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Abstract Chemical communication is critical in establishing angiosperm—pollinator mutualisms. However, our

understanding of how chemical communication shapes coevolution remains limited. Here, we integrated
information theory to model three coevolutionary scenarios (I-lIl), where the pollinator fitness is always
optimized by the highest certainty of chemical information provided by plants, but plant fitness is determined by
(1) the certainty of chemical information attracting pollinators, (II) the uncertainty of chemical information
confusing antagonists, or (l1l) both aspects. We found that the statistical properties of empirical plant volatiles
from 45 pairs of fig—pollinator mutualisms were best explained by the selection from both pollinators and
antagonists (scenario Il1). Under this scenario, plant—pollinator mutualisms evolve to be specialized and as few as
two volatile chemicals could supply sufficient information for pollinators’ host identification. Our study provides
new insights into plant—pollinator coevolution and will facilitate further studies on the evolution and
diversification in specialized plant—pollinator-herbivore systems.

Key words: coevolution, conditional entropy, fig—pollinator mutualism, fitness, information theory, mutual information,

plant-insect interaction.

1 Introduction

Plant—pollinator mutualisms facilitate the coadaptation and
codiversification of angiosperms and insects and contribute
crucially to the maintenance of biodiversity (Steffan-Dewenter
& Westphal, 2008; Johnson, 2010; Vasiliev & Greenwood,
2020). These mutualisms depend critically on chemical
communication (Raguso, 2008; Raguso et al.,, 2015), and
chemical signals are mediated through volatile organic
compounds (VOCs) of plants. However, existing studies have
shown that flowers often emit VOCs that are far more
complex than required for pollinators’ host identification (Zito
et al., 2015; Pichersky & Raguso, 2018; Zhang et al., 2020; Wang
et al.,, 2021). This is at least partly because, in addition to
pollination mutualisms, plants are attracted and attacked by a
large variety of herbivores (i.e., antagonists), and thus VOC
profiles of flowers are under selection to defend from
antagonists by increasing complexity (McCall & Irwin, 2006;
Raguso, 2016; Zu et al., 2020). Therefore, a comprehensive
picture of plant—pollinator chemical communications can help
to elucidate how mutualists achieve reciprocal adaptation and
coevolution.
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Plants emit VOCs to attract pollinators, and when VOCs
deliver reliable information (specific VOCs that can induce
electrophysiological activities in the pollinators) the plants
are easily identified by pollinators (Kessler & Halitschke,
2009). Producing VOCs with reliable information is thus
selectively advantageous for plants, and the selective force
to attract pollinators will drive the plants to produce these
attractive VOCs (Falara et al., 2013; Lukas et al, 2019).
Nevertheless, such reliable information is also easily
accessible and utilized by antagonists, and an alternative
evolutionary force has been raised, where plant species tend
to generate similar VOC profiles for preventing antagonists
from locating their preferable hosts (i.e., increasing the
complexity and uncertainty of information to identify hosts)
(Johnson et al., 2015; Schiestl, 2015; Zu et al., 2020, 2022).
Therefore, the fitness (the ability of survival and breeding for
living organisms) of plants ought to be simultaneously
affected by the selection to attract pollinators and to
confuse antagonists. Such conflicting selection could lead
to an equilibrium in coevolution, and one possible outcome is
to form specialized plant—pollinator mutualisms, as the
optimized fitness of plants can be reached when plants
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only change the minimum number of VOCs to ensure
pollinators’ identification and maximally avoid antagonists’
utilization.

However, this hypothesis has never been tested, and a
major challenge is to identify the specific attractants from
plant VOC profiles, which often involves laborious efforts to
separate VOC components and numerous behavioral vali-
dation experiments. This has led to the current situation in
which important plant VOCs in plant—pollinator communica-
tion are known in only a few species (Chen et al., 2009;
Proffit et al., 2020; Zhang et al., 2020; Wang et al., 2021).
Recently, the application of information theory has provided
new insights into chemical communications between plants
and insects (Doyle, 2009; Zu et al., 2020). This novel approach
uses conditional entropy (higher conditional entropy reflects
higher uncertainty and unreliable information) to evaluate
whether sufficient chemical information is delivered from
plants to target insects, without the prerequisite of knowing
the role of each VOC (Zu et al., 2020), and thus can be used
to explore the coevolution of specialized plant—pollinator
mutualisms. High conditional entropy of plant information
indicates a high uncertainty for host identification by
pollinators/antagonists, which affects pollination success of
plants and the accessibility of nectar for pollinators, thus
relating to the survival and breeding (i.e., fitness) of both
plants and pollinators.

