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Abstract

Reproductive isolation between geographically separated populations is generally considered the most common form of specia-
tion. However, speciation may also occur in the absence of geographic barriers due phenotypic and genotypic factors such as
chemical cue divergence, mating signal divergence and mitonuclear conflict. Here we performed an integrative study based on
two genome-wide techniques, 3RAD and ultraconserved elements, coupled with cuticular hydrocarbon and mtDNA sequence
data, to assess the species limits within the E. ruidum species-complex, a widespread and conspicuous group of Neotropical
ants for which heteroplasmy has been recently discovered in some populations from southeast Mexico. Our analyses indicate
the existence of at least five distinct species in this complex, two widely distributed along the Neotropics and three that are
restricted to southeast Mexico and that apparently have high levels of heteroplasmy. We found that species boundaries in the
complex did not coincide with geographic barriers. We therefore consider possible roles of alternative drivers that may have
promoted the observed patterns of speciation, including mitonuclear incompatibility, cuticular hydrocarbon differentiation, and
colony structure. Our study highlights the importance of simultaneously assessing different sources of evidence to disentangle
the species limits of taxa with complicated evolutionary histories.
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Abstract

Reproductive isolation between geographically separated populations is generally considered the most com-
mon form of speciation. However, speciation may also occur in the absence of geographic barriers due to
phenotypic and genotypic factors such as chemical cue divergence, mating signal divergence, and mitonuclear
conflict. Here, we performed an integrative study based on two genome-wide techniques, 3RAD, and ultra-
conserved elements, coupled with cuticular hydrocarbon and mtDNA sequence data, to assess the species
limits within the E. ruidumspecies-complex, a widespread and conspicuous group of Neotropical ants for
which heteroplasmy has been recently discovered in some populations from southeast Mexico. Our analyses
indicate the existence of at least five distinct species in this complex: two widely distributed across the
Neotropics and three that are restricted to southeast Mexico and that apparently have high levels of hete-
roplasmy. We found that species boundaries in the complex did not coincide with geographic barriers. We
therefore consider possible roles of alternative drivers that may have promoted the observed patterns of spe-
ciation, including mitonuclear incompatibility, cuticular hydrocarbon differentiation, and colony structure.
Our study highlights the importance of simultaneously assessing different sources of evidence to disentangle
the species limits of taxa with complicated evolutionary histories.

Introduction

Speciation in sexual organisms can be defined as the origin of reproductive isolation between two populations
(de Queiroz 2007; Harrison and Larson 2014; Seehausen et al. 2014). Such reproductive isolation is thought
to occur most often between geographically separated populations (Boomsma and Nash 2014), and allopatric
speciation is thus considered the most common mode of species diversification (Coyne and Orr 2004). Howe-
ver, phylogenetic splits sometimes do not coincide with geographic dispersal barriers (Wollenberg Valero et
al. 2019). In such cases, intrinsic factors may help to explain patterns of geographic distribution and species
divergence (Seehausen et al. 2014).

Speciation can be driven by intrinsic barriers initiated by genetic incompatibilities, through genetic drift, as
an indirect consequence of selection, or through genomic conflict (Presgraves 2010; Seehausen et al. 2014).
One proposed mechanism initiated by genomic conflict is the evolution of incompatibilities in co-functioning
mitochondrial (mt) and nuclear genes (Gershoni et al. 2009; Chou and Leu 2010; Burton and Barreto 2012;
Crespi and Nosil 2013; Hill 2015). In eukaryotes, mitochondria are almost exclusively inherited through
the maternal gamete (Birky 1995; Sato and Sato 2013; Radzvilavicius et al. 2017). Co-evolution of nuclear
and mt genomes may result in inter-population hybrids that display cytoplasmic incompatibilities (Grun
1976), which create hybridization barriers that may contribute to speciation (Hill 2015, 2016, 2019). This
hypothesis predicts that the mt genotype of each species will be functionally distinct, and that introgression
of mt genomes will be prevented by mitonuclear incompatibilities that arise when heterospecific mt and
nuclear genes attempt to co-function to enable aerobic respiration (Sloan 2015; Hill 2018, 2019).

Any process that promotes population divergence could also facilitate speciation (Pfennig et al. 2010). At the
phenotypic level, communication signals play an important role in species identification and may contribute
to or even drive reproductive isolation (Bradbury et al. 1998). In insects, cuticular hydrocarbons (CHCs) play
a major role in species recognition, especially in social insects (Blomquist and Bagnères 2010; Sprenger and
Menzel 2020). CHCs expressed on the insect’s cuticle are essential to prevent desiccation, and have secondarily
evolved in communication roles such as nestmate/non-nestmate discrimination, information about castes,
and task specialization (Blomquist and Bagnères 2010; van Zweden and d’Ettorre 2010). CHCs can also be
involved in interspecific discrimination (Bagnères and Wicker-Thomas 2010; Chung and Carroll 2015; Adams
and Tsutsui 2020), and in ants they have been used as taxonomic tools to detect morphologically similar but
chemically distinct lineages (e.g., Schlick-Steiner et al. 2010; Hartke et al. 2019; Lucaset al. 2002).

In the present study, we assessed the species boundaries within theEctatomma ruidum species-complex, a
widespread and conspicuous group of Neotropical ants, through integrative analyses of data from 3RAD,
ultraconserved elements (UCEs), a fragment of the cytochrome oxidase 1 (cox1 ) mtDNA gene, and CHCs.
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The ant genusEctatomma Smith, 1858 (Ectatomminae) currently includes 15 valid species with mainly
Neotropical distributions (Antweb 2021). Of these,E. ruidum (Roger) is perhaps the most widely distributed.
This species was originally described from localities in Brazil, French Guiana, and Colombia (Roger 1860),
though its type locality was subsequently restricted to Colombia (Kugler and Brown 1982). Currently,E.
ruidum is known to occur from northern Mexico in the state of Tamaulipas to central Brazil, and also on
some Caribbean islands (Aguilar-Velasco et al. 2016). This species inhabits a wide range of environments
from sea level to 1600 m of elevation (Kugler and Brown 1982; Santamaŕıa et al. 2009).

