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a b s t r a c t

Host specificity is a fundamental property implicit in obligate insect–plant associations. Rigid life history
constraints exhibited by parasitoid fig wasps are believed to select for specialization directed at fig trees
and this is supported by evidence of phenotypic adaptation to figs and partial co-speciation with the fig
wasps they attack. Conversely, the ability to colonize such novel communities occurs under relaxed spec-
ificity, a behavior typified by more generalist groups such as parasitoids. The specificity directed towards
Ficus species by Sycoryctinae parasitoid fig wasps is important in order to understand how this form of
specialization influences their diversification and interactions with other fig wasp guilds. We use genetic
distance analyses and reconstruct ancestral patterns of Ficus trait association with two genera of Syco-
ryctinae parasitoid fig wasps to identify evolutionary conservatism in Ficus species utilization. Ancestral
state reconstructions of (i) affiliate Ficus subsection and (ii) syconia diameters of natal Ficus species indi-
cate contrasting Ficus species ranges between Arachonia and Sycoryctes parasitoid genera. This work dem-
onstrates that parasitoid speciation is not tightly constrained to Ficus speciation and rather a function of
Ficus range limitations. Ficus evolution, ecology, and functional compatibility between parasitoid and
Ficus traits appear to constrain parasitoid Ficus utilization. These results suggest that contrasting ecolog-
ical settings and potential number of hosts available impose different ramifications for the evolution of
parasitoid host specificity and so to the species interactions within the communities to which they
belong.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

Coevolutionary interactions provide a platform for explaining
ecological and physiological mechanisms underpinning species-le-
vel associations across a diverse assortment of organisms (Ehrlich
and Raven, 1964; Fox, 1988; Compton and van Noort, 1992; Norton
and Carpenter, 1998; Pollock et al., 1999; Hongoh et al., 2005;
Dodds et al., 2006; Kissling et al., 2006). Host plant evolutionary
ecology can play a dominant role in structuring a community
(Futuyma and McCaferty, 1990), but this process is obscured in
cases of less evolutionarily-constrained associations such as where
parasitoid life history strategies imply a departure from high spec-
ificity and when primary and secondary host groups are involved
(Compton and Hawkins, 1992). The extent to which the evolution
of specificity displayed by parasitoid fig wasps (Hymenoptera,
Chalcidoidea, Pteromalidae, Sycoryctinae) towards: (i) the Ficus
(Moraceae) they specialize on and (ii) for the galling fig wasp spe-
cies they attack, remains unclear.
ll rights reserved.

ment of Botany & Zoology,
7602, South Africa.
The trophic structure defining fig wasp interactions with Ficus is
expected to foster complex multiple divergent species interactions
(Weiblen, 2002). Fig wasps comprise a group of galling pollinators
(Agaonidae), galling non-pollinators (Sycoecinae, Otitesellinae,
Sycophaginae, Epichrysomallinae), and parasitoids (Sycorcytinae,
Eurytomidae, Ormyridae). Fig wasp diversity is believed to have
assembled through multiple independent colonizations of Ficus
by divergent chalcid wasp groups (Rasplus et al., 1998), but with
specialization on Ficus presumed to have co-evolved over consider-
able geological timescales (Zerega et al., 2005; Silvieus et al., 2007).
Fig wasps depend on Ficus for oviposition and reproduction, shel-
ter, and nutrition. Most species of non-pollinating wasps have been
categorized as gallers, inquilines, or parasitoids, but their life histo-
ries are likely more diverse than currently appreciated (Compton
and van Noort, 1992; Weiblen, 2002).

The non-pollinating fig wasp subfamily Sycoryctinae, are all
parasitoids, or klepto- or hyper-parasitoids (Tzeng et al., 2008;
Compton et al., 2009). All female adults have extremely long ovi-
positors and oviposit from the outside of figs, and as larva feed
on the developing larva of galling fig wasps or feed on endosperm.
Non-pollinating fig wasps exhibit characteristics that should favor
host fidelity including the responses to chemical cues used to
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locate figs and ovipositor length adaptation to fig size (Compton
et al., 1994). Past investigations infer that parasitoid fig wasps
diversify as a result of a combination of co-speciation and re-
stricted switching among the other fig wasp species they attack,
or in the absence of co-speciation altogether (Machado et al.,
1996, 2005; Lopez-Vaamonde et al., 2001; Jousselin et al., 2006,
2008). The number of Ficus species that can be successfully
exploited by parasitoid fig wasps is critical to deciphering the
specificity parasitoids direct at other fig wasp guilds (Poulin and
Mouillot, 2003; Proffit et al., 2007).

An estimate of host specificity is important as it indicates the
broad limitations of an organism’s role within the extent of its
ecological niche. Parasitic organisms, in the broadest definition
(Eggleton and Gaston, 1990), are believed to be less evolutionarily
constrained by host-associate diversification as evidenced by per-
vasive host-switching (Norton and Carpenter, 1998; Cronin and
Abrahamson, 2001; Roy, 2001; Charleston and Robertson, 2002;
Sorenson et al., 2003; McLeish et al., 2007). The evolution of para-
site specificity per se is largely driven by the convergent influences
of microhabitat, host ecology, and coevolution (Adamson and
Caira, 1994). The magnitude of specificity directed at Ficus by par-
asitoid fig wasps has consequences for ecological interactions
among other fig wasp guilds and their diversification (Holt and
Lawton, 1993; Machado et al., 1996, 2005; Weiblen, 2002; Molbo
et al., 2003; Marussich and Machado, 2007; Dunn et al., 2008).
Although parasitoid fig wasps are capable of exploiting more than
one fig wasp species that specialize on a particular Ficus species,
these relationships tend to be specific to that Ficus species
(Compton and van Noort, 1992; Jousselin et al., 2008) though
exceptions are known (Marussich and Machado, 2007). Therefore,
specificity for the fig syconium microhabitat by parasitoid fig wasps
is perhaps the foremost condition determining Ficus species fidelity.

Here we demonstrate variation in Ficus specificity by two Afri-
can Sycoryctinae parasitoid fig wasp genera (Arachonia and Syc-
oryctes) that specialize on galling fig wasp larva. Genetic distance
estimates are used to explore patterns of Ficus affiliation among
Sycoryctinae taxa. Ancestral character state reconstruction of Ficus
subsection affiliation and Ficus species syconia diameters are used
to identify patterns of specificity directed towards Ficus. We tested
the hypothesis of evolutionary conservatism of Ficus species
among parasitoid genera Arachonia and Sycorytes by: (i) inferring
phylogenetic relationships using two mitochondrial DNA (mtDNA)
loci and one nuclear DNA (nDNA) locus; (ii) identifying negligible
genetic distance estimates between parasitoid fig wasp taxa asso-
ciated with multiple Ficus species; (iii) reconstructing ancestral
character state transitions in Ficus subsection and syconium diam-
eter affiliation by parasitoid lineages; and (iv) estimating parasit-
oid divergence times to contextualize the timing of trait
associations.
2. Materials and methods

2.1. Taxon sampling

Sampling took place in 2005–2008 and fig wasp collections
from 29 Ficus species or morpho-species of a potential 107 species
are represented (Table 1). There are at least 113 Afro-tropically dis-
tributed Ficus species that include 78 species recognized in section
Galoglychia (Berg and Wiebes, 1992; Burrows and Burrows, 2003;
van Noort and Rasplus, 2004–2009). Sections Sycomorus, Urostig-
ma, Sycidium, Oreosycea, and Ficus are most strongly represented
in the Indo-Australasian region (Weiblen, 2000; Jousselin et al.,
2003; Berg and Corner, 2005; Rønsted et al., 2008), but have ele-
ments in the Afro-tropical region. Sycoryctinae are associated with
all these figs with the exception of the four species in section Ore-
osycea and two species in the subsection Conosycea of section Uro-
stigma. Undescribed African Sycoryctinae parasitoid fig wasps
belonging to the Sycoryctes Mayr (1885) and Arachonia Joseph
(1957) genera were collected from sites in Southern, Eastern, Cen-
tral, and Western Africa (Table 1).

