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Abstract

For the first time, cytogenetic features of grasshoppers from Iran have been studied. In this paper we
conducted a comparative cytogenetic analysis of six species from the family Pamphagidae. The species
studied belong to subfamilies Thrinchinae Stal, 1876 (Eremopeza bicoloripes (Moritz, 1928), E. saussurei
(Uvarov, 1918)) and Pamphaginae (Saxetania paramonovi (Dirsh, 1927), Tropidauchen escalerai Bolivar,
1912, Tropidauchen sp., and Paranothrotes citimus Mistshenko, 1951). We report information about the
chromosome number and morphology, C-banding patterns, and localization of ribosomal DNA clusters
and telomeric (TTAGG), repeats. Among these species, only S. paramonovi had an ancestral Pamphagidae
karyotype (2n=18+X0; FN=197). The karyotypes of the remaining species differed from the ancestral
karyotypes. The karyotypes of E. bicoloripes and E. saussurei, despite having the same chromosome number
(2n=18+X0¢) had certain biarmed chromosomes (FN=2073 and FN=34 respectively). The karyotypes
of T escalerai and Tropidauchen sp. consisted of eight pairs of acrocentric autosomes, one submetacen-
tric neo-X chromosome and one acrocentric neo-Y chromosome in males (2n=16+neo-X neo-Y3). The
karyotype of P2 citimus consisted of seven pairs of acrocentric autosomes, submetacentric the neo-X, and
neo-Y and acrocentric the neo-X, chromosomes (2n=14+neo-X, neo-X, neo-Y). Comparative analysis of
the localization and size of C-positive regions, the position of ribosomal clusters and the telomeric DNA
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motif in the chromosomes of the species studied, revealed early unknown features of their karyotype
evolution. The data obtained has allowed us to hypothesize that the origin and early phase of evolution
of the neo-Xneo-YJ& sex chromosome in the subfamily Pamphaginae, are linked to the Iranian highlands.

Keywords
C-banding, FISH, karyotypes, neo-sex chromosomes, Pamphagidae grasshoppers, ribosomal DNA re-
peats, telomeric repeat (TTAGG)
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Introduction

Among Pamphagidae grasshoppers, over 300 species inhabit the desert, semidesert
and mountainous landscapes of the Palaearctic Region. All of them belong to the sub-
families Thrinchinae and Pamphaginae (Uvarov 1966; Massa 2013; Unal 2016). Until
recently, the Pamphagidae grasshoppers did not attract the attention of cytogenetic
researchers. Poor cytogenetic studies of Pamphagidae were associated not only with
the low density of their populations, but also with the uniformity of their karyotypes.
White (1973) reported a conservative karyotype consisting of 19 acrocentric chromo-
somes in males and 20 in females with X0J /XX sex chromosome system. This was
confirmed by further studies in Pamphagidae species from Europe, South Africa and
China (Hewitt 1979; Camacho et al. 1981; Santos et al. 1983; Cabrero et al. 1985;
Fossey 1985; Fu Peng et al. 1989; Mansueto and Vitturi 1989; Vitturi et al. 1993;
Warchatowska-Sliwa et al. 1994). Pamphagidae species with the neo-X neo-Y/neo-X
neo-X sex chromosome system from Central Asia (Bugrov 1986) has drawn our atten-
tion to this family. Cytogenetic information concerning species of Asiotmethis Uvarov,
1943 and Glyphotmethis Bey-Bienko, 1951 genera (Thrinchinae) and representatives of
Nocarodeini tribe (Pamphaginae) from Central Asia, the Caucasus and Transcaucasia,
Bulgaria and Turkey have shown variation of sex chromosome systems (Bugrov 1986,
1996; Bugrov and Warchatowska-Sliwa 1997; Bugrov and Grozeva 1998; Bugrov et al.
2016; Jetybayev et al. 2017a). Those variations modified the organization of standard
karyotypes, with species showing eight pairs of acrocentric autosomes, one metacentric
neo-X chromosome and acrocentric neo-Y chromosome in males (2n'=18; 16+neo-
Xneo-Y) and two metacentric neo-X chromosomes in females (2n?'=18; 16+neo-X
neo-X). This karyotype originated from an ancestral Pamphagidae chromosome set, as
a result of a Robertsonian translocation of a large acrocentric autosome and acrocentric
X chromosome (Bugrov 1986, 1996; Bugrov and Warchatowska-Sliwa 1997; Bugrov
and Grozeva 1998; Bugrov et al. 2016).

