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 Abstract  

The high adaptive success of parasitic Hymenoptera might be related to the use of different 

oviposition sites, allowing niche partitioning among co-occurring species resulting in life 

history specialization and diversification. In this scenario, evolutionary changes in life history 

and resources for oviposition can be associated with changes in ovipositor structure, allowing 

exploitation of different substrates for oviposition. We used a formal phylogenetic framework 

to investigate the evolution of ovipositor morphology and life history in agaonid wasps. We 

sampled 24 species with different life histories belonging to all main clades of Agaonidae 

including representatives of all described genera of non-pollinating fig wasps (NPFW). Our 

results show an overall correlation between ovipositor morphology and life history in agaonid 

fig wasps. Ovipositor morphologies seem to be related to constraints imposed by features of the 

oviposition sites since ovipositor morphology has experienced convergent evolution at least 

four times in Sycophaginae (Agaonidae) according to the resource used. Nongalling species 

have more distantly spaced teeth with uneven spacing, as opposed to the observed morphology 

of galling species. Our results suggest that the ancestral condition for ovipositor morphology 

was most likely the presence of one or two apical teeth. Regarding life history, ovary galling 

species that oviposit in receptive figs possibly represent the ancestral condition. Different 

ovipositor characteristics allow exploitation of new niches and may be related to resource 

partitioning and species co-existence in the fig-fig wasp system. 

1. Introduction 

Oviposition is a crucial step for the reproductive success of insects because finding and 

assessing suitable oviposition sites play a decisive role in the successful development of 

offspring. Within this context, oviposition behaviour and ovipositor structure have an important 

adaptive role, allowing exploitation of diverse oviposition sites (Gauld and Bolton, 1988). 

Among Hymenoptera, there is a wide diversity of resources used for oviposition, which is 

related to the highly diversified life history strategies of the group, including galling, endo- and 

ectoparasitoid habits (Sharkey, 2007; Heraty et al., 2011). The high adaptive success of parasitic 

Hymenoptera might be related to exploitation of different substrates for oviposition, allowing 

niche partitioning among co-occurring species and leading to specialization and diversification 

(Pellmyr et al., 1996; Ronquist, 1999; Devictor et al., 2010). In this scenario, evolutionary 

changes in life history and resource use can be associated with changes in ovipositor structure, 

facilitating the exploitation of different substrates for oviposition (Quicke et al., 1994, 1999; Le 

Ralec et al., 1996; Brajković et al., 1999; Vilhelmsen, 2000; Belshaw et al., 2003; Sharkey, 

2007; Ghara et al., 2011; Kawakita and Kato, 2016). 

Ovipositor penetration in the substrate involves sliding movements of the two pairs of 

gonapophyses derived from the 8th and 9th abdominal segments. These structures form the 

ovipositor and are linked by a tongue and groove mechanism called olistheter, which allows the 

parts to slide in relation to one another (Quicke et al., 1995, 1999). Teeth and notches on the tip 

of gonapophyses grip the substrate, anchoring the ovipositor by its distal extremity. Then, the 

reciprocal movement allows ovipositor insertion into the substrate, as one of the halves grips 



 

the substrate while the other is pushed inside (Quicke et al., 1995; Vincent and King, 1996; 

oring et al., 2009). The structural and mechanical complexity of ovipositors thus allows 

movement and precise egg deposition in different substrates (Quicke et al., 1999). However, 

the understanding of the paths leading to this functional diversity is not trivial, because different 

characters and strategies are highly conserved in some groups whereas they might have 

convergently evolved to a specific niche in others (Le Ralec, 1991). 

Agaonid wasps associated with Ficus Tourn ex Linn (i.e., fig wasps) represent a model group 

for investigating such functional diversity regarding ovipositors in an evolutionary framework. 

