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Abstract

This study systematically rejects the long-standing notion of cospeciation as the dominant driver of codiversi-
fication between flowering plants and their specialist pollinators. Through cophylogenetic analysis of six classi-
cal specialized pollination systems, the research finds that cospeciation events are consistently outnumbered by
non-cospeciation events, such as host-switch, duplication, and association losses. The findings support a more
dynamic and diffuse codiversification paradigm, highlighting the importance of considering a broader range of
evolutionary events in understanding plant—pollinator codiversification. This new understanding is robust across
diverse pollination systems and has significant implications for conservation strategies in the face of environmental
change.
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Flowering plants and their insect pollinators, two of the
most diverse and coevolved groups, play a crucial role in
terrestrial ecosystems (Tong ef al. 2023). The mechanism
of plant—pollinator codiversification is a fundamental in-
quiry in evolutionary biology and conservation. A tradi-
tional notion of plant—pollinator codiversification through
cospeciation has been widely spread (Friedman 2009;
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Schiestl & Schluter 2009; Cruaud et al. 2012), while the
direct empirical evidence is limited and systematic testing
is lacking.

Different coevolution concepts, strict-sense versus dif-
fuse, influence our understanding of plant—pollinator
codiversification. The popularity of the cospeciation-
dominated codiversification paradigm matches well with
the wild-spread of the strict-sense coevolution concept.
It defines the coevolution process as the evolutionary
change in traits of one species (population) in respond-
ing to changes in traits of another species (population)
exactly, followed by inverse effects (Janzen 1980). So,
plant—pollinator cospeciation is likely to be the ultimate
outcome of trait evolution under continuous reciprocal

© 2024 International Society of Zoological Sciences, Institute of Zoology/ 1

Chinese Academy of Sciences and John Wiley & Sons Australia, Ltd.


https://orcid.org/0000-0003-1834-9561
mailto:wanggang@xtbg.org.cn
http://crossmark.crossref.org/dialog/?doi=10.1111%2F1749-4877.12886&domain=pdf&date_stamp=2024-08-28

C. Taengon et al.

selection between species pairs, thus dominating their co-
diversification. This paradigm is frequently used to un-
derstand the codiversification of highly specialized pol-
lination systems. However, most plants and pollinators
form generalized pollination interactions and diffuse in-
teractions are reported even in the most extreme special-
ized pollination systems, such as the fig—fig wasp sys-
tem (Cruaud et al. 2012; Wang et al. 2016). The above
perspective is being questioned by the diffuse coevolu-
tion concept, which allows the fact that each plant or
pollinator species could coevolve with multiple partners
(Janzen 1980). This suggests that, in addition to cospeci-
ation, other evolutionary events such as host-switch and
association losses significantly contribute to the codiver-
sification of these two groups (Ramirez et al. 2011; de
Vienne et al. 2013; Kahnt et al. 2019; Satler et al. 2019;
Wang et al. 2021).

Furthermore, conflict evidences coexist in empirical
studyies. On one side, the cospeciation-dominated notion
aligns with highly specialized relationships, trait match-
ing, and high-scale phylogenetic congruence observed in
many specialized pollination systems (Schiestl & Schluter
2009; Cruaud et al. 2012; Pena-Kairath et al. 2023). On
the other side, pollinator host-switch and fine-scale phy-
logenetic incongruence are increasingly detected in inde-
pendent studies focused on single system or local site
with various methods, indicating a more dynamic dif-
fuse coevolutionary process (Ayasse et al. 2010; Kawakita
2010; Kahnt et al. 2019; Satler et al. 2019; Wang et al.
2021). Therefore, a systematic evaluation of cospecia-
tion and other non-cospeciation evolutionary events, like
host-switch, on driving plant—pollinator codiversification
with standardized methods is necessary. Here, for the
first time, we conducted systematic cophylogenetic anal-
yses on 11 datasets of six classical specialized polli-
nation systems and evaluated the relative contribution
of cospeciation and other evolutionary events respond-
ing to the plant—pollinator codiversification. We found
that cospeciation events are always lower in frequency
than those of non-cospeciation events in all detected
systems.

The frequency of five evolutionary events respond-
ing to the plant—pollinator codiversification was in-
ferred with cophylogenetic analysis based on the phy-
logenies of plants and their pollinator as well as their
associative information (Conow et al. 2010). The five
events include cospeciation and four independent non-
cospeciation events, host-switch, duplication, association
losses, and failure to diverge (Fig. la; see Supporting In-
formation for details). The six plant—pollinator systems
chosen here are all highly specialized pollination sys-