Moreover, the neo-Y chromosomes found in previously studied Thrinchinae (Asi-
otmethis and Glyphotmethis genera) and Pamphaginae (Nocarodeini tribe) species var-
ies in size and content of constitutive heterochromatin. In the karyotypes of some
Glyphotmethis and Asiotmethis species, the neo-Y chromosome is similar in size to its
homologous XR-arm of the neo-X chromosome. But unlike the XR-arm of the neo-X
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chromosome the neo-Y chromosome showed two small interstitial C-bands near the
pericentromeric region. In the karyotypes of all Nocarodeini species, the neo-Y chro-
mosome is smaller than the XR-arm of the neo-X chromosome. But unlike the XR-
arm of the neo-X chromosome the neo-Y chromosome showed a large pericentromeric
C-band and two or three large subproximal interstitial C-bands located close to each
other (Bugrov and Grozeva 1998; Bugrov et al. 2016; Jetybayev et al. 2017b). Based on
these results it was suggested that neo-Y chromosomes arose independently in two dif-
ferent evolutionary lineages (Thrinchinae and Pamphaginae) and underwent a signifi-
cant degradation process in Nocarodeini (Jetybayev et al. 2017b). Further evolution of
the neo sex chromosomes in the Nocarodeini tribe is associated with the origination
of the neo-X X, Y /neo-X X X X,? sex chromosome system. Such neo-sex chromo-
some system was observed in Paranothrotes opacus (Brunner von Wattenwyl, 1882) as
a result of a Robertsonian translocation of the neo-Y chromosome with an autosome
(Bugrov et al. 2010).

Analysis of the geographical distribution of Pamphagidae species with neo-sex
chromosomes allowed the assumption that the origin of this type of sex chromosome
system may occur in the Western Asian region (Jetybayev et al. 2017a). To test this
hypothesis, we acquired data on karyotypes of previously unstudied Pamphagidae
species from Iran (Fars, Khorosan-e Razavi and Qazvin provinces) (Table 1). Iran is
one of the main centres of species diversity of Pamphagidae grasshoppers. Currently
near 110 species from 21 genera of Pamphagidae, belonging to the Thrinchinae and
Pamphaginae subfamilies, originate from this area (Mistshenko 1951; Shumakov
1963; Mirzayans 1998; Hodjat 2012; Unal 2016). The diversity of Iranian Pam-
phagidae is most significant in the Palearctic Region compared with Europe (52
species), North Africa (101 species), Asia Minor (66 species) and Central Asia (al-
most 78 species) (Bey-Bienko and Mistshenko 1951; Shumakov 1963; Sergeev 1995;
Massa 2013; Unal 2016).

The present study reports the results of our comparative analysis of the karyotypes,
C-banding patterns, distribution of clusters of telomeric (TTAGG), repeats and ribo-
somal DNA (rDNA) in the chromosomes of the species studied. We hope that this
study will provide the motivation for further cytogenetic study of Iranian grasshoppers.

Material and methods

Material collection

Males of the Eremopeza saussurei (Uvarov, 1918), E. bicoloripes (Moritz, 1928) belonging
to the Thrinchinae, and Saxetania paramonovi (Dirsh, 1927), Tropidauchen escalerai Boli-
var, 1912, Tropidauchen sp. (Tropidauchenini), Paranothrotes citimus Mistshenko, 1951
(Nocarodeini) from the subfamily Pamphaginae were collected in the early summer sea-
son (1% to 12 June, 2018) in mountain and semidesert landscapes in Iran (Table 1).
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Table I. List of species, collection locations and number of specimens of the studied Pamphagidae species.

Taxa Species Location Number of males
Thrinchinae Eremopeza saussurei Iran, Fars Prov., Zagros Range, 1433 m. asl. 29°25°54.9"N, 7
Thrinchini (Uvarov, 1918) 052°46’20.0"E

Eremopeza bicoloripes Iran, Khorosan-e Razavi Prov., 60 km, N. of Mashhad, Ferizi vil. 5
(Moritz, 1928) vicinities, ~1800 m. asl.
Pamphaginae Paranothrotes citimus Iran, Qazvin Prov., Alborz Range, Qazvin town vicinities, 2380 m. 1
Nocarodeini Mistshenko, 1951 asl. 36°7°29.0"N, 50°40’ 25"E
Pamphaginae Saxetania paramonovi Iran, Khorosan-e Razavi Prov., 60 km, N. of Mashhad, Ferizi vil. 10
Tropidauchenini | (Dirsh, 1927) vicinities, ~1800 m. asl.
Tropidauchen escalerai Iran, Fars Prov., Zagros Range, Estahban, Runiz town vicinities, 1
Bolivar, 1912 1800 m. asl.
Tropidauchen sp. Iran, Fars Prov., Zagros Range, 2800 — 3200 m. asl. 30°23’10.1"N, 7
51°55’35.2"E
Methods

