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The 14 species of Ficus of the subgenus Sycomorus
(Moraceae) are invariably pollinated by Ceratosolen
species (Hym. Chalcidoidea), which in turn reproduce
in the fig florets. They are distributed mostly in conti-
nental Africa, Madagascar, and the Mascarene and
Comoro Islands, but 1 species extends its geographical
range all over the Oriental region. Fig-pollinator rela-
tionships are usually strictly species specific, but excep-
tions to the ‘one-to-one’ rule occur within the group we
studied. In order to understand both the biogeographi-
cal history of the Ceratosolen species associated with
Ficus of the subgenus Sycomorus and the origins of the
specificity breakdown cases, we have used cytochrome
b sequences to reconstruct a phylogeny of the fig
wasps. The results show that the pollinators from the
Malagasy region and those from continental Africa
form two distinct clades, which probably diverged
after the crossing of the Mozambique Channel by an
ancestral population. The Oriental wasp species show
strong affinities with the African species. The two
species-specificity exceptions are due to different evo-
lutionary events. The occurrence of the two West
African pollinators associated with F. sur can be ex-
plained by successive speciation events of the mutual-
istic partner without plant radiation. In contrast, we
hypothesize that C. galili shifted by horizontal trans-
fer from an unknown, presumably extinct, Ficus spe-
cies to F. sycomorus after this native Malagasy fig

species colonized Africa. o 1999 Academic Press

INTRODUCTION

Mutualisms have long been underemphasized in
ecological studies, but there has been growing evidence
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that they represent a very widespread phenomenon
(Begon et al., 1986). Yet, few of these systems have been
studied from an evolutionary viewpoint (see for in-
stance (Brown et al., 1994; Pellmyr et al., 1996). Under-
standing the origins and the maintenance of mutual-
isms in a phylogenetic context is, however, an
outstanding topic of evolutionary biology. In this re-
spect, the fig—pollinator model is of great interest,
because of the amazing species diversity of the system
and the high specificity of the relationship [see Wiebes
(1965, 1979) and Rasplus (1996) for reviews of the
specificity breakdown cases]. Moreover, the mutualism
between fig trees (Ficus, Moraceae) and their pollinat-
ing wasps (Hym.: Chalcidoidea: Agaonidae: Agaoninae)
is obligate, and it is usually considered as an example of
plant—insect coevolution (Ramirez, 1974; Wiebes, 1979;
Kjellberg et al., 1987; Anstett et al., 1997). This hypoth-
esis, however, has yet to be supported by conclusive
evidence (Lachaise, 1994). The plant strictly depends
on its partner for seed setting and pollen dispersal,
while the insect relies on the fig ovaries for egg laying
and larval development (Galil and Eisikowitch, 1968;
Galil, 1977; Janzen, 1979). Unlike information on their
taxonomy and ecology, very little is known about fig
pollinator evolutionary history, and only a few phyloge-
netic hypotheses (based on either morphological or
molecular characters) have hitherto been proposed to
understand the evolution of the fig tree—fig pollinator
mutualism (Yokohama, 1994, 1995; Herre et al., 1996;
Machado et al., 1996). Most of these studies, however,
aimed to resolve the history of pollinator genera in
order to test the hypothesis of Ficus—Agaoninae coevo-
lution at a higher taxonomic level (i.e., pollinator
genera vs fig subgenera and sections). Previous phylog-
enies of Neotropical pollinators have been recon-
structed at the species level (Herre et al., 1996; Machado
et al., 1996), but no such studies have been conducted
concerning Old World pollinator genera.