The family represents a monophyletic group of Chalcidoidea (Heraty et al., 2013), which is 

strictly associated with Ficus plants, using Ficus inflorescences (figs) as their exclusive 

oviposition site. In the context of Apocrita phylogeny, Chalcidoidea is placed as sister group of 

Diaprioidea (Peters et al., 2017). Fig wasps are distributed worldwide and have a wide diversity 

of life histories and oviposition strategies (Cook and Rasplus, 2003; Cruaud et al., 2011a; Elias 

et al., 2012). They usually lay their eggs in the ovaries of pistillate flowers or in the fig 

receptacle, inducing a gall (Galil and Eisikowitch, 1968). Some of them also pollinate pistillate 

flowers, establishing an obligate mutualistic relationship with Ficus. Pollinating fig wasps 

(Agaonidae: Agaoninae, Kradibiinae, Tetrapusiinae) enter the inflorescence to oviposit and 

pollinate Ficus flowers. Other agaonid fig wasps (Agaonidae: Sycophaginae) generally do not 

enter figs and do not perform pollination, being called “nonpollinating fig wasps” (NPFW 

henceforth) (Weiblen, 2002). In this case, ovipositors must move inside the figs until they reach 

an adequate oviposition site (Ghara et al., 2011; Elias et al., 2012). These movements involve 

steering and bending (Kundanati and Gundiah, 2014), as described for braconid parasitoids of 

twig-boring larvae (Quicke et al., 1995, 1999). Steering mechanisms allow these species to 

reach the host in a concealed environment and to deposit the egg in a precise location. 

Physical characteristics vary along the ontogenetic development of the fig and represent 

different constraints for oviposition by wasps. At the beginning of development, figs are small 

and flowers are still immature within them. Some NPFW species deposit their eggs and induce 

galls in the fig receptacle (Bronstein, 1999; Ghara et al., 2014) (i.e., receptacle gallers), which 

mainly consists of parenchymatous cells (Verkerke, 1986, 1987). Egg deposition by these 

species does not occur at a very precise location and consequently ovipositor manoeuvrability 

is possibly less important in such a homogeneous substrate. Therefore, it is expected that 

ovipositor teeth are not required for thorough manoeuvering. 

Later during fig development, all pollinating fig wasps and some NPFW species use ovaries 

of pistillate flowers as their oviposition sites, inducing galls (i.e., ovary gallers). They usually 

insert their ovipositors through the flower stigma, as is the case for some NPFW that oviposit 

from outside (Grandi, 1929; Galil and Eisikowitch, 1969; Elias et al., 2012) and lay their eggs 

at a very precise location—between the nucellus and inner integument or inside the embryo sac, 

depending on the species (Grandi, 1966; Galil et al., 1970; Verkerke, 1989; Elias et al., 2012; 

Jansen-González et al., 2012). Pollinating wasps enter the fig and have direct access to the 

stigma surfaces, where the ovipositor is inserted. At least some ovary gallers that oviposit 



 

externally are subject to additional bending movements in order to insert their ovipositors 

through flower stigmas, with manoeuvrability and movement accuracy being even more crucial 

for these species (Elias et al., 2012). Thus, ovipositor teeth are expected to play a role in the 

oviposition process of externally ovipositing gallers, ensuring accuracy of movement. As fig 

tissues are rather homogeneous in texture at the stage when the ovary gallers deposit their eggs, 

the morphology of ovipositor teeth is expected to be adapted to this type of substrate (Ghara et 

al., 2011). 

After oviposition by galling species, fig flowers undergo abrupt modifications such as cell 

hypertrophy and hyperplasia, altering the environment inside the fig (Jansen-González et al., 

2012, 2014). Cleptoparasite and parasitoid fig wasps oviposit in already induced galls, so that 

their larvae feed on vegetal tissue or directly on the galler larvae, respectively (Joseph, 1958; 

Tzeng et al., 2008). At this stage, the internal structure of the fig is completely modified, with 

enlarged, thickwalled galls filling almost completely the fig interior. To deposit the eggs, the 

ovipositor has to thrust into tissues that are heterogeneous in texture, from swollen cells and 

meristematic tissue inside galled flower ovaries to the thickened gall walls, which pose different 

mechanic challenges regarding anchoring and penetration. Therefore, a variable ovipositor 

tooth system is expected, permitting appropriate grip in different-textured tissues. 