Fixation, chromosome preparations, C-banding and fluorescence iz situ hybridi-
zation (FISH)

The 0.1% colchicine solution was injected into the abdomens of collected males. After
1.5-2 hours, their testes were dissected and placed into a 0.9% solution of sodium cit-
rate for 20 minutes. Then the testes were fixed in 3:1 (ethanol : glacial acetic acid) for
15 minutes. Thereafter, fixed testes were stored in 70% ethanol in a refrigerator at 4 °C
until used. Air-dried chromosome preparations were made by squashing testis follicles
in 45% acetic acid and subsequently freezing them in dry ice.

The constitutive heterochromatin was identified by C-banding, using the tech-
nique described by Sumner (1972) with minor modifications. Slides were treated with
0.2 N HCl for 15-20 minutes at room temperature then incubated in a saturated solu-
tion of Ba(OH) ,at61°C for three to five minutes, rinsed in tap water and incubated in
2xSSC at 61 °C for 60 minutes. After washing in distilled water, the slides were stained
with 2% Giemsa solution on Sorensen’s phosphate buffer for 30 to 60 minutes.

Fluorescence in situ hybridization (FISH) with telomeric (TTAGG) DNA probes
and rDNA genes on meiotic chromosomes was carried out according to the protocol by
Pinkel (1986) with modifications as described in previous studies (Rubtsov et al. 2000).
Telomeric repeats (TTAGG), were generated by the non-template PCR method with
5’-TAACCTAACCTAACCTAACC-3’ and 5-TTAGGTTAGGTTAGGTTAGG-3’
primers. Further labelling with Tamra-dUTP (Biosan, Novosibirsk, Russia) was per-
formed in 33 additional cycles of PCR as described previously (Sahara et al. 1999). The
ribosomal DNA probe was obtained as previously described (Buleu et al. 2017; Jetybayev
et al. 2017a). An unlabelled IDNA probe was generated by the polymerase chain reac-
tion (PCR) according to Jetybayev (2017a). The fragments of the 18S rDNA and 28S
rDNA genes were labelled in additional PCR cycles with Fluorescein-12-dUTP (Biosan,
Novosibirsk, Russia) and mixed together into a single IDNA probe. For the description
of karyotype structure, location and size of C-positive regions in chromosomes, the no-
menclature previously proposed for Pamphagidae grasshoppers was used (King and John
1980; Santos et al. 1983; Cabrero and Camacho 1986). According to this nomenclature,
autosomes were numbered in order of decreasing size (1-9) and classified into three size
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groups: L — large, M — medium and S — small. The neo-sex chromosomes were named
after White (1940). The arms of the neo-X chromosome were referred to as XL and XR.
The XL-arm corresponds to the original acrocentric X chromosome and the XR-arm to
the translocated acrocentric autosome. The other non-translocated autosome, homolo-
gous to the XR-arm, remains acrocentric and is the neo-Y chromosome (White 1940;
Hewitt 1979). In the multiple X X Y/X X X X, sex chromosome system, the neo-X is
formed by the XL- and the XR-arms of the neo-X chromosome described above. The
neo-Y is biarmed. The short YL-arm corresponds to the neo-Y chromosome described
above and the long YR-arm is formed by a second Robertsonian translocation with a
second acrocentric autosome. The homologous of non-translocated autosome from this
second pair is referred to as the neo-X, chromosome (White 1940; Hewitt 1979).

Microscopic analysis was performed at the Centre for Microscopy of Biological
Objects of SB RAS (Novosibirsk, Russia). Chromosomes were studied with an Axio-
Imager M1 (Zeiss, Germany) fluorescence microscope equipped with filter sets #49,
#46HE, #43HE and a ProgRes MF (MetaSystems GmbH, Germany) CCD camera.
The ISIS5 software package was used for image capture and analysis.

