
INTRODUCTION

The subfamily Bradyporinae Burmeister, 1838 (Ortho-
ptera; Tettigoniidae) includes more than 160 species, dis-
tributed exclusively in the Palearctic region. At present it
is subdivided into three tribes: Bradyporini, Ephippigerini
and Zichyini (Eades et al., 2012). The status and classifi-
cation of the group and its subgroups differ slightly
between authors (e.g. Bradyporinae/-idae, Ephippigerini/
-idae/-inae). All members of the group are micropterous
and flightless. Many Ephippigerini are medium-sized
insects with a body length of a few centimeters, but some
Bradyporini and Zichyini are quite large and heavy
insects with a body weight reaching even over 20 g (D.P.
Chobanov, unpubl. data). The Bradyporini and Zichyini
live mostly near the ground, while the Ephippigerini typi-
cally inhabit bushes and trees. As regards evolutionary
systematics, the tribe Ephippigerini, which is quite large,
has never been comparatively analyzed except for
descriptive research (Peinado, 1990) or papers concerning
single genera (e.g. Nadig, 1994; Pfau, 1996; Barat, 2007).

The same seems to be true of the Zichyini, a much
smaller group (5 genera), studied taxonomically by
Cejchan (1967). Recent molecular studies of this group
cover only one (Zhou et al., 2009) or two (Bugrov et al.,
2009) species. The tribe Bradyporini, divided into two
genera, was investigated recently, at least partially. The
phylogeny of the genus Pycnogaster, formerly considered
a separate subfamily, was studied by Pfau (1988) and
Pfau & Pfau (1995), and the taxonomy of the Bradyporus
species of Turkey was revised by Ünal (2011). However,
the relationships between the genera and tribes are com-
pletely unexplored.

From a karyological point of view, the Bradyporinae is
an interesting group with a wide range of diploid numbers
of chromosomes (2n) varying in males from 31, with an
X0, to 22, with a neo-XY sex determination mechanism.
So far only 25 species of 12 genera, some of which
include chromosome races, have been cytogenetically
studied (reviewed by Warchałowska-Śliwa, 1998). The
chromosomes of this subfamily have been occasionally
examined using only the C-banding technique and NOR
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Abstract. Chromosomes of six European species (one with two subspecies) of Orthoptera belonging to the tribes Ephippigerini and
Bradyporini were analyzed using C-banding, Ag-NOR, DAPI (AT-rich)/CMA3 (GC-rich) staining and fluorescence in situ hybridi-
zation (FISH) using the 18S rDNA and (TTAGG)n telomeric probes with the aim to better understand chromosomal organization and
evolutionary relationships between genera and subgenera within and across both tribes. The evolution of karyotypes was studied in
terms of changes in chromosome number (2n) and morphology (FN, the fundamental number – i.e. the number of chromosome arms
including the X chromosome). The ancestral 2n = 31 was reduced to 2n = 29 (FN = 31) and 27 (FN = 31) by one or two Robert-
sonian fusions in the Ephippigerini. Whereas in the Bradyporini 2n = 27 (FN = 32) as a result of two Robertsonian translocations and
a pericentric inversion in the X chromosome. The quantity of heterochromatin in GC-rich regions distinguished the karyotypes of
Ephippigerini (only a single CG-rich band on one autosome pair) from those of Bradyporini (CG-rich bands on all chromosomes).
FISH using the 18S rDNA probe localized 1–3 rDNA clusters to autosomes and/or to the X chromosome in all species examined.
The rDNA loci coincided with active NORs as determined by Ag-NOR staining. A comparison of the location of the single
NOR/rDNA in two species of the genus Steropleurus (Ephippigerini) suggests that the reduced chromosome number in S. pseudolus
results from a Robertsonian fusion between two pairs of autosomes, one of them carrying the NOR/rDNA as in S. stalii (and also in
E. ephippiger). Whereas the karyotypes of three species of the genus Bradyporus, though showing the same chromosome number
and morphology, differed in the number and distribution of NORs/rDNA sites [one autosomal in B. (B.) dasypus versus three in B.
macrogaster and B. (C.) oniscus, two of them X-linked]. Trends in karyotype diversification of the taxa based on the present data
and previous research are discussed. In some individuals belonging to the species Bradyporus (B.) dasypus and B. (C.) m. macro-
gaster B chromosomes (Bs) were detected: acrocentric (the smallest elements in the complement) and submetacentric (similar to
medium-sized autosomes), respectively.
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Ag-staining (Fernández-Piqueras et al., 1982, 1983a, b, c,
1984; Navas-Castillo et al., 1986; Warchałowska-Śliwa &
Bugrov, 1996, 1997).