Ectatomma ruidum is of particular interest in evolutionary studies due to its taxonomic complexity, wide
geographic distribution, and presence of heteroplasmy (occurrence of more than one mtDNA type within
an individual) found in some of its populations. In the first phylogenetic study carried out for this species-
complex, Aguilar-Velasco et al. (2016) proposed the existence of four evolutionary lineages plus a presumed
hybrid population based on examination of external morphology and nuclear and mtDNA sequence data.
Two of these lineages (E.ruidum spp. 1 and 2) have broad Neotropical distributions, whereas the others
(E. ruidum spp. 3, 4, and 2x3) are apparently restricted to localities along the Pacific coast in southeast
Mexico. The authors also reported considerable variation in the mt locuscox1 , and the existence of nuclear
mt paralogs (numts ; Song et al . 2014) based on the presence of polymorphism in several chromatograms.
Meza-Lázaro et al. (2018) subsequently assembled the mitogenomes of workers assigned to the putative
species and the hybrid population proposed in the earlier study using NGS data. The mitogenomes of some
of the populations from southeast Mexico (E. ruidum spp. 3, 4 and 2x3) had a high number of polymorphic
sites, and a detailed examination indicated the presence of two functional mt genomes within these specimens.

Peña-Carrillo et al. (2021a) analyzed the CHC profiles of specimens assigned to E. ruidum from populations
across its known geographic distribution, focusing on the heteroplasmic populations from southeast Mexico.
The CHC profiles varied considerably among populations, supporting the existence of various evolutionary
lineages within the complex. More recently, an acoustic study of the distress call for members of this complex
found that a population in Huaxpaltepec, Oaxaca, Mexico, differs significantly in this trait from other
examined populations, strongly suggesting that this population could represent a distinct, undescribed species
(Peña-Carrillo et al. 2021b).

Here, we performed a comprehensive integrative systematic study based on different sources of molecular
evidence to assess the species limits within the E. ruidum complex. Specifically, we coupled DNA sequence
information generated using two reduced genome representation techniques, 3RAD (Bayona-Vásquez et al.
2019), and ultraconserved elements (UCEs; Faircloth et al. 2012; Faircloth 2017), with a large data set
consisting of a mtDNA sequence fragment of a commonly barcoded locus (Hebert et al. 2003) and CHC
profiles, with special attention to heteroplasmic populations from southeast Mexico.

Material and methods

Taxon sampling

We used worker specimens assigned to E. ruidum collected at localities across the Neotropics from central
Mexico to Colombia, but with emphasis on the populations from the state of Oaxaca in southeast Mexico
that contain high levels of heteroplasmy (Meza-Lázaro et al. 2018) (Figure 1). Our sample size varied by
location, though in all datasets we included representative specimens of the four putative evolutionary
lineages proposed in Aguilar-Velasco et al. (2016) study (E. ruidum spp. 1-4 and 2x3).

We examined a 626 bp fragment of the cox1 gene in 250 specimens assigned to E. ruidum and one specimen
of E. gibbum , employing the latter as the outgroup. Of these sequences, 107 and 12 were obtained from
Aguilar-Velasco et al. (2016) and Meza-Lázaro et al. (2018), respectively, whereas 132 were newly generated.
We excluded from the data set all potential nuclear mt paralogous sequences that were detected based on
the presence of internal stop codons or relationships that were evidently incorrect (Song et al. 2014). We also
detected and excluded all fast-evolving secondary mt copies for the specimens assigned to E. ruidum spp.
3, 4 and 2x3, employing the phasedcox1 sequences generated in Meza-Lázaro et al. (2018) as a reference.
For the 3RAD and UCE data sets, we generated sequences for 35 (34 E. ruidum , one E. tuberculatum as
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outgroup) and 14 (13 of E. ruidum , one of E. gibbum as outgroup) specimens, respectively.

We also generated CHC profiles of 24 workers from two localities in Mexico (Puerto Morelos, Quintana Roo,
5 nests; Cuatode, Municipality of Santa Maŕıa Tonameca, Oaxaca, 6 nests) and pooled them with the data
set obtained in Peña-Carrilo et al. (2021a). The complete dataset comprised 132 workers and included two
to five ants per colony. A list of the specimens used for the different data sets, their taxon assignments,
localities information and DNA voucher and GenBank accession numbers is available in the supplementary
material (Table S1).

DNA sequencing protocols and assembly procedures

All specimens were preserved in 96% ethanol until processed for DNA sequencing. We extracted genomic DNA
from whole specimens using the EZ-10 Spin Column Genomic DNA Minipreps kit (BIO BASIC®, Toronto,
Canada) and quantified it using the Qubit fluorometer system (High Sensitivity DNA kit, Life Technologies
Inc., Carlsbad, CA, USA). We used 1:10 and 1:30 dilutions of DNA template for Sanger sequencing, and
followed the procedures described by Aguilar-Velasco et al. (2016) forcox1 amplification and sequencing.
Sequences were edited and aligned based on their translated amino acids with the program Geneious version
10.1 (Biomatters, Ltd., Aukland, New Zealand).

We generated genome-wide sequence data using the 3RAD method (Bayona-Vásquez et al. 2019). This
technique uses three restriction enzymes, two for the construction of dual-digest libraries and a third that
cuts adapter-dimers formed by the phosphorylated adapter, thus increasing the efficiency of adapter ligation
(Graham et al. 2015; Bayona-Vásquez et al. 2019). We digested 250 ng of the extracted genomic DNA for
each sample using the XbaI and EcoRI-HF restriction enzymes (New England Biolabs; Beverly, MA, USA),
which leave different sticky ends, and NheI (New England Biolabs; Beverly, MA, USA) to digest iTru adapter
dimers. We ligated double-stranded iTru R1 and iTru R2.1 adapters onto each DNA fragment and ran a
short PCR (13 -15 cycles) with the iTru5 and iTru7 primers obtained from Adapterama (Bayona-Vásquez
et al. 2019). The resulting libraries were size selected in a 200-800 bp window and sequenced at the Genomic
Sequencing Lab facilities at the University of California Berkeley. Libraries were sequenced using the 150
SRR HiSeq2500 Rapid, 10 pM, INDEX (124M Reads, 72% PhiX Aligned).