Ovipositor tooth characters have been investigated in depth in parasitic wasps within a 

mechanistic framework (e.g., Belshaw et al., 2003 in Ichneumonoidea, and Ghara et al., 2011 

in fig wasps). Ghara et al. (2011) demonstrated that the ovipositor microstructure of NPFW 

species associated with F. racemosa matches resource use, i.e. the ovipositor of parasitoid 

species has a larger number of sensilla and ovipositor teeth and the extent of sclerotisation of 

the ovipositor tip correlates with the force required to penetrate the fig wall. However, studies 

investigating changes in life history and oviposition sites in relation to changes in ovipositor 

morphology in an explicitly evolutionary framework are largely missing. Within this context, 

we studied 24 agaonid species with different life histories (e.g., galling and nongalling species), 

which, therefore, use different resources for oviposition. Study species represent all main clades 

of Agaonidae, including representatives of four pollinating species and all described genera of 

NPFW species. In addition to acquisition of data for various species, recent improved 

phylogenetic understanding of NPFW taxa (e.g., Cruaud et al., 2011a, 2011b) has permitted an 

explicit comparative analysis. We used a formal phylogenetic framework 1) to investigate the 

correlation between the evolution of overall ovipositor morphology and life history in agaonid 

wasps, and 2) to identify functional traits related to ovipositor teeth and to estimate how these 

traits evolved in Agaonidae. We hypothesised that fig wasps with different life histories and, 

therefore, using different resources for oviposition, would exhibit differences regarding 

ovipositor structure. We adopted a comparative approach aimed at understanding the evolution 

of different strategies related to the solution of a common problem regarding resource use. 



 

2. Methods 

2.1. Study species 

We sampled 24 species with different life histories and therefore ovipositing in different 

substrates throughout fig development in order to maximize the ecological and phylogenetic 

diversity under consideration. The present study species belong to all main clades of Agaonidae 

including representatives of all described genera of NPFW (according to the phylogenetic 

hypotheses of Cruaud et al., 2011a, 2011b) in addition to four genera of pollinating wasps. All 

study species' life histories are known from the literature or from personal observation by the 

authors (Galil et al., 1970; Elias et al., 2008, 2012; Peng et al., 2005; Wang and Zheng, 2008; 

Cruaud et al., 2011a; Farache et al., 2013). We included 10 Neotropical species (associated with 

six Ficus hosts), 12 Indo-Australasian species (associated with 10 Ficus hosts), and two 

Afrotropical species (associated with two Ficus hosts) (Table 1). Vouchers are deposited at 

CBGP (INRA), Montferrier-sur-Lez, France. 

2.2. Ovipositor characters 

Observation and measurements were made from fresh material, as well as from 100% 

ethanol-preserved material and dry specimens. Body length was estimated by adding the 

measures of head length, mesosome length and metasome length. Measurements were made on 

10 to 20 individuals of each species under a Leica MZ 16 stereomicroscope (40X 

magnification). Ovipositors from two to five individuals of each species were dissected, 

dehydrated in alcohol series when necessary, gold coated for 280 s and examined with a Zeiss 

EV050 Scanning Electron Microscope (SEM). 

 

Table 1 

Study species, taxonomic and ecological information. NG = Non-galler; OG = Ovary galler; Poll = 

Pollinator; RG = Receptacle galler. * indicates non-pollinating species that enter syconia. 

Life 

history 

Fig wasp species Fig wasp 

subfamily 

Host Ficus species 

(Ficus section) 

Country Specimen 

Poll Ceratosolen sp Kradibiinae F. hispida (Sycocarpus) Laos 5372_0199 

Poll Pegoscapus sp Agaoninae F. citrifolia 

(Americanae) 

Brazil 2672_0195 

Poll Platyscapa sp Agaoninae F. concinna 

(Urostigma) 

China 1660_0101 

Poll Tetrapus sp Tetrapusinae F. obtusiuscula 

(Pharmacosycea) 

Brazil 2685_0101 

OG Idarnes sp.3 

(flavicollis group) 

Sycophaginae F. eximia (Americanae) Brazil 2565_0295 

OG Idarnes flavicollis Sycophaginae F. obtusifolia 

(Americanae) 

Brazil 2579_0295 



 

 

Based on a functional approach, we used characters related to ovipositor teeth for their 

potential role in drilling and/or anchoring the ovipositor, allowing its movement through the 

substrate (Le Ralec, 1991; Le Ralec et al., 1996; Quicke et al., 1999; Belshaw et al., 2003; 

Vilhelmsen and Turrisi, 2011) (Table 2 and Figure S1). 

