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Abstract. The present study focused on the evolution of the karyotype in 21 taxa of the genus Isophya, which was done by mapping
the location on the chromosomes of ribosomal RNA (rRNA) coding genes using fluorescence in situ hybridization (FISH) with an
18S rDNA probe and using silver staining (AgNO;) to evaluate the activity of major rDNA clusters. Since the chromosome number
and sex determination do not vary in this genus, the above markers were used in a detailed comparison of the cytogenetic features of
species of Isophya. The species analyzed were placed into three groups based on the location of rDNA on their chromosomes: (1)
rDNA-FISH signals only on the two long pairs of autosomes, (2) rDNA-FISH signals on one long and one short pair of autosomes,
and (3) rDNA-FISH signals on three to five different sized pairs of autosomes. These groupings partly correspond to the morpho-
logical groupings proposed in earlier studies. One long pair of autosomes frequently carried rDNA in all the Isophya species and
probably is a plesiomorphic character for these taxa. The cytogenetic mapping revealed great variability among Isophya species in
the chromosomal location of major rDNA clusters. Our results suggest that the observed variation in the number of rDNA clusters
can be an important species-group specific phylogenetic marker. Analysis of 18S rDNA hybridization signals showed that the evolu-
tionary dynamics of rDNA in this genus is remarkably high and accompanied by changes in the structure of chromosomes bearing
rDNA at an inter- and intra-specific level. The telomeric sequence (TTAGG), hybridized with the termini of most of chromosomes,
however, some chromosome ends lacked signals probably due to a low copy number of telomeric repeats.

INTRODUCTION 2008). The majority of these species have a karyotype
consisting of 2n = 31 (male) / 32 (female) acrocentric
chromosomes with an X0/XX mechanism of sex determi-
nation. This karyotype is suggested as ancestral for most
species of tettigoniids (e.g. White, 1973; Warchalowska-
Sliwa, 1998). Only one species, I. hemiptera (from the
northern Caucasus), has a neo-X/neo-Y sex determination
system (Warchatowska-Sliwa & Bugrov, 1998). Thus, the
species of this genus have the same number of chromo-
somes and sex determination system. In the sex chromo-
some (X), the most remarkable changes include a
pericentric inversion that converted the ancestral acrocen-

The genus Isophya Brunner von Wattenwyl (1878) is
one of the largest bushcricket genera in including 89 spe-
cies (Eades et al., 2011) (I. medimontana Nedelkov, 1907
is actually regarded as a subspecies by Harz, 1969). It
occurs in Central Europe, the Carpathian Basin, the Bal-
kans, southern Ukraine, Asia Minor and the Caucasus
region, eastwards reaching north western Iran and Iraq
and an isolated area of the Altai Mountains (Bey-Bienko,
1954). Most species of Isophya have restricted ranges and
thus the genus includes a high number of endemic taxa
(Sevgili, 2003; Sevgili & Heller, 2003). The status of

many species remains unresolved because Isophya con-
tains several morphologically very similar species
(Heller, 1988, 2006; Warchatowska-Sliwa et al., 2008;
Chobanov, 2009a, b). In spite of the existing comprehen-
sive bioacoustic and morphological (e.g. Heller et al.,
2004; Sevgili et al., 2006), classical cytogenetic (e.g.
Warchatowska-Sliwa et al., 2008) and molecular studies
(Grzywacz & Warchatowska-Sliwa, 2008; Grzywacz-
Gibata et al., 2010), the relationships within the group are
still poorly known. The development of new cytogenetic-
molecular markers is important for a better understanding
of the genome organization and phylogeny of this genus.
Over 25 species and subspecies of Isophya have been
studied cytotaxonomically (Warchalowska-Sliwa et al.,

tric X into a subacro/submetacentric X. Inter-specific
autosomal differentiation involved the distribution and
quantity of C-heterochromatin and the number of
nucleolar organizer regions (NORs), thus revealing dis-
crete changes that reflect the level of genomic organiza-
tion (Warchalowska-Sliwa et al., 2008).

Recently, fluorescence in situ hybridization (FISH)
techniques were extensively used for mapping DNA
sequences directly on chromosomes, which has signifi-
cantly increased our understanding of karyotype structure
and evolution. In particular, major ribosomal RNA
(rRNA) genes, the so-called rDNA, clustered in the
nucleolar organizer regions (NORs) have been found
useful as markers for karyotype comparisons in many
insect species at the genus level, e.g. tiger beetles (Zacaro

509



et al., 2004), grasshoppers (e.g. Loreto et al., 2008) and
bushcrickets (Warchatowska-Sliwa et al., 2009). Other
repetitive sequences, the so-called telomeric DNA, are
located mainly at chromosome termini. Telomeres were
used as markers for identifying the ends of chromosomes
and in the majority of insect orders, including Orthoptera,
are composed of multiple copies of short, tandemly
arranged TTAGG sequences. Clusters of telomeric
repeats are thought to indicate chromosomal rearrange-
ments related to changes in chromosome number and evo-
lution in insects (Lopez-Fernandez et al., 2004,
Warchatowska-Sliwa et al., 2009).

