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In Acridoidea grasshoppers, chromosomal rearrangements are frequently found as deviations from the standard
acrocentric karyotype (2n = 233/249, FN = 233/249) in either phylogenetically unrelated species or shared by closely
related ones, i.e. genus. In the South American subfamily Ommexechinae, most of the species show a unique karyotype
(2n = 233/249, FN = 253/269) owing to the occurrence of a large autosomal pair (L,) with submetacentric morphology.
In the early 1960s, Alejo Mesa proposed the hypothesis of an ancestral pericentric inversion to explain this karyotype
variation. Furthermore, in Ommexechinae, extra chromosomal rearrangements (e.g. centric fusions) are recorded
between the ancestral X chromosome and autosomes that originated the so-called neo-sex chromosomes. However,
the evolutionary significance of the pericentric inversions and centric fusions in Ommexechinae remains poorly
explored. Aiming for a better understanding of chromosomal evolution in Ommexechinae, we performed a detailed
cytogenetic analysis in five species. Our findings support the hypothesis about the occurrence of an early pericentric
inversion in the ancestor of Ommexechinae. Moreover, our results show a complex karyotype diversification pattern
due to several chromosome rearrangements, variations in heterochromatin and repetitive DNA dynamics. Finally,
the chromosomal mapping of U2 snDNA in L, provided new insights about the morphological evolution of this
autosomal pair and revealed unnoticed chromosome reorganizations.

ADDITIONAL KEYWORDS: cytogenetic — differentiation — FISH — inversions — karyotype — multigene families —
neo-XY — Ommexechidae — rDNAs — U2 snDNA.

INTRODUCTION chromosomes is also common in species of Acrididae
and Romaleidae, with a fundamental number (FN; i.e.
number of chromosome arms) of 233/24Q (Mesa et al.,
1982). However, this presumptive karyotypic stability
is contrasted with the observation of variability in
specific groups, like variations in diploid numbers, sex
chromosome systems and morphology of chromosomes,
resulting from chromosomal rearrangements (CR)
such as centric fusions and inversions (Hewitt, 1979;
*Corresponding author. E-mail: castillo.eliorodrigo@gmail.com Mesa et al., 1982). As in other eukaryotic groups, it may

Among the modern grasshoppers of Acridoidea, i.e. the
families Acrididae, Ommexechidae and Romaleidae
(sensu Leavitt et al., 2013), chromosomal stability is
reported with high frequency of species harbouring a
diploid number (2n) of 233/24Q chromosomes (Hewitt,
1979; Mesa et al., 1982). The presence of acrocentric
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be presumed that these chromosome rearrangements
have distinctive effects in the heterocygote, of which
the suppression of recombination leading to reduced
gene flow and accumulation of genetic differences
in the affected genomic region has supported
chromosomal speciation models (Kirkpatrick, 2010;
Faria & Navarro, 2010).

In the Neotropical Ommexechidae, the available
cytogenetic data support that 2n = 233/249 is the
modal diploid number for the family (Mesa et al.,
1982). However, the presence of an autosome pair (the
largest pair, L) with submetacentric morphology and
a FN = 253/269 is described in high frequency (51%
of karyotyped species) in the family Ommexechidae
(Mesa et al., 1982). According to Mesa, these
submetacentric autosomes resulted from a pericentric
inversion that putatively took place in the ancestor
of Ommexechidae, which would represent the oldest
shared CR in Acridoidea (Mesa, 1963; Mesa &
Ferreira, 1977; Mesa et al., 1982). The submetacentric
L, autosome is even more frequent in Ommexechinae
(the most species-rich subfamily of Ommexechidae),
where most species share this trait. Besides the
submetacentric L, other chromosomal variations are
observed in Ommexechinae, such as reductions of 2n
(Mesa et al., 1982), neo-sex chromosomes (Mesa, 1961;
Mesa & Ferreira, 1977; Mesa et al., 1990), inversions
involving sex chromosomes (Carvalho et al., 2011) and
B chromosomes (Souza et al., 2015). These karyotypic
features add complexity to an entangled scenario
of chromosome evolution in the group that remain
largely unexplored.

In the context of the occurrence of multiple
chromosomal rearrangements, the study of
Ommexechinae species could provide information
about the karyotype evolution of modern grasshoppers.
Until now, studies in the group were performed mostly
based on conventional cytogenetic techniques with
a reduced taxonomic sampling, giving only limited
information about the karyotype variability (Mesa
& Ferreira, 1977; Mesa et al., 1990; Carvalho et al.,
2011; Souza et al., 2015). The analysis of chromosomal
markers based on repetitive DNA has been useful for
understanding genome organization and chromosomal
evolution in grasshoppers (Cabrero & Camacho, 2008;
Cabrero et al., 2009; Cabral-de-Mello et al., 2011a,b;
Anjos et al., 2015). Likewise, the use of repetitive
DNA as chromosomal markers in Ommexechinae
could provide information to support chromosomal
homologies and shed light on the CRs involved in
karyotype evolution, particularly for the L, pair.

