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Human T-lymphotropic virus type 3 (HTLV-3) is a new virus recently identified in two primate hunters in
Central Africa. Limited sequence analysis shows that HTLV-3 is distinct from HTLV-1 and HTLV-2 but is
genetically similar to simian T-lymphotropic virus type 3 (STLV-3). We report here the first complete HTLV-3
sequence obtained by PCR-based genome walking using uncultured peripheral blood lymphocytes from an
HTLV-3-infected person. The HTLV-3(2026ND) genome is 8,917 bp long and is genetically equidistant from
HTLV-1 and HTLV-2, sharing about 62% identity. Phylogenetic analysis of all gene regions confirms this
relationship and shows that HTLV-3 falls within the diversity of STLV-3, suggesting a primate origin. However,
HTLV-3(2026ND) is unique, sharing only 87% to 92% sequence identity with STLV-3. SimPlot and phylogenetic
analysis did not reveal any evidence of genetic recombination with either HTLV-1, HTLV-2, or STLV-3.
Molecular dating estimates that the ancestor of HTLV-3 is as old as HTLV-1 and HTLV-2, with an inferred
divergence time of 36,087 to 54,067 years ago. HTLV-3 has a prototypic genomic structure, with all enzymatic,
regulatory, and structural proteins preserved. Like STLV-3, HTLV-3 is missing a third 21-bp transcription
element found in the long terminal repeats of HTLV-1 and HTLV-2 but instead contains a unique activator
protein-1 transcription factor upstream of the 21-bp repeat elements. A PDZ motif, like that in HTLV-1, which
is important for cellular signal transduction and transformation, is present in the C terminus of the HTLV-3
Tax protein. A basic leucine zipper region located in the antisense strand of HTLV-1, believed to play a role
in viral replication and oncogenesis, was also found in the complementary strand of HTLV-3. The ancient
origin of HTLV-3, the broad distribution of STLV-3 in Africa, and the propensity of STLVs to cross species into
humans all suggest that HTLV-3 may be prevalent and support the need for expanded surveillance for this
virus.

Deltaretroviruses are a diverse group of human and simian
T-lymphotropic viruses (HTLV and STLV, respectively) that
until recently were composed of only two distinct human
groups called HTLV types 1 and 2 (HTLV-1 and -2) (1, 13, 25,
26, 31, 43, 46). Phylogenetic analysis of simian T-lymphotropic
virus type 1 (STLV-1) and global HTLV-1 sequences suggests
that different STLV-1s were introduced into humans multiple
times in the past (1, 13, 15, 25, 26, 31, 45). By convention these
viruses are called HTLVs when found in humans, regardless of
their suspected zoonotic origin (1, 13, 15, 25, 26, 31, 46).
Although an STLV-2 has been identified in two troops of
captive bonobos (Pan paniscus), the zoonotic relationship of
this virus to HTLV-2 is less clear (10, 40). Recently, two new
HTLVs, HTLV-3 and HTLV-4, were identified in primate
hunters in Cameroon, expanding substantially the diversity of
deltaretroviruses in humans. While the prevalence of HTLV-3
and HTLV-4 is currently not known, the independent identi-

fication of another HTLV-3 in Cameroon suggests that this
infection may not be infrequent (7, 43).

Limited sequencing of small gene regions of the HTLV-3
genome showed that it shared the most phylogenetic related-
ness to STLV-3, found in West-Central Africa, and therefore
represents the first human virus in this lineage (43). It is now
recognized that STLV-3, originally isolated from a captive
hamadryas baboon (Papio hamadryas) (14) more than 10 years
ago, has a wide geographic distribution across Africa, infecting
many nonhuman primates (NHPs), including Ethiopian gelada
(Theropithecus gelada), sacred baboons (P. hamadryas), hybrid
baboons (P. hamadryas � Papio anubis hybrid) (35, 42), and
Senegalese olive baboons (Papio papio) (20), Cameroonian
and Nigerian red-capped mangabeys (Cercocebus torquatus tor-
quatus) (21, 22), and Cameroonian spot-nosed guenons and
agile mangabeys (Cercopithecus nictitans and Cercocebus agilis,
respectively) (9, 41). Collectively, members of the HTLV
groups and their STLV analogues are called primate T-lym-
photropic viruses (PTLV); PTLV-1, PTLV-2, and PTLV-3 are
composed of HTLV-1 and STLV-1, HTLV-2 and STLV-2, and
HTLV-3 and STLV-3, respectively. The PTLV-4 group cur-
rently has only one member, HTLV-4, since a simian counter-
part has yet to be identified. Thus, the origin of HTLV-4 is
unclear (43).
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Like human immunodeficiency virus (HIV), both HTLV-1
and HTLV-2 have spread globally and are human-pathogenic
viruses (1, 13, 31, 46). HTLV-1 causes adult T-cell leukemia/
lymphoma (ATL), HTLV-1 associated myelopathy/tropical
spastic paraparesis (HAM/TSP), and other inflammatory dis-
eases in �5% of those infected (13, 31, 46). HTLV-2 is less
pathogenic than HTLV-1 and has been associated with a neu-
rologic disease similar to HAM/TSP (1). The recent identifi-
cation of HTLV-3 and HTLV-4 in only three persons limits an
evaluation of the disease potential and secondary transmissi-
bility of these novel viruses, which will require longitudinal
epidemiologic studies (7, 43). However, complete genomic se-
quences of these viruses can provide basic information on their
genetic structure and on whether important functional motifs
involved in viral expression and HTLV-induced leukemogen-
esis are preserved (5, 11, 12, 24, 38, 47). In addition, determi-
nation of the viral sequence will be important for understand-
ing the evolution and genetic relatedness of HTLV-3 to known
HTLVs and STLVs and for development of improved diag-
nostic assays to better understand the epidemiology of these
novel human viruses.

