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Recent phylogenetic and molecular data are changing our knowledge about the
relations between species and evolutionary processes resulting in the chromosome
variation observed in ants (Hymenoptera: Formicidae). Ants exhibit remarkable variations
in morphology, behavior, karyotypes, and chromosome structure. By assembling genetic
and chromosome information about the trap-jaw ants from the subfamily Ponerinae, we
reconstructed the phylogenetic relationships that inferred the monophyletic condition
between the Anochetus and Odontomachus genera and estimated their ancestral
haploid chromosome number. According to our inferences, these clades have an
ancestral haploid chromosome number n = 15. The most recent common ancestor of
Anochetus and Odontomachus has arisen between the Early Paleocene and the Early
Eocene periods (time of the most recent common ancestor). In the Anochetus genus,
we observed maintenance of the ancestral chromosome number estimated here in most
species. This also suggests that pericentric inversions were the primary chromosomal
rearrangement modulating the karyotype evolution of this genus. However, a reduction
from n = 15–14 is observed in Anochetus emarginatus and Anochetus cf. madaraszi,
which likely occurred by centromeric fusion. In contrast, the increase from the
ancestral karyotype number in Anochetus horridus suggested centromeric fissions.
Odontomachus showed maintenance of the ancestral chromosome number in the
“rixosus group” and several gains in all species from the “haematodus group.” Our
findings suggest that centromeric fissions and pericentric rearrangements lead to
chromosomal changes in trap-jaw ants. Considering the ancestral state estimated
here, changes in chromosome morphology are likely due to pericentric inversions, and
chromosome number increases are likely due to centric fissions. The higher number
of acrocentric or telocentric chromosomes in the karyotypes with n < 15 haploid
chromosomes supports such an idea.

Keywords: chromosome evolution, Formicidae, karyotype, ancestral reconstruction, Ponerinae ants,
phylogenetic analysis
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INTRODUCTION

Chromosomes are fundamental parts of genome organization
that can be related to interspecific divergences. Morphological
and numerical chromosomal traits are relevant to understanding
the fundamental aspects of the genomic organization of
eukaryotes, and are often key components in comprehending
evolutionary pathways and karyotypic differentiation (Imai et al.,
1986, 1988, 1994, 2001; Hirai et al., 1996; Goodisman et al.,
2008; Lorite and Palomeque, 2010; Cardoso et al., 2014; Menezes
et al., 2014; Velasco et al., 2014; de Aguiar et al., 2020; Micolino
et al., 2020). For instance, chromosomes can differ in size,
shape, and genetic information, such as in their number and
redundancy. These variations can be observed in individual
organisms of a population and between different species.
Considering all such characteristics, they play a very important
role in evolutionary studies (Schubert, 2007). Analyzing plants
and vertebrates, Rieseberg (2001) assumed that chromosome
rearrangements could reduce gene flow more effectively than
other mechanisms. These thoughts are concordant with what
has been postulated some decades before, when it was proposed
that changes in chromosome patterns were very important in
isolating lineages, promoting rapid speciation, and diversification
(Bush et al., 1977).

Taking Formicidae into account, previous studies have been
done to understand the evolution of chromosomal changes.
Several hypotheses have been raised due to the diversity and
variation in ant species and karyotypes (see Cardoso et al., 2018,
reviewed in Lorite and Palomeque, 2010). The main expressive
and discussed phenomena to chromosomal change in ants is
based on the Minimum Interaction Theory proposed by Imai
et al. (1988, 1994). According to this theory, karyotype will
change in response to the potential of contact (interaction) inside
the nucleus. It favors a mechanism that prevents deleterious
bumps between long chromosomes, which promote fission
rearrangements, chromosomal shortening, and chromosome
number increase (see Imai et al., 1994 for details). The evidence
of such a dynamic mechanism comes from studies of Myrmecia
species that bear a single chromosome in haploid male and 84
chromosomes in the diploid female (Cardoso et al., 2018)1. It
is important to mention that this theory can be considered too
mechanistic and biased to speciose groups within eukaryotes.