The main goal of this work is to test Mesa’s
hypothesis of chromosomal evolution in Ommexechinae
grasshoppers (Mesa, 1963; Mesa et al., 1982). To this
goal, we combined classical and molecular cytogenetic

techniques and chromosomal mapping of repetitive
DNA in five species of Ommexechinae grasshoppers.
Based on cytogenetic information, we proposed a
series of chromosomal rearrangements that might
be involved in the evolution of the L, chromosome,
causing the observed variations in morphology
compared to other modern grasshoppers. The data
provide new information about chromosomal evolution
in Ommexechinae and the reinterpretation of Mesa’s
hypothesis.

MATERIAL AND METHODS

SPECIMEN COLLECTION, CYTOGENETIC PREPARATIONS
AND CHROMOSOMAL STAINING

Male and female adults of five Ommexechinae species
— Clarazella bimaculata Giglio-Tos, 1894, Calcitrena
maculosa Eades, 1961, Ommexecha macropterum
Blanchard, 1836, O. virens Serville, 1831 and
Pachyossa signata Rehn, 1913 — were collected, based
on their distribution range, from different localities
in Argentina and Paraguay (Table 1). Specimens
were etherized, dissected and deposited in the
entomological collection of Laboratorio de Genética
Evolutiva Dr. Claudio J. Bidau, Instituto de Biologia
Subtropical (IBS; CONICET-UNaM). Male testes and
female gastric caeca were obtained and conserved in
a mixture of ethanol:acetic acid (3:1). Muscular tissue
was conserved in cold absolute ethanol at —20 °C.

Male meiotic preparations were performed by
squashing testes’ follicles in ferric haematoxylin, as
described by Nufiez (1968), or by crushing follicles with
acetic acid (65%). Mitotic metaphase chromosomes
were obtained from female gastric caeca, following
the procedure described by Castillo et al. (2011).
Some slides were stained with phosphate-buffered
Giemsa solution (5%, pH 6.8) and others were used for
C-banding, according to Sumner’s protocol (1972). In
addition, the base-pair richness was studied by staining
with base-specific fluorochromes, chromomycin A,
(CMA,, Sigma-Aldrich, USA) for C+G-rich regions and
4’, 6-diamino-2-phenylindole (DAPI, Sigma-Aldrich,
USA) for A+T-rich regions, according to Schweizer’s
protocol (1980).

DNA EXTRACTION, PROBES OBTAINING AND
FLUORESCENCE IN SITU HYBRIDIZATION

Abracris flavolineata De Geer, 1773 genomic DNA
was extracted by the phenol-chloroform protocol
(Sambrook & Russel, 2001). The extracted DNA was
used as template for the isolation of repetitive DNAs,
which was carried out by polymerase chain reaction
(PCR) with specific primers previously described for
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Histone 3 partial gene (H3) (Colgan et al., 1998),
ribosomal DNA (rDNA) 5S and 18S (Cabral-de-
Mello et al., 2010) and small nuclear DNA (snDNA)
U2 for Major Spliceosome complex (Bueno et al.,
2013). Telomeric probes were obtained using self-
complementary primers (TTAGG), and (CCTAA),
through PCR without DNA template, as described
by IJdo et al. (1991). The labelling of the probes was
carried out by PCR with digoxigenin-11-dUTP (Roche,
Switzerland). Alternatively, the 18S rDNA probe was
also labelled with Nick-Translation with biotin-14-
dATP (Invitrogen, Life Technologies, USA), following
the manufacturer’s instructions. Single Fluorescence In
Situ Hybridization experiments of the five probes were
performed according to Cabral-de-Mello et al. (2010).
The probes labelled with digoxigenin-11-dUTP were
detected using anti-digoxigenin-rhodamine (Roche,
Switzerland), whereas the probe labelled with biotin-
14-dATP was identified using streptavidin Alexafluor
488 conjugate (Invitrogen, Life Technologies, USA).
Chromosome preparations were counterstained using
DAPI diluted in VECTASHIELD mounting media
(Vector Laboratories, Burlingame, USA).

PHOTOGRAPHS AND KARYOTYPE CONSTRUCTION

The chromosome preparations were photographed
using a BX61 microscope (Life Science Solutions,
Olympus, Japan) equipped with fluorescent and
conventional lamps, and appropriate filters coupled to
a DP70 cooled digital camera (Life Science Solutions,
Olympus, Japan). Photographs were processed with
image-processing software (Corel Draw 2017 v.19.0
and Adobe Photoshop CS6 v.13.0). Karyotypes were
made using information about chromosome relative
length and centromeric index (CI), obtained by
measuring mitotic chromosomes at metaphase with
DRAWID v.0.26 (Kirov et al.,2017). Chromosomes were
classified in three arbitrary size groups (L = large,
M = medium-sized and S = small) and their morphology
was determined following the nomenclature proposed
by Levan (1964). The neo-XY sexual mechanism was
described according to the terminology proposed by
White (1940). Neo-X chromosome arms were referred
to X;, as the arm that shares ancestral homology with
the neo-Y and X, as the arm derived from the original
X chromosome.