Obtaining fresh fig wasp samples from all the Afro-tropical spe-
cies is logistically extremely difficult, with many fig species being
rare or restricted to inaccessible areas. As such, definitively recon-
ciling sampling effort across time and space with the results is
equivocal. The difficulty in determining species number estimates
and in obtaining DNA samples for this taxon in its entirety pre-
clude realistic statements regarding sample effort quantification.
Sampling effort has been concentrated on the more common Ficus
species sampled across the said region, which excludes the Congo
Basin and much of West Africa. Therefore, we assume the sample
reflects species richness differences between Sycoryctinae genera.
Voucher specimens for each taxon used for sequencing have been
deposited in the Iziko South African Museum collection (Cape
Town). Taxa were identified to genus and delimited by both mor-
pho-type and Ficus species affiliation.

Substantial morphological similarity between species within a
genus is extremely common within the Sycoryctinae. Therefore,
all taxa were included in the analyses to explore pair-wise rela-
tionships (collected from the same or different Ficus species) perti-
nent to interpreting Ficus specificity patterns especially among
very closely related parasitoid taxa sampled from different Ficus
species. Furthermore, the approach used to reconstruct ancestral
character states (see below) are robust to phylogenetic uncer-
tainty. Both morpho-type and Ficus affiliations were used as fig
wasp taxon discriminators for the phylogenetic reconstructions,
allowing for tests of degree of specificity. Pilot reconstructions in-
cluded potentially duplicated exemplar samples collected from the
same Ficus species comprising F. natalensis graniticola, F. sansibarica
sansibarica, F. burkei, F. natalensis natalensis, F. petersii, F. natalensis/
burkei, F. sycomorus gnapholocarpa, F. modesta, F. stuhlmannii, F. glu-
mosa, F. bizanae, F. cordata, and F. bubu. Inferred duplicate exem-
plars from the same Ficus species were removed for subsequent
phylogenetic inference.

2.2. DNA sequencing

Fragments of mtDNA cytochrome oxidase I (COI) and cytochrome
b (Cytb), and nDNA elongation factor-one alpha F2 copy (EF-1a) gene
regions were sequenced. The DNA extractions used for the
sequencing data were from tissue preserved in >96% ethanol. Sin-
gle whole fig wasps were used for extractions, but where increased
DNA yield was required for troublesome samples, up to three indi-
viduals from the same collection (same tree) were used per extrac-
tion. A QIAGEN� QIAamp DNA Micro Kit was used for all DNA
extractions. The PCR reactions included GoTaq� Flexi DNA Poly-
merase (100 U @ Enzyme Concentration: 5 U/ml) and 5� Colorless
GoTaq� Flexi Buffer (1 ml @ pH 8.5). Amplifications of mitochon-
drial DNA were undertaken using the following protocol: 94 �C,
30 s denaturation; 48 �C, 1.5 min annealing; 72 �C, 2.5 min exten-
sion for 30 cycles; with a final cycle of 72 �C, 10 min extension.
The polymerase enzyme required a 94 �C, 3 min incubation period
for the first cycle only. The PCR mixture was a 25 ll reaction
including: 2.5 ll 5� buffer, 4 ll of 5 U/ml of polymerase, 0.125 ll
of MgCl2 (25 mM), 0.5 ll (10 mg/ml) of dNTPs, 0.1 ll (0.2 pmol/
ll) of each primer, and unknown concentrations of template
DNA. Amplifications of nuclear DNA were undertaken using the
following protocol: 92 �C, 1 min denaturation; 54 �C, 1 min anneal-
ing; 72 �C, 1 min extension for 45 cycles; with a final cycle of 72 �C,
4 min extension. The polymerase enzyme required a 94 �C, 3 min
incubation period for the first cycle only. The PCR mixture was a
25 ll reaction including: 2.5 ll 5� buffer, 0.125 ll of 5 U/ml of
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Table 1
Collection data for Sycoryctes and Arachonia taxa and Otitesella spp. outgroup used for sequencing.

Extraction No. Wasp genus Host species Date Location Voucher No. Syconium diameter (mm)

1 Sycoryctes sp. 1 F. natalensis graniticola 1.xi.2005 South Africa SA05-F08 9–20
5 Sycoryctes sp. 5 F. natalensis graniticola 1.xi.2005 South Africa SA05-F12 10–20

14 Sycoryctes sp. 1 F. burkei 4.xi.2005 South Africa SA05-F28 10–20
18 Sycoryctes sp. 1 F. ingens 7.xi.2005 South Africa SA05-F37 10–13
20 Sycoryctes sp. 1 F. petersii 9.xi.2005 South Africa SA05-F45 13
32 Sycoryctes sp. 3 F. lutea 15.xi.2005 South Africa SA05-F61 15–30
39 Sycoryctes sp. 2 F. sansibarica sansibarica 8.xi.2005 South Africa SA05-F40 30–70
47 Sycoryctes sp. 2 F. craterostoma 14.xi.2005 South Africa SA05-F59 15
53 Sycoryctes sp. 1 F. natalensis natalensis 16.xi.2005 South Africa SA05-F63 10–20
54 Sycoryctes sp. 2 F. natalensis natalensis 16.xi.2005 South Africa SA05-F63 11–20
68 Sycoryctes sp. 5 F. natalensis natalensis 17.xi.2005 South Africa SA05-F75 10–20
74 Sycoryctes sp. 1 F. burtt-davyi 20.xi.2005 South Africa SA05-F82 12
76 Sycoryctes sp. 2 F. burtt-davyi 20.xi.2005 South Africa SA05-F82 12
79 Sycoryctes sp. 3 F. ingens 1.xi.2005 South Africa SA05-F11 10–13
83 Sycoryctes sp. 1 F. glumosa 2.xi.2005 South Africa SA05-F19 8–15
86 Sycoryctes sp. 11 F. petersii 9.xi.2005 South Africa SA05-F44 13
92 Sycoryctes sp. 7 F. lutea 16.xi.2005 South Africa SA05-F65 15–30
98 Sycoryctes sp. 4 F. bizanae 16.xi.2005 South Africa SA05-F72 35–45 � 30–35

103 Sycoryctes sp. 1 F. fischeri 5.v.2006 Zambia ZA06-F13 20 � 18
104 Sycoryctes sp. 1 F. natalensis/burkei 6.v.2006 Zambia ZA06-F14 10–20
105 Sycoryctes sp. 2 F. natalensis/burkei 6.v.2006 Zambia ZA06-F14 10–20
110 Sycoryctes sp. 1 F. sansibarica macrosperma 8.v.2006 Zambia ZA06-F18 30–70
117 Sycoryctes sp. 1 F. ovata 8.v.2006 Zambia ZA06-F19 25–32 � 22–27
120 Sycoryctes sp. 4 F. ovata 8.v.2006 Zambia ZA06-F19 25–32 � 22–27
123 Sycoryctes sp. 1 F. cyathistipula 9.v.2006 Zambia ZA06-F20 30–40
127 Sycoryctes sp. 1 F. usambarensis 12.v.2006 Zambia ZA06-F32 8–15
129 Sycoryctes sp. 1 F. samfyr ag. 15.v.2006 Zambia ZA06-F41 NA
136 Sycoryctes sp. 6 F. petersii 18.v.2006 Zambia ZA06-F46 13
137 Sycoryctes sp. 7 F. petersii 18.v.2006 Zambia ZA06-F46 13
138 Sycoryctes sp. 8 F. petersii 18.v.2006 Zambia ZA06-F46 13
139 Sycoryctes sp. 9 F. petersii 18.v.2006 Zambia ZA06-F46 13
146 Sycoryctes sp. 4 F. stuhlmannii 25.v.2006 Mozambique MW06-F60 15
151 Sycoryctes sp. 3 F. modesta 28.v.2006 Mozambique MW06-F70 24
152 Sycoryctes sp. 4 F. modesta 28.v.2006 Mozambique MW06-F70 24
154 Sycoryctes sp. 2 F. stuhlmannii 5.vi.2006 Mozambique MW06-F85 15
156 Sycoryctes sp. 3 F. stuhlmannii 5.vi.2006 Mozambique MW06-F85 16
160 Sycoryctes sp. 2 F. lingua vi.2006 Mozambique MW06-F88 4–7
162 Sycoryctes sp. 3 F. natalensis natalensis vi.2006 Mozambique MW06-F89 10–20
170 Sycoryctes sp. 2 F. glumosa 15.vi.2005 South Africa SA06-F97 8–15
172 Sycoryctes sp. 3 F. burkei 15.vi.2005 South Africa SA06-F98 10–20
173 Sycoryctes sp. 4 F. burkei 15.vi.2005 South Africa SA06-F98 10–20
185 Sycoryctes sp. 6 F. natalensis natalensis 12.v.2006 Zambia ZA06-F33 10–20
188 Sycoryctes sp. 2 F. cordata 28.vii.2007 South Africa SA07-Kl-1 8
189 Sycoryctes sp. 3 F. cordata 22.vii.2007 South Africa SA07-Gg3a 8
191 Sycoryctes sp. 1 F. ilicina 16.viii.2007 Namibia Na07-Wk01 10
193 Sycoryctes sp. 2 F. ilicina 16.viii.2008 Namibia Na07-Wk01 10
207 Sycoryctes sp. 3 F. polita 29.i.2008 South Africa KN08-F134 25–40
282 Sycoryctes sp. 3 F. bubu 27.i.2008 South Africa KN08-F124 35

