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Abstract - A renewed intercst in the emergence and evolution of the primate T-cell lymphotropic viruses has
followed the discovery of genetically distinct variants of human T-cell lymphotropic virus type I (HTLV-I) in
Melanesia and Australia. Phylogenctic trees based on selected regions of the gag, pol, env and pX genes of
HTLV-I from widely separated geographic regions and of simian T-cell lymphotropic virus type I (STLV-I) from
African and Asian catarrhines, constructed using the neighbor-joining and maximum parsimony methods,
indicated that the Australo-Melanesian and cosmopolitan strains of HTLV-I have evolved along separate
geographically dependent lineages, with African STLV-I strains clustering with cosmopolitan HTLV-1 strains
and Asian STLV-I strains diverging from the common ancestral virus before the Australo-Melanesian HTLV-
I'strains. When viewed within the context of non-human primate evolution and human occupation of Australia
and Melanesia, the rate of molecular change of HTLV-Iand STLV-1is approximately 2.5 - 6.8 x 107 substitutions
per site per year. Overall, the sequence and phylogenetic analyses are in accord with interspecies virus
transmission among non-human primates, as well as between non-human primates and humans, with independent
cvolution of HTLV-Iin Southeast Asia and in Africa, and with dissemination of HTLV-I by forced or voluntary
movements of human populations. The immunosuppressive and T-cell activation properties of HTLV-1 places
at added risk these Australian Aboriginal and Melanesian populations, some of which are in imminent threat of
infection with human immunodeficiency virus type 1.
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Pleistocene

INTRODUCTION myelopathy/tropical spastic paraparesis, have been

discovered among remote Melanesian populations

Sequence variants of human T-cell lymphotropic  in Papua New Guinea and the Solomon Islands
virus type I (HTLV-I), the etiologic agent of adult  (Gessain er al., 1993, 1991; Nerurkar et al., 1994b,
T-cellleukemia/lymphomaand HTLV-I-associated ~ 1993b; Saksena ef al., 1992; Sherman et al., 1992;
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Yanagihara ez al., 1991b, 1991c, 1990a) and among
Aboriginals in Australia (Bastian et al., 1993a).
Unlike the so-called cosmopolitan strains of HTLV-
I from Japan, India, the Middle East, the Caribbean
basin, the Americas and Africa, which exhibit
>96.5% sequence similarity among themselves
(Dekaban et al., 1992; Evangelista et al., 1990;
Gessain et al, 1992; Gray et al., 1990, 1989;
Komurian et al., 1991; Malik ez al., 1988; Nerurkar
etal., 1993a, 1995; Paine et al., 1991; Ratnerer al.,
1991; Schulz er al., 1991; Shirabe et al.,, 1990,
Tsujimoto er al., 1988), the Australo-Melanesian
variants of HTLV-I diverge by approximately 7%
from cosmopolitan strains of HTLV-I. The isolation
of these genetically distinct variants of HTLV-I,
particularly the viral strains from the Hagahai
(Yanagihara er al., 1990a, 1990b), a remote,
hunter-horticulturalist group living in the fringe
highlands of Papua New Guinea and having no
prior contact with Africans or Japanese, has led to
a renewed inquiry into the origin and evolution of
HTLV-1L.

To further clarify the genetic and evolutionary
relationship between the geographic-specific
genotypes or topotypes of HTLV-I, we aligned and
compared sequences from selected regions of the
gag, pol, env and pX genes of the Australo-
Melanesian HTLV-I strains with HTLV-I strains
from other widely separated geographic regions, as
well as with corresponding sequences of simian T-cell
lymphotropic virus type [(STLV-I) strains from Asian
and African catarrhines. From the perspective of
primate evolution and human migration, our analysis
extends the conclusions drawn earlier regarding the
probable interspecies virus transmission and the
likely mutation rate(s) of the primate T-cell
lymphotropic viruses (Ina and Gojobori, 1990).
Furthermore, the accumulated data are in accord
with the introduction of the ancestral strain(s) of the
Australo-Melanesian HTLV-I topotype by one of
several founder populations migrating from the
then Southeast Asian landmass (Sunda)to the Greater
Australian continent (Sahul) of present-day Australia
and New Guinea, possibly during the late Pleistocene
epoch 40,000 years before present.

