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Review

Genomic Evolution, Patterns of Global
Dissemination, and Interspecies Transmission
of Human and Simian T-cell
Leukemia/Lymphotropic Viruses

Jill Pecon Slattery,'* Genoveffa Franchini,”? and Antoine Gessain?

"Laboratory of Genomic Diversity, National Cancer Institute-Frederick Research Development Center (NCI-FCRDC) Frederick,
Maryland 21702 USA; 2 Bethesda Research Laboratories (BRL) NCI, National Institutes of Health (NIH), Bethesda, Maryland
20892 USA; 3Unite d’Oncologie Virale, Institut Pasteur, 5724 Paris CEDEX 15, France

Using both env and long terminal repeat (LTR) sequences, with maximal representation of genetic diversity
within primate strains, we revise and expand the unique evolutionary history of human and simian T-cell
leukemia/lymphotropic viruses (HTLV/STLV). Based on the robust application of three different phylogenetic
algorithms of minimum evolution-neighbor joining, maximum parsimony, and maximum likelihood, we address
overall levels of genetic diversity, specific rates of mutation within and between different regions of the viral
genome, relatedness among viral strains from geographically diverse regions, and estimation of the pattern of
divergence of the virus into extant lineages. Despite broad genomic similarities, type I and type Il viruses do not
share concordant evolutionary histories. HTLV-I/STLV-l are united through distinct phylogeographic patterns,
infection of 20 primate species, multiple episodes of interspecies transmission, and exhibition of a range in levels
of genetic divergence. In contrast, type Il viruses are isolated from only two species (Homo sapiens and Pan
paniscus) and are paradoxically endemic to both Amerindian tribes of the New World and human Pygmy
villagers in Africa. Furthermore, HTLV-Il is spreading rapidly through new host populations of intravenous
drug users. Despite such clearly disparate host populations, the resultant HTLV-II/STLV-Il phylogeny exhibits
little phylogeographic concordance and indicates low levels of transcontinental genetic differentiation. Together,
these patterns generate a model of HTLV/STLV emergence marked by an ancient ancestry, differential rates of

divergence, and continued global expansion.

Emerging viral pathogens are those that have either
invaded a new host species or expanded into new geo-
graphic populations of host species. As represented by
the global prevalence of human immunodeficiency vi-
rus (HIV) that has occurred in <20 years, or the massive
Spanish influenza outbreak of the 1920s, viral patho-
gens can be highly transmissible and virulent. At first
glance, these episodes appear to be unpredictable. Yet,
whether viral, bacterial, or parasitic, a close examina-
tion reveals a common trend whereby a pre-existing
pathogen becomes selectively activated by changing
environmental conditions (for review, see Morse
1995). At this point, the pathogen propagates within a
host and may increase in prevalence via interspecies
transmission. Thus, a viral pathogen may be benign
while residing within a “reservoir” species, yet on en-
tering a new host, increase in virulence. Efforts to con-
trol and regulate outbreaks rely on epidemiological re-
search of each event and involve defining patterns of
dissemination, virulence, and mode of transmission
between individuals. Such information provides the
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basis for subsequent interdisciplinary considerations
encompassing virology, cell biology, immunology, and
pharmacology in devising effective treatment strate-
gies. Here, using genetic variation of the human T-cell
leukemia/lymphotropic viruses and related simian ret-
roviruses, we present an overview of the application of
a powerful tool in countering emergent pathogens—
molecular phylogenetics.

Forming a link between evolutionary history and
epidemiology, molecular phylogenetics addresses five
major aspects integral to viral emergence. First, the ge-
netic diversity present within the virus is estimated by
comparing among all known viral strains. Second, es-
timates of the pattern and rate of mutation of each
gene within the virus can be examined. Third, the
identity of the causative viral strain of each new out-
break can be ascertained and compared with previ-
ously described viruses. By linking viral strains, the cor-
responding host species or population is also identi-
fied, forming the basis of determining mode of
transmission. Fourth, using such a comparative ap-
proach, the geographic as well as evolutionary origin of
different viral strains can be inferred through phyloge-
netic associations. Fifth, depiction of the mutation rate
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of each gene, and the extent of genetic similarity unit-
ing viral strains, is essential to devising an effective
drug treatment and vaccine development.

Successful application of phylogenetic analysis is
best represented in the research of human and simian
T-cell leukemia/lymphotropic virus (HTLV/STLV).
Transmission of HTLV/STLV occurs by sexual contact
(Murphy et al. 1989; Vitek et al. 1995), from mother to
child by breast feeding (Hino et al. 1985; Vitek et al.
1995), and through blood transfusion or contact (Oko-
chi and Sato 1984). These viruses possesses unique
pathogenicity, patterns of dissemination, global pat-
terns of endemicity, and mutation processes unlike
any known retrovirus.

As each new viral strain is identified, a remarkable
pattern of distribution demarcates type I and type II
viruses (Fig. 1). HTLV-I is distributed worldwide [with
15-20 million people estimated to be infected with the
virus (Gessain 1996)] with local regions of high preva-
lence including southern Japan, intertropical Africa,
the Caribbean, and some areas within South America,
the Middle East, and Melanesia (Fig. 1). HTLV-I is now
recognized as the causative agent of adult T-cell leuke-
mia/lymphoma (ATLL) (Poiesz et al. 1980; Hinuma et
al. 1982), a malignant lymphoma of CD4 cells causing
high mortality. Another disease caused by HTLV-I in-
fection is the chronic, debilitating neurological disor-
der tropical spastic paraparesis/HTLV-1-associated my-
elopathy (TSP/HAM) (Gessain et al. 1985). HTLV-I
seemingly is linked with additional diseases such as the

A STLV-I

Il = HTLV-I

rare infective dermatitis (La Grenade et al. 1990) and to
a lesser extent with some cases of polymyositis, both in
Jamaica (Morgan et al. 1989), and cases of uveitis in
young adults (Mochizuki et al. 1996) and rheumatoid
arthritis (Nishioka 1996) in Japan.