In this paper, we report the first full-length sequence of
HTLV-3 and demonstrate that this virus is highly divergent
and distinct from HTLV-1 and HTLV-2. We show that
HTLV-3 clearly falls within the diversity of STLV-3 but is
unique, sharing only 87 to 92% genomic identity. The observed
low nucleotide substitution rate and conserved genomic struc-
ture of HTLV-3 demonstrate the genetic stability of this virus.
Taken together, the finding that HTLV-3 is as old as the

ancestor of HTLV-1 and HTLV-2 (25), the identification of
a second HTLV-3 in Cameroon (7), and the wide distribution
of STLVs across Africa (14, 20–22, 35, 42) suggest that
HTLV-3 may be more common than previously imagined.
We also found molecular features in HTLV-3 that are more
similar to HTLV-1 than to HTLV-2, suggesting a pathogenic
potential in HTLV-3-infected persons like that observed in
HTLV-1 infection.

MATERIALS AND METHODS

DNA preparation and PCR-based genome walking. DNA was prepared from
uncultured peripheral blood mononuclear cells available from a person desig-
nated 2026ND, identified in the original PTLV surveillance study in Cameroon
reported in detail elsewhere (33, 44). DNA integrity was confirmed by �-actin
PCR as previously described (43). All DNA preparation and PCR assays were
performed in a laboratory where only human specimens are processed and tested
according to recommended precautions to prevent contamination. To obtain the
full-length genomic sequence of HTLV-3, we first PCR amplified small regions
of each major coding region by using nested PCR and degenerate PTLV primers
(Fig. 1). The tax (577-bp) and polymerase (pol) (709-bp) sequences were ampli-
fied by using primers and conditions provided elsewhere (43). Envelope (env)
(371-bp) sequences were amplified using standard PCR conditions of 45°C an-
nealing with the external primers PGENVF1 [5�-TGGATCCCGTGG(A/C)GI
(C/T)TCCTIAA-3�] and PGENVR1 [5�-GT(A/G)TAIG(C/G)(A/G)(C/G)AIGT
CCAIG(A/C)(T/C)TGG-3�] and the internal primers PFENVF2 [5�-AIAGACC
(T/A)(C/T)CAAC(A/T)CCATGGGTAA-3�] and PGENVR2 [5�-G(A/C)(T/C)
TGGCAICCIA(A/G)GTAIGGGCA-3�]. A 398-bp fragment of the long terminal
repeat (LTR) was obtained using conserved STLV-3 primers as previously re-
ported (43).

HTLV-3(2026ND)-specific primers were then designed from sequences ob-
tained in each of the four viral regions described above and were used in nested,
long-template PCRs to fill in the gaps in the genome as depicted in Fig. 1 by

FIG. 1. (a) HTLV-3 genomic organization and (b) schematic representation of PCR-based genome-walking strategy. (a) Noncoding LTRs,
coding regions for all major proteins (gag, group-specific antigen; pro, protease; pol, polymerase; env, envelope; rex, regulator of expression; tax,
transactivator), HBZ, and 3� genomic ORFs of unknown function are shown. Putative sd and sa sites are indicated. (b) Small provirus sequences
(grey bars) were first amplified from each major gene region and the LTR by using generic primers as described in Materials and Methods. The
complete provirus sequence was then obtained by using PCR primers located within each major gene region by genome walking as indicated by
arrows and black bars.
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using the Expand High Fidelity kit containing both Taq and Tgo DNA poly-
merases (Roche). The external primer sequences for the LTR-pol fragment are
2026LF1 (5�-GGTAAGATCCCACTGGGTCGAGC-3�) and 2026PR1 (5�-GA
AGCCAGGTCTCGGGTGACG-3�), and the internal primer sequences are
2026LF2 (5�-CGCTCCCCTGGAGCTCTCTCG-3�) and 2026PR2 (5�-GCCAC
TTCCCATTGGGCTTTTTGACGG-3�). The external primer sequences for the
pol-env fragment are 2026PF3 (5�-GCTCTCACCGATAAAGTAACAAACG-
3�) and 2026ER1 (5�-GGTAGGAAGAGGCTCCTATGAACAG-3�), and the
internal primer sequences are 2026PF2 (5�-CAGGACTGCATAACATACGAG
ACCCTCC-3�) and 2026ER3 (5�-CCTATGAACAGGGTGCATCGACTGGG-
3�). The external primer sequences used to obtain about 3 kb of the 3� end of the
genome (env-tax-LTR) are 2026EF1 (5�-CCTAAGCCCCCCATGTCCAGAC-
3�) and 2026LR1 (5�-CGAGAGAGCTCCAGGGGAGCG-3�), and the internal
primer sequences are 2026EF3 (5�-CCTACTCCCTGTATGTATTCCCCCATT
GG-3�) and 2026LR2 (5�-GCTCGACCCAGTGGGATCTTACCGAGTGG-3�).

PCR products were revealed on 1.5% agarose gels stained with ethidium
bromide, purified with a Qiaquick PCR purification kit (QIAGEN), and se-
quenced in both directions with a BigDye terminator cycle kit and automated
sequencers (Applied Biosystems). Selected PCR products were also cloned into
the pCR4-TOPO vector using the TOPO TA cloning kit (Invitrogen), and re-
combinant plasmid DNA was prepared using the QIAGEN plasmid purification
kit prior to automated sequencing.