R. Yanagihara et al.

MATERIALS AND METHODS

Gene Amplification and Nucleotide Sequencing
High-molecular weight DNA, extracted from the MSHR-1
cell line established from an asymptomatically infected Aus-
tralian Aboriginal (Bastian eral., 1993a) and DNA from other
HTLV-I- and STLV-I-infected T-cell lines, including Brazil-
R-1 from a Brazilian woman with adult T-cell leukemia
(Song et al., 1995), AGM22 from an African green monkey
(Cercopithecus aethiops) from Kenya (Koralnik et al., 1994)
and ChM114-1 from a common chimpanzee (Pan troglo-
dytes) from Sierra Leone (Tsujimoto ef al., 1985), were studied
(Table 1). Oligonucleotide primers for polymerase chain reac-
tion (PCR) and for direct DNA sequencing were derived from
sequences of the Japanese HTLV-I strain ATK (Seiki et al.,
1983) for the amino-terminal p24-encoding region of the gag
gene (bases 1423-1444, 5'-CCATCACCAGCAGCTAGAT-
AGC-3' and bases 1560-1537, 5'-AGTTGCTGGTAT-
TCTCGCCTTAAT-3'); the 3-end of the pol gene (bases
4757-4778, 5'-CCCTACAATCCAACCAGCTCAG-3' and
bases 4942-4919, 5'-GTGGTGAAGCTGCCATCG
GGTTTT-3'); the amino-terminal and midportion gp46-en-
coding region of the env genc (bases 5194-5214, 5'-
CCAACACCATGGGTAAGTTTC-3'and bases 5495-5476,
5-GCCTCCGCCATTTCGGTTTG-3"; bases 5228-5246, 5'-
TTTATTCTTCCAGTTCTGC-3' and bases 5495-5476, 5
GCCTCCGCCATTTCGGTTTG-3"); the gp21-encoding re-
gion of the env gene (bases 6044-6067, 5-TCAAGCTAT-
AGTCTCCTCCCCCTG-3' and bases 6590-6613, 5'-
GGGAGGTGTCGTAGCTGACGGAGG-3') and the 5'-end
of the pX gene (bases 7358-7377, 5'-CGGATACCCAGTC-
TACGTGT-3' and bases 7516-7496, 5-GAGCCGA-
TAACGCGTCCATCG-3"). All primers were used at a final
concentration of 1 UM in a reaction mixture of 100 ul
comprised of 50mM KCl, 10mM Tris-HCl (pH 8.3), 1.5 mM
MgCl,, and 0.2 mM each ANTP and containing 0.5 ugto 1 g
of DNA and 2.5 units of Thermus aquaticus DNA polymerasc
{Perkin-Elmer/Cetus, Norwalk, CT). Reaction mixtures were
cycled as described previously (Nerurkar er al, 1994b).
Enzymatically amplified DNA, purified using Centricon-100
microconcentrators (Amicon Division, Danvers, MA), were
sequenced in both directions using the Tag dye deoxy-termi-
nator cycle sequencing kit (Applied Biosystems, Foster City,
CA) on an automated sequencer (model 373A, Applied
Biosystems)(Nerurkar er al., 1994b). Ambiguities were re-
solved by manual sequencing using the Sequenase version
2.0 DNA sequencing kit (U.S. Biochemicals, Cleveland,
OH).

Sequence and phylogenetic Analyses

Nucleotide and deduced amino acid sequences of the gag,
pol, env and pX gene regions of HTLV-I strains from various
geographic regions, as well as sequences of STLV-I strains
from Asian and African catarrhines (Table 1), were aligned
and compared with sequences of HTLV-I strain ATK (Seiki
et al., 1983). Sequence alignments were facilitated by using
the software package availablc on the VAX computer system,
as part of the Genetics Computer Group.
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Table 1 HTLV-1and STLV-I strains used in genetic and phylogenetic analyses

Country or Place

Virus Strain Host Species of Origin
HTLV-I MEL 1 Homo sapiens Papua New Guinea
MEL 2 Papua New Guinca
MEL 3 Solomon Islands
MEL 4 Solomon Islands
MEL 5 Solomon Islands
MEL 6 Solomon Islands
MSHR-I| Australia
EL Zaire
HS-35 Caribbean
CH Caribbean
ATK Japan
MT-2 Japan
CMCH 13 India
BEL 1 Bellona Island
Brazil-R-1 Brazil
STLV-I Si-2 Macaca fuscata Japan
JM86 Japan
Matsu Japan
MM39-83 Macaca mulatta Southern Asia
AGM22 Cercopithecus aethiops Kenya
KIA Papio cynocephalus South Africa
ChM114-1 Pan troglodytes Sierra Leone

Rather than relying on the unweighted pair-group method of
assortment (UPGMA), which assumes aconstant evolutionary
rate, we employed the neighbor-joining method (Saitou and
Nei, 1987) and the maximum parsimony method (Swofford,
1993; Fitch, 1977) to construct phylogenetic trees, since both
methods accommodate variable rates of evolutionary change.
Evolutionary distances between the sequences (number of
nucleotide substitutions) were estimated by the one-parameter
(Jukesand Cantor, 1969) and two-parameter methods (Kimura,
1980) and these distances were used to construct neighbor-
joining trees. Multiple options of PAUP (phylogenetic analysis
using parsimony), version 3.1.1 (Swofford, 1993), were used
for maximum parsimony analysis. Maximum parsimony and
neighbor-joining trees were evaluated statistically by
calculating bootstrap probabilities for 1,000 iterations using
PAUP and NJBOOT?, respectively.

RESULTS AND DISCUSSION

Genetic Diversity of the primate T-Cell lymphotropic
Viruses
Pairwise comparison of 579 nucleotides spanning

selected regions of the gag, pol, env and pX genes of
the Australo-Melanesian HTLV-I strains and
representative cosmopolitan HTLV-I strains from
Japan, India, Africa, the Caribbean and the Americas
indicated a clear demarcation, with the Australo-
Melanesian strains differing from the cosmopolitan
strains by 6.0% to 7.4% and 3.7% to 5.8% at the
nucleotide and amino acid levels, respectively (Table
2). The sequence variability between the HTLV-I
strains from Melanesians of Papua New Guinea and
the Solomon Islands and from Aboriginals of
Australiawas 3.3% to 3.8%, while the cosmopolitan
HTLV-I strains, including those from equatorial
Zaire, differed among themselves by 0.5% to 3.4%.
Similarly, for the 955-nucleotide gp46- and gp21-
encoding regions of the env gene, the Australo-
Melanesian HTLV-I strains diverged by 6.6% to
7.5% from cosmopolitan HTLV-I strains, and the
interstrain nucleotide variability of the Australo-
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Melanesian HTLV-I strains was 2.7% to 3.6%.