RESULTS

KARYOTYPES AND HETEROCHROMATIN

The diploid number of 2n = 233/24Q was observed
in four species: Calcitrena maculosa (Fig. 1A),
Ommexecha macropterum (Fig. 1B), O. virens (Fig. 1C)
and Clarazella bimaculata (Fig. 1D), with a simple

sex chromosome system X03/XXQ. A reduced diploid
number of 2n = 223/229 and a neo-XY3/neo-XXQ
sex chromosome system was noticed in Pachyossa
signata (Fig. 1E). Concerning chromosome size, two
large autosomes were observed in all species (Fig.
1A-E); seven medium autosomes were observed in
Ca. maculosa (Fig. 1A), Cl. bimaculata (Fig. 1D) and
P signata (Fig. 1E), whereas six medium autosomes
were noticed in the two Ommexecha species; three
small autosomes were observed in Ommexecha
species (Fig. 1B, C), two in Ca. maculosa (Fig. 1A)
and Cl. bimaculata (Fig. 1D), and one in P. signata
(Fig. 1E). The X chromosome of the four species with
X03/XXQ sex system was medium-sized (Fig. 1A-D).
In P. signata, the neo-X was similar in size to pair L,
and the neo-Y was one of the smallest chromosomes
of the complement (relative length = 1.2%, s = 0.1, the
‘s’ means ‘standard error (ES)’), similar in size to X,
(relative length = 1.3%, s = 0.2) (Fig. 1E).

Most autosomes showed acrocentric morphology,
with the exception of the pair L, that was
submetacentric in Calcitrena maculosa, Ommexecha
macropterum, O. virens, and the pairs S, and S, that
were metacentric in O. virens (Fig. 1A-C in red). The
X chromosomes were acrocentric (Fig. 1A-D), the
neo-X chromosome was subtelocentric and the neo-Y
was acrocentric in Pachyossa signata (Fig. 1E). The
analysis of male metaphase I (Fig. 1F-J) allowed
determination of the number of autosomal bivalents in
all species, the presence of X chromosomes as univalent
(Fig. 1F, G) and the presence of a heteromorphic sex
bivalent (neo-XY) in P. signata (Fig. 1J). In the male
metaphase I of the last species, we observed the neo-
sex bivalent in a ‘L’ configuration, resulting from a
distal chiasma between neo-X; and neo-Y (Fig. 1J,
inset). The variability in chromosome morphology
caused variable FN, as follows: FN = 233/249 in
Clarazella bimaculata (all acrocentric) and P. signata
(acrocentric autosomes, subtelocentric neo-X and
acrocentric neo-Y); FN = 253/26Q in species with
one bi-armed chromosome pair, i.e. Ca. maculosa
and O. macropterum; and FN = 293/309 in O. virens,
harbouring three bi-armed autosomal pairs.

Calcitrena maculosa, Clarazella bimaculata,
Ommexecha macropterum and Pachyossa signata
showed C-positive heterochromatic blocks in
pericentromeric areas (Fig. 2; Table 1). Additionally,
Ca. maculosa showed extra C-positive blocks in
the interstitial regions of M, pair (Fig. 2A) and
O. macropterum presented distal C-positive blocks in
Sy, S,, pairs (Fig. 2B). In O. virens, the distribution
of heterochromatin deviated from the centromeric
pattern, since C-positive blocks were also present in
interstitial regions of ten chromosomes and in the
distal regions of S, pair (Fig. 2C; Table 1). No extra
C-positive blocks were noticed in Cl. bimaculata
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Figure 1. Conventional analysis of mitotic and meiotic chromosomes of five Ommexechinae species. The karyotypes (A-E)
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and metaphase I of males (F—J) are shown for Ca. maculosa (A, F), O. macropterum (B, G), O. virens (C, H), Cl. bimaculata
(D, ) and P. signata (E, J). Male karyotypes were obtained from spermatogonial cells (A—C, E) or from cells in anaphase

I (D). Chromosomes are arranged in decreasing order size, and bi-armed autosomes are indicated in red. Male metaphase

I shows (F—J) the first pair of autosomes indicated with arrows and the sex chromosomes with dotted lines. The structure

of P. signata neo-X chromosome is indicated with light-blue colour and the neo-Y with orange (E, J). Inset (J) highlight