Less clear are disease associations of HTLV-IIL.
Originally identified from a patient with a variant form
of hairy T-cell leukemia (Kalyanaraman et al. 1982),
HTLV-II is as yet only loosely correlated with rare neu-
rological diseases resembling TSP/HAM (Jacobson et al.
1993; Murphy et al. 1997a) or other opportunistic in-
fections attributable to a compromised immune sys-
tem of patients harboring HTLV-II (Modahl et al. 1997;
Murphy et al. 1997b). In sharp contrast to HTLV-], type
II viruses exhibit a markedly different pattern of distri-
bution. Originally, the virus was thought to be a New
World pathogen restricted to isolated Amerindian
tribes throughout North and South America (Fig. 1).
High prevalence in isolated ethnic groups, such as
Guaymi in Panama (Lairmore et al. 1990; Pardi et al.
1995); Cayapo, Kraho, and Kaxuyana of Brazil (Malo-
ney et al. 1992; Biggar et al. 1996); Toba, Mataco-
Mataguayo, and Mapuche of Argentina (Biglione et al.
1993, 1999; Ferrer et al. 1993, 1996); Pume, Guahibo,
and Yaruro of Venezuela (Echeverria de Perez et al.
1993; Leon-Ponte et al. 1998); Wayuu of Colombia
(Switzer et al. 1995a); and other less isolated tribes in
New Mexico (Hjelle et al. 1990) and Florida (Levine et
al. 1993), suggests the virus was brought into the New
World by ancient human migrations of 10,000-20,000

~ STLV-II

Figure 1 Map of distribution of HTLV/STLV viral isolates of known geographic origin. (Small rectangles) HTLV-I; (large rectangles)
HTLV-I high endemicity; (triangles) STLV-I; (green ovals) HTLV-Il endemic ethnic groups; (red ovals) HTLV-II IVDU; (star) STLV-II.
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years ago (Maloney et al. 1992; Switzer et al. 1996) and
is maintained and transmitted between generations by
heterosexual contact and cultural practices such as
communal breast-feeding (Black et al. 1994; Vitek et al.
1995). The discovery of diverse strains of the virus in
different tribes of the oldest African human ethnic
group, the Pygmy of Cameroon (Gessain et al. 1995),
Central African Republic (Giri et al. 1997), and Demo-
cratic Republic of Congo (Zaire) (Goubau et al. 1992,
1993; Vandamme et al. 1998a), and from isolated fami-
lies in Gabon (Tuppin et al. 1996) contradicts the view
that type II viruses are exclusive to the New World. In
addition, the very recent invasion of new host popu-
lations of intravenous drug users (IVDU) of Europe (Sa-
lemi et al. 1996, 1998a) and North America (Biggar et
al. 1991) indicates a changing epidemiology for HTLV-
II from highly localized to potentially global distribu-
tion. Moreover, molecular epidemiological character-
ization of North American IVDU indicates at least two
episodes of invasion, with correspondingly different
patterns of subsequent dissemination (Murphy et al.
1998).

Subsequent investigations of nonhuman primates
revealed simian forms of the viruses identified as
STLV-I and STLV-II. STLV-I is confined to Africa and
Asia among at least 19 species of Old World primates,
but little is known of the seroprevalence of the virus in
natural populations within each simian species (Fig. 1).
ATLL-like disease has been described in some STLV-I
infected animals (summarized in International Agency
for Research on Cancer 1996). The distribution of
STLV-II is virtually unknown. A notable exception is
STLV-II, isolated independently by Giri et al. (1994)
and Liu et al. (1994) from captive bonobo chimps (Pan
paniscus) taken from Zaire in central Africa (Fig. 1).

A third viral type, a highly divergent strain isolated
from Papio hamadryas in Eritrea (STLV-PH969), is not
affiliated with type I or II, and remains the sole repre-
sentative of the monotypic PTLV-L (Goubau et al.
1994; Van Brussel et al. 1996, 1998).

Methods in Phylogenetic Analysis of Nucleotide
Sequences

Nearly all published phylogenetic analyses of HTLV/
STLV are derived from nucleotide data. As such, mo-
lecular phylogenetic analysis typically employs three
algorithms: distance-based minimum evolution (ME),
maximum likelihood (ML), and maximum parsimony
(MP) (for review, see Swofford et al. 1996). Each
method is derived from a suite of evolutionary assump-
tions that are not necessarily compatible. As such, the
methods vary in performance, accuracy, and precision,
and the relative strengths and weaknesses of each have
been discussed elsewhere (Sourdis and Nei 1988; Ha-
segawa and Fujiwara 1993; Huelsenbeck and Hillis
1993; Kuhner and Felsenstein 1994; Tateno et al.

1994). However, all methods are alike in that they re-
construct phylogenetic associations into a tree and
then test the tree under an explicit optimality crite-
rion. Concordance among the phylogenetic trees de-
rived from each method is interpreted as evidence that
the particular genetic marker is consistent in estima-
tion of the true phylogeny. Distance-based methods
compute a genetic measure between each pair of taxa
(e.g., viral strains). The resulting matrix is used as input
for analysis by ME-neighbor-joining (N]J) method. The
final tree is selected after a heuristic search and branch
rearrangement results in minimization of the error (or
fit) between the pairwise distance estimates and the
final tree. ML is the most statistically robust and com-
puter-intensive method and searches for a tree of the
greatest probability of occurrence given the data and
an explicit model of substitution. Lastly, MP trans-
forms the data into character states and searches for
the tree topology that invokes the least number of
changes (or steps) under the optimality criterion that
the shortest tree is the best estimate of the true phy-
logeny.