Integrating the information theory, we tested the role of
selection to attract pollinators and to confuse antagonists
in the coevolution of specialized plant—pollinator mutual-
isms using simulations. In the simulations, we did not
consider any empirical VOC data in insect-plant inter-
actions and randomly generated mutations of plants’
VOCs, which are selected under three coevolutionary
scenarios (I-111) (Fig. 1). In scenario |, we assume plant
fitness is selected by plants’ ability to attract pollinators,
and chemical information with high certainty (low
entropy) is advantageous. The plant fitness is accordingly
defined as reversely related to conditional entropy of
plants to VOCs (1 — H(P|V)). In scenario I, plant fitness is
selected by the plants’ ability to confuse antagonists, and
thus plants benefit from high uncertainty of chemical
information with their fitness being represented by the
conditional entropy of plants to VOCs (H(P|V)). In scenario
Ill, we expect that plant fitness is selected by both the
plants’ ability to attract pollinators and to confuse
antagonists, leading to a trade-off in the uncertainty of
chemical information (i.e., (1—H(P|V))-H(P|V)). In each
coevolutionary scenario, the pollinator fitness is always
optimized by the highest certainty of chemical information
(i.e., low conditional entropy of pollinators to VOCs)
provided by plant VOCs (1 — H(V|Po)) (Fig. 1). The optimal
coevolutionary scenario was then determined by com-
paring the simulation results with the empirical data
collected from fig—pollinator mutualisms, a paradigm of
obligate pollination systems with a surprisingly long
coevolutionary history having been initialized in the Late
Cretaceous (c. 75 Ma) (Cook & Rasplus, 2003; Cruaud et al.,
2012). Moreover, based on simulations, we evaluated the
minimal number of VOCs that are essential for the
plant—pollinator identification at the equilibrium of
coevolution.
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2 Material and Methods

2.1 Data collection and characterizing VOC profiles of
receptive figs

In fig—pollinator mutualisms, a Ficus species is only pollinated
by a single or only a few specific pollinating wasp species
(Agaonidae), whose larvae can only develop inside the galled
ovules of host figs (syconia). In addition to a large number of
parasitic nonpollinating wasps (Agaonidae) that utilize figs by
galling (Wang et al., 2019), many generalists from Lepidoptera,
Diptera, and Coleoptera have also been observed to feed on
figs (Miao et al., 2011). Host identification of pollinating wasps
has been proved to rely on the VOCs emitted by the figs at the
receptive stage (Chen et al., 2009; Souza et al., 2015). Although
previous studies have obtained VOC profiles emitted by
receptive figs from many Ficus species, whether these VOCs
are either associated with pollinating wasps or utilized by
antagonists to identify host plants is largely unclear. The exact
components of attractants have been only detected in several
fig—pollinator mutualisms, with very few (one to five) VOCs
being functional to attract pollinating wasps (Chen et al., 2009;
Zhang et al., 2020, Wang et al., 2021). This suggests that the
majority of fig VOCs could be used to defend against
antagonists (Volf et al., 2017) and serve as antimicrobials
(Atkinson, 2018).

To screen the published data of VOC profiles of receptive
figs, we searched in Web of Science (https://www.
webofscience.com) using the combinations: (Ficus OR fig)
AND (scents OR volatile OR chemical OR odors OR VOC).
We only retained the publications where: (i) VOC collection
was carried out for entire receptive figs using dynamic
headspace technology, (ii) complete chromatograms of
VOCs emitted from receptive figs were available using gas
chromatography-mass spectrometry, and (iii) the compo-
sition of pollinating wasps was explicit for each studied
Ficus species. Moreover, although intraspecific variation of
VOCs can assist to explore the likely processes of
microevolution leading to divergence of chemical commu-
nication modes among related species, the empirical VOC
data were collected from only one or very few individuals in
a single population for almost all the selected Ficus species
(see Table S1). We therefore only focused on the
interspecific variations of VOCs, and merged the VOC data
from different individuals in the same population or
haphazardly selected one population to form a single
VOC profile for each selected Ficus species. We then
checked the names of chemical compounds throughout the
empirical data by searching the National Institute of
Standard and Technology (NIST) database.