P. signata neo-XY. Bar = 10pm.
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Figure 2. Distribution of heterochromatin and chromatin base-richness in five Ommexechinae species. C banding (A-E),
CMAS3 (F-J) and DAPI (K-O) staining were performed in Ca. maculosa (A, F, K), O. macropterum (B, G, L), O. virens (C,
H, M), Cl. bimaculata (D, I, N) and P. signata (E, J, O). Pictures were obtained from female somatic mitosis, in exception
to CMA3 and DAPI for P. signata (J, O), in which spermatogonial mitosis is presented, and also in (E, inset), in which
C-banding pattern is shown for neo-sex bivalent at metaphase I. Autosomes with positive signals for each technique are
indicated with black and white arrows and dotted lines. Yellow arrowheads exemplify the centromeric positive pattern
for different banding techniques: C-positive (D), CMA, positive (I), and DAPI positive (L). The red arrowhead exemplifies
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(Fig. 2D). Pachyossa signata showed extra C-positive
heterochromatic blocks at interstitial position in M,
pair (Fig. 2E).

Chromatin affinity to fluorochromes dyes differed
between species, resulting in two general banding
patterns (Fig. 2F—J; Table 1): species showing CMA,
and DAPI positive bands (CMA_+, DAPI+) and species
showing only both CMA, positive and DAPI negative
(CMA,+/DAPI-) bands. Clarazella bimaculata showed
CMA,+/DAPI- bands in the centromeric regions of all
chromosomes (Fig. 21), whereas Calcitrena maculosa
showed CMA,+/DAPI- bands in the centromeric
regions of five autosomal pairs (Table 1) and in the
interstitial region of one M, chromosome (Fig. 2F).
Ommexecha macropterum showed CMA,+ bands in
the centromeric regions of four M pairs (Table 1) and
in S,,, and also DAPI+ bands in the centromeric region
of all chromosomes, and in the distal region of S, and
S,,- Pachyossa signata showed CMA,+ bands located
interstitially in L,, and DAPI+ bands were found in
the centromeric regions of all autosomes and in the
interstitial region of M, pair. The pericentromeric
region of the neo-X was CMA,+/DAPI-, whereas
pericentromeric regions of neo-Y and neo-X; were
DAPI+. Ommexecha virens showed CMA_+/DAPI- in
S, and S, ‘p’ arms, CMA_+ bands in the centromeric
region of L,, DAPI+ bands in the interstitial region of
M, and in the centromeric region of S, and S, .

MAPPING OF REPETITIVE DNAS

The chromosomal mapping of 18S and 5S rDNA showed
variability in loci number and chromosomal location
(Table 1; Fig. 3). FISH experiments with 18S rDNA
probe reveal two clusters of rDNA genes in Calcitrena
maculosa, one located on the X chromosome and the
other on the autosomal bivalent M, at metaphase
I (Fig. 3A). In mitotic metaphases of Ommexecha
macropterum, two pairs of homologous chromosomes
(M, and M,) showed hybridization signals for the
18S rDNA probe (Fig. 3B). In O. virens, three rDNA
clusters were identified, located on the autosomal
bivalents L,, S, and S, at metaphase I (Fig. 3C), as
well as in Clarazella bimaculata, in which M, M, and
X showed hybridization signals (Fig. 3D). In Pachyossa
signata, hybridization signal was observed only in
the neo-X chromosome (Fig. 3D). On the other hand,
FISH with the 5S probe revealed clusters in three
chromosomal bivalents in Ca. maculosa (L,, M, and
M,) and P. signata (L,, M, and M,) at metaphases I,
and in three autosomal pairs in O. macropterum (M,,

M, and M,) at mitotic metaphase (Fig. 3F, G, J). Eight
mitotic chromosomes showed hybridization signals
in O. virens, including pairs M,, M,, S,/ and only one
chromosome of the pairs L, and M, (Fig. 3H). In CL.
bimaculata, four hybridization signals were observed
in L, M,, M, and M, bivalents at metaphase I (Fig. 3I).

In all species studied, a single cluster of U2 snDNA
was restricted to the distal end of the long arms of
either acrocentric or submetacentric L, pairs (Fig.
3K-0). At metaphase I, a single cluster of H3 was
observed in the proximal region of an autosomal
bivalent in Cl. bimaculata (L,), Ca. maculosa (M,) and
P. signata (L,), whereas two clusters were observed
in O. virens (proximal in S, and S, ) (Fig. 3P-S). The
telomere probe identified only the actual telomeres (i.e.
located at the chromosome ends) across all analysed
species (Fig. 4). All data for the chromosomal location
of mapped repetitive DNAs are represented in the
ideograms of Figure 5.

DISCUSSION

CHROMOSOMAL INVERSIONS AND NEO-SEX
CHROMOSOMES ARE DISTINCTIVE FEATURES IN
OMMEXECHINAE

Our analyses in Ommexechinae highlight the
occurrence of deviations from the standard karyotype
described for most modern grasshoppers, i.e.
2n = 23/24, X0/XX and acrocentric chromosomes (Mesa
et al., 1982). The karyotypes analysed of Ca. maculosa,
Cl. bimaculata, O. macropterum and P. signata were
coincident with previous descriptions (Mesa et al.,
1982). On the contrary, in O. virens we noticed the
occurrence of S and S, with metacentric morphology,
in contrast with previous observations of acrocentric
morphology, without changes in chromosome number
(Mesa, 1963; Carvalho et al., 2011; Souza et al., 2015).