We used the process_radtags program implemented in the software pipeline Stacks version 2.0 (Catchen et
al. 2011; Catchen et al. 2013) to demultiplex, clean, and trim the sequence data. We discarded any read
with an uncalled base (-c) or with low quality scores (-q). We processed demultiplexed reads using the
software pipeline ipyrad version 0.6.19 (Eaton 2014; Eaton and Overcast 2020) on the Miztli supercomputer
owned by the Dirección General de Cómputo y de Tecnoloǵıas de Información y Comunicación, National
Autonomous University of Mexico (DGTIC, UNAM). Reads from each sample were clustered using the
program VSEARCH version 2.0.3 (https://github.com/torognes/vsearch) and aligned with the program
MUSCLE version 3.8.31 (Edgar 2004).

To avoid the potential for false heterozygous calls due to clustering of paralogs (optimum clustering threshold;
Eaton 2014), we followed the approach described by Ilut et al. (2014) to assess the level of sequence similarity
at which two fragments are considered homologous. This approach minimizes the number of false homozygous
(a single locus split into two) and false heterozygous (clustering of paralogs) loci in a clustering threshold
series. We analyzed a clustering threshold series ranging from 0.80 to 0.98 in 0.02-0.03 increments. We also
conducted maximum likelihood (ML) phylogenetic analyses as described below for the matrices derived from
the above clustering threshold values to evaluate their level of nodal support. Based on the results obtained
from these two approaches, we selected a clustering threshold value of 0.98 to build four matrices with min_-
samples_locus values of 25, 28, 30 and 33 including the outgroup and one with a min_sample_locus of 33
excluding it.

We generated UCE data from libraries following Branstetter et al. (2017). For this data set, we included
previously generated UCE data from four male specimens (Meza-Lázaro et al. 2018). We fragmented up to
50 ng of input DNA to an average fragment distribution of 400-600 bp using a Qsonica Q800R (Qsonica
LLC, Newton, CT) or a BioRuptor® Pico sonicator (Diagenode, Liége, Belgium). Following DNA fragmen-
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. tation, we constructed sequencing libraries using the Kapa library preparation kit (Kapa Biosystems Inc.,
Wilmington, MA) and custom dual-indexing barcodes (Glenn et al. 2019). We purified PCR reactions 0.8 to
1.0X using Sera-Mag SpeedBeads (Thermo-Scientific, Waltham, MA, USA) (Rohland and Reich, 2012).

We pooled 10-12 libraries at equimolar concentrations for UCE enrichment, adjusting pool concentrations to
147 ng/μl. We used a total of 500 ng of DNA (3.4 μl each pool) for each enrichment. We enriched each pool
using the bait set ‘ant-specific hym-v2’ (Branstetter et al. 2017), which has 9,446 custom-designed probes
(MyBaits, MYcroarray, Inc., Ann Arbor, MI, USA) targeting 2,524 UCE loci and 452 baits targeting 16
commonly sequenced exons. The enriched library quality was verified using an Agilent TapeStation 2200
(Agilent Tech, Santa Clara, CA, USA). We sent pools to the University of Utah Genomics Core facility and
to the Georgia Genomics Facility at the University of Georgia, where they were sequenced on an Illumina
HiSeq 2500 (PE150) and an Illumina NextSeq v2300 (PE150), respectively.

Raw data were demultiplexed and converted from BCl to FASTQ by the sequencing facilities. We used the
program PHYLUCE version 1.5.0 and its associated programs (Faircloth 2016) for assembly and alignment
of the UCE data. We cleaned and trimmed raw reads using ILLUMIPROCESSOR (Faircloth 2013). The
cleaned and trimmed reads were assembled de novo using the program ABySS version 1.3.6 (Simpson et al.
2009). We mapped the assembled contigs to the hym-v2 bait database to identify individual UCE loci, to
remove paralogs and to generate a list of shared UCE loci. We sorted out data by locus and aligned each
one with the program MAFFT version 7.130b (Katoh et al. 2019). The resulting alignments were filtered
and trimmed with the program Gblocks version 0.91b (Castresana 2000; Talavera and Castresana 2007). We
analyzed matrices with 75, 80, 90, 95 and 100% taxon occupancy (percent of taxa required to be present at
each locus).

We also followed the Tutorial II: Phasing UCE data (Faircloth 2021) to call for SNPs, which is derived from
the procedure described by Andermann et al. (2019). The above workflow requires an individual-specific
“reference” that can be aligned against raw reads. Hymenopteran males are haploids, and thus we only
expected homozygous loci for them. We used edge-trimmed exploded alignments as reference contigs and
aligned raw reads to them. We exploded the edge trimmed alignments to create separate FASTA files for
each sample using phyluce align explode alignments. We used BWA-MEM to map the FASTQ read files
against the contig reference database for each sample. We sorted the reads within each bam file into two
separate bam files using phyluce snp phase uces. We built three final matrices based on filtering UCE loci
with 85%, 90% and 100% taxon occupancy. We also used the exploded alignment and raw reads of the 100%
taxon occupancy matrix to build an additional matrix phasing the data and calling a single variant SNP per
locus.