Besides the karyotype description, studies at the species level
are still poorly explored in ants, mainly when coupling
cytogenetic and molecular data. Cardoso et al. (2014)
reconstructed the ancestral chromosome number of the
Mycetophylax genus. By matching these analyses with karyotype
and chromosome banding, Cardoso et al. (2014) proposed
that centromeric fusion and fission were responsible for the
chromosomal variation in this genus. Their findings also
suggested that the lineages of Mycetophylax morschi Emery,
1888, should be treated as two phylogenetically isolated species
by the differences in their karyotype structure. In the subsequent
work, cytogenetic and molecular techniques revealed differences
between lineages of M. morschi including the localization of the

1www.ants.ufop.br

45S rDNA cluster, reinforcing the hypotheses that these lineages
should be treated as a cryptic or even distinct species (Micolino
et al., 2019). In addition, Cristiano et al. (2013) performed a study
combining molecular and cytogenetic data, which suggested that
Acromyrmex striatus Roger, 1863 should be allocated to a new
genus. Thus, based on morphological characters, colony size,
behavior, chromosome inferences, and phylogenetic analyses,
Acromyrmex striatus and Acromyrmex silvestrii Emery, 1905,
including the subspecies Acromyrmex silvestrii bruchi Forel,
1902, were allocated to the new genus Amoimyrmex (Cristiano
et al., 2020). Studies considering cytogenetic and molecular data
together are unavailable for most ant subfamilies, including
Ponerinae, despite cytogenetic variation and phylogenetic
position within Formicidae. For instance, Ponerinae includes
the ant species with the highest chromosome number known
(Dinoponera lucida Emery, 1901, 2n = 120; Mariano et al.,
2008) and several ancient characteristics like solitary foraging,
small colonies, small differentiation between workers and the
queen, and monomorphic worker caste (Wilson and Holldobler,
2005; Schmidt, 2013). In their first phylogeny description by
morphological analyses, the monophyletic condition of this
subfamily was shown by Brown (1958) and corroborated by
molecular phylogenetic studies (Brady et al., 2006; Moreau et al.,
2006; Schmidt, 2013).

Ponerinae ants are diverse with karyotypes ranging from 3 to
60 chromosomes in the haploid set (see text footnote 1; Cardoso
et al., 2018). There is a huge variation along genera and species, or
even among populations (e.g., Mariano et al., 2008; Santos et al.,
2010). Distinct cytotypes and chromosome morphology have
been used to discuss about the polyphyly of certain Ponerinae
clades, such as Pachycondyla (Mariano et al., 2012), contributing
to systematics and taxonomy of this ant subfamily. Among
the Ponerinae, the genera Odontomachus and Anochetus extend
out due to slightly chromosomal number inertia in the former
compared to the later, and long sword-like mandibles that can
open 180◦ and close in a snapshot, being known as trap-jaw ants.
Interestingly, these two genera are reciprocally monophyletic
(Larabee et al., 2016; Fernandes et al., 2021). The most recent
common ancestor (MRCA) of both genera probably emerged in
the Neotropical or Afrotropical region at the late Cretaceous,
about 65 Mya. It is supported that Odontomachus arose in the
Neotropical or Afrotropical regions, dispersing about 37 Mya
in the Eocene. The Anochetus species shared an MRCA that
probably originated in the Neotropical region and radiated about
58 Mya in the Paleocene, earlier than the estimated radiation of
Odontomachus (Fernandes et al., 2021).

Anochetus chromosome numbers vary from n = 14–23,
while in Odontomachus, most species that have their karyotype
described present n = 22, except for Odontomachus latidens
and Odontomachus rixosus that exhibit n = 15, as can be seen
in the Ant Chromosome database (ACdb) (see text footnote
1; Cardoso et al., 2018). Moreover, in Anochetus, we observed
a high variability at the karyotype structure level, while in
Odontomachus, the karyotype structure presented less variation
in all cytogenetically analyzed species, notable by the absence of
metacentric and the high presence of telocentric chromosomes,
suggesting that fissions were likely the main chromosomal
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rearrangements involved in karyotypic changes in trap-jaw ants
(Santos et al., 2010).

