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ARTICLE INFO ABSTRACT

Analyzing the magnitude and distribution of genetic variation within and among populations allows for hy-
pothesis testing about historical demographic size changes, secondary contacts, refugia, and speciation patterns.
Species distribution and genetic structure are greatly influenced by the complex life cycle and behavior of
odonates. Hetaerina americana has been widely used as a model system in behavioral studies, but its population
genetic structure has not been analyzed, except for a single study that included only three populations but
identified the presence of markedly differentiated genetic groups, suggesting the existence of cryptic species.
Here, we tested this hypothesis by assessing throughout the distribution range of H. americana the patterns of
genetic and morphological variation in the male caudal appendages, due to the great importance of these
structures in mate recognition. As molecular markers we used sequences of the mitochondrial cytochrome
oxidase I (COI) gene and the nuclear internal transcribed spacer (ITS) region, as well as six nuclear micro-
satellites. We found very high population genetic differentiation (dsr > 0.51) in the three sets of markers but
with strong mitonuclear discordance. A neutrality test suggested that the mitochondrial genome might be under
purifying selection in association to climatic variables (temperature seasonality). The assignment of individuals
to nuclear genetic groups showed little admixture and complete congruence with morphological differentiation
in the male caudal appendages. Hence, the results suggest that H. americana represents at least two different
cryptic species which are isolated reproductively.
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1. Introduction been documented for some species (Callahan and McPeek, 2016; Jones

and Jordan, 2015).

The current distribution of species is a result of several historical
and contemporary factors, including dispersal, vicariance and gene flow
(Avise, 2000). Analyzing how the distribution of evolutionary lineages
changes over time allows us to test hypotheses about historical demo-
graphic size changes, secondary contacts, refugia and speciation pat-
terns (Futuyma and Kirkpatrick, 2017). In odonates, understanding the
factors that have shaped species distribution and genetic structure may
be difficult because of their complex life cycle and behavior. For ex-
ample, previous studies in this insect group have shown that some
species are constituted by a single panmictic population at a global
scale (Troast et al., 2016), while others show isolation by distance
within few kilometers (Watts et al., 2004). These differences seem to be
related to the dispersal capacity of the individuals of each species as
well as to their territorial or migratory behavior. Also, the effects of
particular physical barriers and the Quaternary glacial cycles have also
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Genetic divergence can also be related to the evolution of re-
productive isolation barriers. In odonates, the most common pre-zy-
gotic barriers are sexual and mechanical or sensory isolation (Battin,
1993; Sanchez-Guillén et al., 2014a, 2014b; Svensson and Waller,
2013). Sexual isolation has been associated with the coloration of in-
dividuals, such as in Calopteryx (Svensson et al., 2016; Tynkkynen et al.,
2008), Mnais (Hayashi et al., 2005) and Argia (Nava-Bolanos et al.,
2016), in which differences in wing and body coloration result in as-
sortative mating, leading to genetic differentiation even among popu-
lations within species (Svensson et al., 2004). In turn, mechanical or
sensory isolation is mainly related to the morphological configuration
of clasping structures in males and the prothorax or head in females.
The clasping structures (i.e. the caudal appendages) are structures
found at the end of the abdomen of the males and used to grasp females
and form the tandem position during copulation (Corbet, 1962). It has
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been suggested that besides the mechanical compatibility, there must
be tactile stimuli for the female to accept to copulate (Barnard et al.,
2017). The shape of the caudal appendages is well known to be species-
specific in several genera of zygoptera (Barnard et al., 2017; Sanchez-
Guillén et al., 2014b), but the role of intraspecific variation of these
structures on mating patterns, genetic differentiation and incipient
speciation processes has been barely analyzed (Barnard et al., 2017).

Despite that existence of more than 5000 species of odonates, to
date the analyses of genetic differentiation and phylogeographic pat-
terns are limited to a few species, mostly Palearctic and Nearctic species
(Ferreira et al., 2016; Kohli et al., 2018; Swaegers et al., 2014; but see
Feindt et al., 2014; Fincke et al., 2018; Sadnchez-Herrera et al., 2010). In
this study, we focused on Hetaerina americana (Calopterygidae), a
broadly distributed species with a range from southeastern Canada to
Nicaragua. Species of Hetaerina (commonly known as rubyspots), are
characterized by the presence of a red spot at the base of the wings of
male individuals and a territorial behavior. Most rubyspots are found
along the neotropical region, with the highest species richness being
found in South America (Garrison, 1990). Species identification within
this genus has been problematic since many of them are very similar in
wing and body coloration, body size, and are usually sympatric.
Therefore, the main traits that allows an unambiguous species re-
cognition are the morphology of the male caudal appendages (Garrison,
1990).