We did not include ovipositor length or ovipositor diameter in the analysis since these 

characters are correlated with fig size (Zhen et al., 2005; Tzeng et al., 2014). We used absolute 

OG Sycophaga fusca Sycophaginae F. racemosa 

(Sycomorus) 

India 1223_0203 

OG Sycophaga sp Sycophaginae F. auriculata 

(Sycomorus) 

China 0825_1294 

OG* Sycophaga silvestrii* Sycophaginae F. sur (Sycomorus) Senegal 2451_0295 

OG* Sycophaga 

sycomori* 

Sycophaginae F. mucuso 

(Sycomorus) 

Cameroun 1932_0302 

OG Sycophaga testacea Sycophaginae F. racemosa 

(Sycomorus) 

India 1223_0103 

RG Anidarnes dissidens Sycophaginae F. obtusifolia 

(Americanae) 

Brazil 2586_0201 

RG Anidarnes rugosus Sycophaginae F. crocata 

(Americanae) 

Brazil 2578_0201 

RG Conidarnes sp. Sycophaginae F. sumatrana 

(Urostigma) 

Indonesia 2085_0201 

RG Idarnes sp.7 (incertus 

group) 

Sycophaginae F. citrifolia 

(Americanae) 

Brazil 2136_0202 

RG Pseudidarnes cooki Sycophaginae F. obliqua 

(Malvanthera) 

Australia 2558_0101 

RG Pseudidarnes sp. Sycophaginae F. baola (Malvanthera) Solomon 

Islands 

2523_0201 

RG Pseudidarnes 

minerva 

Sycophaginae F. rubiginosa 

(Malvanthera) 

Australia 1418_2801 

NG Eukoebelea sp. Sycophaginae Ficus sp. (Malvanthera) Australia 1418_3005 

NG Idarnes punctata Sycophaginae F. eximia (Americanae) Brazil 2569_0295 

NG Idarnes sp.1 Sycophaginae F. citrifolia 

(Americanae) 

Brazil 2559_0295 

NG Idarnes sp.9 Sycophaginae F. obtusifolia 

(Americanae) 

Brazil 2580_0201 

NG Sycophaga agraensis Sycophaginae F. racemosa 

(Sycomorus) 

India 1360_0503 

NG Sycophaga 

spinitarsus 

Sycophaginae F. variegata 

(Sycomorus) 

Australia 1423_0201 

 



 

rather than relative measurements because no correlation between ovipositor traits and wasp 

size was detected (Supplementary material - Figure S5). 

2.3. DNA sequencing, sequence alignment and phylogenetic analyses 

The molecular protocols were applied as described by Cruaud et al. (2011a) and specimen 

sampling locations, hosts, and GenBank sequences are presented in Supplementary material 

(Table S1). 

In order to obtain a more robust phylogenetic inference and to avoid tree-search artifacts 

caused by subsampling and long-branch attraction, the species analysed in this study were 

combined with the ingroup species used in the most comprehensive dataset for Sycophaginae 

to date (Cruaud et al., 2011b). A time-calibrated tree was obtained using BEAST v 2.4.2 

(Drummond and Rambaut, 2007) (Figure S6) and subsequently pruned in order to keep only 

the studied taxa (Figure S7). 

Table 2 

Ovipositor traits coded into continuous characters for this study. 

Character Formula 

1. Number of teeth on 

gonapophysis IX – 

2. Mean tooth height 

(mm) 

Ʃ tooth height/tooth 

number 

3. Coefficient of variation 

of tooth height 

SD of tooth 

height/mean tooth 

height 

4. Mean distance between 

teeth (mm) 

Ʃ distance between 

teeth/(tooth number)-

1 

5. Coefficient of variation 

of distance between 

teeth 

SD of distance 

between teeth/mean 

distance between 

teeth 

6. Relative ovipositor 

length bearing teeth 

(mm) 

Portion bearing 

teeth/total ovipositor 

length 

 

Phylogenetic analyses and molecular dating are described in detail in the Supplementary 

material. 



 

2.4. Correlation between ovipositor traits and life history 

In order to determine which ovipositor traits are related to life history, the relationship 

between each morphological character (Table 2) and life history (0 = galler or 1 = non-galler) 

was analysed with a phylogenetic generalised linear model for binomial response (Ives and 

Garland, 2010) using the “phylolm” package (Ho and Ané, 2014), as implemented in R 

environment (R Development Core Team, 2015). 