The stable karyotype of Isophya species and other
short-winged species belonging to different genera of the
tribe Barbitistini, namely Ancistrura, Andreiniimon,
Barbitistes, Metaplastes, Poecilimon, Polysarcus, etc.
(see review Warchatowska-Sliwa, 1998), is a simple
model the study of which could contribute greatly to
understanding the evolutionary dynamics of rDNA. The
location of rRNA genes in Phaneropterinae by FISH has
so far only been done for a single species (Hemp et al.,
2010). Recently, silver impregnation was used to identify
NORs in 15 species of the genus Isophya (Warcha-
towska-Sliwa et al., 2008).

The present study reports the results of follow-up
research on the reconstruction of the ancestral karyotype
based on the number and distribution of rDNA clusters in
21 species/subspecies of the genus Isophya using FISH
with 18S rDNA probe as a potentially useful marker. In
addition, NOR activity was verified by silver
impregnation for 15 species previously analysed and 6
more species added for which this information was not
available. A comparison of rDNA-FISH results with
those after silver impregnation enabled us to identify
non-active NOR clusters and precisely locate the active
NORs. In all rDNA-FISH experiments, we used
simultaneously a (TTAGG), probe for a better identi-
fication of chromosome ends, particularly at diplotene/
diakinesis. This study is the first on the chromosome
evolution and phylogeny of Phaneropterinae bushcrickets.

MATERIAL AND METHODS

The 55 specimens analyzed represent 21 taxa of the genus
Isophya. Adults or nymphs were collected during June/July
from 2006 to 2010 in Bulgaria, Poland, Germany, Serbia and
Russia (for localities see Table 1).

Gonads of the specimens were dissected out, treated with a
hypotonic solution (0.9% sodium citrate) and then fixed in
Carnoy (3 : 1 ethanol : acetic acid). Chromosome preparations
were made by macerating cellular suspensions in drops of 45%
acetic acid on slides, which were then squashed under cover
slips. Then the cover slips were removed by the dry ice
procedure and the slides air dried. The C-banding was carried
out according to Sumner (1972) with a slight modification. The
silver staining method (AgNOs;) for visualising NORs was
applied as previously reported (Warchatowska-Sliwa &
Maryanska-Nadachowska, 1992).

Fluorescence in situ hybridization with 18S rDNA
(rDNA-FISH) and (TTAGG), telomeric probes

For rDNA-FISH, a 1.8 kb fragment of 18S rDNA was gener-
ated by PCR using genomic DNA isolated from Isophya ram-
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mei (Orthoptera) as a template. The amplification was per-
formed in a final volume of 25 pl containing 1.5 mM MgClL, 2.5
mM dNTP, 10 pM of each of the two primers 18Sai forward
(5’-CCT GAG AAA CGG CTA CCA CAT C-3’) and 18Sbi
reverse (5°-GAG TCT CGT TCG TTA TCG GA-3’) (Whiting et
al., 1997), 100 ng template DNA and 5 U Tag DNA polymerase
(Qiagen, Hilden, Germany). An initial period of 3 min at 94°C
was followed by 30 cycles of 60 s at 94°C, 60 s at 51°C, and 1.5
min at 72°C and concluded by a final extension step of 10 min
at 72°C. The probe was labelled by nick translation with biotin-
11-dUTP (Invitrogen, Tokyo, Japan).

The (TTAGG), telomeric probe was generated by PCR using
a modified version of the Lopez-Fernandez et al. (2004) tech-
nique. PCR was performed in a 50 pl reaction mixture con-
taining 1.5 mM MgCl,, 0.2 mM each dNTP, 0.5 pM of each of
the two primers (5’-GGTTA-GGTTA-GGTTA-GGTTA-GG-3’
and 5’-TAACC-TAACC-TAACC-TAACC-TAA-3’) and 2 U
Tag DNA polymerase. The non-template PCR was performed
with an initial cycle of 90 s at 94°C, followed by 30 cycles of 45
s at 94°C, 30 s at 40°C and 60 s at 72°C and a final extension
step of 10 min at 72°C. The PCR product was then labelled with
digoxigenin-11-dUTP in additional PCR cycles.