Within the genus Ficus, the subgenus Sycomorus
(sensu stricto: see Berg and Wiebes, 1992) is a small
subunit of 14 monoecious species that shows strong
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taxonomic affinities with Asiatic groups of dioecious
Ficus (subgenus Sycomorus sensu lato: Berg, 1989). Its
distribution is centered on the Afrotropical region, that
is, continental Africa and the Malagasy region (=Mada-
gascar, Comoro Islands, and Mascarene Islands). One
of the species, however, Ficus racemosa L., has an
atypical Oriental distribution (from India to North
Australia; see Fig. 1). The pollinators of 12 out of the 14
fig species are described and belong to the genus
Ceratosolen, subgenus Ceratosolen (Wiebes, 1964, 1968,
1981, 1989; Wiebes and Compton, 1990; Berg and
Wiebes, 1992; Rasplus et al., unpublished). They are
active pollinators with mesothoracic pollen pockets; the
behavior and biology of some of them have previously
been studied in detail (Galil and Eisikowitch, 1968,
1969a,b, 1971; Galil, 1973; Galil and Eisikowitch, 1974;
Abdurahiman and Joseph, 1976, 1981; Kerdelhué et al.,
1997). Interestingly, two cases of fig—pollinator specific-
ity breakdown exist within the subgenus Sycomorus.
One case implicates Ficus sur, which is pollinated
throughout its geographical range by three different
Ceratosolen species (Kerdelhué et al., 1997); the other
exception to the one-to-one rule is more complicated
and involves both F. sycomorus and F. mucuso. Each of
these two fig species is associated with both Ceratosolen
arabicus and C. galili, which occur in sympatry across
their whole geographical range. Moreover, it has been
proven that the former species is solely responsible for
the pollination of F. sycomorus. C. galili, even though
having fully developed pollen pockets, exhibits no polli-
nation behavior and is therefore known to be a ‘cuckoo
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wasp’ (Galil and Eisikowitch, 1968, 1969a, 1974; Comp-
ton et al.,, 1991). The same is probably true for F
mucuso, as Wiebes, after dissections of wasps found in
figs of F. mucuso, was unable to find any pollen grains
in C. galili’s pollen pockets, whereas he found some in
C. arabicus. C. galili is the only nonpollinating aga-
onine species known.

We conducted a phylogenetic study of the Ceratosolen
species associated with Ficus of the subgenus Syco-
morus to generate evolutionary hypotheses in order to
address some major questions about the history of
mutualism between fig trees and fig wasps. In particu-
lar, this approach can contribute to understanding the
affinities between species from Africa and the Malagasy
region and clarify the origins of the Ceratosolen species
endemic to the Mascarene and Comoro Islands. The
placement of the Oriental species associated with F.
racemosa is also of interest. Moreover, reconstructing
the group phylogeny will shed light on the exceptions to
the one-to-one rule and will enable us to determine
whether Ceratosolen species occurring in the same host
share a recent common ancestor or if one of the
pollinators has shifted from a separate host Ficus, or in
other words, whether the exception is due to a specia-
tion event in the pollinator lineage without host diversi-
fication or if the existence of more than one pollinator is
due to horizontal transfer. Understanding the phyloge-
netic affinities of C. galili should also help to build
hypotheses explaining the lack of pollination behavior
in this particular species.

In fig wasps, ecological pressures are expected to be
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F. sakalavarum, F filiifolic
F. torrentium, F frichoclado

FIG. 1. Geographical distribution of the 14 Ficus species of the subgenus Sycomorus sensu stricto.
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strong. Most female morphological characters are possi-
bly shaped by its host and can be adaptive with regard
to some of the features of the figs, such as ostiole length,
bract forms, style length, wall width, or host density.
Consequently, pollinator morphology is likely to be
prone to adaptive convergence and thus to homoplasy.
For this reason, we decided to use molecular markers to
reconstruct Ceratosolen phylogeny. We tested the phylo-
genetic utility of the mitochondrial cytochrome b gene,
which has been broadly used in vertebrates (Kocher et
al., 1989; Irwin et al., 1991; Janczewski et al., 1995;
Ledje and Arnason, 1996; Yoder et al., 1996; Griffiths,
1997), but has not been fully developed in insect phyloge-
netic studies (Crozier and Crozier, 1993, 1994; Jermiin and
Crozier, 1994; Crozier et al., 1995; Harry et al., 1998).

MATERIAL AND METHODS

Material and Collection Sites

Among the 14 fig species of the subgenus Sycomorus,
4 are restricted to continental Africa (namely Ficus sur
Forsskal, F. vallis-choudae Delile, F. vogeliana Miquel,
and F. mucuso Ficalho); 1 can be found in Africa, in
Madagascar, and in the Arabic peninsula (F. sycomorus
L.); 6 are endemic to Madagascar (F. tiliifolia Baker,
F. botryoides Baker, F. polyphlebia Baker, F. sakalavarum
Baker, F. trichoclada Baker, and F. torrentium Perrier);
1 is found only in the Comoro Islands (F. karthalensis
Berg); 1 is restricted to the Mascarene Islands
(F. mauritiana Lamark); and 1 is distributed in most of
the Oriental region (F. racemosa L.). The geographical
distribution of the 14 Ficus is shown in Fig. 1. The
host—pollinator relationships, as well as the collecting
sites and the collector names, are summarized in Table
1. Several species have been sampled from more than
one locality; in particular, C. arabicus and C. galili,
which have the largest geographical ranges, were col-
lected six and five times, respectively. All species but
the undescribed pollinators of F. karthalensis and
F. torrentium have been collected and preserved in
absolute ethanol. Insect rearing and collections have
been described elsewhere (Kerdelhué and Rasplus,
1996; Kerdelhué et al., 1997).

