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Abstract

In this work we present a new karyotype for Rhipidomys Tschudi, 1845 (Cricetidae, Rodentia) from Brazil.
Our chromosome analyses included GTG- and CBG-banding patterns, the localization of the nucleolus
organizer regions after silver staining (Ag-NORs) and fluorescence 77 situ hybridization (FISH) with a tel-
omere probe. The new karyotype is composed of 44 chromosomes and has a fundamental number (num-
ber of autosomal arms) of 48. Most Rbipidomys species already karyotyped presented similar complements
with 2n=44, but their fundamental numbers varied from FN=46 to 80, a variation that has been mainly
attributed to pericentric inversions. The comparison of this new karyotype to those of other Rhipidomys
already reported allowed us to conclude that it is a distinctive chromosome complement, which can be of
great use as a tool for the very complicated taxonomic identification in this genus.
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Introduction

The Neotropical rodent Rhipidomys Tschudi, 1845 (family Cricetidae) is an arboreal
genus belonging to the largely diverse subfamily Sigmodontinae, whose phylogenetic
relationships are difficult to resolve, resulting in taxonomic uncertainties at every level,
from species to tribes (Musser and Carleton 2005).
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Rhipidomys is widely distributed and has been reported from Panama to southeast-
ern Brazil and northern Argentina. The distribution of many species remains uncertain
and there are several reports of undescribed species (Tribe 1996, Musser and Carleton
2005). Besides the eighteen species recognized by Musser and Carleton (2005), three
additional species have been identified: R. ipukensis Rocha et al., 2011, R. tribei Costa
etal., 2011 and R. 7toan Costa et al., 2011, and a further unnamed clade from central
and eastern Brazil has been recognized (Costa et al. 2011, Rocha et al. 2011). Twelve
of the recognized Rhipidomys species have been found in Brazil: R. macconnelli De
Winton, 1900, R. leucodactylus Tschudi, 1845, R. werzeli Gardner, 1989, R. nitela
Thomas, 1901, R. macrurus Gervais, 1855, R. gardneri Patton et al., 2000, R. emiliae
J.A. Allen, 1916, R. mastacalis Lund, 1840, R. cariri Tribe, 2005, R. ipukensis, R. tribei
and R. itoan, and an additional undescribed species has been reported as Rhipidomys sp
2 (Tribe 1996, Musser and Carleton 2005, Bonvicino et al. 2008, Costa et al. 2011).

Eleven species of Rhipidomys have already been karyotyped and, with the exception
of R. nitela (2n=48) and Rhipidomys prope nitela (2n=50), all presented karyotypes
with 2n=44 chromosomes. In contrast with the conservation of diploid numbers, the
karyotypes of Rhipidomys showed fundamental numbers ranging from FN=46 to 80,
a variation mainly attributed to pericentric inversions. The available karyotypical data
for Rhipidomys are summarized in Table 1. Most cytogenetic studies on this genus
were performed with conventionally stained karyotypes and in less than half the GTG-
CBG- or AgNOR-banding patterns were also included.

Table 1. Summary of the available chromosome data for Rbipidomys. ' As R. sclateri, which was later con-
sidered a synonym of R. leucodactylus (Musser and Carleton 2005). ?Identified by Tribe (1996), originally
reported as Rhipidomys sp. > As R. cearanus (Zanchin et al. 1992), later considered as a synonym of R.
mastacalis (Musser and Carleton 2005).

Group Species 2n/FN  |Locality Reference
44/ 46 |Rio Jurud (AM) Patton et al. 2000
44/ 48 Rio Jamari (RO), Caldas Novas, |Zanchin et al. 1992,
R lewcodactvl. Serra da Mesa (GO) Andrades-Miranda et al. 2002
- feucoacyit 1441 481 | Cueva del Agua (Venezuela) Aguilera et al. 1994
44/ 52 Serr.a da Mesa (GO), Andrades-Miranda et al. 2002
Caxiuana (PA)
Rhipidomus sp. 44/ 48 | Berilo (MG) This work
R. latimanus 44/ 48 | Penas Blancas (Colombia) Gardner and Patton 1976
Rhipidomys z ;
Aguas Emendadas (DF), Svartman and Almeida 1993,
leucodactylus 44/ 48 . . . .
R. macrurus Chapada Diamantina (BA) Pereira and Geise 2007
44/ 49 |Granja do Ipé¢ (DF) Svartman and Almeida 1993
44/ 49* |Casa Grande (SP) Svartman and Almeida 1993
R prope 44/ 50* |Monte Verde (ES) Zanchin et al. 1992
macrurus 44/ 50 | Garrafio (R]) Tribe 1996
44/ 51 |Mocambinho (MG) Tribe 1996
R. gardneri 44/ 50 |Rio Jurud (AC) Patton et al. 2000

R. macconnelli 44/ 50 |La Escalera (Venezuela) Aguilera et al. 1994
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Group Species 20/FN | Locality Reference
, . . . _ Silva and
R. cf. mastacalis 44/ 52 | Vila Rica (MT), Aripuana (MT) Yonenaga-Yassuda 1999
. 44/
R. itoan 48,49.50 SP and R] Costa et al. 2011
Lagoa Santa (MG), Unacau (BA), |Zanchin etal. 1992,
44/ 74 | Casimiro de Abreu (R]), Paresque et al. 1994,
Rhipidomys Reserva Biol6gica Duas Bocas (ES) | Tribe 1996
. R. mastacalis .
mastacalis 44/ 76 |Serra da Mesa (GO) Andrades-Miranda et al. 2002
44/ 80 |Serra da Mesa (GO) Andrades-Miranda et al. 2002
344/ high |Serra dos Cavalos (PE) Zanchin et al. 1992
Rhipidomys
. with high FN x , Silva and Yonenaga-Yassuda
Hybrid Rhipidomys with 44/ 61 |M. Chapéu (BA) 1999
low FN
44/ 71 | San Ignacio, (Venezuela) Tribe 1996
Rbividh R. nitela 48/ 67 |LaTrinité (French Guiana) Volobouev and Catzeflis 2000
nz’tZZz o 48/ 68 |Surumurt (RR) Andrades-Miranda et al. 2002
) Silva and
R. prope nitela | 50/ 71,72 | Manaus (AM) Yonenaga-Yassuda 1999

In this work, we present a new karyotype for Rhipidomys. Our analyses included
GTG- and CBG-banding patterns, the silver staining location of the nucleolus organizer
regions (Ag-NORs) and fluorescence 77 situ hybridization (FISH) with a telomere probe.

Material and methods

We analyzed five specimens (two males and three females) of Rhipidomys sp. captured in
2004 in a dry land region in the margins of the Jequitinhonha river, in Berilo, state of
Minas Gerais, Brazil (16°57'06"S, 42°27'56"W; Fig. 1) under the license 129/04-NU-
FAS/MG from the Instituto Brasileiro para o Meio Ambiente - IBAMA. The skins and
skulls were deposited at the Museu de Ciéncias Naturais da Pontificia Universidade
Catdlica de Minas Gerais, in Belo Horizonte, Minas Gerais State, Brazil, under the num-
bers: MCNM 1643, 1644 (two males) and MCNM 1646, 1647, 1648 (three females).

Chromosome preparations were obtained from bone marrow according to the
technique described by Ford and Hamerton (1956). GTG- and CBG-banding pat-
terns were obtained following Seabright (1971) and Sumner (1972), respectively, and
silver staining of the nucleolus organizer regions (Ag-NORs) was performed accord-
ing to Howell and Black (1980). FISH with the (T,AG,)  telomere sequence was
performed with the Telomere PNA Kit/FITC (Dako Cytomation) according to the
manufacturer’s instructions.

The chromosomes were arranged based on the karyotype described for specimens
of Rhipidomys sp. by Svartman and Almeida (1993), which were later identified as R.
macrurus (Tribe 1996).
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Figure |. Map showing the collection locality of the Rhipidomys sp. analyzed.

Results

The two males and three females of Rhipidomys sp. analyzed presented a diploid num-
ber of 2n=44 chromosomes and a fundamental number FN=48. This karyotype was
composed of 21 pairs of autosomes: 18 pairs of acrocentrics with gradual variation in
size from large to small (pairs 1 to 9 and 11 to 19), one pair of medium subtelocentrics
(pair 10), one pair of small metacentrics (pair 20) and one pair of small submetacen-
trics (pair 21). The X chromosome was a large submetacentric with polymorphism in
the size of its short arms and the Y chromosome was a very small acrocentric. Autoso-
mal pairs 1, 10, 19, 20 and 21, the X and the Y chromosomes were the only identifi-
able chromosomes after conventional Giemsa staining (Fig. 2).

After GTG-banding all the autosomes and the sex chromosomes could be identi-
fied. The X chromosome presented the two typical mammalian dark GTG-bands in
its long arm and no bands were observed on its short arms. The Y chromosome had an
indistinct staining (Fig. 3).
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Figure 2. Karyotype of Rhipidomys sp. male (2n=44, FN=48) after conventional Giemsa staining. In
the inset, the sex chromosomes of a female. Note the variation in the size of the short arms of the X

chromosomes. Bar = 10 pm.
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Figure 3. GTG-banded karyotype of Rhipidomys sp. male (2n=44, FN=48). In the inset, the sex chromo-

somes of a female. Bar = 10 pm.
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CBG-banding revealed the presence of constitutive heterochromatin in the peri-
centromeric region of most autosomal pairs. The short arm of the X chromosome was
entirely heterochromatic with a stronger stained pericentromeric region and the Y
chromosome displayed a small pericentromeric C-band (Fig. 4).

Silver staining revealed one to five nucleolus organizer regions (Ag-NORs)
per cell. The Ag-NORs were located on the short arms of medium/small acro-
centric autosomes. From the 151 analyzed cells, the majority (57) showed four
Ag-NORs. Associations between NORs were frequent (Table 2, Fig. 5). FISH
with the telomere sequences revealed signals only at the telomere regions of all
chromosomes (Fig. 6).

Figure 4. CBG-banding in a metaphase of Rhipidomys sp. female (2n=44, FN=48). Bar = 10 pm.
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Figure 5. Silver staining of the nucleolus organizer regions (Ag-NORs) in the karyotype of Rhipidomys sp.
female (2n=44, FN=48). Bar = 10 pm.

Figure 6. Metaphase of Rbipidomys sp. female (2n=44, FIN=48) after FISH with a telomere probe. Bar = 10 pm.
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Table 2. Number of Ag-NOREs per cell in Rbipidomys sp. (2n=44, FN=48).

Number of chromosomes with Ag-NORs
1 2 3 4 5 Total
" MCNM 1643 (Male) 4 5 10 10 1 30
T |MCNM 1644 (Male) 2 6 6 13 3 30
| MCNM 1646 (Female) 5 4 10 7 4 30
ié’ MCNM 1647 (Female) 1 3 16 11 0 31
Z: MCNM 1648 (Female) 1 0 12 16 1 29
Total 13 18 54 57 9 151
Discussion

Besides the karyotype of Rhipidomys sp. presented herein, four other species of Rhipi-
domys with the karyotype formula of 2n=44 and FN=48 have been described: R. /a-
timanus Tomes, 1860 from Colombia, for which no karyotype picture has been pre-
sented (Gardner and Patton 1976); R. macrurus from the Brazilian states of Goids and
Bahia (Svartman and Almeida 1993, Pereira and Geise 2007), R. leucodactylus collected
in the Brazilian states of Rondénia and Goids (Zanchin et al. 1992, Andrades-Miranda
etal. 2002) and in Venezuela (Aguilera et al. 1994), and R. izoan from the states of Sao
Paulo and Rio de Janeiro. The animals from Venezuela were originally identified as R.
sclateri (Aguilera et al. 1994), which was later recognized as a synonym of R. leucodac-
tylus (Musser and Carleton 2005).

The karyotype of Rhipidomys sp. studied herein differed from that of R. macrurus
(2n=44, FN=48) from Goids (Svartman and Almeida 1993) in the morphologies of
pair 10 and of the smallest autosome pair. Pair 10 was subtelocentric in Rhipidomys
sp. and acrocentric in R. macrurus, whereas the smallest autosome pair was acrocentric
in Rhipidomys sp. and metacentric in R. macrurus. The X chromosome was submeta-
centric in R. cariri and acrocentric in R. macrurus. The CBG-banding patterns also
differed between both species, as only a very small amount of constitutive heterochro-
matin was detected in R. macrurus (Svartman and Almeida 1993), compared to the
pericentromeric C-bands found in most autosomes of Rhipidomys sp. (Fig. 3). Silver
staining revealed the presence of 1 to 5 chromosomes with nucleolus organizer regions
(Ag-NORYs) in Rhipidomys sp. All the NOR-bearing chromosomes were medium ac-
rocentrics similar to the three pairs that presented Ag-NORs in Rhipidomys macrurus
(Svartman and Almeida 1993).

GTG-banding patterns have not been described for R. leucodactylus, also with
2n=44 and FN=48. From the three biarmed autosomes found in the karyotype of this
species, two are comparable in size to the medium acrocentric pair 15 and the third
is the smallest autosome pair (Zanchin et al. 1992, Aguilera et al. 1994, Andrades-
Miranda et al. 2002), whereas in Rhipidomys sp. the biarmed chromosomes correspond
in size to pairs 10, 15 and 16. The X chromosome also differed between both species,
being biarmed in R. sp. and acrocentric in R. leucodactylus. Interestingly, the comple-
ment of R. leucodactylus seemed identical to that of R. macrurus from Goids (Svartman
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and Almeida 1993), but the absence of GTG-banding patterns of R. leucodactylus in
the literature hindered further comparisons.

In Rhipidomys itoan with 2n=44 and FN=48 the smallest autosome pair was a sub-
metacentric (Costa et al. 2011), differing from the acrocentric smallest autosome of R.
sp. presented herein. Morphological variations were observed in two large pairs of R.
itoan, that could be acrocentric or biarmed, leading to higher fundamental numbers
(FN=49 and 50). No such variation was detected in our specimens.