Despite the plethora of phylogenetic inference publications
currently found in the literature, few studies utilize these
inferences to reconstruct the possible ancestral chromosome
states. In the present study, our framework combined
phylogenetic and cytogenetic data to infer the ancestral
chromosome number of Anochetus and Odontomachus trap-jaw
ants. We have hypothesized that several lineages of both genera
have undergone chromosomal rearrangements throughout their
evolutionary times, being a low chromosome number below
n = 22 the ancestral condition. From our analyses, we show
a remarkable chromosomal diversification pattern in trap-jaw
ants. Several events of changes in the number and morphology
of chromosomes were identified and discussed in the light of the
species evolution from the karyotype of the most recent common
ancestor of trap-jaw ants.

MATERIALS AND METHODS

Data Assembling
Since we could not get the phylogenetic hypotheses (tree
files) available in the literature, we searched for the gene
sequences available on GenBank to reconstruct a phylogenetic
hypothesis focusing on Odontomachus and Anochetus. In
total, five molecular markers were identified to cover the
majority of species: the mitochondrial gene cytochrome oxidase
I (cox1), three nuclear protein-coding genes: wingless (wg),
long-wave rhodopsin (LWRh), and rudimentary (CAD), and
the nuclear large subunit ribosomal RNA gene (nRNA 28S)
(Supplementary Table 1).

Sequences were assembled and edited in the MEGA X
program (Kumar et al., 2018), aligned using the ClustalW
algorithm for the 28S gene. WebPRANK (Löytynoja and
Goldman, 2010) was used to align the other four protein-
coding genes. The amino acid sequences were downloaded
for these genes alongside their nucleotide sequence from
GenBank. To ensure correct codon positions, protein alignments
were constructed and mapped to nucleotide alignments using
RevTrans (Wernersson and Pedersen, 2003). Ambiguously
aligned regions of the genes and introns from LWRh and
CAD genes were removed before further analyses. Cytogenetic
information available for Anochetus and Odontomachus was
downloaded from the Ant Chromosome database - ACdb
(Cardoso et al., 2018) (see text footnote 1). Further information
was also retrieved from the literature (Table 1).

Phylogenetics Inferences
The following methods were applied for the phylogenetic
inference. PartitionFinder 2 (Lanfear et al., 2017) was used to
choose partitioning schemes and models of molecular evolution
using the concatenated alignment of five genes. The concatenated
alignment was divided into 13 subsets (one for 28S and three
for each protein-coding gene), and the best model for each
partition was determined (Supplementary Table 2). After that,
the concatenated alignment was used as input in MrBayes

3.2.2 (Ronquist and Huelsenbeck, 2003) with a compound
Dirichlet prior for more accurate branch lengths estimation
[command line: “brlenspr = Unconstrained:GammaDir (1.0, 0.10,
1.0, 1.0)]”, and each partition set according to the results of the
PartitionFinder 2 analyses. Base frequencies, substitution rates,
and gamma-shaped parameters were unlinked across partitions.
Each analysis consisted of two simultaneous Markov Chain
Monte Carlo (MCMC) runs with four chains per run for 40
million generations. The first 25% of the sampled trees were
discarded as burn-in. A Maximum Likelihood tree was recovered
using the rapid bootstrapping algorithm (1,000 replicates) in the
RAxML NG program (Kozlov et al., 2019). The same partition
scheme used in MrBayes analyses was used for Maximum
Likelihood inferences.

A user-friendly Python script was developed for pruning
trees when only clades which chromosome numbers had been
previously determined were needed from the full tree (see
“Chromosome Ancestral Estimation” section below). This script
was deployed in an iPython notebook (available on https://bit.ly/
2W0vI3w and annexed in the Supporting Information), including
detailed usage instructions for code reusability and transparency.
The ETE 3 library (Huerta-Cepas et al., 2016) functions were
used for the pruning method. A tree in the newick format was
used as an input, and clade selections were done by a dropdown
menu or text input widgets. The output was a pruned tree
in the newick format, including only the selected clades and
optionally summing branch lengths when required by the user
for proper tree scaling.

Thus, 25 species from the Ponerinae subfamily were selected
with chromosome numbers previously described in the literature,
including 10 Anochetus and 10 Odontomachus species and five
other species as an outgroup. This dataset was used to infer the
ancestral chromosome condition of trap-jaw ants.

