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FIG. 1. Maximum-likelihood tree based on the analysis of SIV partial pol sequences (152 bp). The topologies of Bayesian maximum clade
credibility trees obtained under two different tree priors were similar when shallow evolutionary depths were considered (deep branching patterns
were not similar). Branches leading to strains isolated from red colobus monkeys in Cote d’Ivoire are blue, those leading to strains isolated from
Ugandan red colobus monkeys are red, and the one branch leading to a Gambian strain is green. Major SIV groups are represented graphically
to improve readability: in every case the number of strains represented is indicated in parentheses after group names. Numbers above branches
represent bootstrap values (Bp); italicized numbers below branches represent posterior probability values (pp) obtained using the birth-death
model. Bp and pp are indicated only where Bp is =50 and pp is =0.95. Asterisks indicate strains identified in the present study. Note that this tree
is mid-point rooted due to the lack of information regarding the position of the root in SIV phylogeny. Tal, talapoin monkey (Miopithecus talapoin);
den, Dent’s monkey (Cercopithecus denti); deb, De Brazza’s guenon (Cercopithcus neglectus); syk, Sykes’monkey (Cercopithecus mitis); mon, mona
monkey (Cercopithecus mona); gsn, greater spot-nosed guenon (Cercopithecus nictitans); mus, mustached guenon (Cercopithecus cephus); asc,
red-tailed guenon (Cercopithecus ascanius); col, mantled guereza (Colobus guereza); agm, African green monkey (Chlorocebus aethiops); cpz,
chimpanzee (Pan troglodytes); rcm, red-capped mangabey (Cercocebus torquatus); smm, sooty mangabey monkey (Cercocebus atys); lho, L'Hoest’s
monkey (Cercopithecus lhoesti); sun, sun-tailed guenon (Cercopithecus solatus); mnd, mandrill (Mandrillus sphinx); drl, drill (Mandrillus leucopha-
eus); olc, olive colobus monkey (Procolobus verus); wrc, Western red colobus (P. b. badius); krc, Eastern red colobus (P. r. tephrosceles); wrcPBT,
Western red colobus (P. b. temminckii).

Tai National Park in Cote d’Ivoire is 82%. This is somewhat
higher than previously estimated for this population (26%
based on noninvasive samples from 53 individuals and 50%
based on 10 blood samples), which could be due to differences
in test material and sample sizes (7, 35). However, our results
confirm that this population has one of the highest prevalences
of this virus found in wild nonhuman primates to date. Further,
the prevalence in P. r. badius is more than three times higher
than that in the closely related species of red colobus monkey,
P. r. tephrosceles, living in Kibale, Uganda. The fact that there
is no overlap in the 95% CI of the estimated SIV prevalence in

the Kibale study and that in the present study (8 to 37% and 66
to 98% for Kibale and Tai, respectively) shows that there is a
significant difference between these two populations/species
(15). Previous studies have shown that SIV prevalence varies
greatly between species and that some populations, such as
mandrills in Cameroon and sooty mangabeys in Cote d’Ivoire,
have a high frequency of SIV infection (estimated prevalence
of 79% [95% CI, 54 to 99%] and 59% [95% CI, 35 to 88],
respectively) (46, 51, 56). The effect that the high rate of SIV
occurrence might have on the P. b. badius population is un-
known. In general, natural SIV infections have been consid-
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FIG. 2. Maximum-likelihood tree based on the analysis of PTLV-1 partial LTR sequences (422 bp). The topologies of Bayesian maximum clade
credibility trees obtained under two different tree priors were similar when shallow evolutionary depths were considered (deep branching patterns
were not similar). Branches leading to strains isolated from red colobus monkeys in Cote d’Ivoire are blue, and those leading to strains isolated
from Ugandan red colobus monkeys are red. Major PTLV-1 groups are represented graphically to improve readability: in every case the number
of strains represented is indicated in parentheses after group names. Numbers above branches represent Bp values, italicized numbers below
branches represent pp values obtained using the birth-death model. Bp and pp are indicated only where Bp is =50 and pp is =0.95. Asterisks
indicate strains identified in the present study. Three of these strains were actually identified in more than one individual: wrcl5 (published as
STLVwrc [27]) is identical to wrc129* and wrc212* (plus ptr-Dorry); wrc66* is identical to wrc72*; and wrc126* is identical to wrc211*. Sm, sooty
mangabey monkey (Cercocebus atys); ptr, chimpanzee (Pan troglodytes); mnd, mandrill (Mandrillus sphinx); cae, African green monkey (Chloro-
cebus aethiops); msy, Barbary macaque (Macaca sylvanus); wrc, Western red colobus (P. b. badius); krc, Eastern red colobus P. r. tephrosceles).

