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Abstract

Background: The extent to which co-evolutionary processes shape morphological traits is one of the most fascinating
topics in evolutionary biology. Both passive and active pollination modes coexist in the fig tree (Ficus, Moraceae) and fig
wasp (Agaonidae, Hymenoptera) mutualism. This classic obligate relationship that is about 75 million years old provides an
ideal system to consider the role of pollination mode shifts on pollen evolution.

Methods and Main Findings: Twenty-five fig species, which cover all six Ficus subgenera, and are native to the
Xishuangbanna region of southwest China, were used to investigate pollen morphology with scanning electron microscope
(SEM). Pollination mode was identified by the Anther/Ovule ratio in each species. Phylogenetic free regression and a
correlated evolution test between binary traits were conducted based on a strong phylogenetic tree. Seventeen of the 25
fig species were actively pollinated and eight species were passively pollinated. Three pollen shape types and three kinds of
exine ornamentation were recognized among these species. Pollen grains with ellipsoid shape and rugulate ornamentation
were dominant. Ellipsoid pollen occurred in all 17 species of actively pollinated figs, while for the passively pollinated
species, two obtuse end shapes were identified: cylinder and sphere shapes were identified in six of the eight species. All
passively pollinated figs presented rugulate ornamentation, while for actively pollinated species, the smoother types -
psilate and granulate-rugulate ornamentations - accounted for just five and two among the 17 species, respectively. The
relationship between pollen shape and pollination mode was shown by both the phylogenetic free regression and the
correlated evolution tests.

Conclusions: Three pollen shape and ornamentation types were found in Ficus, which show characteristics related to
passive or active pollination mode. Thus, the pollen shape is very likely shaped by pollination mode in this unique obligate
mutualism.

Citation: Wang G, Chen J, Li Z-B, Zhang F-P, Yang D-R (2014) Has Pollination Mode Shaped the Evolution of Ficus Pollen? PLoS ONE 9(1): e86231. doi:10.1371/
journal.pone.0086231

Editor: Simon Joly, Montreal Botanical Garden, Canada

Received July 20, 2013; Accepted December 9, 2013; Published January 23, 2014

Copyright: � 2014 Wang et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: This project was supported by the National Natural Science Foundation of China (NSFC grant no. 30970403, 31100279), http://www.nsfc.gov.cn/
Portal0/default166.htm. The funders had no role in study design, data collection and analysis, decision to publish, or preparation of the manuscript.

Competing Interests: The authors have declared that no competing interests exist.

* E-mail: yangdr@xtbg.ac.cn

Introduction

Pollen is one of the key reproductive characters of flowering

plants, and has been directly selected upon in the coevolutionary

history of plant and pollination vectors [1,2]. Pollen morphology is

considered as a phylogenetic conserved trait and has been used in

systematic studies in some families, such as Acanthaceae [3],

Moraceae [4–6], Scrophulariaceae [7] and Orchidaceae [8,9].

Many other studies suggest a strong correlation between pollen

characters and pollination mode [10,11]. Psilate (smooth) pollen is

often associated with abiotic pollination (wind or water), and

elaborate pollen ornamentation is correlated with biotic pollina-

tion, especially entomophily [12–14]. Whether pollination modes

influence pollen evolution is controversial, but is arguably best

considered using plant groups that have high species diversity and

robust phylogenic relationships, are at a lower taxonomic level

(genus or lower), and have a long history of different pollination

modes coexisting.

The fig tree and pollinating fig wasp association is a classic

example of a coevolved mutualism [15]. In their mutual

dependency for successful reproduction, fig and fig wasp show

sophisticated adaptations to each other in both morphology and

phenology [16]. Fig trees, including over 750 species, are defined

by the enclosed inflorescence (syconium) with a narrow bract-lined

ostiole. Fig wasps, the only pollinator of fig trees, gain access to the

syconium through the ostiole, using their mandibular appendages

and strong legs. Wasps pollinate the flowers, and oviposit inside

the ovules between the integument and the nucellus, introducing

their ovipositors through the style. An egg is only deposited if the

ovipositor is long enough to reach that location [17,18].