Chromosome Ancestral Estimation
ChromEvol 2.0 (Glick and Mayrose, 2014) and ChromoSSE
(Goldberg and Igić, 2012) were used to infer the best
chromosome evolutionary model and the haploid ancestral
number in the present study. Two independent runs were carried
out: complete phylogeny, including missing cytogenetic data,
and a pruned tree with complete cytogenetic data. Therefore,
the Bayesian tree retrieved in our phylogenetic analysis was
pruned using the iPython notebook to include only the taxa
containing chromosome number descriptions. For the ancestral
chromosome number estimation, the constant rate model
presented itself as the best chromosome evolution hypothesis
among the options displayed in ChromEvol 2.0 (see Glick and
Mayrose, 2014) since other models included polyploid and demi-
polyploid duplications, which are very rare in Metazoa. In the
same way, the polyploid and demi-polyploid events were not
set for ChromoSSE.

RESULTS

Analyses resulted in trees that displayed the same phylogenetic
relationships, particularly within the genera Anochetus and
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TABLE 1 | Chromosome haploid numbers and karyotype formula for Anochetus and Odontomachus species found in the literature plus outgroups used in
reconstruction analysis (in bold).

Species n Chromosome morphology/Karyotype formula References

m sm st t a*

Anochetus altisquamis
Mayr, 1887

15 6 3 1 5 Santos et al.,
2010

Anochetus emarginatus
Fabricius, 1804

14 _ Santos et al., 2010; Mariano
et al., 2015

Anochetus cf. madaraszi
Mayr, 1937

14 _ Imai et al., 1984

Anochetus cf. graeffei Mayr,
1937

15;19 9 1 5 Imai et al., 1984, 1985

Anochetus graeffei1 15; 19 _ Imai et al., 1984, 1985

Anochetus graeffei2 15; 19 _ Imai et al., 1984, 1985

Anochetus horridus Brown,
1978

23 4 2 17 Mariano et al., 2011

Anochetus modicus Kempf,
1954

15 _ Imai et al., 1985

Anochetus targionii Emery,
1894

15 8 1 1 5 de Aguiar et al., 2020

Brachyponera chinensis
Emery

11 _ Imai and Kubota, 1972

Leptogenys diminuta
Smith, 1857

16 _ Goni et al., 1982; Imai et al.,
1983, 1984

Leptogenys iridescens
Smith, 1857

23 _ Imai et al., 1983, 1985

Odontoponera
transversa Smith, 1857

23; 21 7 16 Imai et al., 1984

Neoponera villosa
Fabrius, 1804

17 6 11 Mariano et al., 2000

Odontomachus bauri
Emery, 1852

22 _ Teixeira, 2018

Odontomachus chelifer
Latreille, 1802

22 2 20 Santos et al., 2010

Odontomachus
haematodus Linnaeus,
1758

22 4 9 9 de Aguiar et al., 2020

Odontomachus hastatus
Fabricius

22 2 1 19 Mariano et al., 2011

Odontomachus latiden
Mayr, 1867

15; 16 _ Imai et al., 1983

Odontomachus meinerti
Forel, 1905

22 2 3 17 Santos et al., 2010

Odontomachus rixosus
Smith, 1857

15 _ Goni et al., 1982; Imai et al.,
1983

Odontomachus scalptus
Brown, 1978

22 1 8 13 Mariano et al., 2011

Ponera pennsylvanica
Buckley, 1866

6 6 Hauschteck-Jungen and
Jungen, 1983

Pseudoponera stigma
Fabricius, 1804

6 6 Mariano et al., 2007

Column names meanings: n, haploid chromosome number; m, metacentric chromosome; sm, submetacentric chromosome; st, subtelocentric chromosome; t, telocentric
chromosome; a, acrocentric chromosome. *Referred as “t” by Levan et al. (1964); the term “a” was maintained to follow the published data but can be reduced to “t” (a + t).

Odontomachus. The topological structures of these trees were
retained across Bayesian inference (Figure 1) and the Maximum
Likelihood inference methods (Figure 1 and Supplementary
Figure 1). The support values of Bayesian and Maximum
Likelihood inferences for each clade are available in Table 2.