To characterize and compare profiles of VOCs among
different Ficus species, we first described the composition of
VOCs by allocating all detected VOCs into six groups of
chemicals (aliphatics, benzenoids and phenylpropanoids, Cs-
branched compounds, terpenoids, miscellaneous cyclic
compounds, and nitrogen-containing compounds) based on
the classification proposed by Knudsen et al. (2006). We
analyzed the accumulation curves of VOCs across all sampled
species to assess whether our sampling efforts were
sufficient. We then calculated the frequency of each VOC
detected in the selected Ficus species (i.e., emergence
frequency). The VOCs were further classified into one of six
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Fig. 1. Continued

categories of generalization, from emerging in less than 10%
of species to very common: 0%-10%, 10%-20%, 20%-30%,
30%—40%, 40%—50%, and >50%. Meanwhile, we estimated the
relative content of each VOC in each chromatogram by
comparing the ion intensities of VOCs, which was assigned
into one of the following six categories, from scarce to
dominant: 0%—10%, 10%—20%, 20%—30%, 30%—40%, 40%—50%, and
>50%. We could only carry out qualitative comparisons
because absolute quantification was not available for the
chromatograms obtained from different publications. To test
the relationship between emergence frequencies and
relative contents of VOCs, we used Spearman's correlation
test setting with 10 000 permutations. We further examined
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whether the dominant or scarce VOCs were concentrated in
some particular groups of chemicals using enrichment
analysis in package vegan in R version 3.6.1 (R Core
Team, 2019).

To evaluate the effects of phylogeny of Ficus species and
their pollinating wasp species on the differentiation of VOC
profiles, we calculated the Bray—Curtis distances among VOC
profiles based on the approach in Salazar et al. (2018). We
then tested the correlation between the Bray—Curtis
distances and the phylogenetic distances among Ficus
species/their pollinating wasp species using Mantel tests in
package vegan, setting 10 000 permutations. Phylogenetic
trees were constructed using the Bayesian algorithm by Beast
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version 2.6.3 (Bouckaert et al., 2019), based on the sequences
of five genes (internal transcribed sequence [ITS], external
transcribed sequence [ETS], glyceraldehyde 3-phosphate
dehydrogenase [G3pdh], chloroplast expressed glutamine
synthetase region [ncpGS], and granule-bound starch
synthase [Waxy]) for the plants, and six genes (elongation
factor-la [EF1a], Wingless [Wg], cytochrome c oxidase subunit
I [cOI1], cytochrome b [Cyt b], 28 S rRNA [D2-D3 and D4-D5
expansion regions], and 18 S rRNA [variable regions V3-V5])
for pollinating wasps. Phylogenetic distances were then
calculated by meca version 5.1.0 (Tamura et al., 2011). All
sequences were downloaded from GenBank (https://www.
ncbi.nlm.nih.gov/genbank/).

2.2 Simulation of coevolution based on conditional entropy
To explore the optimal coevolution model explaining the
properties of empirical VOC data, we conducted simulations
under different coevolutionary scenarios between plants and
pollinators, according to conditional entropy within the
framework of information theory. Conditional entropy
(Hn(0]S)€(0,1)) shows the uncertainty of correctly identifying
an object (0O) when given a signal (S), which is calculated
based on the object-signal (OS) matrix that has m objects
and n signals (i.e., os; (i€[1,m], je[1,n]) represents an element
in the matrix) using the formula proposed by Zu et al. (2020):

n
H(0IS) = -2 P(S)HA(OIS), ()

j=1
where P(S)) = z%’m,,’—oi's’ represents the probability of a given
signal j béing' "detected in all objects, and
Hn(OS;) = -2 P(OilSi)log, (O}lS;) reflects the uncertainty of
correctly taking all figs apart by a given signal with
P(0ilS)) = ,:s’o’s corresponding to the probability of de-
tecting objétt 1 given that signal j was observed. Given the
concept of conditional entropy and that there were two
groups of objects (plants and pollinators) in our study, we
constructed two object-signal matrices PV (plants-VOCs)
and PoV (pollinators—VOCs, which was derived from PoPxPV,

where the binary matrix PoP defined the plant—pollinator
mutualisms). The size of each matrix was determined by the
number of VOCs and fig—pollinator mutualisms from the
empirical data, and no further data information was used in
simulations (e.g., the composition of VOCs and detailed
fig—pollinator associations). Because chromatogram data
only provided relative contents of VOCs, which cannot be
compared between species, we transformed the empirical
data into binary data.