12 Arachonia sp. 4 F. sur 3.xi.2005 South Africa SA05-F25 13
36 Arachonia sp. 1 F. sansibarica sansibarica 4.xi.2005 South Africa SA05-F27 30–70
41 Arachonia sp. 4 F. sansibarica sansibarica 8.xi.2005 South Africa SA05-F40 30–70
97 Arachonia sp. 3 F. bizanae 16.xi.2005 South Africa SA05-F72 34–45 � 30–35

113 Arachonia sp. 2 F. sansibarica macrosperma 8.v.2006 Zambia ZA06-F18 30–70
118 Arachonia sp. 2 F. ovata 8.v.2006 Zambia ZA06-F19 25–32 � 22–27
125 Arachonia sp. 1 F. sur 11.v.2006 Zambia ZA06-F29 32–40
131 Arachonia sp. 1 F. sycomorus gnaphalocarpa 15.v.2006 Zambia ZA06-F42 30
132 Arachonia sp. 2 F. sycomorus gnaphalocarpa 15.v.2006 Zambia ZA06-F42 30
177 Arachonia sp. 8 F. bizanae 15.vi.2005 South Africa SA06-F100 35–45 � 30–35
202 Arachonia sp. 1 F. bubu 27.i.2008 South Africa KN08-F124 36
210 Arachonia sp. 2 F. polita 29.i.2008 South Africa KN08-F147 25–40
283 Arachonia sp. 4 F. bubu 27.i.2008 South Africa KN08-F124 35
285 Arachonia sp. 5 F. bubu 27.i.2008 South Africa KN08-F124 35
288 Arachonia sp. 1 F. umbellata iv.2006 Nigeria NI07-F01 NA
306 Arachonia sp. 3 F. sycomorus gnapholocarpa 31.v.2007 Uganda Ug07-Kam01 30
314 Otitesella sesquianellata F. stuhlmannii 25.v.2006 Mozambique MW06-F60
334 Otitesella sesquianellata F. burkei 6.v.2006 Zambia ZA06-F14
345 Otitesella sesquianellata F. petersii 18.v.2006 Zambia ZA06-F46
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polymerase, 2.5 ll of MgCl2 (25 mM), 0.5 ll (10 mg/ml) of dNTPs,
0.75 ll (0.2 pmol/ll) of each primer, and unknown concentrations
of template DNA. All primers used were designed for this study.
Approximately 630 bases of the gene for COI was amplified using
primer pair sets: COI-070368 forward primer 50-TTA TCT TTA
CCA GTA TTA GC-30 with COI-070029 reverse primer 50-AAT GTT
GAG GGA AAA ATG T(CT)-30. Approximately 400 bases of the Cytb
gene fragment were amplified using Cytb-070330 forward primer
50-CAR GAC GTA TAC AAA ATC GG-30 with Cytb-070326 reverse
primer 50-AGA CTC AAC ACACAT AGG TTT GGA C-30. Approximately
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350 bases of the EF-1a gene fragment were amplified using EF1a-
070333 forward primer 50-TG(CT) GC(CTA) GT(AG) TT(TAG) AT(C-
TA) GT(CT) GC-30 with EF1a-073534 reverse primer 50-TTG TC(AG)
GT(TG) GG(CT) CTG CT(TG) GG-30. SeqEd version 1.0.3 (Applied
Biosystems, 1992) was used for editing and CLUSTAL X 1.8.1sa soft-
ware (Thompson et al., 1997) for sequence alignment. No ambigu-
ities caused by indels within any given amplified sequence were
observed making alignment straightforward. All sequence data
has been submitted to GenBank under the accession numbers
FJ886814–FJ887035.

2.3. Genetic distance analyses

Convenient estimates of genetic divergences are maximum like-
lihood (ML) pair-wise comparisons between taxa of interest
(n = 64). Maximum likelihood pair-wise genetic distances includ-
ing relationships among all Sycoryctes and Arachonia (n = 2485)
for COI, Cytb, and EF-1a fragments were generated using a Bayesian
consensus tree constrained topology implemented in Modeltest
version 3.0 (Posada and Crandall, 1998) analyses. A ‘bare-bones’
approach to detecting evidence of Ficus specificity can be derived
from pair-wise genetic distance estimates that indicate negligible
divergence between individuals collected from different Ficus spe-
cies. The use of genetic distance to infer separate species (‘barcod-
ing’) or the same species is spurious and not well understood
(Ferguson, 2002; Hurst and Jiggins, 2005), but offers useful insight
especially in discriminating lower taxa (Waugh, 2007). The sample
distributions of all ML distances for each pair-wise relationship of
Sycoryctes and Arachonia and each of the marker loci for were ex-
plored (Fig. 1). Distributions of ML values were sorted from small-
Fig. 1. Sample distributions of maximum likelihood pair-wise genetic distance
relationships for COI, Cytb, and EF-1a for all samples (TOP). The grey shaded area
indicates EF-1a ML pair-wise distance relationships that were predominantly
between the genera. Sample distribution of a subset (see INSET) of ML values
(BOTTOM) to show the point at which EF-1a ML pair-wise distances are greater
than 0.0 and corresponding haplotype ML values at this point. Note the sharp
increase in haplotype pair-wise genetic distances at values greater 0.02.
est to largest value and not equivalent across markers for pair-wise
relationships. All genetic divergences below the point where ML
distances of EF-1a pair-wise relations increased from 0.0 were in-
cluded in the analysis below. This point is well below an obvious
sharp increase in haplotype pair-wise ML distances and therefore
considered a conservative estimate of pair-wise relationships be-
low that of species. An arbitrary value (in respect to this value
not being intended to demark the threshold between species and
taxa below species level) of 0.01 ML pair-wise distance was chosen
as a conservative estimate of COI (l = 0.40 ML pair-wise distance)
and Cytb (l = 0.43 ML pair-wise distance) pair-wise relationships
likely below that of species. For all pair-wise relationships less than
the 0.01 ML threshold (COI, n = 86; Cytb, n = 84), we scored Ficus
affiliation categories for each pair. Affiliation categories were as-
signed as: ‘inter-species’ for a specimen pair sampled from differ-
ent Ficus species in the same subsection; ‘inter-subsection’ for a
specimen pair sampled from different Ficus subsections; and ‘in-
ter-section’ for a specimen pair sampled from different Ficus
sections.

Maximum likelihood pair-wise distance estimates of both COI
and Cytb where then contrasted with EF-1a distances for each
pair-wise relationship. Substitution rate change for EF-1a is gener-
ally slower than for COI and Cytb. Relative discrepancies in this
pattern were assumed to indicate bottleneck episodes. Host-
switching assumes extreme inbreeding and bottleneck effects
and is genetically analogous to the peripatric mode of speciation
proposed by Mayr (1982) and has been demonstrated experimen-
tally (De Gelder et al., 2008). For instance, when a mated female
founder undergoes successful novel host colonization, the effective
population size of mtDNA (Ne) in the inbreeding founding popula-
tion is less divergent compared to a larger effective population size
of nuclear genome (4 Ne) that is far less sensitive to genetic drift in
haplodiploid populations. For all observations where the mtDNA
ML distance was less than the nDNA ML distance for any given
pair-wise relationship, we assumed a bottleneck episode had oc-
curred relative to that relationship. Maximum likelihood distances
for each mtDNA gene partition comparison with EF-1a were scored
(COI < EF-1a, n = 36; Cytb < EF-1a, n = 29) and the Ficus affiliations
represented by each of these pair-wise relationships scored as ‘in-
ter-species’, ‘inter-subsection’, and ‘inter-section’ (see above) to
determine the frequency of these categories. The frequencies de-
rived from the different approaches (i.e. where ML pair-wise dis-
tances for COI < 0.01, and Cytb < 0.01, COI < EF-1a, Cytb < EF-1a)
were then compared.