Sequence and phylogenetic analysis. Percent nucleotide divergence was cal-
culated using the GAP program in the Genetics Computer Group (GCG) Wis-
consin package (44). Functional genetic motifs involved in viral expression,
regulation, and HTLV-induced oncogenesis were examined by detailed compar-
ison of the HTLV-3 genome with full-length PTLV sequences (5, 11, 12, 24, 38).
The secondary structure of the LTR RNA was determined using the RNAstruc-
ture program, version 4.2 (19). Sequences were aligned using the Clustal W
program (36), gaps were removed, and distance-based trees were generated
using the Kimura two-parameter model together with the neighbor-joining
method in the MEGA program (version 2.1) and maximum-likelihood (ML)
analysis in the PAUP� program as described in detail elsewhere (34, 43). The
reliability of the final topology of the trees was tested with 1,000 bootstrap
replicates. Comparison of full-length PTLV genomes available at GenBank and
determination of genetic recombination were done using HTLV-3(2026ND) as
the query sequence and the F84 (ML) model, with a transition/transversion ratio
of 2.0, implemented in the SimPlot program (17). Splice acceptor (sa) and splice
donor (sd) sites were predicted using an artificial neural network implemented in
the NetGene2 program (available at the Web server www.cbs.dtu.dk/services
/NetGene2).

The ancestor of HTLV-3(2026ND) was dated by aligning full-length genomes
from prototypical PTLV available at GenBank with HTLV-3(2026ND) using
Clustal W. Sequence gaps were removed, and minor adjustments in the align-
ment were made manually. LTR sequences were excluded from the analysis,
since this region does not align accurately in PTLV. The best-fitting evolutionary
model for the aligned sequences was determined using Modeltest, version 3.6
(23). The general time-reversible model, allowing six different substitution rate
categories, with gamma-distributed rate heterogeneity (1.9724) and an estimated
proportion of invariable sites (0.3687), was determined to best fit the data. Little
substitution saturation was observed in the 7,213-bp alignment (P � 0.0001)
using the DAMBE program; therefore, these sequences were determined to be

satisfactory for use in phylogenetic analyses. Likewise, using the best-fitting
evolutionary model defined above, good phylogenetic signal in the alignment was
also found with likelihood mapping analysis using the Tree-Puzzle program,
version 5.2.

The molecular clock hypothesis, or constant rate of evolution, was tested using
the likelihood ratio test with likelihoods for the ML and clock-like ML trees
obtained in PAUP�. The clock was tested with the best-fitting evolutionary
model estimated in Modeltest, and ML trees were constructed in PAUP� starting
from the neighbor-joining tree that is iteratively optimized using two consecutive
heuristic searches with nearest-neighbor interchange followed by a final heuristic
search with the tree-bisection-reconnection algorithm. To adjust for rate hetero-
geneity among different PTLV taxa, clock-like ML trees were transformed into
ultrametric trees using the nonparametric rate smoothing (NPRS) algorithm in
the TreeEdit program (version 1.0a10 carbon) (27). The branches of the NPRS
tree were scaled using a divergence time of 40,000 to 60,000 years ago (YA) for
the Melanesian HTLV-1 lineage (HTLV-1mel) based on genetic and archaeo-
logical evidence suggesting that ancestors of indigenous Melanesians and Aus-
tralians migrated from Southeast Asia during this time (16, 25, 26). Variation in
age estimates (branch lengths) was determined in PAUP� with 100 bootstrap
repetitions by enforcing topological constraints and using a heuristic search
without branch swapping on the clock-like ML tree. Branch lengths in all 100
trees were calibrated as before, and average divergence times and confidence
intervals (� � 0.05) were calculated in Excel. The evolutionary rate was esti-
mated based on a known divergence time point of 40,000 to 60,000 YA and on
branch lengths of the ML clock-like tree according to the following formula:
evolutionary rate (r) � branch length (bl)/divergence time (t) (42).

Nucleotide sequence accession number. The HTLV-3(2026ND) provirus se-
quence has GenBank accession number DQ093792.

RESULTS

Comparison of the HTLV-3(2026ND) provirus genome with
prototypical PTLV. Primers corresponding to small sequences
in each of the three major genes of PTLV and in the LTR were
used to generate the complete genome of HTLV-3(2026ND)
as depicted in Fig. 1. Comparison of the resulting sequences
with the genomes of other PTLV demonstrated that the com-
plete provirus genome of HTLV-3(2026ND) is 8,917 bp. Com-
parison of HTLV-3(2026ND) with prototypical PTLV ge-
nomes demonstrates that this new human virus is equidistant
from the HTLV-1 (61.6% identity) and PTLV-2 (62.9% iden-
tity) groups across the genome. Sequence analysis also con-
firms that HTLV-3 has the closest nucleotide and protein se-
quence identity to STLV-3 (87 to 92% identity) (Table 1). The
greatest genetic divergence between the PTLV groups was
seen in the LTR region (52 to 59%), while the greatest inter-
group identity was observed within the highly conserved regu-

TABLE 1. Percent nucleotide and amino acid identities of HTLV-3(2026ND) with other PTLV prototypes

Region
% Nucleotide (amino acid) identity of HTLV-3(2026ND) with the following PTLV (strain):

HTLV-1 (ATK) HTLV-2 (MoT) STLV-2 (PP1664) STLV-3 (PH969) STLV-3 (PPAF3) STLV-3 (CTO604) STLV-3 (NG409)

Genome 61.6 62.9 62.6 86.7 92.0 88.4 90.6
LTR 48.7 43.7 41.4 86.2 91.1 86.9 86.9
gag 69.3 (83.2) 69.4 (80.5) 70.6 (80.7) 86.4 (95.5) 91.3 (97.6) 89.4 (96.2) 90.6 (96.7)

p19 (74.4) (68.3) (67.2) (95.9) (95.9) (95.9) (94.3)
p24 (90.1) (90.1) (90.6) (98.1) (99.1) (98.6) (99.1)
p15 (78.0) (73.8) (72.6) (88.4) (96.5) (90.7) (94.2)

pro 59.7 (62.6) 59.2 (66.7) 59.4 (59.3) 83.3 (87.0) 88.8 (91.5) 85.0 (89.3) 88.0 (90.4)
pol 62.2 (66.2) 63.9 (71.2) 63.5 (69.9) 86.1 (92.7) 92.6 (94.9) 88.4 (92.9) 92.0 (92.9)
env 65.9 (73.8) 69.0 (78.2) 67.1 (77.4) 88.1 (95.1) 92.3 (95.1) 88.4 (94.3) 91.2 (95.3)