Hetaerina americana has been reported to occur in a variety of ha-
bitats, from temperate to tropical forests, and frequently is the most
abundant species when it is in sympatry with other rubyspot species.
Hetaerina americana is morphologically variable in the shape of the
caudal appendages of the males and other traits such as the presence or
absence of the pterostigma (i.e. a specialized colored cell in the outer
wings, related to gliding control during flight) and the relative size of
the red spots in the wings. Due to this variability, several synonymous
taxa have been described (for example, H. pseudoamericana, H. texana,
H. californica, etc.) (Garrison, 1990).

Hetaerina americana has been widely used as a model system in
behavioral studies due to its complex mating system (Contreras-
Garduno et al., 2008; Grether, 1996; Raihani et al., 2008). Males are
territorial and display a lekking behavior (Cérdoba-Aguilar et al.,
2009), in which groups of males defend territories in the riverbanks and
perform flying displays while females visit these areas to mate and do
not receive other resources from males (nuptial gifts, oviposition sites).
However, the population genetic structure of this species has not been
studied and therefore no information is available regarding gene flow
patterns and population history throughout its range. The only previous
study was performed by Vega-Sanchez (2013), in which three widely
separated populations of the species were analyzed using nuclear DNA
sequences of the internal transcribed spacer 1, the 5.8S ribosomal RNA
gene and the transcribed spacer internal 2 (ITS1-5.8S-ITS2) region. The
populations analyzed were from Colorado in USA, and from Veracruz
and Oaxaca in Mexico. The results showed a very high genetic differ-
entiation among the three populations (®sr > 0.60) and, remarkably,
the presence of two similarly highly differentiated sets of individuals
within the Veracruz population (Vega-Sanchez, 2013). Even though
geographic isolation may partially explain these results, the consider-
able genetic differentiation among individuals within the Veracruz
population indicates that other mechanisms of genetic isolation may be
operating at a local level and suggesting that H. americana may be a
complex of cryptic species. To test this hypothesis, in this study we
performed a detailed phylogeographic and genetic structure analysis of
H. americana throughout its distribution range using sequences of a
fragment of the mitochondrial gene cytochrome oxidase I (COI) and the
nuclear ITS1-5.8S-ITS2 region, as well as six nuclear microsatellites.
Additionally, we employed geometric morphometric techniques to
analyze and compare the shape variation of the male caudal appen-
dages. The specific questions addressed were (i) what are the patterns
of population genetic structure in H. americana throughout its
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distribution range? (ii) is the morphological variation of the male
caudal appendages congruent with genetic differentiation patterns? (iii)
does the evidence support the cryptic speciation hypothesis in H.
americana?

2. Materials and methods

2.1. Sampling

Two hundred and twenty adult individuals of H. americana were
directly collected or obtained through donations, representing a total of
31 localities (Supplementary Table 1), from Guatemala to the United
States, covering most of its distribution range.

2.2. DNA extraction, amplification, sequencing and genotyping

Genomic DNA was isolated from thoracic muscle with the Pure Link
Genomic DNA Mini Kit (Invitrogen®) following the protocol of the
manufacturer. A fragment of the cytochrome oxidase I (COIL; 658 pb)
gene was amplified using the ODO_HC02198d and ODO_LCO1490d
primers (Dijkstra et al., 2014). We also amplified the nuclear region of
the internal transcribed spacers (ITS1 and ITS2) and the 5.8S coding
sequence (hereafter referred to as “ITS”; 600 pb) for a subsample of
eleven populations, using the primers 18S rDNA (Weekers et al., 2001)
and 28R1 (Dumont et al., 2010). Reactions were prepared on a final
volume of 25 pL using 10 pL of Taq PCR Master Mix Kit 2x (Qiagen®),
1 pL of each primer (13 pmol/uL) and 1 pL of template DNA (10 ng/uL).
The amplification protocol consisted of an initial denaturation step of
three minutes at 94 °C, followed by 30-35 cycles of one minute at 94 °C,
one minute at 50-58 °C and one minute at 72 °C, with a final extension
at 72 °C for three minutes. The annealing temperature and the number
of cycles depended on the DNA quality, see Supplementary Table 2 for
details. PCR products were sent for sequencing to Macrogen Company
(Rockville, MD, USA) using ODO_LC0O1490d primer for the COI region
and 18S primer for the nuclear region. Additionally, six nuclear mi-
crosatellite loci previously characterized for H. americana (Anderson
and Grether, 2013) were amplified (H3, H8, H11, H15, H17 and H22)
using a final volume of 10 pL with 5uL of Platinum Multiplex PCR
Master Mix (Applied Biosystems®), 1 uL of each primer (13 pmol/uL)
and 1pL of template DNA (10ng/puL). We grouped the primers in
multiplex reactions; the first group was formed by primer pairs H8, H11
and H22; the second group by H15 and H17, and the H3 locus was
amplified alone. The amplification protocol consisted of an initial de-
naturation step of three minutes at 94 °C followed by 30-35 cycles of
one minute at 94 °C, one minute at 54-58 °C and one minute at 72 °C,
with a final extension at 72 °C for three minutes (see Supplementary
Table 2 for details). The fragments were analyzed on an ABI 3300
Avant-PRIMS sequencer (Applied Biosystems®) and the size of the
fragments was determined in Peak Scanner v. 2.0 (Applied Biosys-
tems®) using as reference of size the marker Liz GeneScan 600
(Qiagen®).