The present study reports the cytogenetic characteriza-
tion of six European species (one with two subspecies)
representing two tribes: Ephippigerini, Ephippiger ephip-
piger, Steropleurus stalii and Steropleurus pseudolus, and
Bradyporini, Bradyporus (Bradyporus) dasypus, Brady-
porus (Callimenus) macrogaster macrogaster, Brady-
porus (Callimenus) macrogaster longicollis and
Bradyporus (Callimenus) oniscus. The physical charac-
teristics of their karyotypes were analyzed using the clas-
sical methods of C-banding, silver impregnation
(Ag-NORs), 4-6-diamidino-2-phenylindole (DAPI)
staining and chromomycin A3 (CMA3) staining. Addition-
ally, fluorescent in situ hybridization (FISH) using 18S
rDNA and (TTAGG)n telomeric DNA probes were
applied to the species. A comparison of rDNA-FISH
results with those after silver impregnation enabled us to
precisely locate the active NORs. The telomeric probe
was used to mark chromosome ends and indicate possible
evolutionary rearrangements of the chromosomes, such as
fusions (López-Fernández et al., 2004). We have charac-
terized the karyotypes of these taxa with the aim of identi-

fying possible cytogenetic markers. It is the first step
towards a better understanding of chromosomal organiza-
tion and the evolution of relationships between genera
and subgenera within and between both tribes.

MATERIAL AND METHODS

A total of 27 specimens of six Bradyporinae species (one with
two subspecies) were collected in the field in Bulgaria, Poland,
Greece, Spain, and Portugal, and one population was obtained
from a laboratory culture. Information on where and when the
specimens used in this study were collected is given in Table 1.

The gonads of nymphs and/or young adults were used to
obtain the chromosomal preparations. The testes and ovarioles
were excised, incubated in a hypotonic solution (0.9% sodium
citrate) and then fixed in ethanol : acetic acid (3 : 1). The fixed
material was squashed in 45% acetic acid. Cover slips were
removed using the dry ice procedure and the preparations air
dried. C-banding was carried out according to Sumner (1972).
Chromosomes were classified on the basis of the criteria pro-
posed by Levan et al. (1964). The silver staining method (Ag-
NO3) for nucleolar organizer regions (NORs) was performed as
previously reported (Warchałowska-Śliwa & Maryańska-
Nadachowska, 1992). In order to reveal the molecular composi-
tion of C-heterochromatin, some slides were stained with CMA3

to reveal GC- and with DAPI to reveal AT-rich regions
(Schweizer, 1976). Fluorescence in situ hybridization (FISH)
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37°27´N, 21°55´E
Greece; Peloponnes, Ancient Likeo,
14.vi.1997 (1%)

37°27´N, 21°58´E
Greece; Peloponnes, near Andritsena,
14.vi.1997 (1&), 

Bradyporus (Callimenus) oniscus (Burmeister, 1838)

42°53´N, 23°06´EBulgaria; Bosten vill., 20.vi.2010 (2%)
Bradyporus (Callimenus) macrogaster longicollis 
Fieber, 1853)

41°32´09˝N, 26°07´32˝E
Bulgaria, population B, laboratory culture,
2010, Dragan, fix.20.vi.2010 (1%)

41°32´09˝N, 26°07´32˝E
Bulgaria; population A, E Rodopi Mts,
Ivaylovgrad, 22.vi.2008 (2%)Bradyporus (Callimenus) macrogaster macrogaster

(Lefebvre, 1831)

39°05´N, 22°06´E
Greece; population E, Karditsa,
near Ano Ktimeni, 15.vi.1998, (4%)

43°57´02˝N, 27°42´04˝E
Bulgaria; population D, K. Dimitrovo,
16.vi.2010, (1%, 1&)

41°28´24˝N, 26°00´20˝E
Bulgaria, population C, Plevun Vill.,
16.vi.2006 (2%, 1&) ISEZ0047-9

41°28´22˝N, 23°23´24˝E
Bulgaria; population B, Nof Hursovo Vill.,
18.vi.2008 (2%, ISEZ0313-14)

41°27´08˝N, 23°15´57˝E
Bulgaria; population A, Rupite Place,
17.vi.2008 (1%) ISEZ0310

Bradyporus (Bradyporus) dasypus (Illiger, 1800)

BRADYPORINI

37°15´5˝N, 8°33´22˝W
Portugal; Faro, Monchique Mt.
18–19.vi.2005 (2%) WAR21,25-4

Steropleurus pseudolus (Bolívar, 1878)
= Uromenus (Steropleurus) pseudolus (Bolivar, 1876)

40°15´1˝N, 54°1´31˝E
Spain; Caceres, Puerto de Tornavaces,
29.vi.2005 (3%), WAR32-9,32-13,32-14

Steropleurus stalii (Bolívar, 1878)
= Uromenus (Steropleurus) stalii (Bolivar, 1876)

50°38´0˝N, 23°6´0˝E
Poland; Zamość, Wieprzecka Mt.
25.vi.1997 (1%, 1&)

43°27´18˝N, 24°14´24˝EBulgaria; Iskar, 24.vi.2006 (1%), ISEZ0168
Ephippiger ephippiger (Fiebig, 1784)

EPHIPPIGERINI

Geographical coordinates
Localities collected, date (species number) and
where the voucher specimens are deposited

Species

TABLE 1. Species of Bradyporinae: where and when collected.



with ribosomal 18S DNA (rDNA) and telomeric (TTAGG)n

DNA probes was performed according to Warchałowska-Śliwa
et al. (2009). The probes were prepared and labelled as
described in Warchałowska-Śliwa et al. (2009); the 18S rDNA
probe used in this study was that amplified from genomic DNA
of Isophya rammei (Orthoptera). Microscopy was performed
using a Nikon Eclipse 400 fitted with a CCD DS-U1 camera and
a set of standard filters. Lucia Image 5.0 software was used and
images were processed and arranged with Adobe Photoshop.
For each specimen, 15–20 meiotic divisions and at least two
spermatogonial and/or oogonial metaphases were examined.