Phylogenetic analyses

Cox1 . We conducted a maximum likelihood (ML) phylogenetic analysis for the cox1 data set using the
program IQTREE with 10,000 ultrafast bootstrap replicates (UFBoot2; Nguyen et al. 2015; Hoang et
al. 2018) at the CEBIV, Austria web server (Trifinopoulos et al. 2016). We considered three partitions
according to codon positions and selected the most appropriate models of evolution for each partition with
the program ModelFinder (Kalyaanamoorthy et al. 2017). The selected evolutionary models were position
1= HKY+F+I, position 2= HKY+F, position 3= TIM2+F+G4. Branches with UFBoot2 support [?]95%
were considered as well supported (Hoang et al. 2018). We also built a haplotype network in POPART
(Leigh and Bryant 2015) using TCS (Clement et al. 1997) to have a better visualization of the relationships
amongcox1 haplotypes.

3RAD. We carried out ML and Bayesian phylogenetic analyses with the four selected matrices including the
outgroup (clustering threshold = 98%, min sample locus= 25, 28, 30, 33). The ML analyses were conducted
with the program RAxML version 8.0 (Stamatakis 2014) using the GTR-GAMMA model. Branch support
was estimated using the automatic bootstrap function, which calculates a stopping rule to determine when
enough replicates have been generated (Pattengale et al. 2010). We conducted the Bayesian analyses with
the program ExaBayes version 1.5 (Aberer et al. 2014). These analyses were run using the generalized time-
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. reversible model (GTR+G) and five independent MCMC chains of 1,000,000 generations each. The first
100,000 trees (10%) were discarded as burn-in for each MCMC run prior convergence (i.e. when maximum
discrepancies across chains <0.1). We assessed burn-in, convergence among runs and run performance
examining the resulting parameter files with the program TRACER version 1.7.0 (Rambaut et al 2018). We
computed consensus trees using the consensus utility of ExaBayes.

We also employed the program SVDquartets version 1.0 (Chifman and Kubatko 2014) implemented in PAUP
version 4.0a (Swofford et al. 2003) to carry out lineage-level phylogenetic analyses with SNP data using the
above matrices. SVDquartets is a fast and robust method implemented in the latter program for species- and
lineage-level phylogenetic analysis using multi-locus or SNP data under the coalescent model. We assessed
variability in the estimated tree using a nonparametric bootstrapping with 500 replicates.

UCEs. We conducted ML analyses for the five UCE matrices (75, 80, 90, 95, 100% taxon occupancy) using
the program RAxML version 8 (Stamatakis 2014) with the best tree plus rapid bootstrap search (‘-f a’
option) and 200 bootstrap replicates. We used the GTR+Γ model of sequence evolution for the best tree
and bootstrap searches. We carried out these analyses using three different partition schemes (unpartitioned,
data partitioned by locus, data pre-partitioned by locus). We selected the best evolutionary model for these
partitions using the program PARTITIONFINDER version 2 (Lanfear et al. 2017) based on the Bayesian
Information Criterion (BIC) and the rcluster option, which is more appropriate for larger data sets.

We carried out Bayesian analyses with the program Exabayes version 1.4.1 (Aberer et al. 2014). Each analysis
consisted of two independent runs of 10 million generations each, two independent runs with Metropolis-
Coupling in parallel to better sample parameter space, three heated and one cold chain per run, and sampling
trees every 1000 generations. We linked branch lengths across partitions and ran each partitioned search
for one million generations. Mixing and stationarity were monitored with the program TRACER version
1.6 (Rambaut and Drummond 2003). We built consensus trees using the consensus utility contained in the
program Exabayes version 1.4.1 (Aberer et al. 2014) using a burn-in of 25%. To evaluate for the presence
of reticulation, we used the neighbor-net method (Bryant and Moulton 2004) implemented in the program
SplitsTree (Huson and Bryant 2006) for computing an unrooted phylogenetic network based on the alignment
of the concatenated phased loci with 100% taxon occupancy.

For tree estimation based on the multispecies coalescent model, we generated gene trees from the 100% taxon
occupancy matrix, phasing loci with the program RaxML with 200 bootstrap replicates. We then used the
resulting gene trees to carry out analyses with the program ASTRAL v.4.10.8 (Mirarab et al. 2014; Mirarab
and Warnow 2015), which used unrooted trees and missing data. We calculated nodal support with 200
multi-locus bootstrap replicates (Seo 2008).

Genetic structure and species delineation analyses

We employed the program STRUCTURE version 2.3.4 (Pritchard et al. 2000) implemented in the
ipyrad.analysis toolkit (https://ipyrad.readthedocs.io/analysis.html), to assess patterns of genetic structure
and admixture among the examined populations using the 3RAD dataset. We used the 98 33 matrix (cluster-
ing threshold=98 and min sample locus = 33, outgroup excluded) to perform an individual-based Bayesian
clustering analysis. We used an admixture model with correlated frequencies and assessed values of popu-
lation differentiation (K) in 15 independent runs for each K from 2 to 8. All runs were conducted with the
first 250,000 being discarded as burn-in. Figures were generated based on the iterations with the highest
posterior probability. The optimal K value was determined based on the highest average likelihood value
[LnP(D)] obtained (Evanno et al. 2005).

We carried out species delimitation analyses with the 3RAD data using the program Bayesian Phylogenetics
& Phylogeography version 3.3 (BPP; Yang and Rannala 2010; Yang and Rannala 2014; Flouri et al. 2018).
BPP evaluates speciation models using a reversal jump Markov Chain Monte Carlo (rjMCMC) algorithm to
determine whether to collapse or retain nodes in the phylogeny, assuming no admixture following a speciation
event (Yang and Rannala 2010). BPP requires an input guide tree representing the species phylogeny with
all possible species (Leaché and Fujita 2010). We used the topology derived from the analysis with the 98 33
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. matrix as guide tree, employing two different species assignment criteria: 1) a morphospecies assignment
following Aguilar-Velasco et al. (2016), and 2) based on geographically congruent clades containing at least
two samples.