Two pollination modes, active and passive pollination, coexist

across the fig and fig wasp mutualism. Based on the systematic

survey of Kjellberg et al. [19], almost two thirds of fig species are

actively pollinated and the others are passively pollinated. Less

pollen is produced in actively pollinated figs, in which fig wasps

actively collect pollen from anthers, store them in special pollen
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pockets and deposit pollen efficiently on the stigmas within other

receptive syconia using their forelegs [20]. In other fig wasps, the

above behavior is absent and there are often neither coxal combs

nor pollen pockets on their body. Passively pollinated figs usually

produce large quantities of pollen and wasps are coated with

pollen as they emerge from the inflorescence [21]. Molecular

studies estimate that the fig-fig wasp mutualism has been

established for about 75 Myr [15], while fossil records of fig

wasps show that active pollination has existed for at least 34 Myr

[22]. Passive pollination has been inferred as the ancestral mode in

this mutualism, followed by single or multiple origins of active

pollination and several independent losses [23,24], while a recent

study suggested that ancestral pollination modes are equivocal

with independent multi-shifts between passive and active states

[15].

High species diversity, the co-occurrence of two pollination

modes and a long coevolutionary history with its obligate

pollinator makes Ficus ideal for inferring the role of pollination

mode shifts on pollen evolution. However, until now the pollen of

only 45 fig species has been described, in scattered reports focusing

on different pollen flora or pollen rain investigations [25,26].

Systematic studies of the pollen morphology in the genus are still

insufficient, except for recent study of pollen observations for 28 fig

species in Taiwan conducted using SEM [4]. No research has yet

focused on the relationship between pollen morphology and the

pollination mode of Ficus. In this study, by investigating pollen

morphology and pollination mode of twenty-five Ficus species in a

northern region of tropical Asia, we aimed to understand how

pollination mode shifts influence the evolution of Ficus pollen

morphology.

Materials and Methods

Plant sampling and site
Pollen samples of 25 Ficus species were collected from living

trees in or close to Xishuangbana Tropical Botanical Garden

(21u419N, 101u259E), Yunnan, China. The sample, though small,

is representative of the Ficus phylogeny: the samples represent all

six subgenera of Ficus and 10 of 19 sections of the morphological

taxonomy [25] (Table S1), and 9 of 14 phylogenetic clades from

the most current Ficus phylogeny [15] (Figure 1). One to seven

species were included in each phylogenetic clade. Eleven out of 25

sampled species belong to subgenus Urostigma (Figure 1), which

covers about one-third of the approximately 800 global Ficus

species [25]. Though all sampled species were collected from one

geographical area, most of the species are widely distributed in

tropical Asia, the home for almost half of global Ficus species [25].

Pollen sampled from fresh figs are used in this study (for reasons

explained below) hence limiting our sample size. Considering the

low diversity of Ficus pollen [4,25], 25 sampled species with two

pollination modes should be adequate for a descriptive study on

the influence of pollination mode change on pollen morphology

evolution. To establish the phylogenetic relationships of the 25 fig

species, leaf samples from two species, F. esquiroliana and F.

sarmentosa var. henryi, were collected from the same location (for

DNA sequencing), and sequences of the other 23 Ficus species, and

two outgroup species (Antiaropsis decipiens and Castilla elastica), were

included from GenBank (Table S1). The study was approved by

the Xishuangbanna Tropical Botanical Garden, Chinese Acade-

my of Science, which is the owner of the site.

Pollination mode identification
As pollen grains of Ficus are often very small (7–22 mm) and

difficult to count, the anther/ovule ratio (A/O ratio), instead of

pollen/ovule ratio, has often been used in pollination mode

identification [19,23]. Based on previous systematic survey results

of Kjellberg et al. [19] active pollination was inferred when the A/

O ratio was below 0.16 and passive pollination was inferred for A/

O ratios larger than 0.21. Almost no reported species has an A/O

ratio lying between 0.16 and 0.21, which suggests a strong

selection pressure from the pollination behavior of fig wasps. The

A/O ratio of each species was measured by counting numbers of

anthers and female flowers in 3 to 67 figs from three trees in most

cases. Examining one fig from a single tree is sufficient to establish

the pollination mode [19].

Pollen observation with SEM
More than 20 mature stamens from two to four trees from each

species were collected from fresh figs and acetolyzed using a

modified version of Erdtman’s method [27]. Pollen grains were

coated with gold, and observed under an SEM (S-4800) to

measure pollen size (20 grains per species), pollen shape and detail

exine ornamentations under 20006, 70006 and 200006,

respectively. Pollen grains from dry herbaria specimens were not

used here, for two reasons. First, because the pollen exine is very

thin (,1 mm), pollen grains from herbaria easily deform or break

in the SEM environment [4]. Also, few mature pollen can be

found inside syconia on herbaria specimens of Ficus, as the mature

pollen is only available in the male flower phase when figs are

nearly mature and falling from the branch, a stage in which they

may not be frequently collected. Unfortunately, we were further

limited in our sampling from living trees, because the low

population density and asynchronous phenology of most Ficus

species [25] increases the difficulty of getting stamens from many

fresh figs in male flower phase. All these factors contribute to limit

our sample size and also perhaps to explain the relatively little

pollen research that has yet to be conducted in Ficus [4].