RESULTS

Karyotypes

The chromosome number (2n) and chromosome mor-
phology (FN – the number of chromosome arms
including the X chromosome) for each species/subspecies
are shown in Table 2. A study of mitotic metaphase and
meiotic plates of the Ephippigerini E. ephippiger and S.
stalii showed 2n = 29, FN = 31 in males (Fig. 1a–d) and
2n = 30, FN = 32 and 34 in females, respectively (not
shown), whereas S. pseudolus is characterized by 2n =
27, FN = 31 in males (Fig. 1e, f). As regards Bradyporini
species, B. (B.) dasypus (both subspecies), B. (C.) macro-
gaster macrogaster, B. (C.) macrogaster longicollis and
B. (C.) oniscus have 2n = 27, FN = 32 in males (Fig. 1
g–l) and 28, FN = 33 in females (not shown). The chro-
mosomes can be classified into three groups according
their size: large (L), medium (M) and small (S) (Table 2).

The X chromosome is the second largest element in the
set. All the species analyzed have the same sex determi-
nation system, X0 (male) and XX (female). 

The various banding techniques revealed differences
between species belonging to the two tribes and also
among karyotypes with similar chromosome numbers
(Table 2).

Heterochromatin

After both C-staining and DAPI/CMA3 double-staining,
some chromosome regions show either a positive (+) or
negative (–) reaction with the stains or fluorochromes
used, mainly depending on the base composition of the
DNA molecule. Heterochromatin blocks can be character-
ized as DAPI–/CMA3+ (GC-rich), DAPI+/CMA3– (AT-
rich) or DAPI+/CMA3+ (containing AT and CG bases).
In E. ephippiger, the thin C-bands on most of the chromo-
somes were DAPI– (it was impossible to locate DAPI-
positive bands), whereas only one region of the interstitial
location on M2 was CMA3+ (Fig. 2a, b). Bright DAPI+
bands on M4 and M6 in S. stalii (Fig. 2c) and M3, M4 and
M6 in S. pseudolus (Fig. 2e) were located terminally,
being clearly associated with thick C-bands (Fig. 1 c–f).
In these species, the thin C/CMA3+ bands present in the
interstitial region on M2 in S. stalii (Fig. 2d) and in the
paracentromeric region on L2 in S. pseudolus (Fig. 2f)
were DAPI– (Fig. 2c, e). Thus, the composition of hetero-
chromatin in these species shows a single GC-rich region.
In contrast, CMA3+ regions differing in fluorochrome
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FN – fundamental number of chromosome arms; (L) large-, (M) medium-, (S) small-sized autosomes; a – acrocentric, m – metacen-
tric, sm – submetacentric, sa – subacrocentric; pc – paracentromeric, i – interstitial, it – interstitial near telomeric region; t – telo-
meric; *intraspecific variation of heterochromatin – thick/thin or present/absent; B – B chromosome.

L1 pc,
bright X i;

weak X pc, 

L1,
X i, pc

= C-bands
bright X i

= C-bands
pc thin L1-S13, X; M7-S9 thick t;

X on one arm thick i 

27, FN = 32
L1m, M2sm/sa, M3-8a, S9-

13a, Xm

B. (C.)
oniscus

L1 pc,
bright X i;

weak X pc, 

L1,
X i, pc 

= C-bands
bright L1, M3

it, X pc + i
= C-bands

pc thin M2-S13, L1, X thick;
X on one arm thick i; M3 thin it 

27, FN = 32
L1m, M2sm/sa, M3-8a, S9-

13a, Xm

B. (C.)
macrogaster
longicollis 

L1* pc,
bright X i;
weak X pc,

L1,
X i, pc

= C-bands
bright L1*,

M3 it, X pc + i
= C-bands

pc thin M2-S13, L1* - populations
A, B and X thick;

X on one arm thick i; M3 thin it;
Bm pc thin – population A

27, FN = 32
L1m, M2sm/sa, M3-8a, S9-

13a, Xm 

B. (C.)
macrogaster
macrogaster

L1*L1* pc
= C-bands

bright L1* pc,
Bs

L1* weak
pc thin – M2-S13, X, L1* thick –

population C;
Ba heterochromatic – population B

27, FN = 32
L1, L2m, M3-6a, S7-13a, Xm

B. (B.)
dasypus

      Bradyporini

L2*L2* pcL2* pc, M4* t
M3, M4*,

M5 t
pc thin – all chromosomes, L2*;

M3, M4* thick t; 
27, FN = 31

L1, L2m, M3-6a, S7-13a, Xa
S. pseudolus 

M2* M2* iM2* iM4, M5 t
pc thin – all chromosomes;

M4, M6 thick t; M2 i* 
29, FN = 31

L1m, M2-7a, S8-14a, Xa
S. stalii 

M2* M2 iM2* i—
pc thin – all chromosomes;

M4 thin t; M2* thin i
29, FN = 31

L1m, M2-7a, S8-14a, Xa
E. ephippiger

      EPHIPPIGERINI

CMA3+DAPI+
rDNA FISHNOR

Position of fluorochrome
bandsC-bands

2n (in the male), FN and
chromosome morphology

Species

TABLE 2. Comparison of number and morphology of chromosomes, the distribution of heterochromatin bands, NORs and rDNA
on the chromosomes of the species of Bradyporidae examined.



content were detected on all Bradyporini chromosomes.
In B. (B.) dasypus, the heterochromatin regions revealed
by C-banding were very weakly DAPI+ and CMA3+,
except on the metacentric L1 with a clearly visible
DAPI+/thick C-band in its paracentromeric region (Fig.