Additional a posteriori resampling methods of
bootstrap and jackknife are used to test the robustness
of the phylogeny. Each method indicates the degree to
which the phylogenetic signal is consistent, reliable,
and randomly distributed throughout the genetic data.
A bootstrap analysis is an iterative process that creates
multiple, randomized artificial data sets from the origi-
nal input and repeats the phylogenetic reconstruction
for each. In general, 100 iterations are a sufficient rep-
resentation of the consistency of the data to repeat the
same topology (Hillis and Bull 1993). Jackknife analy-
ses remove randomly a specified proportion of the data
(either sites or taxa) from the original input and retest
the phylogenetic relationships with the remaining sub-
set.

Application of molecular phylogenetic methods in
viral emergence imposes an evolutionary context to
observed viral associations. Consequently, selection of
the appropriate genetic marker of evolutionary diver-
gence among viral strains under consideration is of
paramount importance. A basic implicit assumption is
that mutations accumulate in a manner roughly pro-
portional with time and at an equivalent rate among
viral strains analyzed. Consequently, evolving gene
segments become uninformative once viral divergence
times exceed the point at which the nucleotide se-
quences are completely randomized with respect to
each other. In the simplest case, based on equilibrium
frequencies of A, C, G, and T, sequences are considered
uninformative if divergence exceeds 25% (Jukes and
Cantor 1969).

Other models of nucleotide substitution increase
the above estimation of sequence divergence limita-
tions by incorporating among-site rate variation, tran-
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sition/tranversion ratio, and insertion and deletions
events, in addition to nucleotide frequencies, (for re-
view, see Swofford et al. 1996; Li 1997). These param-
eters are empirically derived based on the diversity
present in the sampling of viral gene regions analyzed.
Prior investigation and estimation of these parameters
is essential for selection of the appropriate model of
substitution for phylogenetic reconstruction. Among-
site rate variation is typified in nucleotide sequences
marked by highly conserved motifs interspersed with
more variable regions. With coding genomic regions,
additional substitution rate differences occur among
the three codon positions. In particular, third position
changes are synonymous and are first to achieve satu-
ration and loss of phylogenetic signal. Variable substi-
tution rates among sites are a consequence of differen-
tial selective constraints and may result in underesti-
mation of sequence divergence (Gillespie 1986;
Takahata 1991) leading to errors in phylogenetic re-
construction (Yang and Kumar 1996). Another consid-
eration is that nucleotide substitution patterns vary be-
tween transition and transversion changes. In general,
closely related sequences are characterized by a high
transition/tranversion ratio that subsequently declines
with increased divergence times (Adkins and Hunicutt
1994), an effect that may be biased by among-site rate
variation (Wakeley 1994). The relative importance of
insertion/deletion events, represented by gaps among
sequences, may be either ignored or incorporated in
the phylogenetic analysis depending on the model em-
ployed.

Phylogenetic inferences in viral emergence are
strongly influenced by the specific viral strains in-
cluded in the analysis. With HTLV/STLV, few viral
strains are sequenced in entirety and most are identi-
fied by partial sequences from either the LTR, env, pol,
or pX region. The viral composition of published se-
quences is not consistent, with few viral strains se-
quenced across more than one gene segment. Thus,
discrepancies in evolutionary analyses of HTLV/STLV
arise between studies merely because of choice of ge-
netic marker, selection of viral strains for analyses, and
identification of the appropriate model of substitution
for phylogenetic reconstruction. In the present analy-
sis, we opted for maximal representation of available
sequences and selected a portion of env (452 bp) for an
analysis of type I, type II, and PTLV-L strains; LTR (519
bp) for analyses of HTLV-I/STLV-I; and LTR (417 bp) for
HTLV-II/STLV-IL.

HTLV/STLV Possesses Distinctive Genetic
Characteristics

Unlike other retroviruses, which have high mutation
rates leading to quasi-speciation because of high repli-
cation levels and lack of a proofreading mechanism of
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the viral polymerase (Katz and Skulka 1990; Williams
and Loeb 1992), HTLV/STLV exhibits unusually low
levels of diversity within individuals (Gessain et al.
1992). The observed paradox of long periods of latency
in conjunction with high proviral load (Watell et al.
1996) yet low levels of intraindividual genetic varia-
tion is attributed to clonal expansion of HTLV-
harboring cells for both type I and type II (Wattel et al.
1995; Cimarelli et al. 1996; Etoh et al. 1997). It is pos-
tulated that on infection, the virus undergoes a period
of replication via reverse transcription but all subse-
quent proliferation occurs via clonal expansion of in-
fected T-cells. Consequently, viral substitution rates
are speculated to be regulated in part by cell division of
the host species (Wattel et al. 1996).

Analyses of different genes across diverse viral
strains indicate varying levels of nucleotide substitu-
tion. Assuming a rough molecular clock (Zuckerkandl
and Pauling 1965), in which the number of accumu-
lated substitutions is roughly proportional with the
time since two viral strains last shared a common an-
cestor, differential substitution rates among genomic
regions are instrumental in defining hierarchical levels
within viral evolution. For example, a simple compari-
son between the most diverse strains of type [ and type
II indicate LTR as the most variable genomic region,
followed by env, with the fax/rex genes as the most
conserved (Table 1). Most likely, high values between
type I, type II, and PTLV-L ranging from 44.3% to
70.1% reflect saturation and loss of phylogenetic signal
with LTR. However, env and tax appear to be more
useful for between-type comparisons ranging in value
between 28%-45% and 28%-35%, respectively.