2.4. Phylogenetic analysis

Phylogenetic inferences incorporated three outgroup and 64 in-
group taxa. Each taxon sample was assigned a sequential integer
value (Table 1) to more easily reference taxa when reviewing anal-
yses. The outgroup taxa from the genus Otitesella (Otitesellinae)
were chosen on their close relationship to the Sycoryctinae ingroup
(Rasplus et al., 1998), and their performance in pilot phylogenetic
reconstructions. The Sycoryctes and Arachonia ingroup taxa were
chosen to maximize the number of host affiliations present in re-
cent tissue collections. Substitution rate and base frequency differ-
ences between mtDNA and nDNA and among different codon
positions of COI and Cytb genomes of Hymenoptera are well docu-
mented (Dowton and Austin, 2002). Saturation and data incongru-
ence tests were conducted using the ILD test (partition
homogeneity test implemented in PAUP*4.0b10, Swofford, 2002)
and by estimating HKY85 corrected and uncorrected distances
(also implemented using PAUP*) for each codon position across
molecular character partitions in the mtDNA and nDNA data and
plotting them against one another to determine the extent to
which this relationship departs from a linear trend (Dowton and

https://www.researchgate.net/publication/13370131_MODELTEST_testing_the_model_of_nucleotide_substitution?el=1_x_8&enrichId=rgreq-1590823c27904a8b2a98b74f4f908015-XXX&enrichSource=Y292ZXJQYWdlOzQ0Njc4OTQ3O0FTOjk5NTYyNjQ3NzE5OTQzQDE0MDA3NDg5OTMyOTg=
https://www.researchgate.net/publication/6575244_Waugh_J_DNA_barcoding_in_animal_species_progress_potential_and_pitfalls_BioEssays?el=1_x_8&enrichId=rgreq-1590823c27904a8b2a98b74f4f908015-XXX&enrichSource=Y292ZXJQYWdlOzQ0Njc4OTQ3O0FTOjk5NTYyNjQ3NzE5OTQzQDE0MDA3NDg5OTMyOTg=
https://www.researchgate.net/publication/5421838_Adaptive_Plasmid_Evolution_Results_in_Host-Range_Expansion_of_a_Broad-Host-Range_Plasmid?el=1_x_8&enrichId=rgreq-1590823c27904a8b2a98b74f4f908015-XXX&enrichSource=Y292ZXJQYWdlOzQ0Njc4OTQ3O0FTOjk5NTYyNjQ3NzE5OTQzQDE0MDA3NDg5OTMyOTg=
https://www.researchgate.net/publication/13446776_Molecular_phylogeny_of_fig_waSPS_Agaonidae_are_not_monophyletic?el=1_x_8&enrichId=rgreq-1590823c27904a8b2a98b74f4f908015-XXX&enrichSource=Y292ZXJQYWdlOzQ0Njc4OTQ3O0FTOjk5NTYyNjQ3NzE5OTQzQDE0MDA3NDg5OTMyOTg=
https://www.researchgate.net/publication/13832936_The_CLUSTAL_X_Windows_Interface_Flexible_Strategies_for_Multiple_Sequence_Alignment_Aided_by_Quality_Analysis_Tools?el=1_x_8&enrichId=rgreq-1590823c27904a8b2a98b74f4f908015-XXX&enrichSource=Y292ZXJQYWdlOzQ0Njc4OTQ3O0FTOjk5NTYyNjQ3NzE5OTQzQDE0MDA3NDg5OTMyOTg=
https://www.researchgate.net/publication/227830897_On_the_use_of_genetic_divergence_for_identifying_species?el=1_x_8&enrichId=rgreq-1590823c27904a8b2a98b74f4f908015-XXX&enrichSource=Y292ZXJQYWdlOzQ0Njc4OTQ3O0FTOjk5NTYyNjQ3NzE5OTQzQDE0MDA3NDg5OTMyOTg=
https://www.researchgate.net/publication/16021244_Processes_of_Speciation_in_Animals?el=1_x_8&enrichId=rgreq-1590823c27904a8b2a98b74f4f908015-XXX&enrichSource=Y292ZXJQYWdlOzQ0Njc4OTQ3O0FTOjk5NTYyNjQ3NzE5OTQzQDE0MDA3NDg5OTMyOTg=
https://www.researchgate.net/publication/11423615_Increased_Congruence_Does_Not_Necessarily_Indicate_Increased_Phylogenetic_Accuracy-The_Behavior_of_the_Incongruence_Length_Difference_Test_in_Mixed-Model_Analyses?el=1_x_8&enrichId=rgreq-1590823c27904a8b2a98b74f4f908015-XXX&enrichSource=Y292ZXJQYWdlOzQ0Njc4OTQ3O0FTOjk5NTYyNjQ3NzE5OTQzQDE0MDA3NDg5OTMyOTg=
https://www.researchgate.net/publication/7696482_Hurst_GDD_Jiggins_FM_Problems_with_mitochondrial_DNA_as_a_marker_in_population_phylogeographic_and_phylogenetic_studies_the_effects_of_inherited_symbionts_Proc_R_Soc_Lond_B_Biol_Sci_272_1525-1534?el=1_x_8&enrichId=rgreq-1590823c27904a8b2a98b74f4f908015-XXX&enrichSource=Y292ZXJQYWdlOzQ0Njc4OTQ3O0FTOjk5NTYyNjQ3NzE5OTQzQDE0MDA3NDg5OTMyOTg=


126 M.J. McLeish et al. / Molecular Phylogenetics and Evolution 57 (2010) 122–134
Austin, 2002). Outcomes of these analyses indicated substantial
saturation at COI and Cytb 3rd codon positions and the mtDNA co-
don positions and the different gene fragments were partitioned
for subsequent likelihood-based modeling in Bayesian phyloge-
netic reconstructions and relaxed clock divergence estimates.

To accommodate variation in substitution rate parameters we
used a Bayesian approach implemented in MrBayes 3.1.1 (Huelsen-
beck and Ronquist, 2001) to partition the sequence data into COI,
Cytb, EF-1a, and that for the three codon positions of the mtDNA.
A general time reversible (TVM; Transversion Model) DNA substi-
tution model was used with gamma-distributed (+G) rates with a
proportion of invariant sites (+I). Posterior probabilities and mean
branch lengths were derived from 35,000 trees sampled every
1000 trees from generations 5 to 40 million. The trees were derived
from post-burnin generations that had reached apparent stationa-
rity. Convergence was assessed by plotting the post-burnin gener-
ation log likelihoods to assess the point in the chain where stable
values were reached and with the standard deviation of split fre-
quencies (mean of standard deviations of the split frequen-
cies = 0.04 and 0.01) of successive runs. The sample substitution
model parameters posterior values were summarized in an esti-
mate generated in MrBayes called the potential scale reduction fac-
tor (mean PSRF = 1.01 and 1.02), and were within the threshold
that indicates stable posterior substitution parameters between
runs. All Bayesian reconstructions were run four times to verify
consistency of phylogenetic inferences. The post-burnin consensus
trees from the four runs produced consistent results with the
exception of one consensus tree (this tree produced the lowest
log likelihood score). This does not change the main argument de-
rived from the ancestral state reconstruction inferences. The same
priors were used in consecutive runs and obtained consistent and
stable posterior values. There was a <0.01% difference in the arith-
metic means of log likelihood values of post-burnin trees between
the largest and smallest values across the four runs. Parsimony was
used to test the robustness of the partitioned model-based phylog-
eny and implemented using PAUP*. The parsimony analyses con-
sisted of 1000 bootstrap replicates using a full heuristic search,
keeping best trees only with branch-swapping by stepwise addi-
tion swapping on best trees only using 500 random additional se-
quences holding 10 trees at each step with the TBR algorithm
activated to calculate bootstrap support (Felsenstein, 1985). The
same outgroup taxa belonging to the Otitesella species complex
were used for the MP analysis.