We randomly subsampled the 98 33 matrix to produce three different matrices with 200 loci and 10 with 50
loci. We examined three sets of parameters varying the ancestral population size (θ) and root age (τ). The
first assumed large ancestral population sizes and deep divergences [θ G (1, 10) and τ0G(1, 10)], the second
small ancestral population sizes and shallow divergences among species [θ G(2, 2000) and τ0G(2, 2000) 3],
and the third large ancestral populations sizes and relatively shallow divergences among species [θ G(1, 10)
τ0 G(2, 2000)]. We ran analyses for all models without data to separately evaluate the effects of the data
and parameters. We subsequently ran seven replicates for one of the matrices with 50 loci with each set of
parameters to check whether the analyses were run long enough, and then ran analyses for all matrices with
five replicates each starting from different seeds. A significant posterior probability (PP [?] 0.95) value was
employed across all runs to retain a given node (i.e., indicating lineage splitting). All analyses were run for
500,000 generations (first 10,000 were burn-in), with a sampling interval of 50.

We conducted a Bayes Factor species delimitation (BFD) analysis (Grummer et al. 2014; Leaché et al.
2014) for the phased UCE 100% taxon occupancy matrix calling a single variant SNP per locus. The BFD
approach compares candidate species delimitation models with different numbers of species, estimating the
marginal likelihood of each competing species delimitation model, ranking models by marginal likelihood
and estimating Bayes factors to assess support for model rankings (Kass and Raftery 1995).

We also conducted a BDF analysis following Leaché and Bouckaert’s (2018) tutorial. This tutorial implements
SNAPP (Bryant et al. 2012), available in the BEAST2 platform (Bouckaert et al. 2014). SNAPP bypass the
necessity of having to explicitly integrate or sample gene trees at each locus, and it codes SNP data as follows:
individual homozygous for the original state= “0,” heterozygous= “1,” homozygous for derived state = “2”.
We used a python function to extract biallelic SNPs directly from allele Multiple Sequence Alignments
(MSAs) (snps from uce alignments.py, available from: github.com/tobiashofmann88/snp extraction from -
alignments/; Andermann et al. 2019). We compared species delimitation models differing in the number
of species. The base model had five species (E. ruidumspp. 1-4, 2x3), whereas the alternative ones were
collapsed into one, two, three and four species in different combinations. The path sampling parameters,
which are used to estimate marginal likelihood, were set to 12 and 24 steps with chainLength = 1,000,000.

All the analyses conducted using the 3RAD and UCE data sets were run on the CIPRES Web Portal (Miller
et al. 2010) or on the the Miztli supercomputer owned by the Dirección General de Cómputo y de Tecnoloǵıas
de Información y Comunicación, Universidad Nacional Autónoma de México (DGTIC, UNAM).

Genetic distances

We calculated uncorrected genetic distances for the 3RAD (98 33 matrix), UCEs and cox1 data sets. Cox1
distance matrices were calculated using average distance per population, whereas for the 3RAD data set
distances were calculated only using SNPs. All genetic distances were calculated using the program Mega X
(Kumar et al. 2018).

Chemical distances based on CHC analyses

New CHC extractions were performed following Peña-Carrillo et al. (2021a). We used the Bray-Curtis di-
stances as dissimilarity measures to calculate chemical distances between the 156 examined specimens based
on the relative abundances of the simplified chemical profile. This was obtained by summing the percentages
of hydrocarbons with the same carbon-chain length by class (Peña-Carrillo et al. 2021a). We then calcula-
ted the chemical distance between populations (centroids) and used them to obtain a hierarchical cluster
dendrogram using the program Primer 6 & Permanova + (Anderson 2017). We also performed Mantel tests
based on Pearson’s product-moment correlation, running analyses with a maximum of 999 permutations to
correlate chemical, genetic and geographic distances among the examined populations. Mantel tests were
performed with the Vegan package (Oksanen et al. 2015) in R Studio (Version 3.5.2).
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. Results

Genome-wide data

The samples included in the 3RAD data set had from 75193 to 1007069 reads, and the generated matrices
contained 986–7094 loci (Table S2). The outgroup employed for this data set, E. tuberculatum , shared
between 375 and 1322 loci with the ingroup. The matrices derived from the unphased UCE data varied
from 642 to 2196 loci and from 508859 to 1,817,455 characters (100% and 75% taxon occupancy matrices,
respectively; Table S3). The phased UCE matrices had considerably fewer loci than those with unphased
data (737 and 390 loci for the 85 and 100% taxon occupancy matrices, respectively), though the unphased
data contained more parsimoniously informative sites (Table S3). SNP codification as a binary matrix for
the UCE data showed the presence of heterozygous loci in the male samples which are also present in the
nucleotide alignments.

Phylogenetic analyses

The Bayesian phylogram derived from the cox1 data set (Figure S1) recovered the putative species E. ruidum
sp. 1 and E. ruidum sp. 2 each as monophyletic (PP= 1.0 in both cases). The specimens assigned to E. ruidum
spp. 3–4 and 2x3 on the other hand appeared intermingled in a single clade (PP= 1.0). Ectatomma ruidum
sp. 1 was sister to the remaining taxa, but with low support (PP= 0.87). Most of the internal relationships
within E. ruidumsp. 1, formed by specimens from southern Mexico, Guatemala, Honduras, Nicaragua, Costa
Rica, Colombia, Venezuela and the Lesser Antilles, were unresolved. In contrast, E. ruidum sp. 2 had an
evident geographic structure, being composed of four main, significantly-supported subclades. One of these
clades contained specimens from Ecuador (PP= 1.0), a second specimens from the remaining South and
Central American localities (PP = 0.87), a third specimens from Quintana Roo in southeast Mexico (PP =
0.99), and the fourth contained specimens from southeast, central, and northeast Mexico (PP= 0.66).

The cox1 haplotype network showed that the E. ruidumhaplotypes are grouped into three main haplogroups,
which are separated from each other by 17 to 20 mutational steps (Figure 2D). Two of these haplogroups are
each represented by specimens assigned to E. ruidum spp. 1 and 2, whereas the remaining one had members
of E. ruidum spp. 3, 4 and 2x3. Moreover, the haplogroup with specimens ofE. ruidum sp. 2 was divided
into various geographically structured clusters.