At present, estimation of nucleotide substitution
rates indicates a rate less than other retroviruses. Esti-
mates from the LTR, 1.08 X 10~ %-2.7 X 10~°, were
based on the introduction of HTLV-II into IVDU in
Europe 25 years ago (Salemi et al. 1998a). A lower value
for HTLV-I was determined from a consensus of
gag, pol, env, and pX sequences as 0.4% X 10~ 7 -
6.8% x 10 ~7 (Yanagihara et al. 1995) compared with
an LTR value of 1.25 X 10~ >to 5 X 10> derived from
the introduction of Japanese strains into Peru [400-
100 years ago (Van Dooren et al. 1998). These values
are two to four orders of magnitude less than that for
HIV (Suzuki and Gojobori 1998) and are consistent
with the hypothesis of reduced mutation rate linked
with clonal replication of host T-cells (Wattel et al.
1995).

Testing the Hypothesis of Host Specificity

with HTLV-1/STLV-I Strains

One of the initial concerns upon the discovery of re-
lated strains from nonhuman primates was the con-
cept of host—virus coevolution. Under this hypothesis,
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Table 1. Genetic Distance Estimates Among Representative Viral Strains from Type I, Type Il, and PTLV-L
Type |
Atk Mto-te4
LTR env tax/rex LTR env tax/rex

Atk 0 0 0

Mto-te4 249 124 8.9 0 0 0

Ppa-7qB  60.4 28.3 32.3 61.2 422 34.0

Efe-2 48.3 394 29.5 42.7  40.1 31.5

Nra 48.0 40.9 28.7 38.7 40.8 29.5

MoT 443 421 29.8 453 403 30.5

Pha-969 46.6 449 29.8 63.6 45.0 30.8

Type Il PTLV-L
Ppa-7gB Efe-2 Nra MoT Pha-696
LTR env tax/rex LTR env tax/rex LTR env tax/rex LTR env tax/rex LTR env tax/rex

Atk
Mto-te4
Ppa-7gB 0 0 0
Efe-2 249 285 20.4 0 0 0
Nra 29.4 28.8 20.8 8.6 7.6 4.8 0 0 0
MoT 29.3 283 20.4 10.1 6.7 5.1 9.4 6.7 3.9 0 0 0
Pha-969 70.1 43.1 35.7 59.8 37.9 31.1 63.0 39.6 30.8 56.5 38.1 32.7 0 0 0

Models of substitution: Tamura—Nei (1993) (LTR: 858 bp), Kimura (1980) two-parameter (env: 1430 bp), and Jukes—Cantor (1969)

(tax/rex: 1001 bp).

viral relationships would mimic host species’ evolu-
tionary associations. This hypothesis was rejected by a
seminal, comprehensive phylogenetic analysis of all
available HTLV-I/STLV-I env sequences (Koralnik et al.
1994) and corroborated subsequently by others (Ureta
Vidal et al. 1994a; Ibrahim et al. 1995; Liu et al. 1996;
Gessain et al. 1996; Mahieux et al. 1997a,b, 1998a,b;
Suzuki and Gojobori 1998; Vandamme et al. 1998a,b).
In the present analyses, based on a portion of the env
gene (Fig. 2), four distinct human clades within type I
viruses support previously established subtypes A-D
and include two additional subtypes, E and F, identi-
fied subsequently (Salemi et al. 1998b). However, the
host-pathogen hypothesis predicts the closest relatives
of the human strains would be those from other hu-
mans. As the interleaved positioning of the human
clades demonstrates, the closest relatives of HTLV-I are
those from STLV-I. Similarly, the LTR analysis of type I
viruses (Fig. 3), comprised of a different sampling of
viral strains, corroborates the absence of a monophy-
letic clade uniting all HTLV-I. Both env and LTR derive
the same terminal clades corresponding to recognized
HTLV-I subtypes and STLV-I groups, but differ in the
internal branching uniting these groups.

The present phylogenetic analysis corroborate pre-
viously established evolutionary groups as well as dis-
covering unique affiliations between newly described