Results

Eremopeza bicoloripes (Moritz, 1928)

The karyotype of E. bicoloripes consisted of nine pairs of acrocentric autosomes and
one subacrocentric X chromosome in males (2nd'=19; 18AA+X) (Fig. 1). The male
meiotic karyotype was represented by four large (L —L,), three medium (M .-M.) and
two small (S=S,) autosome bivalents and a medium-sized X univalent (Fig. 1).
Distinct pericentromeric C-bands were revealed in all chromosomes of the comple-
ment (Fig. 1). Telomeric C-bands were localized in the M autosome bivalent (Fig. 1).
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Figure I. C-banded metaphase I of Eremopeza bicoloripes. Arrow indicate the telomeric C-bands in M
autosome bivalent. Scale bar: 10 um.
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Figure 2. FISH with telomeric (TTAGG)_ probe (red) in male meiotic chromosomes of Eremopeza
bicoloripes A metaphase I B metaphase II. Chromosomes were counterstained with DAPI (blue). Arrows

indicate the telomere hybridization signals at the terminal and pericentromeric regions of X chromosome

Figure 3. FISH with -DNA genes (green) in male meiotic chromosomes of Eremopeza bicoloripes A met-

aphase I B metaphase II. Chromosomes were counterstained with DAPI (blue). Scale bar: 10 pm.

Telomeric DNA repeats were hybridized at the terminal region of all chromosomes
(Fig. 2). In the subacrocentric X chromosome, additional clusters of telomeric DNA
were observed in the distal area of the pericentromeric region of the long arm (Fig. 2B).

The clusters of rIDNA genes were located at pericentromeric regions in most au-
tosome bivalents, except the L, and S autosome bivalents and the X chromosome
(Fig. 3). In the L, and the M, bivalents, the clusters of ribosomal DNAs were only
detected in one of the homologues (Fig. 3A).

Eremopeza saussurei (Uvarov, 1918)

The karyotype of E. saussurei consisted of nine pairs of autosomes and the X chro-
mosome in males (2n3=19; 18AA+X). Four autosome bivalents were large (L,-L)),
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three were medium (M.~M,) and two were small (S=S,). The X chromosome was of
medium-sized. All large autosome bivalents, the M., the M, and the X chromosome
were subacrocentric. The M, autosome bivalent was submetacentric. Small (S~S,) au-
tosome bivalents were acrocentric (Fig. 4).

Distinct pericentromeric C-bands were revealed in all chromosomes of the com-
plement (Fig. 4). Telomeric C-bands were revealed in long arm of the L, autosome
bivalent (Fig. 4).

Telomeric DNA repeats were observed at terminal regions of all chromosomes
(Fig. 5A). Telomeric hybridization signals were also found at pericentromeric regions

LY
L S .' S,
L, '
M7 L‘ .; . L1
£ X‘ M
M

Figure 4. C-banded diakinesis of Eremopeza saussurei. Arrow indicates the telomeric C-band in L, auto-

some bivalent. Scale bar: 10 pm.

Figure 5. FISH with telomeric (TTAGG) , probe (red) (A) and rDNA genes (green) (B) in cell at diakinesis
of Eremopeza saussurei. Arrows indicate the telomere hybridization signals at pericentromeric regions of L, and
L, bivalents and X chromosome. Chromosomes were counterstained with DAPI (blue). Scale bar: 10 um.
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of two large (L, Ls) bivalents and the X chromosome (Fig. 5A). Clusters of IDNA
genes were observed at pericentromeric regions of six autosome bivalents (L ~L,, M-

M) and X univalent (Fig. 5B).

Saxetania paramonovi (Dirsh, 1927)

The karyotype of S. paramonovi consisted of nine pairs of acrocentric autosomes and an
acrocentric X chromosome in males (2nd'=19; 18AA+X). The male meiotic karyotype
was represented by four large (L —L,), three medium (M,.-M) and two small (S,-S,)
autosome bivalents. The X chromosome was of medium-sized (Fig. GA).

Pericentromeric C-bands were revealed in all autosome bivalents and the X chro-
mosome (Fig. 6A). The pericentromeric C-band on one of the homologues in the L,
bivalent was noticeably larger than in the other homologue (Fig. 6A). Telomeric C-
bands were observed in the M_, S  and S, autosome bivalents (Fig. 6A).

Telomeric DNA repeats were only observed in the terminal regions of all chro-
mosomes (Fig. 6B). The clusters of rDNA genes were detected in the pericentromeric
region of the L, and L, autosome bivalents and in the proximal interstitial region of the
L, autosome bivalent (Fig. 6B).