tems, well-known for their high species diversity and in-
tricate morphological and behavioral adaptations. They
include the fig—fig wasp (Cruaud et al. 2012), Yucca—
yucca moth (Althoff et al. 2012), leafflower—leafflower
moth (Kawakita 2010), Schisandraceae—midge (Luo ef al.
2018), orchids—orchid bee (Ramirez et al. 2011), and
Diascia—long-leg bee systems (Kahnt ef al. 2019). These
systems span across different geographical scales and ma-
jor clades of angiosperms (Fig. 1b; Table S1, Support-
ing Information). Of them, the first four systems, related
to the genera Ficus (figs, Moraceae) and Yucca (yuccas,
Asparagaceae) and families Phyllanthaceae (leafflowers)
and Schisandraceae plants, are also called the brood-
pollination systems, in which the pollinator larvae de-
velops and feeds inside the flower tissue, and both the
plant and the pollinator have to depend on each other
for reproduction successfully, so much higher pollina-
tion specificity and stable relationship are expected (Kato
& Kawakita 2017). The last two systems, consisting of
Neotropical orchids, African Diascia (Scrophulariaceac)
plants, and their free-living oil-collecting bee pollinator
(Ramirez et al. 2011; Kahnt ef al. 2019), are more simi-
lar to the generalized pollination systems (see Supporting
Information for details).

The fig—fig wasp system represents the most extreme
example of specialized pollination systems, often de-
scribed as a “one-to-one” relationship and a classical
model system for studying plant—animal coevolution and
cospeciation (Cruaud et al. 2012). Contrary to common
belief, our findings reject the default model of codiver-
sification through cospeciation in this extremely special-
ized pollination system, with datasets of six fig—wasp
groups across all major tropical continents and differ-
ent representative taxonomical groups and species num-
bers. We find the frequency of cospeciation event only
reaches 44.44% to 14.64%, which is always lower than
that of other evolutionary events, such as pollinator host-
switch (62.80-15.03%), duplication (independent speci-
ation of the pollinators, 36.11-13.64%), and association
loss (39.88-0%) (Fig. 1c). Similar patterns are also ob-
served in the other five specialized pollination systems
(Fig. 1c). First, for other three brood-pollination systems,
cospeciation takes only 34.96%, 33.88%, and 11.04% of
all the evolutionary events in leafflower—leafflower moth,
Schisandraceae—midge, and yucca—yucca moth systems
respectively, while it is the pollinator host-switch as
the dominant event in leafflower (62.61%) and Schisan-
draceae systems (49.02%), and three non-cospeciation
events (83.16% in total) happen more frequency in the
yucca system. When checking the rest two pollination
systems with free-living pollinators, the cospeciation

2 © 2024 International Society of Zoological Sciences, Institute of Zoology/

Chinese Academy of Sciences and John Wiley & Sons Australia, Ltd.

35UBD 17 SUOWILIOD) BAIIS1D) 3|qedtdde ay) Ag pausenof e sapile YO ‘9N Jo S3|nu 10} Akeiq T auluQ A3]IA UO (SUOIPUOD-puUe-SWLB)/WI0D A8 1M Afeiq Ijpuuo//:sdny) suoRIpUoD pue swe | 8yl 89S *[7202/80/8z] o Ariqiauluo A8|IM ‘Uspies fealuelog feaidou ) eutegbuenusix Aq 98821 2/8Y-6v.T/TTTT OT/I0p/Wod A3 |Im ARelq Ul |uo//sdiy wouy pepeojumoq ‘0 ‘2/8v67.T



Cophylogenetic

B —
analysis
| |

‘#‘_—"'_?

R

| Slaf—

L

BL

<

>
< p—

<

1004

P =) o)
il i i

Percentage of events

)
e

Ficusl Ficus2 Ficus3 Ficus4 Ficus5 Ficus6

Pl
HI
P2
H2
P4
P3
H3
P5

I -

P6
H5

P7
H6
P8
H7
P8

—H8

-

-,

Leaf. Yucca Schi.

Diffuse codiversification

b Plants : Pollinators
[] & ¥ ]
Cospeciation Ficus : Fig wasps ‘/
S =
Duplication Leafflowers : Leafflower moths

Diascia : Long-leg bees

&

: Yucca moths

Host-switch

Associate loss Monocots

Orchids : Orchid bees

ANA ’ «

Schisandraceae : Resseliella midges

Failure to diverge

TE W W

~ w Yy 9
100

404
204

Ficus3 Ficus6 Yucca

Orchid Diascia

N.taxa 200:200 15:15 19:19 11:12 26:40 26:26

22:22 24:20 18:19 130:27 31:14

12:18 12:33 24:17

&~

L HPHB N 0O

Plant : Pollinator

Plant : Galler

Figure 1 Diagram illustrating cophylogenetic analysis and the relative frequencies of inferred evolutionary events driving plant—
insect codiversification in six specialized pollination systems. (a) Cophylogenetic analysis diagrams show the inferred cophylogenetic
events, namely cospeciation, duplication, host-switch, associate loss, and failure to diverge. The left-side black phylogeny repre-
sents the reference clade, such as plants, while the right-side blue phylogeny represents the comparator clade, such as pollinators.
(b) Distribution of specialized plant systems on the angiosperm phylogeny, with additional information on their associated pollina-
tors. (c¢) Relative frequency of evolutionary events inferred with cophylogenetic analysis by the JANE program for plant groups and
their pollinators in the six classical specialized pollination systems. (d) The cophylogenetic results between figs or yucca plants and
their gall insects, which parasitize pollination mutualisms. Information regarding the geographic distribution, system code, and the
number of taxa for plants, associated pollinators, or gallers is displayed at the top and bottom of the bar plots, respectively (refer to
Tables S1, S2, S3 and Supplementary Methods in Supporting Information for details).