sequences. Each analysis clearly depicts HTLV-I/STLV-I
crossing species barriers by recapitulation of monophy-
letic clusters composed of multiple host species. One of
the best examples, corroborated by LTR and env, is the
previously described close affiliation between HTLV
subtype D and newly identified viral sequences from a
mandrill (Mandrillus sphinx; Msp) colony whose
founders were captured in Gabon (Mahieux et al.
1998a) (Figs. 2 and 3). With bootstrap values of 52%
(NJ: env), 93% (NJ: LTR) and 64% (MP: env), 96% (MP:
LTR) and significant (P < 0.001) support with ML
analyses, the STLV-Imsp strains unequivocally share a
common ancestry with human subtype D viruses iso-
lated from individuals in Gabon and Pygmy villagers
living both in southwest Cameroon and the Central
African Republic. However, another mandrill sequence
from the same captive colony (Msp-mnd9) was unre-
lated but instead was closely affiliated with a newly
identified subtype HTLV-If from a patient (LIB2) also
from Gabon, a result not found in earlier analyses (Sa-
lemi et al. 1998b; Mahieux et al. 1998a). Together,
these two sequences clustered within a clade com-
prised of STLV from both captive wild-caught baboon
from Kenya (Papio anubis) and captive Hamadryas ba-
boons (P. hamadryas). This HTLV-I/STLV-I group was
repeated in ME, MP, and ML analyses and was sup-
ported in part by the LTR phylogeny forming a cluster
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Figure 2 Phylogenetic analysis of 452 bp of the env gene across 113 representative HTLV/STLV. Shown is the 50% majority rule
consensus of six trees derived from ME estimated by NJ. A 50% majority rule consensus of 5000 trees (length = 824; C.I. = 0.481) and
a ML tree (In likelihood = —4997.59; 21909 trees examined) corroborate the topology depicted. Numbers in italics denote bootstrap
proportions in support of adjacent node (NJ/MP). Both NJ and MP trees were reconstructed using PAUP* (by permission of D. Swofford,
Smithsonian Institution, Washington, DC). Unrooted NJ trees were based on the Kimura two-parameter model of substitution (Kimura
1980); negative branch lengths allowed with tree-bisection-reconnection swapping algorithm. Conditions for MP heuristic search used
unordered characters of equal weight, gaps were treated as a fifth base, and trees were rooted by the midpoint method. ML tree
reconstructed by PHYLIP35 (Felsenstein 1993) subroutine DNAML. Asterisks (*) denote simian virus strains of unknown geographic origin.
Accession numbers for all 113 strains used in this analysis are listed at http://rex.nci.nih.gov/RESEARCH/basic/lgd/front_page.htm.

with PAN-486 (58%N]: 82%MP) (Fig. 3) but not in the
env phylogeny. Likewise, the current analyses indicate
another newly identified subtype HTLV-Ie (Salemi et
al. 1998b), previously linked with Cercopithecus aeth-
iops from South Africa and Kenya and baboons (Papio
cynocephalus) from Tanzania, is equally affiliated with

530 Genome Research
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STLV from wild-caught chacma baboons (Papio ursinus)
from South Africa (Mahieux et al. 1998b).

The shared evolutionary history between HTLV-Id
and wild-born mandrills, HTLV-Ie and wild-caught
chacma baboons, and HTLV-If and both wild-caught
olive baboons and mandrills is compelling evidence in
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support of the hypothesis that HTLV-I subtypes arose
from interspecific transmission between natural popu-
lations of simian taxa and humans (Koralnik et al.
1994; Liu et al. 1996; Vandamme et al. 1996; Mahieux
et al. 1997, 1998a). Under the criterion of consistent
formation in trees from ME-NJ, MP, and ML analyses
and corroborated independently between LTR and env,
the other (albeit less rigorous) example supporting this
hypothesis includes HTLV-I subtype B from central Af-
rica and STLV isolated from captive descendants of
chimpanzee from Sierra Leone. (PTR-114.1, 3570, x43)
(Figs. 2 and 3). Although part of a polyphyletic cluster
with divergent strains from Asian macaques and oran-
gutan (LTR only), subtype C (Melanesia) forms no clear
affiliation in either analysis (Figs. 2 and 3). Lastly, as no
putative simian origin for has been discovered as yet,
subtype A may have arisen from a pre-existing HTLV-I.

Phylogeographical Patterns Support Common
Ancestry Due to Location and not Host Species
Superimposition of the geographic origin of each
HTLV-I/STLV-I strain against its phylogenetic position
verifies the hypothesis that the basis for shared evolu-
tionary history is geographic proximity (Figs. 3 and 4).
The exception is subtype A, which is an assemblage of
closely related viral strains from throughout the world.
Possible explanations for this transcontinental clade
include viral dispersion facilitated by the slave trade
from Africa (Koralnik et al. 1994) and the extensive
maritime explorations of European countries 0500
years ago (Yanagihara et al. 1995). Furthermore, an ear-
lier episode of dissemination is possible given the high
prevalence of cosmopolitan variants in ancient ethnic
peoples of Japan (Hinuma 1986; Ishida and Hinuma
1986; Ureta Vidal et al. 1994b).

With a greater number of sequences available for
STLV-I in the env gene, strains within each simian
clade were linked by a common geographic region. Yet,
multiple groups exist within the same geographic re-
gion as well. For example, the viral Kenya/Tanzanian
clade of P. hamadryus, P. anubis, C. aethiops, is more
similar to South African chacma baboon and HTLV-Ie
strains than to other Kenyan STLV interspersed
throughout the phylogeny (Fig. 2). Likewise, the com-
mon chimpanzee strains isolated from animals from
Sierra Leone (Ptr x90 and Ptr 114.1) are not closely
affiliated, with the former more affiliated with C. aeth-
iops strains from Senegal and the latter with HTLV sub-
type B.

Asian STLV, located apart from African STLV, is
more similar to HTLV-I from Melanesia. Marked by
long branch lengths, these viral strains appear as the
most divergent members of type I. Other analyses
based on genomic regions encompassing env/tax and a
portion of the tax gene corroborate the genetic unique-
ness of the Asian STLV. Thus, STLV-I from a stump-tail

macaque (Macaca arctoides) is recognized as the earliest
divergence within type I viruses (Mahieux et al.
1997b). Likewise, novel tax gene sequences from three
species of macaques from Indonesia and India consis-
tently aligned with previously determined STLV-I from
Asia (Giri et al. 1997).

