UC Davis
UC Davis Previously Published Works

Title

Macroevolutionary assembly of ant/plant symbioses: Pseudomyrmex ants and their ant-
housing plants in the Neotropics

Permalink

https://escholarship.org/uc/item/49r6h9s2

Journal
Proceedings of the Royal Society B, 282(1819)

ISSN
0962-8452

Authors

Chomicki, Guillaume
Ward, Philip S
Renner, Susanne S

Publication Date
2015-11-22

DOI
10.1098/rspb.2015.2200

Peer reviewed

eScholarship.org Powered by the California Diqgital Library

University of California


https://escholarship.org/uc/item/49r6h9s2
https://escholarship.org
http://www.cdlib.org/

Downloaded from http://rspb.royalsocietypublishing.org/ on November 18, 2015

PROCEEDINGS B

rsph.royalsocietypublishing.org

Research CroseMark

click for updates

Cite this article: Chomicki G, Ward PS,
Renner SS. 2015 Macroevolutionary assembly
of ant/plant symbioses: Pseudomyrmex ants
and their ant-housing plants in the Neotropics.
Proc. R. Soc. B 282: 20152200.
http://dx.doi.org/10.1098/rspb.2015.2200

Received: 12 September 2015
Accepted: 26 October 2015

Subject Areas:
evolution, ecology

Keywords:

ant/plant coevolution, co-radiation,
secondary colonization, molecular clocks,
Pseudomyrmex, symbiosis

Author for correspondence:
Guillaume Chomicki
e-mail: quillaume.chomicki@gmail.com

Electronic supplementary material is available
at http:/dx.doi.org/10.1098/rspb.2015.2200 or
via http://rspb.royalsocietypublishing.org.

THE ROYAL SOCIETY

PUBLISHING

Macroevolutionary assembly of ant/plant
symbioses: Pseudomyrmex ants and their
ant-housing plants in the Neotropics

Guillaume Chomicki', Philip S. Ward? and Susanne S. Renner’

ISystematic Botany and Mycology, Department of Biology, University of Munich (LMU), 80638 Munich, Germany
ZDepartment of Entomology and Nematology, University of California, Davis, CA 95616, USA

Symbioses include some of the clearest cases of coevolution, but their origin,
loss or reassembly with different partners can rarely be inferred. Here we
use ant/plant symbioses involving three plant clades to investigate the evol-
ution of symbioses. We generated phylogenies for the big-eyed arboreal ants
(Pseudomyrmecinae), including 72% of their 286 species, as well as for five
of their plant host groups, in each case sampling more than 61% of the species.
We show that the ant-housing Vachellia (Mimosoideae) clade and its ants
co-diversified for the past 5 Ma, with some species additionally colonized
by younger plant-nesting ant species, some parasitic. An apparent co-radiation
of ants and Tachigali (Caesalpinioideae) was followed by waves of colonization
by the same ant clade, and subsequent occupation by a younger ant group.
Wide crown and stem age differences between the ant-housing genus Triplaris
(Polygonaceae) and its obligate ant inhabitants, and stochastic trait mapping,
indicate that its domatium evolved earlier than the ants now occupying it,
suggesting previous symbioses that dissolved. Parasitic ant species evolved
from generalists, not from mutualists, and are younger than the mutualistic
systems they parasitize. Our study illuminates the macroevolutionary assem-
bly of ant/plant symbioses, which has been highly dynamic, even in very
specialized systems.

1. Introduction

The origin, maintenance, and breakdown of mutualisms are key questions in
ecology and evolutionary biology [1-3]. Mapping traits of the mutualists and
non-mutualist relatives on time-calibrated phylogenies has proved a powerful
approach to unveil the temporal and geographical origin of mutualisms. A find-
ing of co-phylogenetic studies of mutualisms is that co-speciation is rare
(reviewed in [4]) and restricted to a few symbioses, especially those with verti-
cal transmission, such as Buchnera bacterial endosymbionts and aphids [5-7].
Co-speciation in mutualistic partnerships that do not involve vertical trans-
mission may exist in some obligate systems—for instance figs and their wasp
pollinators as suggested by matching divergence times, although occasional
wasp switches to other figs have been documented [8]. Other obligate mutual-
isms, such as the Yucca/yucca moth pollination mutualism, were found to have
evolved multiple times [9,10]. Non-specialized mutualisms can exist between
partners of highly discordant ages, for example, between introduced plants
and native insect or bird pollinators [11]. Only species-dense molecular clock-
dated phylogenies of both partner lineages therefore can elucidate the evolution
of mutualistic systems. Such analyses over the past few years have revealed that
cheaters rarely evolve from mutualists, contrary to theory [3].