We have strong morphological evidence supporting
the monophyly of the genus Ceratosolen within the
Blastophagini. In particular, convincing apomorphic
characters which are absent from all other genera are
described in Wiebes (1994) and Boucek (1988). The
genus is separated into three subgenera, namely Cera-
tosolen (to which the species studied here belong),
Rothropus, and Strepitus. These latter two subgenera
are restricted to the Indo-Australian region and polli-
nate various dioecious Ficus sections. Following Wiebes
(1994), we agree that the subgenus Ceratosolen is
monophyletic with respect to the other two subgenera.
The morphological apomorphies shared by species of
Rothropus on the one hand and by species of Strepitus

TABLE 1
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Ceratosolen Species Sampled, with Host Ficus,
Collection Site and Collector Name

Collection
Ceratosolen Host-Ficus site Collector
arabicus Mayr Sycomorus LT, TZ, SA,MA CK&JYR,S.
van Noort
mucuso LT, TZ CK & JYR
galili Wiebes sSycomorus LT, SA, MA CK & JYR, S.
van Noort
mucuso LT, TZ CK & JYR
silvestrianus sur LT CK &JYR
Grandi
flabellatus sur LT CK &JYR
Grandi
capensis Grandi  sur TZ,SA CK & JYR, S.
van Noort
megacephalus vallis-choudae LT CK &JYR
Grandi
acutatus Grandi vogeliana TAI CK
namorokensis sakalavarum MA CK & JYR
(Risbec)
stupefactus tiliifolia MA CK &JYR
Wiebes
blommersi botryoides MA CK &JYR
Wiebes
longimucro polyphlebia MA CK &JYR
Wiebes
desideratus trichoclada MA CK & JYR
nomina
provis
coecus mauritiana LR CK &JYR
(Coquerel)
fusciceps (Mayr) racemosa AUS, IN G. Weiblen, D.
McKey

Note. LT: Lamto, Cote d’lvoire; TAI: Tai forest, Cote d’'lvoire; TZ:
Tanzania; MA: Madagascar; SA: South Africa; LR: La Réunion; AUS:
Australia; IN: India; CK: Carole Kerdelhué; JYR: Jean-Yves Rasplus.

on the other hand are considered derived compared to
the apomorphies of the subgenus Ceratosolen, which
can be considered basal. Apart from the pollinators of
the monoecious subgenus Sycomorus sampled in the
present study, the subgenus Ceratosolen also comprises
19 described Indo-Australian species associated with
dioecious Ficus of various sections (Wiebes, 1994).
Except for one species (C. fuscipes), these latter have
not been sampled; the phylogenetic placement of the
Oriental species of subgenus Ceratosolen is thus not
tested here.

Ficus sakalavarum is considered by Berg as a syn-
onym of F. sycomorus. However, given that both ‘forms’
may stand next to each other in the same habitat, while
being pollinated by distinct Ceratosolen species, we
here treat F. sakalavarum as a valid species. Moreover,
we sampled the pollinator of F. trichoclada, which was
unknown so far. This species is currently under study
and will soon be described by the authors. In the
present work, it is referred to as Ceratosolen desidera-
tus nomina provis.
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Fig pollinators have long been classified in the family
Agaonidae (subfamily Agaoninae) together with most
fig-inhabiting chalcids (subfamilies Sycophaginae, Sy-
coryctinae, Epichrysomallinae, Otitesellinae, and Sycoe-
cinae; see Boucek, 1988). The Agaonidae were then
assumed to form a monophyletic group. This hypoth-
esis has, however, recently been rejected (Rasplus et al.,
1998), and the family Agaonidae is now restricted to the
fig pollinators. The nonpollinating fig wasps were proven
to belong to different chalcid families (in particular to
the distant family Pteromalidae), and the pollinators
are now thought to be of ancient origin compared to
other fig-developing chalcids. These latter groups can
thus no longer be considered as outgroups. Concerning
the other chalcid families, very little is known about
their evolution, and very few hypotheses exist about
their phylogenetic affinities. This lack of knowledge is
largely due to the difficulty of differentiating the charac-
ters shared by common ancestry from those due to
adaptive convergence (Gibson, 1993). However, one of
the strongest hypothesis based on morphological evi-
dence is that Agaonidae and Torymidae are phylogeneti-
cally related (Grissell, 1995). Moreover, within the
Torymidae, Megastigminae are seed feeders as the
supposed ancestor of Agaonidae, whereas most Chalci-
doidea are parasitoids (Boucek, 1988; Grissell, 1995)
and this subfamily is considered as the stem group of
all other Torymidae. A species of Megastigminae thus
seemed to be a good choice to root our phylogenetic
trees. As a consequence, Megastigmus spermotrophus
Wachtl (Torymidae: Megastigminae) was chosen as
outgroup in the present study.