Based on our data, and the available chromosomal
descriptions (Mesa, 1963; Mesa & Ferreira, 1977,
Mesa et al., 1982; Carvalho et al., 2011), the main
hallmark in Ommexechinae karyotype evolution
is the occurrence of pericentric inversions, driving
changes in chromosome morphology and FN, without
affecting the diploid number of the species. Pericentric
inversions were observed not only in autosomes of
the studied species (e.g. in L, of Calcitrena maculosa,
Ommexecha macropterum and O. viren, and S, and
S,, pairs of O. virens), but also in the X chromosome
of Descampsacris serrulatum Thunberg, 1824 and
the neo-Y of Spathalium audouini Blanchard, 1836

additional interstitial C positive blocks (C). Neo-sex chromosomes and their positive signals are indicated green (neo-X) and
orange (neo-Y). Insets show in detail the banding patterns of chromosomes of S group in O. macropterum (B) and O. virens
(C), and P. signata neo-XY (E, J, O). C = centromere, bar = 10pm except indicated otherwise.
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Figure 3. Fluorescencein situ hybridization of multigene families in mitotic and meiotic chromosomes of five Ommexechinae
species, counterstained with DAPI (blue). Chromosomes with positive signals for 18S rDNA (A-E), 5S rDNA (F-J), U2
snDNA (K-0) and H3 (P-T) probes are indicated in white for Ca. maculosa (A, F, K, P), O. macropterum (B, G, L, Q),
O. virens (C,H, M, R), Cl. bimaculata (D, 1, N, S) and P. signata (E, J, O T). Meiotic cells are presented in most species, except
for O. macropterum (B, G, L) and O. virens (H), in which mitotic cells are presented. H3 FISH experiment was unsuccessful

in O. macropterum, due to lack of material (Q). Bar = 10pm.

(Mesa, 1963; Mesa et al., 1990; Carvalho et al., 2011).
A high frequency of pericentric inversions, as noticed
in Ommexechidae, was also observed in other specific
lineages of grasshoppers, such as the Morabini
(Eumastacoidea: Morabidae) and Trimerotropini
(Acridoidea: Acrididae) (White, 1949; White et al., 1967,
Hewitt, 1979). The high frequency of such chromosome
rearrangements, i.e. pericentric inversions, could be
the result of the propensity of specific groups to the
recurrent fixation of them, as proposed by White (1973)
under the term karyotype orthoselection.

Centric fusions are also frequent in Ommexechinae,
as was inferred from the observation of reduction in
the diploid number and changes in both chromosome

size and morphology. In this group, all described centric
fusions involved the so-called ancestral X chromosome
and different autosomes, resulting in the formation
of neo-XY/XX sex chromosome determination
systems (SCDS), with bi-armed neo-X chromosomes.
These SCDS are found in c¢. 25% of Ommexechinae
species with available cytogenetic data (Supporting
Information, Table S1).

The independent origin of neo-sex chromosomes was
reported in several acridid grasshoppers (see: Colombo
et al., 2005; Warchatowska-Sliwa et al., 2011; Castillo
et al., 2016; Jetybayev et al., 2017a). The neo-sex
chromosomes of other Ommexechinae (Spathalium
audouini Blanchard, 1836, S. helios Rehn, 1918 and
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X

Ca. maculosa

Cl. bimaculata

O. virens

L
neo-XY

P signata

Figure 4. Fluorescence in situ hybridization of the (TTAGG)n telomere probe (red signals) in meiotic chromosomes of five
Ommexechinae species, counterstained with DAPI (blue). Rearranged chromosomes with are indicated for Ca. maculosa
(A), O. macropterum (B), O. virens (C), Cl. bimaculata (D), P. signata (E). Bar = 10pm.

Tetrixocephalus willemsei Gurney & Liebermann,
1963) were congruent with the observed pattern in
numerous Acrididae, where centric fusion involved
large- or medium-sized autosomes (Mesa, 1961; Mesa
& Ferreira, 1977; Mesa et al., 1990). The unusual
neo-XY found in P. signata is a unique example among
neotropical orthopterans, in which the autosome
involved in the chromosome rearrangement with the
X chromosome was the smallest chromosome of the
complement (Mesa, 1964;this work). In Ommexechinae,
most neo-sex chromosomes evolved independently
through X-autosome fusions, with the exception of two
Spatalium species that probably share the same origin
for the neo-XY sex chromosome system (Supporting
Information, Table S1) (Mesa et al., 1990).