2g, h). In both subspecies of B. (C.) macrogaster and B.
(C.) oniscus the paracentromeric regions of most auto-
somes reacted positively to C-banding (Fig. 1i–l) with
weak DAPI+/CMA3+ bands (Fig. 2i–l), whereas three
pairs of chromosomes with thick telomeric C-bands in B.

4

Fig. 1. C-banding of mitotic (a, c, e, g, i, k) and diakinesis/metaphase I (b, d, f, h, j, l) male chromosome complements of three
Ephippigerini species: E. ephippiger (a, b), S. stalii (c, d) and S. pseudolus (e–f), and of three Bradyporini species: B. (B.) dasypus
(g, h), B. (C.) m. macrogaster (i, j) and B. (C.) oniscus (k, l). Solid arrows indicate interstitial C-bands on M2, and those marked with
an asterisk (*) – heterochromatin heteromorphism (a, c, d), interstitial C-bands near the telomeric region on M3 and a thick C-band
on one arm of the metacentric X chromosome (i–j). Open arrows indicate telomeric C-bands (a, c–f, k, l) and those marked with an
asterisk (*) – heterochromatin heteromorphism (c, e). B chromosomes: (h) arrowheads indicate small acrocentric Bs in B. (B.) dasy-
pus. Bar = 10 µm.



oniscus were intensively stained by both DAPI and CMA3

(Fig. 2k–l). B. (C.) macrogaster revealed a small subtelo-
meric DAPI+ block and a large CMA3+ block (with a thin
C-band) on the M3 pair (Fig. 2i, j). There was a weak

paracentromeric DAPI–/CMA3+ band (a thin C-band) and
bright interstitial DAPI+/CMA3+ band (thick C-bands) on
one of the arms of the X chromosome in the subgenus
Callimenus (Fig. 2i–l).

5

Fig. 2. DAPI (blue) and CMA3 (green) stained heterochromatin of E. ephippiger (a, b), S. stalii (c, d), S. pseudolus (e–f), B. (B.)
dasypus (g, h), B. (C.) m. macrogaster (i, j) and B. (C.) oniscus (k, l). Solid arrows indicate DAPI–/CMA3+ bands on M2 in mitotic
metaphase (a, b) and diakinesis (c, d); on L2 in mitotic metaphase (e, f); in diakinesis (g–j) and in diplotene (k, l); with weak
DAPI+/CMA3+ bands on most autosomes, except those with clear differences in the intensity of the bands: in the paracentromeric
region on the metacentric L1 (g, h), on L1 and in the interstitial region on M3 (i, j), and on the X chromosome (i–l). Open arrows indi-
cate DAPI+ bands in the telomeric regions on M4 and M6 (c) and M3, M4, M6 (e) as well as DAPI+/CMA3+ bands on S7–9 (k, l). Het-
eromorphism in the telomeric region on M4 and paracentromeric region on L2 (e) are marked with an asterisk (*). B chromosomes:
(g, h) arrowheads indicate small acrocentric Bs in B. (B.) dasypus with DAPI– bands (g) and CMA3+ bands (h). The inset in the top
right corner shows a medium-sized B chromosome in B. (C.) m. macrogaster with very weak DAPI+ bands (i) and larger CMA3+
bands on the long arm (j) (arrows). Bar = 10 µm.



Ag-NOR staining and FISH

Silver staining revealed the presence of one active NOR
in the interstitial region of the M2 bivalent both in E.
ephippiger and S. stalii (Fig. 3a, c) and in the paracentro-
meric region on both the metacentric L2 in S. pseudolus
and L1 in B. (B.) dasypus (Figs 3e, 4a). In these species, a
large cluster of 18S rDNA was observed at mitotic meta-
phase or in bivalents from diakinesis to metaphase I,
coincident with a single active NOR visualized by
Ag-NOR staining (Figs 3b, d, f, 4b). On the other hand,
AgNO3 staining revealed the presence of two active
NORs on the metacentric X chromosome in both B. (C.)
macrogaster subspecies and in B.(C.) oniscus, a large one
located interstitially on one arm and another one
(observed as dots, not always seen) in the paracentro-
meric region (Fig. 4c–e). Additionally, small silver dots
in early meiotic prophase and, sporadically, active hetero-
morphic NORs in mitotic metaphase were detected on M3

(Fig. 4c–e). In these taxa, three FISH signals were
observed, a large cluster of 18S rDNA located intersti-
tially on the X chromosome and two low-intensity clus-
ters in the paracentromeric region on both X and L1. Only
occasionally during diakinesis in both B. (C.) macro-
gaster subspecies a fourth, low-intensity cluster of 18S
rDNA was detected in the interstitial region on M3 (Fig.
4f).