DNA Protocols

Total DNA was prepared from adult females using
standard phenol-chloroform extraction (Sambrook et
al., 1989). We amplified ca. 800 bp of the mitochondrial
cytochrome b (cyt. b) gene using PCR. The primers used
were CP1 (Y ’GATGATGAAATTGGATC?: Harry et al.,
1998) and CB2 (S’ATTACACCTCCTAATTTATTAGG-
AAT?: Jermiin and Crozier, 1994). Using the Promega
Taq package, 30 cycles of amplification were performed
as follows in 50-pl reaction volumes: denaturation step
at 92°C for 1 min, annealing at 48°C for 1 min and 30 s,
and extension at 72°C for 1 min. PCR products were
then purified with QIAquick PCR purification kit (QIA-
gen) and directly sequenced on an ABI 373 automated
sequencer using TaqFS and dye-labeled terminators
(Perkin—Elmer). CP1 and CB1 (>* TATGTACTACCAT-
GAGGACAAATATC?: Jermiin and Crozier, 1994) were
both used as sequencing primers. All sequences were
carefully checked at least twice, and confidence can be
given to the obtained data.

Data Analyses

Sequence alignment was performed using Clustalw
software (Thompson et al., 1994). When nucleotide
sequences were analyzed, we obtained low branch
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supports and low resolution of consensus trees, due to a
large amount of noise in this kind of data (data not
shown). A technique to counter such difficulties when a
substantial sequence divergence is apparent is to trans-
late the sequences into amino acids (Swofford et al.,
1996). This approach has already been used success-
fully to analyze cytochrome b data (see for instance
Normark et al., 1991; Harry et al., 1998), and was
judged satisfactory. Only the amino acid sequence
analyzes are presented here.

Maximum parsimony analyses (MP) were performed
with PAUP 3.1.1 (Swofford, 1993). The most parsimoni-
ous trees were obtained by heuristic search with 50
random stepwise taxon addition replicates, using the
branch-swapping tree bisection-reconnection (TBR) op-
tion. A step matrix was constructed using McClade 3.05
(Maddison and Maddison, 1992) and a protein parsi-
mony analysis was completed with PAUP 3.1.1 using
the options stated above. In such an approach, changes
between pairs of amino acids are weighted by whether
they are adjacent or whether a change to a third,
intermediate amino acid is required to bridge the gap
between them. In the protein parsimony analysis, a
bootstrap procedure (500 iterations with the same
options of heuristic search) was used to establish the
score of each node (Felsenstein, 1985) by retaining
groups compatible with the 50% majority rule consen-
sus. Concerning the tree obtained from the amino acid
sequences, decay indices were also determined for each
node using AutoDecay 2.9.10 (Eriksson, 1997). Biogeo-
graphical characters were mapped onto the phylogeny
using McClade 3.07. Constrained trees were sought
using PAUP* (written by David L. Swofford).

In addition, analyses were conducted using the dis-
tance-matrix method with the Neighbor-Joining (NJ)
algorithm (Saitou and Nei, 1987) on p-distance, with
MEGA (Kumar et al., 1993); a bootstrap procedure of
500 iterations was completed. We also performed a maxi-
mum likelihood analysis (quartet puzzling tree search;
hereafter ML) with Puzzle 3 (Strimmer and Von Haeseler,
1997) in order to compare the topologies obtained from
three different reconstruction methods. The substitution
model used was that of Adachi and Hasegawa (1996),
adapted to mitochondrial genes (option ‘mtREV24’). Other
parameters were directly estimated from the data.
Reliability of nodes was tested by 1000 reiterations.