The absence of banding patterns descriptions limited the comparisons of the com-
plement of R. sp. described in this work and those of R. 7toan and R. leucodactylus to
conventionally stained chromosomes.

The Rhipidomys species already recorded in Minas Gerais were R. macrurus, which
is probably distributed in the remaining Cerrado fragments of the state, R. mastacalis,
which was collected in the Atlantic Forest in eastern and southern Minas Gerais, and
R. tribei, known from only a few sites in the southeastern part of Minas Gerais (Tribe
1996, Bonvicino et al. 2008; Costa et al. 2011).

Rhipidomys mastacalis is characterized by a high fundamental number (FN=74
through 80) (Zanchin et al. 1992, Paresque et al. 1994, Tribe 1996, Andrades-Miranda
et al. 2002) which promptly allows to differentiate its karyotype from that of Rhipi-
domys sp. (FN=48). On the other hand, R. macrurus (FN=48-50; variation due to poly-
morphism in the morphology of pair 10) (Svartman and Almeida 1993, Pereira and
Geise 2007) presented a complement very similar to that of Rhipidomys sp. (FN=48).
Nevertheless, as discussed above, the two karyotypes differ in the morphology of the
smallest autosome pair (pair 19, acrocentric in Rhipidomys sp., and pair 21, metacentric
in R. macrurus), and in the amount of constitutive heterochromatin, which can thus be
used to differentiate both species. No chromosome data are available for R. #ibei.

FISH with telomere sequences has been previously performed in specimens of R.
nitela, R. mastacalis and R. leucodactylus (Andrades-Miranda et al. 2002), R. prope mas-
tacalis and in animals of two unidentified species (Silva and Yonenaga-Yassuda 1999).
As for Rhipidomys sp. presented herein, only terminal signals were observed in the cells
of all these specimens. Interstitial signals, which could give clues on chromosome rear-
rangements, have not been observed in Rhipidomys as yet.

The identification of Rhipidomys specimens from southeastern Brazil at the species-
level has proven to be specially challenging, with R. macrurus and R. mastacalis being
among the most taxonomically complicated taxa studied (Musser and Carleton 2005;
Tribe 1996, Costa et al. 2011).

Chromosome analyses may be useful for the identification of species, especially in
complicated taxonomic groups, as is the case of many rodent taxa. As stressed by Tribe
(1996), the use of non-morphological characters, as karyotypes, allozymes and DNA
sequences, may help in clarifying the phylogenetic relationships and in the taxonomic
identification of Rhipidomys species. This prediction has proven right in works like
those of Costa et al. (2011) and Rocha et al. (2011), which used molecular data to fur-
ther the knowledge of the genus, resulting in the description of new species and in the
clarification of some phylogenetic relationships. Likewise, karyotypical data, especially



236 Ana Heloisa de Carvalho et al. /| Comparative Cytogenetics 6(3): 227-237 (2012)

those including banding patterns, are likely to add new information and to help in
clarifying the taxonomy and phylogenetics of this intriguing rodent genus.

With the available data, it seems evident that a larger collection effort including a
wider geographical range and complemented by cytogenetic and molecular studies will
be needed in order to establish the phylogenetic relationships and phylogeography of
Rhipidomys in Brazil. Nevertheless, as exemplified in this work, the use of chromosome
data has already proven to be a useful tool in resolving taxonomic issues in this genus.
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Abstract

Humulus japonicus Siebold & Zucc (Japanese hop) is a dioecious species of the family Cannabaceae. The
chromosome number is 2n = 16 = 14 + XX for females and 2n = 17 = 14 + XY1Y2 for male. To date,
no fluorescence i situ hybridization (FISH) markers have been established for the identification of H.
Jjaponicus sex chromosomes. In this paper, we report a method for the mitotic and meiotic sex chromo-
some differentiation in H. japonicus by FISH for HJSR, a high copy subtelomeric repeat. The signal is
present in the subtelomeric region of one arm of the X chromosome. We demonstrate that males have two
Y chromosomes that differ in FISH signal with the HJSR probe. Indeed, the HJSR probe hybridizes to
a subtelomeric region on both arms of chromosome Y1 but not of chromosome Y2. The orientation and
position of pseudoautosomal regions (PAR1 and PAR2) were also determined.

Keywords
Humulus japonicus, sex chromosomes, sex determination in plants, subtelomeric repeat, fluorescence in
situ hybridization

Introduction

Humulus japonicus Siebold & Zuccarini, 1846 (Japanese hop) is a dioecious, climbing
and annual species of the family Cannabaceae. The chromosome number is 2n = 16 =
14 + XX for females and 2n = 17 = 14 + XY1Y2 for males. The sex of H. japonicus is

Copyright Oleg Alexandrov et al. This is an open access article distributed under the terms of the Creative Commons Attribution License 3.0
(CC-BY), which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.
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determined by the ratio of X chromosomes and autosomes sets (A); a X:A ratio of 1.0
results in a female and a ratio of 0.5 results in a male (the Y chromosomes are dispen-
sable) (Bridges 1921, Parker and Clark 1991, Shephard et al. 2000, Ming et al. 2007,
Ming et al. 2011). The Y chromosomes in H. japonicus are markedly heterochromatic
(Shephard et al. 2000). The multiple sex chromosome system (XX/XY1Y2) is similar
to that of Rumex acetosa Linnaeus 1753, a model species in studies of sex determination
and sex chromosome organisation in plants (Ruiz Rején et al. 1994).

The closest relative of H. japonicus is the common hop Humulus lupulus Linnaeus,
1753. H. lupulus has the same sex determination system as in Japanese hop (X/A) but
it differs in chromosome number (2n = 20 in both female and male plants) and in
sex chromosome systems (XX/XY) (Winge 1929, Ono 1955, Shephard et al. 2000).
Molecular phylogenetic analyses of cpDNA and nuclear rDNA coding regions in /.
lupulus and H. japonicus have revealed the high similarity of these two species. The
time of divergence between these two species was estimated to be 6.38 million years
ago (Murakami et al. 2006).

Due to the great economic importance of H. lupulus, molecular methods to assess
genetic variability and genome organisation have been developed for this species. To
understand sex chromosome evolution and organisation in plants, sex-linked genetic
and cytogenetic markers are required. Male-specific DNA markers have been identi-
fied in H. lupulus (Polley et al. 1997, Seefelder et al. 2000, Danilova and Karlov 2006,
Jakse et al. 2008) and recently in H. japonicus (Alexandrov et al. 2011).

Cytogenetic markers of H. lupulus sex chromosomes were established by application
of C-banding/DAPI (Karlov et al. 2003) and FISH with a subtelomeric repeat (HSR1)
as a probe (Divashuk et al. 2011). Cytogenetic analysis of H. japonicus has been limited,
and little is known about the molecular cytogenetic organisation of the H. japonicus sex
chromosomes. After conventional staining, autosomes and sex chromosomes cannot
be morphologically distinguished from each other. Recently, molecular characterisation
of the H. japonicus karyotype was completed by Kim et al. (2008) and Grabowska-
Joachimiak et al. (2011). Using telomere repeats, 5S and 45S rDNA probes and C-
banding/DAPI staining, a fluorescent karyotype was constructed. The latter study dem-
onstrated that sex chromosomes of H. japonicus display unique DAPI banding patterns.
The X chromosome possesses only one brightly stained AT-rich terminal segment, while
Y1 has 2 such segments, and Y2 have no DAPI positive signal. This distribution of signal
and the large size of the sex chromosomes allowed the authors to distinguish them from
the autosomes and each other (Grabowska-Joachimiak et al. 2011).

A trivalent formation comprising Y1-X-Y2 associated with terminal chiasmata has
been observed during meiosis in H. japonicus (Shephard et al. 2000, Kim et al. 2008).
However, these observations were made without the benefit of cytogenetic markers for sex
chromosomes, and nothing is known about their orientation in the trivalent formation.

To date, no FISH markers have been established for the identification of AH.
Jjaponicus sex chromosomes. In this paper, we report a method for sex chromosome
differentiation in H. japonicus by FISH with the subtelomeric repeat HJSR on mitotic
and meiotic chromosomes.
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Material and methods

Male and female plants of Humulus japonicus raised from seeds of cv. Samuray
(“Gavrish seeds”, Moscow, Russia) and seed lot Ne 4 (“Flos”, Moscow, Russia) were
used in this study.

Total genomic DNA was isolated from young leaf material using the CTAB meth-
od (Rogers and Bendich 1985). To isolate the H. japonicus subtelomeric repeat HJSR,
the DNA was digested by various restriction enzymes (Alul, Dral, EcoR1, Hin6l, Hin-
I, Hindl1l, Kpnl, Notl, Pstl, Xmil, Bcl, Haelll, Vha4641, BamH]I, Ncol, Tagl). The
bands obtained after gel electrophoresis were carefully cut out from the gel, and the
DNA was eluted with the QIAquick Gel Extraction Kit. The cloning of the eluted
DNA was performed with the pUC 19 vector. Nucleotide sequences were determined
using an ABI 3130 XL (Applied Biosystems) after sequencing reactions with a Big Dye
Terminator v 1.1. Cycle Sequencing Kit (Applied Biosystems). BLAST analysis was
performed according to standard procedures.

Mitotic metaphase chromosomes were prepared from fast growing root tip mer-
istems collected from plants. They were pre-treated in 0.01 % a-bromonaphtalene at
4°C for 24 h and fixed in 3:1 (v/v) 96% ethanol: glacial acetic acid at room temperature
for 1 h. For preparation of the microscopic slides, the root tips were rinsed in running
water for 1 h and in distilled water three times and then were incubated in a 10 mM
citrate buffer (pH 4.9) containing 0.4 % cellulase Onozuka R10 (Serva, Germany) and
0.2 % pectolyase Y-23 at 37°C for 3 h. Afterwards, the macerated root tips were spread
by dissecting the tissue in 60 % acetic acid and by squashing it under a coverslip.

For meiotic chromosome preparations, the young anthers about 3-5 mm long at
metaphase I were collected and fixed directly in acetic-ethanol (1:3) for 1 h, rinsed
in water and then incubated for 2-3 hours in pectolytic enzymes containing 0.8 %
cellulase Onozuka R10 (Serva, Germany) and 0.4 % pectolyase Y-23 in a 10 mM
citrate buffer (pH 4.9). After two washes in distilled water, the anthers were carefully
transferred onto grease-free slides, and the pollen mother cells were dissected out of the
anther into a 1 pl droplet of water. Then, 5 pl of 60 % acetic acid was added, and the
pollen mother cells were left for 2—-3 minutes until the cytoplasm became sufficiently
clear. The cells were then squashed under a coverslip.

For fluorescence in situ hybridization (FISH), the plasmid with the H. japonicus
HJSR subtelomeric repeat DNA was labelled with dioxigenin-11-dUTP. The 1 pg sam-
ple of the purified DNA was labelled by nick translation according to the manufacturer’s
protocol (Roche Diagnostics Gmbh, Germany). The chromosome and probe denatura-
tion as well as hybridization and posthybridization washes were performed as described
by Karlov et al. (2003). The chromosome preparations were counterstained with 5 pg/
ml propidium iodide and mounted in Vectashield (Vector Laboratories, UK).

For detection of Arabidopsis-type telomere repeat in H. japonicus chromosomes se-

quential FISH was applied. Cover glasses were carefully removed after by washing for
1 h with 0.2 % Tween 20. Probe DNA was dissociated from the chromosomes with
70 % formamide in 2xSSC for 5 min. Slides were the dehydrated for 3 min each of 70,
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90 and 100 % (v/v) ethanol, and air-dried. A new hybridization mix was added to the
slides. The Arabidopsis-type telomere probe used was the deoxyribinucleotide oligomer
(5’-CCCTAAA-3’), synthesised with a TAMRA label (ZAO “Syntol”, Moscow, Rus-
sia) at the 5’ end. The chromosome preparations were counterstained with DAPI.

The slides were observed under an Axiolmager.M1 fluorescent microscope, pho-
tographed with a monochrome AxioCam MRm CCD camera, and visualised using
Axiovision software (Carl Zeiss). In each experiment, at least 35 chromosome plates
were analysed.

Results

The isolated and cloned HJSR Kpnl-repeat was sequenced and found to be 380 bp in
length (GU831573). No sex specific differences have been found between the sequenc-
es of male and female plants. The consensus sequence of 380 bp fragment is 63.4 % AT
and does not possess any direct or inverted sequences of significant length. The BLAST
analysis did not reveal any significant homology with sequences of other organisms.

The FISH signals observed with the HJSR probe were localised to subtelo-
meric regions of the chromosomes, and the signals were observed at one or both
distal ends of each chromosome in both males and females. However, the signal
was completely absent on one pair of autosomes from males and females and ad-
ditionally on one of the three biggest chromosomes from males (Fig. 1). The FISH
signal colocalised with the subtelomeric DAPI positive bands. No signal was de-
tected from the interstitial regions of the chromosomes. The metaphase plates of
the male and female plants were compared and revealed that the female metaphase
plates carry two X chromosomes with the HJSR repeat signal on one of the arms
(Fig. 1a, ¢). The male metaphase plates appeared to possess chromosome X with
one signal, chromosome Y1 with signals on both arms and chromosome Y2 with
no signal (Fig. 1d, f). FISH of the mitotic chromosomes of H. japonicus with a
probe for an Arabidopsis-type telomere repeat showed signals on the all chromo-
some ends of both male and female plants (Fig 1b, e). The locations of the FISH
signals from the telomeric probe were more distal from the centromere than those
with the HJSR probe. No interstitial Arabidopsis-type telomere repeat signals were
observed on the chromosomes.