AfricanSTLV-Istrains AGM22, KIA and ChM 1 14-
I were closely related to cosmopolitan HTLV-I
strains, particularly to the Zairian HTLV-I strain
EL,diverging by 2.1% t02.8% in the 579-nucleotide
region. In addition, despite originating from three
catarrhine genera, the sequence similarities among
the African STLV-I strains were 96.9% to 97.6%
and 97.9% 10 98.4% at the nucleotide and amino
acid levels, respectively. By contrast, STLV-Istrains
Si-2, Matsu and JM86 from Japanese macaque
(Macaca fuscata) and MM39-83 from rhesus
macaque (Macaca mulatta) were almost equally
distant (approximately 10% sequence divergence)
from HTLV-I strains originating from Japan and
India, as well as from Australia and Melanesia.
Moreover, strain MM39-83 differed by 12.9% to
13.3% from the Japanese macaque STLV-I strains.
These observations indicate that the HTL V-I strains
in Japan and India could not have evolved recently
from STLV-I from Japanese and rhesus macaques.

Regional genetic differences between STLV-I and
HTLV-lin Asia and Africamay be attributed to one
or more of the following scenarios: virus
transmission between non-human primates and from
non-human primates to humans may have occurred
(and may still occur) more frequently in Africa than
in Asia; the common ancestor of STLV-I may have
emerged outside of Africa, with subsequent
independent evolution in Asia and Africa; the rates
of nucleotide substitution for STLV-I from Asian
and African non-human primates may not be constant
or similar; and as in Africa, virus variants that
genetically link Asian STLV-I and Australo-
Melanesian HTLV-I may have existed (or may still
exist) in Southeast Asia. Still another scenario is
that the ancestral STLV-I may have emerged in
Africa, but has yet to be identified.

Conservation of the neutralizing Epitopes of human
T-Cell lymphotropic Virus Type [

Unlike the marked genetic hypervariability of the
envelope proteins of human immunodeficiency virus
type 1 (HIV-1), the antigenic determinants for
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neutralization on the amino-terminal and central
regions of the gp46 external envelope glycoprotein
of HTLV-Iexhibit aremarkable degree of sequence
conservation (Dekaban et al., 1992; Evangelista er
al., 1990; Gray er al., 1990; Malik et al., 1988;
Melland 1992; Paine et al., 1991; Ratner et al.,
1991; Schulz et al., 1991; Sherman et al., 1993;
Tsujimoto et al., 1988). Serological studies indicate
that HTLV-I-infected Melanesians from Papua New
Guinea and the Solomon Islands exhibit robust
reactivities to synthetic peptides and recombinant
proteins derived from immunodominant epitopes of
cosmopolitan HTLV-I strains (Lal er al.,, 1992a,
1992b; Yanagihara er al., 1991a, 1991b, 1990b),
indicating that some of these antigenic domains are
shared among all HTLV-I strains.

As evidence for the structural conservation of func-
tionally important domains, the amino acid se-
quences of the cleavage site on the gp61 envelope
precursor protein, encoded by bases 6126 to 6143,
and of the immunosuppressive region on the trans-
membrane envelope protein, encoded by bases 6330
to 6407, are identical between Australo-Melanesian
and cosmopolitan HTLV-I strains (Bastian ef al.,
1993a; Gessain er al., 1993, 1991; Nerurkar et al.,
1993b). Similarly, the deduced amino acid sequenc-
es of the neutralizing epitope-spanning domains on
the external envelope glycoprotein of the Australo-
Melanesian HTLV-I strains are identical to those of
cosmopolitan HTLV-I strains from Japan, India,
Iran, Zaire, the Caribbean, the Americas and the
Polynesian Outlier Bellona (Fig. 1). The threonine
to isoleucine difference at position 89 between
HTLV-I ATK and nearly all other HTLV-I strains,
including those from Australia and Melanesia, ap-
pears to be functionally irrelevant (Palker et al.,
1992). Not unexpectedly then, the neutralizing
epitopes of the cosmopolitan and Melanesian HTL V-
['strains are functionally indistinguishable as deter-
mined by cross-neutralization assays (Benson et al.,
1994; Hoshino er al., 1993). In further support,
HTLV-Iimmune globulin prepared from asympto-
matically infected Japanese carriers is effective in
protecting against infection with the Melanesian
HTLV-I variant (Tanaka et al., 1993).
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gp46 env
323558358558 238538388 FRRRER
Japan MT-2 WIKKPNRNGGG PPLLPHSNL | PWKSK
TSP-1
H-5 .
ATK T
Iran MSDJ 1
MSDJ 2
India CMCH 1
CMCH 13
SG
Beliona BEL 1
United States SP
Romania H990
Caribbean CH Co
HS-35 . 8.
Chile ST
Brazil Brazil-R-1
pt5
Zaire EL
Papua New Guinea MEL 1
Solomon Islands MEL 5
Australia MSHR-1
Fig. 1  Comparison between the deduced amino acid sequences of the principal neutralizing domains on the gp46

external envelope glycoprotein of cosmopolitan and Australo-Melanesian strains of human T-cell lymphotropic virus
nvpe I. Single letter amino acid code: G: glycine: H: histidine; I: isoleucine; K: lysine; L: leucine; N: asparaginc:
P: proline; R: arginine: S: serine; T: threonine; W: tryptophan