SU (68.4) (70.7) (69.7) (92.7) (97.1) (92.4) (94.0)
TM (83.5) (91.6) (91.0) (99.4) (98.9) (97.8) (97.8)

rex 76.9 (61.9) 76.3 (60.6) 75.8 (63.5) 87.1 (88.5) 90.9 (94.5) 88.5 (94.0) 88.3 (92.3)
tax 75.4 (81.4) 73.1 (83.4) 72.3 (80.4) 90.2 (97.4) 94.0 (98.3) 91.4 (96.6) 92.8 (96.9)

VOL. 80, 2006 ANCIENT ORIGIN OF HTLV-3 7429



latory genes, tax and rex (72 to 77%). Interestingly, within the
PTLV-3 group, HTLV-3(2026ND), which was identified in a
hunter from Cameroon, was unique but shared the greatest
overall sequence identity with STLV-3(PPAF3) (92%) from a
Senegalese baboon rather than STLV-3(CTO604) (88.4%),
identified in red-capped mangabeys, also from Cameroon. This
relationship was highlighted further by comparing HTLV-
3(2026ND) with all available full-length STLV-3 genomes in a
similarity plot analysis, where the highest identity was seen in
the highly conserved tax gene (Fig. 2). As seen within other
PTLV groups, no clear evidence of genetic recombination of
HTLV-3(2026ND) with STLV-3 or STLV-1/HTLV-1 and STLV-
2/HTLV-2 provirus sequences (data not shown) was observed
using bootscanning analysis in the SimPlot program. We did not
directly compare HTLV-3(2026ND) to the recently reported sec-
ond strain of HTLV-3(Pyl43) because only two short sequences
were available in GenBank and this virus has been shown to be
nearly identical to STLV-3(CTO604) in these regions (7).

Phylogenetic analysis. The genetic relationship of HTLV-
3(2026ND) to STLV-3 was confirmed by using aligned full-length
prototype sequences excluding the LTR region (Fig. 3a). Phylo-

genetic analysis inferred three major PTLV groups with very
high bootstrap support (100%), with HTLV-1, HTLV-2, and
HTLV-3 each clustering in separate clades (Fig. 3a). Within
the PTLV-3 phylogroup, HTLV-3(2026ND) formed a separate
lineage but clustered with high bootstrap support with STLV-3
from West Central Africa (strains CTO604, CTO-NG409, and
PPA-F3), suggesting a primate origin for this human infection.
The relationship of HTLV-3 to STLV-3 was supported further
by phylogenetic inference of identical tree topologies using an
alignment of sequences from each major gene region (Fig. 3b
to d). The phylogenetic stability seen across the PTLV genome
also demonstrates further the absence of major recombination
events occurring in PTLV despite evidence of dual infections
in humans and primates (6, 9), compared to other retroviruses
such as HIV, which undergo frequent recombination (37).

Dating the origin of HTLV-3(2026ND) and other PTLV. The
finding of HTLVs in three distinct clades suggests an ancient,
independent evolution of these viruses. Hence, additional mo-
lecular analyses were performed to estimate the divergence
times of the PTLV lineages. Although others have reported
finding a clock-like behavior of STLV-3 sequences (20–22, 25),

FIG. 2. Similarity plot analysis of the full-length HTLV-3(2026ND) and STLV-3 genomes using a 200-bp window size in 20-step increments on
gap-stripped sequences. The F84 (maximum-likelihood) model was used with a transition-to-transversion ratio of 2.0.
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we were unable to confirm these results. Instead, an alignment
of full-length PTLV genomes without LTR sequences sug-
gested that PTLV evolved at different rates. However, reliable
retrovirus divergence times can be obtained by using NPRS of
the sequences to relax the stringency of a clock assumption,
followed by time calibration of the tree using a value of 40,000
to 60,000 YA for the origin of the Melanesian HTLV-1 (27, 34,
42). By using these dates and methods, the mean evolutionary
rate for PTLV was estimated to be 1.12 � 10�6 (confidence
interval, 6.82 � 10�7 to 1.56 � 10�6) substitutions/site/year,
which is consistent with rates determined previously both with
and without enforcing a molecular clock (16, 20–22, 25, 42).
The mean evolutionary rate for HTLV-3(2026ND) is esti-
mated to be 9.94 � 10�7 (confidence interval, 6.04 � 10�7 to
1.38 � 10�6). The PTLV ancestor was estimated to have orig-

inated about 630,000 to 947,000 YA, confirming an ancient
evolution of the primate deltaretroviruses (Fig. 4) (25). The
separation of PTLV-1 and PTLV-2 occurred about 579,077 to
867,458 YA, while HTLV-2 and STLV-2 diverged around
191,621 to 286,730 YA (Fig. 4). The PTLV-3 progenitor was
estimated to have appeared between 63,294 and 94,700 YA,
with the ancestor of HTLV-3(2026ND) occurring about 36,087
to 54,067 YA, suggesting an ancient origin of this virus (Fig. 4).