ered nonpathogenic and even asymptomatic throughout the
course of infection (49). However, it has recently been discov-
ered that SIV in wild chimpanzees (SIVcpz) has a negative effect
on health and fertility and causes AIDS-like immunopathology in
wild chimpanzees from Gombe National Park, Tanzania (22). It is
possible that a similar effect will be found in other primate species
when additional prospective, long-term follow-up studies of SIV-
infected wild primates become available. It should be underlined
that this type of study requires continuous investigation, and the
discovery of SIV pathogenicity in the Gombe chimpanzees was
only possible because good demographic data had been obtained
from a long-term field study.

Also for STLV-1 we found that the prevalence is much
higher in P. b. badius than in P. r. tephrosceles monkeys, with no
overlap found in the 95% CI: 50% in P. b. badius (95% CI, 29

to 71%) and 6.4% in P. r. tephrosceles (95% CI, 0 to 15%) (15).
It appears that there is a great deal of variation in the esti-
mated prevalence of STLV-1 in wild primates, ranging from 0
to 89%, depending on species and region (9, 25, 37, 50). In-
terestingly, with the comparisons possible from our study, it is
striking to observe such extreme differences also between
closely related primate species. This probably means that both
genetic diversity and retroviral prevalence are determined by
geographical location for STLV-1s. However, further studies
on additional populations are needed to adequately assess if
the prevalence in P. b. badius is unusually high or if that of P.
r. tephrosceles is extraordinarily low.

In contrast to SIV and STLV-1, there was not much differ-
ence in the prevalences of SFV in our study (86%; 95% CI, 72
to 100%) and in P. r. tephrosceles (97%; 95% CI, 90 to 100%)
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FIG. 3. Maximum-likelihood tree based on the analysis of SFV partial pol sequences (252 bp). The topologies of Bayesian maximum clade
credibility trees obtained under two different tree priors were similar. Branches leading to strains isolated from red colobus monkeys in Cote
d’Ivoire are blue, those leading to strains isolated from Ugandan red colobus monkeys are red. Noncolobine tips are represented graphically to
improve readability: in every case the number of strains represented is indicated between parentheses after family, subfamily or genus names.
Numbers above branches represent bootstrap values (Bp), italicized numbers below branches represent posterior probability values (pp) obtained
using the birth-death model. Bp and pp are indicated only where Bp is =50 and pp is =0.95. Asterisks indicate strains identified in the present
study. Two of these strains were actually identified in more than one individual: wrc125 is identical to wre3*, wrcl2, wre45*, wrc68*, wrc71*, wrcl26,
wrcl27, wrel28, wrel29, wrel30, wrel31, wre213*, wre236*, and wrc276* (15 wre sequences plus ptr-Leo); wrcl33 is identical to wrc132*. Ptr,
chimpanzee (P. troglodytes); krc, Eastern red colobus (P. r. tephrosceles); wrc, Western red colobus (P. b. badius).

(15). High SFV prevalence has also been found in other wild
primate populations, where infections can reach 100% (3, 33).
The fact that this generally high prevalence is unique to SFV
(compared to SIV and STLV-1) might be explained by a lesser
sensitivity to the behavioral differences that exist between spe-
cies and even populations.