Distinct, but different, patterns in viral evolution
are suggested by the composition and placement of the
derived groupings of the type I phylogenetic analyses.
For the HTLV-I sequences, subtype A represents many
sequences with no obvious STLV association. Marked
by short branch lengths (low genetic diversity among
strains) the cosmopolitan group is likely to have a re-
cent origin from either HTLV from Africa or an as-yet-
unidentified STLV from Asia or Africa, and may have
been disseminated worldwide by sixteenth century
traders. In contrast, the basal position of the Pan trog-
lodytes STLV clade relative to HTLV-I subtype B in both
env and LTR suggests a transmission from chimpanzee
into humans in a common region of western Africa.
The inclusion of the mandrill sequences with HTLV-I
subtype D, but not in a basal position, prevents any
interpretation of the direction of the viral transmis-
sion. Further, the results suggest the ancestral virus of
mandrill STLV-HTLV-Id clade is either extinct or not
yet discovered. The identical interpretation is possible
for the inclusion HTLV-Ie within an established clade
of South African/Tanzanian STLV-I. Another evolu-
tionary event, suggestive of a recent interspecies trans-
mission, is indicated by the close affiliation between
HTLV-If and the mandrill (Msp-mnd9) STLV. Lastly,
the high genetic diversity of Asian HTLV-STLV and the
divergent STLV-I of M. arctoides (not shown) may re-
flect the retention of unique ancestral lineages within
Asia. Thus, all other extant HTLV-I/STLV-I would be
more recent, and the common ancestor to type I vi-
ruses may have emerged in Asia.

Therefore, the phylogenetic pattern suggests an
evolutionary history marked by repeated interspecies
transmission events within the same geographic re-
gion, even among the same suite of species, but with
divergent viral strains. Each evolutionary clade repre-
sents the successful outcome of the origin of a novel
strain, its subsequent introduction into new host
populations, and the successful vertical transmission
of the virus from generation to generation.

Unique Phylogenetic and Genetic Divergence

of Type Il Viruses

HTLV-II is characterized by an intriguing pattern of
distribution and levels of genetic diversity unlike type
I viruses. Both the env (Fig. 2) and LTR (Fig. 4) phylo-
genetic structures are marked by a basal bifurcation
leading to the two sequences isolated from bonobo
chimps followed by a unique HTLV-II (subtype D)
identified from a Efe pygmy villager in Democratic Re-
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Figure 3 Phylogenetic analysis of 519 bp of LTR region sequenced from 81 strains of HTLV-I/STLV-Il. Shown is one of two equivalent
trees obtained via ME estimated by neighbor-joining using an heuristic search with the Tamura-Nei (1993) distance measure, negative
branch lengths allowed, and the tree-bisection-reconnection swapping algorithm as implemented by PAUP*. Concordant phylogenetic
trees were obtained both with MP (50% maijority rule of 5000 trees; length = 624; C.I. = 0.543) and ML (In likelihood = —3443.2; 24,327
trees examined). Conditions for MP heuristic search used unordered characters of equal weight, gaps were treated as a fifth base, and
trees were rooted by the midpoint method. ML tree reconstructed by PHYLIP35 (Felsenstein 1993) subroutine DNAML. Asterisks (*)
denote simian virus strains of unknown geographic origin. Accession numbers for all 81 strains used in this analysis are listed at

http://rex.nci.nih.gov/RESEARCH/basic/Igd/front_page.htm.
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Figure 4 Phylogenetic tree based on 417 bp of LTR region sequenced from 82 viral strains of HTLV-II/STLV-IIl. Shown is one of two
equivalent trees obtained by ME estimated by NJ. A 50% maijority rule consensus of 8610 trees (length = 577; C.I. = 0.797) and a ML tree
(In likelihood = —1987; 26,882 trees examined) corroborate the topology depicted. Numbers in italics denote bootstrap proportions in
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public of Congo. The remaining strains form a com-
plex assemblage isolated from diverse ethnic groups
and IVDU worldwide and are clustered into subtypes
IIa, IIb (Hall et al. 1992; Dube et al. 1993), and IIc
(Eiraku et al. 1996).

Although the two bonobo chimpanzee STLV, Ppa-
79B and Ppa-ppl1661, and human subtype D, origi-
nated from Central Africa, the remaining strains are
united by factors in addition to geographic proximity.
The genetic divergence (8.9% LTR, 3.2% env) between
STLV-II strongly suggests the virus has resided within
P. paniscus for a long time. However, the divergence of
these sequences relative to known HTLV-II (Table 1;
Figs. 2 and 4) is uninformative as to whether the virus
originated in the bonobo chimps and then infected
humans, or if a common ancestor infected both hu-
mans and P. paniscus early within type II evolution. In
contrast, defined HTLV-II clades, with the exception of
subtype C and monotypic D, exhibit little geographic
concordance. Resembling the cosmopolitan group of
type I viruses, subtype Ila, characterized by the proto-
type strain Mo (Shimotohno et al. 1985), and subtype
IIb, characterized by G12 (Pardi et al. 1993) and Nra
(Lee et al. 1993), are each composed of sequences from
Africa, Asia, Europe, and the Americas. These subtypes
are well supported by both env and LTR analyses with
high bootstrap values of 100% NJ, 74% MP (env) and
51% NJ, 52% MP (LTR) for subtype Ila compared with
90% NJ, 94% MP (env) and 53% NJ, 52% MP (LTR) for
subtype IIb. With the greater number of strains avail-
able in the LTR analysis, most Amerindian HTLV-II ap-
pear as subtype IIb.