As recommended by Revell (2010), the phylogenetic signal is estimated simultaneously with 

the regression coefficients. This measure of phylogenetic signal is associated with α, that gives 

the change rates among trait values. A value of a (- log α) greater than one represents a strong 

phylogenetic signal, whereas values of - 4.0 or less indicate a low phylogenetic signal (Ives and 

Garland, 2010). 

We used a model comparison approach (Burnham and Anderson, 2002) based on Akaike 

Information Criterion (AIC) to rank competing models. We calculated the difference between 

the AIC of each model and the lowest AIC value (ΔAICi = AICi – AICmin); therefore, the best 

model had a ΔAIC = 0. We estimated the relative weight of each model (wAIC), which 

represents the likelihood of a given model to be the best one among a set of concurrent models 

(Johnson and Omland, 2004). Models with ΔAIC ≤2 and wAIC ≥0.10 were considered equally 

plausible to explain the observed data (Burnham and Anderson, 2002; Johnson and Omland, 

2004). As a baseline for comparison, we included a null model (i.e., dependent variable ∼ 

constant), which refers to the absence of effect. 

Because morphological characters (Table 2) reflect ovipositor tooth morphology, they do not 

apply to species that lack ovipositor teeth. Therefore, only species that bear teeth in their 

ovipositors were included in this analysis (16 species). 

2.5. Evolution of ovipositor traits 

In order to better understand how morphological characters (Table 2) evolved in Agaonidae, 

we performed ancestral state 

Table 3 

Ovipositor and life history traits coded into discrete (i.e., categorical) characters. NA: not  

applicable. 

 

1 = Non-pollinating-ovary galler (receptive flowers) 

2 = Receptacle galler (pre-receptive flowers) 

 1 = Non-galler3 = Non-galler (galled flowers) 

   

 
 

   
 

  
 

  
  

 
     

  



 

 

reconstruction analysis. We used a likelihood framework implemented on the R package 

phytools (Revell, 2012). For each character, values were colour-coded, so that the variation in 

colour seen in the reconstruction reflected variation in character values. 

Furthermore, to investigate how both general ovipositor morphology and life history change 

throughout the evolutionary history of Agaonidae, ancestral states were also estimated. In this 

case, characters were coded as multistate to provide summarised information. Multistate 

codings for overall ovipositor morphology and life history are detailed in Table 3. Analyses 

were performed in R environment with the package phytools (Revell, 2012), using a stochastic 

reconstruction that allowed the calculation of a Bayesian posterior probability distribution. The 

results of 1000 stochastic character maps for each trait were used to estimate probabilities at 

each node (Revell, 2013). States for each character were colour-coded and probabilities of each 

state at nodes were represented by pie charts. 

3. Results 

3.1. Morphological and phylogenetic data 

Overall ovipositor morphology and tooth measurements, as well as the tree representing the 

phylogenetic relationships and divergence times among the 24 study species were used as the 

framework for all comparative studies and are shown in the Supplementary material (Figures 

S2-S4, Figure S7 and Table S2). 

Eukoebelea was recovered as the sister group for all other Sycophaginae. Idarnes and 

Sycophaga were recovered as monophyletic groups and each Idarnes species group was also 

recovered as monophyletic, with the carme species group being sister to the flavicollis + incerta 

species groups. Pseudidarnes + Anidarnes + Conidarnes were also monophyletic, in agreement 

with Cruaud et al. (2011a, 2011b). 

All receptacle-galling species lack teeth on their ovipositors, regardless of the clade they 

belong to (Idarnes sp.7 (incertus group) is sister to a clade of tooth-bearing Idarnes). Even 

though vestigial teeth are present in the females of this species (Figure S2), they are not 

functional. The ovipositors of Agaonidae pollinating species bear one or two apical teeth. On 

the other hand, ovary-galling NPFW have multiple teeth in their ovipositors. Idarnes galling 

species bear fewer and shorter teeth than Sycophaga galling species (5–6 vs. 7–11, respectively, 

Table S2). However, internally ovipositing Sycophaga (Sycophaga sycomori and Sycophaga 

silvestrii) seem to have reduced ovipositor teeth which were the shortest among the study 

species. The non-galling NPFW also have multiple teeth in their ovipositors, Idarnes and 

Eukoebelea species have irregular serrated teeth, while non-galling Sycophaga have uniform 

teeth similar to those of the non-pollinating galling species. 