Ant/plant symbioses involve plants with modified structures (domatia) that
house ants, in return for protection or extra nutrients and sometimes also the
physical or chemical removal of competing plant species [12-14]. Ant/plant
symbioses appear to be younger than seed dispersal by ants or extrafloral
nectary-mediated plant defence by ants, with no extant domatium-bearing
clade older than 20 Myr [14]. Few co-phylogenetic studies of ant/plant systems
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Figure 1. Examples of Pseudomyrmex/plant symbioses. (a—c) Vachellia/Pseudomyrmex peperi symbiosis. (a) Vachellia habit with stipular thom domatia. (b) Pseu-
domyrmex peperi worker feeding on the large Vachellia extrafloral nectaries. (c) Pseudomyrmex peperi collecting a protein-rich Beltian body from the Vachellia leaflet
tips. (d) Triplaris americana domatium inhabited by Pseudomyrmex triplarinus. (e) Tachigali myrmecophila/Pseudomyrmex concolor-group symbiosis. (e, inset)
P. concolor entering in a Tachigali myrmecophila leaf domatium. (e) Pseudomyrmex penetrator entering the leaf rachis domatium, where an entrance hole has
been chewed. Photo credits: (a—c) Alexander Wild, (d) Fabian Michelangeli, (e, inset), Heraldo Vasconcelos, (e) Ricardo Solar. (Online version in colour.)

have been conducted. In the African Leonardoxa africana,
two of four subspecies have specialized domatia that were
colonized in parallel by pre-adapted ant species [15,16].
Species of the Southeast Asian Crematogaster borneensis-group
(former subgenus Decacrema) independently colonized three
species groups of Macaranga, with an apparent matching
of plant stem morphology and associated ant behaviour
[17]. Co-radiation has been inferred in Pseudomyrmex and
Mesoamerican Vachellia [18].

Pseudomyrmecinae comprise 230 described species in three
genera [19-22], with 32 of the species living in plant domatia
[14,19], making Pseudomyrmecinae the most diverse plant-
occupying ant group worldwide [14]. Of the three genera,
Myrcidris includes two species (one undescribed) from northern
South America, Pseudomyrmex has 134 species, also confined to
the New World, and Tetraponera comprises 95 species in Africa
and Australasia [23]. Most species nest in dead hollow twigs of
living plants, others nest only in the domatia of particular
species that they protect against herbivores (figure 1), and
some are parasites of other ant/plant symbioses [19,21,24,25].
Obligate domatium-nesting big-eyed ants have entered into
more or less tight symbioses with species of the Fabaceae
genera Vachellia, Tachigali and Platymiscium, and the Polygona-
ceae genera Triplaris and Ruprechtia [18,20,26,27]. This system is
therefore ideal to study the evolution of ant/plant symbioses.

We had three expectations concerning the evolution of big-
eyed ant/plant symbioses: (i) co-radiation (co-diversification)
would be seen only in relatively young clades because of
the increasing probability of partner loss over time, (ii) non-
mutualistic domatium-nesting big-eyed ant species (i.e. parasites
of existing symbioses) would be younger than mutualistic
species, and (iii) highly age-discrepant partners would be rare
in specialized symbioses. To evaluate geographical range shifts
in both partners, we rely on a statistical biogeographic approach
that allows comparing models with and without the assumption
of speciation-with-dispersal [28,29]. With respect to geographical
evolution, we expected that for specialized symbioses, ancestral
areas of plant—ant clades should match those of their plant hosts.