Sequence and functional conservation of the
neutralizing epitopes on the external envelope glyco-
protein of HTLV-, irrespective of their geographic
origin, may account for the absence of dual infection
with cosmopolitan and Australo-Melanesian strains
of HTLV-I in the same individual. Stability of the
antigenic determinants for neutralization in HTLV-
I strains identified to date suggests that HTLV-I
may exist as a single serotype worldwide. Therefore,
either genetically engineered recombinant protein-
or synthetic peptide-based subunit vaccines might
confer protective immunity against all HTLV-I
strains. Moreover, the considerable conservation of
functionally important domains on the envelope
glycoproteins of HTLV-I suggests that they are
under intense genetic constraint, that few amino
acid substitutions are compatible with preservation

of virus infectivity and replication, and that HTLV-
I is a virus of great antiquity which arose from a
common ancestor (Pique er al., 1990; Yanagihara,
1994, 1992).

Identification of geographic-specific Genotypes of
HTLV-I

Originally proposed for St. Louis encephalitis virus
(Trent et al., 1981), the concept of viral genotypes
associated with specific geographic regions has
been applied to other viruses, including dengue
virus types 1 and 2 (Blok er al., 1991; Rico-Hesse,
1990), poliovirus type 1 (Rico-Hesse et al., 1987),
Japanese encephalitis virus (Chen W.-R. et al,
1992, 1990), human papillomavirus type 16 (Ho L.
et al., 1993; Chan er al., 1992), hepatitis A virus
(Robertson et al., 1992), rabiesvirus (Smith et al.,
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1992) and Ross River virus (Lindsay et al., 1993).
Accordingly, oligonucleotide primers derived from
sequences unique to the gp46- and gp21-encoding
regions of the env gene of the Australo-Melanesian
variants of HTLV-I have been employed to
discriminate HTLV-I strains into two major
geographic-specific genotypes or topotypes,
designated Australo-Melanesian and cosmopolitan
(Nerurkar er al., 1994a; Yanagihara, 1994, 1992;
Nerurkar and Yanagihara, 1992). Each topotype of
HTLV-I, which differs by approximately 7% at the
nucleotide level, can be further classified into
subtypes, which differ by approximately 3.5% (Table
3). In turn, individual viral strains within each
subtype exhibit sequence similarity of 298%.

Table3 Geographic-specific genotypes or
topotypes and subtypes of HTLV-[

L. Australo-Melanesian topotype
A. Papua New Guinean
B. Solomon Islander
C. Australian Aboriginal

I1. Cosmopolitan topotype

A. Zairian

B. Afroindoamerasian
. West African
2. Caribbean
3. North American
4. South American
5. Japanese
6. Indian
7. Middle Eastern

Since the degree of genomic diversity between the
HTLV-I subtypes within the Australo-Melanesian
topotype is virtually identical, their temporal
separation must be nearly the same, assuming similar
rates of genetic change. Following this logic, it is
improbable that the forced migration of more than
100,000 Melanesians (40,000 from the Solomon
Islands) to Queensland, Australia, between 1870
and 1914, to work as indentured slaves alongside
Aboriginals in mines and sugar cane plantations
(Corris, 1973) is the basis for the present-day high
prevalences of HTLV-I infection among

Sis1

Melanesians and Australian Aboriginals (Asher er
al., 1988; Bastian et al., 1993b; Garruto et al., 1990;
Yanagihara er al., 1990b). Similarly, the conside-
rable genetic difference between the Australo-
Melanesian and cosmopolitan topotypes of HTLV-
[ argues against the recent introduction of HTLV-I
Into Australia and Melanesia either by way of
European explorers or other emigrees, such as the
male pearl divers from southern Japan who migrated
to Darwin and to Broome along the northern and
northwestern coasts of Australia, respectively,
beginningcirca 1870 (Bain, 1982). Inall likelihood,
the existence and evolutionary separation of HTLV-
I among Melanesians and Australian Aboriginals
can be measured in millenia, rather than in centuries
or decades.

Phylogenetic Relationship among the primate T-
Cell lymphotropic Viruses

Previously published phylogenies of HTLV-1 and
STLV-I have relied heavily or exclusively on
UPGMA (Gessain et al., 1993, 1992; Ratner et al.,
1991; Saksena et al., 1992; Sherman ez al., 1992), a
method which assumes a constant evolutionary
rate. Since the neighbor-joining method, which is
based on the principle of minimum evolution, is
superior to UPGMA (whether or not the actual rate
of genetic change is constant) (Saitou and Nei,
1987) and since it is the most efficient method of
producing the correct tree, when compared to the
Fitch-Margoliash, maximum parsimony and
maximum-likelihood methods of phylogenetic tree
construction (Saitou and Imanishi, 1989), we chose
this as the primary method to determine the
phylogenetic relationship between the primate T-
cell lymphotropic viruses.

