are themselves associated by monophyletic
phylogenetic nodes, indicating a recency of common ancestry
for the clades that is consistent with interspecies exchange
between primates belonging to different genera. Thus, clade S2
(STLV-I from P. troglodytes) and clade S3 (STLV-I from C.
aethiops) are strongly associated (high bootstrap significance,
70 and 80%, in all three analyses), indicating a recent cross-
species exchange of STLV-I between chimpanzee and Cerco-
pithecus species. Fourth, there are several examples of STLV-I
sequences from one species being closer to STLV-I from a
distant primate species than they are to a second clade from
the same species. Thus, the two chimpanzee clades (S2 and S5)
are more related to distinct STLV-I sequences from Cerco-
Ppithecus species than they are to each other.

Taken together, the results of these analyses would be
consistent with recent interspecies transfer of STLV-I se-
quences between distantly related (intergenera) primate spe-
cies. The wide species distribution of distinct phylogenetic
clusters within the genera Pan, Papio, and Cercopithecus
suggests that more frequent, perhaps free, exchange has oc-
curred below the genus level. Lastly, support for the interspe-
cies transfer is evident by examination of the concordance of

J. VIROL.

geographic origins of associated clades from distinct species.
Thus, clades S6 and S7 are from sympatric African primates, as
are species from associated clades S2 and S3. The deepest
evolutionary divergence occurs between the three Asian
groups within clade S1, and these come from both Papio and
Cercopithecus species.

Combined phylogenetic analysis of HTLV-I and STLV-I
sequences. A phenetic analysis of all HTLV-I and STLV-I
sequences, using the Kimura distance matrix (Table 3), is
presented in Fig. 3. The three HTLV-I and seven STLV-I
clades were resolved by the topology, but the relative position
of HTLV-I was polyphyletic with respect to the simian clades;
that is, the HTLV-I clusters were mixed and interspersed
within the STLV-I topology. Furthermore, the HTLV-I-cos-
mopolitan clade was most closely aligned (bootstrap, 34%)
with the baboon clade S4 (PPA-5x28). The HTLV-I-Zaire
group was aligned with the chimpanzee isolates of clade S5
(bootstrap, 58%), and the HTLV-I-Melanesia isolates were
deeply nested within the nearly contemporaneous divergence
of isolates from the three Asian groups with clade S1. These
results affirm the evolution of three clades in the human
species and suggest that at least three independent human-
simian exchanges leading to the three human clades have
occurred during the evolution of this virus.

A jackknife analysis of the neighbor-joining tree was per-
formed to determine the stability of the placement of HTLV-I
groups among those for STLV-I. Overall, topology did not
change: HTLV-I-Zaire clearly clustered with clade S5, HTLV-
I-Melanesia remained with the early Asian STLV-I divergence
(S1 clade), and the STLV-I-west Africa sequence (clade S3)
continued to precede the divergence of the HTLV-I-cosmo-
politan sequences.

In order to analyze the combined data set with maximum
parsimony and maximum likelihood, representative sequences
were selected from each STLV-I and HTLV-I group. A subset
of data was necessary because of limitations within the pro-
grams to distinguish among a large data set of closely related
sequences. Results did not change with neighbor-joining with
the 18 subset sequences, except for the movement of CAE-59
(C. aethiops) to the cluster of HTLV-I-Zaire and PTR-114.1
(Fig. 4A). With maximum parsimony, a single most parsimo-
nious tree had the same topology as with neighbor joining.
However, the results of a heuristic search with a bootstrap
collapsed the internal nodes into a polytomy (Fig. 4B). Maxi-
mum-likelihood analysis revealed a consistent resolution and
association of HTLV-1 and STLV-I clades (Fig. 4C).