The clades A, B, and C are formed by species of the
Odontomachus genus. Clade A displayed high support values in
both trees with a PP: 1.00 and BS: 99. Clade B was represented
by the hastatus group and showed PP: 0.99 and a low value of
BS: 52. Clade C included the ruficeps and infandus groups with
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FIGURE 1 | Global molecular phylogeny of trap-jaw ants reconstructed under Bayesian inference used to ancestral chromosome reconstruction. Clades A–G are
highlighted in different colors. Morphological groups proposed by Brown (1978), are shown at the right side of the tree. The outgroup can be found at the top of the
figure in light purple.
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TABLE 2 | Support values for Bayesian Inference Posterior Probability (PP) and
Maximum Likelihood (BS) with the respective groups of the genus Anochetus and
Odontomachus.

Clade MrBayes (PP) RAxML (rBS)

Anochetus + Odontomachus 1.0 81

Odontomachus 1.0 75

Anochetus 1.0 100

Clade A 1.0 99

Clade B 0.99 52

Clade C 0.75 43

Clade D 1.0 100

Clade E 1.0 100

Clade F 1.0 100

Clade G 0.93 64

PP: 0.75 and BS: 43. The clades D, E, F, and G are composed
of species of the Anochetus genus. Clade D was formed by the
altisquamis group with PP: 1.0 and BS: 100. Clade E, to which
the rectangularis group belongs, had BP: 1.0 and BS: 100. The
clade F also contained high support values of BP: 1.0 and BS: 100.
The clade G included the groups mayri and emarginatus with BP:
0.93 and rBS: 64.

Our results indicated that the chromosomal ancestral
number of Odontomachus and Anochetus genera was n = 15
(PP = 0.98, Figure 2). In Odontomachus, n = 15 was retained
as the ancestral chromosome number for the Odontomachus
latidens and Odontomachus rixosus species. In the haematodus
group, this number evolved to n = 22 (Figures 2, 3).
Most ancestral chromosome numbers were inferred with
high posterior probabilities (above 95%), with some notable
exceptions. This was the case for two ancestors representing the
transition between groups D and E in Anochetus. This can be
explained by the existence of descriptions for both chromosome
numbers n = 15 and n = 19 in Anochetus cf. graeffei and
Anochetus graeffei.

From the ChromEvol best model, the final rate parameter
values were 5.93, 1.87 × 10−5, and 39.37 for chromosomal
duplication, gain, and loss events, respectively. This model
was selected over models including missing data and all
ChromoSSE models due to higher posterior probability values
found. Both ChromoSSE and ChromEvol pruned ancestral
chromosome number trees and the full data ChromEvol tree
proposed similar ancestral haploid chromosome numbers and
can be regarded as equivalent. We used Tracer 1.5 (Rambaut
et al., 2018) to determine that our sampling of the posterior
distribution had reached an effective sample size (ESS) and
to ascertain that the number of generations required to reach
stationarity of the posterior distribution had been reached. For
all models, including the full phylogenies for the full data, see
Supplementary Figures 2–4.

DISCUSSION

In this work, we identified the likely chromosome number of
the MRCA of Anochetus and Odontomachus trap-jaw ants. We

estimated the haploid number as n = 15 chromosomes with a
strong posterior probability (Figure 2). We hypothesize that this
ancestral karyotype would presumably have been characterized
by metacentric/submetacentric chromosomes as this is the most
likely way to elucidate the chromosome evolution of these sister
genera and the respective karyotype structure. In this scenario,
chromosomal rearrangements accompanied the diversification
of both trap-jaw ant genera. Some indications for such an
assumption must be mentioned. First, there may be a trend
for an increase in the chromosome number, mediated by an
unbalanced fission-fusion ratio, at least in some animal taxa,
especially ants (Imai et al., 1994, 2001; de Vos et al., 2020).
Second, the karyotyped Anochetus species, belonging to six
morphological groups well distributed along its phylogenetic
tree (see Fernandes et al., 2021), tend to have a conserved
number of n = 15. Moreover, early splitting karyotyped species
of Odontomachus in the tree also have n = 15 (Figure 2). Third,
the species used here as outgroups, all within the informal
Odontomachus genus group (see Schmidt and Shattuck, 2014),
are recorded with a predominance of metacentric chromosomes
(see Table 1). Considering these arguments, the ancestor of
Anochetus and Odontomachus had n = 15 chromosomes, most
of them putatively being metacentric/submetacentric (Figure 3).
Apparently, the initial diversification of trap-jaw ants into
two genera was not mediated by numerical chromosomal
changes, and we do not have enough data to suppose any
chromosomal speciation between Anochetus and Odontomachus.
On the other hand, the karyotypes of current species can
only be evolutionarily explained by chromosomal changes that
numerically alter the karyotypes, such as fissions and fusions.
Further, the massive number of subtelocentric and telocentric
chromosomes within karyotypes with n > 15 (see Figure 2)
agree with this assumption, as suggested by Santos et al.
(2010). Here, based on our ancestral state reconstruction, we
can corroborate the previous assumption, indicating that the
alternative hypotheses of fusions from n = 22 to n < 22 in
the observed karyotype today is unlikely. However, fusions
are apparently involved in the karyotypes with n < 15 (see
Figure 3).