The phylogenetic distinctiveness of subtype IIc,
composed mainly of strains from Brazilian Kayapo In-
dians and IVDU from Sao Paulo, is less clear. The env
analysis does not create a monophyletic cluster, but
rather places the Kayapo strains together (77% NJ, 62%
MP) apart from the SP strains (85% NJ, 0% MP) but
both within the subtype Ila lineage. With LTR se-
quences, the Brazilian strains form a monophyletic
cluster (with no bootstrap support) and include addi-
tional sequences from Kayapo Indians (Kay73,
Kay139), IVDU (Braz.a21), and a strain from a prosti-
tute from Ghana (Switzer et al. 1995b) (Fig. 4). There-
fore, phylogenetic evidence in support of subtype Ilc is
not as strong as for the other three subtypes. Yet, the
most unusual feature shared by some IIc strains
(Kay1-2 and SP1-6) is that the protein encoded by the
tax gene resembles subtype IIb and is 25 amino acids
longer than Ila (331 amino acids) (Eiraku et al 1996).
Thus, the IIc paraphyletic position within subtype Ila
with env and LTR is contradicted by the tax gene ho-
mology with subtype IIb. A possible evolutionary in-
terpretation of these discordant results is that a longer
Tax protein is more ancestral and retained by a pro-
genitor of IIc but not Ila. The longer Tax proteins of the
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divergent strains STLV-II (400 amino acids) and IId
(344 amino acids) (Vandamme et al. 1998a) offer some
support for this hypothesis.

Phylogenetic Conflict Depicts a Paradox in HTLV-II
Evolution

The general lack of phylogenetic concordance with
geographic location of strains within subtype Ila and
IIb forms an evolutionary puzzle. First, the discovery of
the virus in different, isolated pygmy tribes in Central
Africa (Gessain et al. 1995; Vandamme et al. 1998a)
suggests HTLV-II has resided within these peoples for
long periods of time, a result substantiated by the
HTLV-IId sequence from an Efe tribesman but not from
pygmy sequences from Bakola villagers (pygcam) that
are within the subtype IIb lineage. Second, culturally
and geographically isolated ethnic groups dwelling on
different continents share similar forms of the virus.
The best example of this phenomena is the identical
LTR (456 bp) between pygcam and a Wayuu Indian
from Colombia (Wy100) (Figs. 4 and 5). Third, genetic
drift associated with long viral residence times within
isolated ethnic groups should generate higher levels of
divergence among Amerindian and African pygmy se-
quences than within IVDU. This assumption is not
supported; the tree branch length of nearly all viral
strains within the major groups are short, indicating
only a few genetic differences are unique to each strain
irrespective of origin.

Possible explanations for this paradox include (1)
selection, (2) a recent origin of modern day HTLV-II
with repeated episodes of intercontinental dissemina-
tion, or (3) retention of ancestral lineages among dis-
parate populations. Under the hypothesis of selection,
the viral genome is constrained so that stochastic ac-
cumulation of nucleotide substitution over time is lim-
ited. Although possible for coding genes within the
virus, it is less likely for the LTR. Alternatively, if extant
type II viruses are newly derived, then few substitu-
tions would be phylogenetically informative. The pres-
ence of shared types between continents would reflect
a random, panmictic assemblage of viral strains analo-
gous to the cosmopolitan subtype A of type I. However,
the unique genetic diversity of subtype IId, considered
together with bonobo STLV-II, implies a more ancient
origin for HTLV-II.

A more plausible scenario suggests type II viruses
diverged from a common ancestor with other HTLV/
STLV in Africa, and HTLV-II subsequently formed a
minimum of three major lineages (Ila, IIb, IId) within
Africa. With ancestral human migration events, sub-
types Ila and IIb were carried into the New World and
segregated among ethnic Amerindian tribes. Subtype
Ilc, exclusive to Brazil, represents either a more recent
divergence within the Ila grouping or is an ancestral
lineage (based on the retention of the longer tax gene
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Figure 5 Phylogenetic tree based on 417 bp alignment of LTR region sequenced from 28 viral strains of HTLV-II/STLV-Il excluding IVDU.
Shown is one of three equivalent trees obtained by ME estimated by NJ. Corroborating trees were obtained by MP that yielded a 50%
majority rule of 15 trees of equivalent length = 209; C.I. = 0.856 and ML (In likelihood = —1595.1; 2776 trees examined). Numbers in
italics denote bootstrap proportions in support of adjacent node (NJ/MP). Identical conditions presented in phylogenetic analyses from

Fig. 4 were used.

phenotype) that has been extirpated elsewhere. Super-
imposed against this “backbone” ethnic phylogeny
(Fig. 5) are viral sequences from North American,
Asian, and European IVDUs (Fig. 4). The interspersed
positions denote recent, multiple invasions of new
host populations with no informative new mutations
to characterize the IVDU as a distinct group.

Thus, the identical strain between Wy100 and
pygcam for the LTR may represent the retention of an

ancestral polymorphism of initially high frequency
within the two host populations. The only other trans-
continental comparison within a subtype, not involv-
ing intravenous drug use or prostitution as mode of
transmission, is a viral sequence from a Mapuche Am-
erindian in Chile (Ch13504) (Miura et al. 1997) and a
sequence from a villager living in an isolated region in
Gabon (Gab) (Letourneur et al. 1998). These two se-
quences differ by five substitutions over the identical

Genome Research 535
www.genome.org


http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cshlp.org on June 13, 2026 . Published by Cold Spring Harbor Laboratory Press

Slattery et al.

456-bp LTR region. Imposition of a molecular clock,
based on the rates of change from IVDU (Salemi et al.
1998a), yields a recent divergence time of 100-400
years ago for the transcontinental strains.