For FISH using both the rDNA and telomeric probes, we used
the procedure described in Lichter et al. (1988). Chromosome
preparations were treated with 100 pg/ml RNase A. After dena-
turation the chromosomes were hybridized with a probe mixture
containing 20 ng of 18S rDNA probe, the (TTAGG), telomeric
probe and 10 pg of sonicated salmon sperm DNA (Invitrogen).
Hybridization signals were detected with avidin-Alexa 488
(Invitrogen) and mouse anti-digoxigenin antibodies conjugated
to Cy3 (Sigma-Aldrich, Tokyo, Japan). The preparations were
counterstained with 20 ul DAPI (Sigma-Aldrich, Tokyo, Japan)
for 15 min and then mounted in anti-fade based on DABCO
(1-4-diazabicyclo[2.2.2]octane; Sigma-Aldrich) (see Sahara et
al., 1999).

At least 15 meiotic divisions (diplotene/diakinesis) per male
and two (rarely 3) males per species were analyzed using FISH
and AgNO; techniques. In addition, spermatogonial or oogonial
metaphases for some species were examined. FISH and silver
staining techniques were used on the same species to determine
whether these markers gave the same results when used on
specimens collected from different geographical locations
(Table 1). Photographs were taken with a Nikon Eclipse 400
light microscope fitted with a CCD DS-Ul camera using
Chroma filter sets (for FISH). The software Lucia Image 5.0
was applied and images were mounted in Adobe Photoshop.

RESULTS

As described elsewhere (e.g. Warchalowska-Sliwa et
al., 2008 except for I. hemiptera), the karyotypes of all
the species analyzed consist of 31 chromosomes in the
male and 32 in the female with an X0/XX sex determina-
tion system. Fifteen pairs of acrocentric autosomes can be
arranged into two size groups: four long (L) and eleven
medium and short (M/S) pairs. The pairs gradually
decrease in size resulting in some problems with the pre-
cise identification of chromosome pairs (especially
among the long and short ones). The acrocentric, subacro-
centric, or submetacentric X chromosome is the longest
element in the set (Fig. 1a).

The localization of rDNA in Isophya, resolved by FISH
and its activity analyzed by silver impregnation, are
shown Figs 1-5 and summarized in Table 1. FISH
revealed two (rarely one) to five clusters of rDNA (Fig.



*(Ju9[BAIq) SOWOSOWOIYD JO Ired 9 JO UONLOYNUSPT 9S1021dWIT SOILIIPUT SIOQUINT 0M) USIMID] [SE[S B ‘POUTIIEX dIOM SORUIDJ OM] 10 dUO # JUISqe 10 JudsaId ., pue AJIA1OR MO 10 YSIY

*€1/T1 °9/S ‘v/€
*€1/TT “%L/9 ‘S “s¥/€
€1/T1 °6/8 S ¥/€ 10 €1/TT “6/8 ‘xx9 ‘S ¥/€

«+E1/T1 9/S ‘p/€
K)IAOE MO] UM POZIS-WNIPIW [ €T/TT “8/L 9/S ‘b/€

AVIAOR MO IIM POZIS-WNIPAW [ €1/TT ‘§/L “9/S “b/€

€1/T1 '8 °L/9 V/€ ‘€T

.8E¥T .6E 1Y
FVT Vel
0o¥T 917

LTTVT . LE 1Y
.850ST Yholb

.8ToST .EVolt

L9€6€C €T 1T

800T1A°0T “05e[[1A AIDIK0IS “‘SIA 1dOpOY 1T

800T A0 “0A0qaIyZ-PeISLi], ‘SHA 2dopouy 1SaM ‘T
800TTA'1T “900T 1A"G [ ‘ueAjows ‘SyA 1dopoy [

900T' 1A' [ “peISLLy, ‘SIA odopouy ‘T

eueding

800T MIA'ET ‘900 A"0€ ‘TUBWE N[0 ‘SIA 0dopory Iseq "I
900T1A°S “0A0SIA “SIN 2dopory Ised |

euedng

900T TA"6 ‘Al UStoqIY ‘erresng

dnoi3 visapowr
an10u0a] °f / sisuadopoy.a “[#

dnoi3 visapowus
1S61 swwey szsuadopoy. “[#

dnoi3 pisapows

6561 “Adysod taoypad |

dnoi3 psapows

(800 “'[& 10 BAN[S-BSMOFRYIIBAN UL 151 7] SB) S96] ‘Yorqual[ey] an.L0uoa]
; dnoi3 pisapow