In Pachyossa signata, the constitutive
heterochromatin was restricted to the centromeric
regions in both neo-sex chromosomes, which showed
pericentromeric CMA_+ bands in both X; and X arms,
and a pericentromeric DAPI+ band in the neo-Y and the
X, arms. Additionally, chromosome length was similar

between the neo-X, and the neo-Y. Both results (Ilength
and chromosome banding patterns) indicate absence
of heterochromatinization in the neo-sex chromosomes
beyond the centromeres and absence of loss of genetic
material in the neo-Y. Low accumulation of repetitive
DNAs and heterochromatin (restricted to the proximal
region of centromeres) in neo-sex chromosomes was also
observed in other species of grasshoppers (Castillo et al.,
2010; Palacios-Gimenez et al., 2013; Jetybayev et al.,
2017a), contrasting with the highly heterochromatic
nature of the neo-Y in other species (Jetybayev et al.,
2017b; Ferretti et al., 2020). These differences, together
with the location of chiasmata, have been traditionally
used to infer the stage of neo-XY differentiation. In
P. signata, there is evidence of low differentiation
between the neo-X and neo-Y chromosomes, in spite of
the distal location of chiasmata and in contraposition to
the canonical path of sex chromosome evolution, which
includes heterochromatinization of the Y chromosome
leading to morphologically distinct sex chromosomes
[reviewed in Bachtrog (2013)].
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Figure 5. Schematic representation of multigene
families chromosomal locations. Species names, probes
and chromosome numbers are indicated in each figure.
Coloured arrowheads show chromosomes that shared
probe locations for at least three species and, therefore,
homeology is suggested, as follows: L1 chromosomes of
all species (U2 snDNA), L2 (5S rDNA location plus H3 in
some cases) of P. signata, Cl. bimaculata, O. virens and Ca.
maculosa, M3 of Cl. bimaculata, Ca. maculosa, O. virens
and O. macropterum (5S rDNA) and X chromosomes of CI.
bimaculata, Ca. maculosa together with XR of P. signata
(18S rDNA).

HETEROCHROMATIN AND REPETITIVE DNA
EVIDENCE PLASTICITY ON OMMEXECHINAE
CHROMOSOMES

The main pattern of centromeric constitutive
heterochromatin (CH) combined to a reduced number
of additional blocks might extend to the subfamily
level, since it is coincident to what has been previously
observed in Ommexecha virens and Descampsacris
serrulatum (Mesa et al., 1990; Carvalho et al., 2011).
The constraints underlying CH distribution might
be similar to other Acridoidea groups, where the
centromeric pattern was also observed (Santos et al.,
1983; John et al., 1985; Cabrero & Camacho, 1986).
The only different pattern was observed in O. virens,
which showed an increased amount of CH in relation
to other species and to previous studies (Carvalho
et al., 2011), distributed mainly in interstitial regions.
Different mechanisms are involved the distribution
of the repetitive components of CH, including the
amplification or deletion by replication slippage,
unequal exchange, among others (reviewed in: John,
1988; Palomeque & Lorite, 2008). The observed
intraspecific variability of CH in O. virens, could be
related to the differential impact of these mechanisms

over the wide geographical distribution of the species
in South America (Cigliano et al., 2020).

Chromatin composition, inferred from fluorochrome
banding patterns, was variable between species.
The localization CMA,+ or DAPI+ bands was always
coincident with the localization of heterochromatic
C-positive blocks, whereas no fluorescent positive
bands were detected in some other C-positive blocks.
Constitutive heterochromatin was enriched in GC base
pairs in Cl. bimaculata and Ca. maculosa, whereas
the CH was enriched in both CG and AT base pairs in
the remaining species, contrasting with a previously
described nucleotide composition of CH (CG-rich
regions) in Descampsacris serrulatum and O. virens
(Carvalho et al., 2011). The observed heterogeneity in
the base-richness of CH is also common in other modern
grasshoppers (Acrididae and Romaleidae), which has
been described within and between chromosomes of
the same species, as well as between chromosomes of
different species (John et al., 1985; De Franca Rocha
et al., 2015). Some CG-rich regions were coincident
with the presence of 18S rDNA in Ca. maculosa (X
and M,), O. macropterum (M,, M,), O. virens (L,, S,
S,,), Cl. bimaculata (M, M,, X) and P. signata (neo-
X), and other multigene families, such as H3 and 5S
rDNA in P. signata (L,) and Cl. bimaculata (L,, My, M,).
This indicates that CMA,+ could not only correspond
to the nucleolar organizer regions, but also to other
multigene-family rich regions in Ommexechinae.