Independent divergence-dating estimates show that the
MRCA of Anochetus and Odontomachus would have arisen
either in the Early Paleocene at about 64.8 Mya (Fernandes
et al., 2021) or in the Early Eocene at about 52.5 Mya
(Larabee et al., 2016). Biogeographical estimates, on the
other hand, are still incongruous but leading toward the
Neotropical region (Larabee et al., 2016; Fernandes et al.,
2021). As increased taxon sampling leads to effective estimates
of divergence time inference (reviewed by Bromham et al.,
2018), Fernandes et al. (2021) have an advantage. According
to these authors, Anochetus and Odontomachus appeared
at around 53.9 and 51.4 Mya, respectively. Regardless of
the variation of these divergence time estimates, a major
global climatic event could be involved in the origin and
diversification of both trap-jaw ants. We refer to the largest
known climatic warming of the Cenozoic, the Paleocene–
Eocene Thermal Maximum (PETM). The PETM was a
transient hyperthermal event occurring around 55 Mya and
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FIGURE 2 | Ancestral haploid chromosome state reconstruction inferred under Bayesian Inference and Maximum Likelihood methods. The ancestral chromosome
number with the highest probability or with the best likelihood are denoted at the main nodes. The colors of branches represent each given chromosome number
according to the legend. The known karyotypes of species are given at the tip. An ideogram was estimated from the available karyotypic formulae (in bold), denoting
the number of metacentric, submetacentric, subtelocentric, and telocentric chromosomes along the phylogeny.

characterized by a global temperature increase of 5–8◦C
(McInerney and Wing, 2011). Profound changes in biotic
communities were identified during PETM, including the
mass extinction of benthic foraminifera (Clyde and Gingerich,
1998; McInerney and Wing, 2011). Severe environmental
disturbances, such as PETM, create unstable environments
for natural populations. Some authors have shown that low
recombination rates are favored in individuals living in unstable
environments within rapidly developing populations (Escudero
et al., 2012; Carta et al., 2018), in addition to the likely
role of recombination suppression in speciation (Faria and
Navarro, 2010). However, Anochetus and Odontomachus would
have diversified without karyotype differentiation, while some
descendant karyotypes must have evolved independently in
specific clades/lineages from those having n = 15 chromosomes.
The mechanisms of chromosomal change that provided such
structural and numerical alterations were identified from
the detailed analysis of the described karyotypes of some
of these descendent lineages and our ancestral chromosome
number estimates.

Anochetus has been morphologically and phylogenetically
divided into 22 species groups. However, many of them were
considered polyphyletic (Larabee et al., 2016; Fernandes et al.,
2021). Thus, many of them (not all) should be disregarded
from a phylogenetic point of view. Therefore, the correct
way to analyze the karyotype differences is to place many of
these lineages into major clades. Although it seems relatively
scarce, our taxon sampling includes well-defined clades and
species in the phylogenetic tree. The ancestral chromosome
number of Anochetus was estimated as n = 15 (Figure 2). The
maintenance of n = 15 in some Anochetus species, including
A. altisquamis and A. modicus, which are shown as diverged
earlier in the phylogenetic tree (see also Larabee et al., 2016;
Fernandes et al., 2021), provides further evidence that this is
a plesiomorphic condition. Such an idea has been suggested
by de Aguiar et al. (2020) based on cytogenetic data. Our
observations include not only Anochetus, but, as we have found
out, Odontomachus as well. Interesting findings about two major
clades of Anochetus must be considered. One clade comprises
the emarginatus species group. In this clade, the ancestral
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FIGURE 3 | Chromosome number evolution and inferred ancestral chromosome state in the trap-jaw ants inferred under Bayesian and Maximum likelihood
optimization. Number at the nodes and respective colors (see label) present the inferred ancestral haploid chromosome. Numbers at the tips are the known haploid
chromosome numbers of species. At right of each clade of Anochetus and Odontomachus are depicted the general chromosome morphology comprising the
karyotypes. At each branch are highlighted the likely rearrangements undergone during karyotype evolution (see “Discussion” for details).