The results of the mitotic metaphase plate analyses are in agreement with the
physical mapping of the HJSR to the meiotic chromosomes at diakinesis (Fig. 2). We
identified the Y1-X-Y2 trivalent formation (Fig. 2a, b). The different ends of the X
chromosome pair with different Y chromosomes. The Y1 chromosome, revealed HJSR
FISH signals on both arms, pairs with arm of the X chromosome also carrying HJSR
FISH signal. The Y2 chromosome has no HJSR FISH signal and pairs with the X
chromosome arm that lacks a signal. This finding allows us to conclude that the pseu-
doautosomal regions (PAR1 and PAR?2) are located at distal parts of both arms of the
X chromosome and distally on one arm of each Y chromosome (Fig. 2¢).
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Figure |. The mitotic chromosomes of H. japonicus. The chromosomes are counterstained by propidium
iodide (red). The high copy HJSR subtelomeric repeat (green) is mapped to the female (a) and male
(d) mitotic chromosomes of H. japonicus by FISH. The X, Y1 and Y2 chromosomes are marked by arrows.
Sequential FISH with the Arabidopsis-type telomeric repeat on metaphase chromosomes of female (b) and
male plants (e). The katyotypes of female (c) and male (f) plants.
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Figure 2. The meiotic chromosomes of H. japonicus at diakinesis with FISH signals for the HJSR repeat
(green). The trivalent Y1-X-Y2 formation and chiasmata between the sex chromosomes can be clearly ob-
served (a). The trivalent Y1-X-Y2 formation from (a) with combined signal of Arabidopsis-type telomeric
repeat after sequential FISH (red) (b). Schematic diagram of the H. japonicus X, Y1 and Y2 chromosomes
(c) with the hybridization of the HJSR probe (green) and the Arabidopsis-type telomeric repeat probe
(red). The pseudoautosomal regions (PAR1 and PAR2) are indicated by the arrows.

Discussion

Most satellite DNAs are specific at the species or species subgroup levels (Kazama et al.
2003). Their presence and distribution reflect evolutionary events (Kubis et al. 1998,
Koo et al. 2010). In this study, we isolated and described for the first time a new satel-
lite DNA subtelomeric repeat, HJSR. This satellite DNA is localised at subtelomeric
positions and colocalises with DAPI positive bands, except for the interstitial DAPI
positive bands on chromosomes 3 and 7 discovered by Grabowska-Joachimiak et al.
(2011). This signal pattern is in agreement with the DAPI staining, which detects AT-
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rich regions such as HJSR (63.4 %). The absence of this repeat in interstitial DAPI
bands of chromosomes 3 and 7 indicates the presence of another type of AT-rich re-
peat. Interestingly, there are differences between the chromosomes with subtelomeric
HJSR repeats on one or both arms, and the distribution of signal on the sex chromo-
somes is also different. These observations suggest the occurrence of chromosome reor-
ganisation, implying that duplications or deletions may have occurred. In the common
hop (Humulus lupulus L.), a Kpnl species specific subtelomeric repeat (HSR1) has also
been cloned (Divashuk et al. 2011). The chromosome organisation of H. lupulus X
chromosomes, as assessed by FISH for a subtelomeric repeat, was different from that
of H. japonicus. Unlike H. japonicus, H. lupulus X chromosomes contain an interstitial
HSRI1 subtelomeric repeat site near the centromere. This difference reveals a karyotype
reorganisation and sex chromosome evolution among these two closely related species.
This also explains the different number and position of 5S and 45S rDNA loci on the
autosomes of these two species (in H. lupulus 2 and 1, and in H. japonicus 1 and 2 loci,
respectively) (Karlov et al. 2003, Kim et al. 2008, Grabowska-Joachimiak et al. 2011).
Also, a higher amount of nuclear DNA has been found in A. lupulus (2C = 5.6 pg vs.
3.2 pg) (Grabowska-Joachimiak et al. 2006). The lower DNA content in H. japonicus
may be due to the loss of subtelomeric repeats, as shown in our study for one pair of
autosomal chromosomes and chromosome Y2. In contrast, all chromosomes of H.
lupulus have subtelomeric Kpnl-repeats (Divashuk et al. 2011).

The orientation of the pseudoautosomal regions on the X chromosome indicates
the important role of subtelomeric repeats in sex chromosome genesis. The nature
of the Y chromosomes of Humulus is puzzling. The unusual sex chromosome system
XX/XY1Y2 in H. japonicus points to the role of chromosome translocations in the
karyotype evolution of this species. According to Ohno’s (1967) hypothesis, multiple
sex chromosomes have evolved from the standard XX/XY systems by interchanges be-
tween autosomes and sex chromosomes. This has been shown in Silene diclinis (Lag.)
M. Lainz, 1963 (Howell et al. 2009) and may also have occurred in H. japonicus.
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Abstract

A revision of the main and alternative banding sequences in chromosome II (CD) has been made for all 14
species of the Chironomus plumosus (Linnaeus, 1758) group. A new version of mapping has been suggested
for 10 out of 18 banding sequences of arm C and 12 out of 22 banding sequences of arm D. Mapping of
7 banding sequences has been done for the first time according to the Keyl-Devai system. Phylogenetic
relationships of banding sequences of chromosome II have been discussed.
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Introduction

The Chironomus plumosus (Linnaeus, 1758) group of sibling species is a unique object
for the study of patterns in linear reorganization of the genome during speciation, as
it consists of species with mainly wide geographic ranges with natural populations at
different stages of divergence (Butler et al. 1999; Gunderina et al. 1999a, b; Kiknadze
etal. 2000; Golygina et al. 2007). What is more important, the possibility of mapping

Copyright V.V. Golygina, I.I. Kiknadze. This is an open access article distributed under the terms of the Creative Commons Attribution License 3.0
(CC-BY), which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.
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all karyotypes in the genus Chironomus Meigen, 1803 against one standard species
allows us to detect all chromosomal rearrangements that distinguish different species
and reconstruct their phylogenetic relationship on the basis of karyological analysis.
However, for conducting such a study it is very important to have high resolution
photographic maps of karyotypes and a unified mapping system of polytene chromo-
somes. In our earlier work (Golygina and Kiknadze 2008) we extensively discussed all
the difficulties facing a researcher who works with Ch. plumosus group and presented
a revision of mapping in chromosome I (AB). In this paper we present the results of
revision of the main and alternative banding sequences in chromosome II (CD) for 14
Ch. plumosus group species.

Methods

Revision of chromosome II (CD) mapping was conducted for 14 Ch. plumosus
sibling species: Chironomus agilis Shobanov et Djomin, 1988, Ch. sp. prope agilis
(working name “Ch. agilis 2”) (Kiknadze et al. 1991a), Ch. balatonicus Devai, Wiil-
ker & Scholl, 1983, Ch. bonus Shilova & Dzhvarsheishvili, 1974, Ch. borokensis
Kerkis, Filippova, Shobanov, Gunderina & Kiknadze, 1988, Ch. entis Shobanov,
1989, Ch. muratensis Ryser, Scholl & Wiilker, 1983, Ch. nudiventris Ryser, Scholl &
Wiilker, 1983, Ch. plumosus (Linnaeus, 1758), Ch. sinicus Kiknadze, Wang, Istomina
& Gunderina, 2005, Chironomus sp. ] (Kiknadze et al., 1991b), Chironomus sp. K
(Golygina & Ueno, 2005), Ch. suwai Golygina & Martin, 2003, Ch. usenicus Logi-
nova & Belyanina, 1994. High-resolution photomaps were created for mapping all
the banding sequences in question.

Mapping of arms C and D was done according to the Keyl-Devai mapping system
(Keyl 1962, Dévai et al. 1989). For banding sequences in arm C of Ch. balatonicus the
additional letter D was used for designation of regions 23 and 24, i.e. they are desig-
nated now as D23 and D24, as these regions originated in arm D and were transferred
into arm C as a result of pericentric inversion.

Each banding sequence in each chromosomal arm is given a short designation
as followes: three-letter abbreviation of the species name (for example, agi — for Ch.
agilis, bal — for Ch. balatonicus, etc.) is followed by the name of the arm and the se-
rial number of banding sequence in this arm (according to the order of its discovery),
and prefixed by a letter that indicates its geographical distribution - p’ for Palearctic
sequences, n’ for Nearctic sequences, or h’ for Holarctic sequences (e.g. p’balCl,
n’entD4, h’pluD2 etc.).

Equipment in the Centre of Microscopical analysis of biological objects SB RAS
in the Institute of Cytology and Genetics (Novosibirsk) was used for this work: micro-
scope “Axioskop” 2 Plus, CCD-camera AxioCam HRc, software package AxioVision
4 (Zeiss, Germany).
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Results
Arm C

Mapping of banding sequences of Ch. plumosus sibling species according to Keyl-Devai
system that was published by now is shown in Table 1. In total 18 banding sequences
(14 main and 4 alternative) are considered in this study. A dendrogram of banding se-
quences constructed on the basis of published mapping is shown in Fig. 1a, where main
banding sequences are written in bold and alternative banding sequences in italics. As
can be seen, most of the banding sequences of different species were considered to be
derivatives from h'pluC2 and its homologous banding sequences: eight blocks of se-
quences could be derived independently from h’pluC2 by one or more inversion steps.

According to our analysis, 11 banding sequences that belong to 8 species require a
revision of mapping in this arm.

In our opinion, the most important changes should be made in mapping of band-
ing sequences of Chironomus sp. prope agilis, Ch. balatonicus, Ch. muratensis, Ch. nudi-
ventris, and Chironomus sp. ], as we suggest a different way of their origination. Band-
ing sequences of Ch. entis, Ch. sinicus and Ch. usenicus required only minor corrections
in the mapping of inversion breakpoints.

The banding sequences of Ch. agilis, Ch. bonus, Ch. borokensis, Ch. plumosus, Ch.
suwai and Chironomus sp. K remain unchanged (Table 2, Fig. 2a, ¢, f).

1. Revision of arm C mapping of Chironomus sp. prope agilis (Ch. agilis 2)

According to the previous mapping agi2C1 differs from agiC1 by two non-overlapping
paracentric inversions (Kiknadze et al. 1991a). However, our analysis had shown that
these two inversions are, in fact, overlapping and slightly bigger than was presumed
previously. Due to these rearrangements the region 5b-4h- was transferred to the distal
part of the arm, very close to the telomere, whereas bands 2¢-1f could be found be-

tween regions 6f-c and 5¢-f (Fig. 2b, 3a, Table 2).
2. Revision of arm C mapping of Ch. balatonicus

Ch. balatonicus differs from all other species of Ch. plumosus group by the presence
of a complex pericentric inversion in chromosome CD. It was presumed previously
(Kiknadze et al. 1996a) that the banding sequence in the centromeric region of
Ch. balatonicus was formed by four inversions (Table 1). However, comparison of
p’balC1 with p’agiCl and p’nudC1, which have the most clear banding structure
in the centromeric region, allowed us to conclude that banding sequence in the
centromeric regions of Ch. balatonicus differs from other species by three inversions

(Fig. 2c¢, 3¢, d, Table 2).
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Table I. Mapping of arm C main and alternative banding sequences in Ch. plumosus group before the
revision. T — main banding sequences are marked by *, § — papers with given version of the mapping are
shown in parenthesis, § — mapping of this banding sequence is given with the same designations as in
original paper, i.e. brackets indicate bands from arm D that were transferred into arm C as a result of

pericentric inversion.

Designation
of banding | Mapping of banding sequence
sequence
FagiC1* la-2¢ 6¢-f 7a-d 16a-17a 6hg 11d-15€ 8a-11c 6b-2d 17b-22g C

28! (Kiknadze et al. 1996b, 2004)

102 C1* la-2¢ 17a-16a 7d-a 6f-c 5a-6b 11c-8a 15e-11d 6gh 4i-2d 17b-22¢ C
pagt (Kiknadze et al. 2004)

balC1* la-2d 6c¢-e 7a-d 16a-17a Gh-f 11e-12d 4a-6b 11d-8a 15e-13a 3¢c-2e 17b-22g [24a-¢
pba 23a-c 23g-d 24fg] C§ (Kiknadze et al. 1996a)
p’balC2 not mapped in Keyl-Devai system

bonC1* la-2¢ 6¢-f 7a-d 16a-17a 6hg 11d-12d 4a-6b 11c-8a 15e-13a 3¢-2d 17b-22g C
pbo (Kiknadze et al. 2004)

borC1* la-2¢ 6¢-f 7a-d 16a-17a Ghg 11d-12d 4a-6b 11c-8a 15e-13a 3¢-2d 17b-22g C
pbor (Kiknadze et al. 2004)

entCl la 14a-11d 6gh 17a-16a 7a-d 6f-c 2¢c-1b 14b-15e 8a-11c 6b-2d 17b-22g C
pe (Kiknadze et al. 2000)

entC2* la 11h-d 6gh 17a-16a 7a-d 6f-c 2c-1b 12a-15¢ 8a-11c 6b-2d 17b-22¢ C
P (Golygina 1999, Kiknadze et al. 2000, 2004)
PentC3 la 11h-d 6gh 17a-16a 7a-d 6f-c 2¢ 5a-6b 11c-8a 15e-12a 1b-2b 4i-2d 17b-22g C

¢ (Golygina 1999, Kiknadze et al. 2000)

nurCl* la-2¢ 15¢e-a 8a-11c 6b-4a 6c-f 7a-d 16a-17a 6gh 11d-12d 14e-13a 3c-2d 17b-22g C
prmur (Kiknadze et al. 2004)

'nudC1* la-2¢ 11d-15¢ 8a-11c 6b-2d Ge-f 7a-d 16a-17a 6gh 17b-22g C
b (Kiknadze et al. 2004)

oluCl* la-2¢ 6¢-f 7a-d 16a-17a Ghg 11d-12d 4a-6b 11c-8a 15e-13a 3¢-2d 17b-22g C
PP (Butler et al. 1999, Golygina 1999, Golygina and Kiknadze 2001, Kiknadze et al. 2004)
KoluC2 la-2¢ 6¢-f 7a-d 16a-17a 6hg 11d-15¢ 8a-11c 6b-2d 17b-22g C

piu (Butler et al. 1999, Golygina 1999, Golygina and Kiknadze 2001)