2. Material and methods
(a) Taxon sampling, DNA isolation and amplification

The most important myrmecophyte genera associated with Pseudo-
myrmex ants are: Vachellia (Fabaceae: Mimosoideae), Platymisicum
(Fabaceae: Faboideae), Tachigali (Fabaceae: Caesalpinoideae),
Triplaris (Polygonaceae: Eriogonoideae) and Ruprechtia, the latter
two being sister groups [30]. Our plant sampling ranged from
61 to 75% (see the electronic supplementary material, Material
and Methods for details).
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We sampled 64% of Pseudomyrmecinae including 78% of
Pseudomyrmex species. Ten non-pseudomyrmecine ant species,
including representatives of the sister-group (Myrmeciinae), were
used as outgroups. Building on previous studies [22], we compiled
or newly generated sequences from 10 nuclear markers, namely
285 rRNA, Wg, AbdA, LW Rh, EF1aF2, ArgK, Enolase, CAD,
Topl and Ubx. Out of 2150 sequences in the Pseudomyrmecinae
matrix, 1990 are new (GenBank accession no. KR828817-—
KR830806). Taxon names, permanent voucher numbers with
linked geographical information, and GenBank accession numbers
are listed in the electronic supplementary material, table S1. The
aligned data matrix for Pseudomyrmecinae has been deposited in
TreeBase (study accession 517550). Primer sequences are given in
the electronic supplementary material, table S2.

For Vachellia, Platymiscium and the Triplaris/Ruprechtia clades,
we used sequences from published studies [18,30,31]; markers
and alignment length are described in the electronic supplemen-
tary material, Material and Methods. For Tachigali, we sequenced
ITS1 (nuclear) and matK, trnL intron, trnL—trnF and trnH-PsbA
spacers (plastid) for 36 specimens. DNA isolation, purification
and amplification followed standard methods [32]. Taxon names,
vouchers, geographical information and GenBank accession num-
bers are listed in the electronic supplementary material, tables S3
(Vachellia), S4 (Platymiscium), S5 (Triplaris/Ruprechtia) and S6
(Tachigali). For more details see the electronic supplementary
material, Materials and methods.

(b) DNA sequence alignment and phylogenetic analyses
Sequence alignments were performed in MAFFT v. 7 [33] (plants)
or CrustaL X v. 2.1 [34] (Pseudomyrmecinae), manually edited and
concatenated in MEesQurte v. 2.75 [35] (plants) or MacClade v. 4.08
[36] (Pseudomyrmecinae). Maximum-Likelihood tree inference
relied on RAXML v. 8.1 [37] (plants) or GARLI v. 2.0 [38] (Pseudo-
myrmecinae), with 100 ML bootstrap replicates. For all plant
analyses, we used the GTR + I substitution model in RAXML,
while Pseudomyrmecinae were analysed using the partition
scheme identified by PartitionFinder [39] (electronic supplemen-
tary material, table S7). For Tachigali and the Pseudomyrmecinae,
we also conducted Bayesian analyses in MRBAYEs v. 3.2 [40], with
partitioning by gene region for Tachigali, using the best-fitting
models identified by jModelTest2 [41], and using the scheme ident-
ified by PartitionFinder for the Pseudomyrmecinae (electronic
supplementary material, table S7). Further details are provided
in the electronic supplementary material, Materials and Methods.

(c) Molecular clock dating

Molecular clock dating relied on BEAST v. 2 [42] and the GTR + T’
substitution model with empirical nucleotide frequencies and six
rate categories. In all cases, we used the uncorrelated lognormal
relaxed clock model, since its standard deviation was always
more than 0.5. We used Yule tree priors, with Markov chain
Monte Carlo (MCMC) chain lengths between 20 and 60 million
generations, sampling every 10000th generation with chain
length depending on convergence as determined by examining
the log files in TRACER v. 1.5 [43] after removal of an initial burn-
in proportion of 10% of the trees. Fossil and secondary calibrations
for all five DNA matrices are explained in detail in the electronic
supplementary material, Material and methods.

(d) Ancestral state reconstructions

We coded Pseudomyrmecinae as (0) ‘ground nesting’, for species
nesting in the ground; (1) ‘arboreal generalist’, for unspecialized
arboreal species nesting in dead twigs or branches of various
plants, but not usually in domatia; (2) ‘domatium mutualist’, for
plant-ants nesting obligately in domatia and presenting aggressive
behaviour, and (3) ‘domatium parasite’, for species obligately
living in domatia but with a timid behaviour that results in the

absence of defense payback to their host. Species assignments to n

these categories are based on published studies [19,20,27,44—-47]
and personal observations by P.S.W. over the past 30 years. To
infer the ancestral states of nesting habits, we used the ML
approach implemented in MesQuite v. 2.75 [35] with the MK1
model and the R package Ape (Ace function) [48], using as input
trees both the maximum clade credibility tree from BEAST and
the best ML tree from GARLI. To take into account topological
uncertainties, we used two approaches: we ran MK1 reconstruc-
tions on a sample of 1000 Bayesian trees from the BEAST MCMC
runs, and we used the Bayesian reversible jump MCMC approach
in BayesTraits [49], which allows transition rates between character
states to vary. The chain was run for 50 x 10° generations, and rate
coefficients and ancestral states were sampled every 1000th gener-
ation. We ensured that the acceptance rate was between 20 and
40%, as recommended in the manual, and reconstructed the
nodes of interest using the command ‘addnode’.