In Ommexecha virens, both S; and S, pairs showed
DAPI+ bands at centromeres and CMA,+/DAPI-
pericentromeric bands in their short arms, which
were also coincident with the presence of different
multigene-families in pericentromeric and distal
regions (see below). In O. macropterum, chromosomes
from the S group showed a similar centromeric
DAPI+ pattern, with additional DAPI+ bands in the
distal regions of S, and S, pair, whereas S, showed
CMA,+ bands near the centromeres and showed no
correspondence with any multigene family. Although
both species are congeneric, our results suggest
morphological and structural divergence of these
chromosomes, given by the banding patterns and the
location of multigene-family sequences. Ommexecha
virens also showed a population polymorphism for
rDNAs and HS3, evidencing plasticity of these DNA
repeats in its genome and hindering their chromosome
homology determination (see discussion below).

The dispersion of repetitive DNAs, mainly
rDNA clusters, highlights differentiation between
Ommexechinae karyotypes as their distribution was
highly variable, even in closely related species, as in
species of Ommexecha. This dynamism is evident for
both rDNA clusters (18S rDNA and 5S rDNA), with a
higher degree for 5S rDNA. This is a common pattern
for these sequences that are highly dynamic in the
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karyotypes of grasshoppers (Cabrero & Camacho,
2008; Cabral-de-Mello et al., 2011b; Castillo et al.,
2017; Ferretti et al., 2019) and also in other insects
(Nguyen et al., 2010; Cabral-de-Mello et al., 2011b;
Bardella et al., 2016; Pita et al., 2016; Salanitro et al.,
2017; Anjos et al., 2019). This dynamic has been
attributed to transposition and ectopic recombination
events (Ferretti et al., 2019; references therein).

The intrinsic dynamism (multiplication and
movement) of rDNA clusters might explain the
high intraspecific and interspecific variability in
number of loci, chromosomes (autosomes and/or
sex chromosomes) and chromosomal position in
Ommexechinae karyotypes. In O. virens, the number
of 18S rDNA clusters varied in individuals from
different populations, from one (this work) to three
(Carvalho et al., 2011; Souza et al., 2015), with a
shared cluster located on the proximal region of the L,
pair. Meanwhile, four (Souza et al., 2015) to five (this
work) clusters were observed for 5S rDNA.

Contrasting with rDNAs, the H3 and U2 snRNA
genes were less variable. The presence of H3 at proximal
position in a single autosomal pair in three species
was coincident with the hypothesis of the existence
of a single ancestral cluster for grasshoppers, that
is maintained by purifying selection (Cabrero et al.,
2009). Ommexecha virens showed an additional cluster
of H3 (S,)) in comparison to the other three species
studied and to a previous chromosomal mapping in
other populations of the same species, where only
one cluster was revealed in pair S, (Souza et al.,
2015). In our analysis, the occurrence of H3 co-located
with rRNA genes and C-positive heterochromatic
blocks in chromosomes S, and S, might indicate the
accumulation of some repetitive DNA sequences in
these chromosomes, which could be related to their
morphological differentiation, besides the putative
pericentric inversion. The U2 number and location of
the U2 snRNA gene is highly stable for the five species,
in comparison to other sequences, occurring only in
pair L, at the subterminal position.

The detection of (TTAGG), telomeric repeats
only in the chromosome ends could be explained by
several mechanisms that could have acted on the
rearranged bi-armed chromosomes (L, Ca. maculosa,
O. macropterum and O. virens; Sy and S, in O. virens,
neo-X in P. signata), such as the lack of inclusion of
telomeric sequences in the rearrangements, the
deletion of interstitial sequences or their degeneration
by substitution (Slijepcevic, 1998; Bolzdan & Bianchi,
2006; Lin & Yan, 2008).

Besides the restriction of the U2 snRNA gene to
the pair L, the remaining mapped multigene families
were also coincident in chromosomal location in the
analysed species, suggesting a putative similarity
or homology between four chromosome pairs in

Ommexechinae (Fig. 5 arrowheads). In this sense,
the chromosomal mapping of 18S rDNA highlighted
similarities between the X chromosomes of CI.
bimaculata, Ca. maculosa and P. signata X, arm. The
localization of 5S rDNA in the proximal region of L,
and the distal region of M, chromosomes was shared
by Ca. maculosa, O. virens and Cl. bimaculata. The
homology between L, chromosomes of CI. bimaculata
and P. signata could be reinforced based on the close
localization of H3 and 5S probes in these species.
Finally, we also determined the homology between
the morphologically differentiated L, (both acrocentric
and submetacentric), based on the conserved location
of the U2 snRNA gene in the subterminal position.
This location differs from the frequent interstitial
U2 snDNA location described for L, pairs of other
orthopterans lineages (Bueno et al., 2013; Palacios-
Gimenez et al., 2013; Castillo et al., 2017), and led us
to a better understanding of the existing hypothesis of
chromosomal evolution of the group.

REVISITING MESA’S HYPOTHESIS ABOUT
THE EVOLUTION OF THE L, CHROMOSOME IN
OMMEXECHIDAE

The more suitable explanation to the observed
differences in L, morphology across ommexechids
would be the occurrence of an ancestral pericentric
inversion involving the standard acrocentric L, pair.
This statement consists of Mesa’s hypothesis, proposed
throughout his career to explain the curious pattern
observed in Ommexechidae (Mesa, 1963; Mesa &
Ferreira, 1977; Mesa et al., 1982).

