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Abstract

In a fig—fig wasp symbiosis, we have discovered that male fig pollinaddiensiella fimbriataWaterston) bite into the dehis-
cent anthers dficus natalensis leprieuiViq., thus scattering the pollen graingéughout the syconium. Fexie pollinators are
the only ones to transfer pollen to conspecific trees, and collect pollen actively from the anthers only. Thus, this male behaviour
appears to be antagonistic t@thollination process. Weompare different waspollinating behaviours between fig species ex-
hibiting dehiscent and non-debent anthers and conclude that this male b&ha is new and not required with spontaneously
dehiscent anthers. These findings could suggest a host shiffasfsiella fimbriata To cite this article: G. Michaloud et al.,
C. R. Biologies 328 (2005).
0 2004 Académie des sciences. Published by Elsevier SAS. All rights reserved.
Résumé

Dans une symbiose figuier-inisateur, nousavons découvert que les matbs|’espece pollinisatriced{fonsiella fimbriata
Waterston) mordent dans les anthéres, qui sont déhiscentes, dispersant ainsi le pollen dans |Bifigs@aglensis leprieuri
Miq. Les pollinisateurs femelles étant les seuls a transférer le pollen qu'ils collectent activement et uniquement a partir des
antheres, ce comportement des males parait mal adapté. Nous comparons différents comportements de pollinisateurs assoc
a des especes de figuiers dont les antheres sont déhiscemtesdgthiscentes, et concluons que le comportement observé est
nouveau, et inadapté a la déhiscence des anthéres. L'absence de concordance entre les caracteres analysés pourrait suggére
changement d’h6te cheédfonsiella fimbriata Pour citer cet article: G. Michaloud et al., C. R. Biologies 328 (2005).
0 2004 Académie des sciences. Published by Elsevier SAS. All rights reserved.
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1. Introduction Our studied fig speciegicus natalensis leprieuri
Mig., is ‘monoecious’ with spontaneously dehiscent
anthers. Therefore, the female waspfgnsiella fim-
briata Waterston)7] can actively load their two tho-
racic pockets with pollefb]. However, we discovered
that the flightless male waspsAffimbriata were bit-
ing into the spontaneously dehisced antl&isthus
scattering the pollen grains throughout the syconium.
Since females ofA. fimbriata cannot collect pollen
outside the anthers, this male behaviour appears to be
antagonistic to the pollinatioprocess. This situation
has never been reported elsewhere in the pollination
literature and should increase the cost for the fig-tree
reproduction without any apparent gain for the wasps.
Thus, we propose to answer the following ques-

Among the many known relationships between
plants and pollinators, the species-specific and oblig-
atory mutualism between figs (Morace&igus) and
pollinating wasps (Hymenoeta, Agaoninae) is often
considered as an example of coevolution due to the
precise morphological, physiological, and behavioural
co-adaptation§l—6]. The fig (syconium) is a closed
urn-shaped inflorescence that may contain both male
and female flowers, and that may be actively or pas-
sively pollinated, depending on the species.

In ‘monoecious’ fig species, the fig has both male
and female flowers, and the female wasps enter the fig
when female flqwers are receptive, lay €ggs in some tions. (1) Does the behaviour of the male wasp lead
ovules .and pollinate others at the same tlme'. Th.us, to a cost for the fig tree pollination? To answer to this
the pollinated ovules develop seeds and the Ov'pos'tedquestion, we compared the average quantities of pollen
ones are transformed into galls with the larval devel- wasted by male wasps with)he quantitis produced

opment of the young wasp. A few weeks later, the 5.4 i) the quantities collected for pollen transfer by
adult stage of this new generation of wasps coincides o female pollinating wasps. (2) How can we explain

with the maturation of the seeds and pollen. The fe- 1o male wasps’ behaviour? To answer to this ques-
male wasps are the only ones able to transfer pollen 10 tjon we will (i) consider whether this behaviour could
conspecific fig trees. S be due to a feeding habit; oif X be adapted to a male
In these fig species, we distinguish three types of fower structure existing in another fig species. As co-
pollinating wasp behaviour in relation to differencesin  ayg|ution often results in correlated trajg], and may
the anther structure. In ‘type one’, the anthers do not pg predictive of the pollination mode among figs and
open spontaneously, and the males must sever them tqjg wasps[9], we will make a comparative analysis of

allow the female wasps to access to pOllen for collec- different cases Occurring in other f|g_f|g wasp symbio-
tion. The behaviour of the male wasps is therefore es- gjs.