Phylogenetic tree and trait mapping
Two nuclear genes (ITS and G3pdh) of all 25 fig species and

two outgroup taxa from tribe Castilleae were used to establish a

robust phylogenetic tree (Table S1). Extraction, PCR and

sequencing methods for F. esquiroliana and F. sarmentosa var. henryi

followed the methods of Xu et al. [28], and sequence data for the

other 25 species (including the two outgroup taxa) were taken from

GenBank (Table S1). Sequences were aligned with MEGA 5.0

[29]. The partitioned ITS+G3pdh dataset Bayesian Inference

analysis was run for 50 million generations for three times using

Mrbayes 3.1.1 [30] with GTR+G (ITS) and HKY+G (G3pdh)

models selected as the best fit model by hierarchical likelihood

ratio tests in jModeltest 0.1.1 [31]. Here, 50 million generations in

the Bayesian analysis is acceptable, as the same topology was

obtained in three simulations, and the average standard deviation

of split frequencies reached 0.0007 to 0.0006 after 30 million

generations, suggesting a very good indication of convergence

according to the Mrbayes manual [30]. Pollination mode, pollen

shape and exine ornamentation types were mapped on the

phylogenetic tree of figs with the ‘‘ape’’ package [32] of R [33].

Data analysis
The influence of pollination mode, A/O ration and sex system

on two continual pollen traits, equatorial axis length (E) and polar

axis/equatorial axis value (P/E value), was analysed with

phylogenetic free regression, which was performed by controlling

phylogenetic auto-correlation using Moran’s eigenvectors as

covariates with function ‘me.phylo’ in ‘adephylo’ package [34] of

R.
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To analyse the correlated evolution between pollen discrete

traits (pollen shape and exine ornamentation types) and pollination

mode and sex system of figs, the BayesTraits program [35] was

used. The BayesDiscrete test module was used to investigate

correlated evolution between pairs of discrete binary traits by

comparing the fit (log likelihood) of two continuous-time Markov

models. The first model assumes that the two traits (e.g., pollen

shape type and pollination mode) evolve independently on the

tree, whereas the second model allows two traits evolve in a

correlated process such that the change rate in one trait depends

on the background state of the other. The correlated pattern was

determined by the Log Bayes factor (Log BF), which was

calculated by likelihood for independent mode (L(I)) and

dependent mode (L(D)), with a formula: Log BF = 22[L(D)2L(I)].

Log BF below 2 means weak evidence for correlated evolution,

above 2 indicates positive evidence, 5–10 means strong evidence,

and above 10 suggests very strong evidence [35]. Pollen shape and

ornamentation types were recoded as binary characters to meet

the requirement of the BayesDiscrete test.

Results

Pollen traits and pollination mode of figs
Consistent with previous studies, Ficus pollen grains are radially

symmetrical, pollen size ranges from minutae to perminutae with

polar axis (P): 6.64 (4.13–9.02) mm, equatorial axis (E): 9.87 (7.29–

14.20) mm, and P/E value: 0.69 (0.45–0.96). Based mainly on the

shape of pollen end [36], three pollen shapes were found in

equatorial view: elliptical, rectangular and circular, corresponding

to ellipsoid, cylinder and sphere in three-dimensional view.

Ellipsoid pollen has an acute end, while cylindrical and sphere

shaped pollens have obtuse ends (Figure 2). All species have pollen

grains with 2-porate and some species have minor percentages of

3-porate pollen grains (Table S1). Three exine ornamentation

types were found: psilate ornamentation (smooth) and two scabrate

types: rugulate and granulate-rugulate ornamentation [37].

Ellipsoid shape (Figure 2, a) and rugulate ornamentation

(Figure 2, e) are dominant types. Based on A/O ratio values

(Table S1), 17 of the fig species are actively pollinated, and eight

species are passively pollinated. More pollen traits and detailed

information of the 25 fig species are presented in Table S1.

Ficus phylogeny and traits mapping
There was strong support (posterior probability above 0.9) at

most nodes in the fig phylogenetic tree, which is congruent with

previous studies in most main clades (in section levels) (Figure 1)

[15,28]. However, the location of the section Urostigma (F. concinna,

F. hookeriana) and section Oreosycea (F. callosa) and the relationships

of those deeper nodes are not strongly supported in recent global

Ficus phylogeny [15]. The two pollination modes, three pollen

shapes and three exine ornamentation types of figs appear to be

convergent traits as they all exist in different phylogenetic clades as

shown in Figure 3.