According to Mesa, the rearranged chromosome
would have been fixed in an Ommexechidae ancestor
and later inherited by the extant species. Among the
23 species of Ommexechinae studied, the morphology
of pair L, was described in 15 species, and the biarmed
pair L, was present in 13 of them, i.e. 86% (Supporting
Information, Table S1). This high frequency led to the
idea that the rearrangement occurred at least in a
common ancestor of the subfamily. It is interesting to
note that established rearrangements do not prevent
later speciation events or exclude the possibility
of later chromosomal rearrangements (Guerrero
et al., 2012). Bearing this in mind, deviations from
the submetacentric morphology could be explained
by the later occurrence and fixation of independent
pericentric inversions. Accordingly, the acrocentric L,
pair in P. signata and Cl. bimaculata, would be the
result of the establishment of a second pericentric
inversion, which would have restored the acrocentric
chromosome morphology, and would have originated
independently in each lineage (Mesa et al., 1982).

Until now, there was no evidence beyond
morphological information that could allow a more
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in-depth discussion of Mesa’s hypotheses about
the homology of the L, chromosome. In spite of the
morphological differences, the location of U2 snDNA
restricted to L, chromosomes is a good indication that
L, are homologous across lineages of Ommexechinae.
The analysis of chromosomal mapping of the U2
snDNA gene also highlighted a distinctiveness:
Ommexechinae acrocentric L, pairs are structurally
different from some Acridoidea acrocentric L, pairs,
because they differ in U2 snDNA location. Based on
this information, we proposed a series of events that
could be involved in the evolution of the L, chromosome
in Ommexechinae, causing the observed variations in
morphology and repositioning of the U2 snRNA gene,
in comparison to other modern grasshoppers (Fig. 6).
First, the ‘ancestral’ acrocentric L, went through a
large pericentric inversion involving the interstitial
region, which included U2 snDNA cluster and turned
the acrocentric morphology to the submetacentric
one in Ommexechidae (Fig. 6A1-2) and produced the
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Figure 6. Schematic representation of two pathways in
Ommexechinae L1 autosome evolution. To explain the
variable L.1 morphology and the distal U2 snDNA location,
at least two different inversions must be considered. In
the first hypothesis (A), two pericentric inversions are
considered, the first one (A1-2) modifying L1 morphology
(from acrocentric to submetacentric) and U2 snDNA
location (from interstitial to distal), and the second one
(A2-3) restoring the acrocentric morphology in P. signata
and Cl. bimaculata. The alternative hypothesis involves
two different kinds of inversions (B). First, a paracentric
inversion changes U2 location without affecting morphology
(B1-2) and, then, a pericentric one only changes L1
morphology (B2-3). Both hypotheses are further explained
in the paragraph.

displacement of snDNA U2 to a distal location. The
rearranged chromosome reached fixation and it was
inherited by extant species, remaining unchanged in
some lineages (as in O. virens, O. macropterum and
Ca. maculosa). Then, a novel pericentric inversion,
involving the entire short arm and part of the large
arm of L, produced a reversion to the ‘ancestral’
acrocentric state without modifying the U2 distal
location, as observed in P. signata and Cl. bimaculata
(Fig. 6A2-3).

However, another alternative cannot be excluded
(Fig. 6B): a paracentric inversion occurred in the
ancestral acrocentric L, pair and displaced the U2
gene to a distal position, maintaining the morphology
unchanged, as seen in in Cl. bimaculata and P. signata
(Fig. 6B1-2). Following, a smaller pericentric
inversion changed the acrocentric morphology to a
submetacentric one and was fixed and inherited by
the remaining species (Fig. 6B2-3). In both alternative
pathways, at least two different ancient inversions
are necessary to explain the observed pattern in
morphology and U2 gene location.

To know the extent of Mesa’s hypothesis, and
to determine whether the proposed ancestral L,
inversion occurred in an Ommexechidae or an
Ommexechinae ancestor, the morphology of the first
pair should be interpreted, including species from the
other subfamilies and under a robust phylogenetic
hypothesis. The reason for this is the existence of
well-documented, homoplasic CRs in orthopterans,
for example, in sex chromosomes (e.g. Colombo et al.,
2005; Warchalowska-Sliwa et al., 2011; Castillo
et al., 2016; Jetybayev et al., 2017a). In this sense,
the submetacentric L, present in species of the
Aucacridinae subfamily (Ommexechidae) could be the
result of an independent pericentric inversion event.
Nevertheless, L, chromosomes of ommexechids provide
an exciting opportunity to deepen our understanding of
chromosomal plasticity among grasshoppers, an area
that could be better understood with actual genomic
technologies.
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