sential for pollination. In the ‘type two’, the anthers do

not dehisce spontaneously and only the female wasps

split open the anthers, with the base of the antennae2. Materialsand methods

and mandibles, and widen the slit along the line of

dehiscence to collect pollem the ‘type three’, the an- Our observations took place in northeastern Gabon
thers dehisce spontaneously, which allows the females (Makokou field station, IRET), in the botanic garden,
to actively collect the pollen grains from the anthers. where this riparian fig species is colonised only by a
In none of these three types of behaviour, are the pol- single female of the studied pollinating species and
linating females able to collect pollen outside of the no parasite at all (foundress @f. fimbriata always
anthers. In the last two types, the male wasps have nodied within the syconia and dead bodies could easily
role in the pollination activity, and thus if they sever be identified. In the natural riparian habitat, a mean
the anthers, it will affect the collection of pollen by of 1.2 foundresses were observed, SM.4 (SD will
females and therefore the pollination process. be represented by in the text andlable 1 n = 180
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Table 1
Basic data: mean syconium productiorHicus natalensis leprieunivhen colonised by a single female Affonsiella fimbriata
Sample N (syconia) Female flowers Male flowers
Pollinators Infertile Seeds Bladders
males females
1 18 94+35 710+ 146 15944335 384+299 518+454 341+7.9
2 19 74+108 452+14.8 7104282 412+269 535+312 165+7.8

analysed syconia). When the pollinating wasps were estimate of 330702 pollen grains produced per syco-
coming out of their galls within the syconia some of nium in sample 1 and 160017 in sample 2.
them were cut into halves to allow us to collect male To estimate the average quantities of pollen wasted
wasps while biting into the dehisced anthers in order by male wasps, we analysed the anthers of two syconia
to analyse the body and the digestive tracts of 12 of containing only males (91 and 93, respectively) and no
them. female wasp at all (they contained 23 and 32 anthers,
To estimate the quantity of pollen missing per an- respectively). We found an average of 43% and 87%
ther we collected at random from each of two trees, of pollen missing. Also, another one of the analysed
two samples of 20 syconia at fruit stage with ma- syconiafrom sample 1 had an unusual male-biased sex
ture pollen. We isolated each syconium, unopened, in ratio with 52 male and only 19 female pollinators, and
a cloth-covered vial in order to collect the emergent had 88% of its pollen removed from the 15 anthers
wasps and monitor them; the flowering structure was counted.
also analysedTable J). Since each anther is made of In the analysis of syconia containing broods with
four loculi[10], we divided each of them into two parts  normal female-biased sex ratios (skmterial and
in order to note accurately the presence or absence ofmethodssection above), the average quantities of
pollen. Thus, each anther was divided into eight parts, pollen removed from anthers were 56£019% for

each one representing 12.5% for calculations.

To estimate the quantities of pollen produced per
syconium, we made a thorough count under micro-
scope of pollen grains of 24 virgin flowers belonging
to six syconia. In the analysis of brood structure, we
refer to normal female biased sex rafid]. The ob-

sample 1 ¢ = 18 syconia analysed) and 64%11%
for sample 24 = 19).

Therefore, it appears that the proportion of pollen
removed from anthers when males are alone, or in
greater abundance than females, can be higher than in
normal female-biased sex-ratio situations. To estimate

served mean sex ratio (number of males divided by the quantity of pollen grains collected by female polli-

total number of individuals) was. 02+ 0.05 ( = 45
broods analysed), andXd + 0.07 (» = 47) for trees
1 and 2 from which our two fig samples originate.

3. Resaults

The analysis of the 12 males observed biting into

nators, we first made a thorough count of pollen grains
(stained with methyl blue) on 12 females with both
pollen pockets being full (462 124 pollen grains).
We then estimated the average proportion of pollen
stored by females in their two thoracic pollen pock-
ets by dividing each of them into four parts in order
to note accurately the presence or absence of pollen.
The average pollen pocket load per female was 56%

the anthers and spreading pollen around showed abun-and 48% for samples 1 and 2, respectively<1332

dant pollen grains on the external parts of their body,

and 860 emergent female wasps analysed). Multiply-

but no trace in their digestive tracts, thus suggesting ing these proportions by the above average of 469

that this was not a feeding behaviour.