Phylogenetic trees based on gag (92 bp), pol (140
bp), env (229 bp) and pX (118 bp) gene sequences
(Fig.2)and on env(955bp) gene sequences encoding
the amino-terminal and middle regions of the gp46
envelope glycoprotein and nearly the entire gp21
transmembrane protein (Fig. 3) of HTLV-I and
STLV-Istrains were constructed using the neighbor-
joining and maximum parsimony methods.
Neighbor-joining trees for each data set, obtained
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= STLV-1 MM39-83 (Southern Asia)
100 5 STLV-1 JM86 (Japan)
35 100 [OSTLV-I Si-2 (Japan)
6 1 STLV- Matsu (Japan)
50 100 ] HTLV-1 MEL 1 (Papua New Guinea)
2 10 EL{_G__ HTLV-I MEL 5 {Solomon Islands)
1 3 HTLV-1 MSHR 1 (Australia)
372 52 5 STLV-1 AGM22 (Kenya)
87 | z—— STLV-1 KIA (South Atrica)
3 STLV-1 ChM114-1 (Sierra Leone)
100 5 HTLV-I EL (Zaire)
9 5 HTLV-I HS-35 (Caribbean)
88 3 HTLV-1 MT-2 (Japan)
3 ﬂ_[T HTLV-I CH (Caribbean)
9; 2 - HTLV-| CMCH 13 (India)
72 —E HTLV-1 ATK (Japan)
1 T HTLV-I1BEL Y {Polynesia)
Fig.2  Phylogenetic tree based on 579 bp from selected regions of the gag, pol, env and pX genes of HTLV-I strains

from various geographical areas, including Japan (ATK, MT-2), India (CMCH 13), Zaire (EL), the Polynesian
Outlier Bellona (BEL 1), the Caribbean basin (CH, HS-35), Papua New Guinea (MEL 1), the Solomon Islands (MEL
5)and Australia (MSHR-1), and corresponding sequences of S TLV-Istrains from Asia(MM39-83,JM86, Si-2, Matsu)
and Africa (AGM22, KIA, ChM [ 14-1), constructed by the neighbor-joining method. The tree was rooted by assuming
HTLV-I strain Mo (Shimotohno et al., 1985) as the outgroup. Branch lengths, given below each branch, are
proportional 1o the estimated number of nucicotide substitutions, and bootstrap probabilities (in percentages), as
determined for 1,000 resamplings by NJBOOT?2, are given (in italics) above or beside the internal branches. The
unavailability of gag and pol sequences for STLV-I strain PIM3 (Watanabe et al., 1985) from an Indonesian pig-lailed
macaque precluded its inclusion in this tree. GenBank accession numbers: U12101,U12102,U12103 and U11555 for
AGM22: U12104, U12105, U12106 and U11556 for BEL 1: U12110, U12111,U12112 and Ul 1561 for CMCH 13;
U12116, UI2117, U12118 and U11564 for ChM114-1: L20648, 120649, L20650 and 120652 for KIA; U12119,

U12120, U1212} and M92818 for MSHR-1.

from evolutionary distances based on the one- and
two-parameter methods and rooted by assuming
HTLV-II (Shimotohno et al., 1985) as the outgroup,
were identical in their branching patterns, and the
branch lengths were nearly the same (Figs. 2 and 3).
By the maximum parsimony method, three equally
parsimonious trees, requiring 381 nucleotide
substitutions and with consistency indices of 0.795,
were constructed from the 579-nucleotide sites.

In the neighbor-joining trees based on each data set,
boot-strap probabilities (in percentages), as
determined for 1,000 resamplings by NJBOOT2,
for the respective nodes clustering the Australo-
Melanesian HTLV-I strains and the cosmopolitan
HTLV-I strains, including STLV-I strains from

Africa, were 299%, demonstrating that the Australo-
Melanesian and cosmopolitan strains of HTLV-I
have evolved along separate geographically
dependent lineages (Figs. 2 and 3). Two distinct
lineages were also evident in the maximum
parsimony trees based on a 522-nucleotide region
of the gp21 transmembrane-encoding env gene for
36 strains of HTLV-I (data not shown). None of the
HTLV-I strains were closely related to any of the
Asian STLV-I strains, whereas the African STLV-
I strains AGM22, KIA and ChM114-1 and the
HTLV-I variant EL from equatorial Zaire clustered
together in 87% of the bootstraps (Fig. 2).