Genomic organization of HTLV-3(2026ND) and identifica-
tion of conserved functional motifs. Despite the fact that
HTLV-3(2026ND) is genetically equidistant from HTLV-1
and HTLV-2, its genomic structure was similar to that of other
PTLV and included the structural, enzymatic, and regulatory
proteins all flanked by LTRs (Fig. 1). Like that of STLV-3, the
HTLV-3(2026ND) LTR (697 bp) was smaller than those of

FIG. 3. Phylogenetic relationship of HTLV-3(2026ND) to other PTLVs. (a) Entire genome without LTR; (b) gag; (c), polymerase (pol); (d)
envelope (env). Sequences generated in the current study are boxed; HTLV-1 sequences are italicized. Support for the branching order was
determined by 1,000 bootstrap replicates; only values of 60% or more are shown. Branch lengths are proportional to the evolutionary distance
(scale bar) between the taxa.
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HTLV-1 (756 bp) and HTLV-2 (764 bp), by having two rather
than the typical three 21-bp transcription regulatory repeat
sequences in the U3 region of HTLV-1 and HTLV-2 (Fig. 5a)
(19, 20, 38, 41). Other regulatory motifs, such as the polyade-
nylation signal, TATA box, and cap site, were all conserved in
the HTLV-3(2026ND) LTR (Fig. 5a). Interestingly, an activa-

tor protein-1 (AP-1) site [TGA(C/G)T(C/A)A] was also iden-
tified at position 58 of the LTR upstream of the first 21-bp
repeat element (Fig. 5a). The AP-1 site was found to be con-
served in the LTR of STLV-3(PPAF3) and STLV-3(NG409)
but is not present in other STLV-3s due to a G-to-A mutation
at position 4 of the motif (data not shown). The AP-1 site is

FIG. 4. Estimated divergence dates for the most recent common ancestor of HTLV-3(2026ND) and other PTLVs. Divergence dates are
provided for each major node of a neighbor-joining tree rooted with PTLV-1 as the outgroup; estimates are provided as ranges using as calibration
points 40,000 and 60,000 YA as the time of separation of the Melanesian HTLV-1 (MEL5) sequence from other PTLV-1 strains. Bootstrap analysis
of 1,000 replicates is shown on the tree branches; only values of 	60% are shown.

FIG. 5. (a) Nucleotide sequence of the HTLV-3(2026ND) LTR and pre-gag region. The U3-R-U5 locations (vertical lines), the AP-1 motif,
approximate cap site (cap), polyadenylation [poly(A)] signal, TATA box, predicted splice donor site (sd-LTR), and two 21-bp repeat elements (21
R)are indicated. In the R and U5 regions, the predicted Rex core elements and nuclear riboprotein A1 binding sites are underlined. The pre-gag
region and primer binding site (PBS) (underlined) are italicized. (b) Plot of predicted RNA stem-loop secondary structure of HTLV-3(2026ND)
LTR region. The position of the Rex responsive element (RexRE) core is indicated.
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also absent from prototypical HTLV-1 and PTLV-2 LTRs.
Secondary-structure analysis of the LTR RNA sequence pre-
dicted a stable stem-loop structure from nucleotides 421 to 464
(Fig. 5b), similar to that shown to be essential for Rex respon-
siveness of viral gene expression in both HTLV-1 and HTLV-2.

Translation of predicted protein open reading frames
(ORFs) across the viral genome identified all major Gag, Pro
(protease), Pol, and Env proteins, as well as the regulatory
proteins, Tax and Rex (Fig. 1). Translation of the overlapping
gag and pro and pro and pol ORFs occurs by one or more
successive �1 ribosomal frameshifts that align the different
ORFs. The conserved-slippage nucleotide sequence 6(A)–8
nt–6(G)–11 nt–6(C) (where nt stands for nucleotide) is present
in the Gag-Pro overlap, while a point mutation in the Pro-Pol
overlap slippage sequence (GTTAAAC compared to TTTA-
AAC in HTLV-1 and HTLV-2) was observed in HTLV-
3(2026ND). Importantly, the asparagine codon (AAC) crucial
for the slippage mechanism was unaffected.

The structural and group-specific precursor Gag protein
consisted of 422 amino acids (aa) and is predicted to be cleaved
into the three core proteins p19 (matrix), p24 (capsid), and
p15 (nucleocapsid), similar to the situation with HTLV-1,
HTLV-2, and STLV-3. Across PTLV, Gag is one of the most
conserved proteins, with identities ranging from 81% and 83%
for HTLV-1 and PTLV-2 to 95% for STLV-3. This conserva-
tion supports the observed cross-reactivity to Gag seen with
PTLV-3 antisera in Western blot (WB) assays using HTLV-1
antigens (20–22, 35, 42, 43). The Gag capsid protein showed
	90% identity to HTLV-1, while the matrix and nucleocapsid
proteins were more divergent, showing �78% identity to
PTLV-1 and PTLV-2 (Table 1). Thus, seroreactivity to the
matrix and nucleocapsid proteins may be useful to discriminate
the three major PTLV groups in serologic assays.

The predicted size of the HTLV-3(2026ND) Env polypro-
tein is 489 aa, similar to the sizes of the Env proteins of
STLV-3(PPA-F3) and STLV-3(NG409) but slightly shorter
than those found in other STLV-3s due to sequence variation
at the carboxyl terminus of the surface (SU) protein [314 aa
versus 315 aa for STLV-3(PH969) and STLV-3(TGE2117) and
316 aa for STLV-3(CTO-604)]. In contrast, the transmem-
brane (TM) protein (175 aa) was highly conserved across all
PTLV, supporting the use of the recombinant HTLV-1 TM
protein (GD21) on WB strips to identify divergent PTLV.
Despite the weak reactivity of anti-HTLV-3(2026ND) antibod-
ies to the HTLV-1 type-specific SU peptide (MTA-1) (43)
spiked onto WB strips, there was only 70.8% identity of the
HTLV-3(2026ND) SU to MTA-1, which is similar to the
68.8% identity of the HTLV-2 SU to MTA-1 and which allows
serologic discrimination of HTLV-2 from HTLV-1 in this re-
gion. Likewise, the HTLV-3(2026ND) and HTLV-1 SUs share
only 72.1% and 67.4% identity, respectively, to the HTLV-2
type-specific SU peptide (K55). These results suggest that high
antibody reactivity to either type-specific peptide, MTA-1 or
K55, may not be expected in plasma and sera from HTLV-3-
infected persons.