The results from our study, as well as those from the red
colobus study in Uganda, are based on relatively small sample
sizes (15). However, samples from wild red colobus monkeys
and primates in general are difficult to obtain, and one should
not refrain from discussing possible reasons for differences in
viral prevalence between populations, based on the data we
have to date. Virus biology can be one possible reason for the
observed difference in SIV and STLV-1 prevalences since
these viruses in the Tai and Kibale populations are all distinct.
Behavioral differences should also be considered although no
further demographic data are available for our study animals,
and the routes of retroviral transmission in wild primates are
not fully understood (20, 38). In general, the intense social
behavior of red colobus monkeys could give the opportunity

for frequent retrovirus transmission. The monkeys live in pro-
miscuous multimale groups of about 50 individuals, the males
fight each other to mate receptive females throughout their
adult lives, and frequent aggressive harassment of mating cou-
ples occurs (36, 52). There are, however, behavioral differences
between the red colobus monkey populations/species found in
Tai and Kibale that might explain, at least partly, the difference
in the prevalences of SIV and STLV-1 at these sites. First, the
Tai P. b. badius population has a defined breeding season of 5
to 6 months every year, whereas the Kibale P. r. tephrosceles
population breeds all year round (A. Korstjens, personal com-
munication). During the intense breeding season in Tai, the
receptive females mate with virtually all males available. In
Kibale, there are receptive females available all year round,
and the average number of males in the group is lower than in
Tai (3.5 versus 10), which makes monopoly by dominating
males easier (36, 40, 52). This means that the P. b. badius
females in Tai overall mate with a larger number of partners,
which is a risk factor in the spread of sexually transmitted
diseases (41). Second, although a precise comparison is diffi-
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cult, it appears that there is more aggression associated with
breeding in Tai than in Kibale because of the intense male
competition over access to females during a restricted breeding
period (A. Korstjens, personal communication). Frequent
fighting facilitates close contact between individuals and hence
represents a risk of viral transmission. Finally, the P. b. badius
males in Tai were also more frequently seen with red, ulcer-
ated penises than the males in Kibale (A. Korstjens, personal
communication). This could be a sign of other sexually trans-
mitted diseases which could ultimately make retroviral trans-
mission easier. Further studies are required to diagnose and
determine the extent of sexually transmitted diseases in this
red colobus population as well as to investigate their possible
effect on retrovirus transmission.

Coinfection and correlation of viruses. There was a high
degree of coinfection of the retroviruses in the P. b. badius
monkeys, as nearly half of the individuals were triple infected
and nearly one-third were dually infected with SIV and one of
the other retroviruses. This is not surprising considering the
relatively high prevalences of all the individual viruses. In com-
parison, the level of coinfections in the P. r. tephrosceles pop-
ulation was substantially lower (3% of the monkeys had triple
infections, and 23% had dual infections, all of which included
SFV), as would be expected with the relatively lower preva-
lences of both SIV and STLV-1 (15). Interestingly, in the Tai
P. b. badius population, no individual included in the coinfec-
tion analysis was positive for STLV-1 alone or in combination
with SFV; all the STLV-1-positive individuals were at the same
time infected with SIV. It is possible that STLV-1 is frequently
transmitted together with SIV; however, there was no signifi-
cant correlation among any of the viruses in the Tai P. b. badius
population. Also in the Kibale P. r. tephrosceles population, no
correlation was found among these viruses (15).

Phylogeny. With data accumulating, the mechanisms of ret-
rovirus evolution have taken more precise and distinctive
shapes. SFV and SIV mostly show species-specific distribution,
either as a result of host-parasite cospeciation or preferential
host switching (5, 53, 61). In contrast to SFV and SIV, the
distribution of the genetic diversity of STLV-1 seems to be
more complex, which most likely reflects more frequent cross-
species transmission of this virus between different primate
species than for lenti- and spumaretroviruses (21).