Relationship between pollen types and pollination
modes

Ellipsoid pollen occurred in all 17 species of the actively

pollinated fig species, while for the eight passively pollinated

species, two had ellipsoid pollen, four species had cylindrical

pollen, and two species had spherical pollen. On the other hand,

all eight passively pollinated figs and 10 of the 17 actively

pollinated figs presented rugulate ornamentation, while the other

kinds (psilate and granulate-rugulate) only occurred in actively

pollinated species (five and two species respectively) (Table 1).

Significant correlations were found between P/E value and A/O

ratio as well as P/E value and pollination mode in phylogenetic

free regression (Table 2). The BayesDiscrete test showed strong

correlated evolution only between pollen shape and pollination

mode (Log BF = 7.47), positive correlated evolution between the

pollen ornamentation and sex system (Log BF = 2.47), and weak

correlated evolution in other traits pairs such as pollen ornamen-

tation and pollination mode, pollen shape and sex system, pollen

shape and pollen ornamentation as well as pollination mode and

sex system (Table 3).

Figure 1. Distribution of sampled species in a section level modified Ficus tree by Cruaud et al. (2012). Number of sampled species in
this study from each section and total species number of each subgenus were labelled.
doi:10.1371/journal.pone.0086231.g001
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Discussion

The 75 Myr fig-fig wasp mutualism provides a model system for

targeting the role of pollination mode shifts on pollen evolution.

Previous research suggested that there is little infrageneric

variation in Ficus pollen [4,25]. However, even in the small

sample size of 25 fig species, we found three pollen shapes and

three kinds of exine ornamentation. Ellipsoid pollen shape and

rugulate ornamentation are the dominant characteristics. Pollen

grains of actively pollinated figs are all ellipsoid in shape and cover

three ornamentation types, while pollen grains from passively

pollinated figs are all rugulate ornamentation and cover three

shape types with six of eight species have obtuse end pollen (four

cylinder and two sphere). Phylogenetic free regression showed the

P/E value (another measurement of pollen shape) was significantly

correlated with both pollination mode and A/O ratio. That was

reinforced in the BayesDiscrete test that showed strong correlated

evolution between pollen shape and pollination mode. These

results suggest a high degree of convergent evolution of pollen

shape, rather than phylogenetic conservatism, has influenced

pollen shape in Ficus.

Both pollen shape and exine ornamentation types correspond

with adaptation to different pollination modes. Ellipsoidal pollen,

which has an acute end, occurs in all actively pollinated figs, while

cylindrical and spherical pollens, which have obtuse ends, are only

found in passively pollinated figs. Selection may have favored a

larger surface area per unit volume for pollen of passively

pollinated figs (cylindrical and spherical vs. ellipsoidal) as they

have a higher probability of adhering to wasp bodies and being

transported. Significant correlation between P/E value and

pollination mode (and A/O ratio), and strong correlated evolution

between pollen shape and pollination mode also support this

conclusion. Although there is weak correlation between exine

ornamentation and pollination mode, just as in other common

entomophilous plants, it is possible that rugulate ornamentation,

which adheres well to the body of the pollinator, is more favorable

in passively pollinated figs [14]. Contrarily, rugulate ornamenta-

tion may contribute little to pollen collection for active fig wasps

that possess highly sophisticated behavioral and morphological

traits (such as pollen pockets and coxal combs) to collect and store

pollen efficiently [18,19]. This may also explain why rugulate

ornamentation was found in all passively pollinated figs, and

psilate ornamentation was only found in actively pollinated figs.

Adaptation to different pollination modes of fig wasps may be the

main driving factor on the divergence of pollen shape. Considering

the weak correlation between pollen ornamentation and pollina-

tion mode, rechecking the role of pollination mode shifts on

ornamentation evolution with a greater sample size is needed in

further studies.