The contradiction between IVDU-based estimates
and the presumed ancient origin of New World HTLV-
II is resolved by assuming unequal rates of nucleotide
substitution or, alternatively, convergent evolution
among LTR lineages. Host—pathogen coevolution may
result in variation among viral lineages due to genetic
consequences of cultural practices (communal breast-
feeding) and social structure (e.g., inbreeding or po-
lygamy) over multiple generations within the isolated
host population. In contrast, a recent introduction
into a new host population, such as IVDU, with diverse
immunological backgrounds may facilitate increased
rates of mutation. These coevolutionary models stipu-
late that estimates of mutation rate may be orders of
magnitude different than observed in the IVDU popu-
lation.

Multiple genetic studies offer different views as to
the timing of ancestral human migration into the New
World. A consensus corroborates the Asian origin of
ancient New World peoples, the number of migration
events differs from one (Bonatto and Salzano 1997) to
three (Greenberg et al. 1986) or four (Horai et al. 1993).
Compelling evidence from mitochondrial data isolated
from pre-Colombian Oneata individuals suggests a sig-
nature expansion of 23,000-37,000 years ago (Stone
and Stoneking 1998). Thus, if these four transconti-
nental alleles (pygcam, Ch13504, Gab, and Wy100)
were ancestral and widely distributed within Asian
populations in historical times, then the resultant mu-
tation rate estimates would then vary between one and
five changes over 456 sites within 23,000-37,000 years
(4.7 X 1073-1.4 X 10~ 7/site per year).

Estimation of the Origin of HTLV/STLV Using
Phylogenetic Analyses

At present, the cumulative research of all forms of
HTLV/STLV remains inconclusive concerning both the
origin and the age of the virus. However, with the iso-
lation of more divergent type I and type II strains from
simian species, it can be established that the progenitor
virus originated within nonhuman primates. The co-
occurrence of highly divergent strains of type II virus
within bonobo chimpanzee and human pygmy villag-
ers in the same area of Central Africa supports an an-
cestral African origin of the type II virus, which subse-
quently moved into the New World with historical epi-
sodes of human migration (Gessain and de The 1996).
Considered together with the third and anomalous
strain isolated from a baboon P. hamadryas in Eritrea
(Goubau et al. 1994), the broad genetic differences
among the three viral types offer the intriguing hy-
pothesis that African simian species harbor as-yet-
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unknown but equally diverse representatives of the T-
cell leukemia/lymphotropic virus.

A strict interpretation of the present pattern of
phylogeny suggests that the progenitor of extant type
I virus diverged in Asia. The genetically diverse assem-
blage of strains, both human and simian, is indicative
of a longer residence within Asia than other areas of
the world. Thus, unless novel African strains more di-
verse than those from Asia are discovered, the optimal
interpretation of this phylogenetic pattern is that pre-
sent-day type I viruses throughout the world arose after
a period of time from a common ancestor with Asian
viruses. Although this interpretation does not preclude
that the progenitor of all HTLV/STLV arose in Africa,
further insights await discovery of additional, diverse
strains.

Considerations in the Applications of Phylogenetic
Analyses to HTLV/STLV Epidemiology

The power of phylogenetic analyses in viral epidemi-
ology is apparent in the evolutionary history of HTLV/
STLV. The extreme dichotomy in evolutionary pat-
terns between type I and type II viruses reconstructed
by phylogenetic analyses reveal disparate associations
with primate natural history. In type I viruses, the close
affiliation between geographic location and genetic
similarity across primates demonstrates the facility of
interspecies transmission. These viruses have become
globally distributed by a stochastic combination of
multiple episodes of interspecies transmission and suc-
cessful invasions of new host populations.

In contrast, the lack of STLV-II within species
other than Homo sapiens and P. paniscus implies type II
is less likely to jump between species. Further, the low
levels of genetic differences between HTLV-II isolates
from ancient ethnic groups generate the hypothesis
that selection may be more of a factor in the mutation
process for type II relative to type I viruses. However,
the continued future expansion of type II viruses is
presaged by the increased prevalence of HTLV-II
within the IVDU populations throughout the world
and epitomizes viral emergence into a new host popu-
lation.

Distinctive patterns in the emergence of other
RNA viruses have demonstrated the broad utility of
molecular phylogenetic analyses. The remarkable
structure of “trunk lineages” within human influenza
A phylogenetic trees (i.e., a continuum in the viral lin-
eage is preserved at the internal nodes, with the tips of
the trees representing isolates that caused epidemics,
but then died out) provides strong indicators of the
genetic composition of candidate strains in future epi-
demics (Fitch 1996; Fitch et al. 1997). The virulent ca-
nine distemper outbreak of the Serengeti lions of 1994
is linked via phylogenetic analyses with local popula-
tions of domestic dog (Roelke-Parker et al. 1996). Feline


http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cship.org on June 13, 2026 .

Published by Cold Spring Harbor Laboratory Press

Evolution of T-cell Leukemia/Lymphotropic Viruses

immunodeficiency virus, ubiquitous in wild popula-
tions of exotic felids, is likely benign and marked by a
phylogeny indicative of long residence time within
these species (Brown et al. 1994; Carpenter et al. 1996).
In contrast, evolution of HIV, recently introduced into
humans, is difficult to reconstruct, because of quasi-
speciation and high mutation rates leading to satura-
tion of sites and loss of phylogenetic signal. However,
recent evidence based on a small number of viral
samples indicates a subspecies of chimpanzee (P. trog-
lodytes troglodytes) may be the source of HIV-1 strains
M, N, and O (Gao et al. 1999). These studies, along
with the evolutionary history of HTLV/STLV, confirm
molecular phylogenetic analyses as a critical compo-
nent in devising strategies of treatment and manage-
ment of viral pathogens.
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