The count of pollen grains under microscope of 24
virgin flowers provided a mean of 96283995 pollen
grains per anther. This result multiplied by the mean
number of male flowers per samplEaple ) gave an

pollen grains and by the average number of female
pollinators born per syconiumréble 1 provided an

estimation of the quantity of pollen grains removed by
females per syconium: 18647 in average for sample
1 and 10175 for sample 2 (respectively 6% and 7%
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of the average quantities pbllen produced per syco- correlated to anthers that are not dehiscent, which
nium, only). is not the case. The status éffonsiella fimbriata
Subtracting these 6% of pollen dedicated to pollina- is also puzzling for WiebefL2], who compares the
tion from the above quantities that are removed from classification of the AfricarFicussection Galogly-
anthers (56% and 64% for samples 1 and 2, respec-chia with that of the genudlfonsiella It seems to
tively), we find that 50% to 58% of the pollen pro- him that the fig—fig wasp relationship within this-
duced per syconium must be wasted by males, and thatcussection is not as specific as it is in others. Also,
therefore an average of 44% and 36% of the pollen of recent phylogenic analysis by Kjellberg et[dl3] puts
each analysed sample remains untouched, which con-forward some discrepancies between wasp Ends
stitutes a buffer against the pollen wasted by males. classification withinFicus-sectionGaloglychig sub-
sectionChlamydodoraéMildbr. & Burret) C.C. Berg,
to whichFicus natalensis leprieutielongs. They con-
cluded that “there are some situations which show that
co-speciation is not an obligate rule”, and suggested a
Our results show that the pollen wasted by males host shift of some fig pollinating species. Fraiki]
was not consumed and did not lead to a pollen short- considers that in fig and in fig wasps, behavioural dif-
age for the pollination process, which might explain ferences “may be good characters for phylogenetic
why this apparently maladaptive male behaviour has inference, or at least that a congruence between estab-
not been counter selected. Moreover, our estimateslished phylogenies and behavioural differences may be
show that the average quantities of pollen produced observed”.
per syconium were 16 to 18 times what is collected To understand the absence of congruence between
by females for pollinationalthough the male:female the male wasp behaviour and the presence of spon-
flower ratio ranges between 0.12 and 0.09 (for samplestaneous dehiscent anthers, we compared the differ-
1 and 2, respectively), thus fitting with other active ent fig—fig wasp symbiosis known to involve non-
pollinated fig species, which ratios ranged from 0.15 dehiscent and dehiscent anthers in actively pollinated
to 0.01[9]. This confirms the remark made by Kjell- fig species. We found three main categoritsh{e 2.
berg et al[9] that producing more pollen in actively 1. Male wasps cut the stamens or (and) detach the
pollinated fig species would probably not increase the ripe anthers; females push their heads into the median
quantity of pollen dispersed by the wasps. Indeed, slit of the non-dehiscent anthers, keep the anther sacs
we see that the limited number of pollinating females open by their antennal scapes, crumble the pollen with

4. Discussion

born per syconium, and the low filling of their pollen

their mandibles and perform the pollen lifting move-

pockets we observed on average (56% and 48% for ment to load their pollen pockets.

samples 1 and 2, respectively) explains the low propor-
tion of pollen dispersed by the wasps (in preparation).
In our study, this pollen overproduction could play a
buffer role in the waste of pollen by the male behav-
iour. Thus, owing to this overproduction, the males’
behaviour does not affect the pollen transfer and the

pollination process. However, it does represent a cost,

2. Only female wasps split open the non-dehiscent
anthers with the base of the antennae and with their
mandibles; widen the slit along the line of dehiscence
and crumble pollen; then actively load pollen into the
pollen pockets. Males do not take part in this process.

3. Anthers spontaneously dehisce, and female
wasps directly and actively load the pollen into their

as the trees could produce less pollen in the absence ofpollen pockets. Males do not take part in this process.

pollen waste.
Our analysis shows that biting into the anthers was

The results of this comparative analysis of the fig—
fig wasp relationships show a good correlation be-

not an act of feeding (feeding occurs during larval tween the anther structure and the wasp behaviour.
stages, only), but the origin of this male behaviour When anthers are spontaneously dehiscent, only the
remains a question. Coevolution often results in the active pollen loading by female wasps is necessary.
existence of traits that are correlaf&d9]. Therefore, In our studied fig specie$; natalensis leprieurithe

in this study of fig—fig wasp symbiosis, the male be- pollinating behaviour of femal@lfonsiella fimbriata
haviour of biting into the anthers, should a priori be consists of active pollen loading, only, and thus per-
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Table 2
Fig and fig wasp species involved in the three different categories ofdigraisp symbiosis with non-dehiscemidedehiscent anthers described
in the text

Category  Fig species Fig wasps species References
1 Ficus sur(syn. ofF capensiy Ceratosolen capensis [23]