€1/T1 “8/L ‘9 °S b/ LEVoCT . STolY SO0T'A'9—'S “e[ UBIIO( 18U ‘BIUOPIOBIN €861 DIA0IAR] 1YSdasoy [ TII
800 TA6] ‘BUBJOJ BYOIIYS e[ Jeau ‘S)Al 9dopotRy 1SOM “T# dnois visapows
€1/T1 v/ .600YT Yholy eLeg[ng av10u02] ° / spsuadopoy T4
€1/T1 ‘p/E LS€LT LYoty 0102'1A'9] “eyzpniqo( ‘eLesng dnoi3 pysapout
€1/T1 ‘V/E .8To8T .ETotY 900T 1A' [T 15809 BaS or[( YMON ‘BLeS[ng (800T “[€ 10 BAI[S-BYSMOFRYDIR A\ UL DIDPHDIISUO] DISIPOUL ] SB) [G6] QWY mpppnvdrSuo] nyppnvorSuo] -
’ dnoi3 psapow
*€1/T1 P/€ . TC9T LEVolh 900TIA'LT “SYA BUIUR[J BIB)S ISeq ‘eleSng (800 “'[& 10 BMI[S-BASMOFEYIIBA UL 12140uppD 1uipavd [ Se) GG ‘AQYSIJ 1IA0MDPD DIPHDIISUO] [

’ dnoi3 pisapows
€1/T1 '€/ \SSVT LYol LOOTTA'TT ‘Sl BUTUR[] BIRIS [ENUR)) ‘BlIESng (800T “Te 10 BAI[S-EYSMOFRYITR AN UL ‘fuipand juipav.d T se) G861 ‘AdUsad srsuauaayd
€1/T1 'eT Y1oVT . LToEY 900 TA"pT “due[d uerqnue( ‘|

9007 TAHT ‘SIA BUTUR[J BIRIS 1SOM ‘T dnoi3 pisapowr
€1/21 ‘€T L60o€T .0loEY eLesng (800T ““T& 12 BMI[S-ENSMOFRYOIEAN U SEsuaUAd]d ] S) GY6T ‘AYSOd 1oisyiul °|
dnoi3 prsapow
11/0T ‘¥/€ L600€T .LYoTY 9002 Ar'0¢ “Ao[[ea ewnng ‘eLed[ng 1861 ‘ASYSad avadaipun [
TU/IT P/€ 10 TI/T1 L€To€T .6ToTY 0T10THA'ST “IA BURId "AT
TU/TT “sxb/€ LEEET  LYolY 900Z'1A' [ “03pO] ASYD[A( 910D “SIA UL YMON 'TIT
[47a8t L0o¥T . TETY 800T'1A"ST ‘WA BIOD BUPAIS BYSUBYSES ‘T] dnoi3 prsapowt
[478 8713 L 1S0€T . €00TY 800T'1A°6 ‘B[NpuUn( ‘SIA] By ‘T# ‘BUES[ng 1861 ‘ASYSY{ 14as24nq “IH
dnoi3 vavuaidd
[478 8713 LSo61 81067 LOOTHA'G ‘SIA IR L ‘PUB[Od 1L61 “In[Azeg syvproutnysod ° 10 (y$81 “19Q9L]) vyddxorduws -
dnoi3 pavuaudd
€1/T1 ¢ 109096 .LEOS LOOTTA'G ‘SIA TRV ‘BISSNY 9761 ‘ovuarg-Kog vomy
dnoi3 pavuaudd
€1/T1 ‘¢ YSoVT . SPolh LOOT'IA ‘SIN BUIUE[] BIEIS [B1US)) ‘BLIESING 7881 ‘[AMUDNEA\ UOA IoUUNIE DSHIGO |
dnoi3 pavuaudd
€1/21 ‘€T LE€€9T . 1ToCh 800 1A"€T ‘0A0y[F ‘a8uey eyzpun], ‘elesng 1861 ‘Aysad apms [ 11
dnoi3 nssno.ry
v/€ ‘T TE6TT ,0€061 600T 1A ‘eLreAeg ‘Auewiion 8L8T ‘TAMUSNEA UOA JoUUNIY 1SSHD.LY ]
dnoiS nssno.y
/€ “Kande mof /| ,6£0CT 90067 LOOT'IA0 “SHA Apezozsorg ‘puejod ¥S61 ‘uereN sisuauard °f
dnoi3 vivpsoo
*P/€ “T/T L6Y061 ., T1oSY LOOT'IA'0 “ANUIdIA PeS IAON ‘BIGIOS 7881 ‘[AMUdNEA UOA TouUNIg Loysapout |
900T'A'6T
v/€ T L0¥oST .S0.EY ‘(oBuey ueN[EqPaI]) SIA BUIUE[] BIEIS JO S[[IY10O] 'TI
8007 1A°€T ‘SIA 2dopoyy ‘T dnou3 riaprouyos
/€ U1 .850ST ol eues[ng (5981 “Kvispreatrd) psopads
(8007 “Te 10 BMI|S-BYSMOJRYIIRA\ Ul 177240d =) dnoI3 stuuadiyoa.
S ‘v/€ .TTIT . EVoTh 900TIA'LT “SYA BUIUR[J BIB)S ISeq ‘elesng " 7881 ‘[Amuonep uoA souung spuuadyos °f
(800T “Te 10 eMI[S-BYSMOJRYIIBA 1172apd =) dNnoIS stuuadiiooa
(800T T8 10 BAMI[S-BYSMOFRYDIB A UI 10Uitind | SB
X “sb/€ T L€CLT LSolY 900T"A"6T ‘SIA Byzpuens ‘eLesng 2600Z AOUBQOUD) J0lE WAUOUAS — [86] “AdYSIJ 1ouitups [ =) TS| ‘IAMuNEM UoA Jouunig #paand Ty |
SIJRUIPIOOD dnoi3
TreuSis HSII-VNQ! [eorydeiSoon P10[[09 dIOYM SANI[EO0T dnoi3 soroads [eorSojoydiow pue saroadg VNG!