The HTLV-1 and HTLV-2 Tax proteins (Tax1 and Tax2,
respectively) transactivate initiation of viral gene expression
from the promoter located in the 5� LTR and are thus essential
for viral replication (11, 47). Tax1 and Tax2 have also been
shown to be important for T-cell immortalization, while the

HTLV-3 Tax (Tax3) has not yet been characterized (11, 47).
Hence, we compared the sequence of Tax3 with those of pro-
totypic HTLV-1, PTLV-2, and STLV-3s to determine if motifs
associated with specific Tax functions were preserved between
each group. Alignment of predicted Tax3 sequences shows
excellent conservation of the critical functional regions, includ-
ing the nuclear localization signal, cAMP response element
(CREB) binding protein (CBP)/P300 binding motifs, and nu-
clear export signal (Fig. 6). Three sets of amino acids (M1,
M22, M47) shown to be important for Tax1 transactivation and
activation of the nuclear factor 
� (NF-
�) pathway are also
highly conserved in Tax3 (Fig. 6) (32). The C-terminal tran-
scriptional activating domain (CR2), essential for CBP/p300
binding, was also conserved within TAX3, except for two mu-
tations, N to T and I/V to F, at positions 2 and 5 of the motif,
respectively (Fig. 6). However, similar mutations in the CR2
binding domain of the STLV-3 Tax have been shown recently
to retain its ability to bind CBP and, to a lesser extent, p300
with no deleterious effect on transactivation of the viral pro-
moter (8).

Although important functional motifs are highly conserved
in PTLV, phenotypic differences between HTLV-1 and
HTLV-2 Tax proteins have led to speculation that these dif-
ferences account for the different pathologies associated with
both HTLVs (11). Recently, the C terminus of Tax1, but not
Tax2, has been shown to contain a conserved PDZ binding
domain present in cellular proteins involved in signal transduc-
tion and induction of interleukin-2-independent growth re-
quired for T-cell transformation (24, 38). The presence of a
PDZ domain in PTLV-1 and its absence in PTLV-2 suggest
that this motif may contribute to the phenotypic differences
between these two viral groups. The consensus PDZ domain
has been defined as (S/T)XV-COOH, where X is any amino
acid. Examination of the PTLV-3 Tax sequences showed that
both HTLV-3 and STLV-3 have predicted PDZ domains with
the consensus sequence S(P/S)V, compared to T(E/D)V in
PTLV-1 (Fig. 6).

Besides Tax and Rex, two additional ORFs encoding four
proteins (p27I, p12I, p30II, and p13II, where I and II indicate
ORFI and ORFII, respectively) have been identified in the pX
region of HTLV-1 and are important in viral infectivity and
replication, T-cell activation, and cellular gene expression (5).
Analysis of the pX region of HTLV-3(2026ND) revealed a
total of four additional putative ORFs (named I to IV, respec-
tively) encoding predicted proteins of 96, 122, 72, and 118 aa
(Fig. 1a). Since none of the potential ORFs started with me-
thionine start codons, we determined potential splice junctions
in the HTLV-3 genome to ascertain the availability of these
ORFs to predict novel proteins via complex splicing mecha-
nisms. Prediction of splice junction positions in HTLV-3 iden-
tified only two donor sites with high confidence, at nucleotide
413 in the LTR (sd-LTR) and at nucleotide 5073 in Env (sd-
Env), similar to those seen in STLV-3 (Fig. 1a) (39). Many
splice acceptor sites were found throughout the genome but
with low confidence (data not shown). Nonetheless, two of
these splice acceptor sites are conserved in STLV-3, in the pX
region at nucleotide 6835 (sa-pX2) and in Tax/Rex at nucleo-
tide 7245 (sa-T/R) (20, 21, 39). A 45-aa protein is then pre-
dicted using the sd-Env and sa-pX2 in ORFIII (Fig. 1); this
protein is 20 aa shorter than the 65-aa RORFII protein iden-
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tified in STLV-3(PH969) (Fig. 7a) (20, 21, 39). The HTLV-3
ORFIII protein shared 64.4% and 46.7% identity with the
STLV-3 RORFII and HTLV-1 p12I proteins, respectively. The
predicted HTLV-3 ORFIII protein was leucine rich, like that
seen in the leucine zipper motifs of the HTLV-1 p12I, but
contained only one of the four SH3-binding domains (PxxP)
seen in p12I (Fig. 7a) (5). The sa-T/R is used with the sd-Env
to generate the Tax and Rex proteins and possibly the HTLV-3
ORFIV protein via complex splicing mechanisms (Fig. 1).
The predicted HTLV-3 ORFIV protein shared the highest
identity to the p13II protein of HTLV-1 (70.1%), followed
by the ORFII proteins of HTLV-2 (63.5%) and STLV-2
(59.8%). Interestingly, 23 of 29 (79.3%) amino acids in the
HTLV-3 ORFIV (positions 64 to 91) were identical among the
ORFIIs of HTLV-1 and HTLV-2/STLV-2, suggesting a con-
served functionality of this motif (Fig. 7b). In contrast to the

HTLV-3 ORFII and ORFIV proteins, both the predicted
HTLV-3 ORFI and ORFII proteins did not share significant
sequence identity with any PTLV accessory proteins but in-
stead shared weak sequence identity with only miscellaneous
cellular proteins available in GenBank (data not shown). Anal-
ysis of alternatively spliced mRNA expression in viable cells or
tissue culture, and/or in vitro characterization, will be required
to investigate the expression and functionality of these putative
accessory proteins.