F. sycomorus C. arabicus [24]

F. racemosa C. fusiceps [25]

F. fistulosa C. hewitti [26]

2 F. vogelii Allotriozoon heterandromorphum [27]

F. aurea Pegoscapus jimenezi [14]

F. citrifolia Pegoscapus assuetus [14]

F. costaricana Pegoscapus estherae [14,28]

F. hemsleyana Pegoscapus tonduzi [14,28]

F. ingens Platyscapa soraria [29]

F. religiosa Blastophaga quadriceps [14,30]

3 F. pertusa Blastophaga (valentinella) sylvestrii [31]

F. ottoniifolia supsp ottoniifolia Courtella camerunensis and C. gabongrsiSabon) [5,17]

F. ottoniifolia supsp multinervia  C. gabonensis [7]

F. burttdavyi Elisabetiella baijnathi [32,33]

F. natalensis natalensis (a) Elisabetiella stukenber{South Africa); (b)Alfonsiella (a, b)[34];
longiscarapa(South Africa, Zimbabwe; male behaviour not ©) [7]; (d) (e)
described); (CE. socotrensigSouth Africa); (d)E. stuckenbergi and (b) in
(Zimbabwe); (e)A. brongersma(Zimbabwe; male behaviour not Zimbabwe[35]
described)

fectly fits with the observed dehiscence of the anthers. to F. n. leprieuri A host shift situation has once been
In contrast, the male behaviour is unnecessary with the reported among figs and fig waspsb,16} “Cer-
dehiscence of the anthers, and does not corresponcatosolen galilishifted by horizontal transfer from an
to either of the different situations above described unknown presumably extinct, ficus specie$-tayco-
in fig pollination processes: males cut the stamens or morus..”. This former pollinating wasp usds syco-
(and) detach the ripe anthers, when anthers are not de-morusas host for reproduction, but does not pollinate.
hiscent, but never bite into the pollen sacs with their The origin of the behaviour we describe could also
mandibles, as mal®. fimbriatado. To our knowledge, = come from an ancestor involved in a passive pollina-
this behaviour is new among fig—fig wasp relation- tion system. In such a case, if anthers were not spon-
ships. taneously dehiscent, female pollinators could not be
This comparative examination of male flower struc- passively covered with pollen, and the males’ behav-
tures in relation to the behaviours of pollinating iour that consists in biting into the pollen sacs and
species finds no adaptive explanation for biting into spreading pollen around would be required and ef-
the anthers of. n. leprieuri According to the defi- ficient. However, the observed active pollen-loading
nition of coevolution by Janze[8], we have a trait behaviour of the female pollinator, would, in turn, be
(the pollinating male behaviour that consists in biting an interrogation from an evolutionary point of view,
in the anthers) in one organiswlfonsiella fimbriata as well as the presence of the pollen pockets. But
which should correspond to non-dehiscent anthers in in the above speculatiormale and female behav-
the other organisni{ natalensis leprieuii Instead, in iours remain antagonistic. Moreover, the only exist-
our study, the corresponding trait in the other organ- ing co-cladogenesis on the fig breeding system and
ism, F. n. leprieuri (the host fig), exhibits dehiscent pollination behaviour, which includes the gerAl&on-
anthers, which is not related. This unexpected situa- siella[17], does not show evidence of an ancestor in-
tion could suggest a host shift of the pollinating wasp volved in a passive fig pollination system. In addition,
speciesAlfonsiella fimbriatafrom an unknowrFicus according to Kjellberg (personal communication), the
species (bearing most probably non-dehiscent anthers)genusAlfonsiellais only associated with active polli-
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nation fig systems. In conclusion, the present case doeg11] W.D. Hamilton, Extraordinary sex ratio, Science 156 (1967)
not lend itself to any obvious adaptative explanation. A477-488.

Our finding on the co-occurrence of non-correlated [12] J.T. WiebesAgaonidae(Hymenoptera Chalcidoidea) arfd
traits in two coexisting species may contribute to ex- E‘fsl\fgd?rf\ﬁzzﬂvgg ‘(Ng)sgi a’;d(igzg)ﬁi;éﬂggf'e"a)‘ Proc.
plain the above-mentioned ‘discrepancies’ between fig [13] F. Kjellberg, E. Jousselin, M. Hossaert-McKey, J.Y. Ras-
pollinating species an#icus classification[13], and
the numerous exceptions to the usually admitted one:

one species relationship between fig species and fig

plus Biology, Ecology and Evolution oFicus (Moraceae)
pollinating wasps (Chalcidoidea, Agaonidae), in: A. Raman,
C.W. Schaefer, T.M. Withers (Eds.), Biology Ecology and Evo-

wasp specief7,18-22] With the heavy human pres-
sure generating plant population extinctions, such sit-
uations might even become more common.
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