*SOUIOSOUIOIYO SNOSO[OWIOY USIM)Aq [eUSIS UONBZIPLIQAY JO 9ZIS 9Y) UI UOHBLIBA PUE SIWOSOWOIYD U0 NI JO Uonnquusip ay) jo uostredwod ‘pajos[jod o1om Apmis STy} ul pasn sa109ds o) a10ym uo eje( :pAydosy Jo sa1oadg [ a1av],

511



AR A A F B

e 25

X X

Fig. 1. C-banding staining (a) and FISH (b), using both 18S rDNA (green) and telomeric DNA (red) probes, of the karyotype of
Isophya rhodopensis (Smoljan population). Arrows indicate (a) thick C-bands and (b) rDNA sites near centromeric regions of the
acrocentric chromosomes. C-heterochromatin (a) and both the TTAGG and rDNA signals (b) on M varied between two homologous
chromosomes. X — sex chromosome. Bar = 10 pm.

1b), located on the autosomes and sporadically on the X
chromosome. The clusters were observed at meiosis from
diakinesis to metaphase I on bivalents and at mitosis on
the spermatogonial or oogonial metaphase chromosomes.
Hybridization with rDNA probes produced an identically
positioned signal at the oogonial mitotic metaphase and
on the spermatogonial mitotic and meiotic chromosomes.
According to the differences in number and location of
18S rDNA signals, three groups are specified (Table 1) as
follows.

Group L. In six species the rDNA clusters were evident
on two long bivalents at diplotene/diakinesis and four
autosomes at mitotic metaphase (Fig. 2a—d). They are
located near the centromeric regions of the autosomes
(probably 1* or 2™ — 1/2 and 3" or 4" — 3/4) of I. pavelii
(Fig. 2a), I speciosa (both populations), I. modestior
(Fig. 2b), I pienensis and I. kraussii, and distal to the
centromere on 3/4 and 5™ in I rectipennis (Fig. 2¢, d).
Additionally, a low intensity rDNA-FISH signal near the
centromeric region of the sex chromosome was observed
in I. pavelii (Fig. 2a).

Group II. Eleven species carried rDNA on a pair of
long (probably 3/4) and a pair of short chromosomes
(probably 11, 12 or 13) always near the centromeric
regions (Fig. 3a, b). Intra-specific variation in this pattern
was found in /. bureschi. Individuals collected from two
populations (Rila Mts and Pirin Mts) revealed signals on
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two autosomal pairs — long and short (L and S)
autosomes, whereas one population (Sastinska Sredna
Gora Mt.) showed a hybridization signal only on one pair
of short chromosomes (Fig. 3d, ¢). In addition, only one
out of four individuals collected on Plana Mt. (between
the two mentioned regions) possessed extra rDNA
sequences on the long bivalent.

Group III. In this group FISH revealed rDNA only near
the centromeric region on three or four bivalents, dif-
fering in size, of both populations of /. petkovi (Fig. 4a)
and on five bivalents of . leonorae and I. tosevski (Fig.
4b). Analysis of I rhodopensis and individuals deter-
mined as 1. rhodopensis/leonorae collected from different
populations showed wvariation in the position of 18S
rDNA on three to five pairs of chromosomes (Fig. 1b).