Congruency of the phylogenetic trees, based on
different gene regions using the neighbor-joining
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Neighbor-joining tree based on 955 bp from the gp46- and gp2l-encoding regions of the env gene of

Australo-Melanesian HTLV-I strains (MEL | 1o MEL 6 and MSHR-1) and cosmopolitan HTLV-I strains from
representative geographic areas, including Japan (ATK, MT-2), Zaire (EL), the Polynesian Outlier Bellona (BEL 1)
and the Caribbean basin (CH, HS-35), as well as the STLV-I strain PiM3 Sfrom a pig-tailed macaque (Macaca
nemestrina) from Indonesia (Watanabe et al, 1985). The tree was rooted by assuming HTLV-II strain Mo
(Shimotohno et al., 1985) as the outgroup. Branch lengths, given below each branch, are proportional to the estimated
number of nucleotide substitutions, and bootstrap probabilities (in percentages), as determined for 1,000 resamplings
by NJBOOT2, are shown (in italics) above or beside the internal branches.

and maximum parsimony methods, validated the
evolutionary relationship between the Australo-
Melanesian and cosmopolitan strains of HTLV-I
and the African and Asian strains of STLV-I. The
failure of HTLV-I and STLV-I to segregate along
evolutionary lines of their catarrhine hosts is
consistent with interspecies virus transmission
among non-human primates and between non-
human primates and humans in the distant past and
possibly more recently (Ina and Gojobori, 1990;
Koralnik eral., 1994; Song er al., 1994). The degree
of sequence diversity between the Australo-
Melanesian and cosmopolitan strains of HTLV-I
and between the Asian and Africanstrains of STLV-
I'appears to be in accord with a slow accumulation
of mutations over a prolonged period of time.

Estimation of Mutation Rate(s) for the primate T-
Cell lymphotropic Viruses

Marked conservation in the tax-reading frame and
greater heterogeneity in the rex-reading frame of
the pX gene of HTLV-I were verified among the
Australo-Melanesian HTLV-I strains and among
the Asian and African STLV-I strains. Based on the
maximumdiversity of the pX gene, Ina and Gojobori
(1990) concluded that the mutation rate of HTLV-
I was somewhat faster than that of nuclear genes but
much slower, by several orders of magnitude, than
that of other RNA viruses, such as influenza A virus
and HIV-1. Our estimates of the mutation rates for
HTLV-I and STLV-I are in keeping with this
prediction. Thatis, if, as judged by the archaeological
record, human occupation in Australiaand Melanesia
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occurred 50,000 years before present, then the rate
of molecular change for the 579-nucleotides
spanning selected regions of the gag, pol, env and
pX genes of HTLV-1 is 6.8 x 107 substitutions per
site per year, and the divergence between STLV-I
strains from Japanese and rhesus macaques occurred
110,000 years before present.

Alternatively, if, as indicated by paleontological
data, blood protein polymorphisms and restriction-
enzyme and sequence analyses of mitochondrial
DNA, Japanese and rhesus macaques diverged 0.3
to 1.8 million years ago (Hayasaka et al., 1988a,
1988b; Melnick et al., 1993; Melnick and Kidd,
1985), then the rate of genetic change for the 579-
nucleotide region is 0.4 - 2.5 x 107 substitutions per
site per year, given the evolutionary distance (as
determined by the two-parameter method) of 0.15
between the STLV-Istrains fromrhesus and Japanese
macagque. Furthermore, if the nucleotide substitution
rates of STLV-I and HTLV-I are similar, then
HTLV-I diverged 140,000 to 850,000 years before
present, given an evolutionary distance of 0.068
between the Australo-Melanesian and cosmopolitan
HTLV-I strains. In this scenario, virus transmission
from macaques to humans must have occurred at an
carly stage of modern human evolution.

Since the geographic separation between Japan and
mainland Asia occurred after the last glaciation
approximately 11,000 years ago (Melnick and Kidd,
1985), virus transmission between Japanese and
rhesus macagues must have occurred before that
time. Ineither case, the accumulated data support an
archaic presence of STLV-I in Asia, probably
predating macaque speciation, with interspecies
transmission of the common ancestral strain of
STLV-Ilong before the present-day habitats of their
primate hosts were established in Africa and Asia
(Song et al., 1994).

Although these are conservative estimates for the
nucleotide substitution rates of HTLV-Iand STLV-
I, even more liberal estimations would still be
considerably slower than the rate of approximately
10 substitutions per site per year calculated for
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HIV-1. The marked disparity in the rates of molecular
change between HTLV-I and HIV-1 can be
accounted for by overall differences in their
replication strategies, particularly the frequency of
virus replication, as well as the fidelity or error
proneness of their reverse transcriptase and the load
of circulating free virus under selective pressure by
the host immune response.

Implicit in the estimations of molecular change for
HTLV-land STLV-Iisthat they have been constant.
In actuality, the tendency for some of the nucleotide
changes to occur at identical positions in the gag,
pol and env genes of the cosmopolitan and Australo-
Melanesian HTLV-I strains and of the Asian and
African STLV-I strains suggests a non-random
nature to the molecular alterations. Thus, the rates
of genetic change for HTLV-I and STLV-I may
have varied considerably over time, and the
accumulation of mutations may have occurred (and
may be occurring) in a non-linear fashion. Based on
this premise, the calculation of mutation rates may
not be very meaningful, unless one accepts that any
estimation of molecular change is merely an average
of multiple rates. Studies aimed at identifying and
characterizing the selective influences on and the
mechanisms of genetic variation within virus
populations may have more profound and immediate
implications for predicting disease development and
forunderstanding cellular tropismamdtissue targeting.