We undertook simulations to estimate the maximal fitness
of both mutualists using conditional entropy under the
following three coevolutionary scenarios (Fig. 1): (1) selection
only by pollinators where the fitness of plants is expected to
be Fp=(1—H(P|V)), which means that the reduction in
conditional entropy of PV will facilitate the attraction of
specific pollinating wasps; (Il) selection only by antagonists
where Fp = H(P|V), showing that plants emit VOCs mainly to
confuse antagonists and the benefits from pollinators are
negligible; and (Il) selection by both pollinators and
antagonists where Fp=(1—H(P|V))-H(P|V), meaning that
the benefits from emitting explicitly distinguishable VOCs
to attract pollinators (1 — H(P|V)) are at the cost of increasing
risks of being attacked by antagonists (H(P|V)). In each of
these three scenarios, pollinator fitness is considered to be
Fpo=1—H(V|P0), as lower conditional entropy of PoV
indicates higher probability to identify a host plant species.
Moreover, as H(Po|P) reflects the uncertainty of
plant—pollinator mutualisms, we define the host specificity
of pollinators S=1— H(Po|P), and increasing and decreasing
value of S through evolution time means specialization and
generalization, respectively (Fig. 1).

To evaluate the potential impacts of initial status on
simulations, we set three different initial conditions in each
coevolutionary scenario as proposed by Zu et al. (2020): (i)
specialized interactions, in which each plant species only
interacted with two pollinator species and six VOCs; (ii)
random interactions, where a plant species randomly
interacted with 50% and 75% of pollinator species/VOCs; and
(iii) generalized interactions, where a plant species interacted

Fig. 1. Schematic representation of the hypothesized evolutionary trends of fitness of plants and pollinators and host specificity of
pollinators under different plant—pollinator coevolutionary scenarios concerning chemical communications (I-IIl) based on
conditional entropy. Plant fitness is determined by: (1) only the certainty of chemical information attracting pollinators (i.e., 1 — H(P|
V), where H(P|V) is the conditional entropy of plants to volatile organic compounds [VOCs]), (II) only the uncertainty of chemical
information which confuses antagonists (i.e., H(P|V)), and (Ill) both aspects (i.e., (1 — H(P|V))-H(P|V)). Pollinator fitness is always
optimized by the highest certainty of chemical information provided by plant VOCs (i.e., 1—H(V|Po), where H(V|Po) is the
conditional entropy of pollinators to VOCs), and the host specificity of pollinators is defined as S=1— H (Po|P), where H (Po|P) is the
conditional entropy of plant—pollinator relationships. Each column represents a coevolutionary scenario. In scenario | (column A)
(selection on VOC composition only by pollinators), fitness of both plants and pollinators is expected to increase because a plant
species tends to generate more specific VOCs to distinguish itself from other sympatric plants and attract pollinators regardless of
the exposure to antagonists, and these specific VOCs are likely to establish more specialized mutualism with pollinators. In
scenario Il (column B) (VOC composition is selected only by antagonists), high similarity of VOCs is predicted to evolve to confuse
antagonists irrespective of simultaneously confusing pollinators, leading to generalized mutualisms and increasing plant fitness but
decreasing pollinator fitness. In scenario |1l (column C), where VOC composition is constrained by both pollinators and antagonists,
plants share many VOCs for chemical defenses against antagonists but generate some specific VOCs to attract pollinators, and
thus the fitness of both mutualists increases, and their mutualisms become specialized. Flowers with the same colors represent
similar VOC profiles among plant species (B), and flowers with different colors indicate highly different VOC profiles among plant
species (A) or VOC profiles containing many species-specific VOCs.
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with all but one or maximum two pollinator species and
VOCs. We then ran simulations using R version 3.6.1. For each
initial condition, we calculated conditional entropy and
fitness for both the plants and the pollinators. Then, in
each loop, we mutated one element in each matrix (i.e.,
changing from o to 1 and from 1 to 0) each time and all
abovementioned parameters were recalculated until 20% of
total elements were mutated. If the new fitness of either
mutualists was higher than the previous one, the mutated
matrix would replace the previous matrix otherwise the
previous matrix was kept for the next loop. In each
simulation, we undertook 1000 loops to reach the equilibrium
and obtain the maximal fitness.

To select the optimal coevolutionary scenario, we ran the
simulation under each scenario 30 times and extracted
conditional entropy and fitness of plants and pollinators at
equilibrium (average values of the last 250 loops) from each
run. Then we calculated the difference in conditional entropy
and fitness between the simulated results and those from
the empirical data (using the same formulas in the three
coevolutionary scenarios). We chose the scenario owning the
least difference as the best fitting scenario, with significance
of this difference tested using ANOVA (Turkey's honestly
significant difference [HSD] tests for pairwise comparisons)
in R version 3.6.1.