RESULTS

Sequences

For all pollinators sampled but C. acutatus (associ-
ated with Ficus vogeliana), we obtained cyt. b se-
guences of 699 bp, corresponding to 233 amino acids
(aa). Among these, 92 aa sites are variable and 65 are
phylogenetically informative. The A-T content reaches
76.3%, which is similar to A-T contents of drosophilid
cytochrome b gene (Clary and Wolstenhome, 1985;
Garesse, 1988). Table 2 gives the p-distance for cyt. b
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sequencing data, calculated on amino acids. Between-
species divergences are high, reaching a maximum of
23% within the ingroup and 29% among ingroup and
outgroup. To obtain evidence that such distances do not
represent the plateau of maximum saturation at all
variable sites, we sequenced a similar portion of the
cytochrome b gene for genera of Sycoryctinae (namely
Apocrypta) and Sycophaginae (Apocryptophagus, Sy-
cophaga, and ldarnes) subfamilies. The amino acid
distances then calculated between these genera and
the Ceratosolen ranged from 25 to 42% (Kerdelhué,
unpublished data), which can be an indication that the
data analyzed here are not saturated. It further shows
that the choice of a Megastigmus species as outgroup is
satisfactory.

The genetic distances calculated in our data set are
distributed in four groups (Fig. 2): intraspecific dis-
tances ranged from O to 0.04; interspecific distances
between closely related species ranged from 0.04 to
0.13; interspecific distances between separate species
groups ranged from 0.15 to 0.23; genetic distances
between any Ceratosolen and the outgroup ranged
between 0.24 and 0.29. However, it is noteworthy that
some intraspecific distances are exceptionally high
(especially C. galili and C. fuscipes), whereas the two
most closely related species (C. silvestrianus and C.
flabellatus), which occur in sympatry on the same host,
show a genetic distance of 0.04.

Phylogenetic Reconstructions

The phylogenetic reconstructions were performed on
subsamples of Ceratosolen species containing a maxi-
mum of two populations per species. The topologies
remain the same regardless of the populations chosen
for C. arabicus and C. galili. The trees obtained from
MP and NJ analyses are given in Figs. 3 and 4,
respectively, with bootstrap values for both and Decay
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indices for MP. The mapping of the species biogeographi-
cal distribution obtained by McClade is shown in Fig. 3.
The topology of the phylogenetic reconstruction ob-
tained by ML was very similar to that obtained by MP.
For the analysis conducted on amino acid sequences,
there were 14 most parsimonious trees, 252 steps long,
with a consistency index and a retention index of 0.718
and 0.722, respectively. The protein parsimony analy-
sis led to 2 most parsimonious trees, 271 steps long.
Regardless of whether NJ, MP, or ML algorithms
were used, the grouping of all African species but
C. arabicus with the Asiatic taxon C. fuscipes as sister
species is strongly supported (scores 91, 65, and 99 in
NJ, MP, and ML, respectively). Within this group, it is
noteworthy that C. silvestrianus and C. flabellatus,
both associated with the same Ficus host (F. sur), are
closely related (distance 0.04; node support 95, 85, and
80 in NJ, MP, and ML, respectively). On the other hand,
the exact placement of C. capensis (which also polli-
nates F. sur, but in eastern and southern Africa) within
the African clade is unclear. It is unresolved in NJ
analysis (bootstrap value <50), whereas it is consid-
ered as the sister species of C. silvestrianus and
C. flabellatus in the ML algorithm (with a support
value of 60) and as a sister group of all other African
species in the MP tree. However, when we constrained
C. capensis into a monophyletic group with C. silvestri-
anus and C. flabellatus, we found 2 most parsimonious
trees 252 steps long that were included in the 14
minimal unconstrained trees. We thus cannot derive
conclusions about the phylogenetic position of C. capen-
sis relative to the other African species. Three Mala-
gasy species, hamely C. blommersi, C. longimucro, and
C. desideratus, form a strongly supported clade what-
ever the reconstruction method used (scores being 100
for NJ, MP, and ML); the remaining Malagasy species

g
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B 50T -
E Intra-specific Intra-group Inter-group Distances
@ 40 | distances . distances distances ingroup-outgroup
s
5}
'E 30 + —
2 —
[
1 3 5 7 9 11 13 186 17 19 21 23 25 27 29

Distance classes

FIG. 2. Histograms of p-distance frequencies based on amino acid sequences of cytochrome b gene. Each class represents a step of 0.01
(class 1, distances from 0 to 0.01; class 2, from 0.01 t0 0.02, . . . class 29, from 0.28 to 0.29).
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FIG. 3.