2.3. Analyses of DNA sequences

Both sets of sequences, COI and ITS, were manually aligned using
MEGAX (Kumar et al., 2018). For the COI alignment we added 11H.
americana sequences obtained from the barcode of life data System
(BOLD), which came from five localities in the United States and from
three localities in Canada (Supplementary Table 1). For the ITS, se-
quences were first analyzed with the phase algorithm in DnaSP v. 5
(Librado and Rozas, 2009) to reconstruct haplotypes, and were tested
for recombination using IMgc (Woerner et al., 2007). Haplotype (Hd)
and nucleotide (;t) diversity, the rarefacted haplotype richness (h) and
Tajima’s D and Fu’s Fs were obtained for each population using DnaSP
v. 5 (Librado and Rozas, 2009). For some of these analyses, populations
with small sample sizes were grouped with others according to their
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geographic proximity (see Supplementary Tables 2 and 3). Ad-
ditionally, the overall average rate of synonymous (ds) and non-sy-
nonymous (dy) mutations in the COI sequences were estimated using
the Nei and Gojobori’s (1986) method with the Jukes and Cantor
(1969) correction and both estimates were compared with a Z-test, to
evaluate the null hypothesis of strict neutrality of this gene (ds = dy).
The variance of the difference between the two estimates was computed
using the bootstrap method with 1000 replicates. The MEGAX software
was used for this analysis.

Population genetic differentiation was evaluated with analyses of
molecular variance (AMOVA), using matrices of pairwise differences
among haplotypes. Statistical significance of the differentiation esti-
mates was determined with 10,000 permutations. These analyses were
performed for individuals grouped according to their population of
origin and grouped according to haplogroups (see Results section). The
Arlequin v. 3.5 software (Excoffier and Lischer, 2010) was used for
these analyses.

Haplotype networks were constructed for both COI and ITS datasets
based on statistical parsimony in TCS v. 1.2.1 (Clement et al., 2000),
using a connection limit of 90% probability. Additionally, phylogenetic
relationships among haplotypes were analyzed using a Bayesian ap-
proach. Both datasets were analyzed in JModelTest v. 2.1.6 (Darriba
et al., 2012) to determine the appropriate substitution model using the
Bayesian Information Criterion (BIC). Then, phylogenetic relationships
were estimated in MrBayes v. 3.2 (Ronquist et al., 2012) based on the
GTR + G + I substitution model for COI and GTR + G for ITS. For each
data set, two runs of 50 million generations were made, with trees
sampled every 1000 generations. The convergence of the runs was
evaluated through examination of ESS values in Tracer v. 1.7.0
(Rambaut et al., 2018). The initial 10% of reconstructions were dis-
carded as burn-in to obtain a consensus tree. The tree was visualized in
FigTree v. 1.4.3 (http://tree.bio.ed.ac.uk/software/figtree/). As out-
groups, sequences of three other Hetaerina species (H. laesa, H. san-
guinea and H. titia) were included in the COI phylogeny, of which the
first two were obtained from GenBank and the third was generated for
this study using the methods described above. In the case of the ITS
phylogeny, we obtained sequences for H. cruentata, H. medinai and H.
titia from GenBank (Supplementary Table 1).

For the ITS dataset, we estimated the divergence times among
haplotypes with a Bayesian approach in BEAST v. 2.5 (Bouckaert et al.,
2014) using the GTR + I + G model of molecular evolution, under an
uncorrelated lognormal relaxed clock and the Yule speciation process.
For tree calibration, we added to the alignment several species of Ca-
lopterygidae and two species of Amphipterygidae as outgroups
(Supplementary Table 1). The crown node ages of these additional
species were obtained from Dumont et al. (2005) and used as secondary
calibrations: for Hetaerina we assigned a mean age of 60.1 million years
ago (Mya) (SD = 1.2 Mya), for Calopteryx 21 Mya (SD = 3 Mya), for
Phaon 31.9 Mya (SD = 3.4 Mya), for Vestalis 68.6 Mya (SD = 6.1 Mya),
and for Umma-Sapho we used 53.1 Mya (SD = 2.1 Mya). Finally, we
assigned a mean age of 151.5 Mya (SD = 5.8 Mya) for the divergence of
Calopterygidae. A normal distribution was used for every calibration
prior. We performed two independent runs with 200° of generations,
sampling every 2000 generations. The convergence was evaluated in
Tracer v. 1.7.0, and both runs were summarized using LogCombiner v.
1.8.4 and TreeAnnotator v. 1.8.4 (Drummond and Rambaut, 2007). All
analyses were run on the CIPRES Science Gateway portal (Miller,
2010). A similar analysis was not conducted for the COI dataset because
of the low resolution of the haplotype phylogeny.