In some species comparisons, the rDNA-carrying chro-
mosomes differed in the size of the hybridization signal
on different autosomes. For example, in I. camptoxypha
the rDNA hybridization signal varied between autosomes,
the long pair had two discrete clusters whereas the short
pair only one signal (Fig. 5a). These differences suggest
chromosomal rearrangements. Sometimes the rDNA
cluster was on the shortest bivalent (Fig. 4a). The IDNA
signal on the long chromosome of 1. pavelii and I. modes-
tior, or short one of I longicaudata adamovici, also
varied in size (Table 1 — see the chromosome number
marked with an asterisk). In 1. rhodopensis (some popula-



Fig. 2. Diplotene (a) in I. pavelii with rDNA signals and (b) in . modestior FISH, using both the 18S rDNA (green) and telomeric
DNA (red) probes. Arrows indicate (a, b) rDNA sites in centromeric regions on two long bivalents (probably Li., Ls4) and (a) a low
intensity site on the X chromosome. Spermatogonial mitotic metaphase (c) and (d) diplotene in /. rectipennis from the Sliven popu-
lation using both the 18S rDNA and telomeric probes; arrows indicate rDNA clusters on probably L, and M;s bivalents distal to the
centromere (arrowheads), with (d) terminal or (in the right corner) interstitial chiasmata; (e) silver-stained diplotene with two active
NORs (arrows). TTAGG signals in (c) and (d) are weak. Bar = 10 um.

tions) and I. bureschi, the TtDNA-FISH signal was not
observed on one of the homologous chromosomes (Figs
1b, 5b) (Table 1 — marked with two asterisks).

The present analysis of the locations of active NORs
was not always congruent with the results of
Warchatowska-Sliwa et al. (2008). These differences
probably result from the lower number of cells analyzed
by Warchatowska-Sliwa et al. (2008), leading to an
imprecise determination of the size of the NOR bearing
chromosome and/or inability to detect the very small Ag-
NORs on some chromosomes. In the present study, both
the NOR activity and rDNA-FISH pattern were always
recorded on meiotic bivalents at prophase I of the same
individuals of each species. In most of the species ana-
lyzed, FISH signals were coincident with the active
NORs visualized by AgNOsstaining (Table 1 and Figs 2e,
3c, 4c). However, a lack of full congruency between the
location of rDNA and NOR activity was recorded for the
X chromosome of I pavelii, the 1/2 autosome of I
pienensis, the 12/13 of I. tosevski and in some individuals
of 1. rhodopensis/leonorae (the population from Rodopi
Mts, Trigrad-Zhrebevo).

FISH with the (TTAGG), probe (tDNA-FISH) was
used on the spermatogonial/oogonial mitoses and sperma-
tocyte nuclei at different stages of meiosis. In all Isophya
species the FISH signals were detected at the distal ends
of most autosomes. Differences in the intensity of
hybridization signals were detected among most of the
autosomes of each species and on the X chromosome of
some species (Fig. Sc—f). Generally, the tDNA-FISH sig-
nals on chromosomes of /. altaica, 1. plevnensis or I. rec-
tipennis (Fig. 2c, d) were weaker than on those of /.
gulae, I. leonorae, 1. modestior and I. camptoxypha (Figs
2b, 3b). tDNA-FISH signals were recorded on the centro-
meric regions of subacro/submetacentric X chromosomes.
The telomeric FISH signals on this chromosome differed
in most of the species.

DISCUSSION

The present study focused on the evolution of the
karyotype in Isophya by mapping the location of rRNA
coding genes on chromosomes using FISH and using
silver staining (AgNO;) to evaluate the activity of rDNA
clusters. These markers were used in an attempt to
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Fig. 3. FISH using both the 18S rDNA (green) and telomeric DNA (red) probes (a, b, d, ). (a) Mitotic metaphase of a female of /.
altaica and (b) diakinesis in 1. camptoxypha with rDNA signals near the centromeric regions (arrows) on one long (3/4) and one
short pair of chromosomes (11/13); (¢) silver-stained diplotene in 1. camptoxypha with two active NORs (arrows). (d) Diplotene and
(e) spermatogonial mitotic metaphase in /. bureschi with intra-specific polymorphism; rDNA cluster on (d) two bivalents (population
Rila Mts) and (e) only on one short chromosome (population from Sashtinska Sredna Gora Mt.). TTAGG signals in (e) are weak.

Bar =10 um.

improve the characterisation of the chromosomes and
compare the cytogenetic features of this genus.

rDNA-FISH patterns vary among the Isophya species
in terms of the number of signals and sizes of chromo-
somes bearing the 18S rDNA cluster. Quantitative
analysis of data (Table 1) showed that the number of
autosomes (within the haploid genome) bearing rDNA
clusters were two (in 15 species), exceptionally one (only
in two populations of I. bureschi) and rarely three to five
(6 species). Comparative analysis of the location of IDNA
among individuals from two or more geographical popu-
lations of the same species demonstrated the same FISH
signals in . speciosa, 1. miksici and I. petkovi. On the
other hand, the number of 18S rDNA sites detected in
populations and/or individuals of I bureschi, 1. rho-
dopensis and I. rhodopensis/leonorae varied from one to
two in I bureschi or three to five and two to five in the
Rhodopean specimens of 1. rhodopensis and 1. rhodo-
pensis/leonorae, respectively.