event contributes just marginally—2.81% in the Neotrop-
ical orchids—orchid bee system and 0.69% in the African
Diascia—long-leg bee system. They are duplication event
(46.45%) and host-switch event (37.82%) in the orchids—
orchid bee system, the associate loss event (50.69%) and
failure to diverge event (28.47%) in the Diascia-long-leg
bee system, dominate the plant—pollinator codiversifica-
tion history (Fig. 1c).

In addition, the prevalent pattern of non-cospeciation
events along the plant—insect codiversification process is

also detected in some antagonistic relationships, which
adhere to the above specialized pollination systems. Sim-
ilar cophylogenetic analyses were conducted between
plants and their specialized gall insects in the fig—fig wasp
and yucca—yucca moth systems and got similar patterns.
The cospeciation event takes only 38.00% and 12.50%
of all evolutionary events in two fig—galling wasp sys-
tems and 5.80% in one yucca—galling moth system. While
there is the host-switch event (68.75%, 40.90%) in the two
fig—galling wasp systems and the association loss event
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(44.93%) in the yucca—yucca moth system happen most
frequently along plant—galler codiversification (Fig. 1d).
The relatively higher non-cospeciation events, such as
host-switch or association loss, along with plant—galler
codiversification, suggest a strong arms race between the
antagonistic partners (Wang ef al. 2019). Considering that
both pollinators and galling insects coexist in the same
host plants but exert opposite pressure, the negative se-
lection supplied by gall insects to their host plants or
coexisting pollinator insects may be an important driver
reshaping the plant—pollinator interactions and stimulat-
ing the plant—pollinator diversification through those non-
cospeciation events.

In conclusion, even with the increasing reports on
host-switch in specialized pollination systems, the tradi-
tional notion of plant—pollinator codiversification through
cospeciation is still upheld, as most of the previous work-
ings are case studies with a single system, or single site
studies, and with different incomparable analysis meth-
ods. Based on a systematic survey and reanalysis of pub-
lished plant—pollinator phylogenies and species associ-
ation information crossing 11 datasets of the six most
classical specialized pollination systems, which cross all
major continents and major clades of angiosperms, for
the first time, we rejected systematically the longstand-
ing notion of plant—pollinator cospeciation event domi-
nating their codiversification. Instead, our results support
a more diffuse and dynamic codiversification paradigm,
wherein the dynamic nature of pollination specificity is
frequently disrupted by host-switch, pollination dupli-
cation, association losses, and failure to diverge events
(Machado et al. 2005; Hembry & Althoff 2016; Wang
et al. 2021). Meanwhile, this diffuse codiversification
paradigm also applies to the antagonistic plant—insect sys-
tems as similar pattern revealed in two plant—galler sys-
tems adhere to the pollination systems. It should be noted
that although all phylogenies used here have been for-
mally published, some phylogenies are less robust than
others (see Supporting Information for details), which
may influence certain cophylogenetic results that largely
depend on the phylogenetic topologies. However, consid-
ering that the same results are consistently supported by
all our independent datasets from 11 plant—pollination
cases and three plant—galler cases spanning six special-
ized pollination systems, which across all major conti-
nents and main clades of angiosperms, our conclusion
on a diffuse codiversification paradigm should be very
robust.

The diffuse codiversification paradigm also offers
new insight into current conservation facing a rapidly

changing environment. In the evolutionary view, the new
paradigm suggests that the reshaping or breakdown of
established specialized plant—insect interactions does not
have to be a totally negative phenomenon for biodiversity
conservation. The interaction—reshaping is very common
along their diversification history and can lead to plant—
insect diversification frequently via host-switch and other
events (Wang et al. 2021; Su et al. 2022). In the face of
the extensive reshaping of current ecological interactions
amidst rapidly changing environments (Bascompte et al.
2019; Fricke & Svenning 2020), both extinction risks and
diversification opportunities are possible. Exploring how
we might modify these evolving ecological networks to
facilitate current species adapting to the rapid changing
environment and even stimulate their new diversification
is an intriguing and meaningful topic. After all, without
breakdowns, there can be no creation. Thus, it is cru-
cial to seek hope and opportunities amidst the inherent
risks.
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