2.4. Analyses of microsatellites

Microsatellites were analyzed in SPAGeDi v. 1.5 (Hardy and
Vekemans, 2002) to estimate the mean number of alleles per locus (N,),
the mean effective number of alleles (Ng4), the rarefacted mean allelic
richness (AR -»,), and the average observed and expected
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heterozygosity (Ho and Hg, respectively). Deviations from Hardy-
Weinberg equilibrium (HWE) were evaluated by calculating the in-
breeding coefficient (F) and its significance in Arlequin v. 3.5.

A Bayesian clustering analysis was performed in STRUCTURE v.
2.3.4 (Pritchard et al., 2000), using the admixture model with corre-
lated allele frequencies, without prior population information. The
program was set to run with values of assumed genetic clusters (K) from
1 to 10 with a burn-in of 10,000 steps and chain length of 100,000. Ten
independent runs were performed for each value of K. The most likely
number of genetic clusters was determined using the method of Evanno
(AK) (Evanno et al., 2005) in the STRUCTURE HARVESTER website
(Earl and vonHoldt, 2012). Subsequent analyses in STRUCTURE were
performed to assess substructure within the two main genetic clusters
(see in Results) using similar program settings. Runs were summarized
and plotted using CLUMPAK (Kopelman et al., 2015).

The magnitude of genetic differentiation among populations and
among the genetic clusters identified in STRUCTURE were determined
with analyses of molecular variance (AMOVA) in Arlequin v. 3.5 with
10,000 permutations.

2.5. Morphological data

To evaluate variation in the shape of the male caudal appendages
we employed geometric morphometric techniques (Zelditch et al.,
2004). We photographed the superior caudal appendages of 101 males
under a stereoscopic microscope with a scale reference. On each image
we superimposed a ‘fan’ on the right superior caudal appendage with
the MakeFan v. 6 software (Zelditch et al., 2004) and then digitized six
homologous points (i.e. landmarks sensu Bookstein, 1991) and 22
semilandmarks using the TpsDig v. 2 software (Rohlf, 2004). These
landmarks and semilandmarks adequately describe the contour shape
of the right superior caudal appendage in dorsal view (Supplementary
Fig. 1). We performed a semilandmark superimposition using the
Semiland module of Coordgen v.7 software (Zelditch et al., 2004) to
minimize bending energy of the curves (Bookstein, 1991), and we also
performed a superimposition Procrustes analysis using the CoordGen v.
7 software to evaluate appendage shape variation without the effect of
size.

Principal component analyses (PCA) using Procrustes coordinates as
shape variables were performed in PAST v. 3 (Hammer et al., 2001). We
assigned the individuals to different nominal clusters based on the re-
sults of the genetic structure analysis for both nuclear and mitochon-
drial data. Shape variation in the caudal appendages between the dif-
ferent groups was visualized through a “thin-plate” analysis in Tgroup
v. 7 software (Zelditch et al., 2004).

3. Results
3.1. Mitochondrial genetic diversity and neutrality tests

Two-hundred and sixteen sequences of the COI region were ob-
tained and deposited at GenBank (see Supplementary Table 1 for ac-
cession numbers). In total, 61 haplotypes were observed with high
haplotypic and nucleotide diversity (see Supplementary Table 3). The
haplotype network based on statistical parsimony showed four major
haplogroups (Fig. 1A). The first one (in green) included haplotype H9,
which had the highest frequency (81 individuals), and other 26 hap-
lotypes, which are singletons or have a low frequency and are separated
from haplotype H9 by one to four mutational steps. This haplogroup
was found in 20 populations from northern Mexico to Guatemala with
different frequencies. This haplogroup is connected to a second hap-
logroup (in red; Fig. 1A) through ten mutational steps. In this second
haplogroup there was also a central high frequency haplotype (H2,
found in 40 individuals) and eighteen singletons. This haplogroup oc-
curred in 19 populations with a distribution from Canada to northern
Mexico. Another set of nine haplotypes (in blue in Fig. 1A), closely
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Fig. 1. Haplotype networks. (A) Geographic distribution and statistical parsimony network of 61 COI haplotypes of H. americana. (B) Geographic distribution and
statistical parsimony network of 19 ITS haplotypes in a subsample of populations of H. americana. Pie charts represent frequencies of the haplotypes found in each
sampling locality and the size of the chart is proportional to sample size. In the map, dark gray color represents higher altitudes. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)

related to the red haplogroup, was found exclusively in four popula-
tions (20 individuals) of southern Mexico. Finally, two individuals from
Zaragoza, Coahuila, harbored haplotypes (in yellow; Fig. 1A) that were
a single mutational step from each other but disconnected from the rest
of the network.