To reconstruct the evolutionary gains and losses of domatia
in Vachellia, Tachigali, Triplaris/Ruprechtia and Platymiscium, we
coded each tip for domatium absence (0) or domatium presence
(1), using the world list of domatium-bearing plants [14]. We per-
formed ancestral state reconstructions using the same approaches
as for the Pseudomyrmecinae. These reconstructions, including
the assumptions of the model used, are described further in
the electronic supplementary material, Material and methods.

(e) Historical biogeography and range sizes

We coded the geographical ranges of all Pseudomyrmecinae and
of all plant species in the phylogenies as: A = USA, B = Mexico
to Panama including the Caribbean, C = Northern and Central
Andes (Venezuela, Colombia, Ecuador, Peru, Bolivia), D = Brazil
and the Guianas, E = Chile, Argentina, Paraguay and Uruguay,
F = Afrotropics and G = India, southeast Asia and Australia.
The coded Neotropical regions are shown in figure 2. To infer
whether (i) ancestral areas of Pseudomyrmecinae clades match
those of their plant hosts and whether (ii) our focal symbioses
coincide with geographical range shifts, we used ancestral range
reconstruction (back to 33.7 Ma) using the multimodel approach
implemented in the R package BioGeoBEARS [28,29] on the
BEAST chronograms.

To determine whether increased Pseudomyrmex specialization
(here obligate nesting in a particular plant species) coincides
with range narrowing or broadening, we evaluated the range
size of each plant-ant species and compared it to that of its sister
group based on occurrence data from a database of vouchered
material compiled by P.S.W. (electronic supplementary material,
table S8). We calculated range sizes as the extent of occurrence
using the software DIVA-GIS [50], following an approximate mini-
mum convex polygon. Given the dense geographical sampling of
Pseudomyrmecinae (electronic supplementary material, table S8),
this approach reduces the risk of overestimating range sizes. Range
size calculation and sister group taxonomic composition are
described in detail in the electronic supplementary material,
Material and methods.

(f) Interactions

We searched the literature to obtain information about the types
of interactions between the plant and ant species sampled in our
study. Data for Triplaris and the Pseudomyrmex triplarinus group
come mainly from [51], those for Vachellia and the P. ferrugineus
group from [20] (summarized in fig. 73) and [18]. Apart from
these two groups, species-level information is scarce since bota-
nists at best note the ant genus and entomologists the plant
genus. We thus included indirect data from morphological
traits and notes on genera (without species names), as long as
there was a geographical overlap. All inferred links are depicted
as dotted lines in the respective figures.
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3. Results
(a) Phylogenetics of Neotropical Pseudomyrmecinae

and their plant hosts
Both ML and Bayesian phylogenetic inference showed a well-
supported Neotropical Myrcidris + Pseudomyrmex clade and
four maximally supported Pseudomyrmex plant-ant groups
(P. ferrugineus group, P. concolor group, P. triplarinus group
and P. sericeus group; electronic supplementary material,
figures S1 and S2). An unexpected result is that the Vachellia
(“ant-Acacia’) ants are not monophyletic, but instead form two
clades separated by two species of arboreal generalists from
Central America (figure 2), extending a previous finding [47].

Phylogenetic  relationships  in  Triplaris/Ruprechtia,
Platymiscium and Vachellia are as found in previous studies
[18,30,31]. The monophyly of the newly investigated genus
Tachigali is maximally supported in ML and Bayesian ana-
lyses (electronic supplementary material, figure S3), and the
sister species relationships involving the position of myrme-
cophytes relevant to this study are well to moderately
supported (electronic supplementary material, figure S3).