SinC1* la-c 12d-11d 6gh 17a-16a 7d-a 6f-c 2¢c-1d 13a-15¢ 8a-11c 6b-2d 17b-22g C
psin (Kiknadze et al. 2005)
pspJC1* not mapped in Keyl-Devai system

oKC1* la-2¢ 6¢-f 7a-d 5¢-6b 11¢-8a 15¢-11d 6gh 17a-16a 5b-2d 17b-22 C
psp (Golygina and Ueno 2008)

, N la-2¢ 6¢-f 7a-d 16a-17a Ghg 11d-12d 4a-6b 11c-8a 15e-13a 3¢-2d 17b-22g C
hsuwC1

(Golygina et al. 2003, Kiknadze et al. 2004)

puseCl*

not mapped in Keyl-Devai system
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Figure 1. Phylogenetic relationship of main and alternative banding sequences in arms C and D before
(a, €) and after (b, d) the revision. p’)pluCl, h'entD1, n'entD4 etc. are the names of banding sequences
considered in this study (please see ‘Methods’ for the rules of banding sequence designations). Main band-
ing sequences are written in bold, alternative — in italic. Identical banding sequences enclosed in boxes,
figures near the lines that connect boxes indicate numbers of inversion steps between banding sequences.
The banding sequences p’pigCl1 and p’pigD1 belong to Chironomus piger and are included into the den-
drogramms as an outgroup.
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Table 2. Mapping of arm C main and alternative banding sequences in Ch. plumosus group after the revi-
sion. T — main banding sequences are marked by *, § — parts of the sequences highlighted in bold indicate
regions which mapping had been changed as a result of the revision, §— for banding sequences in arm C of
Ch. balatonicus additional letter D was used for designation of regions 23 and 24, i.e. they are designated
now as D23 and D24, as these regions were initially originated in arm D and were transferred into arm
C as a result of pericentric inversion. Moreover, regions that are affected by the pericentric inversion are
given in the italic.

Designation
of banding | Mapping of banding sequence
sequence
RagiCl*t =h’pluC2
pagi2Cl* | la-e 5b-4h 16h-a 7d-a 6f-c 2¢-1f 5¢-6b 11c-8a 15¢-11d 6gh 17a 4g-2d 17b-22¢ C#
la-2¢ 6¢-f 7a-d 16a-17a 6hg 11d-12d 4a-6b 11c-8a 15e-13a 3¢-2d 17b-22g D24c-e
D23ba D24b-D23¢ D24f; C'§
la-2¢ 6¢-f 7a-c 15e 8a-11c 6b-4a 12d-11d 6gh 17a-16a 7d 15d-13a 3¢c-2d 17b-22¢g
D24c-e D23ba D24b-D23c D24fg C
pbonC1* =ppluCl
pborC1* =ppluCl
pentCl la-e 14a-11d 6gh 17a-16a 7a-d 6f-c 2c-1f 14b-15¢ 8a-11c 6b-2d 17b-22g C
pentC2* la-d 11f-d 6gh 17a-16a 7a-d 6f-c 2c-1e 11g-15¢ 8a-11c 6b-2d 17b-22g C
nentC3 la-d 11f-d 6gh 17a-16a 7a-d 6f-c 2c 5a-6b 11c-8a 15¢-11g le-2b 4i-2d 17b-22g C
pmurC1* la-d 11f-d 6gh 13f-15e 8a-11c 6b-3c 6c-f 7a-d 16a-17a 13e-11g 1e-2¢ 3b-2d 17b-22g C
pnudC1* la-d 11f-d 6gh 17a 2£-3b 2c-1e 11g-15¢ 8a-11c 6b-3c 6¢-f 7a-d 16a-h 2ed 17b-22¢g C
ppluC1* la-2¢ 6¢-f 7a-d 16a-17a Ghg 11d-12d 4a-6b 11c-8a 15e-13a 3¢-2d 17b-22g C
kpluC2 la-2¢ 6¢-f 7a-d 16a-17a Ghg 11d-15¢ 8a-11c 6b-2d 17b-22g C
psinC1* la-d 12d-11d 6gh 17a-16a 7d-a 6f-c 2c-1e 13a-15¢ 8a-11c 6b-2d 17b-22g C
pspJC1* =p'nudCl
pspKC1* la-2¢ 6c-f 7a-c 5¢-6b 11c¢-8a 15e-11d 6gh 17a-16a 7d 5b-2d 17b-22g C

'suwCl1* =ppluCl
puseCl1* la-2¢ 6¢-f 7a-d 16a-17a 6hg 11d-15€ 8a-11c 6b-2d 17b-22g C

pbalC1*

p’balC2

The banding sequence p’balC2 was previously mapped according to Maximova’s
system only. It originated from p’balC1 by one simple inversion and its up to date
mapping in the Keyl-Devai system is shown in Fig. 2d.

3. Revision of arm C mapping of Ch. entis, Ch. muratensis, Ch. nudiventris, and
Chironomus sp. ]

It was presumed earlier that the main banding sequences of Ch. entis, Ch. muratensis,
Ch. nudiventris originated from h’pluC2 independently, and that p’spJC1 of Chi-
ronomus sp. ] is identical to p'nudC1 (Fig. 1a). However, our analysis had shown that
whereas this conclusion is true for p'entC1 and p’entC2, main banding sequences
of Ch. muratensis and Ch. nudiventris (and, therefore, Chironomus sp. ], where the
main banding sequence is indeed identical to p'nudC1) originated from p’entC2
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Figure 2a—f. Mapping of banding sequences of Ch. plumosus sibling species in arm C. a h'agiCl.1
b pagi2Cl1.1 ¢ p'balCl1.1 d p'balC2.2 e p'borCl.1 f pspKCl.1. For banding sequences p’balC1.1 and
p’balC2.2 letter D was used for designation of regions 23 and 24, i.e. they are designated now as D23
and D24, as these regions were initially originated in arm D and were transferred into arm C as a result of
pericentric inversion. Centromeric bands designated by arrows.
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Figure 2g-l. Mapping of banding sequences of Ch. plumosus sibling species in arm C (continued).
g pentCl.1 h pentC2.2 i n'entC3.3 j pmurCl.1 k pnudCl1.1 | p’sinCl1.1
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Figure 3a—e. Mapping of some inversion breakpoints in species of Ch. plumosus group in arms C and

D24
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D. a comparison of parts of banding sequences p’balC1 and p’agi2C1 b comparison of parts of band-
ing sequences pmurCl, pnudCl and p’balC1 ¢ comparison of parts of banding sequence p’balD1 with
pmurD1 and pmurCl d schematic comparison of centromeric regions of chromosome CD of Ch. plu-
mosus and Ch. balatonicus showing the structure of pericentric inversion in Ch. balatonicus, brackets con-
nected by lines indicate groups of bands affected by the inversion e comparison of parts of banding
sequences pnudD1 and p'nudD2. Abbreviations are as in Figure 2.
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through the same hypothetical banding sequence that at present does not occur in
the banding sequence pools of these species (Fig. 1 b). Moreover, as the chromosome
banding structure of Ch. muratensis and Ch. nudiventris is better than of Ch. entis,
comparison of their banding sequences with h’pluC2 also allowed us to correct map-
ping of breakpoints of p’entC2.

Ch. entis has three banding sequences that have been found in the homozygous
state and, therefore, are considered in this study: p’entCl, p’entC2 and n’entC3.
Banding sequence p’entC1 differ from h’pluC2 by a simple inversion. A correction
in the mapping of p’entC1 should be made for the left breakpoint of the inversion
(Fig. 2g, Table 2).

As was mentioned above, the mapping of banding sequence p’entC2 is crucial for
the mapping of n’entC3 and all banding sequences of Ch. muratensis, Ch. nudiventris
and Chironomus sp. ]. It differs from h’pluC2 by a simple inversion in the distal part
of the arm with its left breakpoint located very close to the telomere. Analysis of these
regions in the banding sequences of Ch. muratensis, Ch. nudiventris and Chironomus
sp. J allowed us to conclude that the real breakpoints of the inversion that distinguish
p’entC2 from h’pluC2 fall between bands 1d and 1e on the left border, and 11f and
11h on the right border of the inversion (Fig. 2h, 3b, Table 2).

The mapping of n’entC3 should be corrected in accordance with mapping of
p’entC1 (Fig. 2i, Table 2).

Thorough analysis of the main banding sequences of Ch. muratensis and Ch. nu-
diventris allowed us to conclude that they originated from p’entC2 through the hypo-
thetical banding sequence:

la-d 11f-d 6gh 17a-16a 7a-d 6f-c 2¢ 3¢-6b 11c-8a 15e-11g le-2b 3b-2d 17b-22g C

Underline indicates simple inversion that distinguishes this banding sequence
from p’entC2.

Both p’murCl and p’nudCl1 differ from this hypothetical banding sequence by
simple inversions. Their revised mapping is shown in Table 2 and on Fig. 2j, k.

4. Revision of arm C mapping of Ch. sinicus and Ch. usenicus

Mapping of p’sinCl require only a minor revision. According to the previous version
of the mapping, region 1 was divided by an inversion between bands 1c and 1d. How-
ever, we had not been able to locate band 1d near band 13a so we suggest that the left
breakpoint of this inversion situated between band 1d and 1e (Fig. 21, Table 2).

Until now the banding sequence h’useC1 has been mapped only partially (Logi-
nova and Belyanina 1994), although it was indicated that it is identical to h’pluC2.
We concur with this statement. Complete mapping of the h’useCl1 in Keyl-Devai
system is shown in Table 2.

Phylogenetic relationships of revised banding sequences in arm C of the Ch. plu-
mosus group species are shown in Fig. 1b.
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Arm D

Mapping for banding sequences in this arm that has been published so far is shown
in Table 3. Phylogenetic relationship of banding sequences based on this mapping
is shown in Fig. lc. In total 22 banding sequences (14 main and 8 alternative) are
considered in this study. Analysis of main and alternative banding sequences in this
arm has shown that only minor changes in the mapping of inversion breakpoints are
required for some banding sequences. The corrections in mapping should be made for
nine banding sequences, belonging to Ch. agilis, Chironomus sp. prope agilis, Ch. bala-
tonicus, Ch. entis, Ch. muratensis, Ch. nudiventris and Chironomus sp. ]. In addition,
two banding sequences belonging to Ch. muratensis and Ch. nudiventris were mapped
in Keyl-Devai system for the first time.

Mapping of banding sequences of Ch. bonus, Ch. borokensis, Ch. plumosus, Ch.

sinicus, Chironomus sp. K, Ch. suwai, and Ch. usenicus remains unchanged (Fig. 4e,

f, 1, m, Table 4).
1. Revision of arm D mapping of Ch. agilis and Chironomus sp. prope agilis

The banding sequences in arm D of both species are identical. They differ from p’pluC1
by two non-overlapping inversions. A correction should be made for breakpoints of
the inversion in the proximal part of the arm: the left breakpoint falls between bands
14a and 14b instead of 14f and 14g, whereas the right breakpoint falls between regions
20 and 21 instead of bands 20b and 20c¢ (Fig. 4a, Table 4).

2. Revision of arm D mapping of Ch. balatonicus

As was mentioned previously, Ch. balatonicus difters from all other species of Ch. plumosus
group by the presence of a pericentric inversion in chromosome CD. Due to this, the arm
D of Ch. balatonicus is shorter than normal and consists of only 22 regions instead of 24.

Ch. balaronicus has three banding sequences that could be found in homozygous
state and, therefore, are considered in this study: p’balD1, p’ balD2 and p’balD8.
Among them p’balD2 and p’balD8 require a minor revision. Banding sequence
p’balD2 differ from p’balD1 by simple inversion, according to the previous mapping
its right breakpoint was placed between regions 15 and 16, however it is clear that
band 15e is not affected by the inversion so the real breakpoint falls between bands
15d and 15e (Fig. 4c, Table 4).

The banding sequence p’balD8 was considered previously as identical to p’pluD1
for all the arm length except the part affected by the pericentric inversion. However,
our analysis has shown that this is not the case and p’pluD8 in fact originated from
p’balD1 by a simple inversion. As a result, region 11 was broken into two parts and
band 11a stayed between regions 10e-b and 13b-17f (Fig. 4d, Table 4).
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Table 3. Mapping of arm D main and alternative banding sequences in Ch. plumosus group before the

revision. T — main banding sequences are marked by *, § — papers with given version of the mapping are

shown in parenthesis.