Following FISH with the (TTAGG)n probe (tDNA-
FISH) used for spermatogonial mitoses and/or spermato-
cyte nuclei in meiosis (diplotene, diakinesis), signals were
detected at the distal ends of each chromosome in all the

taxa analyzed. Generally, the tDNA-FISH signals on the
chromosomes of S. pseudolus were stronger than those
observed in other species (Fig. 3f). No tDNA-FISH sig-
nals were observed in the centromeric region of metacen-
tric or submeta-subacrocentric chromosomes.

Heteromorphism

Interspecific/intraspecific heterochromatin hetero-
morphism in respect to the heterochromatin pattern of
both C- and fluorochrome bands as well as heteromor-
phism of rDNA-FISH signals were observed on some
chromosomes (as indicated with an asterisk in Table 2
and in relevant figures). These chromosomes showed het-
eromorphism in terms of the size/strength and
presence/absence of bands on respective homologous
pairs. That pattern occurred in the interstitial region on
M2 in both E. ephippiger (a male from Bulgaria) (Fig. 3b)
and S. stalii (one out of three males) (Figs 1a, c, 3d), and
both in the telomeric region on M4 and paracentromeric
region on L2 in S. pseudolus (one out of two males) (Figs
2e, 3f). Also, heteromorphism was found in the paracen-
tromeric region on L1 in B. (B.) dasypus (one out of 3
individuals from population C) (Fig. 4b) as well as in the
paracentromeric region on L1 and the interstitial region on
M3 in B. (C.) m. macrogaster (two out of three indi-
viduals from population A and laboratory culture B) (Fig.
4f).

Supernumerary chromosomes and elements

B chromosomes (Bs) were found in both B. (B.)
dasypus males in one out of five populations of this spe-
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Fig. 3. Silver staining (a, c, e) and FISH using both 18S rDNA probes (green) and telomeric DNA probes (red) (b, d, f) of chromo-
somes in Ephippigerini: E. ephippiger (a, b), S. stalii (c, d) and S. pseudolus (e, f). The arrows indicate the presence of one active
NOR located in the interstitial region on M2 in diakinesis (a), early diplotene (c), and spermatogonial prophase/metaphase (d), in the
paracentromeric region on L2. A cluster of 18S rDNA in mitotic metaphase coincides with NORs (b, d, f). Hybridization areas vary
in size between two homologous chromosomes: on L2 (f) and M2 – inset in the top right corner is individual bivalent of E. ephippiger
(b) and S. stalii (d) – marked with an asterisk. Bar = 10 µm.



cies (population B). They were smaller than all the auto-
somes, acrocentric, heterochromatic and with DAPI–/
CMA3+ band (Figs 1h, 2g, h). In twenty spermatogonial
metaphases (analyzed in both individuals), the number of
Bs varied from 8 to 11, whereas in 50 diakinesis/meta-
phase I cells they formed 3–6 univalents and/or 5–7 biva-
lents. Thus, B chromosomes were mitotically and
meiotically unstable and did not show a tendency to pair

with X chromosomes or autosomes during meiosis. The
individuals with Bs were not examined using FISH.

In both B. (C.) m. macrogaster specimens (population
A), the B chromosome was similar in size to the M2 auto-
some, which was submetacentric with thin paracentro-
meric bands and weak interstitial C-bands on long arm
(Fig. 1j). There were very weak interstitial DAPI+ bands
and larger CMA3+ bands on the long arm of this chromo-
some, suggesting that the latter region contains GC-rich
DNA (Fig. 2i, j). However, FISH with a ribosomal probe
(18S) did not show a cluster in this region. Telomeric sig-
nals were detected at the distal ends of this chromosome
(Fig. 4f). The B chromosome appeared to be negatively
heteropycnotic during early meiotic prophase. From
diplotene to metaphase I, this element occurred as univa-
lent or bivalent (Fig. 5a–d). The supernumerary chromo-
some is probably mitotically and meiotically unstable as
an XB association was never observed.

In one out of two B. (C.) m. macrogaster individuals
(population A), an additional element was sporadically
observed at meiotic prophase. At diplotene, a positive
heteropycnotic element was clearly seen near those
regions of X that contained an active NOR. However,
during zygotene-pachytene, the X chromosome was
probably associated with part of the M7 autosome. Thus,
in some cases one of the medium-sized autosomes was
not observed at diakinesis (Fig. 5d). In both individuals,
some small elements were sporadically present at dif-
ferent meiotic stages (Fig. 5b).
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Fig. 4. Silver staining (a, c, d, e) and FISH with 18S rDNA probes (green) and telomeric DNA probes (red) (b, f) of chromosomes
of Bradyporini species. B. (B.) dasypus (a, b): arrows indicate diakinesis with one active NOR (a) and an rDNA site located in the
paracentromeric region on L1 (b). B. (C.) m. macrogaster (c–f): zygotene (c), pachytene (d), spermatogonial mitosis (e), (f) diakine-
sis; arrows indicate two active NORs on the X chromosome and M3; rDNA clusters coincident with NORs (arrows) in diakinesis (f).
Hybridization areas vary in size on L1 – marked with an asterisk and on M3 – inset in the top right corner (f and e). The B chromo-
some with a telomeric signal is inset in the bottom right corner (f). Bar = 10 µm.