The phylogenetic analyses with the 3RAD data set yielded well resolved, highly supported topologies. All
the topologies derived from the ML, Exabayes and SVDquartets’ analyses recovered four main clades with
significant support (Figures 2B, S2). One of these clades contained members of E. ruidum sp. 1, which was
sister to a second clade represented by the specimens of E. ruidum sp. 2. These two taxa were sister to the
two remaining main clades, one of which contained four of the five specimens of E. ruidum sp. 3 and the
two specimens of E. ruidum sp. 4, and the remaining one the specimen assigned to E. ruidum sp. 2x3 from
a locality near Pinotepa Nacional, Oaxaca, and the specimen of E. ruidum sp. 3 from Guerrero, Mexico.
The main clade formed by samples assigned to E. ruidum sp. 2 was further divided into two subclades.
One was exclusively composed of specimens distributed from southeast (Yucatan and Chiapas) to northeast
(Tamaulipas) Mexico (E. ruidum sp. 2A), whereas the second was comprised of specimens from Central
America, including Quintana Roo in southeast Mexico, and South America (E. ruidum sp. 2B).

Most of the UCE analyses carried out with the ML, Exabayes and species tree methods recovered the above
four clades with the same relationships among them mostly with strong support (Figure 2C, Supplementary
Material S2). However, in contrast to most of the 3RAD topologies, the ML phylograms based on the 90, 95
and 100% occupancy matrices recoveredE. ruidum sp. 1 as sister to the clade formed by E. ruidumsp. 3, 4
and 2x3 (BTP= 100).

Genetic structure

The STRUCTURE analyses carried out with the 3RAD data set displayed the highest value of Ln P(D)
at K = 7, though the Evanno method had its highest value at K = 3 (Figure 3). At K= 2, we recovered
one cluster with members of E. ruidum sp. 1 and E. ruidum sp. 2 and another with those of E. ruidum
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. spp. 3, 4 and 2x3. At K= 3 the specimens of E. ruidum sp. 1 from Guatemala and Trinidad and Tobago
formed a relatively well-differentiated cluster. At subsequent K values, the specimens from Pinotepa and
localities in Guerrero in Mexico, and the ones from Trinidad and Tobago were each recovered as exclusive
clusters, whereas at K= 7 and 8 the specimens representingE. ruidum sp. 3 (except the one from Guerrero),
E. ruidumsp. 4, E. ruidum sp. 2 from Quintana Roo, Mexico and Colombia, and the one from Guatemala
each formed well-differentiated clusters.

Species delineation

The BPP analyses conducted using the 3RAD data set significantly supported the species model that consi-
dered five evolutionary lineages (PP > 0.95; Table S3), the four putative species proposed by Aguilar Velasco
et al. (2016), E. ruidum spp. 1-4, and the specimens from Pinotepa and the state of Guerrero that these
authors regarded as E. ruidum sp. 2x3 and as part of E. ruidum sp. 3, respectively. In contrast, when we
assigned the samples according to their geographic proximity, our results widely varied (Table S4).

The Bayes factor comparisons of the two tested species delimitation models using the phased UCE data
consistently favored a five species model, with E. ruidum spp. 1, 2, 3 and 4, as well as the specimens from
Pinotepa and Guerrero, Mexico, each representing separate species (Table S4).

Chemical distances based on CHC analyses

The cluster analysis carried out on the CHCs yielded two main clusters (Figure 2A). One belonged to the
hydrocarbon profiles of E. ruidum sp. 1 and is clearly separated from the second, which contained two
subclusters, one with the E. ruidum sp. 2 samples and the second with specimens assigned to E. ruidum
spp. 3 and 4. TheE. ruidum sp. 2 cluster showed that the CHC profiles of the populations from Colombia
and Puerto Morelos, in southeast Mexico, were more similar to each other than those of the population from
Coyula, Oaxaca, Mexico (Figure 2A). We also found that the CHC profiles of E. ruidum sp. 3 were different
from those of the populations ofE. ruidum sp. 4.

Chemical distances were significantly correlated with the genetic distances obtained for the 3RAD (Mantel
test, r = 0.855, P = 0.001), UCE (r = 0.876, P = 0.016), and cox1 (r = 0.847, P = 0.004) data sets (Table
S6; Figure 4). In contrast, there was no significant correlation between geographic and chemical distances (r
= -0.022, P = 0.354), nor between geographic and genetic distances (Table S6) calculated from 3RAD (r =
0.322, P = 0.141), UCEs (r = 0.052, P = 0.225), cox1 primary haplotypes (r = 0.217, P = 0.205) and cox1
secondary haplotypes (r = -0.258, P = 0.826).

Discussion

Here we used simultaneous assessment of nuclear and mtDNA along with CHC data to disentangle the species
limits in a morphologically conserved insect taxon with an intricate evolutionary history. Morphological and
genetic (mainly mt) evidence gathered in previous studies suggested the probable existence of four distinct
evolutionary lineages within theE. ruidum complex (Aguilar-Velasco et al. 2016; Meza-Lázaro et al. 2018).
However, those studies were inconclusive due to the presence of mt heteroplasmy in individuals of some
populations from Oaxaca, which led to the reconstruction of clades with considerably long branches due to
the preferential sequencing of the mt haplotype with the faster substitution rate over the alternative haplotype
from the same specimen. Moreover, the mt markers recovered highly genetically structured populations, which
is frequent in social hymenopterans due to extreme female philopatry (Johnstone et al. 2012; Hakala et al.
2019), whereas the nuclear markers had almost no variation. Below we discuss our results from two different
nuclear genomic sequence data, which, together with the mt and CHC information, overcome limitations of
the previous works, providing a robust framework of species delimitation that can be employed for further
taxonomic and evolutionary studies in the group.