Designation

of banding | Mapping of banding sequence

sequence

pagiD1*t | la-d 4a-7g 18a-d 8a-10a 13a-11a 3g-le 10e-b 13b-14f 20b-18e 17f-14g 20c-24g C
(Kiknadze et al. 2004)

pagi2D1* | la-d 4a-7g 18a-d 8a-10a 13a-11a 3g-le 10e-b 13b-14f 20b-18e 17f-14g 20c-24g C
(Kiknadze et al. 2004)

p’balD1 la-3g 10b-e 4a-7g 18a-d 8a-10a 13a-11a 13b-17f 18e-22¢ C
(Kiknadze et al. 1996a)

p’balD2* la-3g 10b-e 4a-7g 18a-d 8a-9¢ 15¢-13b 11a-13a 10a 16a-17f 18e-22¢ C
(Golygina et al. 1996)

pbalD8 la-3g 11a-13a 10a-8a 18d-a 7g-4a 10e-b 13b-17f 18e-22¢ C
(Golygina et al. 1996)

pbonD1* la-3g 11a-13a 10a-8a 18d-a 7g-4a 10e-b 13b-17f 18e-24g C
(Kiknadze et al. 2004)

pborD1* la-3g 11a-13a 10a-8a 18d-a 7g-4a 10e-b 13b-17f 18¢-24g C
(Kiknadze et al. 2004)

k’borD2 =l’pluD2 (Kerkis et al. 1988), not mapped according to Keyl-Devai system

KentD1* la-2d 15e-16¢ 18d 8a-10a 13a-12a 18c-a 7g-4a 10e-b 13b-15d 2e-3g 1la-c 16d-17f
18e-24g C (Golygina 1999; Kiknadze et al. 2000)

nentD4 la-2d 15e-16¢ 18d 8a-d 19h-18e 17f-16d 1lc-a 3g-2e 15d-13b 10b-e 4a-7g 18a-c
12a-13a 10a-9a 20a-24g C (Golygina 1999)

pmurD1 la-i 11c-a 3g-2e 15d-13b 10b-¢ 4a-7g 18a-c 12a-13a 10a-8a 18d 16¢-15¢ 2d-a 16d-17f
18e-24g C (Kiknadze et al. 2004)

pmurD2* | not mapped according to Keyl-Devai system

FnudD1* | 1la-2d 15e-16¢c 18d 8a-10a 13a-12a 18c-a 7g-4a 10e-b 13b-15d 2e-3g 1la-c 16d-17f
18e-24g C (Kiknadze et al. 2004)

p'nudD2 not mapped according to Keyl-Devai system

ppluD1* la-3g 11a-13a 10a-8a 18d-a 7g-4a 10e-b 13b-17f 18e-24g C (Budler et al. 1999, Golygina
1999, Golygina and Kiknadze 2001, Kiknadze et al. 2004)

KpluD2 la-3g 10b-e 4a-7g 18a-d 8a-10a 13a-11a 13b-17f 18e-24g C
(Butler et al. 1999, Golygina 1999, Golygina and Kiknadze 2001)

psinD1* la-2g 13a 10a-8a 18d-a 7g-4a 10e-b 13b-14h 3g-2h 12d-1la 15a-17f 18e-24g C
(Kiknadze et al. 2005)

hsp]D1* not mapped according to Keyl-Devai system

pspKD1* la-3g 11a-13a 10a-8a 16d-13b 10b-e 4a-7g 18a-d 16e-17f 18e-24 C
(Golygina and Ueno 2008)

hsuwD1* la-3g 10b-e 4a-7g 18a-d 8a-10a 13a-11a 13b-17f 18e-24g C
(Golygina et al. 2003, Kiknadze et al. 2004)

puseD1* la-3g 11a-13part 9a-e 18part 8d-4a 10ba 13part-17f 18part-24g C
(Loginova and Beljanina 1994)

huseD2 =h’pluD2 (Loginova and Beljanina 1994), not mapped according to Keyl-Devai system
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Figure 4a—f. Mapping of banding sequences of Ch. plumosus sibling species in arm D. a p'agiD1.1
b p'balD1.1 ¢ p'balD2.2 d p'balD8.8 e p’borD1.1 f h'pluD2.2. Centromeric bands designated by arrows.
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Figure 4g-m. Mapping of banding sequences of Ch. plumosus sibling species in arm D (continued).
g nentD4.4 h pmurD1.1 i pmurD2.2 j p'nudD2.2 k h'sp]D1.1 | pspKD1.1 m psinD1.1.
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Table 4. Mapping of arm D main and alternative banding sequences in Ch. plumosus group after the revi-
sion. T — main banding sequences are marked by *, § — parts of the sequences highlighted in bold indicate
regions which mapping had been changed as a result of the revision.

Designation
of banding | Mapping of banding sequence
sequence
pagiD1*f la-d 4a-7g 18a-d 8a-10a 13a-11a 3g-le 10e-b 13b-14a 20d-18e 17f-14b 21a-24g C §
pagi2D1* =pagiD1

pbalD1 la-3g 10b-e 4a-7g 18a-d 8a-10a 13a-11a 13b-17f 18e-22¢ C
p’balD2* la-3g 10b-e 4a-7g 18a-d 8a-10a 15d-13b 11a-13a 15e-17f 18e-22¢ C
p’balD8 la-3g 11b-13a 10a-8a 18d-a 7g-4a 10e-b 11a 13b-17f 18e-22¢ C

pbonD1* | =p’pluD1
pborD1* =p'pluD1

h’borD2 =h’pluD2

FentD1* la-2¢ 15e-16¢ 18d 8a-10a 13a-12a 18c-a 7g-4a 10e-b 13b-15d 2d-3g 11a-c 16d-17f
18e-24¢ C

YentD4 la-2c 15¢-16¢ 18d 8a-d 19h-18e 17f-16d 11c-a 3g-2d 15d-13b 10b-¢ 4a-7g 18a-c
12a-13a 10a-9a 20a-24¢g C

, la-h 11c-a 3g-2d 15d-13b 10b-e 4a-7g 18a-c 12a-13a 10a-8a 18d 16¢-15¢ 2¢-1i
pmurDL ) 64 17F 18e-24¢ C
pmurD2* la-h 11c-a 3g-2d 15d-13b 15e-16c 18d 8a-10a 13a-12a 18c-a 7g-4a 10e-b 2c-1i

16d-17f 18e-24g C

KnudD1* =h'entD1

la-2c¢ 15e-16¢ 18d 8a-d 20d-18e 17f-16d 11c-a 3g-2d 15d-13b 10b-e 4a-7g 18a-c
12a-13a 10a-9c 21ba 9ab 21c-24g C

ppluD1* la-3g 11a-13a 10a-8a 18d-a 7g-4a 10e-b 13b-17f 18e-24g C

hpluD2 la-3g 10b-e 4a-7g 18a-d 8a-10a 13a-11a 13b-17f 18e-24g C

psinD1* la-2g 13a 10a-8a 18d-a 7g-4a 10e-b 13b-14h 3g-2h 12d-11a 15a-17f 18¢-24g C
h'sp]D1* =h’entD1

pspKD1* la-3g 11a-13a 10a-8a 18d 16¢-13b 10b-e 4a-7g 18a-c 16d-17f 18e-24g C
hsuwD1* la-3g 10b-e 4a-7g 18a-d 8a-10a 13a-11a 13b-17f 18e-24g C

puseD1* =p’pluD1

h'useD2 =h’pluD2

p'nudD2

3. Revision of arm D mapping of Ch. entis, Ch. muratensis, Ch. nudiventris, Chi-
ronomus sp. J, and Chironomus sp. K

On the basis of our study we suggest that all banding sequences of these species have
a common origin (Fig.1d). We believe that the banding sequence pspKD1 forms the
basis of all other banding sequences of these species. It differs from p’pluD1 by a sim-
ple inversion (Fig. 41, Table 4). The main banding patterns of Ch. entis, Ch, nudiventris
and Chironomus sp. ] are identical and originated from pspKD1 by two inversion
steps, correction was made for mapping of region 2: we believe that only bands 2a-c re-
main at the distal part of the arm whereas band 2d is affected by the inversion (Fig. 4k,
Table 4). As n’entD4, pnudD2, pmurD1 and p'murD2 are derivatives of KentD1 and
its homologous banding sequences, mapping of region 2 in them was also changed.
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Thorough analysis of p’nudD2 allowed us to conclude that it differs from h’nudD1,
not by one, but by two inversions (Fig. 3e, 4j, Table 4). A small change was also made
to the mapping of region 1 of p’murD1: according to previous mapping the left break-
point was situated between regions 1 and 2, but our analysis had shown that the actual
breakpoint falls between bands 1h and 1i (Fig. 4h, Table 4). Mapping of p’murD2 in
the Keyl-Devai system is presented for the first time (Fig. 4i, Table 4).

Phylogenetic relationships of the revised banding sequences in arm D of the Ch.
plumosus group species are shown in Fig. 1d.

Discussion

The revision of banding sequences in chromosome CD of Ch. plumosus sibling species has
shown that the phylogenetic relationships of banding sequences in both arms are more
complex than appeared previously. The changes are not as significant as were made for
arm A, for example (Golygina and Kiknadze 2008), but they still affect phylogenetic rela-
tionships of banding sequences of four species in arm C and six species in arm D (Fig. 1).

We have shown that banding sequences of Ch. entis, Ch. muratensis, Ch. nudi-
ventris, and Chironomus sp. ] in arm C are more closely related than was considered
previously and that p’entC2 of Ch. entis can be considered as ancestral for banding
sequences of other three species.

The most ancient banding sequence in arm C should be considered h’pluC2
and the identical banding sequences of Ch. agilis and Ch. usenicus as they are the
closest to the p’pigC1.

In general, analysis of the phylogeny of banding sequences in arm C has shown
that this arm has the highest level of divergence in comparison to arms A, B, and D,
as only three clusters of homologous banding sequences exist in this arm, whereas
there are four such clusters in arm A and D and seven in arm B (Fig. 1b, Golygina
and Kiknadze 2008). Moreover, six species have species specific main and alternative
banding sequences (Fig. 1b).

The revision in arm D mostly provided minor changes in the mapping of inver-
sion breakpoints without affecting phylogenetic relationships of banding sequences
in general. The only significant change has come from the correction of the inversion
breakpoint of p’spKD1 which has made it the ancestor for all banding sequences of
Ch. entis, Ch. muratensis, Ch. nudiventris, and Chironomus sp J. In general, the banding
sequences in arm D show a significant level of divergence with four species that have
species specific main and alternative banding sequences and several complex inversions
that distinguish banding sequences from one another.

Considering the high level of banding sequence divergence in both arms, it can be stated
that chromosome CD is the most divergent among the three big chromosomes of Chirono-
mus karyotype and probably plays a more important role in speciation than the other two.
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Abstract

The G-banded karyotype of S. satunini was compared with the karyotype of Sorex araneus. Extensive
homology was revealed. The major chromosomal rearrangements involved in the evolutionary divergence
of these species have been identified as centric fusions and centromeric shifts. From the known palacon-
tological age of S. satunini it is obvious that the vast chromosomal polymorphism of the S. araneus group
originated during the middle Pleistocene.

Keywords
G-banding, common shrew, Sorex araneus, Sorex satunini, karyotype, phylogeny

Introduction

Within the genus Sorex Linnaeus, 1758, the Sorex araneus group includes eight species
characterized by the sex chromosome complex XYY, (Zima et al. 1998). Some of them
were raised to species status on a karyological basis. Two species from this group, the
common shrew Sorex araneus Linnaeus, 1758 and the Caucasian shrew S. sazunini Og-
nev, 1922 can be defined as cryptic species that are virtually impossible to distinguish
by morphological (cranial) characters (Sokolov and Tembotov 1989).

The common shrew is widely distributed in Europe and Asia up to as far east as
Lake Baikal, and the Caucasian shrew is known to be present in the Caucasus and in

Copyright Yuriy M. Borisov,Victor N. Orlov. This is an open access article distributed under the terms of the Creative Commons Attribution License
3.0 (CC-BY), which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.
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the northern parts of Asia Minor (Sokolov and Tembotov 1989, Bukhnikashvili and
Krystufek 2008). In the North Caucasian plains, this species is contiguous with the
common shrew (the chromosomal race Neroosa) (Stacheev et al. 2010).

The common shrew displays phenomenal variability of the autosomal comple-
ment (Wojcik et al. 2002). The Caucasian shrew is monomorphic and can be reliably
identified by means of conventionally stained karyotype (Kozlovsky 1973, Sokolov
and Tembotov 1989, Macholdn 1996). Macholdn (1996) recognized in G-banded
metaphases of the S. sazunini the autosomes af; bc and ru, which are invariantly present
in the common shrew karyotype. The presence of these Robertsonian fusions in the .
satunini corroborates the findings of Zagorodniuk and Khazan (1996) who described
the arm combinations of autosomes af, be, gh, ik, jn, lo, and tu in the karyotype of a
single female from Kobi (Georgia).

From the plain between the Kuban and Don rivers we described a new subspecies
of the Caucasian shrew Sorex satunini tembotovi Orlov, Balakirev, Borisov, 2010 (Or-
lov et al. 2010) that differs from the subspecies S. s. armenica Sokolov et Tembotov,
1989 and S. s. stavropolica Sokolov et Tembotov, 1989.

In this study the karyotypes of S. s. tembotovi and S. araneus (chromosome race
Moscow) were examined and compared.

Material and methods

Three females and four males of S. sazunini were captured in the valley of the Beisoog
River (45°40'N, 39°41'E), 90 km N of the Krasnodar city in June 2009. Two shrews
of the race Moscow (male and female) were captured in Moscow vicinity.

Mitotic chromosome spreads were prepared in the field conditions from bone mar-
row and spleen cells using the air-drying technique after fixation with methanol and
glacial acetic acid. For G-banding, the slides were treated with trypsin solution accord-
ing to Seabright (1971). Chromosome nomenclature used follows Searle et al. (2010).

Results and comments

The karyotype of S. satunini consists of 24-25 chromosomes. The sex chromosomes
are a large metacentric X, a small acrocentric Y, and a medium-sized Y, Of 11 au-
tosomal pairs, only a single pair of small chromosomes is acrocentric, all other au-
tosomes are biarmed. Such a karyotype has been described for many populations
from the North Caucasian and Transcaucasian regions (Kozlovsky 1973, Sokolov and
Tembotov 1989, Macholdn 1996).

The Caucasian shrew has the following chromosome formula: XX / XYY, af, bc,
2h, ik, jn, lo, tu, m, p, g, , tu. The comparison of the G-banded metaphase chromosomes
of S. satunini and of S. araneus (the race Moscow) is presented in Fig. 1. This compari-
son revealed a considerable homology between individual chromosomal arms. Identical
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Figure I. The G-banded karyotype of Sorex satunini (male) in comparison with the karyotype of S.
araneus (the race Moscow, male). The chromosomes of the race Moscow are given in the frameworks.
Some chromosomes are identical (a), the others are different because of the arms involved in different
fusions (b) or because of the centromeric shift (€). Centromere position is indicated by “<”. Bar = 3 pm.

banding patterns and centromeric positions were found in two large biarmed autosomes
af and bc, in small metacentric ##, in acrocentric pare 7 and in the sex chromosomes
(Fig. 1a). The acrocentric 7 is found in the karyotypes of the chromosomal races of S.
araneus either as an individual acrocentric, or in combination with other acrocentrics.