With respect to other Tettigoniidae so far analyzed, the
chromosome complement of Isophya shows an unusually
high number of active NORs. For example in most Tetti-
goniinae (see Warchatowska-Sliwa et al., 2005) and Sag-
inae (Warchatowska-Sliwa et al., 2009) the active NOR
with rDNA loci is located only on a single bivalent. In the
African species Lunidia viridis (Phaneropteridae) a

514

cluster of rDNA repeats corresponding to an active NOR
occur on a single large bivalent (Hemp et al., 2010). The
increased number of autosomes bearing NORs and/or the
varied location of these regions on the chromosomes of
some Isophya species should be considered as a derived
state caused by unknown chromosome rearrangements.
The inter-specific and intra-specific variation in the chro-
mosomal location of rDNA (analyzed using FISH) and
NOR activity (using Ag-NOR staining) could be
explained by different mechanisms: either structural chro-
mosomal rearrangements such as translocations or inver-
sions, ectopic re-combinations (e.g. Nguyen et al., 2010),
or transposition of rDNA repeats to new locations (see
Cabrero & Camacho, 2008). In most species of Isophya
the rDNA loci were located near the centromeric region,
with the exception of . rectipennis in which 18S rDNA
sites were distally located. Most probably, this species
exemplifies a small rearrangement in two long chromo-
somes resulting from a paracentric inversion that changed
the position of the rDNA loci. In some species with
rDNA loci situated on long or short autosomes, the size
of the positive FISH fluorescent signals varied between
homologous arms (e.g. Figs 3d, 5b). The latter suggests
the existence of polymorphism in the number of rDNA
transciptional units. Rearrangements such as transloca-
tions between homologous and non-homologous chromo-



Fig. 4. rtDNA-FISH signals (green; arrows) at diakinesis on (a) four bivalents of /. petkovi that differ in size and (b) five bivalents
of 1. leonorae near the centromeric region; (c) silver-stained diplotene in /. leonorae with five active NORs (arrows). Bar = 10 um.

somes or duplication of loci by unequal crossing-over
probably resulting in different numbers of copies of
homologous chromosome, could be implicated by the het-
eromorphic FISH signal (e.g. Boron et al., 2006).

The rDNA was frequently on a long chromosome (3/4)
in all Isophya species and this is probably a plesiomor-
phic state for these taxa. On the other hand, a short chro-
mosome (probably 11/13) was usually the characteristic
location in species belonging to the second and third
groups (Table 1). Only I. pavelii showed an extra inactive
cluster of rtDNA near the centromeric region of the X
chromosome. It is more likely that this cluster is a result
of rDNA spread than a remnant of a NOR lost in other
species due to fast divergence of the X chromosome.
Although, there are differences in the rates of differentia-
tion between sex chromosomes and the autosomes after
hybridization between closely related grasshoppers
(Gosalvez et al., 1997; Bridle et al., 2002).

In most orthopterans studied so far, the active NORs
are usually located in the constitutive heterochromatin
(e.g. Cabrero & Camacho, 1986; Marchi & Pili, 1994;
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Lépez-Leén et al., 1999; Warchatowska-Sliwa et al.,
2005). In accordance with this pattern, the rDNA clusters
in Isophya are located in the same chromosome regions in
which mostly thick, heterochromatic C-positive bands are
present (Fig. la, b; see also Warchatowska-Sliwa et al.,
2008), probably composed of multiple repetitive DNA
sequences. Silver staining was used to evaluate the
activity of rDNA clusters. However, it is known, that the
conventional silver staining method is sometimes unspe-
cific. It is generally used to reveal only active major ribo-
somal genes, but in some case, it also detects genomic
features other than NORs, thus producing false positive
results (Dobigny et al., 2004). The pattern of rDNA
hybridization has advantages over classical cytogenetic
methods; it is highly specific and moreover, may con-
tribute valuable additional information on homologies
between chromosomal segments.

In Isophya the number and chromosomal locations of
NORs detected in the first meiocytes indicate substantial,
although incomplete coincidence between FISH and
AgNOs; results. Thus, not all rtDNA clusters detected by

Fig. 5. Differences in intensity of the hybridization signals on Isophya chromosomes after FISH with 18S rDNA (green) and telo-
meric DNA probes (red). Hybridization areas varied in size (a) between autosomes in I. camptoxypha and (b) homologous chromo-

somes in 1. bureschi; c—f —

the X chromosome of the male; (c¢) FISH using both the 18S rDNA (green) and telomeric DNA (red)

probes in /. pavelii; differences in the intensity of the tDNA signals (d) in . camptoxypha, (€) I. andreevae and (f) I. toshevski. Bars