Phylogenetic tree reconstructed from the amino acid sequences of cyt. b gene using maximum parsimony (MP) analysis. Bootstrap

values (calculated in a protein parsimony analysis, see text) and decay index value (obtained on the amino acid sequence analysis) are given at

each node, above and beneath lines, respectively.

(C. stupefactus and C. namorokensis) are significantly
grouped with C. arabicus and C. coecus (endemic in the
Mascarene). NJ and ML analyses support the cluster-
ing of these two species groups (scores 66 and 89,
respectively) into a general clade of species from the
Malagasy region. However, this node is supported by a
lower bootstrap value (48) in the MP tree. Whatever the
analysis performed, C. arabicus and C. galili (both

associated with F. sycomorus and F. mucuso) unequivo-
cally belong to phylogenetically distinct clades.

DISCUSSION

The Cyt. b sequences indicated a robust phylogeny of
the Ceratosolen associated with Ficus of the subgenus
Sycomorus. The results allow the building of strong
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FIG. 4. Phylogenetic tree reconstructed from the amino acid sequences of cyt. b gene using neighbor-joining (NJ) analysis. Bootstrap

values are given at each node.

evolutionary hypotheses concerning Ceratosolen his-
tory. In particular, we shall discuss the biogeographical
events that occurred within the genus and will analyze
the exceptions to the one-to-one rule in the light of the
obtained phylogeny.

Biogeographical History

The phylogenetic tree of the Ceratosolen associated
with the Ficus of the subgenus Sycomorus sensu stricto
is divided into three distinct clades which closely reflect
the geographical range of the constituent species. One
species group (1) contains all taxa occurring in continen-
tal Africa (except for C. arabicus) and the Oriental
species C. fuscipes. The other two clusters (2 and 3) are
composed of Malagasy (including C. arabicus) and
insular Ceratosolen and show phylogenetic affinities.
Our results suggest two possible evolutionary sce-
narios. The first is that an ancestral speciation event
happened between the African mainland and Madagas-
car (leading to the splitting into group 1 and groups
2 + 3), closely followed by a second speciation event
within Madagascar. A second possibility is that the two
Malagasy lineages arose from two independent coloni-
zation events. Consequently, the Ceratosolen evolution-
ary history deals with two vicariant main clusters,
corresponding to African and Malagasy regions, the
latter consisting of two species groups. On the other
hand, African and Asiatic Ceratosolen appear to be
sister groups. However, sampling of the other Oriental
Ceratosolen species would be necessary to understand
the history of the genus between the two biogeographi-

cal areas. Nevertheless, our results favor the hypoth-
esis of a connection between Africa and Asia over that of
a colonization corridor between Madagascar and Asia
(‘stepping stone hypothesis’; see Lachaise et al., 1996;
Schatz, 1996).

Given the age of the physical splitting between Africa
and Madagascar (160 to 120 million years ago), we can
assume that these two blocks were already discon-
nected when the ancestor of the Ceratosolen associated
with the Sycomorus subgenus arose. This further im-
plies that colonization of Madagascar from Africa oc-
curred through the crossing of the Mozambique Chan-
nel by an ancestral population. A similar hypothesis
has recently been proposed to explain the colonization
of Madagascar by lemurs (Mittermeier et al., 1994;
Yoder et al., 1996) and ants (Fisher, 1997). On the other
hand, we believe that the migrations between Africa
and Asia occurred via a continental connection (Arabic
Peninsula) rather than through the contacts that may
have existed between Africa and India during the long
derivation of the latter (Briggs, 1989).