2.5. Estimation of divergence times

For the purposes of this study, relative divergence times were re-
garded as informative regardless of the absolute timing of these
events. However, Rønsted et al. (2005) estimated that the origins
of the host sections Galoglychia, Sycomorus, and Urostigma of Afro-
tropical Sycoryctinae occurred at approximately 40 Myr. In order
to compare our outcomes with published hypotheses of host fig
diversification, we set a 40 Myr normally distributed prior at the
split between Sycoryctes and Arachonia. Absolute estimates of diver-
gence times were conditional on the assumption that specialization
by the ancestor of the African Sycoryctes and Arachonia was con-
comitant with the origin of African sections Galoglychia, Sycomorus,
and Urostigma at approximately 40 Myr (Rønsted et al., 2005). The
null hypothesis of the likelihood being maximized under the con-
straint of equal rates across lineages (L0), that is, an enforced molec-
ular clock model (Felsenstein, 1985) was tested. The alternative
hypothesis relaxes the clock constraint by assigning a different rate
to each of the lineages (L1). The substitution model was derived
using a Modeltest search over all marker loci. The TVM + I + G mod-
el for COI, Cytb, and EF-1a gene regions in a DNA sequence data set
was assumed in the analysis. The likelihood-ratio test statistic
(�2 loge = L0 � L1) between the null and alternative models is
approximately chi-squared distributed with s � 2 degrees of free-
dom (s � 2 = 72: v = 72). The molecular clock hypothesis was re-
jected at the P = 0.05 level (loge L0 = �11790.82197, loge L1 =
�11606.96254, �2 loge = 367.72 test statistic, P < 0.0001). Both en-
forced molecular clock inference used in testing the clock assump-
tion (TVM + I + G model above) and a tree inferred using penalized
likelihood (PL) rate smoothing implemented using r8s (Sanderson,
2003) were compared to a maximum clade credibility chronogram
estimated (see below) under a relaxed lognormal uncorrelated
molecular clock assumption generated by BEAST v. 1.4.8 (Drum-
mond and Rambaut, 2007). Setting of r8s priors was difficult due
to the inability of the cross validation test to determine a smoothing
value stable over all branches. However, all r8s solutions and the
molecular clock inference were compatible with relationships gen-
erated using BEAST for the timing of key divergence events.

To estimate a relaxed molecular clock chronogram, we used
BEAST, a Bayesian MCMC analysis to test evolutionary hypotheses
without conditioning on a single tree topology. This approach al-
lows convenient calculation of node height (age) summary distri-
butions that represent 95% upper and lower highest posterior
density interval around the mean node height. The Bayesian con-
sensus tree was used as a reference to define monophyletic taxon
subsets relating to the nodes used in ancestral trait reconstruction
using BEAUTi v. 1.4.8 (Rambaut and Drummond, 2007a). The Yule
birth–death constant speciation rate per lineage was assumed. Un-
der this prior, branch lengths are expected to be distributed
exponentially. We specified a DNA substitution model partitioning
codon positions, unlinking the substitution model (Gamma
+ Invariant sites: as in our MrBayes analysis) and rate heterogeneity
across codon positions, and selected a relaxed clock uncorrelated
lognormal model (i.e. no a priori correlation between a lineage’s
rate and that of its ancestor). The model assumes a proportion of
invariant sites and the rates of the remaining sites assumed to be
gamma-distributed. Analysis was undertaken by sampling a
10 � 106 generations MCMC chain every 1000th generation with
a burnin of 1 � 106 generations. Posterior parameters summary sta-
tistics were assessed using Tracer v. 1.4.1 (Rambaut and Drum-
mond, 2007b) and chronograms generated using TreeAnnotator v.
1.4.8 (Rambaut and Drummond, 2007c).

2.6. Ancestral trait reconstructions

Ancestral character state distributions over a sample of Bayes-
ian consensus phylogenies were explored using Bayesian ap-
proaches implemented in BayesTraits (Pagel et al., 2004;
www.evolution.rdg.ac.uk) and SIMMAP (Bollback, 2004). Two Fi-
cus-related traits of ingroup taxa were inferred: (1) Ficus subsec-
tion affiliation and (2) Ficus syconium diameter (sourced from:
Berg and Wiebes, 1992; Burrows and Burrows, 2003) of the species
the parasitoid sample was collected from. Character states are
summarized in the legend of Fig. 2. Each Ficus species develops a
characteristic syconium size though there is overlap between and
variation within species. The positive relationship between ovipos-
itor length and fig wall/receptacle size has been shown to be corre-
lated with fig diameter (Compton et al., 1994). The ranges of fig
diameter measurements within each state category used in the
analyses were not equivalent because larger figs tended to show
greater size variance. The five size categories used were presumed
appropriate to reveal broad patterns of phylogenetic structuring.
Although taxon sampling was non-exhaustive and under-repre-
sents the potential total African parasitoid fig wasp fauna (col-
lected from only 27% of known African Ficus), we expect general
patterns of ancestral character evolution to be informative. The
BayesMultiState function in BayesTraits was used to reconstruct
and test how these traits evolve on our Bayesian consensus
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Fig. 2. Frequency distributions of affiliations between the pairs of parasitoid taxa presumed to be the same species sampled from Ficus species that fall into increasingly more
divergent categories (within the same Ficus subsection = ‘inter-species’; between subsections = ‘inter-subsection’; and between sections = ‘inter-section’). Frequencies were
calculated from instances where COI and Cytb ML likelihood pair-wise distances were less than the EF-1a ML distance for the same pair-wise relationship (COI < EF-1a and
Cytb < EF-1a) and where COI and Cytb ML pair-wise distances were less than 0.01 (COI < 0.01 and Cytb < 0.01) (G-test = 8.764, 6 d.f., P = 0.1923: no significant difference
between host-affiliation category proportions among estimates).
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phylogeny. The BayesMultiState approach can adopt a finite num-
ber of discrete states and reconstruct how they evolve on a phylo-
genetic tree. The logic of the approach for the model of trait
evolution applies to both discrete and continuously varying traits
(Pagel et al., 2004). BayesMultiState implements the co-varion mod-
el for trait evolution (Tuffley and Steele, 1998) and is a variant of
the continuous-time Markov model that permits traits to vary their
rate of evolution within and between branches. BayesMultiState
allows integration over different models among the transformation
rates using the reverse jump hyperprior MCMC function. The mar-
ginal likelihoods associated with different states at each node are
estimated as the model traverses the trees.

A continuous-time Markov model was fitted to the discrete
character data. The approach employs an Acceptance Rate that
indicates the appropriateness of the model parameters. Several
sets of combinations of priors were tested before the following pri-
ors were chosen. Acceptance rates of the chosen prior values were
all within the recommended 20–40% bounds. Rate deviation priors
of 0.1 (subsection character) and 2.0 (fig diameter character) were
used with the reverse jump hyper prior (RJHP) function with a
gamma prior of 0, 10, 0, 10 (minimum and maximum of priors
for both mean and variance parameters). Although our Bayesian
consensus is well resolved and well supported over deeper diver-
gences, uncertainty in node support was accommodated by
evaluating ancestral character reconstructions over a sample of
post-burnin trees (n = 500) from the MrBayes Marchov chain. We
used 70 � 106 iterations sampling every 1000th generation with
a burnin of 60 � 106 iterations to estimate character state probabil-
ities for selected nodes. To test the probability of any given state at
an ancestral node, the marginal likelihoods of an estimated and
‘fossilised’ state at that node are compared – 2(log[harmonic mean
of best model] � log[harmonic mean of alternative model]) – in a
similar fashion to the likelihood-ratio test. From this calculation
a Bayes factor is generated and positive values favor the dependent
model. By convention, ratio’s greater than 2, 5, and 10 are consid-
ered positive to very strong evidence, respectively. For Bayes factor
analyses we ran the same priors, but used 100 � 106 iterations
with a 90 � 106 burnin. To determine Bayes factors for the multiple
state characters we calculated twice the difference between the
harmonic mean of the state of interest to be tested (the dependent
state with the highest posterior probability estimated above) and
independent state with the worst harmonic mean.