Absence of evolutionary correlation between exine ornamenta-

tion and pollination mode, and ellipsoid pollen in two passively

pollinated figs might be attributed to several competing but not

necessarily mutually exclusive hypothesis. First, trait evolution

inertia may explain this result, as psilate pollen only occurs in figs

with the lowest A/O ratio, which may correspond to extreme

active pollination. This idea is supported by the significant

correlation found between the P/E value and A/O ratio. Similar

psilate and ellipsoid fossil pollens found in the pollen pocket of a

34 Myr old fossil fig wasp [22] also demonstrates the stability of

pollen morphology. Second, it is likely that there have been

multiple shifts in pollination mode throughout evolutionary history

confounding the direction and process of pollen evolution. Even

the driving factor of pollinator mode shifts is still unclear, as it is

possible that multiple shifts between active and passive pollination

Figure 2. Pollen shape (a–c) and exine ornamentation types (d–f) of figs under a scanning electron microscope. (a) ellipsoid, Ficus
maclellandii; (b) cylinder, F. ischnopda; (c) sphere, F. langkokensis, (d) psilate, F. hispida; (e) rugulate, F. annulata; (f) granulate-rugulate, F. callosa, the
arrow indicate granule.
doi:10.1371/journal.pone.0086231.g002
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Figure 3. Bayesian tree of 25 fig species with pollination mode and pollen traits of figs. Posterior probability values are listed above the
branches. Pollination mode (Square, black = passive pollination, white = active pollination); Pollen shape (Circle, black = cylinder, grey = sphere,
white = ellipsoid) and (C) Pollen exine ornamentation (Triangle, black = psilate, grey = granulate-rugulate, white = rugulate). Two pollination modes,
three pollen shapes and three kinds of exine ornamentation all appear to be examples of convergent evolution. Psilate and granulate-rugulate
ornamentation only occur in active pollinated figs, while all cylinder and sphere pollens belong to passive pollinated figs.
doi:10.1371/journal.pone.0086231.g003

Table 1. Allocation of pollen shape and exine ornamentation types between two pollination modes.

Pollination mode Pollen shape Exine ornamentation

(total Ficus spp.) ellipsoid cylinder sphere psilate rugulate granulate-rugulate

Active (17) 17 0 0 5 10 2

Passive (8) 2 4 2 0 8 0

Total (25) 19 4 2 5 18 2

doi:10.1371/journal.pone.0086231.t001
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mode would reverse the selection direction of pollination mode on

pollen evolution [15,23]. Third, it is also possible that hybridiza-

tion between figs from different pollination modes [38] have

contributed to the mixed patten of pollen morphology evolution.

Cyto-nuclear discordance checking among closely related species

with different pollination modes may supply evidence on this point

in future [39]. Fourth, some of our results may be due to our

sample size limitations. If, for example, we were to find psilate

ornamentation in more clades, it might change the relationship

between pollen ornamentation and pollination mode.

The positive correlated evolution between pollen ornamentation

and sex system in BayesDiscrete test is a particularly interesting

finding (Table 3), and the driving factor behind the relationship

should be the subject of further research. The relationship may be

unstable and require rechecking with a greater sample size, as the

Log BF value (2.471) is just a little higher than 2 (the low edge of

positive evidence). In contrast, the correlated evolution between

pollen shape and pollination mode is robust, as shown by both the

high Log BF value (7.407) in BayesDiscrete test and the significant

correlation (P = 0.013) in phylogenetic free regression.

Of the 40 recognized Moreacea genera, Ficus is the only genus

which has both active and passive pollination mode by highly

obligate insect pollinators [25,40]. Ficus pollens are smaller in size

and have smoother exines than pollens of other Moraceae genera,

which are larger (equatorial axis: 10–40 mm), have scabrate or

granular ornamentation, are spheroidal in shape and pollinated by

wind or common insects [5,6,25,41]. Ficus is the only Moreacea

genus with psilate pollen grains, and the smaller pollen of Ficus

may be an adaptation to the small body size of its obligate

pollinator. Systematic pollen morphological comparation with

more Moreceae genera, which have different pollination modes

and clear phylogenetic history are needed to understand whether

the fig/fig wasp mutualism has exclusively shaped the traits of Ficus

pollen, especially for the sister group of Ficus, tribe Castilleae (e.g.

genus Antiaropsis, Castilla) [40,42], which was found to be pollinated

by another small pollinator, thrips, and may also have obligate

mutualistic relationships with pollinators [43,44]. The obligate

pollination relationship in tribe Castilleae may not be as exclusive as

that in the Ficus genus, as thrips are pollinators of many plant

families [44]. Unfortunately, knowledge on the pollen morphology

and evolutionary history of Castilleae-thrips system are still scanty.

Comparative researches including Tribe Castilleae will improve our

understanding of pollen evolution when pollination mode shifts

from common entomophily to obligate pollination.