Tropidauchen escalerai Bolivar, 1912

The karyotype of 7. escalerai consisted of 18 acrocentric chromosomes (2n=16+neo-
Xneo-Y3): four large (L,-L,), two medium (Ms’ M) and two small sized (S7, S,)
autosome bivalents (Fig. 7). The neo-X chromosome was metacentric (Fig. 7A, in-
set). The neo-Y chromosome was acrocentric. During meiosis, the XR-arm of the

neo-xX
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Figure 6. Saxetania paramonovi A C-banded metaphase I B FISH with telomeric (TTAGG), probe (red)
and rDNA genes (green) in cell at diakinesis. Chromosomes were counterstained with DAPI (blue) (B).
Scale bar: 10 pm.
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neo-X

.y

Figure 7. Tropidauchen escalerai A C-banded metaphase I. The inset in the right upper corner shows the
neo-X chromosome in meiotic metaphase II. Arrows indicate the C-bands in the XR-arm of the neo-X
and neo-Y chromosomes B FISH with telomeric (I'TAGG)_ probe (red) and rDNA genes (green) in cell
at metaphase I. Chromosomes were counterstained with DAPT (blue) (B). Scale bar: 10 pm.

neo-X and neo-Y usually forms one chiasma at interstitial or subterminal posi-
tions (Fig. 7).

Distinct pericentromeric C-bands were found in all autosome bivalents and in the
neo-X chromosome (Fig. 7A). The pericentromeric region of the neo-Y chromosome
showed a large C-block (Fig. 7A). Tiny interstitial C-bands were observed in the proxi-
mal positions in the XR-arm of the neo-X and in the neo-Y chromosomes (Fig. 7A).
Telomeric C-bands were detected in the L,L, and L, autosome bivalents and in both
arms of the neo-X chromosome (Fig. 7A).

Telomeric DNA repeats were located only at terminal regions of all chromosomes
(Fig. 7B). Clusters of IDNA genes were observed in three autosome bivalents (Fig. 7B).
Two clusters of rDNA genes were observed in the L, autosome bivalent: the first one
located in the proximal interstitial region and the second one in the distal interstitial
region (Fig. 7B). In the L, bivalent, the IDNA cluster was localized in the distal area
of the pericentromeric region. In the M . bivalent, the cluster of rDNA genes was ob-
served in the interstitial position (Fig. 7B).

Tropidauchen sp.

The karyotype of the ﬁopidauchen sp. consisted of 18 chromosomes (2n=16+neo-
Xneo-YJ): three large (L, L, L,), two medium (M M) and two small (S S,) ac-
rocentric autosome blvalents (Flg 8). The L, autosome blvalent was subacrocentrlc
(Fig. 8A, inset). The neo-X chromosome was metacentric (Fig. 8A). The neo-Y chro-
mosome was acrocentric. During meiosis, the XR-arm of the neo-X and neo-Y usually
forms one chiasma at interstitial or subterminal positions (Fig. 8).
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Figure 8. Tropidauchen sp. A C-banded metaphase 1. The inset in the lower left corner shows the L,
chromosome in meiotic metaphase II. Arrows indicate the interstitial C-band in the S, autosome bivalent;
B FISH with rDNA (green) and telomeric (I'TAGG) _(red) probes in cell at metaphase I. Arrows indicate
the cluster of IDNA genes in the S, autosome bivalent. Chromosomes were counterstained with DAPI

(blue) (B). Scale bar: 10 pm.

Pericentromeric C-bands were detected in all chromosomes (Fig. 8A). Interstitial
C-bands were identified in the M, and S, autosome bivalents (Fig. 8A). In the S,
autosome bivalent, one of the homologues had a huge interstitial C-band. The other
homologue a thin C-band in the same position (Fig. 8A). Telomeric C-positive block
was revealed in the M and S autosome bivalents (Fig. 8A).

Telomeric DNA repeats in Tropidauchen sp. were localized only at terminal regions
of the all autosomes (Fig. 8B). Additional clusters of telomeric repeats were observed in
the pericentromeric region of the neo-X chromosome (Fig. 8B). The clusters of IDNA
genes were localized in the L, S7, and S, autosome bivalent (Fig. 8B). Two clusters of
rDNA repeats were observed in the L, bivalent: the first one located in the proximal
interstitial region and the second one in the distal interstitial region (Fig. 8B). In the
S, autosome bivalent, the cluster of IDNA repeats was revealed at the interstitial region
(Fig. 8B). In the S, autosome bivalent, the clusters of IDNA genes were detected only
in one homologue (Fig. 8B). This cluster was localized in the proximal position on the
border of the C-positive huge band and C-negative chromatin (Fig. 8A, B).