Concerning the Malagasy species, differences exist in
the geographical range, as well as in the behavior of the
taxa constituting the clades 2 and 3. One group con-
tains dark-colored species restricted to particular habi-
tats in Madagascar (northern and eastern humid ever-
green forest belt for C. blommersi and C. longimucro,
dry southern central highlands for C. desideratus). In
contrast, the species of the other group are yellowish
(which is atypical for Ceratosolen and usually associ-
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ated with a nocturnal way of life; pers. obs.) and show a
wider geographical range: C. stupefactus can be found
in most parts of Madagascar and has colonized the
Comoro Islands; C. namorokensis is distributed in
north and south Madagascar; C. coecus is endemic in
the Mascarene islands and has probably arisen from a
local speciation event after colonization of the Archi-
pelago by an ancestral Malagasy population; and
C. arabicus has spread in Madagascar and in most of
continental Africa. The phylogenetic cluster 2 thus
consists of a group of diurnal species arising from
recent local speciation events, whereas cluster 3 is
composed of colonizing nocturnal species.

Exceptions to the One-to-One Rule Revisited

Two hypotheses can be proposed to explain the
occurrence of more than one pollinator species on a
single host fig (Michaloud et al., 1996). (i) In the first
evolutionary scenario, the existence of two agaonine
species on a single Ficus is due to a recent speciation
event in the pollinator (due for instance to habitat
specialization) not followed by any such event in the
host fig (see Fig. 5). (ii) The second scenario is based on
the coexistence in a given habitat of two related fig
species, each one being pollinated by its own specific
wasp. If one of the pollinators shifts to the other fig
species, it may be locally maintained on that new host
even if its native host becomes extinct. The presence of
two pollinating wasps on a single host is then due to
horizontal transfer (see Fig. 6). In view of our phyloge-
netic reconstructions, we will now try to clarify the
origin of fig—pollinator specificity breakdowns within
the Ficus of the subgenus Sycomorus sensu stricto.

Ficus sur and its three pollinators. In West Africa,
F. sur is pollinated by either Ceratosolen silvestrianus
or C. flabellatus, and both pollinators can eventually be

found sympatrically, even in the same fig (Kerdelhué et
al., 1997). C. flabellatus has also been reported from
Uganda and Kenya (Berg and Wiebes, 1992). In eastern
and southern Africa, F. sur is associated with C. capen-
sis (Fig. 7). Interestingly, the genetic distance separat-
ing C. flabellatus and C. silvestrianus is the shortest
measured (4%). This suggests that these two species
recently diverged from a common ancestor, without
speciation in the Ficus lineage. In other words, the
occurrence of two pollinators in F. sur in West Africa
can be explained by hypothesis (i) (Fig. 5). C. silvestri-
anus, which has untransformed antennal segments, is
specialized for open habitats in which F. sur is present
at high densities. On the other hand, C. flabellatus,
which has pectinated antennal segments that increase
the number of antennal sensilla (Fig. 8), is favored in
forests in which host densities are lowest (Kerdelhué et
al., 1997). They can, nonetheless, be found in sympatry
in mosaic ‘forest—savanna’ areas such as Lamto. The
speciation experienced by the ancestral pollinator of F.
sur in West Africa could thus be related to habitat
specialization and differences in host densities in for-
ests and savannas. We can hypothetize that C. flabella-
tus has secondarily colonized East African forests, but
we would need samples collected in East Africa to
better understand the history of that species.

On the other hand, our phylogenetic results do not
allow us to choose between scenarios (i) and (ii) in the
case of C. capensis. This species is not significantly
closer to C. silvestrianus and C. flabellatus than to any
other continental African Ceratosolen. This could be
explained by a horizontal host shift (either of C. capen-
sis or of the ancestor of the two other species associated
with F. sur) followed by a geographic separation of the
pollinators east and west of the African Rift (hypothesis
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FIG. 5. Schematization of hypothesis (i). The pollinator associated with a fig species can become differentiated into subpopulations if
habitat specialization occurs (e.g., forest vs savanna populations) or if geographical gaps or barriers exist over the host distribution (e.g., the
African Rift). If there is sufficient reproductive isolation, the populations can further diverge into different, but closely related, species even if
the host plant does not speciate. This scenario can explain the existence of both C. flabellatus and C. silvestrianus on F. sur in West Africa (see

text for details).
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FIG. 7. Geographical distribution of the three pollinators of F. sur.
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0.1 mm

FIG. 8. Antennae of C. flabellatus (A) and C. silvestrianus (B). (Drawings by E. Barrau).

ii, Fig. 6). However, we cannot rule out the hypothesis
of an ancient pollinator speciation (between C. capensis
and the ancestor of C. silvestrianus and C. flabellatus)
without host speciation (hypothesis i, Fig. 5) when the
rift began to form 15 myrs ago, creating a barrier to
east-west migrations (Griffiths, 1993; Lovett, 1993).
Interestingly, among the 22 African Ficus species that
are widespread all over Africa, 20 have the same
pollinator throughout their whole geographical range
and only 2 are not pollinated by the same wasp in
eastern and western Africa (namely F. sur and
F. ottoniifolia (Miq) Mig.). The case of F. sur is thus the
exception rather than the rule and still raises evolution-
ary as well as biogeographical questions.