 

Table 4 Models tested to predict fig wasp life history (0– galler, 1– non-galler). Models with 

ΔAIC < 2 and wAIC > 0.1 were considered equally plausible. wAIC = model weight, a = 

phylogenetic signal estimated for the regression, na = not applicable. 

 

Model 

Predictor 

Slope AIC ΔAIC wAIC a 

Coefficient of 

variation of 

distance 

between 

teeth 

+ 15.52 0 0.508 0.70 

Mean distance 

between teeth 

+ 16.02 0.5 0.395 1.10 

Null model na 22.33 6.81 0.017 1.40 

Number of 

teeth 

+ 23.98 8.46 0.007 1.40 

Coefficient of 

variation of 

tooth height 

+ 24.29 8.77 0.006 1.52 

Relative 

ovipositor 

length bearing 

teeth 

– 24.38 8.86 0.006 1.40 

Mean tooth 

height 

+ 24.76 9.24 0.005 1.40 

3.2. Correlation between ovipositor traits and life history 

The coefficient of variation of distance between teeth and the mean distance between teeth 

were equally plausible to predict the life history of fig wasps (ΔAIC ≤ 0.5, ∑wAIC = 0.903), 

i.e. species with more widely spaced teeth and more uneven tooth spacing are more likely to be 

non-gallers. All other tested models contributed little to the explanation of fig wasp life history. 

Indeed, most of them were less plausible than the null model (Table 4). Most a values were 

higher than 1.0, indicating a phylogenetic signal in the response variable (life history). Our 

approach using a general phylogenetic linear model was therefore suitable. 

3.3. Evolution of ovipositor traits 

We presented ancestral character state reconstructions only for the ovipositor traits 

significantly correlated with life history (ΔAIC < 2 and wAIC > 0.1) (Fig. 2). Reconstructions 

for all study characters are presented in Supplementary material (Figures S8–S9). 

In Sycophaga, both mean and coefficient of variation of distance between teeth are higher in 

the non-galling species (violet to black colours in Fig. 2). In Idarnes, more spaced and uneven 



 

spacing among teeth also occurred in non-galling species (dark blue to black colours in the non-

galling clade Idarnes sp.1 + Idarnes sp.9 + Idarnes punctata, Fig. 2). 

The ancestral condition of the overall ovipositor morphology of Agaonidae was probably 

uniform teeth (67% posterior probability) or one-two apical teeth (32% posterior probability). 

Regarding life history, pollinating or non-pollinating ovary gallers were probably the ancestral 

state (70% and 28%, respectively) (Fig. 1). Loss of ovipositor teeth occurred independently at 

least twice in Sycophaginae lineages in which wasps are receptacle gallers. However, this 

number may have been underestimated since some Sycophaga that gall fig receptacles (Cruaud 

et al., 2011a) were not included in our analyses. Non-galling life history evolved at least three 

times in Sycophaginae, i.e., Sycophaga spinitarsus + Sycophaga agraensis clade, Eukoebelea, 

and Idarnes carme species group clade (Fig. 1). 

Shifts in life history and resource use were correlated with shifts in overall ovipositor 

structure in the Idarnes clade. Within Idarnes, all shifts in life history were associated with 

changes in overall ovipositor morphology. Ovipositors exhibit multiple uniform teeth in ovary-

galling species, whereas non-galling species have multiple serrated teeth. Species that induce 

galls in the receptacle lack teeth on their ovipositors. On the other hand, within Sycophaga, the 

shift from ovary-galling to non-galling life history in the clade Sycophaga agraensis + 

Sycophaga spinitarsus was not followed by changes in overall ovipositor morphology, which 

maintained the ancestral condition of uniform teeth. 



 

 

Fig. 1. Patterns of evolution of mean distance between teeth (left) and coefficient of variation 

of distance between  teeth (right) in the ovipositors of fig wasp species (Hymenoptera: 

Agaonidae). Colour shifts reflect changes in these characters throughout evolution of the group. 

Scale bars at the bottom show correspondence of colours and values for each character. 