A novel protein termed the HTLV-1 basic leucine zipper
(bZIP) factor (HBZ) was recently found to be encoded on the
complementary strand of the viral RNA genome between the
env and tax/rex genes (12). Although HBZ was originally re-
ported to be exclusive to PTLV-1 (12), we now show that it is
conserved among PTLV (Fig. 8), including HTLV-3(2026ND),
emphasizing the potential importance of this protein in viral

FIG. 6. Comparison of predicted Tax amino acid sequences of PTLV. Shown in boxes are known functional motifs: NLS, nuclear localization
signal; CBP/P300, cAMP response element (CREB) binding protein; NES, nuclear export signal; CR2, C-terminal transcriptional activating
domain; PDZ, PDZ binding motif; M1, M22, and M47, motifs important for Tax transactivation and NF-
� activation (31).

FIG. 7. Comparison of predicted accessory protein sequences of selected PTLV. (a) HTLV-3(2026ND) ORFIII compared to STLV-3(PH969)
RORFII and HTLV-1 ORFI (p12I). The location of the conserved predicted SH3-binding domain (PXXP) is boxed. (b) HTLV-3(2026ND) ORFIV
aligned with HTLV-1 ORFII (p13II), HTLV-2 ORFII (p28XII), and STLV-2 ORFII. The highly conserved region is boxed.
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replication, persistence, and oncogenesis (2, 12). The carboxyl
terminus of the HBZ ORF contains a 21-aa arginine-rich re-
gion that is relatively conserved in PTLV and known cellular
bZIP transcription factors, followed by a leucine zipper region
that possesses 5 or 4 conserved leucine heptads in HTLV-1 and
all other PTLV, respectively (Fig. 8). HTLV-1 has 5 leucine
heptads similar to that found in mammalian bZIP proteins,
while PTLV-2 and PTLV-3 have 4 leucine heptads followed by
a leucine octet (Fig. 8). Of all PTLV with full-length genomes
available in GenBank, only HTLV-2(MoT) did not have the
full complement of leucine heptads. HTLV-2(MoT) was lim-
ited to the initial 3 leucine motifs due to a single-nucleotide
deletion at position 6823 that caused a frameshift in the pre-
dicted HBZ sequence. Resequencing of the HTLV-2(MoT)
provirus genome directly from peripheral blood lymphocyte
DNA, and not a tissue culture isolate, is necessary to verify the
HBZ ORF mutation in this virus.

DISCUSSION

Here we report the first complete nucleotide sequence and
genomic characterization of HTLV-3 and show that the ge-
nome of this novel virus is genetically equidistant from
HTLV-1 and HTLV-2 but clearly falls within the diversity of
STLV-3. These results support further the HTLV-3 nomencla-
ture proposed for this virus and demonstrate that HTLV-3
originated from STLV-3 (7, 43). Nonetheless, our finding that
HTLV-3(2026ND) is distinct from all STLV-3s, sharing only
86 to 92% identity across its entire genome, suggests that the
specific primate counterpart of HTLV-3(2026ND) has not yet
been identified. This contrasts with the genetic relatedness of
the second HTLV-3(Pyl43), reported recently in a Bakola
pygmy from Cameroon, which is nearly identical to STLV-3
found in a red-capped mangabey from Cameroon and thus
probably represents a recent zoonotic infection (7). The simi-
larity seen between these two sequences is similar to that

observed in linked STLV-3 transmission pairs (42). HTLV-
3(2026ND) is also distinct from HTLV-3(Pyl43), demonstrat-
ing multiple introductions of different STLV-3-like viruses in
persons in Cameroon following exposure to diverse STLV-3s
prevalent in NHPs in this region (9, 20–22). Similar repeated
and historical cross-species infections of humans with various
STLV-1 strains led to the emergence and dissemination of
several HTLV-1 subtypes in West-Central Africa (13, 26, 31,
43). Thus, it is possible that HTLV-3(2026ND) may similarly
represent a strain circulating within humans living in this geo-
graphic region. This hypothesis is consistent with our finding
that the HTLV-3(2026ND) predecessor originated over 30
millennia ago, at a time when we and others estimate that the
ancestors of both HTLV-1 and HTLV-2 appeared. The infer-
ence of an ancient HTLV-3(2026ND) ancestor, combined with
the wide geographic distribution of STLVs and a history of
STLVs crossing into humans, and the recent finding of another
HTLV-3 in an African pygmy (7, 13, 20–22, 35, 42) all imply
that HTLV-3 infection is likely to be more prevalent than
previously appreciated. Additional information on the diversity
of HTLV-3 and STLV-3 will be needed to determine whether
HTLV-3(2026ND) is truly an ancient infection that has be-
come endemic in humans or represents a more recent primary
zoonotic transmission from a primate infected with a very old,
divergent STLV-3.

The inferred ancient history of the ancestral HTLVs and the
recent finding of STLV-like infections in African hunters col-
lectively indicate that cross-species transmission of STLVs to
humans is both an ancient and a contemporary phenomenon
dependent on behavior that exposes humans to NHPs (7, 43).
The ancient origin of HTLV contrasts with that reported for
HIV, which is believed to have entered into humans from
simian immunodeficiency virus-infected NHPs within the last
century (15, 29). Thus, HTLVs appear to have had a long
period of viral evolution and adaptation in humans, possibly

FIG. 8. Comparison of predicted amino acid sequences of PTLV and cellular bZIP transcription factors. Conserved arginine-rich and leucine
zipper regions of the bZIP proteins are boxed. The frameshift mutation of the HTLV-2(MoT) leucine zipper region is italicized.
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resulting in the observed lower pathogenicity of HTLV com-
pared to HIV.