(b) Times of origin of Pseudomyrmecinae and their
plant hosts

The most recent common ancestor (MRCA) of Pseudomyrme-
cinae dates to 71.7 + 7 Ma, significantly older than found in
chronograms that focused on all ants and therefore included
only a few Pseudomyrmecinae [52,53]. The stem age of
Pseudomyrmex is 49.0 + 4 Ma, its crown age 35.8 +4Ma
(figure 2; electronic supplementary material, figure S4). The
main clade of Vachellia-inhabiting species in the P. ferrugineus
species group—here referred to as the P. ferrugineus
subgroup—dates to 5.1 + 1.5 Ma, matching the age of the
MRCA of the Mesoamerican Vachellia clade, 4.7 + 2 Ma.
Two related Vachellia-inhabiting Pseudomyrmex — species,
P. nigrocinctus and P. particeps, forming the P. nigrocinctus
subgroup, however, evolved 1.5 + 1 Ma, after the radiation
of the Vachellia species that they currently inhabit (figures 2
and 3a). Similarly, the P. triplarinus group evolved 5.7 +
2 Ma, after the radiation of its obligate host clade, Triplaris
(18 species, 61% sampled), here dated to 13 + 2 Ma (figures 2
and 3c). The P. concolor species group dates to 12.2 + 3 Ma,
overlapping the age range inferred for the Tachigali clade
that it inhabits (the T. paniculata group, 9.3 + 5 Ma; figures 2
and 3b). Other ant-housing Tachigali species originated
between 9.3 and 1.5 Ma, but the origin of domatia in single
species cannot be dated (figure 2). Lastly, the P. fortis sub-
group, a clade of myrmecophyte-inhabiting species within
the P. sericeus species group, whose species nest in Tachigali,
Triplaris, Platymiscium and other ant-plants, dates to 5.5 +
1.5Ma, and does not show any obvious crown matching
with any of its hosts. Within this clade is a subgroup of
strict Tachigali specialists, the P. crudelis complex, originating
3.7 + 1 Ma, well after the P. concolor group.

(c) Biogeography of plant-nesting Pseudomyrmex and

their plant hosts
BioGeoBEARS model comparison yielded the BAYAREA + ]
model as best fitting the ant data, significantly better
than DEC +] (Lnl= —451.87 versus —608.91; electronic

supplementary material, table S9a shows all statistics of BioGeo- [ 5 |

BEARS runs). DEC + ] was the best-fit model for Triplaris/
Ruprechtia and Platymiscium, while for Vachellia and Tachigali
DEC had the same likelihood as DEC +] (electronic
supplementary material, table S9b-e). Because many Pseudo-
myrmecinae species are widespread, the inferred ancestral
ranges are also wide (figure 2). The ancestral area of Pseudomyr-
mex includes Central and Northern South America (ML
probability = 0.8), and the ancestral ranges of the P. ferrugineus
and the P. nigrocinctus subgroups are Central America (ML
prob.=1 and =0.95, respectively), matching the inferred
ancestral range of their Vachellia host plants (ML prob. =
0.99). The P. triplarinus group originated in Northern South
America (ML prob. = 0.8), matching the ancestral range of its
host, Triplaris (ML prob. = 0.8), and the same holds for the P.
concolor group (ML prob. =0.9) and its host Tachigali (ML
prob. = 0.75-1 depending on lineage). The P. fortis species
group within the P. sericeus group evolved in Northern South
America (ML prob. = 0.9), where some of its hosts also arose
(Triplaris and some myrmecophytic lineages of Platymisciuim).
In Pseudomyrmex, the evolution of obligate plant nesting corre-
lates with a reduction in the number of ancestral areas
(figure 2), which is partially confirmed by range size analysis
(electronic supplementary material, figure S11).

(d) Gains or losses of plant nesting in
Pseudomyrmecinae and of domatia in their major
plant hosts

Our ML and Bayesian reconstructions (electronic supplemen-
tary material, Material and Methods; and figures S5 and S6)
of plant nesting in Pseudomyrmecinae strongly support 10 ori-
gins of obligate domatium living in this subfamily, including
five in the genus Pseudomyrmex alone. This result was highly
supported across methodological approaches (figure 2; elec-
tronic supplementary material, figures S5, S6 and S12; and
also electronic supplementary material). Two independent ori-
gins of domatium living are supported within the P. ferrugineus
group, one in the P. ferrugineus subgroup and one in
the P. nigrocinctus subgroup (Bayesian prob. 0.98, ML prob.
0.97-0.99; electronic supplementary material, figures S5, S6
and S12). No loss of obligate plant nesting was detected.
In the plants, we inferred single gains of domatia in Vachellia
(electronic supplementary material, figures S7 and S12) and
Triplaris (electronic supplementary material, figures S8 and
512), confirming previous results [14], and three gains of doma-
tia in Ruprechtia (electronic supplementary material, figures S8
and S12), at least nine in Tachigali (electronic supplementary
material, figures S9 and S12) and five in Platymiscium
(electronic supplementary material, figure S10 and S12). No
domatium loss was inferred. Stochastic trait mapping (elec-
tronic supplementary material, Materials and Methods; and
electronic supplementary material, figure S12) confirmed the
results obtained with other methods.