Integrative species delimitation

Integrating molecular and phenotypic data using different methodologies is widely assumed to be the most
effective approach for delimiting species (Dayrat 2005; Will et al. 2005; Schlick-Steiner et al. 2010; Pante et
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. al. 2015). Integrative taxonomy provides statistical rigor for species delineation and validation of species, as
well as for assignment of specimens to a given species group, improving the detection of cryptic diversity and
the inference of relationships among species (Leaché and Fujita 2010; Schlick-Steiner et al. 2010; Edwards
and Knowles 2014; Leavitt et al. 2015). This approach allows the identification of concordant patterns of
divergence based on different sources of information (e.g. unlinked genetic loci, morphology, behavior), thus
revealing cases of full lineage separation, since it is highly unlikely that a coherent pattern of character
agreement emerges by chance (Padial et al. 2010).

Our molecular-based analyses using the cox1 , 3RAD and UCEs data sets, together with analysis of CHC
variation, yielded strongly congruent evidence for the existence of five different evolutionary lineages among
the examined populations of E. ruidum . Our results support the existence of the four species suggested
by Aguilar-Velasco et al. (2016) (E. ruidum spp. 1-4) and also a fifth species corresponding to what they
suggested to be a hybrid population (E. ruidum 2x3). Four of these species were found in localities situated
along the lowlands of the Sierra Madre del Sur in Oaxaca and Guerrero, Mexico. Moreover, the possibility of a
sixth species in the area is plausible according to recent chemical, genetic and acoustic studies (Peña-Carrillo
et al. 2021a, b).

We consistently recovered the specimens assigned to E. ruidum sp . 1 as a well-differentiated species, re-
gardless of the data set and analyses employed. Our CHC and cox1 -based network showed the members of
E. ruidum sp. 1 as a highly divergent cluster whose geographic distribution ranges from southeast Mexico
to Ecuador, Colombia and Venezuela in South America, and in the Lesser Antilles in the Caribbean. This
network also showed the existence of geographic structure within this species. The name E. ruidum should
be applied to the populations assigned to E. ruidum sp. 1 based on the type locality of the species, which was
restricted to Colombia by Kugler and Brown (1982), and on their morphological correspondence with the
syntypes from this country (Aguilar-Velasco et al. 2016). The 3RAD, UCE and cox1 analyses also recovered
the specimens of E. ruidum sp. 2 as a separate species, being composed of two geographically structured
clades. One of these clades included specimens from southeast Mexico to Colombia and Ecuador in South
America, whereas the other one was represented by specimens from southeast to northern Mexico. The
cox1 data set, however, showed a considerable genetic distance between these clusters, suggesting that they
could be separate species. This hypothesis is supported by the CHC analyses, which also showed a marked
divergence between the two clades.

The remaining three species delimited here correspond to populations from the lowlands of Sierra Madre
del Sur in the states of Oaxaca and Guerrero, in southeast Mexico. The two genome-wide data sets and
the CHC profiles indicated that E. ruidum sp. 3 and E. ruidum sp. 4 are two closely related species whose
geographic distribution is restricted to lowland areas of Oaxaca. Moreover, our results consistently support
the hypothesis that the specimens of the putative hybrid population proposed by Aguilar-Velasco et al. (2016)
from Pinotepa Nacional, Oaxaca, and those assigned to E. ruidum sp. 3 from the state of Guerrero, actually
represent a distinct species. Further comprehensive sampling on foothills along the Pacific coast in southeast
Mexico will reveal the actual geographic distribution of these three species. Moreover, taxonomic inferences
based on these results should consider the previous name availability within the group.Ectatomma aztecum
was described by Emery (1901) based on a single specimen collected in the state of Michoacán, Mexico,
but without precise locality; however, it was subsequently regarded as a synonym ofE. ruidum by Kugler
and Brown (1982). According to Aguilar-Velasco et al. (2016) the syntype of E. aztecum(CASENT0903841;
MSNG, Genoa, Italy) is morphologically similar to the specimens assigned to E. ruidum sp. 3.

Potential drivers of speciation in the E. ruidum complex

Allopatric speciation, which involves geographic isolation of segments of a formerly contiguous population,
is firmly established as the primary mechanism by which new species evolve (Coyne and Orr 2004). Without
spatial isolation among populations, it is difficult to have a scenario in which gene flow can be reduced or
eliminated. However, it is known that speciation can be multifactorial with multiple axes of differentiation
characterizing even incipient species (Mullen and Shaw 2014; Brodetzki et al. 2019). For instance, in Heli-
coniusbutterflies color pattern divergence, mate preference, host-plant use and microhabitat choice possibly
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. are implicated in species diversification (Smiley 1978; Brown Jr 1981; Estrada and Jiggins 2002; Mallet et al.
2007). In the case of the species of the E. ruidumcomplex, we do not see any clear correlation between their
distribution pattern and geographic barriers, nor possible events of microallopatry or niche specialization.
For instance, in the state of Chiapas, Mexico, the populations of E. ruidum sp. 1 and sp. 2 occurred in
quasi-sympatry, at less than 15 km from each other (Lachaud 1990). Even more puzzling is the geographic
distribution of the three delimited species restricted to lowland areas of Oaxaca and Guerrero, in southeast
Mexico, which we found to be separated from each other only by 5 to 30 km. Below we discuss three poten-
tial phenotypic and genotypic factors that could have promoted the speciation among the species of theE.
ruidum complex: mitonuclear conflict, chemical cue divergence, and colony structure.

Mt performance affects every aspect of individual fitness and its correct function relies on mitonuclear com-
patibility (Angers et al. 2018; Zaidi and Makova 2019). This intimate interaction between the mt and nuclear
products has led to a strong coevolution between both genomes (Blier et al. 2001; Burton et al. 2013; Chou
and Leu 2015). It has been proposed that mitonuclear coevolution in isolated populations triggers speciation,
since population-specific mitonuclear coadaptations lead to between-population mitonuclear incompatibility,
thus precluding gene flow (Hill 2016). It is therefore plausible that the rapidly evolving mt haplotypes found
in the three heteroplasmic species of theE. ruidum complex restricted to southeast Mexico played a role in
their speciation if they were expressed and interacted with the nuclear products, consequently pressing for
its evolution (Hill 2017). This could have been achieved through a marked population structure promoted
by assortative mating, which created mitonuclear incompatibilities and barriers to gene flow between the
taxa involved. However, since heteroplasmy does not seem to occur in the widely distributed E.ruidum spp.
1 and 2, other factors probably could also have promoted the species diversification in this complex.