To test the robustness of the optimal coevolutionary
scenario, we first checked whether the simulation results
were strongly impacted by different initial conditions and
mutation rates (5% per loop). To examine whether our
simulation results were stable with varying numbers of
sampled species, we used a subset of empirical data only
containing the fig—pollinator mutualisms in Eurasia to rescale
the sizes of the three matrices and ran simulations with
comparisons among different coevolutionary scenarios using
the same approach as mentioned above.

2.3 Estimating the minimal number of VOCs for host
identification using mutual information

To assess the minimal number of VOCs emitted by receptive
figs that can provide sufficient information for host
identification by pollinating wasps, we analyzed accumulative
mutual information for both Ficus species and their
pollinating wasps using the two OS matrices PV and PoV.
Mutual information (I(0,S)€(0,1)) reflects the amount of
information for distinguishing objects by knowing the
available signals (Shannon, 1948), which is calculated based
on the formula proposed by Zu et al. (2020):

1(0, S) = Hm(0) - Ha(OI5), )

where the information entropy of m objects is calculated
using the formula Hn(0)=-3"P(0)log,P(0y), P(0i) = —,
and H,(O|S) is the conditional entropy.

To ensure that the study system was at equilibrium, we
calculated the mutual information for both mutualists only
using the final PV and PoV matrices in simulations under
different coevolutionary scenarios. In each run of coevolu-
tionary simulation, we calculated mutual information of
plants for every combination of VOCs to determine the
minimal number of VOCs that provides the maximal mutual
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information. For pollinators, as mutual information can only
be analyzed by binary data, we transformed the final PoV
matrix (which might be a nonbinary matrix because it was
derived from the product of two binary matrices) in each
coevolutionary scenario into 30 replicates of binary matrices
to mimic the decoding process of pollinating wasps (see Zu
et al., 2020). We then calculated the mutual information for
pollinators in each replicate using the same method for
plants and used the median value of the 30 replicates to
represent the mutual information at a given number of VOCs.
Finally, we compared the results from the empirical data with
those from simulations to further confirm the optimal
coevolutionary  scenario  driving the formation of
coding—decoding strategy in fig—pollinator mutualisms.

3 Results

3.1 Data collection and characters of VOC profiles

After searching through Web of Science, we found 778
related publications, of which only 15 publications contained
complete chromatograms of VOCs emitted from receptive
figs. These chromatograms belonged to 45 Ficus species (5
subgenera and 11 sections) distributed in Eurasia, the
Afrotropical region, and Australasia (Table S1). In addition,
the composition of pollinating wasps had been well-studied
for all these Ficus species (Table S1).

A total of 244 VOCs were identified from the chromato-
grams of receptive figs from the 45 Ficus species (Table S2).
After allocating all the VOCs into different chemical groups,
terpenoids (127) and aliphatics (60) were the most abundant
chemical compounds (Fig. 2A). The results from accumulation
curves showed that the number of VOCs gradually reached a
plateau with increasing numbers of Ficus species, indicating
sufficient sampling efforts in our data collection (Fig. S1A).
We detected similar numbers of species-specific VOCs (116)
and common VOCs (shared by at least two species) (128),
and there was a significant positive correlation between the
emergence frequencies and the relative contents of VOCs
(p=0.288, p<o0.001, Fig. S1B). Moreover, enrichment
analysis revealed that the VOCs with higher relative contents
were more likely to have higher emergence frequencies
(Fig. 2B).

After searching GenBank, we obtained DNA sequences
from 41 Ficus species and 38 pollinating wasp species for
construction of phylogenetic trees and calculation of
phylogenetic distances (Table S3; Fig. S2). There was no
significant correlation between Bray—Curtis distances among
VOC profiles and the phylogenetic distances among our
selected Ficus species (Fig. 2C). In contrast, we found a
significant association between Bray—Curtis distances among
VOC profiles and the phylogenetic distances among
pollinating wasps (Fig. 2D).