According to the AMOVA, genetic differentiation among popula-
tions was very high (®sr = 0.65, p-value < 0.0001). Differentiation
among haplogroups was higher (®ct = 0.89, p-value < 0.0001) with
also a considerable differentiation among populations within hap-
logroups (®sc = 0.35, p-value < 0.0001) and very high overall dif-
ferentiation (®sr = 0.93, p-value < 0.0001) (Table 1).

The consensus phylogenetic tree based on haplotypes showed poor
resolution, but the same four groups identified in the haplotype net-
work can be distinguished (Fig. 2A). Nevertheless, the blue and red
haplotypes did not form monophyletic clades, and the blue haplotypes
appeared as basal. The yellow and green haplotypes formed a clade
derived from the red group, with yellow haplotypes at the base
(Fig. 2A).

In several populations the values of Tajima’s D and Fu’s Fs were
negative and significant, suggesting a selective sweep or a recent po-
pulation expansion. Furthermore, the dy/ds test for the whole dataset
(Z-stat = —4.5; p-value < 0.0001) indicated deviation from neu-
trality, suggesting purifying selection acting on the COI gene. To further
assess if this selection could be due to climatic differences among the
geographic areas where the different haplogroups are distributed, we
performed a principal components analysis on the values of the 19
bioclimatic variables corresponding to each population downloaded
from the WorldClim database (Fick and Hijmans, 2017; http://www.
worldclim.org/). The results are presented in Supplementary Fig. 2,
with the populations corresponding to each of the haplogroups shown
in their respective colors. The first component (PC1) explained 95.6%
of the total variance and the second component (PC2) 3.6%, and mainly
corresponded to temperature seasonality and annual precipitation, re-
spectively. The climatic differentiation between the areas where the red
and green + blue haplogroups occur is clear along the PC1 and was
further supported by an ANOVA, performed with haplogroups as factors
and population scores along the PC1 as dependent variable (F = 43.96,
p-value < 0.0001). Meanwhile, the blue haplogroup was nested within
the space of the green haplogroup.

3.2. Nuclear sequence variation and divergence times

For the ITS, we obtained 101 sequences (see Supplementary Table 1
for GenBank accession numbers), and after the phase and recombina-
tion analyses, a final alignment of 202 sequences with a length of 528
pb was used. In total, there were 19 haplotypes with high genetic di-
versity within populations and high positive and significant values of
Tajima’s D and Fu’s Fs in some populations (Supplementary Table 4).
The degree of population genetic differentiation according to the
AMOVA was high (®gy = 0.61; p-value < 0.0001), as well as differ-
entiation among haplogroups (®cr = 0.92, p-value < 0.0001)
(Table 1). The haplotype network showed three disconnected hap-
logroups (Fig. 1B). The first haplogroup (in blue; Fig. 1B) was found
distributed from southern (Chiapas) to northern Mexico (Coahuila) in
seven populations with the most frequent haplotype in this haplogroup
being H2 (17 individuals). The second haplogroup (in red; Fig. 1B) had
only four haplotypes distributed in two populations in the north of
Mexico (Sinaloa) and in the USA (Colorado). In this case, the most
frequent haplotype was H8 (8 individuals). Finally, the third hap-
logroup (in green; Fig. 1B) had seven haplotypes present in seven po-
pulations from Guatemala to the northwest of Mexico, with two highly
frequent haplotypes, H14 (16 individuals) and H13 (13 individuals).
Most of the populations show a mixture of different haplogroups.

The consensus phylogenetic tree of ITS haplotypes showed three
highly supported monophyletic clades (Fig. 2B) corresponding to the
three haplogroups in the haplotype network. According to this tree, the
red and the blue haplogroups are sister clades while the green hap-
logroup is basal to them. The BEAST dated tree (Fig. 3) suggests that the
divergence between the blue + red and the green haplogroups was
about 24.4 Mya (95% HPD 12.1-38.2 Mya; Fig. 3), and the divergence
between the blue and the red clades was about 16.6 Mya (95% HPD
6.9-27.9 Mya).

3.3. Microsatellites genetic structure

Microsatellites showed low genetic diversity with a mean number of
alleles per locus (N,) from 1.0 to 3.0 across populations, and values of
Ho and Hg between 0 and 0.37 and 0 and 0.55, respectively
(Supplementary Table 5). Several populations showed deviations from
HWE with high positive and significant F values, indicating a deficiency
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Analyses of molecular variance for COI and ITS sequences and for microsatellites. See text for details.