Fig. 5. The C-banding of B chromosome in B. (C.) m. macro-
gaster; as a bivalent or univalent (rectangle) at diplotene (a);
metaphase II with and without B, which is similar in size on M2

(b), anaphase with B (c). The first step to neo-XY sex determi-
nation; diakinesis without the M7 bivalent (d), arrows indicate
the X chromosome connection with part of the M7 autosome
during diplotene and pachytene (inset in the top right corner); a
small element (arrow) (b). Bar = 10 µm.



DISCUSSION

Karyotype evolution

Our results corroborate previous studies (for a review
see Warchałowska-Śliwa, 1998), which reveal that Bra-
dyporinae species show advanced karyotype evolution.
Possible rearrangements involved in the origin of dif-
ferent karyotypes (the X0 sex determination system) are
shown in Fig. 6. The diversity of diploid numbers in the
subfamily probably results from the modal karyotype pre-
sent in most tettigoniids, 2n = 31 in the male with acro-
centric chromosomes and the X0/XX sex determination
mechanism reported for three genera of the tribe Zichyini
(Warchałowska-Śliwa & Bugrov, 1996). The ancestral
chromosome number is reduced to 2n = 29 (FN = 31 or
32) in Ephippigerini (six Ephippiger, one Ephippigerida
and two Steropleurus species), Zichyini (one Deracantha
species) and Bradyporini (five Pycnogaster species) as a
result of one Robertsonian translocation (metacentric L1).
This reduction may indicate a close relationship between
Ephippigerini and Bradyporini if it occurred before the
two tribes separated. However, since it is obvious that it
occurred independently in Deracantha (Zichyini), mul-

tiple reductions cannot be excluded. B. (B.) dasypus, both
B. (C.) macrogaster subspecies and B. (C.) oniscus show
the next step in the reduction of the chromosome number
to 2n = 27 (FN = 32); in this case two Robertsonian trans-
locations have affected the basic karyotype (two metacen-
tric/ submetacentric L1, L2 or L1, M2 pairs, respectively).
The same chromosome number in S. pseudolus (2n = 27,
FN = 31) is clearly independently derived from a 2n = 29
karyotype, as in S. stalii (see below). Additionally, peri-
centric inversions modifying the position of the centro-
mere have changed the morphology of the ancestral
acrocentric X to the metacentric X chromosome in three
Bradyporus species and in S. stalii. A biarmed X chromo-
some (subacro-/submeta-/metacentric) has also been
reported in some phaneropterid species (for a review see
Warchałowska-Śliwa, 1998; Warchałowska-Śliwa et al.,
2008). Surprisingly, the karyotype characteristics of the
B. m. macrogaster individuals collected in Turkey
(Mount Spil, Manisa) by Turkoglu & Kaca (2002), with
2n = 23 (FN = 32), X0 differ from those reported here. In
this case, probably four Robertsonian fusions and a peri-
centric inversion in the X chromosome were involved in
the evolution of this karyotype. The chromosomal differ-

8

Fig. 6. Morphology and karyotype evolution. The phylogenetic scheme is based on taxonomic/morphological data (e.g., Eades et
al., 2012). Information on diploid numbers of chromosomes (2n), chromosome morphology (FN) and hypothetical karyotype evolu-
tion are based on present data (marked in red) and the review by Warchałowska-Śliwa (1998). L/M1–4 – large/medium meta-/subme-
tacentric chromosomes resulting from Robertsonian translocations are marked with ; Xi – inversion in the X chromosome; tf and
complex tf – tandem fusion and tandem fusion complex. Bradyporus (C.) m. macrogaster marked with an asterisk (*) have two chro-
mosome numbers in different populations (present data and Turkoglu & Kaca, 2002). Photos K.-G. Heller.



ences between the populations of this subspecies suggest
ongoing differentiation in isolated populations. The lower
chromosome numbers (2n = 25, 23) occurring in other
species have evolved by complex translocations. Four
chromosomal races are described in the Steropleurus
martorelli complex (Ephippigerini), a coastal species
endemic to the Iberian Peninsula with diploid chromo-
some numbers in the male ranging from 29 (FN = 31) to
23 (FN = 27). Such a significant difference in the chro-
mosome number and morphology probably results from a
successive occurrence of Robertsonian and tandem
fusions (Fernández-Piqueras et al., 1983a).

Cytogenetic characterization

Distribution of heterochromatin

The application of different staining techniques (clas-
sical and molecular methods) generally enables a better
characterization of tettigoniid karyotypes and the identifi-
cation of genus/species-specific patterns (Warchałowska-
Śliwa et al., 2009, 2011). The Bradyporinae are probably
characterized by autosomes with a small amount of con-
stitutive heterochromatin in the paracentromeric region.
Additionally, C-bands in the interstitial and/or telomeric
regions, found in the species analyzed in this study occur
in species belonging to different tribes of the subfamily
(Fernández-Piqueras et al., 1983a, 1984; Navas-Castillo
et al., 1986; Sentis et al., 1986; Warchałowska-Śliwa &
Bugrov, 1996, 1997).