Correlations between pollen morpology and pollination mode

have also been reported in many other systems. In the subfamily

Papilionoideae (Leguminosae), pollen from bird or bat- pollinated

species is coarsely rugulate or verrucate, while insect pollinated

plants have pollen with simple reticulate or perforate surface

sculpturing [45]. Within the genus Erythrina (Leguminosae), plants

pollinated by hummingbirds and passerine birds differ in granule

density and lumina size of their pollen [46]. With the exception of

five fig species in our study, entomophilous psilate pollen has

mainly been reported from beetle pollinated Araceae, while

pollens with elaborate ornamentations occur in other non-beetle

pollinated Araceae [11]. Within the genus Harpalyce (Legumino-

sae), pollen of bird-pollinated species is stickier than that of insect-

pollinated species and has a higher level of pollenkitt [47]; it is still

unclear whether pollen from passively pollinated figs is stickier

than actively pollinated figs. Together, our results and those of the

studies mentioned above suggest pollination mode shifts increase

the diversity of pollen characteristics.

In conclusion, with 25 species from most main phylogenetic

clades, we found a relative high diversification of Ficus pollen

morphology: three pollen shapes and three pollen ornamentation

types, which suggest adaptation in some degree to passive or active

pollination mode. Pollen shape and pollination mode were

demonstrated to be evolutionary correlated. It is very likely pollen

shape has been shaped by the shifts in pollination mode in the fig-

fig wasp mutualism system. The study provides a foundation for

our understanding of how the long coevolutionary history between

plants and obligate pollinators influences pollen evolution. A

logical next step for research is observation on pollen and

Table 2. Analysis results of continual pollen traits with
phylogenetic free regression.

Response Predictor Estimate SE t-value P

Equatorial axis length A/O ratio 23.781 3.116 21.213 0.240

Pollination mode 20.919 1.831 20.502 0.622

Sex system 21.227 1.445 20.847 0.408

P/E value A/O ratio 0.607 0.187 3.248 0.004

Pollination
mode

0.302 0.110 2.749 0.013

Sex system 20.020 0.087 20.229 0.822

doi:10.1371/journal.pone.0086231.t002

Table 3. BayesDiscrete test results between binary pollen traits, pollination mode and sex system using the BayesTratis program
for 25 Ficus species.

Traits correlation Independent* Dependent* Log Bayes factor

Pollen shape VS Pollination mode 231.559 227.856 7.407

Pollen ornamentation VS Pollination mode 229.219 228.998 0.441

Pollen shape VS Sex system 225.114 225.330 20.430

Pollen ornamentation VS Sex system 222.296 221.060 2.471

Pollen shape VS Pollen ornamentation 228.282 228.293 20.022

Pollination mode VS Sex system 226.095 226.019 0.151

*Probabilities calculated as Log(harmonic mean);
Log Bayes factor: ,2 weak evidence, .2 positive evidence, 5–10 strong evidence, .10 very strong evidence; Bold words mean terms with strong or positive evidence
from both tests.Pollen shape and ornamentation types were recoded as binary characters as follows: Pollen shape: pollen with obtuse end (ellipsoid): ‘0’, pollen with
acute end (cylinder and sphere): ‘1’; Pollen ornamentation: scabrate (rugulate and granulate-rugulate): ‘0’, smooth (psilate): ‘1’.
doi:10.1371/journal.pone.0086231.t003
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pollination mode identification of more species from the Ficus

genus and other Moraceae genera, especially from tribe Castillaea.

Supporting Information

Table S1 Pollen characteristics of Ficus and outgroup
species included in the present study. Anther/ovule ratio,

pollination mode and GenBank accession numbers are also

provided. Sequences produced for this study are indicated in bold

font.

(DOC)

Acknowledgments

We thank Prof. Stephen Compton, Prof. Finn Kjellberg, Prof. Hong Wang

and Prof. Eben Goodale for their constructive comments on an earlier or

revised version of the manuscript; Mr. Samuel Parker and Ms. Pelin

Kayaalp for language editing; Mr. Min Zhang and Dr. Zong-Xin Ren for

their help on SEM operation.

Author Contributions

Conceived and designed the experiments: GW DRY. Performed the

experiments: GW ZBL FPZ. Analyzed the data: GW. Contributed

reagents/materials/analysis tools: GW ZBL FPZ. Wrote the paper: GW

JC DRY.