Paranothrotes citimus Mistshenko, 1951

The karyotype of P citimus consisted of 14 autosomes and three neo-sex chromosomes
(2n=14+neo-X neo-X neo-Yd). The karyotype structure was represented by two large
(L,-L,), four medium (M,-M) and one small (S,) acrocentric autosome bivalents and
three neo-sex chromosomes (Fig. 9A). The neo-X, and the neo-Y chromosomes were
submetacentric. The neo-X, chromosome was acrocentric. During prophase I of male
meiosis the sex chromosomes formed a trivalent consisting of the neo-X,, neo-X, chro-
mosomes and the neo-Y chromosome (Fig. 9A).
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Figure 9. Paranothrotes citimus A C-banded chromosome in metaphase I B FISH with rDNA (green)
and telomeric (TTAGG), (red) probes in cell at metaphase I. The inset in the right upper corner shows
the L, chromosome in meiotic metaphase II. Chromosomes were counterstained with DAPI (blue) (B).
Scale bar: 10 pum.

Distinct pericentromeric C-positive blocks were observed in all chromosomes. The
YL-arm of the neo-Y chromosome was completely C-positive (Fig. 9A).

FISH signals of telomeric DNA probe were observed in the terminal regions of
all chromosomes (Fig. 9B). The clusters of IDNA genes were localized near the peri-
centromeric region of the M, and at distal position of L, autosomal bivalents, and at
terminal region in the X L-arm of the neo-X chromosome (Fig. 9B).

The chromosome number, morphology, sex chromosome system, distribution of
heterochromatin (C-bands) and location of rDNA and tDNA genes in the studied
Pamphagidae species presented in Table 2.

Discussion

A comparative cytogenetic analysis of Iranian Pamphagidae provides new information
about the karyotype evolution in this group of grasshoppers. Two species from the Ere-
maopeza Saussure, 1888 genus (Thrinchinae) have the fundamental chromosome number
of the Pamphagidae karyotype (2n=197). However, unlike the standard Pamphagidae
karyotype, in which all chromosomes are acrocentric, in Eremopeza subacrocentric chro-
mosomes were found. Early, biarmed chromosomes were found in Eremopeza festiva
(Saussure, 1888) from Armenia (Bugrov et al. 2016). Two possible paths of the origin
of biarmed chromosomes in Eremopeza genus may suggested: a) amplification of repeti-
tive elements; b) pericentric inversion. It was shown that in E. festiva the presence of
all biarmed chromosomes (FN=38) was associated with invasion and amplification of
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Table 2. The chromosome number, chromosomal morphology, sex chromosome system, distribution
of constitutive heterochromatin (C-bands) and location of rDNA and tDNA genes in the studied Pam-

phagidae species.
Taxa _ [20d;FN[  SD | KS | CM | Cbands | DNA [ (DNA
‘Thrinchinae, Thrinchini
Eremopeza 19; 20 X0 L-L, MM, S¢Sy, X all a pall; pl.2,3%4,5, dall
bicoloripes XX X sm t 1,4, 6,7%,8 dpd X
5,6,9
Eremopeza 19; 34 X0 L-L,M-M, sto, X| 1-4,5,7, X sa; pall; p1-4,5,6,7.X dall
saussurei XX 6 sm; t2 dpd 2,3,X
8,9a
Pamphaginae, Nocarodeini
Paranothrotes 14;18 neo-X XY L-L,M-M,S, all a pall; p5;d2; X L dall
citimus neo-X, X X X, neo-X, neo-X, sm tX L
neo-X, neo-X, a
neo-Y neo-Y sm
Pamphaginae, Tropidauchenini
Saxetania 19;19 X0 L-L,M-M,S-§ X all a pall; p2,4;i3 dall
paramonovi XX t7,9,8
Tropidauchen 18;19 neo-XY L-L,M,M,S,S, all a pall; p2i2; p3;i6 dall
escalerai neo-XX neo-X neo-X m i XR, neo-Y;
neo-Y neo-Y a t 1,2,4, neo-X
Tropidauchen sp.| 18;19 neo-XY L-L,M,M,S, S 1-3,5,6,7,8 a, pall; ip2, id2; i7; 8* dall
neo-XX neo-X 4sa i5,8; dpd neo-X
neo-Y neo-X sm neo-Y a t6,7

FN=fundamental number of chromosome arms; SD=sex chromosome system; KS=karyotype structure; L=large; M=medium; S=small;
CM=morphology of chromosomes; a=acrocentric; sa=subacrocentric; sm=submetacentric; p=pericentromeric, i=interstitial, t=telomeric;
rDNA=clusters of ribosomal DNA; tDNA=telomeric DNA repeats; d=distal; *=in one of the homologues; XR=XR-arm neo-X chromo-

some; X L=X L-arm of the neo-X, chromosome.