C. arabicus and C. galili, two species associated with
the same hosts. C. arabicus and C. galili are com-
monly found in the figs of F. sycomorus and F. mucuso
across all their respective geographical ranges (African
mainland and Madagascar). There is now good evi-
dence that C. arabicus is the only effective pollinator of

F. sycomorus (Galil and Eisikowitch, 1968, 1969a;
Compton et al., 1991) and that the same is most
probably true for F. mucuso (Wiebes, 1989); C. galili
does not exhibit any pollination behavior and develops
as a cuckoo in respect to the fig—pollinator mutualism.
This is the only reported case of loss of pollinating
capacity among fig pollinators.

Our results unambiguously show that the two Cerato-
solen involved belong to clear-cut species groups, as
C. arabicus is part of the cluster grouping nocturnal
species of Madagascar and the Mascarene (cluster 3)
and C. galili has strong affinities with African Cerato-
solen species (cluster 1; see Fig. 3). We can definitely
reject the hypothesis that the two species arose from a
recent speciation event of a common ancestor formerly
associated with F. sycomorus and F. mucuso. On the
contrary, we have in that case to invoke a scenario of
horizontal host shift (hypothesis ii; Fig. 6) that could be
developed as follows.

F. sycomorus and C. arabicus probably originated
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from Madagascar and secondarily colonized the African
mainland where C. galili was formerly associated with
a distinct African host Ficus that has disappeared
today. When these two mutualistic pairs became sympa-
tric, C. galili could shift to F. sycomorus (due to
biological and/or biochemical affinities between the two
fig species). It was not counterselected when it lost its
specific pollination behavior, as seed setting was en-
sured by C. arabicus. It can further be hypothesized
that its original host disappeared after C. galili lost its
pollination capabilities. The occurrence of C. galili in
Madagascar is probably recent, due to secondarily
crossing the Mozambique Channel.

F. mucuso and F. sycomorus are two species that are
pollinated by the same Ceratosolen species, harbor the
same ‘cuckoo” Ceratosolen, and are exploited by the
same nonpollinating wasps. Therefore, they also repre-
sent an exception to the one-to-one rule in the sense
that distinct fig species are associated with the same
mutualistic partner. Understanding further this excep-
tional situation will require a robust evolutionary
hypothesis concerning the phylogeny of Ficus species,
coupled with a fine genetic analysis of C. arabicus and
C. galili populations in order to seek any host race
specialization in these species (Bush and Smith, 1997).

CONCLUSION

The study presented here is one of the first attempts
to assess the phylogenetic relationships among a genus
of Ficus pollinators at the species level. It allowed us to
erect strong evolutionary hypotheses concerning the
possible scenario responsible for the fig-pollinator speci-
ficity breakdown cases that were described earlier. We
obtained good evidence that one of these exceptional
cases is due to speciation of the pollinator without
speciation in the host Ficus, whereas the other case
likely resulted from a horizontal host shift. Such re-
sults offer new bases for the understanding of the
evolution of fig—pollinator mutualism. Our results also
shed light on the biogeographical history of the genus
Ceratosolen and consequently on that of the subgenus
Sycomorus sensu stricto. We now need to sample the
Ceratosolen species associated with Asiatic fig trees to
understand further the phylogenetic affinities of Afri-
can and Asiatic species groups and to propose a global
scenario for the distribution of that genus. Moreover,
given that Asiatic Ceratosolen are associated with
dioecious hosts, reconstructing the evolution of the
whole genus would allow the creation of hypotheses
about the evolution of reproductive strategy in that
particular fig lineage.

Finally, morphological characters in Agaonid wasps
are very likely to be prone to convergence because of
ecological selective forces due to physical features of
their associated host. The mitochondrial data set pre-
sented here provides a reasonably well resolved phylog-
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eny which can be used to critically evaluate the informa-
tion on morphological characters. It will help clarify
which phenotypic traits have evolved under recent
ecological pressures and which are shared by common
ancestry.
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