To provide an alternative approach to BayesMultiState ancestral
reconstructions for the same character states (see Ekman et al.,
2008) we used a stochastic character mapping approach imple-
mented in SIMMAP, a post-tree analysis program for making infer-
ences about character evolution. This method accounts for
phylogenetic uncertainty by avoiding inferences based on a single
topology. Character histories were sampled from the same poster-
ior distribution of 500 trees used in BayesMultiState analyses. Un-
like BayesMultiState, SIMMAP allows only a single-rate model of
transformation for multistate characters. We explored node prob-
ability for character states over a full range of morphology priors
by setting gamma shape parameters at intermediate and extreme
values of those available that made negligible differences to prob-
ability estimates. Similarly, ranges of the number of sampling real-
izations (10–100) were explored and did not change the
probability outcomes. Trials revealed that probability estimates
were robust to substantial alteration of the priors and as such,
the following flat default priors were assumed. Character states
were treated as unordered, with no prior on the rate parameter,
and tree lengths rescaled to one. Data matrices of Ficus subsection
affiliation and syconium diameter were used to calculate the prob-
ability of ancestral states. The same nodes were reconstructed as in
the BayesTraits analysis except for excluding a singleton Ficus affil-
iation with subsection Crassicostae as SIMMAP limits the total state
number to 7 for a total of 8 subsections.

3. Results

3.1. Genetic distance relationships

Sample distributions of ML pair-wise relationships for all gene
markers (Fig. 1) indicate variation in genetic distance, but do not
necessarily correspond among COI, Cytb, and EF-1a fragments
although the lower and upper extremes of each distribution gener-
ally reflected the same pair-wise associations. Non-correspon-
dence in ML pair-wise distances between the mtDNA markers
and between the mtDNA and EF-1a nuclear marker was apparent,
however, EF-1a ML distances gave the most clear indication of in-
ter-genus relationships. We scored Ficus affiliation categories (‘in-
ter-species’, ‘inter-subsection’, and ‘inter-section’) represented by
the pair-wise relationship between any two parasitoid taxa with
mtDNA ML distance (COI and Cytb) less than 0.01, and where
mtDNA ML distances were less than that of the nDNA distance
for that pair-wise relationship (Fig. 2). The frequency estimates
for pair-wise relationships between hierarchical Ficus-taxon diver-
gence categories were similar for all approaches (G-test = 8.764, 6
d.f., P = 0.1923: no significant difference between estimates).

Parasitoid affiliation for more than one Ficus species was almost
ubiquitous at low-level mtDNA divergences. For pair-wise rela-
tionships where COI ML distances <0.01%, 8.33% indicated inter-
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section, 40.48% inter-subsection, and 91.86% inter-species host
affiliations. Similar frequencies were estimated for Cytb with
13.92% inter-section, 49.37% inter-subsection, and 83.13% inter-
species combinations. The instances where the COI ML distance
was less than the EF-1a ML distance for a given pair-wise relation-
ship indicated 22.58% inter-section, 67.74% inter-subsection, and
94.44 inter-species affiliations. The Cytb vs. EF-1a ML distances
where 10.34%, 51.72%, and 79.31%, respectively. These results indi-
cate that more relaxed specificity directed at Ficus by parasitoids
occurs more commonly among closely related species than be-
tween relatively divergent Ficus. Incidents of negligible genetic
divergence between pair-wise relationships affiliated with the
same Ficus species are the least frequent class in all approaches
(range, 5.56–10.34%). Both COI and Cytb ML pair-wise distance
relationships that were less than the EF-1a ML distance for the
same pair-wise relationship indicated combinations affiliated with
F. ilicina, F. cordata, F. petersii, and F. ingens.

3.2. Phylogenetic inference

The maximum parsimony bootstrap consensus inference (not
shown) indicated well-resolved relationships between the genera.
Bootstrap support was strong (99) for the split between Sycoryctes
and Arachonia and several stem nodes. Bootstrap support below 50
Fig. 3. Bayesian consensus phylogeny presented with ancestral character state reconstru
Table 1. State reconstructions were conducted for those nodes labeled A–S. The pie char
node. Terminal branches are color coded to indicate extant host subsection affiliation. (Fo
to the web version of this article.)
characterized a high proportion of crown nodes. The tree topology
of the parsimony inference was more-or-less robust to the Bayes-
ian inference. Bayesian posterior probabilities (Fig. 3) reflected
uncertainty indicated by bootstrap support for stem nodes. The
Bayesian consensus phylogeny inference used to reconstruct
ancestral states and divergence time estimates was robust to the
larger phylogeny that included duplicate exemplars (not shown).
These inferences indicate low-level divergences across a number
of crown taxa affiliated with different Ficus species and subsections
and suggest relatively weak specificity during recent cladogenesis
events. Conversely, higher level genetic divergence between sam-
ples collected from the same Ficus species and site is also an indi-
cation of weak Ficus specificity.

Sister-parasitoid taxa that have divergent Ficus affiliations
across subgenus and section levels have occurred independently
on a number of occasions (Fig. 3). This relationship exists between
parasitoid sister-taxa occupying divergent Ficus subgenus Urostig-
ma and subgenus Sycomorus. Within clade B there have been two
more recent (in clade F) independent colonizations of subgenus
Sycomorus, section Sycomorus (F. sycomorus and F. sur) from subge-
nus Urostigma, section Galoglychia, subsection Caulocarpae and an
independent more ancient jump to section Sycomorus (clade G)
from section Galoglychia. Sister-taxa also inhabit Ficus at the
section level. Within clade R, two independent colonizations of
ctions for host Ficus syconia diameter. Integers refer to sample codes summarized in
t at each of these nodes shows the probability of the presence of each state at that
r interpretation of the references to color in this figure legend, the reader is referred



Table 2
Bayes factor test statistics for the dependent state model of fig wasp ancestral
character state reconstructions. Values greater than 2, 5, and 10 are considered
positive to very strong evidence for the dependent state model, respectively. Bayes
factors were calculated for the character states of nodes with the highest posterior
probability and at basal and derived bifurcations of internal nodes where state change
was inferred. Node letters refer to Fig. 3.

Node Character state Bayes factors

Subsection Fig diameter

A Caulocarpae 1.79 P15<30 mm 9.61
B Caulocarpae 20.13 P15<30 mm 10.94
C Caulocarpae 14.90 NA
E Caulocarpae 32.79 NA
F Caulocarpae 28.68 NA
G Sycomorus 26.97 P30 mm 11.76
J NA NA
K NA P10<15 mm 3.18
M Chlamydodorae 29.57 P10<15 mm 23.60
N Caulocarpae 12.65 NA
O Caulocarpae 22.86 NA
R Chlamydodorae 31.48 P15<30 mm 15.68
S Caulocarpae 19.12 NA
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section Urostigma from section Galoglychia have occurred. The Syc-
oryctes species associated with Ficus ingens (section Urostigma) and
F. cordata (section Urostigma) both have their closest sister-species
and common ancestral association with section Galogychia. Fur-
thermore, colonization of F. cordata from F. ilicina (section Galogly-
chia) has occurred on two separate occasions (in clades P and R) by
two independent lineages. Both Ficus species are sympatric and
adapted to xeric conditions. Comparably, colonization of F. ingens
has occurred on two separate occasions (in clades P and R) in
two different lineages with sister Sycoryctes species associated
with Ficus species belonging to section Galoglychia, and are sym-
patric in their distribution. Interpretation of phylogenetic relation-
ships at the subsection level within section Galoglychia reveals
interesting patterns. Sycoryctes species associated with subsection
Caulocarpae cluster together (clades N and I), but include utiliza-
tion of subsections Platyphyllae and Chlamydocarpae within clade
N that cluster together in more derived clades. The genus Arachonia
inhabits section Sycomorus and Galoglychia within clade F. There
has been broader utilization of other divergent Ficus within clade
R to include subsection Cyathistipulae plus Ficus belonging to sec-
tion Urostigma.