Our results demonstrate heterogeneity in the composi-
tion of heterochromatin. The CMA3 labelled regions may
coincide with C-bands and/or with a special type of het-
erochromatin associated with NORs. In the Ephippigerini
species S. stalii and S. pseudolus, only the telomeric
regions of M3–5 showed thick C-bands and bright DAPI+
(CMA3–) AT-rich segments. In the two aforementioned
species and in E. ephippiger, CG-rich regions were only
located interstitially on M2 or in the paracentromeric
region on L2. CMA3+ bands and NORs are quite often
associated with each other in insects, especially grasshop-
pers (e.g. Loreto & Souza, 2010) and katydids
(Warchałowska-Śliwa et al., 2009). In comparison with
Ephippigerini, heterochromatin in Bradyporini shows a
different composition; in this case, the C-blocks were
CMA3+/DAPI+, carrying both AT- and CG-rich
segments. Consequently, in these species the fluoro-
chrome CMA3 did not detect actual NORs on most chro-
mosomes, but a special type of GC-rich heterochromatin
associated with this region, similar to that described in
some coleopterans (e.g. Schneider et al., 2007).

Number and location of rDNA clusters (NORs)

In the Bradyporinae karyotypes described in this paper
and previous studies there is usually a single NOR on a
large/medium-sized autosome. Active NORs have been
confirmed in E. ephippiger and S. stalii (2n = 29) in the
interstitial region on the M2 bivalent and in the paracen-
tromeric region on the metacentric L2 and L1 in S. pseu-
dolus (2n = 27) and B. (B.) dasypus, respectively. In these
species, the 18S rDNA loci revealed by FISH coincide
with the active NORs detected by Ag-NOR staining and a

bright CMA3+ band. The distribution of NORs/rDNA loci
in both Steropleurus species and analysis of the relative
lengths of autosomes show that a Robertsonian transloca-
tion between the second pair (with active NORs/rDNA
loci) and third pair of autosomes has reduced the chromo-
some number from 2n = 29 (FN = 31, with one metacen-
tric pair), found in S. stalii, to 2n = 27 (FN = 31, with two
metacentric pairs) in S. pseudolus. Moreover, in the
karyotypes of Pycnogaster cucullata, 2n = 29
(Fernández-Piqueras, 1983c), Neocallicrania selligera
(also known as Callicrania seoanei), 2n = 23, X0
(Fernández-Piqueras, 1981) and Baetica ustulata, 2n = 25
(Navas-Castillo et al., 1986), a single active NOR was
noted interstitially on the acrocentric bivalents M2, M3 or
on the metacentric bivalent L2. These observations show
that NOR-bearing autosomes take part in karyotype rear-
rangements. In contrast, in both species of the subgenus
Callimenus there were two active NORs on the metacen-
tric X chromosome, one located interstitially and the
other in the paracentromeric regions, which coincided
with bright and faint rDNA clusters, respectively. Cytoge-
netic analysis of some Odontura species in the family
Tettigoniidae also revealed one or two NORs with rDNA-
FISH signals, located only on the sex chromosome/s of
species with different sex determination systems: X (X0),
neo-X (neo-XY) or both neo-X1 and neo-Y (with neo-
X1X2Y) (Warchałowska-Śliwa et al., 2011). Additionally,
two or three Ag-staining areas of NORs on X, M2 or on
one small bivalent are recorded in Deracantha onos
(Warchałowska-Śliwa & Bugrov, 1997). Consequently,
the location of active NORs in Callimenus (present paper)
is another case of an unusual translocation of NORs onto
sex chromosomes in tettigoniids. Probably a part of a
NOR-bearing autosome was transferred to the sex
chromosome/s (Warchałowska-Śliwa et al., 2011).

The (TTAGG)n sequence efficiently hybridized to the
ends of chromosomes in all species analyzed is typical of
other Orthoptera (López-Fernández et al., 2004;
Warchałowska-Śliwa et al., 2009, 2011). Differences in
the intensity of the signal between species, for example,
the bright tDNA-FISH signals in U. pseudulus compared
to the weak signals in other species, may be due to a
larger number of telomeric repeats. The lack of intersti-
tial tDNA-FISH signals in the centromeric regions of
meta/submetacentric chromosomes could probably be due
to the loss of telomeric repeats during karyotype evolu-
tion (López-Fernández et al., 2004). Alternately, short
regions of telomeric sequence may be retained but are too
small to be detected using tDNA-FISH.

Heteromorphism of heterochromatin and rDNA

In some Bradyporinae species, the pattern of hetero-
chromatin distribution has revealed size heteromorphism
in the C- and fluorochrome-positive bands and NORs as
well as different intensities of the rDNA hybridization-
signals on homologous pairs of autosomes (indicated by
an asterisk in Table 2). Heterochromatin heteromorphism
in the telomeric region of medium-sized chromosomes
(M4) may be a result of amplification of existing DNA
sequences (Sumner, 1990). Our results indicate different
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intensities of hybridization signals on the autosomes of B.
(B.) dasypus and B. (C.) m. macrogaster, reaching an
extreme case in S. stalii, in an individual of which only
one chromosome showed a hybridization signal, whereas
its homologue did not. These differences were detected
consistently by all the banding techniques and suggest the
occurrence of polymorphism in the number of copies of
rDNA sequences. Particular sequences may have been
amplified or lost through different mechanisms, such as
unequal meiotic crossing-over, homologous recombina-
tion, tandem duplication of ribosomal genes, or transloca-
tion rearrangements (e.g. Bressa et al., 2008; Cabral-
-de-Mello et al., 2011).