4. Discussion

(a) Macroevolutionary assembly of ant/plant symbioses
The expectation that highly age-discrepant partners would be
rare turned out to be wrong, while our expectations that co-
diversification would be seen only in relatively young
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Figure 3. Macroevolutionary patterns of age and trait matching of interacting Pseudomyrmex ants and domatium-bearing plant lineages and hypothetical-associated
evolutionary processes. (a) Co-radiation of Vachellia and the P. ferrugineus subgroup, followed by secondary colonization by mutualistic species of the P. nigrocinctus
species complex, parasitic . nigropilosus and the generalist P. gracilis. (b) Potential initial co-radiation of Tachigali and the P. concolor species group, followed by host
broadening to other Tachigali lineages and secondary colonization of Tachigali by members of the P. crudelis species complex. (¢) In domatium-bearing Triplaris,
crown and stem ages and ancestral state reconstruction suggest that the ant mutualists (the P. triplarinus group) that currently nest in Triplaris domatia are younger
by approximately 8 Myr than is domatium-presence in Triplaris, suggesting possible symbioses with other (earlier) ant species, such as Azteca whose crown age
(banded) matches Triplaris and which sometimes forms symbioses with the latter (see §4). Grey error bars show the 95% (I from BEAST. Black (ants) or green
(plant) bars depict stem branches. Colour gradient along the stem branch shows the posterior probability of a density plot summarizing 1000 stochastic simulations
of trait evolution. See also the associated electronic supplementary material, figure $12. Below the arbitrary threshold of 0.5, the traits (domatium or domatium-

nesting) are unlikely to have been present. (Online version in colour.)

clades and that parasitic species would be younger than
mutualistic species were both met. Temporally matched radi-
ation (co-radiation) of interacting clades has occurred in the
P. ferrugineus group and its Vachellia host species in Central
America (figure 3a). Most ant species in this group can nest
in several Vachellia species, with the exception of P. satanicus,
which seems restricted to V. melanoceras ([20,24]; figure 2). We
found no obvious matching of the DNA tree topologies,
suggesting the absence of co-speciation, and the branching

times of interacting species are not always temporally
matched (figure 2), further pointing to host broadening and
host switching. The limited dispersal ability of symbiotic
ants and plants and their typically low specificity probably
hamper co-speciation in ant/plant symbioses [12,14]. Recipro-
cally matching traits in Vachellin and their big-eyed ant
symbionts include protein-rich food bodies (Beltian bodies)
that are more effectively digested by P. ferrugineus ants than
by generalist species [54], enlarged extrafloral nectaries
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(EENs) with post-secretory nectar sucrose hydrolysis and the
ants’ ability to feed on sucrose-poor nectar [55]. A novel finding
of this study is that P. nigrocinctus and P. particeps form a distinct
lineage much younger than the remaining Vachellia ants, which
apparently colonized already domatium-possessing Vachellia
species (figure 3a; electronic supplementary material, figures
S5-S7). Pseudomyrmex nigrocinctus is widespread, occupying
several Vachellia species, while P. particeps is known only from
V. allenii, a species that can also be inhabited by P. spinicola, a
member of the P. ferrugineus subgroup [20]. Vachellia allenii
thus represents a clear case of symbiont broadening, with the
younger ant species P. particeps now competing with P. spinicola
for domatia to live in. Both P. nigrocinctus and P. particeps patrol
their host plants aggressively and gather Beltian bodies and
extrafloral nectar ([56]; P.5.W., personal observation), but the
extent to which they have adapted nutritionally to Vachellia,
perhaps with traits similar to those found in the P. ferrugineus
subgroup [54,55], remains to be investigated.

