














FIG 4 Networks for all mother-offspring pairs. The bottom right illustrates matrilineal lines included in this study. The column family marks the individuals
belonging to the family with the same initial (letter), followed by mothers to the left of their offspring (starting with the first generation). Females’ names are in
capital letters. When individuals were repeatedly sampled, the number of samples is given between brackets. Within each network, node size is proportional to
the frequency of sequence occurrence. Branch lengths are directly related to the number of mutations between sequences, with values noted for differences greater
than two base pairs (total length of aligned sequences: C, L, Y family, 425 bp; J, K family, 426 bp; R, S family, 428bp).
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DISCUSSION

The data presented here provide unambiguous evidence that ver-
tical transmission is an important modality of transmission in
wild chimpanzees. Interestingly, this fits well with the assumed
nonpathogenicity of SFVs. Because of their reliance on their host
reproductive success, vertically transmitted microorganisms are
indeed expected to evolve reduced virulence (39). A consequence

FIG 5 SFV similarity as a function of host relatedness. Circle size represents the
number of dyads exhibiting the corresponding relationship with the offspring.

TABLE 3 SFV persistencea

Individual
Age at
sampling (yr) Infection status

No. of virus
strains

No. of virus strains
transmitted

Time
between
samplings
(yr)

Virus yr based on no.
of strains and time
between samplings

Virus
stability (yr)

Gogol 10 Single infection
Gogol 17 Single infection 1 1 7 7 7
Kabisha 24 Superinfection
Kabisha 25 Superinfection 2 2 1 2 2
Kinshasa 11 Single infection
Kinshasa 17 Single infection 1 1 6 6 6
Rubra 31 Single infection
Rubra 35 Superinfection 1 1 4 4 4
Rubra 38 Superinfection 2 2 3 6 6
Sagu 13 Single infection
Sagu 17 Superinfection 1 1 4 4 4
Sagu 19 Superinfection 2 1 2 4 2
Sumatra 38 Single infection
Sumatra 40 Superinfection 1 1 2 2 2
Utan 7 Single infection
Utan 11 Single infection 1 1 4 4 4
Yucca 32 Superinfection
Yucca 34 Superinfection 2 2 2 4 4
Zyon 37 Superinfection
Zyon 42 Superinfection 2 2 5 10 10
Zyon 44 Superinfection 2 2 2 4 4
Total 42 57 55
Persistence (%) 96
a Individuals for which multiple samples were available were tested for virus stability. Strains identified in the earlier samples were compared with strains found in the later
corresponding sample. A virus strain was defined using network-based analysis [identification of the founder sequence(s)/group of closely related sequence in the absence of the
founder sequence]. Strains were defined as stable in the consecutive sample(s) if sequences revealed a maximal distance of 0.7% observed divergence (up to 3 bp difference). Of
note, estimation of the number of independent infection events is a minimum estimate.

FIG 6 SFV accumulation dynamics in wild chimpanzees from Taï (P. troglo-
dytes verus). Superinfection status (no/yes) is shown as a function of age. Circle
size represents the number of samples at the corresponding combination of
age and infection status; colors indicate the sex of the individuals. The dashed
line indicates the fitted model’s prediction.
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of reduced virulence is that microorganisms’ selective pressure on
their host decreases; that is, a very efficient immune response to
the infection is not a selective advantage anymore. In this study,
two additional points are consistent with such a coevolved “tam-
ing” process: (i) SFVs infecting Taï chimpanzees do not seem to
undergo diversifying selection, as expected under strong immune
pressure (but note that the fragment examined here encodes the
integrase), and (ii) APOBEC editing does not seem to influence
strongly these SFVs’ mutational patterns (in contrast to previously
published results obtained in vitro) (40). It should, however, be
noted that while mother-offspring SFV transmission is strongly
supported here, other studies led on captive primates did not
identify the same trend (10, 11), which might suggest that SFVs
infecting distinct primate species are characterized by distinct
transmission traits. The very long cospeciation history of SFV and

their hosts would certainly have allowed for such divergence in
SFV transmission patterns (5).

It is for the moment only possible to speculate about the pos-
sible medium or media supporting mother-offspring transmis-
sion. Mother-offspring dyads face numerous opportunities for
body fluid exchanges. This includes intrauterine, perinatal, and/or
breast-feeding-mediated transmission as observed for other exog-
enous retroviruses (e.g., deltaretroviruses, lentiviruses), saliva-sa-
liva contacts through fruit sharing, and saliva-blood contact
through grooming on wounds or bites and nips received by in-
fants during weaning. Although saliva has not yet been proven to
be the main shedding site of SF viral particles in chimpanzees (in
contrast to findings for other primates [31, 41]), transmission of
SFV from chimpanzees to humans following severe bites (9, 14,
42) and SF viral particle detection from chimpanzee fecal samples

FIG 7 In-host SFV population dynamics. Chimpanzees Yucca and Kabisha were sampled at different time points (y, years of age). Within the networks, node
size is proportional to the frequency of sequence occurrence. Branch lengths are directly related to the number of mutations between sequences, with values noted
for differences greater than two base pairs (total length of aligned sequences: 425 bp).