Reconstructions were performed under a likelihood framework. Species in grey correspond to 

galling life history, while species in black are non-gallers. Character mapping schemes were 

mirrored to allow the simultaneous appreciation of a pair of characters being reconstructed.  



 

 

Fig. 2. Patterns of evolution of life history (left) and ovipositor morphology (right) in the studied 

fig wasp species (Hymenoptera: Agaonidae). Squares representing each terminal taxon are 

colour-coded according to life history on the left tree (pink = pollinating ovary gallers, blue = 

non-pollinating ovary gallers, black = receptacle gallers, and red = non-gallers) and according 

to overall ovipositor morphology on the right tree (pink = one or two apical teeth, blue = 

multiple uniform teeth, black = no teeth, and red = multiple serrated teeth). Pie charts at each 

node represent probabilities of ancestral states using Bayesian posterior probabilities. Absent 

taxa on the right tree indicate missing data. (For interpretation of the references to colour in this 

figure legend, the reader is referred to the web version of this article.) 

 

4. Discussion 

Our results showed that overall ovipositor morphology is generally correlated with life 

history in agaonid fig wasps. This correlation seems to be driven by the characteristics of the 

substrate used for oviposition (Kawakita and Kato, 2016). Ovipositor morphologies seem to be 

related to constraints imposed by features of the oviposition sites, since ovipositor morphology 

has experienced convergent evolution at least four times in Sycophaginae according to the 

resource used (i.e., receptacle, flower ovary, induced galls; Fig. 2). The use of the fig receptacle 



 

is associated with absence of ovipositor teeth. Among ovary gallers, pollinating wasps have one 

or two teeth in the distal extremity of their ovipositors and galling NPFW species have multiple 

homogeneously sized and spaced teeth. On the other hand, most non-galling fig wasps have 

multiple teeth with heterogeneous size and spacing. 

Non-pollinating ovary gallers that enter the fig receptacle to lay eggs (i.e., Sycophaga 

sycomori and S. silvestrii), however, do not completely follow this pattern, but a more detailed 

analysis reveals morphological convergences that support the morphology-life history 

correlation. Both S. sycomori and S. silvestrii have multiple teeth like their congeneric species 

that oviposit externally. Nonetheless, the teeth of these species are less developed, being 2–3 

times shorter than those of the externally ovipositing Sycophaga (Figure S3 and Table S2). 

These less developed teeth may suggest that manoeuvrability is not an issue for internal galling 

species. Indeed, pollinators (Agaonidae) oviposit internally and have one or two teeth in their 

ovipositors, as ovipositor insertion occurs along the vascular bundle of receptive flowers, which 

is used as a guide (Verkerke, 1987). On the other hand, Sycophaga wasps evolved strategies 

differing from those of pollinators and have a different mode of ovipositor insertion in the 

flower and location of egg deposition (Galil et al., 1970; data on Sycophaga sycomori). In both 

cases, there seems to be limited pressure for selecting a complex tooth system in ovipositors, 

supporting the idea of a potentially simpler ovipositor in terms of capacity of movements and/or 

anchoring. 

The scenario is different for externally ovipositing ovary gallers. Their ovipositors reach the 

interior of the fig and have to bridge gaps between flowers until they are inserted (Elias et al., 

2012; data on Idarnes sp.3). Tooth morphology may be involved in ovipositor movement inside 

the fig, through flowers that are used as anchoring points until the exact oviposition site is 

reached (Vincent and King, 1996). These wasps also insert their ovipositors through the stigma 

of mature pistillate flowers, as pollinators do (Elias et al., 2012; data on Idarnes sp.3). Therefore, 

oviposition in young flower ovaries involves precise ovipositor insertion, which seems to be 

related to the uniform ovipositor structure found in galling Sycophaginae wasps. 

The association between life history and ovipositor traits suggested by descriptive data was 

confirmed by phylogenetic regression analysis. Mean distance between teeth and the coefficient 

of variation of distance between teeth showed that non-galling species have more spaced teeth, 

with uneven spacing, as opposed to what was observed in galling species. The other variables 

analysed (tooth number, mean tooth height, coefficient of variation of tooth height, and relative 

ovipositor length that bears teeth) did not show a significant correlation, possibly because they 

are not related to life history or because they have no biological meaning alone. Our results 

suggest that maneuverability relies on tooth spacing and on the unevenness of tooth spacing. 