=1 pm (a—d, f) and 2 pm (e).
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FISH are active during meiosis (i.e. form nucleoli). This
is probably connected with inactive rDNA loci on the X
chromosome of 1. pavelii, on one of the long autosomes
of I. pienensis and in one I. bureschi individual. Similar
to our results, the combined use of FISH and silver
impregnation methods reveals the existence of inactive
rRNA genes in some species of grasshoppers (e.g. Lopez-
Leén et al., 1999; Cabrero & Camacho, 2008). So, as
shown by silver impregnation in Isophya species not all
rDNA clusters detected by FISH are active during
meiosis and the present analysis of the location of active
NORs is not completely congruent with the results of
Warchatowska-Sliwa et al. (2008). Also the fact that the
individual NOR-bearing chromosomes could not be iden-
tified weakens the usage of IDNA/NOR as a marker for
determining phylogenetic relationships between Isophya
species. The significance of rDNA clusters when chromo-
some homologies are not identified in evolutionary
studies are critically discussed by Dobigny et al. (2004).

The terminal locations of hybridization signals in Iso-
phya showed that the telomeres are composed of
(TTAGG), repeats, as in other orthopterans (e.g. Lopez-
Fernandez et al., 2004; Warchalowska-Sliwa et al., 2009;
Hemp et al., 2010). Differences in the intensity of the
hybridization signal detected among some autosomes and
X chromosomes between species may be related to the
presence of a different number of repeats of ribosomal
sequences. However, for a precise comparison, an
analysis with measurement of signal intensity is
necessary. On the other hand, the lack of tDNA-FISH sig-
nals could probably be due to a low copy of telomeric
repeats, insufficient for detection by the standard FISH
technique (Cabrero et al., 2007; Warchatowska-Sliwa et
al., 2009).

A high level of genetic polymorphism was detected
within the genus Isophya by using RAPD (Random
Amplification of Polymorphism DNA) markers (Grzy-
wacz & Warchatowska-Sliwa, 2008) and four DNA frag-
ments — two mitochondrial (cytochrome oxidase II —
COll, cytochrome b — cytb) and two nuclear sequences
(internal transcribed spacer I and II — ITSI, ITS2)
(Grzywacz-Gibata et al., 2010). These results show some
conflict with the systematics of the group based on mor-
phological and bioacoustic data and represent only the
first step in the reconstruction of the phylogeny of Iso-
phya.

The first mapping of the chromosomal location of 18S
ribosomal genes revealed variability among the Isophya
species and partly corresponded to the morphological
groupings proposed in earlier studies (e.g. Warcha-
towska-Sliwa et al., 2008; Chobanov 2009a, b). Six spe-
cies from the first group (Table 1) based on the
localization of the 18S rDNA (Table 1) showed a FISH
signal only on two long autosomes (1/2, 3/4). These spe-
cies belong to four morphological groups (after
Warchatowska-Sliwa et al., 2008): (1) the most primitive
ones belong to the Isophya rectipennis group (I. rectipen-
nis, 1. pavelii, etc.), (2) the highly morpho-acoustically
specialized schneideri (I. speciosa) group, and (3/4) the
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costata | kraussii relatives. Species with rDNA loci on
one long (3/4) and one short (11-13) chromosome belong
to the pyrenaea group (I. gulae, 1. obtusa, I. altaica and 1.
camptoxypha) and partly to the modesta group (after
Warchatowska-Sliwa et al., 2008). Furthermore, in the
remaining species of the modesta group, the number of
autosomes bearing rDNA loci ranged from two to five.
The variation observed between and within taxa of the
modesta group at the genetic level, including the number
of rDNA sites (present paper) and variation in DNA frag-
ments (COII, cytb, ITS1, ITS2) (Grzywacz-Gibata et al.,
2010), is higher than the morpho-behavioural diversity
known in this group. The great similarities between taxa
of this group and observed intra-specific variation suggest
the recent evolution of the I modesta relatives
(Grzywacz-Gibata et al., 2010). The genetic differences
(based both on rDNA markers and DNA fragments)
between populations of 1. bureschi, 1. rhodopensis and I.
rhodopensis/leonorae suggest ongoing divergence in iso-
lated or remote populations and probable hybridization in
the zones of secondary contact.

In conclusion, the present study has focused on the
cytogenetic mapping of rRNA coding genes and telo-
meric sequences in the genus Isophya. The variation in
the number and situation of 18S rDNA loci and/or Ag-
NORs in the stable karyotype of this genus are probably
important species-group specific phylogenetic markers.
Analysis of these markers reveals that the evolutionary
dynamics of rDNA in this genus is remarkably high,
which is confirmed by changes in the chromosomes
bearing signals at inter- and intra-specific levels. Future
karyotype analyses using FISH with rRNA gene
sequences and telomeric sequences should be carried out
on other related genera of Barbitistini to gain a more
comprehensive view of chromosome evolution in the
Phaneropterinae.
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