Seven arms of S. araneus, namely g, 4, k, j, n, /, and o, were also identified in the
complement of S. sazunini. The difference in G-banding of the arm / between S. sa-
tunini and other species of the S. araneus group was observed (Fig. 1b). An identical
banding pattern and a different centromeric position were found in three autosomal
pairs: p, ¢, and 7, suggesting occurrence of centromeric shift. The chromosomes p, g,
and 7 were found to be metacentric in the complement of S. sazunini (Fig. 1c) and
acrocentric in Sorex araneus.

The large biarmed chromosome &¢ was also identified in the complement of S. an-
tinorii Bonaparte, 1840, and only in S. coronatus Millet, 1828 it was substituted by ¢
(Hausser and Jammot 1974). The biarmed chromosome / is found in the karyotypes
of S. coronatus and S. antinorii, the biarmed chromosome jz - in the karyotype of S.
coronatus (Briinner et al. 2002). The metacentric i# is known in five chromosomal
races of S. araneus (Wéjcik et al. 2003). The metacentric g/ was identified only in the
complement of S. satunini (Fig. 1b).

In karyotype of S. coronatus there are only two species-specific chromosome rear-
rangements (Rb fusions ¢i and mp). In karyotype of S. antinorii there are only two spe-
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cies-specific chromosome rearrangements, too (47 and 4n). In karyotype of S. satunini
there are five species-specific chromosome rearrangements (Rb fusion gh, centromeric
shifts in the chromosomes p, g, 7, and, probably, a paracentric inversion in the chro-
mosomal arm /), i.e. S. satunini has more rearranged karyotype than the species of S.
araneus group in Western Europe.

A number of chromosome rearrangements shared by S. araneus, S. satunini and
S. antinorii (centric fusions bc), by S. coronatus, S. satunini and S. antinorii (lo), by S.
coronatus and S. satunini (jn) suggest the existence of a common ancestral species in the
Pleistocene of Europe analogous to the modern S. araneus.

The known paleontological age points to an early origin of S. sazunini. At present,
the dating of fossils confirmed by the radiocarbohydrate analysis is known only for
S. satunini. These fossils, morphologically very similar to the recent S. sazunini were
found in the Transcaucasian region (Kudaro caves) in all layers of the middle and late
Pleistocene, beginning since 0.36 Myr BP (Osipova 2000).
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Abstract

The Buffelgrass (Cenchrus ciliaris L., Poaceae) is one of the most important pasturage grasses due to its
high productivity and good forage qualities. This species possess a high adaptability to bioclimatic con-
straints of arid zones and may be used for the restoration of degraded arid ecosystems. Tunisian popu-
lations present three ploidy levels (4x, 5x and 6x) with a basic chromosome number x=9. This study
reported for the first time the distribution of the ribosomal genes (rRNA) for pentaploid and hexaploid
cytotypes of C. ciliaris. Molecular cytogenetic study using double fluorescence in situ hybridization has
shown that the two rDNA families, 5S and 185-5.85-26S (18S), displayed intraspecific variation in num-
ber of loci among different ploidy levels. Each ploidy level was characterized by specific number of both 5S
and 18S rDNA loci (two loci in tetraploid, five in pentaploid and six in hexaploid level). For three studied
cytotypes (4x, 5x and 6x) all 5S rDNA loci were localized on the subcentromeric region of chromosomes,
while 18S loci were situated on the telomeric region of short chromosome arms. Data of the FISH experi-
ments show proportional increase of ribosomal loci number during polyploidization processes.

Keywords
Buffelgrass, Cenchrus ciliaris, fluorescence in situ hybridization, fluorochrome banding, polyploidy, IDNA
organization
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Introduction

In the south of Tunisia, the ecosystems are characterized by a high level of anthropo-
genic disturbance and have been characterized by several factors such as climatic vari-
ations and overgrazing (Le Houérou and Hoste 1977). These ecosystems are subjected
to high aridity, decrease of biological productivity (Floret et al. 1981), where the peren-
nial species are most affected (Jauffret and Lavorel 2003). Thanks to its high productiv-
ity, good forage qualities, fast growth and spreading (Stieber and Wipff 2003) Cenchrus
ciliaris (syn. Pennisetum ciliare (L.) Link) is one of the most promising grass species
for rehabilitation of arid rangelands and erosion control in Tunisia and other arid and
semi-arid regions. This species occurs widely in tropical, subtropical and warm tem-
perate regions (Watson and Dallwitz 1992), where it represents the species with high
pastoral value (Le Houérou and Ionesco 1973). Cenchrus ciliaris is especially important
in the semi-arid regions because of its high tolerance and adaptability to hot and dry
environments (Hall 2001), and its resistance to cutting (Chaieb et al. 1996). This spe-
cies is highly polymorphic and variable for several morphological traits of ecological
and agronomic importance (Mseddi et al. 2004). The embryological and karyological
studies of C. ciliaris have shown the aposporous mode of reproduction followed by
pseudogamy (Ozias-Akins et al. 2003).

Most flowering plants are polyploids, since polyploidization is a ubiquitous
event in plant evolution (Wendel 2000). The widespread occurrence of a poly-
ploidy has been attributed to the potential of polyploid species to adapt to a wide
range of habitats and survive better in unstable climates than their diploid pro-
genitors (Heslop-Harrison 2000). Cenchrus ciliaris posses three ploidy levels: tetra-
ploid (2n=4x=36), pentaploid (2n=5x=45) and hexaploid (2n=6x=54) (Fisher et
al. 1954). Most of natural populations around geographical range of species are
tetraploid (Fisher et al. 1954). Recently, in the natural Tunisian populations, all
three ploidy levels have been discovered (Kharrat-Souissi et al. in press). Namely,
in the panel of Tunisian investigated material, most populations are hexaploid, few
of them are pentaploid, and one is tetraploid. The genome size of natural popula-
tions of C. ciliaris was previously determined by Kharrat-Souissi et al. (in press).
It ranged from 2C=3.04 to 4.61 pg, revealing three ploidy levels corresponding to
4x, 5x, 6x, with mean 2C DNA amount of 3.04, 3.77 and 4.48 pg respectively.
However the only previous data concerning DNA content of C. ciliaris are those of
Burson et al. (2002). They analysed the genome size on material resulting from ex-
perimental progeny of six C. ciliaris populations (tetraploid and pentaploid) which
were self-pollinated or/and cross-pollinated with C. sezigerus.

The cytogenetic information provided by combination of chromosome banding
and fluorescence 77 situ hybridization (FISH) can be useful for comparing the popu-
lations of the same species (Muratovi¢ et al. 2005), species within the same genus
(Siljak-Yakovlev et al. 2003, Bogunic et al. 2006, Cabral et al. 2006), as well as species
of different genera (Fregonezi et al. 2004). This technique was used for physical map-
ping of genes, karyotyping and analysis of genome organization (De Jong 2003, Jiang
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and Gill 20006). In this study the FISH was used in population study of C. ciliaris from
different geographic origins (from the north to the south of Tunisia).

The objective of the current study was to elucidate the possible changes in number
and location of rDNA sites through different ploidy levels of C. ciliaris by physical
mapping of 5S and 18S rRNA genes.

Material and methods

Plant material and chromosome preparation

The geographical origins of C. ciliaris samples collected in natural populations in Tuni-
sia are given in Table 1 and Fig. 1. The vouchers were deposited at the herbarium of the
Laboratory of Plants Diversity and Ecosystems in Arid Areas, Department of Biology,
University of Sfax. The seedlings were germinated on moist filter papers in Petri dishes
at 28°C. After three days, the root tip meristems were removed from germinated seed-

Table 1. Geographical origin, genome size, ploidy level, number of 5S and 18S rDNA loci in Tunisian
populations of Cenchrus ciliaris. Data from Kharrat-Souissi et al. (in press); SD, standard deviation.

Population Ploidy Number of | Number of
Localities Cod. Latitude |Longitude| 2C DNA in pg' | 2n’ level () 58S rDNA | 18S rDNA
ode evel (x) . .
signals signals
South of MROI | 36°73' N | 10°24'E | 3.030.03® |36 | 4 4 4
Tunisia city
East of SA02 | 35°S6'N | 1106E | 4.56:0.01 | 54| 6 6 6
Teboulta
Meknassi Pist MEO04 34°32'N 10°06'E 3.74+0.09 45 5 5 5
Haddej Pist I MEO06 34°26'N | 09°12'E 4.34+0.06 54 6 6 6
Haddej pist 11 | MEOS | 34°24'N | 09°29E | 3.63:0.03 | 45| 5 5 5
Gabés ME09 34°10'N | 09°59'E 4.55+0.03 54 6 6 6
Fl Hamma - J s
Menzel Habib ME10 34°02'N | 09°44'E 4.46+0.09 54 6 6 6
Gabés-45Km | ypyn | 3303 | 1028'E | 4574005 | 54| 6 6 6
— Medenin
Metameur-
18Km- JE14 33°24'N 10°16'E 4.49+0.11 54 6 6 6
Toujane
IRA of Ben
Guerdane-35 ST24 32°49'N | 11°20'E 4.47+0.04 54 6 6 6
km-sidi Mahdi
National park
of Sidi Toui ST25 32°43'N | 11°14'E 4.48+0.04 54 6 6 6
(Est)
IRA of Ben
SGO”ifla_“;'di ST26 | 32°42’N | 1I°I8E | 4.30:008 |54 6 6 6
Mahdi
Remada-
Dhibat (oued DH28 32°08'N 10°32'E 4.34+0.04 54 6 6 6
el Anguar)
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Figure 1. Geographical origin of 13 populations of Cenchrus ciliaris in Tunisia.
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lings and treated with 2 mM 8-hydroxyquinoline solution for 3 h at 16°C. Subsequent-
ly, the material was fixed in freshly prepared ethanol: acetic acid (3:1, v/v) solution.

A slightly modified air drying technique (Geber and Schweizer 1987) was used
for chromosome preparations. Five root tips were washed in 0.01M citrate buffer
(pH 4.6) for 10 min, and removed to the enzyme mixture (4% R-10 cellulase /Yakult
Honsha Co. Tokyo, Japan/, 1% pectolyase Y-23 /Seishin Co., Tokyo, Japan/, 4%
hemicellulase /Sigma, France/) for approximately 25 min at 37°C, depending on the
root size. Macerated meristems were washed with the same buffer and centrifuged 2
times (4.000 rpm, 5 min), and then the cells suspension was fixed in ethanol:acetic
acid solution (3:1, v/v) and centrifuged. The final pellet was resuspended in 50 pl
of the same fixative solution. Protoplasts were dropped on a clean slide and kept at
room temperature for drying.

Fluorochrome banding

GC-rich heterochromatin staining with chromomycin A; (CMA,, Sigma Aldrich Co.,
Steinheim, Germany) was performed following Schweizer (1976) with minor modi-
fication as described by Siljak-Yakovlev et al. (2002). After incubation in Mcllvain
buffer pH 7 (with 5 mM MgSO,,) during 15 min and staining with CMA, (0.2 mg/
ml in same buffer) for 7, 30 or 90 min in dark, the slides were rinsed in the same buffer
and counterstained with methyl green (0.5 % in Mcllvain buffer pH 5.5) for 7 min
and finally were rinsed in Mcllvaine buffer pH 5.5. The slides were mounted in the
Citifluor, AF1 anti-fade agent (Agar Scientific, Stansted Essex, UK).

Fluorescence in situ hybridization (FISH)

The FISH experiment was carried out with two different specific probes of ribosomal
DNA (rDNA) simultaneously according to the protocol of Heslop-Harrison et al.
(1991). One of the probes is a clone of 4 kb EcoRI fragment, including 18S-5.8S-
26S tDNA from Arabidopsis thaliana Linnaeus Heynh., 1842 labeled with direct Cy3
(Amersham, Saclay, France). The second probe was the pTa 794 clone containing 410
bp BamHI fragment of the 5S rDNA from wheat labeled with Digoxigenin-11-dUTP
(Roche Diagnostics, Meylan, France). Slides were counterstained and mounted in
Vectashield medium containing DAPI (4,6-diamidino-2-phenylindole, Vector labo-
ratories, Peterborough, UK) and observed with an epifluorescence Zeiss Axiophot mi-
croscope (filter sets 01, 07, 15 and triple 25). The acquisition and treatment of images
were performed using a highly sensitive CCD camera (RETIGA 2000R, Princeton
Instruments, Evry, France) and an image analyzer (MetaVue, Evry, France). The FISH
experiments were carried out for several individuals from one tetraploid population,
two pentaploid populations and ten hexpaloid populations.
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Karyological analyses

At least five metaphasic chromosome plates were used for karyometrical analysis
and construction of idiogram. Chromosomes were classified according to their size
and shape related to the centromere position. Terminology used for centromere
position follows that of Levan et al. (1964). The total chromosome length for each
pair was calculated as the sum of the short and the long arm. Determination of
centromere position centromeric index [i%=(short arm/long+short arms)x100]
and chromosome type arm ratio (r=long arm/short arm) were performed following
nomenclature of Levan et al. (1964).

Results

Distribution of GC rich DNA and constitutive heterochromatin

The chromosomes of Cenchrus ciliaris stained with CMA, generally showed the pale
fluorescent bands of GC rich DNA detected with difficulty after 90 min of stain-
ing, and not easily visible on microphotographs (Fig. 2A-B-C). These GC rich bands
were occasionally well visible only in hexaploids, where the maximum of three to four
signals colocalized with 18S rDNA loci were observed (Fig. 2D). The chromomycin
A, positive signals were also observed in the interphase nuclei (Fig. 2E) which dem-
onstrated the heterochromatin nature of this GC rich DNA. The clear centromeric
DAPI* bands, corresponding to constitutive heterochromatin, were observed after
FISH experiments, but only for tetraploid population (Fig. 2A°-F).