References

1. Dilcher DL (1979) Early angiosperm reproduction: An introductory report. Rev
Palaeobot Palynol 27: 291–328.

2. Hu SS, Dilcher DL, Jarzen DM, Taylor DW (2008) Early steps of angiosperm-

pollinator coevolution. Proc Natl Acad Sci U S A 105: 240–245.
3. Wang H, Blackmore S (2003) Pollen morphology of Strobilanthes Blume

(Acanthaceae) in China and its taxonomic implications. Grana 42: 82–87.
4. Tzeng HY, Ou CH, Lu FY, Wang CC (2009) Pollen Morphology of Ficus

L.(Moraceae) in Taiwan. Quart J For Res 31: 33–46.
5. Kim M, Zavada MS (1993) Pollen morphology of Broussonetia (Moraceae). Grana

32: 327–329.

6. Hoen PP, Punt W (1989) Pollen Morphology of the Tribe Dorstenieae
(Moraceae). Rev Palaeobot Palynol 57: 187–220.

7. Wang H, Mill RR, Blackmore S (2003) Pollen morphology and infra-generic
evolutionary relationships in some Chinese species of Pedicularis (Scrophular-

iaceae). Plant Syst Evol 237: 1–17.

8. Freudenstein JV, Rasmussen FN (1999) What does morphology tell us about
orchid relationships? - A cladistic analysis. Am J Bot 86: 225–248.

9. Burns-Balogh P (1983) A Theory on the Evolution of the Exine in Orchidaceae.
Am J Bot 70: 1304–1312.

10. Tanaka N, Uehara K, Murata A (2004) Correlation between pollen morphology

and pollination mechanisms in the Hydrocharitaceae. J Plant Res 117: 265–276.
11. Grayum MH (1986) Correlations between pollination biology and pollen

morphology in the Araceae, with some implications for angiosperm evolution.
In: In: Blackmore S, Ferguson IK, editors. Linnean Society symposium series.

London: Academic Press. pp. 313–327.
12. Lumaga MRB, Cozzolino S, Kocyan A (2006) Exine Micromorphology of

Orchidinae (Orchidoideae, Orchidaceae): Phylogenetic Constraints or Ecolog-

ical Influences? Ann Bot 98: 237–244.
13. Linder HP (2000) Pollen morphology and wind pollination in angiosperms. In:

Harley MM, Morton CM, Blackmore S, editors. Pollen and Spores: Morphology
and Biology Royal Botanic Gardens, Kew. pp. 73–88.

14. Walker JW (1976) Evolutionary significance of the exine in the pollen of the

primitive angisoperms. In: Ferguson IK, Muller J, editors. The evolutionary
significance of the exine Linnean Symposium Society Series 1. New York:

Academic Press. pp. 251–308.
15. Cruaud A, Rønsted N, Chantarasuwan B, Chou LS, Clement WL, et al. (2012)

An extreme case of plant-insect co-diversification: figs and fig-pollinating wasps.
Syst Biol 61: 1029–1047.

16. Weiblen GD (2002) How to be a fig wasp. Annu Rev Entomol 47: 299–330.

17. Nefdt RJC, Compton SG (1996) Regulation of seed and pollinator production in
the fig fig wasp mutualism. J Anim Ecol 65: 170–182.

18. Frank SA (1984) The behavior and morphology of the fig wasps, Pegoscapus

assuetus and P. jimenszi: descriptions and suggested behavioral characters for

phylogenetic studies. Psyche 91: 289–308.

19. Kjellberg F, Jousselin E, Bronstein JL, Patel A, Yokoyama J, et al. (2001)
Pollination mode in fig wasps: the predictive power of correlated traits.

Proc R Soc Lond B Biol Sci 268: 1113–1121.
20. Ramirez W (1969) Fig wasps - mechanism of pollen transfer. Science 163: 580–

&.
21. Galil J, Neeman G (1977) Pollen transfer and pollination in common fig (Ficus

carica L.). New Phytol 79: 163–171.

22. Compton SG, Ball AD, Collinson ME, Hayes P, Rasnitsyn AP, et al. (2010)
Ancient fig wasps indicate at least 34 Myr of stasis in their mutualism with fig

trees. Biol Lett 6: 838–842.
23. Cook JM, Bean D, Power SA, Dixon DJ (2004) Evolution of a complex

coevolved trait: active pollination in a genus of fig wasps. J Evol Biol 17: 238–

246.
24. Jousselin E, Rasplus JY, Kjellberg F (2003) Convergence and coevolution in a

mutualism: Evidence from a molecular phylogeny of Ficus. Evolution 57: 1255–
1269.

25. Berg CC, Corner EJH (2005) Moraceae (Ficus). In: Nooteboom HP, editor. Flora
Malesiana Series I -Seed Plants. Leiden: Nationaal Herbarium Nederland. pp.