Social behaviour and recognition cues could act as major traits that could drive assortative mating, limit gene
flow and ultimately promote speciation (Hochberg et al. 2003). Sympatric speciation based on social trait
divergence has been suggested for ants of the Cataglyphis niger complex, where three incipient species possess
consistent differences in CHC composition, social structure and mtDNA sequence data (Brodetzki et al. 2019).
Our results showed that the CHC distances among populations mirrored their phylogenetic relationships
obtained from mt and genome-wide data. A similarly high correlation between CHC and genetic data has
been observed in other social insects (Isoptera: Dronnet et al. 2006; stingless bees: Leonhardt et al. 2013;
ants: Hartke et al. 2019). CHC divergence has been associated with nestmate/non-nestmate communication
(van Zweden and d’Etorre, 2010) and may also play an important role in pre-mating isolation (Savarit et al.
1999; Smadja and Butlin 2009; Snellings et al. 2018).

Another important trait in social insects is colony structure. In some ant groups, shifts from monogynous to
polygynous colonies and gyne morphological polymorphism (macro and microgynes) are also known to be
involved in their speciation (Seifert 2010; Brodetzki et al. 2019). For instance, limited dispersal of females of
polygynous species can promote differentiation between populations, and if male dispersal is also restricted
this can also lead to their speciation (Pamilo and Rosengren 1984; Seppä and Pamilo 1995; Gyllenstrand
et al. 2002). A previous study that focused on a population of E. ruidum sp. 2 from Rosario Izapa in
the state of Chiapas, southeast Mexico, showed that macrogynes and microgynes can be adopted by their
monogynous and polygynous mother colonies, leading to low dispersal (Lenoir et al. 2011). Moreover, queen
size dimorphism and social polymorphism has been observed in laboratory colonies both in E. ruidum sp. 3
and sp. 4 (Peña-Carrillo, unpublished data), where few microgynes were produced. Further colony structure
studies performed for species of the E. ruidum complex will reveal whether the presence of queen size
dimorphism and social polymorphism was implicated in their diversification process.

Ectatomma ruidum has been the subject of a vast number of studies, including those on social structure (e.g.
Corbara et al. 1989), foraging and diet (e.g. Lachaud 1990; Riera-Valera and Pérez-Sánchez 2009; Santamaŕıa
et al. 2009), macronutrient regulation (e.g. Cook and Behmer 2010), home ranges and nestmate recognition
(e.g. Breed et al. 1990), queen dimorphism (e.g. Lachaud et al. 1999; Lenoir et al. 2011), communication
behavior (e.g. Pratt 1989), and parasitoid interaction (Howard et al. 2001). Most of these studies, however,
were based on specimens from different localities across the Neotropics. Our gathered evidence consistently
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. shows that E. ruidum actually represents a species-complex of species, which would change the interpretation
and the extension of the conclusions that were drawn in previous studies. Our study thus highlights the
importance of using different sources of molecular data for species delimitation of morphologically conserved
taxa. Moreover, it is important to consider the occurrence of heteroplasmy in systematic studies, since it
can lead to incorrect estimates of phylogenies if it is not detected. The presence of extensive heteroplasmy
within the E. ruidum complex highlights the necessity of being aware of the occurrence of this phenomenon
in other insect groups and metazoans in general, since it appears that it is not as rare as previously thought
(White et al 2008; Robison et al. 2015; Macey et al. 2021).
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Figure legends

Figure 1. Maps showing the sampled localities for the putative species belonging to the E. ruidum complex
that were delimited in this study: a) red: E. ruidum sp. 1; b) green: E. ruidumsp. 2; c) yellow: E. ruidum
sp. 3; violet: E. ruidum sp. 4; black: E. ruidum sp. “Pinotepa + Guerrero”.

Figure 2. Summary of the results obtained with the different sources of information examined in this study:
a) hierarchical cluster dendrogram built with the dataset of the simplified CHCs profile of theE. ruidum
species complex; b) bayesian phylogram derived from the 3RAD dataset (minimum sample locus = 30);
c) ML phylogram derived from the UCEs dataset (95% taxon occupancy matrix); d) haplotype network
reconstructed with the cox1 dataset.

Figure 3 . Patterns of genetic structure and admixture among the examined populations based on the
3RAD dataset (98 33 matrix) for values of population differentiation (K) from 2 to 8.

Figure 4 . Pearson’s product-moment correlation between CHC and 3RAD, UCEs and cox1 distances.

Supplementary Material

Table S1. List of examined specimens, their taxon ID, locality, GenBank accession number and number of
colonies for the 3RAD, UCE,cox1 and CHC datasets.
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. Table S2. Statistics for different percentages of minimum taxon coverage for the examined 3RAD datasets.
PIS= parsimony informative sites.

Table S3. Statistics for different percentages of minimum taxon coverage for the examined UCE datasets.
PIS= parsimony informative sites.

Table S4. BPP Species delimitation based on 200 (A) and 50 (B) loci matrices with three and ten replicates
(r), respectively. Each number (1 or 0) represents one of the nodes, from 10 to 17, according to the guide tree.
Zeros represent collapsed nodes. Red strings have at least one collapsed node. PP= posterior probabilities
[?] 0.1. The columns represent three sets of parameters varying the ancestral population size (θ) and root
age (τ).

Figure S1 . ML phylogram derived from the cox1 dataset with ultrafast bootstrap values (UFBoot2).

Figure S2 . Bayesian and ML phylograms derived from the 3RAD and UCEs datasets, and the unrooted
phylogenetic network derived from the alignment of the concatenated UCE phased loci.
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