Also in our study, SIV and SFV phylogenies both exhibited
the pattern of host-specific association of these retroviruses.
This was especially true for SIVwrc and SFVwrc sequences
determined from P. b. badius. In the SIV tree, SIVwrc se-
quences from P. b. badius are clustered together with those
determined from habituated P. b. badius in the same area and
in P. b. temminckii in Gambia (34, 35). Of note, these red
colobus populations are both called Western red colobus but
are believed to belong to different subspecies (54). In the
phylogeny of mitochondrial DNA, P. b. temminckii appears as
being nested into the genetic diversity of P. b. badius. SIVwrc
therefore conforms to the same pattern. In the SFV tree,
SFVwrc strains cluster into one clade but are at this time
associated with one strain previously identified as coming from
a chimpanzee, most probably as the result of a cross-species
transmission event linked to chimpanzee hunting behavior
(28). For both SIV and SFV, strains identified from P. r. te-
phrosceles in Kibale grouped with strains of P. b. badius in Tai

J. VIROL.

but were never interspersed with them, suggesting reciprocal
monophyly. As this conforms to the host phylogeny (54), this
might be explained by host-parasite cospeciation for SFVwrc, a
common process for retroviruses of this genus (53). For
SIVwre, preferential host switching (5) would seem a much
more likely explanation given the presumed overall short time
scale of primate lentivirus evolution (62).

In contrast to SIV and SFV, the phylogeny of STLV-1 is
thought to be linked to geography rather than to host species
(57). Given this geographical component and the slow evolu-
tionary rate of STLV-1 (29), one could expect relatively low
genetic variation on small geographical scales. However, we
found that the novel strains of STLV-1wrc in P. b. badius living
in a relatively small area of the Tai rainforest showed high
genetic variability, being distributed into three distinct lineages
(of which one shows some affinity to STLV-1sm described from
sooty mangabeys from Sierra Leone, whereas STLV-1krc from
Kibale P. r. tephrosceles show no affinity to any of these lin-
eages). Thus, Tai strains were found in the two main lineages
constituting the recently described subtype J as well as in the
group formed by subtype I sequences (21). This is a consider-
able extension of their known genetic diversity as only two Tai
STLV-1wrc strains have been described so far (27). Impor-
tantly, all new STLV-1wrc strains were interspersed with those
found from P. ¢. verus living in the area. This confirms previous
findings of cross-species transmission of STLV-1 from the red
colobus monkeys to the chimpanzees and underlines that the
major part of the diversity of STLV-1 strains found in those
chimpanzees possibly stems from hunting and eating P. b.
badius (27). To the authors’ knowledge a comparable pattern
of genetic diversity has so far been found only in two other
herbivore primate species (C. nictitans and Cercopithecus
cephus) (31). Under the hypothesis that geographical proximity
rather than host specificity is the main determinant of the
presence of a given strain in a given species, it is tempting to
make the assumption that Tai P. b. badius monkeys are in-
fected with a wide variety of STLV-1 strains because the Tai
rainforest is a place of high endemicity for STLV-1. This might
in turn indicate that STLV-1 has been circulating in that forest
zone for a longer period than in other regions or that it has not
been submitted to similar degrees of a bottleneck effect. It
would therefore be interesting to investigate in more detail the
overall STLV-1 diversity in Tai and also other areas of tropical
Africa since, at the moment, only a two-point comparison is
possible. Increasing the sampling of P. b. badius as well as
getting samples from other Tai primate species, some of which
live in close contact with red colobus monkeys (36, 39), could
be a first step into the process.

Conclusion. This study shows that retroviral infections with
SIV, STLV-1, and SFV are common in red colobus monkeys
(P. b. badius) in the Tai National Park, Cote d’Ivoire. Com-
paring our results with those obtained from a study of a sister
species (P. r. tephrosceles) in Uganda shows that the prevalence
of these retroviruses in wild primates can vary dramatically,
even between closely related species. We further demonstrate
a high genetic variability of STLV-1 in this herbivore monkey
species, which might be taken as an indication that Tai is a hot
spot of diversity for this retrovirus.
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