n = 15 has undergone several chromosomal rearrangements,
including putative pericentric inversions and centric fissions and
fusions (Figure 3). As A. emarginatus and A. horridus are sister
species, an ancestral karyotype with n = 15 had apparently
undergone at least one fusion event in A. emarginatus and
many fission events in A. horridus, increasing the chromosome
number of the latter of n = 15 to n = 23 (Figure 3). The
other clade of Anochetus refers to the so-called “Clade J” (see
Fernandes et al., 2021), composed of various scattered species
groups. Again, both fission and fusion seem to be characteristic
of this clade. Previous cytogenetic studies have raised issues
about chromosomal rearrangements having participated in the
diversification of trap-jaw ants. Santos et al. (2010) conclude
that chromosomal fission may have played an important role
in the divergence between Anochetus and Odontomachus, while
de Aguiar et al. (2020) suggest this rearrangement particularly
in A. horridus. Here, we can suggest that in fact chromosomal
fission seems to have played an important role in recent
karyotype evolution, increasing the number of chromosomes in
the karyotype of Odontomachus from an ancestral karyotype of
n = 15.

Interestingly, A. graeffei had two distinct karyotypes described,
one with n = 15 and the other with n = 19 (see text

footnote 1; Cardoso et al., 2018). Unless these lineages have
been misidentified, it is reasonable to think that these must be
closely related distinct species, which indicate that at least fission
rearrangements would have occurred throughout its evolutionary
history. Descriptions of distinct number of chromosomes among
populations of the same species are common in ants (see
Lorite and Palomeque, 2010). As an example, three distinct
karyotypes were reported for the same species of fungus-
farming ants, Mycetophylax morschi. Integrative cytogenetic and
molecular analyses propose that they must be independent
lineages and that chromosomal rearrangements played a role
in their diversification (Cardoso et al., 2014; Micolino et al.,
2019). Similarly to Anochetus, the genus Odontomachus has been
classified into 12 species groups (Larabee et al., 2016; Fernandes
et al., 2021). Two major clades can be observed, each with
mostly monophyletic species groups: on the one hand the rixosus
group, for example, and on the other with the hastatus and the
haematodus groups. Likewise, we presented the Odontomachus
species with cytogenetic data that are well distributed along the
phylogenetic tree. We also estimated the ancestral chromosome
number of Odontomachus as n = 15 (Figure 2). Although there
are no cytogenetic data on the chromosome morphology of
Odontomachus species with n = 15 (those belonging to the rixosus
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species group), we predict that these must have metacentric
and/or submetacentric chromosomes. In this scenario, we suggest
that the ancestor of hastatus + haematodus species groups
would have undergone at least six centric fission rearrangements,
increasing from n = 15 to 22 chromosomes (Figure 3). The
haematodus species group is the most diverse of Odontomachus,
consisting of about 30 lineages, mainly distributed in the
Neotropics (Bolton, 2021). Divergence dating reconstructions
estimated its origin to have occurred at about 20 Mya in the
early Miocene (Fernandes et al., 2021). The rapid radiation
of this group may therefore be related to the severe climatic
events that happened from this period onward. Previous studies
with Neotropical ants raised hypotheses about a relationship
between chromosomal changes and environmental disturbances,
which could have somehow triggered and/or accompanied
lineage diversification (Micolino et al., 2019). Species in the
haematodus group with cytogenetic data available correspond
to n = 22, most of which are telocentric chromosomes. Despite
the conserved chromosome number, structural rearrangements,
such as pericentric inversions, must have played a role in
the diversification of this group. Inversions abound in natural
populations, and it has been thought that inversions are
central to the evolution of many species, with implications
for adaptation and speciation (Wellenreuther and Bernatchez,
2018; Faria et al., 2019). In ants, inversion rearrangements
have often been identified using cytogenetic and molecular
techniques (Imai et al., 1994; Wang et al., 2013; Micolino et al.,
2020).