3.3. Ancestral reconstructions and divergence dating

Parasitoid fig wasp affiliation with Ficus subsection was poly-
phyletic and differed between genera in terms of the number
and type of different Ficus species able to be inhabited. Ancestral
states of Ficus subsection affiliation inferred using a stochastic
character mapping approach implemented in SIMMAP indicated
probabilities of character state presence at ancestral nodes that
were in close agreement with the BayesMultiState inferences
though far less conservative. For instance, ambiguous probabilities
amongst the states at various nodes produced by BayesMultiState
contrasted with very high SIMMAP estimates generated for the
same node for one state over the others; although the highest
probabilities produced by both approaches were for the same state.
It is intuitively clear that a high incidence of ancestral Ficus species
utilization or switching will act to obscure very high probability
estimates for affiliation with one state over another. Therefore,
although high probability estimates generated by SIMMAP were
in agreement with generally lower values for the same nodes pro-
duced by BayesMultiState, these provided a useful comparison, but
were regarded as biologically unrealistic. By contrast, BayesMulti-
State probability estimates indicated more uncertainty for one
state over another and therefore considered far more conservative.

Ancestral character state patterns revealed several strong
trends (Fig. 3). Bayes factor tests for the strength of the posterior
state probabilities for nodes where state transitions were inferred
indicated strong to very strong evidence for the state change
(Table 2). Polyphyletic Ficus subsection affiliations among terminal
lineages imply relatively weak Ficus specificity. However, character
states for both Ficus subsection and syconium diameter strongly
predict generic-level fig wasp divergences. Bayes factors support
evidence that ancestral species of subsection Caulocarpae (section
Galoglychia) were the predominant ancestral Ficus affiliation for
both Arachonia and Sycoryctes and that associations with sections
Sycomorus and Urostigma are secondary. Subsequent transfer of
Sycoryctes and not by Arachonia species to Ficus species in subsec-
tion Chlamydodorae is strongly supported. Sycoryctinae affiliations
with figs of generally larger diameter and associations with sub-
sections Sycomorus and Caulocarpae are coincidental with the ori-
gin of Arachonia, but do not preclude associations with other
Ficus subsections. By contrast, Sycoryctes affiliations are generally
for Ficus species bearing figs of smaller diameters.

Estimates of timing of key episodes in parasitoid diversification
are summarized in Fig. 4. The posterior parameters summary sta-
tistics generated by BEAST* revealed different relative substitution
rates across codon positions (in the selected GTR model of nucleo-
tide substitution) and were consistent with prior beliefs and our
exploration of the sequence data. The ucld.stdev parameter esti-
mates how clock-like the data is. An estimate close to 0.0 infers
the data behaves in a more clock-like fashion, and if >1.0, infers a
substantial rate heterogeneity among lineages. Our data showed
a significant departure from the strict molecular clock (mean
ucld.stdev = 0.74). The covariance statistic (a measure of the covari-
ance between parent and child branch rates) was significantly po-
sitive (P < 0.05) indicating branches with fast rates are followed by
branches with fast rates and that branches with slow rates and fast
rates are next to each other. This statistic indicated no strong auto-
correlation of rates in the phylogeny.

Different modes of Ficus association between Arachonia and Syc-
oryctes, inferred from the state reconstructions, have persisted for
approximately the same time from 25 Myr (Fig. 4). Subsection affil-
iation with a relatively narrow Ficus range of large-fig bearing spe-
cies, especially from subsection Caulocarpae and section Sycomorus,
is evident any time after approximately 20 Myr. Lineage affiliation
with Ficus species that develop smaller fig syconia, and more often
associated with the subsection Chlamydodorae are a recent phe-
nomenon only occurring after approximately 10 Myr.
4. Discussion

4.1. Sycoryctinae Ficus specificity

We inferred a molecular phylogeny of African Sycoryctinae par-
asitoid fig wasp genera comprising undescribed taxa that included
duplicate taxon exemplars sampled from different Ficus species, in
order to reconstruct and identify patterns of specificity directed at
Ficus. Pair-wise genetic distance patterns indicate that affiliations
between parasitoid taxa, presumed to be the same species, and dis-
tantly related Ficus species are prevalent. Although genetic dis-
tance estimates are potentially problematic in the accurate
determination of species boundaries, this study used a very conser-
vative estimate to identify taxa that are presumed to be the same
species. Secondary contact (colonization) with the same Ficus spe-
cies by divergent parasitoid fig wasp lineages, and sister-species
relations across highly divergent Ficus species are common.

Most striking is the inference that the genera Sycoryctes and
Arachonia have each tended to diversify across different groups of



Fig. 4. Bayesian consensus phylogeny presented using a relaxed molecular clock. Horizontal bars on the chronogram represent the 95% upper and lower highest posterior
density intervals around the mean node age. Bayesian posterior probabilities are indicated on the state reconstruction in Fig. 3. Integers refer to each taxon sampled
summarized in Table 1.
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Ficus species (Fig. 3). These Ficus range contrasts reflect affiliations
with Ficus species that possess different variation in fig syconium
sizes and different numbers of Ficus species able to be utilized by
each parasitoid genus. The genus Arachonia has diversified on at
least eight Ficus species developing syconium sizes that are gener-
ally very large. By contrast, the Sycoryctes are able to utilize at least
22 Ficus species that together have much greater morphological
variation in syconia size. In this sense the results indicate broad
evolutionary conservatism in Ficus lineage utilization by each para-
sitoid genus, but in each case among phylogenetically and pheno-
typically divergent Ficus species. By proxy, parasitoid fig wasp
specificity directed at the galling fig wasp larvae is no more strin-
gent than that directed at Ficus. ‘Diffuse’ evolutionary conservatism
of Ficus utilization and variation in Ficus specificity by each parasit-
oid fig wasp genus implies that Sycoryctinae diversity is generated
under different ecological conditions.

Relaxed Ficus species fidelity observed in the Sycoryctinae is
consistent with selection for specialization in diet preference, mat-
ing and oviposition sites, and in morphology and physiology not
being as strong as proposed for other non-pollinating fig wasp
guilds (Compton and van Noort, 1992; van Noort and Compton,
1996). Affiliation with multiple Ficus species most frequently oc-
curs among closely related species (Fig. 2) that presumably possess
more similar trait suites that permit utilization by a single parasit-
oid species. Affiliation with more divergent Ficus species occurs
less frequently and suggests targeting host variables that possess
superficial characteristics that are shared amongst disparate Ficus
lineages, which parasitoids are not specifically adapted, but per-
haps pre-adapted to. Variation in Ficus and parasitoid traits is suf-
ficient for the Sycoryctinae to overcome dietary, host secondary
chemistry, host defense, and reproductive restrictions. Morpholog-
ical pre-adaptations such as ovipositor length compatibility to fig
syconium size likely contribute to Ficus range thresholds
(Kerdelhue and Rasplus, 1996; Renoult et al., 2009). Colonizing no-
vel host species is influenced by genotypic variation in host and
associate (Craig et al., 1994). A proportion of parasitoid affiliations
with the same Ficus species for pair-wise relationships where
mtDNA genetic distances are less than that for nDNA distances
(Fig. 2), suggests secondary contact with the natal Ficus species.
This implies that considerable genetic change has occurred not
only in the nuclear genome of the parasitoid, but in the host as well
(De Gelder et al., 2008).

4.2. Sycoryctinae diversification

Alternative mechanisms to co-speciation need to be invoked to
explain the evolutionary diversification of the African Sycoryctinae
given the less stringent specificity directed at Ficus, and by associa-
tion, the galling fig wasp larvae they attack. Convergence across
divergent Ficus subgenera suggests that a combination of frequent
host-switching, or, incomplete host-switching that describes
host-range expansion when additional host species are colonized
(Clayton et al., 2003), has considerable influence over Sycoryctinae
speciation processes. Additionally, lineage sorting and lineage
duplication (Page and Charleston, 1998; Page, 2003; Jackson,
2004) of host-associates are processes that have been used to ex-
plain departures from co-speciation and might play a role in para-
sitoid fig wasp diversification.