Loci Group Source of variation d. f. Sum of squares Variance components Percentage of
variation
Col Global Among populations 35 68275 3.02 65.34 Ogr = 0.65""
Within populations 180 288.38 1.6 34.66
Total 215 971.12 4.62 Ogr = 065"
Haplogroups Among groups 3 762.37 6.55 88.91 O = 0.89
Among populations within 25  64.29 0.28 3.87 ®gc = 0.35"
groups
Within populations 176  93.6 0.53 7.22
Total 204 920.25 7.37 Dgp = 0.93"
ITS Global Among populations 10 1320.48 6.95 61.29 ®gr = 0.61""
Within populations 191 838.98 4.39 38.71
Total 201 2159.47 11.35 Dgp = 0.617"
Haplogroups Among groups 3 1722.11 6.55 88.91 O = 0.92"
Among populations within 13 142.86 0.28 3.87 Dgc = 0.78""
groups
Within populations 186 46.78 0.53 7.22
Total 202 191175 7.36 g = 0.98™
Microsatellites  Global Among populations 23 181.61 0.43 51.16 ®gr = 0.51""
Within populations 392 162.32 0.42 48.54
Total 415 343.94 0.85 ®gr = 0.517"
Among genetic groups (K = 2) Among groups 1 90.97 0.53 45.36 ®cr = 0.45""
Among populations within 30 137.44 0.34 28.77 Dge = 0.537
groups
Within populations 384 115.52 0.3 26.86
Total 415 343.93 1.17 Dgp = 0.74"
Among genetic groups (K = 2) for Among groups 1 74.9 0.5 50.4 O = 0.50""
GG1 Among populations within 24 2456 0.05 5.19 Dgec = 0.10"
groups
Within populations 282 122.95 0.44 44.41
Total 307 22241 0.99 g = 056"
Among genetic groups (K = 2) for Among groups 1 20.58 0.3 26.95 Oy = 0.27
GG2 Among populations within 11 29.95 0.3 27.24 ®gc = 0.38"
groups
Within populations 95  47.88 0.5 45.63
Total 107 98.41 1.1 Dgp = 0.54

d.f. = degrees of freedom. " = p-value < 0.01; ™ = p-value < 0.0001.

of heterozygotes (Supplementary Table 5).

The STRUCTURE analysis supported the presence of two clearly
delineated main genetic groups based on the AK method (K = 2; Fig. 4).
The first genetic group (GG1) is mainly distributed from the United
States to Chiapas in Southern Mexico. The second genetic group (GG2)
was found in the population of Guatemala, two populations of Chiapas
and the populations along the Gulf of Mexico coast and eastern Mexico
plus a population in northwestern Mexico. It is important to mention
that both genetic groups were found together in six populations (Fig. 4).
In general, there was very little evidence of admixture between these
two genetic groups. Individual assignments to one or the other genetic
groups were higher than 90% in 95% of the cases and only 11 in-
dividuals showed evidence of mixed ancestry.

When we analyzed the substructure within each of these groups
(Janes et al., 2017), we found two further subgroups within each of the
two main groups (Supplementary Figs. 3 and 4). Within GG1 we found
a genetic structure that strongly matched the latitudinal location of the
populations (Supplementary Fig. 3). The first subgroup (GG1A) had a
frequency higher than 90% in the United States and northern Mexico
populations, and a lesser frequency (34 and 14%) in two central-wes-
tern Mexico populations. The second subgroup (GG1B) was present
mostly in central Mexico and southern populations. Only a few in-
dividuals (11) showed evidence of mixed ancestry between GG1A and
GG1B, particularly in the population Chupicuaro in central-western
Mexico. In the case of the second main genetic group (GG2) the analysis
of substructure also revealed two subgroups (GG2A and GG2B) but with
a less distinct geographical distribution and with higher levels of ad-
mixture (Supplementary Fig. 4).

The magnitude of genetic differentiation among populations was

high (®gr = 0.51; p-value < 0.0001) as well as the differentiation
between the GGl and GG2 main genetic groups (®cr = 0.45; p-
value < 0.0001) (Table 1). Differentiation between the GG1A and
GG1B was similarly high (®sr = 0.50; p-value < 0.0001), while dif-
ferentiation between the GG2A and GG2B genetic groups was some-
what lower (®sr = 0.27; p-value < 0.0001) (Table 1).

3.4. Morphological variation

The PCA based on the morphometric description of the shape of the
superior caudal appendage revealed two clearly distinct morphological
groups (Fig. 5). Remarkably, these two morphological groups perfectly
matched the individual genetic assignment into the two main groups
obtained in STRUCTURE, based on the nuclear microsatellites. It was
also possible to observe a partial morphological differentiation between
the GG1A and GG1B genetic subgroups (Fig. 5A). In contrast, there was
no evidence of morphological differentiation between the GG2A and
GG2B genetic subgroups. Also, there was no morphological differ-
entiation corresponding to the COI haplogroups (Fig. 5B).