Peopling of Melanesia and the greater Australian
Continent

As evidenced by radiocarbon dating of samples
from arockshelter on BukaIsland off the northeastern
coast of Bougainville, human occupation of the
outer islands of New Guinea and of the Solomon
Islands, as far as San Cristobal, dates to the late
Pleistocene, approximately 30,000 years ago (Allen
et al., 1988; Wickler and Spriggs, 1988). Archeo-
logical sites of ancient human settlements, such as
in the Huon peninsula of Papua New Guinea and
near Arnhem Land in northern Australia, are
somewhat older, dating to 50,000 years before
present (Birdsell, 1977; Groube et al., 1986; Jones,
1973; Roberts et al., 1990).
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Several millenia following these early settlements,
Austronesians began to people the smaller islands
in Melanesia and elsewhere in the Pacific beginning
1,000 to 5,000 years ago (Serjeantson, 1989, 1985;
Serjeantson et al., 1982). These populations, which
were isolated by virtue of geography, culture and/or
genetics from western influence, were first contacted,
principally by Spain and Portugal, during the age of
global exploration in the 16th century. Initial and
later contacts, beginning at the end of the 18th
century, with seamen on American, Australian and
European vessels and their crews comprised of
individuals from China, India and Africa, gave
ample opportunity for the introduction of genes
(and infectious diseases) into these insular
communities. Although evidence for genetic
admixture from these sources is limited, the
occurrence of Machado-Joseph disease, an
autosomal dominant neurological disorder
characterized by limb spasticity, dystonia, dysarthria
and ataxia (Rosenberg, 1978), among Aboriginals
of Groote Eylandt, off the coast of Arnhem Land in
the Gulf of Carpenteria (Burt et al., 1993), is a
probable example of genetic transfer from outsiders,
in this case possibly from the Macassan trepang
fishermen of Portuguese Timor.

Based on the analysis of gene frequency data for
multiple polymorphic loci, including blood group
antigens, serum proteins and HLA haplotypes (Nei
and Roychoudhury, 1993, Serjeantson, 1989, 1985;
Serjeantson et al., 1982) and of morphological
features, including hair texture, skin color and
craniofacial measurements (Hanihara, 1993), the
highland New Guineans and Australian Aboriginals
are related. On the other hand, coastal New Guinean
groups and inhabitants of the smaller islands within
Melanesia, Micronesia and Polynesia are more
closely related to Southeast Asians who migrated to
these areas within the past 3,500 years (Bellwood,
1989: Chen LZ et al., 1992). Despite its geographic
proximity to Guadalcanal where the Australo-
Melanesian topotype of HTLV-I is endemic,
inhabitants of the neighboring Polynesian Outlier
Bellona are infected with the cosmopolitan topotype
of HTLV-1, suggesting adifferent source of infection
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and more recent introduction of the virus.

Emergence and early Evolution of HTLV-I
Although the accumulated genetic data are
incomplete, they do permit a unifying hypothesis on
the emergence of HTLV-I. Prior to the discovery of
the Australo-Melanesian strains of HTLV-I, the
long-standing dogma held that HTLV-I originated
in Africa, but a strictly African origin of HTLV-I is
inconsistent with our phylogenetic analysis. Instead,
given the unique phylogenetic positions of the
Australo-Melanesian and cosmopolitan strains of
HTLV-I, it is likely that HTLV-I evolved
independently in the Southeast Asia landmass of
Sunda and in Africa. In this regard, the emergence
and early evolution of HTLV-I is in accord with the
hypothesis, based on recent analysis of human
mitochondrial DNA sequence diversity in present-
day human populations, that modern humansevolved
from very isolated precursor populations in widely
separated regions rather than fromasingle population
in Africa (Harpending et al., 1993). Explosive
expansions in early human populations are felt to
have occurredindifferent geographic regions during
the Pleistocene epoch. One of these population
expansions might have occurred in Sunda, where
the common ancestor of the Australo-Melanesian
HTLV-I topotype probably evolved. Two and
possibly more of these ancestral virus variants may
then have been introduced by one of several founder
groups, possibly as early as 40,000 years ago, when,
by intention or not, the hunter-gatherer Australoids
left Sunda and arrived in the Greater Australian
continent of Sahul, either via Sulawesi and Seram or
via Bali and Timor (Birdsell, 1977). Similarly,
cosmopolitan strains of HTLV-I may have evolved
in isolated populations of early humans in Asia and
Africa, while more recent migrations of modern
humans may account for the present genetic
relatedness between cosmopolitan HTLV-I strains
from different geographic areas.

Human Migration and global Dissemination of
HTLV-1

Like other viruses, the global dissemination of
HTLV-Ihasbeenadynamic process, withexamples
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of recent geographic spread through forced or
voluntary movements of human populations
(Gessain et al., 1992; Yanagihara, 1994, 1992).
Thus, as in other parts of the world, the distribution
of HTLV-I in Oceania is not uniform, ranging from
extremely high prevalences of infection in
southwestern Japan to absolutely no evidence for
infection in many Pacific island communities.
Specifically, studies conducted on sera collected
during the 1960s to 1980s from indigenous
populations in Micronesia (Mariana Islands,
Caroline Islands), Polynesia (Cook Islands, French
Polynesia, Marquesas, Anuta, Tikopia, American
and Western Samoa) and certain regions in Melanesia
(Fiji and New Caledonia) have failed to disclose
antibodies against HTLV-I (Asher er al., 1988;
Brindle et al., 1988; Garruto et al., 1990; Nicholson
et al., 1992; Morillon er al., 1991; Tajima et al.,
1991).