Tachigali domatia, which evolved at least nine times (figure 2),
arise from an enlargement of the leaf rachis (and in some cases
also the inflorescence stem), which may be developmentally
‘easy’ and happen readily under selection pressure from doma-
tium-nesting ants, in this case ants of the P. concolor group
(figure 2), as long as founder queens can cover the distance
between domatium-bearing and non-domatium-bearing species
occurring sympatrically [57]. The repeated evolution of domatia
in related Tachigali species provides a striking example of parallel
evolution that results from recurrent colonization by P. concolor
group. The significantly younger age of the P. crudelis species
group (3.7 Ma versus 12.2 for the P. concolor group and 8 Ma
for the main domatium-bearing Tachigali lineage) strongly
suggests that it secondarily colonized Tachigali (figures 2, 3b; elec-
tronic supplementary material, figures S5, S6 and S9). Secondary
colonization, such as that of Vachellia by the P. nigrocinctus species
complex and of Tachigali by the P. crudelis species complex, results
in symbiont broadening for the plants and enables entry into
‘new adaptive zones” represented by the myrmecophytes. The
P. triplarinus group is 5—-8 Myr younger than its obligate host Tri-
plaris (figures 2 and 3; electronic supplementary material, figures
S5, S6, S8 and S12). Wide crown and stem age differences
between the ant-housing genus Triplaris (Polygonaceae) and its
obligate ant inhabitants, and stochastic trait mapping (figures 2
and 3; electronic supplementary material, figure S12), indicate
that its domatium evolved earlier than the ants now occupying
it, suggesting previous symbioses that dissolved. Triplaris
might thus represent a later stage in the evolution of coevolution
as envisioned by Ehrlich & Raven [58], namely the complete
switching to a new partner. Partner replacement could come
about through colonization of domatia by generalist plant-ants
[59,60]. A potential candidate for an earlier symbiosis with Tri-
plaris is Azteca, a clade whose crown age matches that of
Triplaris (figure 3¢, [61]) and which contains both Triplaris special-
ists [46,62] and infrequent occupants of Triplaris domatia [51].
Alternatively, the inferred domatium trait might be an exaptation
that would only have been converted later into a domatium, or
Triplaris might have been associated with (now extinct) stem
lineages species of the P. triplarinus group.

(b) Recent colonization of mutualistic symbioses by
parasitic ant species

Our time-calibrated phylogenetic framework for the evolution
of big-eyed ants and their plant host groups reveals that

specialized mutualist species form well-defined clades, while

parasite species consist of singletons (figure 2). Although the
time of origin of a parasitic lifestyle in single species cannot
be inferred, the relevant sister species divergence times imply
that parasites evolved later than mutualists: P. nigropilosus, a
specialist ant species that obligately nests in Vachellia and
feeds on its food bodies and extrafloral nectar but does not pro-
tect it against herbivores or encroaching vegetation [27], split
from its sister species P. major only 1.5 Ma. Similarly, P. gracilis,
an arboreal generalist that occasionally occupies Vachellia and
prevents queens of mutualistic ants from founding a new
colony [63], split from the related species, P. hospitalis, only
1.7 Ma. Younger ages of ant parasites compared to mutualists
are expected since mutualistic selection pressure must first
have led to the evolution of domatia before parasitic ants
could exploit these nesting structures. In all cases, we found
that parasites evolved from generalists and not from mutual-
ists, contrary to a common prediction in mutualism models
[3], but consistent with previous phylogenetic analyses with
less dense species sampling [47].

5. Conclusion

Our study reveals macroevolutionary patterns that may
represent different stages in the evolution of ant/plant sym-
bioses. Based on crown ages, we inferred co-diversification
in the Vachellia/Pseudomyrmex ferrugineus-group system
over a few million years and secondary and parallel coloniza-
tions of Vachellia, Tachigali and Platymiscium by other ant
groups that entered new ‘adaptive zones’ (mutualistic or
parasitic). In Triplaris, we present evidence that the current
Pseudomyrmex partners are secondary colonists that displaced
earlier symbiont species, possibly as a consequence of locally
reduced abundances and competition among plant-ants for
nesting sites. The repeated evolution of domatia in Tachigali
(26 of its 54 species have domatia; figure 2) may provide an
example of a guild, namely the Pseudomyrmex concolor species
group, imposing selection pressures on related plant species.
Altogether, our study reveals that assemblage of ant/plant
symbioses has been highly dynamic, even in very specialized
systems, such as the iconic Central American Vachellia and its
thorn-domatium-nesting P. ferrugineus group.
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