The deformation grids showed that the major variation between the
two main morphological groups (GG1 and GG2) is in the median lobe
and the distal part of the appendage. In the morphological group GG1,
the median lobe is much flatter than the median lobe of group GG2,
while the distal part of the appendage is shorter (Fig. 5B). Variation in
shape between the genetic subgroups GG1A and GG1B was mainly in
the median lobe (Fig. 5D).
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4. Discussion

The results of this study show complex patterns of genetic and
morphological variation within H. americana. Levels of genetic differ-
entiation were very high for the three sets of molecular markers used
(mitochondrial COI and nuclear ITS and microsatellites), but the COI
variation was strongly discordant with the pattern shown by both nu-
clear markers. On the other hand, morphological variation in the male
caudal appendages was completely congruent with nuclear genetic
variation. Taken together, these results are consistent with recent views
on speciation (Seehausen et al., 2014) and strongly suggest that H.
americana is actually a complex of cryptic species at various stages of
the speciation continuum

4.1. Mitonuclear discordance

There could be several explanations for incongruence between mi-
tochondrial and nuclear genetic variation, including neutral demo-
graphic processes related to population history or differential dispersal
and introgression patterns between the two sexes (since the mi-
tochondria is maternally inherited). In our case, it also should be ac-
knowledged that the number of nuclear sequences obtained was smaller
than the number of COI sequences, therefore limiting a more detailed
comparison between both datasets. However, the results of the dy/ds
test strongly suggest that the COI region might be under purifying se-
lection. This type of selection acting on mtDNA has been recurrently
reported in many different animal species (Camus et al., 2017;
Fontanillas et al., 2005; Quintela et al., 2014) and has been considered
a feasible explanation for mitonuclear discordance (Morales et al.,
2015). In most of these cases, the geographic distribution of haplotypes
has been associated to temperature gradients (Fontanillas et al., 2005;
Camus et al., 2017). Therefore, the influence of selection on the

mitochondrial genome of the rubyspots studied here could also be the
reason for the lack of congruence between the genealogical relation-
ships between haplogroups and their geographic distribution, which is
particularly clear in the case of the blue haplogroup, which is genea-
logically closer to the red haplotypes but overlaps in geographic dis-
tribution with the green haplotypes. This hypothesis is also supported
by the significant climatic differences in temperature seasonality be-
tween the areas where the green + blue and the red haplotypes occur;
but should be more carefully tested in further niche differentiation and
ecophysiological studies.

4.2. Cryptic speciation in Hetaerina americana

In contrast to the mitochondrial DNA variation, the two sets of
nuclear DNA markers (microsatellites and ITS sequences) were largely
congruent with each other and with the morphological variation in the
male caudal appendages. The main groups recognized (here called GG1
and GG2) were highly differentiated and showed little evidence of ad-
mixture even in sympatry. Remarkably, within each of these two main
groups there was significant substructuring, detectable by both mor-
phology and genetic variation, which was more pronounced within the
GG1 than within the GG2. This evidence suggests that H. americana is a
complex of biological entities at different degrees of divergence along
the speciation continuum (i.e. from weakly reproductively isolated
populations to irreversibly isolated species) (Seehausen et al., 2014),
since we found three situations: (i) population groups with low genetic
and morphological divergence (e. g. groups GG2A and GG2B), (ii) po-
pulation groups with high genetic divergence and an incipient mor-
phological divergence (GG1A and GG1B) and finally (iii) population
groups with high genetic divergence and clear (i.e. non overlapping)
morphological differentiation (GG1 and GG2).

The morphology of the caudal appendages is one of main sources of



Y.M. Vega-Sdnchez, et al.

Protljability

——

Hetaerina americana

=

e

Hetaerina nov. sp.

Molecular Phylogenetics and Evolution 139 (2019) 106536

Calopteryx japonica
.E Calopteryx splendens

Calopteryx xanthostoma

b= —— Calopteryx virgo

Calopteryx maculata

{ Vestalis gracilis
Vestalis lugens

Vestalis smaragdina
Phaon iridipennis
Phaon rasoherinae
Sapho bicolor

0.02

Sapho ciliata

Sapho gloriosa

Umma longistigma
Umma saphirina

Hetaerina cruentata

GGI1B

Hetaerina americana

GG1A

H. americana

bl i

GG2

-5
&
5
5
£
s
5
3
s
3

Hetaerina medinai

Hetaerina titia

L

Pentaphlebia stahli

?

Rimanella arcana

Cretaceous

120 100 80

Triassic

220 200 180 160 140

Paleogene @

60 40 20 0 Mya

Fig. 3. Time calibrated tree based on ITS haplotypes. Bayesian posterior probabilities are shown with colors in the node circles. The node bars show the 95% Highest
Posterior Density of node ages. The microsatellite genetic groups are signaled in their corresponding ITS clades. The morphological variation of caudal appendages is
shown in electronic microscopic photographs (60 X) and the coloration pattern and morphology of male adults of H. americana and H. nov. sp. are illustrated. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

characters used by taxonomists for the recognition of species within
some groups of Odonata, even in the case of phylogenetically closely
related and ecologically similar lineages (such as in the genera Ischnura
and Enallagma) (McPeek et al., 2011; Monetti et al., 2002). The diver-
gence of these morphological structures is related to their important
role in mate recognition during reproduction, functioning as a me-
chanical/sensory isolation mechanism (Barnard et al., 2017; Sanchez-
Guillén et al., 2014). This role has been demonstrated through the ex-
perimental modification of these structures in Enallagma species, which
results in the rejection of conspecific males by females (Robertson and
Paterson, 1982). Thus, it has been suggested that mechanical/sensory
isolation is, if not the most important, one of the main reproductive
isolating barriers in odonates (Paulson, 1974).