rDNA repeats (Bugrov et al. 2016). In species of Eremopeza analyzed in this article not
all chromosomes in the sets are biarmed. In E. bicoloripes, the X is the only biarmed
chromosome and has no clusters of rDNA genes. In E. saussurei, most chromosomes
in the karyotype have small second arms. The rDNA clusters in this species are located
only in pericentromeric regions on biarmed chromosomes, while small arms were not
enriched by the rDNA repeats. These observations indicate that the formation of the
second arms in E. bicoloripes and E. saussurei are not associated with the amplification of
rDNA repeats. Also, the presence of interstitial telomeric sites in pericentromeric region
of some biarmed chromosomes is a strong argument in favor of the inversion hypothesis.

The discovery of some Pamphagidae species with neo-sex chromosome systems
supports our hypothesis that the origin of this unusual sex chromosome system is the
West Asian region (Jetybayev et al. 2017a). The two species with the neo-sex chro-
mosomes belong to the Tropidauchenini tribe. Previously, the karyotype of only one
species, Saxetania cultricollis (Saussure, 1887), from this tribe was described. In this
species a neo-XY sex chromosome system was found (Bugrov and Warchatowska-Sliwa
1997). Thus, in the Tropidauchenini tribe both the X0 (S. paramonovi) and neo-XY sex
chromosome systems (S. cultricollis, T. escalerai and Tropidauchen sp.) exist (Figs 6-8).
It should be noted that in S. cultricollis and Tropidauchen, the neo-Y chromosome is
very similar to the XR-arm of the neo-X chromosome. During meiosis, these homolo-
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gous chromosomes form a sex bivalent with one or two chiasmata. The localization of
the C-positive regions in the neo-Y chromosome in these species, also does not differ
from its homologue, namely the XR-arm of the neo-X. These features indicate that in
Tropidauchenini we found the initial stage of neo-XY sex chromosome evolution in
the Pamphaginae subfamily. All early studied species of the Nocarodeini tribe (Pam-
phaginae) possessed a neo-sex chromosome system. In these works, it was emphasized
that in Nocarodeini tribe the neo-Y is significantly shorter than the XR and shows a
significantly larger heterochromatic region. In the meiosis prophase I, the XR and the
neo-Y chromosome of the Nocarodeini species were associated only with the distal
region. These features indicate that the Nocarodeini tribe demonstrate the advanced
stage of the neo-Y chromosome evolution in Pamphaginae (Bugrov and Grozeva 1998;
Bugrov et al. 2016; Jetybayev et al. 2017a, b).

The fluorescence in situ hybridization (FISH) with telomeric probe and rDNA
genes is a very useful tool for comparative analysis of karyotype in Orthoptera insects
(Warchatowska-Sliwa et al. 2020). In addition, the determination of the position of
telomeric and rDNA repeats in chromosomes of many groups of insects made it possible
to identify the mechanisms of structural rearrangements (Kuznetsova et al. 2019).
It is known that telomeres play an important role in the stability of the eukaryotic
karyotype. Basically, telomeric repeats are located at the physical ends of chromosomes
in the form of tandem arrays that protect the ends of the chromosomes from attack by
exonucleases, degradation and prevent chromosome fusion (Bolzdn 2017; Kuznetsova
et al. 2019). In chromosome rearrangements the clusters of telomeric repeats may be
transferred to interstitial chromosome locations so-called interstitial telomeric sequences
(ITSs). Therefore, I'TSs may constitute good markers of the occurrence of chromosome
rearrangements. We expected to observe ITS in the pericentromeric regions of the
neo-X chromosomes in the Zropidauchenini tribe. However, the telomeric motif in
the Robertsonian translocation site between the X chromosome and the autosome in
1. escalerai was not observed. Similar results were previously shown in the vast majority
of species belonging to the Nocarodeini tribe (Pamphaginae) (Jetybayev et al. 2017a).
Additionally, we performed FISH of the telomeric (TTAGG)_ probe in chromosomes of
the Saxetania cultricollis from Turkmenistan. It was also discovered that in S. cultricollis,
there was no telomeric repeats in the pericentromeric region of the neo-X chromosome
(Fig. 10). The absence of telomeric repeats in the pericentromeric region of the neo-X
chromosome of these species may indicate that the Robertsonian translocation of the
X chromosome and the autosome was accompanied by the deletion of a chromosome
fragment containing telomeric DNA repeats. Nevertheless, in ZTropidauchen sp. we
observed telomeric repeats in the pericentromeric region of the neo-X chromosome
(Fig. 8B). Previously, the presence of these repeats in the pericentromeric region of
the neo-X chromosomes was detected in two species of the Paranocarodes Bolivar,
1916 genera (Jetybayev et al. 2017a). It is hardly possible, that in the aforementioned
Paranocarodes species and Tropidauchen sp. the origin of the neo-XY sex system, was
different from that of other XY species of Pamphaginae. We suggest that the ITS in