50–51.

26. Burn MJ, Mayle FE (2008) Palynological differentiation between genera of the
Moraceae family and implications for Amazonian palaeoecology. Rev Palaeobot

Palynol 149: 187–201.
27. Erdtman G (1960) The acetolysis method. A revised description. Svensk Bot

Tidsk 54: 561–564.
28. Xu L, Harrison RD, Yang P, Yang DR (2011) New insight into the phylogenetic

and biogeographic history of genus Ficus: Vicariance played a relatively minor

role compared with ecological opportunity and dispersal. J Syst Evol 49: 546–
557.

29. Tamura K, Peterson D, Peterson N, Stecher G, Nei M, et al. (2011) MEGA5:
Molecular Evolutionary Genetics Analysis Using Maximum Likelihood,

Evolutionary Distance, and Maximum Parsimony Methods. Mol Biol Evol 28:

2731–2739.
30. Huelsenbeck JP, Ronquist F (2001) MRBAYES: Bayesian inference of

phylogenetic trees. Bioinformatics (Oxford, England) 17: 754–755.
31. Posada D (2008) jModelTest: Phylogenetic Model Averaging. Mol Biol Evol 25:

1253–1256.

32. Paradis E, Claude J, Strimmer K (2004) APE: Analyses of Phylogenetics and
Evolution in R language. Bioinformatics 20: 289–290.

33. R Core Team (2013) R: A language and environment for statistical computing.
R Foundation for Statistical Computing Vienna Austria. URL: http://www.R-

project.org.
34. Jombart T, Balloux F, Dray S (2010) adephylo: new tools for investigating the

phylogenetic signal in biological traits. Bioinformatics 26: 1907–1909.

35. Pagel M, Meade A (2006) Bayesian analysis of correlated evolution of discrete
characters by reversible-jump Markov chain Monte Carlo. Am Nat 167: 808–

825.
36. Reitsma T (1970) Suggestions towards unification of descriptive terminology of

angiosperm pollen grains. Rev Palaeobot Palynol 10: 39–60.

37. Punt W, Hoen PP, Blackmore S, Nilsson S, Le Thomas A (2007) Glossary of
pollen and spore terminology. Rev Palaeobot Palynol 143: 1–81.

38. Machado CA, Robbins N, Gilbert MTP, Herre EA (2005) Critical review of host
specificity and its coevolutionary implications in the fig/fig-wasp mutualism.

Proc Natl Acad Sci U S A 102: 6558–6565.
39. Renoult JP, Kjellberg F, Grout C, Santoni S, Khadari B (2009) Cyto-nuclear

discordance in the phylogeny of Ficus section Galoglychia and host shifts in plant-

pollinator associations. Bmc Evol Biol doi: DOI 10.1186/1471-2148-9-248.
40. Datwyler SL, Weiblen GD (2004) On the origin of the fig: Phylogenetic

relationships of Moraceae from ndhF sequences. Am J Bot 91: 767–777.
41. Willem Punt, Eetgerink E (1982) On the pollen morphology of some genera of

the tribe Moreae (Moraceae). Grana: 15–19.

42. Zerega NJC, Clement WL, Datwyler SL, Weiblen GD (2005) Biogeography and
divergence times in the mulberry family (Moraceae). Mol Phylogenet Evol 37:

402–416.
43. Sakai S (2001) Thrips pollination of androdioecious Castilla elastica (Moraceae) in

a seasonal tropical forest. Am J Bot 88: 1527–1534.
44. Zerega NJC, Mound LA, Weiblen GD (2004) Pollination in the New Guinea

endemic Antiaropsis decipiens (Moraceae) is mediated by a new species of thrips,

Thrips antiaropsidis sp nov (Thysanoptera : Thripidae). Int J Plant Sci 165: 1017–
1026.

45. Ferguson IK, Skvarla JJ (1982) Pollen Morphology in Relation to Pollinators in
Papilionoideae (Leguminosae). Bot J Linn Soc 84: 183–193.

46. Hemsley AJ, Ferguson IK (1985) Pollen Morphology of the Genus Erythrina

(Leguminosae, Papilionoideae) in Relation to Floral Structure and Pollinators.
Ann Mo Bot Gard 72: 570–590.

47. Arroyo MTK (1976) The systematics of the legume genus Harpalyce

(Leguminosae: Lotoideae). Mem N Y Bot Gard 26: 1–80.

Has Pollination Mode Shaped Fig Pollen?

PLOS ONE | www.plosone.org 7 January 2014 | Volume 9 | Issue 1 | e86231