3.2 Determination of optimal coevolutionary scenarios

Based on the empirical data, we constructed a PV matrix
(45%244), a PoP matrix (45x%45), and a PoV matrix
(45 % 244) for coevolutionary simulations. The results
showed that: (i) in coevolutionary scenario | (selection only
by pollinators), conditional entropy of the PV, PoV, and PoP
matrix (H(P|V), H(Po|V), and H(Po|P)) at equilibrium of
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Fig. 2. Statistical properties of volatile organic compounds (VOCs) from receptive figs of Ficus species. A, VOC abundance in
the six chemical groups. B, Numbers of VOCs in different categories of emergence frequency and relative content using
enrichment analysis. C, Correlation between Bray—Curtis distances among VOC profiles and the phylogenetic distances among
Ficus species. D, Correlation between Bray—Curtis distances among VOC profiles and the phylogenetic distances among

pollinating wasps.

coevolution were 0.000, 0.066 + 0.003, and 0.069 + 0.003,
respectively, with the maximal fitness of Ficus species (MFp)
and pollinating wasps (MFp,) of 1.000 and 0.640 + 0.002,
respectively (Figs. S3A, S3B); (i) in coevolutionary scenario Il
(selection only by antagonists), we found highly elevated
values of H(P|V) (1.000), H(Pol|V) (0.978 + 0.001), and H(Po|P)
(0.514 £+ 0.016) compared with those from the first scenario,
leading to a high MFp (1.000) but an extremely low MFp, (0)
(Figs. S3C, S3D); and (iii) in coevolutionary scenario Il
(selection by both pollinators and antagonists), relative to
the above two scenarios, a medium level of H(P|V)
(0.500 % 0.001) and H(Pol|V) (0.540 + 0.001) and a low H(Po|
P) (0.061+ 0.002) were detected, and MFp and MFp,, reached
0.250 + 0.001 and 0.320 + 0.002, respectively (Figs. 3A, B).
Furthermore, we found that different initial conditions did
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not change the final results of simulations under each
coevolutionary scenario (Figs. 3A, 3B, S4A-S4D), exhibiting
strong robustness in our simulations.

Using the empirical data, we calculated the conditional
entropy and fitness of both mutualists, with H(P|V) = 0.608,
H(Po|V) = 0.607, H(Po|P) = 0.057, Fp = 0.238-0.608, and Fp, =
0.368 (Table S4; Figs. 3C, 3D, S3E). Coevolutionary scenario IlI
was the best fitting model for fig—pollinator mutualisms,
because values of all the five parameters from this scenario
showed the least differences with those from the empirical
data (Figs. 3C, 3D), which were significantly smaller than the
other two scenarios (Table 1). Under this scenario, simulation
results showed a trend of specialization (increasing host
specificity [S]) in plant—pollinator mutualisms, as H(Po|P)
decreased during the simulation process irrespective of initial
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Fig. 3. Conditional entropy and fitness based on both coevolutionary simulations and empirical data. Conditional entropy (A)
and fitness of both plants and pollinators (B) estimated by simulations under coevolutionary scenario Il (selection by both
pollinators and antagonists) and empirical data. Generalized interactions where a plant species interacted with all pollinator
species and volatile organic compounds were set as the initial conditions of simulation with a mutation rate of 20% per loop.
Similar results are obtained from different runs of simulation, and thus most data points at the same loop number are
overlapped. Comparisons between (C) the conditional entropy at equilibrium and (D) the maximal fitness of both mutualists
derived from simulations under the three coevolutionary scenarios and the conditional entropy/fitness based on the empirical
data (Table S4; Fig. S3). The coevolutionary scenario with data points closest to the dashed line (y=x) shows the least
difference with the empirical data and is considered as the optimal scenario.

conditions (from specialized to generalized interactions)
(Figs. 3A, S4).

To further test the effects of varying number of sampled
species, we used a subset of the empirical data only
containing 25 Ficus species distributed in Eurasia (with 206
VOCs) and ran the simulations again. Coevolutionary scenario
Il was still the best fitting model and there was an
evolutionary trend of specialization in plant—pollinator
mutualisms (Tables S4, Ss; Figs. S5A-S5E).

3.3 Estimation of the minimal number of VOCs for host
identification

The accumulation curves of mutual information showed that:
(i) in coevolutionary scenario I, mutual information of plants
and pollinators reached to the maximum (i.e., 1) when one and
two VOCs were randomly chosen (Fig. 4); (ii) in coevolutionary
scenario 1l, we found very low mutual information (ap-
proaching zero) of both mutualists regardless of increasing
number of VOCs (Fig. 4); and (iii) in coevolutionary scenario Ill,

www.jse.ac.cn

the minimal number of VOCs providing the maximal mutual
information was estimated to be two for both mutual-
ists (Fig. 4).

Based on the empirical data, we detected that the
accumulation curves of mutual information reached to the
maximum when only two VOCs were sampled for both
mutualists, thus coevolutionary scenario Il was again the
best fitting model for fig—pollinator mutualisms (Fig. 4).
When only using the data from Eurasian fig—pollinator
mutualisms, the accumulation curves of mutual information
were identical to those using the complete dataset (Figs.
S5F, S5G).