Physical mapping of ribosomal genes

The results of 5S and 18S ribosomal genes mapping in C. ciliaris showed that tetra-
ploid population exhibited four signals for both rRNA gene families (Fig. 2A). In
two studied pentaploid populations from different geographical origins (Table 1),
five signals of both 5S and 18S rDNA were observed (Fig. 2B’), while six signals
were detected in hexaploid populations (Fig. 2C’). It was observed that number
of 5§ and 18S rDNA loci increased, as expected, with ploidy level (Fig. 2): tetra-
ploid individuals possessed four, pentaploids five, and hexaploids six loci. The 18S
rDNA loci had terminal, while 5§ rDNA presented pericentromeric localization
(Fig. 2). The signals of 5S and 18S rDNA slightly vary in size and intensity, which
was probably related to variation in number of copies. The results of CMA staining
and FISH experiment on the same metaphase plate show that the GC rich regions,
when they are detected as strong bands, correspond to the FISH signals of 18S
rDNA probe (Fig. 2D-D’).
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Figure 2. A-F Chromomycin banding and fluorescence #7 situ hybridization of 5S rDNA (green) and
18S rDNA (red) probes respectively on the same chromosome plate: tetraploid individuals (A, A’); pen-
taploid individuals (B, B’) and hexaploid individuals (C, €’); CMA+ signals (D) correspond to 18S
rDNA loci (D’) in hexaploid individuals; CMA+ signals in interphase nuclei (E); Idiogram of tetraploid
individuals, with location of 5S (green), 18S (red) and DAPI (blue) signals (F). Bar = 10um.
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Chromosome identification and construction of idiogram

Because many of the chromosomes are similar in size and morphology, chromosome
identification for karyotype analysis is very difficult for C. ciliaris. Thus, in present
study we constructed the idiogram (Fig. 2F) for tetraploids based on conventional
morphometry (Table 2) and determined the number and position of rRNA gene loci.
The average chromosome length varied from 1.82 to 3.43 pm. The value of R (ratio be-
tween the longest and shortest chromosome pair, according to Stebbins 1971) was 0.9,
and asymmetry index was 47.89 %. The similarity in chromosome size, difficulties in
determining the centromere position and identification of homologous chromosomes
makes idiogram construction for pentaploids and hexaploids too difficul.

Table 2. Morphometric data concerning the karyotype of tetraploid Cenchrus ciliaris individuals. R = 0.9;
Asl % = 47.89; s, short arm; 1, long arm; ¢, total chromosome length; I/s, ratio of long and short arms; i,
centromeric index = 100 x s/(l+s); m, metacentric chromosome type (according to Levan et al. 1964); R
= the ratio of the longest to the shortest chromosome pair (according to Stebbins 1971); Asl % = (AL /&
L+S) x 100 (according to Arano and Saito 1980); SD, standard deviation.

Chromosome pair s (um) 1 (um) c(um) | (I/s) i Chromosome type
1 1.64 (0.15) 5P 1.79 (0.12) 3.43 1.09 | 47.92 m
2 1.54 (0.18) 1.72 (0.12) 3.27 1.12 | 47.27 m
3 1.46 (0.20) 1.77 (0.11) 3.23 1.21 | 45.30 m
4 1.48 (0.19) 1.65 (0.14) 3.13 1.11 | 47.29 m
5 1.42(0.17) | 1.64(0.13) | 3.06 | 1.16 | 46.36 m
6 142 (0.17) | 1.62(0.12) | 3.04 | 1.14 | 46.76 m
7 1.34 (0.17) 1.60 (0.13) 2.94 1.19 | 45.59 m
8 1.34 (0.18) 1.50 (0.12) 2.84 1.12 | 47.17 m
9 1.21 (0.17) 1.54 (0.14) 2.75 1.26 | 44.16 m
10 1.17 (0.16) | 1.46(0.13) | 2.63 | 1.24 | 44.56 m
11 1.13(0.18) | 1.38(0.09) | 251 | 1.23 | 44.84 m
12 113 (0.11) | 1.31(0.09) | 244 | 1.17 | 46.15 m
13 1.05 (0.12) 1.27 (0.10) 2.32 1.20 | 45.38 m
14 1.04 (0.11) | 1.26(0.09) | 229 | 1.22 | 45.14 m
15 1.01 (0.13) 1.15 (0.13) 2.16 1.14 | 46.69 m
16 098 (0.13) | 1.09(0.12) | 2.07 | 1.11 | 47.41 m
17 0.91(0.15) | 1.05(0.11) | 1.96 | 1.16 | 46.36 m
18 0.84 (0.10) 0.98 (0.12) 1.82 1.17 | 46.08 m
Discussion

Heterochromatin pattern

The GC-rich DNA regions detected in hexaploids are distributed in telomeric re-
gions of chromosomes and corresponded to the 18S rDNA loci. This colocalization
of GC rich heterochromatin and rDNA has already been reported for numerous
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plants and animal species (Siljak-Yakovlev et al. 2003 and references therein, Hamon
etal. 2009, Muratovi¢ et al. 2010, Bogunic et al. 2011). After prolongation of stain-
ing time with CMA,, signals found in the rare cases were not visible in all 185 rDNA
loci. The lack of CMA signals in 18S rDNA sites can be explained by low number
of GC pair repetitions (at least four according Godelle et al. 1993). The same phe-
nomenon was observed in Hydrangea aspera David Don, 1799-1841 (Mortreau et al.
2010). The centromeric DAPI* bands were observed only in tetraploid population.
DAPI used as a counterstaining in FISH experiments after denaturation/renatura-
tion of DNA reveals heterochromatin as demonstrated by several authors (Siljak-
Yakovlev et al. 2002, Muratovi¢ et al. 2005, Bogunic et al. 2006 and 2011, Barros e
Silva and Guerra 2010, Muratovi¢ et al. 2010).

rDNA gene organization

It was obvious to notice that the number of 5S and 18S rDNA sites corresponded to
the ploidy level. In tetraploid individuals it was four, in pentaploids five and in hexa-
ploids six signals. Similar phenomenon occurred in polyploids of some other genera,
such as Saccharum Linnaeus, 1753 (D’Hont et al. 1998), Passiflora Linnaeus, 1753 (De
Melo and Guerra 2003) and Ipomoea Linnaeus, 1753 (Srisuwan et al. 2000).
Tetraploid individuals of C. ciliaris show four signals for both 5S and 18S, the
same result obtained by Akiyama et al. (2005). Pentaploid and hexaploid cytotypes
of C. ciliaris have not been previously analysed for their IDNA patterns. Our results
show that polyploidy is associated with increase in number of rDNA loci. Similar
result was observed by Akiyama et al. (2008) on Panicum maximum Jacq, 1786. They
found that the numbers of 5S rDNA loci in the diploids and tetraploids were two and
four, respectively. Also, the FISH data obtained by Srisuwan et al. (2006) on Ipomoea
species indicated that the number of 5S rDNA loci corresponded and increased lin-
early with the ploidy level while the number of 185 rDNA loci decrease in polyploid
I. batatas. Adachi et al. (1997) found that in polyploid series of Brochyscome lineariloba
(De Candolle) Druce 1917, the number of 5S rDNA sites increased linearly with the
ploidy level, but 185-26S rDNA was restricted to a single major locus. A proportional
gain of ribosomal loci from hexaploid level to octoploid has also been observed in Ar-
temisia mendozana De Candolle, 1837 (Pellicer et al. 2010). Loss or addition of rDNA
loci during the evolution of a polyploid plant species has been documented in 77izi-
cum Linnaeus, 1753 (Mukai et al. 1991, Kim et al. 1993), Gossypium Linnaeus, 1753
(Crane et al. 1993, Hanson et al. 1996), and Avena Linnaeus, 1753 (Jellen et al. 1988).
A comparison of hybridization patterns between the two probes revealed identical
results within each ploidy level of C. ciliaris. Thus the number of 18S and 5S rDNA
loci in different individuals of each ploidy level was constant. This can be explained by
the genome stability occurring in the three ploidy levels. This highly conserved nature
of both 5§ and 18S rDNA loci during polyploid evolution within C. ciliaris is not in
accordance with observations made in hexaploid of Jpomea batata, indeed within this
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cytotype some varieties presented 18 signals of 18S and other 12 signals (Srisuwan et
al. 20006). Therefore, during polyploid evolution, plant species differ in the degree of
the stability of IDNA sites, and different species show different trends in rDNA site-
number change. Despite a conserved organization of rDNA sites within each ploidy
level, recent molecular investigation of the three ploidy levels of C. ciliaris in Tunisia
(Kharrat-Souissi et al. 2011) revealed the existence of completely distinct genotypes for
pentaploids, suggesting that this cytotype may has two different origins.

In analyzed individuals of C. ciliaris all 5S rDNA loci were localized on paracentro-
meric region of chromosome pairs 8 and 10, while 18S loci were situated on telomeric
region of short chromosome arm of pairs 11 and 14. Akiyama et al. (2005) detected the
same position for 18S rDNA signals, but they located the 58S signals on the long arm ad-
jacent to the centromere. In our tetraploid population the 5§ rDNA sites were observed
on the short chromosome arms (Fig. 2F). Chromosome measurements and accurate lo-
cation of centromere position could explain this difference in the position of 58 signals.

The size and the intensity of both hybridization signals slightly varied among
investigated individuals. This can be explained by different copy number of repeats
among rDNA sites which has been also detected in several other plant species (Weiss-
Schneeweiss et al. 2003, Srisuwan et al. 2006).

The distribution of investigated populations of C. ciliaris in Tunisia follows a
north-south bioclimatic gradient, where ploidy level and genome size are increasing
with aridity (Kharrat-Souissi et al. in press). Namely, tetraploids are present in the
most humid areas, pentaploids exist in the center of the country, whilst hexaploids
occur from the semi-arid to the Saharan limits, suggesting that this cytotype is better
adapted to different environmental conditions (Fig. 1). Hamon et al. (2009) reported
that the number of 18S and 5S rDNA appears to be correlated with the genome size
and the geographic distribution of the Cofféa Linnaeus, 1753 species.

In the present study the number of signals of 5S and 18S rDNA loci in pentaploids
was intermediate between tetraploids and hexaploids. This result seems to indicate that
pentaploid individuals might have derived from hybridization events between tetra-
ploids and hexaploids. Although the apomictic mode of reproduction known as apo-
spory displayed by most C. ciliaris genotypes, rare sexual individuals have been identi-
fied (Fisher et al. 1954, Sherwood et al. 1980). Using AFLP markers for the Tunisian
C. ciliaris, differences between individuals descending from the same plant mother were
observed. This unexpected level of variability for an apomictic species suggests that the
sexual mode of reproduction is not rare in native populations of C. ciliaris. The mode
of reproduction of the three ploidy levels of C. ciliaris in Tunisia was investigated using
Flow Cytometric Seed Screening (FCSS; Kharrat-Souissi et al. in press). Observations
using FCSS (high 2C embryo peak with a smaller 3C endosperm peak) do not clarify
the reproductive mode of the investigated individuals, because the endosperm cells of
both the aposporous and sexual plants yield 3C values (Kharrat-Souissi et al. in press).
In the case of the aposporous C. ciliaris, forming an embryo sac of Panicum type, which
produces four unreduced nuclei per ovule, the traditional cytological technique of dis-
secting immature ovaries would appear more appropriate (Visser et al. 2000).
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Our data of the FISH experiments show proportional increase of ribosomal
loci number during polyploidization processes. However ploidy level increases
with aridity (from tetraploid to hexaploid) and give a cytogenetic basis to the con-
siderable differentiation noted between north (humid area) and south (arid area)
Tunisian populations of C. ciliaris.
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Abstract

Genomic I Situ Hybridization (GISH) is a powerful tool to identify and to quantify genomic constitu-
ents in allopolyploids, and is mainly based on hybridization of highly and moderate repetitive sequences.
In animals, as opposed to plants, GISH has not been widely used in part because there are technical prob-
lems in obtaining informative results. Using the allopolyploid Squalius alburnoides Steindachner, 1866
fish complex as a model system, we succeeded in overcoming methodological constraints when dealing
with parental species with a small genome size. This hybridogenetic complex has biotypes with different
genome compositions and ploidy levels, but parental chromosomes are small, morphologically very simi-
lar and therefore cannot be distinguished by conventional cytogenetic approaches. Specimens have a small
genome (C-valuel.2 pg) with a low level of highly and moderate repetitive sequences, mainly located at
pericentromeric chromosome regions. Since it is well known that probe annealing depends on probe con-
centration and hybridization time to obtain uniform hybridization signals along the chromosome arms,
we progtessively increased the amount of labeled probes from 100ng up to 1pg and the incubation time
from overnight up to 5 days. We also made other smaller improvements. Results showed a clear enhance-
ment of signals with respect to previous data, allowing an accurate and reproducible assignment of the
parental genomes in both diploid and triploid fish. It was thus evidenced that high probes’ concentra-
tions and long incubation time are the key to obtain, without extra image editing, uniform and reliable
hybridization signals in metaphase chromosomes of animal hybrids from species with small genome size.

Copyright Massimiliano Rampin et al. This is an open access article distributed under the terms of the Creative Commons Attribution License 3.0
(CC-BY), which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.
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Introduction

Genomic /z Situ Hybridization (GISH) was developed by Schwarzacher et al. (1989)
to identify parental chromosomes in Hordeum chilense Roemer et Schultes x Secale af-
ricanum Stapf hybrid plants where classical karyotyping and/or chromosome banding
were unable to detect genomic (chromosomal) differences. This technique uses labeled
total genomic DNA as probes to recognize a genome in chromosome preparations of
hybrid individuals. It provides a straight and simple visual identification of parental
chromosomes and genome organization (e.g. chromosomal rearrangements) in inter-
specific/intergeneric hybrids and allopolyploid species, as well as introgression, addi-
tion and substitution lines (see e.g. Jiang and Gill 1994, Jacobsen et al. 1995, Fujiwara
etal. 1997, Sanchez-Moran et al. 1999, Bi and Bogart 2000).