Amino acid sequence analysis of the Env proteins of HTLV-I
and STLV-I. Nucleotide sequences of HTLV-I and STLV-I
isolates were translated by computer and aligned (Fig. 5) to
examine the pattern of amino acid sequence variation in the
population. The results emphasize the extreme conservation of
amino acids among these viral strains, as had been previously
reported among HTLV-I-cosmopolitan isolates (17, 51). There
is one region (amino acids 436 to 447) where there is 100%
amino acid identity among all isolates. With a few exceptions
(amino acids 328, 329, and 344 of the gp21 gene), the variation
is spotty and dispersed throughout the sequence and the
isolates. The nonrandom positions reinforce the divergence of
and are diagnostic for HTLV-I-cosmopolitan, Asian STLV-I
plus HTLV-I, and African STLV-I. For example, at position
328, all Asian sequences have a threonine compared with a
glycine in all other isolates. Similarly, the three groups have
distinct shared, derived residues (cladistic synapomorphies) at
position 329.
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DISCUSSION

The phylogenetic analysis of env nucleotide sequence diver-
gence between HTLV-I and STLV-I strains in nature provided
a robust method for interpreting the natural history of these
viruses. In general, several important conclusions can be
derived from analyses presented in Fig. 1 to 4. First, the
sequence comparison led to the recognition of three HTLV-I
and seven STLV-I phylogenetic clusters. The association of
these 10 groups was apparent with several phylogenetic ap-
proaches and also provided a relative chronology of diver-
gence, with Asian species (human and simian) being the oldest
and the cosmopolitan HTLV-I among the more recent viral
radiations. Second, neither HTLV-I nor STLV-I sequence
divergence conformed to host species monophyly; rather,
different clades within the same species had as closest relatives
clades from more divergent species. For example, an HTLV-I
clade from Zaire (four strains) was most closely related to an
STLV-I clade (S5) consisting of three strains from chimpan-
zees. Human strains had two additional distantly related
HTLV-I clades, and chimpanzees have at least one divergent
STLV-I clade. These associations are interpreted as evidence
for separate evolutionary divergence of the ancestral viruses
for the clades (likely in different species, but possibly in the
same species in different geographic locales), followed by
transmission to modern species that now retain multiple
phylogenetic clades. Third, the deeply rooted divergence of
Asian isolates (human and simian) reflecting the greatest
pairwise sequence divergence suggests an origin of these
viruses in Asia and then migration to African primates and
later spread of the cosmopolitan HTLV-I throughout the
world. Fourth, there are several associations that suggest rare,
but significant, transmission of viral ancestors between primate
genera (Homo-Pan, Papio-Homo, Papio-Cercopithecus, and
Homo-Macaca). We cannot exclude that some of these may be
very recent in primate facilities. Finally, there seems to be
more frequent transmission between species within certain
genera (e.g., Cercopithecus spp. and Papio species). This should
not be overly surprising, since many of these species diver-
gences are rather recent, <200,000 years ago, which is of the
order of divergence of human racial groups. As these groups
may freely interbreed, virus transmission in sympatric locales
(e.g., Africa) would be common.

The simplest scenario for the natural history of these viruses
that is consistent with phylogenetic, epidemiologic, and geo-
graphic data would be some variation on the following. The
ancestors of HTLV-I and STLV-I first entered primates (per-
haps from an artiodactyl) somewhere in Asia and were trans-
mitted to multiple species of Asian primates. The primate-
adapted STLV-I infection migrated to Africa, where it infected
several primate genera, notably Pan, Cercopithecus, Papio, and
Homo. Meanwhile, somewhere in southeast Asia, HTLV-I
emerged in Melanesia. In Africa, the STLV-I ancestors crossed
genus barriers only a few times, but transmission between
species in the same genus was more common. Recent facility in
human migratory pattern, including the slave trade, led to
dissemination of the cosmopolitan HTLV-I strain as world-
wide.

This hypothesis must be considered as tentative, as several
unanswered questions remain. These include the following: in
which direction did each various virus transmission occur?
Although it is likely that the original virus infected nonhuman
simian ancestors that eventually infected humans, the direc-
tions of other transmissions are difficult to know for certain. In
which species did the 10 clades evolve? In which geographic
locale? What was the timing of the primary intergenus trans-

PHYLOGENESIS OF AFRICAN AND ASIAN STLVs AND HTLVs 2705

fers? Answering this last question with molecular data is
ambiguous because of uncertainty of the assumption of a
constant molecular clock in retrovirus sequences. Calibration
of each clock is difficult, since retroviral sequences, especially
those which persist through speciation events, will saturate
mutational substitutions and render clocklike assumptions
invalid. Nonetheless, the provocative interplay of retroviral
sequences offers some compelling insight into the natural
history of these sequences which contributes to our further
understanding of the coevolution of pathogens and their hosts
(1, 37).
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