TABLE 4 Defective sequences and variable sites

Group

No./total no. (%)

Defective viruses Variable sitesa

Indels Stop codons
1st and 2nd codon
position 3rd codon position

All clones 90/915 (9.8%) 39/915 (4.3%) 217/283 (76.7%) 121/142 (85.2%)
Founder sequences 1/55 (1.8%) 0/55 (0%) 19/283 (6.7%) 32/142 (22.5%)
a Among apparently nondefective viral sequences.

Blasse et al.

5202 jvi.asm.org Journal of Virology

 on S
eptem

ber 30, 2015 by M
A

Y
 P

LA
N

C
K

 IN
S

T
IT

U
T

E
 F

O
R

 E
volutionary A

nthropology
http://jvi.asm

.org/
D

ow
nloaded from

 

http://jvi.asm.org
http://jvi.asm.org/


(3, 15) qualify it as the most likely medium for effective transmis-
sion of SFV among chimpanzees.

While we show here that mother-offspring transmission of
SFV occurs frequently and therefore likely stands as a privileged
route for primary infection, it is worth to note that not all siblings
were infected with one of their mother’s SFVs. This clearly points
at the complexity of mother-offspring transmission patterns,
which most likely depend on a variety of parameters, e.g., varia-
tion in maternal viral load and shedding as well as immune status
of the offspring. Adding to the complexity of mother-offspring
SFV transmission is the complexity of contemporary or subse-
quent horizontal transmissions. Assuming that saliva is the driv-
ing medium for infection, numerous opportunities of transmis-
sion will indeed also exist outside mother-offspring relationships.
In this respect it is interesting to note that in this study father-
offspring relationships did not measurably influence the circula-
tion of SFVs. This does not come as a surprise, as in chimpanzees
father-offspring relationships are notoriously weaker than moth-
er-offspring relationships (21, 38, 43, 44). Other relationships,
e.g., friendships, might be influential but could not be investigated
here.

Whatever the quality of the relationships supporting their
transmission, our data are also strongly supportive of a lifelong
accumulation of SFV strains in chimpanzees. Although some of
our results support the possibility of significant SFV population
shifts after superinfection and a natural extension of this is the
possibility that some SFVs get extinct, e.g., through the effects of
genetic drift, we record a very high persistence rate. Lifelong per-
sistence of SFV is therefore likely to be the rule in wild chimpan-
zees, which mirrors observations made on a similar time series of
samples taken from captive Macaca tonkeana (10). In addition, we
provide very strong evidence that SFV superinfection becomes
more common with increasing age, which suggests continuous
acquiring of new strains through horizontal transmission events.
We note here that the well-known pattern of increasing sero-
and/or genoprevalence with age found in other chimpanzee sub-
species and primates (3, 10) may therefore hide very complex SFV
dynamics as well.

An important question is that of the behaviors supporting hor-
izontal transmission and therefore lifelong accumulation of SFVs,
beyond a likely primary infection with mothers’ SFVs. It has been
hypothesized that truly violent aggressive behaviors, that is, those
behaviors resulting in severe wounds providing opportunity for
body fluid exchange, could fulfill the requirements for SFV trans-
mission (10). In primates in general and in chimpanzees in par-
ticular, such aggressive behaviors usually involve subadults and
adults, for either the defense of social rank, territory, or access to

food or reproductive partners. Interestingly, the onset of these
behaviors fits well with our observation that superinfection events
mainly occur during adulthood. The finding that SFV accumula-
tion is not influenced by sex might at first seem somewhat contra-
dictory as males more frequently commit aggressive behaviors.
However, it should not be considered that only males get involved
into aggressive contacts or that aggressive contacts are systemati-
cally male-male or female-female events. For example, in Taï Na-
tional Park, rates of male aggression toward females approach 0.08
per hour of female observation; that is, any female will be attacked
by a male every 2 days (45). During these frequent aggressive at-
tacks, opportunities exist for both male-to-female and female-to-
male SFV transmission since females also reply aggressively.
Taken together with effective vertical transmission, this contrib-
utes to making marked sex differences in SFV transmission un-
likely, although slight differences cannot be ruled out.

Conclusions. In addition to highlighting the interest and
broad applicability of approaches focused on the depiction of
within-host SFV diversity, our results are supportive of a new
model of SFV transmission in wild chimpanzee communities.

In this model, primary infection with SFV would likely occur
through the mother-offspring relationship, a strong social bond
which we demonstrate here is a major route of SFV circulation in
the community. Subsequent SFV infections (that is, superinfec-
tions, since SFVs persist in wild chimpanzees) would occur during
adulthood, possibly as a consequence of the onset of aggressive
interactions with other members of the group. Within this frame-
work, different strains of SFV might experience different popula-
tion dynamics within individuals.

Further investigation of SFV transmission patterns in the wild
are clearly needed. For chimpanzees, studies investigating the in-
fluence of other social bonds, such as other forms of kinship or
friendship, would be highly desirable. Determining likely modes
of SFV transmission in other wild NHP species would also be a
welcome addition and would help determine whether the model
of transmission proposed here for chimpanzees is applicable
across parts or the entire phylogenetic tree of NHP. Such studies
will require gathering considerable amounts of behavioral and
epizootic data. It might also provide useful information about
possible patterns of SFV transmission within new hosts, including
humans.
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