Teeth that are closer together possibly permit fine movement, while teeth that are further apart 

would permit the use of substrates with different textures and structures. 

Regarding the evolution of life histories and ovipositor traits within Agaonidae, our results 

suggest that the ancestral condition for ovipositor morphology was most likely the presence of 

one to two apical teeth. Regarding life history, ovary galling species that oviposit in receptive 



 

figs possibly represent the ancestral state. It is important to note that the results of both 

independent analyses were biologically compatible, increasing our confidence in these data. 

Receptacle galling life history arose at least two times (our sampling did not include 

receptacle gallers within Sycophaga) and was always correlated to the loss of ovipositor teeth. 

In the clade Pseudidarnes + Anidarnes + Conidarnes, ovipositor teeth were completely lost. 

However, Idarnes sp.7 (incertus group) shows some vestigial teeth that could be related to a 

recent loss, associated with a recent shift to receptacle galler habit. Loss of ovipositor teeth also 

occurred in other fig-related Chalcidoidea that are receptacle gallers (L.G. Elias, unpublished 

data on Epichrysomallinae and Otitesellinae). This relationship is also observed in other 

Parasitica species that oviposit in shallow substrates or in exposed hosts and have fewer or no 

teeth. This is the case for Braconidae wasps that parasitise exposed hosts or hosts that live close 

to the surface (Brajković et al., 1999), sawflies that glue their eggs to the leaf surface (Weltz 

and Vilhelmsen, 2014) and Platygaster diplosisae (Platygasteridae) that parasitises hosts with a 

very thin egg envelope (Nacro and Nénon, 2009). Loss of ovipositor teeth in these groups 

supports the hypothesis that multiple teeth are related to drilling through the fig wall and to 

ovipositor movement inside figs. 

Evolution of non-galling habit occurred three times independently in our reconstructions, but 

general ovipositor morphology did not undergo substantial modifications in Sycophaga 

agraensis + Sycophaga spinitarsus. These wasps have uniform teeth like other Sycophaginae, 

supporting our idea of versatility of this ovipositor morphology, which seems to be adapted to 

oviposition in different substrates (Ficus flowers or developed galls). Alternatively, in the 

Idarnes clade and in Eukoebelea, a different, serrated ovipositor structure evolved in correlation 

with the shift in life history, demonstrating different solutions to explore analogous substrates 

among fig wasp clades. In fact, serrated ovipositors occur in the majority of non-galling fig 

wasps (L.G. Elias, unpublished data on Sycoryctinae and other fig-associated Chalcidoidea). 

Moreover, oviposition in harder substrates is also usually correlated to serrated ovipositors in 

other parasitic Hymenoptera (Quicke et al., 1999). 

Our results provide new data that contribute to the understanding of the origin and 

maintenance of the fig-fig wasp mutualism. The ancestral Agaonidae probably used flower 

ovaries as oviposition sites due to the high nutritional value of these structures. Flower ovaries 

are expensive resources because they are directly linked to the reproductive success of the plant. 

Nonetheless, the exchange of such valuable resource was maintained throughout the 

evolutionary history of the mutualism. Indeed, the Ficus-fig wasp association is exceptional 

among nursery mutualisms because it represents a stable relationship, with very few reversals 

(but see Compton et al., 1991; Peng et al., 2008). The use of other resources for oviposition (fig 

receptacle or galls) emerged later in the evolution of the group in what seems to be a case of 

adaptive radiation related to the occupancy of new niches (Schluter, 2000). Paradoxically, the 

greatest species diversification within Sycophaginae has occurred among non-galling wasps, 

probably due to their wider niche amplitudes (Elias et al., 2008). However, the evolution of this 

life history, as well as the receptacle galling life history, were conditional on the previous 



 

existence of mutualism, highlighting the role of mutualistic interactions as sources of biological 

diversification. 

Our results show that, in most cases, ovipositor characteristics are related to the use of 

different resources as oviposition sites (Kawakita and Kato, 2016). Different ovipositor 

characteristics allow the exploitation of new niches and may be related to resource partitioning 

and species co-existence in the fig-fig wasp system. The evolutionary approach used in the 

present study unravelled how different life histories evolved in correlation with morphological 

traits in fig wasps and opens new perspectives for studies regarding other species involved in 

multitrophic interactions. 
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