these species could occur after pericentric inversion in the neo-X chromosome.
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Figure 10. Saxetania cultricollis: FISH with telomeric repeats (red) in cells at diakinesis. Chromosomes
were counterstained with DAPI (blue). Scale bar: 10 pm.

The distribution of rIDNA clusters in the chromosomes of the Saxetania and Tropi-
dauchen species was similar to the distribution of rDNA in the chromosomes of previ-
ously studied Pamphaginae species (Vitturi et al. 2008; Bugrov et al. 2016; Jetybayev et
al. 2017a). The rDNA clusters were localized on two or three autosome bivalents at the
pericentromeric and interstitial regions. One large pair of autosomes carried two rDNA
clusters at interstitial position in the proximal and distal regions. Multiple rDNA sites
on a single chromosome is a very rare type of IDNA cluster distribution among Acridoid
grasshoppers (Cabrero and Camacho 2008; Jetybayev et al. 2012; Palacios-Gimenez et al.
2013). This feature has only been detected in species of the family Pamphagidae (Vitturi
etal. 2008; Bugrov et al. 2016; Jetybayev et al. 2017a; Buleu et al. 2019). Our results thus
confirm a special type of rDNA cluster localization in the Pamphagidae grasshoppers.

The neo sex chromosome systems were observed in two subfamilies (Thrinchi-
nae and Pamphaginae) of the Pamphagidae grasshoppers. Based on the analysis of the
chromosome features (karyotype, C-banding, telomeric (TTAGG)_and rDNA genes)
we see that the neo-sex chromosome system in the genera Saxezania and Tropidauchen
in the subfamily Pamphaginae is at a similar level of chromosome evolution to the
neo-sex chromosomes in the genera Glyphotmethis and Asiotmethis of the subfamily
Thrinchinae (Bugrov 1996; Jetybayev et al. 2017a). However, the neo-XY system was
observed only in several species of the genera Asiotmethis and Glyphotmethis and no ad-
vanced stages of the neo-Y differentiation were observed in this subfamily. Conversely,
in the subfamily Pamphaginae, the neo-Y chromosome was observed at different stages
of its evolution from the chromosome that is homologous to the autosome (in the tribe
Tropidauchenini) to the small heteromorphic mostly heterochromatic (in the tribe
Nocarodeini). Furthermore, in the tribe Nocarodeini, we observed an additional stage
of the structural evolution of the neo-sex chromosomes: formation of the multiple
neo-X X Y sex chromosome system. Previously, this kind of sex chromosome system
was identified in the Paranothrotes opacus from Armenia (Bugrov et al. 2016). In this
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Figure 1. Distribution of Pamphaginae grasshoppers with the X0 (blue circles) and neo-sex chromo-
somes (red circles). 1 — North Caucasus (Russia). 2 — Armenia.

paper, we report on a second species with the same type of neo-sex chromosome system
and other cytogenetic characters — Paranothrotes citimus. It is possible that the evolu-
tionary divergence of the species in the genus Paranothrotes could occur on the basis of
the neo—XleYc? sex chromosome system.

Analysis of the geographic distribution of Pamphaginae grasshoppers with differ-
ent types of the sex chromosome systems (Alicata et al. 1976; Camacho et al. 1981;
Cabrero et al. 1985; Vitturi et al. 1993; Warchalowska-Sliwa et al. 1994; Bugrov 1996;
Bugrov and Warchatowska-Sliwa 1997; Bugrov and Grozeva 1998; Bugrov et al. 2016;
Jetybayev et al. 2017a; Buleu et al. 2019) confirmed that species with the neo-sex
chromosomes widespread mainly in Western Asia (Fig. 11). The finding of species with
the sex chromosome X0 (Saxetania paramonovi) and with the neo-XY chromosomes
at initial stages of chromosomal evolution (7ropidauchen species) in Iranian fauna of
Pamphaginae grasshoppers allow us to suggest that translocation between an autosome
and the original X chromosome in the karyotype evolution in this subfamily originated
in the Iranian highlands.
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