A more precise determination of the origin and distribution
of HTLV-3 infection will require further studies, such as ex-
panded surveillance of both humans and NHPs. However, se-
rosurveys for HTLV-3 and STLV-3 may be complicated by
several factors, including different WB profiles for each
HTLV-3 strain, one HTLV-1-like and the other showing inde-
terminate seroreactivity; variable WB profiles observed for
STLV-3-infected NHPs; and high rates of HTLV indetermi-
nate seroreactivity in some regions (7, 9, 14, 18, 20–22, 35, 42,
43). Thus, additional diagnostic tools are required to deter-
mine the level of penetration of HTLV-3 into the general
population and to search for the potential primate origin of
HTLV-3(2026ND). Screening for HTLV-3 will be facilitated
by the development and application of diagnostic serologic and
molecular assays based on the sequences reported here. For
example, since the Gag matrix and nucleocapsid regions and
the envelope surface protein are relatively conserved within
PTLV-3 and are divergent from PTLV-1 and PTLV-2, it may
be possible to use them in serologic assays to differentiate the
three PTLV groups.

Changes in the molecular structure and sequences of viruses
have been proposed to play a role in the increased transmis-
sibility and pathogenesis of viruses following cross-species
transmission and adaptation to a new host. Thus, we examined
in detail the genetic structure and sequence of HTLV-3 to
determine if important functional motifs involved in viral ex-
pression and HTLV-induced leukemogenesis are conserved (5,
11, 12, 24, 38, 47). All enzymatic, regulatory, and structural
proteins are well conserved in HTLV-3(2026ND), including
conserved functional motifs in Tax that are important for viral
gene expression and T-cell proliferation. These results, com-
bined with the observed genetic stability of HTLV-3, suggest
the absence of dramatic adaptive changes following cross-spe-
cies transmission of PTLVs. Nonetheless, we did observe sev-
eral important molecular features of the HTLV-3 genome that
are either similar to or distinct from those of other HTLVs.
For example, identification of a PDZ domain, known to be
important in cellular signal transduction and T-cell transfor-
mation (24, 38, 45), in the Tax protein of HTLV-3(2026ND),
similar to that seen in HTLV-1 but not HTLV-2 (11), suggests
that the HTLV-3 Tax may be more phenotypically similar to
the HTLV-1 than to the HTLV-2 Tax. The high amino acid
identity of the PTLV-3 Tax proteins, combined with the ability
of STLV-3 to transform human cells in vitro, also suggests that
the HTLV-3 Tax may function similarly to the HTLV-1 Tax
(14). Indeed, recent studies demonstrated that the Tax pro-
teins of HTLV-3(Pyl43) and STLV-3(CTO602) are expressed
in vivo and that the STLV-3 Tax is a transactivator in vitro,
suggesting that lymphoproliferative disorders may occur in
STLV-3 and HTLV-3 infections (8). However, whether the
presence of a PDZ domain in HTLV-3 is associated with
specific cellular and/or clinical outcomes, as it is for HTLV-1,
will require further investigation.

In contrast to the similarity observed between the HTLV-1
and HTLV-3 tax genes, the HTLV-3(2026ND) LTR is less
conserved, having only two of the typical three 21-bp Tax-
responsive elements identified in HTLV-1 and HTLV-2 that
are responsible for basal viral transcription levels. Like that of

STLV-3, the HTLV-3(2026ND) LTR is missing the TATA-
distal 21-bp repeat element (20–22, 39, 42). Although others
have shown that deletion of the middle, rather than the distal,
21-bp element is more critical for the loss of basal HTLV-1
transcription levels (3), additional studies are needed to deter-
mine what effect the absence of a 21-bp element will have on
HTLV-3(2026ND) gene expression and replication. Aside
from the identification of a unique AP-1 site, all of the remain-
ing functional elements in the LTR were more conserved,
including the stem-loop structure necessary for Rex-responsive
control of viral expression in HTLV-1 and -2.

Recently, a novel HBZ protein was found to be encoded on
the complementary strand of the viral RNA genome between
the env and tax/rex genes, and HBZ was shown to negatively
regulate viral replication and to enhance viral infectivity and
persistence (2, 12). Protein translation on the minus-strand
RNA is a unique feature of HTLV-1 not previously seen in
retroviruses (12). The recent finding of HBZ mRNA expres-
sion in ATL patients suggests a role of HBZ mRNA in the
survival of leukemic cells in vivo and in HTLV-1-associated
oncogenesis (28). Although HBZ was originally reported to be
exclusive to PTLV-1 (12), we now provide evidence for a pu-
tative HBZ region among all PTLV, including HTLV-
3(2026ND), further demonstrating the potential importance of
the HBZ protein and mRNA in viral replication and oncogen-
esis. For example, the HBZ protein has also been reported to
bind to AP-1 regulatory elements, including the transcription
factors JunB and c-Jun, to modulate their transcriptional ac-
tivity (4), which may then disturb AP-1 regulation of many
cellular processes, including cell proliferation, transformation,
and death (30). The discovery of an AP-1 site in the LTR of
HTLV-3(2026ND), combined with the ability of Tax1 and
HBZ to activate cellular transcription through AP-1 sites in
vitro (4, 47), is important and suggests an alternative mecha-
nism for regulation of viral expression and replication not
previously known for HTLV. Thus, additional studies are re-
quired to confirm the potential effect of the predicted PTLV
HBZ proteins, in conjunction with the AP-1 site in the LTR of
HTLV-3(2026ND), on viral expression and leukemogenesis.

In summary, we have shown that the novel HTLV-3 genome
is genetically stable and has an ancient origin. We have also
demonstrated that the HTLV-3 genome contains many of the
functional motifs important for viral expression and pathology
attributed to HTLV-1. Additional studies are needed to fur-
ther characterize the unique molecular features of HTLV-3
identified here, to determine whether HTLV-3 has become
endemic in humans, and to better understand the public health
importance of this novel human virus.
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