Extant Arachonia lineages are affiliated with the two Ficus sub-
sections Caulocarpae and Sycomorus, compared with seven for the
Sycoryctes that excludes subsection Sycomorus (Fig. 3). Ancestral Fi-
cus affiliation reconstructions infer that the members of Sycoryctes
have a broader historical Ficus range than Arachonia. The assump-
tion of equal sampling effort suggests that the genus Arachonia is
species-poor relative to Sycoryctes and might be the outcome of
evolutionary constraints imposed by Ficus range limitations. Gen-
erally, possession of attributes that contribute to recognizing and
utilizing new host species, lack of geographic barriers between po-
tential hosts, and variation in host phenology limit colonization of
novel host species (Craig et al., 1994). Evidence of contrasting long-
term conservatism in Ficus species range suggests differential
niche widths (Mitter et al., 1988; Schluter, 2000), and therefore,
evolutionary diversification constraints imposed by contrasting
community characteristics (Beever et al., 2006). Contrasting Ficus
ranges can be explained either by historical geographic restrictions
among available Ficus species or incompatible host-preference
traits between genera (Jaenike, 1990). However, host-preference
is a compound trait subject to phenotypical and physiological as-
pects that are presumably the result of complex combinations of
genetic expression observed in associations that are indirect and
should be treated with caution (Mitter and Farrell, 1996).

The discrepancy in Ficus species ranges, or host specificity, be-
tween Sycoryctes and Arachonia is consistent with vicariance bio-
geographical hypotheses (Rønsted et al., 2007). The relatively
short life span of fig wasps and Ficus phenology limit successful
colonization of Ficus patches beyond a particular distance. Substan-
tial genetic divergences among Sycoryctinae taxa affiliated with
the same Ficus species that are separated at regional geographic
scales suggests isolation by distance effects. The dispersal ability
of fig wasps is believed to be considerable over distances under
200 km (Ahmed et al., 2009), but still limits colonization of naïve
hosts and has important consequences for genetic differentiation
(Ward et al., 1998) and the evolution of host specificity. Therefore,
diversification of Sycoryctinae fig wasps likely includes allopatric
speciation processes at sub-continental scales (Nason et al.,
1998; Renoult et al., 2009) where Ficus differentiation and hetero-
geneity is pronounced. Ficus species have circumtropical distribu-
tions but also include xeric to mesic biomes. Contemporary Ficus
species distributions are believed to be strongly habitat-specific,
but not always mutually exclusive or beyond dispersal distances.
Climatic gradients in host specificity have also been demonstrated
with higher specificity in the tropics where organisms are more
species rich with less relative abundance, contrasting with less
specificity and higher abundance in temperate regions (Janzen,
1981; Novotny and Weiblen, 2005).

Ficus that occupy drier habitat develop smaller syconia (Fig. 3).
Generally, xeric climates do not support species with large syconia
unless a more permanent water supply is available such as along
water courses. The fig wasp faunal assemblage inhabiting desert
distributed F. cordata (section Urostigma) and F. ilicina (section
Galoglychia) is depauperate, each having four associated fig wasp
species by comparison with mesic species supporting 10–15 spe-
cies, but up to as high as 31 species (Compton and Hawkins,
1992; van Noort and Compton, 1999). Sycoryctes sister-taxa that
inhabit southwestern African desert distributions of F. cordata
and F. ilicina do not overlap with F. ingens (section Urostigma)
and F. petersii (section Galoglychia), but are closely related to Syc-
oryctes lineages occupying these Ficus species that are associated
with savanna habitat on the eastward side of Africa. Parasitoid
divergence estimates indicate that these splits took place no more
than 5 Myr and occurred within two Sycoryctes clades (clades L and
P, Fig. 3) suggesting closer proximity between ancestral distribu-
tions before the Quaternary and the subsequent formation of con-
temporary barriers to dispersal between these Ficus groups.
Furthermore, four independent colonization events of host figs in
section Urostigma by elements of clades associated with Ficus in
section Galoglychia can be explained by sympatry and similarity
in ecological niche requirements. It is clear that colonization of
F. cordata (Urostigma) came about as a result of sympatry with
F. ilicina (Chlamydodorae) whose distributions are confined to arid
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southwest Africa mostly in the absence of other Ficus species.
Departures from extreme Ficus specificity observed in pollinating
fig wasps have been explained by host-switching during secondary
Ficus-sympatry (Kerdelhue et al., 1999; Machado et al., 2001).

Divergence timing estimates were conditional on the assump-
tion that specialization on Ficus by a Sycoryctinae ancestor was
present with the origin of African fig trees. The split between
Arachonia and Sycoryctes estimated at approximately 25 Myr sepa-
rates sycoryctine species associated with section Sycomorus and
subsection Caulocarpae from those associated with sections Uro-
stigma and remaining subsections within section Galoglychia
(Fig. 4). The timing of the divergence between Sycoryctes and
Arachonia closely coincides with the radiation of subsections Caulo-
carpae, Chlamydodorae, and Platyphyllae that were concentrated in
different parts of the African floristic region at 30 Myr (Rønsted
et al., 2007). Subsections Chlamydodorae and Platyphyllae are found
in higher densities in Eastern Africa while members of Caulocarpae,
Cyathistipulae, Crassicostae, and Galoglychia are concentrated in
West and Central Africa. More contemporary Ficus affiliations with
subsection Caulocarpae are estimated at no older than 7 Myr and
occur for both the Arachonia and Sycoryctes. Contemporary distri-
butions among Caulocarpae and Chlamydodorae species permit dis-
persal between them where previously colonization was not as
likely due to dispersal limitations. These results support the frag-
mentation–expansion hypothesis for the formation of African for-
ests (Couvreur et al., 2008).

4.3. Sycoryctinae and other fig wasps

The processes that contribute to Ficus utilization by parasitoid
fig wasps shape ecological relationships and evolutionary trajecto-
ries among other fig wasp guilds. Qualifying Ficus specificity, a
property that relates to the entire fig wasp community, is critical
to unraveling mechanisms that promote the stability of such com-
plex assemblages (De Moraes et al., 1998; Bascompte et al., 2003;
Lewinsohn et al., 2006; Rezende et al., 2007). The fig wasp larvae
Sycoryctinae attack are believed to be tightly constrained by
coevolutionary (reciprocal adaptation) factors associated with the
fig microhabitat. The ability of the Sycoryctinae to more readily
colonize divergent Ficus species indicates this group has evolved
a generalist strategy to Ficus utilization relative to other fig wasp
guilds, and therefore possesses the ability to attack the larvae of
a relatively diverse complement of fig wasp species. Selective pres-
sures mitigating interactions between the Sycoryctinae and other
fig wasps guilds might be more accurately described as a form of
diffuse coevolution (Fox, 1988) in that Ficus and pollinator fitness
is improved via the actions of the parasitoids (Janzen, 1980; Hou-
gen-Eitzman and Rausher, 1994) acting to stabilize the mutualism
(Dunn et al., 2008). It is plausible that the cost imposed by fig wasp
parasitoid species (by their ability to transcend barriers to multiple
Ficus species utilization) on fig wasp pollinators and non-pollina-
tors, facilitates the coexistence of the these fig wasp guilds by
mediating population densities over broad spatial scales poten-
tially reducing them below the carrying capacity of the fig
resource.
5. Conclusions

Ancestral state reconstructions reveal multiple associations be-
tween closely related Sycoryctinae parasitoids and divergent Ficus
species, but where Ficus range and evolutionary ecology contrasts
exist between genera. It appears that Sycoryctinae associated with
sections Sycomorus and Urostigma are secondary and derived as a
result of multiple colonization events. Ficus utilization by Syco-
ryctinae fig wasps occurs between species that differ only margin-
ally in terms of the parasitoids requirements, and this group
comprises extant Ficus species that are highly differentiated. High
tolerances for multiple Ficus species permitted pre-adaptation to
highly divergent novel species and their subsequent colonization
once barriers to dispersal were no longer apparent. Relaxed Ficus
specificity exhibited by the Sycoryctinae has important conse-
quences for coevolutionary interactions evident for the pollina-
tor/fig mutualism and other fig wasp community members.
Future species delimitation and population-level approaches will
be greatly profitable in the elucidation of community ecology
and evolutionary diversification of fig wasps.
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