B chromosomes in Bradyporinae

The occurrence of B chromosomes has been previously
noted in several tettigoniid species (for a review see
Warchałowska-Śliwa et al., 2008). In Bradyporini,
Lemonnier-Darcemont et al. (2009) found 35 chromo-
somes in the karyotype of one male Bradyporus dasypus,
including 8 small B chromosomes, which were mitoti-
cally stable but meiotically unstable. In the present study,
we found the same type of Bs in this species (with 2n =
27) only in two specimens from one of five Bulgarian
populations, being, however, both mitotically and meioti-
cally unstable. To reveal the pattern of B chromosomes in
B. dasypus, especially in relation to its geographic distri-
bution, more comprehensive studies are required in the
future.

The next case of B chromosome occurrence in Brady-
porinae is the presence of a medium-sized submetacentric
B in two males from one B. macrogaster population
(population A). B chromosomes occur in Pycnogaster
cucullata, a polymorphic species with X0 and XY chro-
mosomal races. Two types of medium-sized telocentric
Bs are associated with a concomitant occurrence of sev-
eral types of abnormalities affecting autosomes (Sentis &
Fernández-Piqueras, 1985). For B chromosomes, it is
important to explain from which chromosome they are
derived. In both cases presented in this paper, the B chro-
mosomes are not similar to the X chromosome in terms of
size or pycnosis and lacked any B-X association. Addi-
tionally, the results of the C- and fluorochrome staining
(C-heterochromatin with CMA3) suggest that the organi-
zation of heterochromatin in Bs is more similar to that in
autosomes. In B. macrogaster, B chromosomes have
(TTAGG)n repeats at the distal ends as do the autosomes.
Recent cytological and molecular studies indicate that
some B elements may result from interspecific hybridiza-
tion between closely related species, but most likely they
originate intraspecifically from their host chromosomes
(Camacho et al., 2000; Teruel et al., 2010). However, in
the case of the Bradyporini, it is currently not possible to
explain the origin of the two types of B chromosomes, as
for this one needs to compare the DNA sequences shared
by both autosomes and Bs.

In the subfamily Bradyporinae, the occurrence of two
chromosomal races with X0 and neo-XY sex determina-
tion systems was previously noted in Pycnogaster cucul-
lata (Fernández-Piqueras et al., 1982) and Neocallicrania

selligera (also known as Callicrania seoanei)
(Fernández-Piqueras et al., 1981). It is worth mentioning
that B. (C.) m. macrogaster seems to represent a complex
of chromosome races, not only showing different chro-
mosome numbers, 2n = 29, X0 (present paper) and 2n =
23, X0 (Turkoglu & Kaca, 2002), but also presenting the
first step towards neo-XY sex determination. Therefore,
possible rearrangements (translocation of part of an auto-
some into the X chromosome, lack of one element of the
set and the existence of fragments) might be the prelimi-
nary stages of chromosomal differentiation within this
species.

In conclusion, the cytogenetic study presented herein
constitutes the first step towards a better understanding of
chromosomal organization and evolution of relationships
within the Bradyporinae. Both results from the present
and previous studies show that the karyotypes of the spe-
cies analyzed have undergone evolution including
changes in chromosome number and morphology. Rob-
ertsonian fusions between one or more autosomes and
pericentric inversions in the X chromosome (leading to
the formation of biarmed chromosomes) are a common
mode of karyotype evolution within the Zichyini and Bra-
dyporini. On the other hand, both Robertsonian and
tandem fusions, and, sporadically, pericentric inversions
(in the X chromosome) are more common in the karyo-
type evolution of Ephippigerini. The quantity of hetero-
chromatin in GC-rich regions permits one to distinguish
between the karyotypes of Ephippigerini and Brady-
porini, at least in the species studied. The number and
location of NORs/rDNA loci elucidates karyotype evolu-
tion in two species of the genus Steropleurus. On the
other hand, variation in the distribution of these markers
indicates that species in the genus Bradyporus, although
having the same chromosome number and morphology,
are not closely related to the aforementioned group, and
suggests that these taxa are undergoing different patterns
of karyotype evolution. The karyotype organization of
Bradyporinae was analyzed using fluorochromes, silver-
stained NORs (Ag-NORs) and FISH for identifying the
location of 18S rDNA, but only one site was revealed on
the autosome pairs of all the specimens tested in this
study. The present study focused on detailed analysis of
only six (one with two subspecies) out of 160 Brady-
porinae species using classical cytogenetic methods and
mapping rRNA coding genes. To reveal phylogenetic
relationships within this subfamily as well as its evolu-
tionary history, it would be necessary to conduct interdis-
ciplinary investigations of more species, including cyto-
genetic studies and DNA-inferred phylogenies.
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