Mention has already been made about the genetic
evidence for the probable contact between Australian
Aboriginals and Portuguese. By virtue of their
expansive maritime explorations beginning in the
15th century, the Portuguese have been unfairly
incriminated in the spread of HTLV-I. That they
were the first Europeans to chart the unknown
territories in the Indian and Pacific Oceans, including
the coastal regions of New Guinea and Japan, is
incontestable. However, high prevalences of HTL V-
I infection have not been documented among the
Portuguese (Cardoso er al., 1989). Nevertheless,
one hypothesis traces the origin of HTLV-Iin Japan
to the Portuguese seafarers and their African or
Indian (Tamil) slaves, who frequented southwestern
Japan during the 16th century (Gallo ef al., 1983;
Kantha, 1986; Wong-Staal and Gallo, 1985). Heated
debate continues to surround this issue, with the
antithetical view claiming an ancient presence of
HTLV-1in Japan, predating contact with Europeans,
Africans or Indians (Hinuma, 1986; Ishida and
Hinuma, 1986). Consistent with this latter hypothesis
is the documented high prevalence of HTLV-I
infection among the Aboriginals (Ainu) of Hokkaido
in northern Japan (Ishida et al., 1985). Both views
may be correct. Recent sequence and phylogenetic
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analyses of HTLV-I strains from Japan and the
Ryuukyu Islands, indicating two distinct genetic
subtypes (Miura et al., 1994; Ureta Vidal et al.,
1994), are consistent with the introduction of HTLV-
I into Japan at two or more periods in the recent or
distant past.

Absence of uniformity in the geographic distribution
of HTLV-I, even in populations having decades- or
centuries-long cohabitation with carrier groups,
implies that HTLV-I is not efficiently transmitted
by the sexual route and that long-term maintenance
of the virus within a given population is dependent
on complex interactions between environmental
factors and social, behavioral and cultural practices.
The comparative importance of these factors and
the possible role of other infectious agents as co-
factors within a given population are unknown. In
this regard, the rapidly declining prevalences of
HTLV-Iinfection in southwestern Japan (Oguma et
al., 1992) and the near disappearance of HTLV-I
infection among third- and fourth-generation
Japanese Americans in Hawaii (Blattner et al,
1986; Ho GYF et al., 1991) speaks to the relative
ease with which HTLV-I can be eliminated from
populations having unrestricted patterns of
movement and marriage and whose hygienic and
sociocultural milieu are compatible with early
cessation of breastfeeding.

Recent population movements from the Middle
East to Kerala in southern India and to Gujarat in
western India, approximately 1000 to 1300 years
ago (Balkrishnan, 1978; Undevia et al., 1972), and
the migration of more than 500,000 Indians to the
Caribbean basin between 1838 to 1917 to toil as
indentured laborers following the abolition of slavery
by the British (Dutt, 1993), may be responsible for
the demonstrated sequence similarity between
HTLV-I strains from the Middle East and India and
from India and the Caribbean islands (Nerurkar ef
al., 1993a, 1995). The close sequence similarity
among HTLV-I strains from western and central
Africa (Central African Republic, Mauritania,
Guinea Bissau), the Caribbean basin (Martinique,
Guadeloupe, French Guyana, Haiti, Jamaica) and
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South America (Brazil, Peru) may also be a
consequence of the African slave trade to the New
World, beginning in the 16th century (Gessain et al.,
1992; Song et al., 1995).

The discovery of molecular variants of HTLV-I
among Melanesians in Papua New Guinea and the
Solomon Islands and among Aboriginals in Australia
has provided an augmented perspective on the
evolution of the primate T-cell lymphotropic viruses.
Questions, however, remain about their geographic
distribution, as well as about the existence of other
genetically distinct variants of HTLV-I in other
regions. We are thus in active pursuit of delineating
if Wallace’s Line (Wallace, 1860) or Weber’s Line
(Mayr, 1944), which separates the oriental
zoogeographic fauna from that of Australia, forms
the westernmost geographic border of the Australo-
Melanesian topotype of HTLV-1. Such studies might
provide further insights into the emergence of the
Australo-Melanesian variants of HTLV-I by
identifying viral strains that link the Australo-
Melanesian and cosmopolitan topotypes of HTLV-
I and the Australo-Melanesian HTLV-I strains with
Asian STLV-I strains. Thus far, investigations of
selected human populations occupying the presumed
route of migration from Sunda to Sahul, including
Ternate and Hiri in the Moluccas and Roti, Timor,
Flores and Alor in the Lesser Sunda Islands, have
failed to disclose evidence for HTLV-I infection
(Song et al., unpublished observations). Additional
investigations in Wallacea and intensified attempts
to verify HTLV-I infection among Javanese
transmigrants to West New Guinea (Irian Jaya)
(Anthony et al., 1992), among coastal groups in
Papua New Guinea and among lifelong residents of
Vanuatu may yield additional clues about the
emergence, evolution and dissemination of HTLV-I.
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