We were able to indicate the major inversion rearrangements
in the light of phylogenetic relationships among the species
in the haematodus group. One way to determine whether
there have been structural changes in karyotypes with the
same chromosome number in closely related lineages is to
look for disparities in the chromosome arms. The analysis
of the number of chromosome arms, often known as the
fundamental number (FN) (see Matthey, 1945), can be used for
inferences about karyotype evolution, which lead to possibilities
of both numerical and structural rearrangements. For example,
cytogenetic analyses considering only the FN of Nothoscordum
weed species indicate that the variation in the chromosome
number (2n = 8–26) was provided by centric fusion-fission
and polyploidy (Guerra, 2008). Likewise, cytogenetic data from
Myrmecia ants exposed high variation in the number and
structure of their karyotypes and suggested that many telocentric
chromosomes were converted into bi-armed types (metacentric,
submetacentric, and/or subtelocentric) by pericentric inversions
(Imai et al., 1977). Furthermore, theoretically based cytogenetic
inferences suggest that karyotypes changing only by pericentric
inversion tend to evolve into the accumulation of bi-armed
chromosomes (Imai and Maruyama, 1978). From our approach
to the karyotype evolution and the well-established phylogenetic
relationships within the haematodus species group, we identified
the likely inversion rearrangements that occurred throughout
cladogenesis events. The species O. chelifer diverge early in
the phylogenetic tree, and its 22 haploid chromosomes are
classified as 2 sm + 20 t. In just one cladogenesis event,
three pericentric inversions were established, where three

of the telocentric chromosomes changed to subtelocentric
(KF = 2 sm + 3 st + 17 t in O. meinerti). At this
point in evolutionary history, FN increased from 48 to
54, following a decrease in telocentric chromosomes. After
a hiatus of four split events due to lack of available
cytogenetic data, we again observed a decrease in telocentric
chromosomes in O. scalptus and a consequent increase
in FN (KF = 1 sm + 8 st + 13 t and FN = 62).
The karyotype of this species must have undergone five
pericentric inversions, four of them involving telocentrics and
the remaining one involving a submetacentric chromosome.
The most derived species from this clade, O. bauri and
O. haematodus, also had karyotype changes shaped by pericentric
inversions. While O. bauri had two inversions occurring
only in the subtelocentric chromosomes (KF = 3 sm + 6
st + 13 t and FN = 62), O. haematodus appears to
have undergone four inversions, three of them being from
telocentric to subtelocentric and one from telocentric to
submetacentric (KF = 4 sm + 9 st + 9 t and FN = 70).
We emphasize that, at least in this ant clade, there was
a tendency to increase in bi-armed chromosomes. In this
way, we corroborate previous hypotheses demonstrating that
chromosome evolution generally proceeds toward increasing the
chromosome number by the combination of centric fissions
and pericentric inversions, changing telocentric chromosomes to
bi-armed ones (Imai et al., 2001).

The cytogenetic data available still cover a small number
of trap-jaw species across the phylogeny, and this could be a
limitation to our ancestral state reconstruction. However, we
managed to discover valuable rearrangements in the course of
the chromosome evolution of Anochetus and Odontomachus
trap-jaw ants that likely contributed to their diversification.
Further, species with available chromosome numbers within this
group are still scarce, but they comprise a significant part of
the major clades. Nevertheless, we noticed many problems that
make comparative analyses difficult and these problems must
be resolved during the future studies. Descriptions of many
karyotypes lack essential details, which impedes the reliability of
the data. Likewise, if only chromosome numbers are known for
certain taxa, it substantially hampers evolutionary comparisons
of these groups. Therefore, we strongly recommend a more
complete description of the karyotypes, showing metaphases
and karyotypes properly assembled by size and morphology.
The karyomorphometric analyses (i.e., taking chromosome
measurements) can be used present the karyotype structure
more accurately (see Cristiano et al., 2017). Species identification
is also very important, and it should be a critical step in
publishing the cytogenetic data that could be included in
future analysis.
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