4 Discussion

Chemical communications play a critical role in linking plants
and their associated insects, and thus are expected to be
shaped by their reciprocal adaptation (Whitehead & Peakall,
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Table 1 Comparison of differences in conditional entropy and fitness between simulation results and empirical data among
different coevolutionary scenarios using ANOVA with pairwise comparisons using Tukey's honestly significant difference (HSD)

tests

Difference between simulation results and
empirical data (mean + SE)

Pairwise comparison (Tukey's HSD)

Parameter Scenario | Scenario Il Scenario Ill df F-value Scenarios Difference
H(P|V) 0.608 + 0.000 0.392 + 0.000 0.108 £0.000 2,87 4.37X10'°*** Scenario | versus llI 0.500%**
Scenario 1l versus Il 0.284%**
Scenario | versus Il 0.216%**
H(Po|V) 0.542 + 0.003 0.3714 0.001 0.069 +£0.002 2, 87 10 81*** Scenario | versus Il 0.473%%*
Scenario Il versus Il 0.302%**
Scenario | versus Il 0.171%%%
H(Po|P) 0.016 + 0.002 0.457 £ 0.016 0.013 £+ 0.002 2, 87 772%%* Scenario | versus Il 0.003NS
Scenario Il versus Il 0.444%%*
Scenario | versus Il —0.441%%*
MFp 0.608 + 0.000 0.392 + 0.000 0.012 + 0.000 2, 87 4.43X10"*** Scenario | versus llI 0.596%**
Scenario Il versus Il 0.380%**
Scenario | versus Il 0.216%**
MFp, 0.272 £+ 0.002 0.368 £+ 0.000 0.048 £0.002 2, 87 14203%** Scenario | versus Il 0.224% %%
Scenario Il versus llI 0.320%**
Scenario | versus Il —0.096%**

NS, not significant.
***P < 0.001.

2009). In this study, we performed simulations in the
framework of information theory and found that the
statistical properties of empirical VOC data of receptive figs
were best explained by coevolutionary scenario Ill consid-
ering the selection from both attracting pollinators and
confusing antagonists (Figs. 3C, 3D). Under such selection
processes, fig—pollinator mutualisms became specialized, and
as few as two VOCs could provide maximal mutual
information for host identification of pollinators at the
coevolutionary equilibrium. These findings support our
hypothesis that conflicting selection could lead to specialized
plant—pollinator mutualisms in chemical communications,
which are in accordance with some previous studies (e.g.,
Zhang et al., 2020; Wang et al., 2021), where only a few
attractive VOCs have been recorded for bridging a Ficus
species and its pollinating wasps. In addition, our results
showed a strong robustness (Fig. S5), and there were no
significant footprints of Ficus phylogeny on empirical VOC
composition (Fig. 2C).

The composition of VOCs reflects the trade-off between
plant chemical defenses against antagonists and the require-
ment to attract pollinators, which seldom reaches to either
extreme because plant species will lose their fitness if they
only invest in chemical defenses (except for wind-pollinated
plants) or pollinator attraction (Andrews et al., 2007; Schiestl
et al., 2014). Meanwhile, the fitness of both pollinators and
antagonists increases with more explicit chemical signals for
host identification (Wiemer et al., 2009; Brodmann et al.,
2012; Zu et al., 2020). Therefore, their decoding models (i.e.,
the range of VOCs from which they acquire information)
could have diverged, otherwise plants can hardly benefit
from attracting pollinators as the attractive VOCs also bring
strong damages from antagonists. In contrast to most
generalist antagonists, which have evolved to utilize many
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distinct VOCs to identify multiple host plants (Kessler et al.,
2013; Segar et al, 2019), our results supported that
pollinators might evolve to establish specific chemical
communications with host plants like fig—pollinator mutual-
isms. Nevertheless, many nonpollinating wasps are genet-
ically related to pollinating wasps (Wang et al., 2019), thus
they might establish similar chemical communications with
host figs to those between pollinating wasps and figs.
Therefore, strong competition between pollinating and
nonpollinating wasps are expected, which are also critical
in the maintenance of fig-pollinator mutualisms and worth
further exploration.