Due to the variation found in the morphology of the caudal

appendages in this study, and the congruence with the nuclear genetic
groups, we can suggest that reproductive isolation exists even in lo-
calities where the groups occur in sympatry. This very low gene flow
level is also evidenced by the minimal number of individuals that
presented mixed ancestry (less than 10% of the sample). These results
differ from those found in other odonates, for example, in the genus
Ischnura, in which some of the taxonomically recognized species show
low genetic differentiation related to high rates of hybridization
(Sanchez-Guillén et al., 2011). This pattern is presumably observable
when the divergence between species is recent and the species present
incomplete reproductive barriers (Sanchez-Guillén et al., 2014, 2011).
In contrast, in the case of the H. americana complex, the divergence
among the genetic groups is probably old as observed in the dated
phylogeny of the ITS haplotypes and suggested by the strong
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reproductive isolation. Even though divergence times should be taken
with caution given the various possible sources of uncertainty, in gen-
eral the results of our analysis are congruent with a recently published
large time-calibrated phylogeny for all odonates (Waller and Svensson,
2017) in which and age of c.a. 60 my was also obtained for the di-
vergence of the genus Hetaerina.

Overall, the results of this study allow us to propose that the H.
americana complex includes, at least, two different cryptic species. The
first one is H. americana Fabricius 1798, that shows the morphology
described by Garrison (1990) and corresponds to the GG1, with a dis-
tribution from southern Mexico through almost the whole country to
the United States (Colorado). The second species is Hetaerina nov. sp.
that corresponds to the GG2 and presents a morphology of the superior
caudal appendage that has not been described before (Fig. 3). This
species is distributed from Guatemala to the north of Mexico but mostly
along the Gulf of Mexico slope (but present in some populations in
northwestern Mexico, what suggests that more extensive surveys are
needed to clearly establish the geographic distribution of the two spe-
cies). An interesting point is the stage of speciation between the GG1A
and GG1B groups, which show morphological differentiation as well,
but with a greater level of overlap between shapes, possibly related to a
more recent divergence.

The detection of cryptic speciation is quite frequent (especially since
the boom of molecular data) (Bickford et al., 2007). However, the
evolutionary reasons for the retention of similar phenotypes among
divergent lineages are not well understood (Fiser et al., 2018; Struck
et al., 2018). Three main explanations have been suggested, which are
recent divergence, morphological convergence and niche conservatism
(Fiser et al., 2018). As previously mentioned, the first does not seem to
be the case in the H. americana complex, given a probably old diver-
gence and strong reproductive barriers. Second, the H. americana
complex seems to be monophyletic according to the phylogenetic trees
presented here and to a genus level phylogeny (unpublished data); thus,
discarding the morphological convergence explanation. The last hy-
pothesis, niche conservatism, seems more probable given the frequent
sympatry between the GG1 and the GG2 and the lack of obvious dif-
ferentiation in climatic niche across their distribution. The result of this
conservatism could be a constrained evolution of external
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Fig. 4. STRUCTURE assignments for K = 2 in
populations of H. americana. Individuals are re-
presented by thin vertical lines, which are par-
titioned into K shaded segments representing
each individual’s estimated membership frac-
tion; the black lines separate sampling sites. Pie
charts represent the proportion and distribution
of the two genetics groups in the populations.
The size of pay charts represents the sample size
analyzed. In the map, dark gray color represents
higher altitudes. (For interpretation of the re-
ferences to color in this figure legend, the reader
is referred to the web version of this article.)
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morphological features (as body size, shape and coloration), from
processes such as stabilizing selection. In this way, by selecting against
extreme phenotypic traits, stabilizing selection prevents morphological
divergence, and distinct populations will remain similar over long
periods of time (Fiser et al., 2018; Smith et al., 2011). In fact, it has
been suggested that the process of diversification in zygopterans is
mainly “non-adaptive”, that is, occurs most often through none-
cological speciation (Rundell and Price, 2009; Czekanski-Moir and
Rundell, 2019). This is because niche conservatism is common among
closely related damselfly species and divergence is generally associated
to traits involved in mate recognition system, such as coloration and the
shape of the caudal appendages, which are traits whose evolution is
usually driven by sexual selection (Wellenreuther and Sanchez-Guillén,
2016).
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