Such specialized mutualisms between pollinators and
plants depending on only a few VOCs could take advantage
of low uncertainty, in favor of their maintenance. This is
further confirmed by evidence that maximal information for
host identification of pollinators could be supplied by only
two VOCs and that nearly half of VOCs in the empirical data
are species-specific, consistent with some previous studies
(Chen et al., 2009; Souto-Vilards et al., 2018; Proffit et al.,
2020). The relevant molecular mechanisms include the
contraction of olfactory-related gene families in the
pollinating wasps’ genomes and the presence of a few
genes regulating the biosynthesis of attractive VOCs in the
plants (Zhang et al., 2020; Wang et al., 2021).

The evolutionary mechanisms forming such specialization
could be relevant to niche differentiation in chemical
communications between sympatric plant species by com-
petition for pollinators and between allopatric species by
adaptation to heterogenous environments (Segar et al.,
2019). In either way, a certain level of intraspecific variations
in VOC profile is required as the basis for the reciprocal
adaptation between pollinators and plants, consequently
altering chemical communication modes (Martinez-Swatson
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organic compounds (VOCs) based on both simulation results under the three coevolutionary scenarios and the empirical data.
In each coevolutionary scenario, data points at a given number of VOCs are overlapped because similar results are obtained

from different runs of simulation.

et al., 2020). In addition to the genetic variations of plants,
floral scents can also be influenced by microorganisms,
probably to assist their spread by attracting pollinators
(Cellini et al., 2019). However, to date, neither the geographic
variations in VOCs nor the role of microorganisms in shaping
the VOC profile has been comprehensively evaluated in Ficus
species, thus we addressed the need for large-scale research
on chemodiversity and microbes associated with Ficus
species to improve our understanding of coevolution across
multiple levels.

It is notable that our models only qualitatively utilized
empirical data, without considering the concentration of
each VOC. Although this disadvantage prevents the
unraveling of the effects of mixtures of multiple VOCs on
confusing antagonists, it might have limited impacts on
pollinator host identification, because pollinating wasps can
respond to the specific attractant even at extremely low
concentration (Wang et al., 2021). In addition to the
attractants, some other VOCs released by receptive figs
might also participate in creating favorable atmospheres for
pollinators. This is partly supported by the significant
correlation between the phylogeny of pollinating wasps
and the similarity of VOC profiles produced by their host Ficus
species (Fig. 2D). Like the imprinting behavior of birds
(Martinho & Kacelnik, 2016), many insects display associative
learning (i.e., strong preferences to the VOC profiles in the
places where they are born) (Proffit et al., 2015; Wang et al.,
2017), hence imposing strong selection on VOC profiles.

Our results showed that plant—pollinator interactions can
evolve towards specialization in chemical communications. This
seems to contradict with the fact that there are numerous
generalist pollinators (Ollerton, 2017). However, most of these
generalists are defined by the number of their interacting
species without the detailed knowledge about their evolu-
tionary trajectories and the role of chemical communication in
their interactions with plants (Mitchell et al., 2009; Zhang et al.,
2020). Nowadays, biodiversity conservation is facing a major
challenge of understanding the coevolutionary mechanisms of
interacting species (Kiers et al., 2010; Potts et al., 2010; Segar
et al., 2019). Future studies thus should pay more attention to
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unraveling the chemical communication modes of antagonists,
and expand to specialized plant—pollinator—herbivore systems
for further testing how chemical communications drive
coevolution and diversification.
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Fig. S1. A, Accumulation curve of volatile organic compounds
(VOCs) emitted by receptive figs of Ficus species. B, Correlation
between the relative contents of VOCs and their emergence
frequencies.

Fig. S2. Bayesian phylogenetic trees of (A) 41 Ficus species
and (B) 38 pollinating wasp species.

Fig. S3. Simulation results of the conditional entropy at
equilibrium and the maximal fitness of plants and pollinators
under (A, B) coevolutionary scenario | (selection only by
pollinator) and (C, D) coevolutionary scenario Il (selection only
by antagonists) and (E) the matrices of PV, PoP, and PoV with
their sizes determined by the number of Ficus species, empirical
volatile organic compounds (VOCs), and pollinating wasp species.
Fig. S4. Simulation results of conditional entropy and fitness
using different initial conditions under coevolutionary
scenario (A, B) I, (C, D) Il, and (E, F) III.

Fig. S5. Simulation results based on the subset of empirical
data only containing 25 Ficus species distributed in Eurasia.

Table S1. Basic information of the selected 45 Ficus species.
The distribution ranges of these Ficus species were
determined as described in Cruaud et al. (2012).
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(VOCs) detected in the chromatograms of receptive figs from
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comparisons using Tukey's honestly significant difference
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