GISH uses labeled total genomic DNA (gDNA) as the probe in iz sizu hybridiza-
tion experiments together with sheared unlabeled whole genomic DNA, usually from
the other parental species (but see Markova and Vyskot 2009) as blocking DNA. The
blocking DNA serves as a DNA competitor to avoid the staining of both genomes by
the probe DNA if the parents are closely related. GISH works primarily on hybridiza-
tion of highly and moderate repetitive DNA sequences (Markova and Vyskot 2009
and included references). The required amount of blocking DNA is known to depend
on the phylogenetic distance between the parental species and it can be reduced for
distantly related parental species. Based on Nicotiana Linnaeus allopolyploids, Lim
et al. (2007) established a parental species divergence from around 1IMY to 5MY for
obtaining reliable results by GISH. Thus it is possible to distinguish parental chromo-
somes in interspecific hybrids using GISH if the parental genomes are divergent and
the hybridization is relatively recent (Markova and Vyskot 2009).

Hybridization and polyploidy are known to be common phenomena in plants. Re-
cent genomic studies have revealed a higher occurrence of these events in animals than
previously suspected (Gromicho and Collares-Pereira 2007, Mallet 2007, Mable et al.
2011). GISH has been a powerful tool for analyzing plant hybrids and polyploids (re-
viewed in Abbasi et al. 2010). However in vertebrates it has only been successfully used
in unisexual salamanders (Bi and Bogart 2006, Bi et al. 2007a,b, 2008, 2009, 2010), in
hybridogenetic frogs (Zalesna et al. 2011) and in a salmonid hybrid study (Fujiwara et
al. 1997). There are two other GISH applications in fishes, but one only shows centro-
meric hybridization signals (Zhu and Gui 2007) and the other did not include any illus-
tration of GISH results (Valente et al. 2009). The lack of more applications in animals
may be explained by the difficulty in obtaining accurate and reproducible results due to
technical problems related to genome size and distribution of genome-specific repetitive
sequences, as suggested by Ali et al. (2004) for plants. The high quality GISH studies in

vertebrates were performed in species complexes with large genomes (data from Greg-
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ory 2011): Ambystoma Tschudi, 1838 (C-values ranging from 21.85pg-80.70pg) and
Pelophylax esculentus Linnaeus, 1758 (5.60pg-11.53pg). Also in the Oncorhynchus masou
Brevoort, 1856 x Oncorhynchus mykiss Walbaum, 1792 hybrid form, parental species
have C-values ranging from 2.07pg-3.29pg and 1.87pg-2.92pg respectively, what may
be considered relatively high in comparative terms for teleosts (reported C-values range
from 0.35pg up to 4.90pg, mean value = 1.16pg — in Gregory 2011).

We aimed to improve GISH methodology using the Squalius alburnoides Iberian
complex, as a model system. This fish complex originated from interspecific hybridiza-
tion between S. pyrenaicus Guinther, 1868 (P genome) as the maternal ancestor and a
missing Anaecypris-like species (A genome) paternal ancestor. The complex is composed
of different biotypes and ploidies (2n=50, 3n=75 and 4n=100), which are produced by
non-sexual and sexual modes of reproduction. In southern Portugal, specimens carry-
ing PA, PAA, PPA and PPAA genomes are found, as well as nuclear non-hybrid males
AA which are reconstituted within the complex (reviewed in Gromicho and Collares-
Pereira 2007, Collares-Pereira and Coelho 2010). Diploid specimens of S. alburnoides
have a relatively small genome (C-value=1.2 pg; Préspero and Collares-Pereira 2000)
and a low amount of highly and moderate repetitive sequences, mainly located at
pericentromeric chromosome regions. Herein we describe an optimized protocol for
obtaining reliable and informative results in hybrid fishes even if parental species have
morphologically similar chromosome sets, relatively small chromosomes and C-values,
which might be applicable to other animal hybrid genomes.

Materials and methods

Fish samples, ploidy and genome composition screenings

Chromosome preparations were obtained from cellular suspensions preserved in fixa-
tive (3:1 methanol:acetic acid) at -20°C for about 6 years from five diploid (PA ge-
nome, 2n=50) and one triploid (PAA genome, 3n=75) S. alburnoides specimens. The
fish were selected from the offspring of artificial crosses obtained using specimens cap-
tured at Guadiana river basin in 2001-2003. Several specimens with an unknown
genomic composition were also collected by electrofishing in October 2010 at Al-
margem drainage. Both populations are in Southern Portugal. The best two cellular
suspensions from this pool (of two distinct triploid females) were also used for GISH
experiments. Probe and blocking DNA were obtained from nuclear non-hybrid speci-
mens of S. alburnoides (AA genome) and allopatric specimens of S. pyrenaicus (PP
genome), respectively.

Ploidy of the fish was determined by analysis of erythrocyte DNA content using a
Coulter Epics XL cytometer, following the method described in Collares-Pereira and
Moreira da Costa (1999). Genome composition of the old suspensions was assessed
following Crespo-Lépez et al. (2006), and biotypes of the new sampled specimens were
identified using the method of Sousa-Santos et al. (2005).
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Chromosomes preparation

Metaphase chromosomes were obtained from fibroblast fin cultures according to the
method of Rodrigues and Collares Pereira (1996) with small modifications. After
checking the quantity and quality of metaphases, the best suspensions were used for
GISH experiments. In order to improve spreading of the metaphase plates, the slides
were placed on a wet, cold (+4°C) sponge and one or two drops of the suspension were
released onto high quality superfrost precleaned glass slides (Cole — Parmer, Vernon
Hills Illinois). This treatment increases the surface tension allowing better separation of
the chromosomes (open plates). The quality of the chromosome spreads was evaluated
by phase-contrast microscopy for subsequent experiments. Selection criteria were: high
number of metaphase plates, well separated chromosomes with few or no overlapping
chromosome arms and little cytoplasm surrounding the plates. The slides were aged 2
to 5 days at room temperature (RT) or overnight at 70°C.

Labeled probe preparation

Total genomic DNA (gDNA) from S. pyrenaicus and S. alburnoides nuclear non-hybrid
males were extracted from muscle and fins using Phenol:Chloroform:Isoamyl alcohol (PCI)
method (Sambrook et al. 1989). gDNA quality was assessed by agarose gel electrophoresis.
Completely degraded DNA samples are not optimal to obtain a good labeled probe, even
though the manufacturer’s protocol (Roche) suggests using fragmented DNA. The amount
of gDNA was evaluated at first using NanoDrop 1000 (Fisher Scientific) by diluting the
samples in double-distilled H,O 1:100, and subsequently using both NanoDrop and a
QBit Fluorometer (Invitrogen). The probe was labeled with Dig-11-dUTP according to
the manufacturer’s protocol (Roche cat N° 11745816910) with small modifications. The
amount of starting DNA was increased to 1.3-1.5ug and the incubation time was ex-
tended to 135 - 150 min in order to obtain a greater amount of labeled probe. Quality and
quantity were assessed. After precipitation and air-drying, the probe was re-suspended in
40ul of GISH mix, a solution composed of 50% Dextran Sulphate (Promega), 10% SDS,
2x SSC, 500 ng/pl sheared salmon sperm DNA, 50x Denhardt’s and double-distilled H,O
(final concentration of probe DNA 25ng/pl) during the first experiments (Set I, see below).
In a second set of experiments (Set II), the labeled probe was re-suspended in Hybridiza-
tion Mix composed of 50% Ultra Pure Formamide (Sigma F9037), 2x SSC, 10% Dextran
Sulphate, and Milli-Q water; pH adjusted to 7—7.5 with 1N HCIL. The initial probe DNA

concentration was 20 ng/ul, but was later increased up to 200 ng/l.

Blocking DNA preparation

Genomic DNA for unlabeled blocking DNA was extracted from muscle and fins of
non-hybrid samples (both AA and PP) using PCI method as described above. Several
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individuals were used in order to obtain a large amount of gDNA. After air-drying,
the DNA was re-suspended in double-distilled H,O and the gDNA quality assessed
by agarose gel electrophoresis. In this case it is not important if it is partially degraded.
The DNA was then precipitated, air-dried and re-suspended in double-distilled H,O,
vortexed and accumulated in a single tube. A hole was punched in the tube lid, and
the suspension was autoclaved for 40 min. After autoclaving, an agarose gel elec-
trophoresis test was performed to evaluate the rate of DNA shearing. The optimal
size fragments for an efficient blocking DNA ranges from 100bp to 1000bp. Sheared
DNA was then concentrated using a speed vacuum centrifuge (to about 5 pg/ul), and
evaluated as described above.

Genomic In Situ Hybridization (GISH)

Two sets of experiments (I and II) were performed.

Set I experiments (standard protocol)

The first experiments were performed according to the protocol used by Bi and
Bogart (2006). Chromosomes were derived from old cell suspensions from diploid
(PA) and triploid (PAA) specimens that were stored in fixative at -20°C. Slide quality
was evaluated as previously described and hybridization areas on the slide were identi-
fied using a diamond pen. The slides were aged for five days at RT. After aging, chro-
mosomes were denatured for 2 min in Formamide 70%, 2x SSC at 72°C-74°C. The
slides were then immediately dehydrated in a series of ice cold alcohols: 70% EtOH (7
min), 90% EtOH (7 min), 100% EtOH (10 min) and then air-dried.

Probe mix preparation

For each slide, the labeled hybridization probe mix was: 10ul Ultra-Pure Forma-
mide (Sigma F9037), 5ul GISH mix, and 5ul Dig labeled probe (about 100ng). A
range from 1:0 to 1:30 probe:blocking DNA (P/B ratio) was added to these solutions
to optimize genomic differentiation. The solutions were stored at 4°C prior to dena-
turation.

Probe denaturation and hybridization

During slide air-drying, the probe mixes were denatured for 7 min at 83°C in a
PCR thermal cycler then immediately placed on ice for at least 10 min. 20 pl of probe
mix was dropped onto each slide, a 22x22 mm coverslip was applied, sealed with para-
film, and incubated overnight at 37°C in a moist chamber.

Post-hybridization washes

Parafilm was removed and slides were immersed in 50% Formamide at 42°C for
10 min followed by three washes in 1x SSC for 5-7 min each at 42°C with gentle hand
shaking. The washing steps were followed by rinsing in 2x SSC. To block unspecific
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binding sites in order to reduce fluorescence in the background, 70pl of Blocking
Solution (BSA 5%, 20x SSC, double-distilled H,O and 0.1% Tween20) was applied
to each slide, cover slips were then re-applied, and slides were incubated for 20 min at
37°C in a moist chamber.

Detection solution

Detection solution was made by diluting fluorescent antibody Anti-Digoxigenin
FITC 1:100 in double-distilled H,O. 30pl of this solution was applied onto each slide,
covered with a 22x22 mm coverslip and incubated for 80 min at 37°C in a moist cham-
ber. The coverslip was then removed and the slide washed 4x 5 min in pre-warmed Wash-
ing Buffer (4x SSC, 0.1% Tween20) at 42°C. Then slides were rinsed in 2x SSC and
counterstained using 1.5ug/ml Propidium Iodide (PI) or 1.5pg/ml DAPI (4°,6-diamidi-
no-2-phenylindole) in antifade solution (Vectashield H-1300 and H-1200 respectively).
Finally the slides were covered by a 24x32 mm coverslip and sealed with nail polish.

Microscope analysis

Slides were analyzed using a Leica DMRB fluorescence microscope. Fluorescent
images from FITC, PI and DAPI were captured by a CCD camera (QImagine, Van-
couver, Canada) and merged using Openlab 3.5 Software. All the images were analyzed
and slightly manipulated with Adobe® Photoshop Elements 6 and Adobe® Photoshop
CS4.

Set 11 experiments (GISH protocol optimization and validation)

Several parameters were modified in order to improve iz situ hybridization qual-
ity, which is important for an accurate interpretation of GISH results. All the modi-
fications were introduced step by step, and other experimental conditions remained
constant. The old cell suspensions that provided chromosomes were initially used in
parallel with the two new cell suspensions, and every modification was introduced as a
fixed parameter in the following trials.

Water type

The first optimization experiments were performed using the same chromosome
suspensions in the same conditions changing only the water type from di-deionized to
Milli-Q Millipore” (18.2 MQ-cm) in all the solutions.

Pepsin pretreatment (optional)

Pepsin pretreatment was performed before the denaturation but only on the
slides in which metaphase spreads were surrounded by abundant cytoplasm. Slides
were placed 10-12 min in pre-warmed (37°C) 0.01N HCI containing 0.002% pepsin
(Sigma P7012). Pepsin activity was stopped by immersion in 1x PBS pH 7.4 for 5
min with gentle shaking, once in 2x SSC 5 min then dehydrated in a series of alcohol
(70%, 90%, 100%) at RT.
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Denaturation temperature
In order to preserve chromosomes morphology, denaturation temperature was de-
creased to 65°C and denaturation time extended from 2 minutes up to 3 minutes.

Post-hybridization washes

Post-hybridization washes were modified using 2 times 2x SSC, once 2x SSC+0.1%
Tween20 and 1x PBST/0.5% w/v powder skimmed milk (as blocking solution). All
these washes were performed for 5 min with gentle shaking at 42°C. In the following
experiments these washes were performed at RT in order to reduce the stringency.

Probe re-suspension mixture

The labeled probe was re-suspended in Hybridization Mix composed of 50% Ul-
tra-Pure Formamide (Sigma F9037), 2x SSC, 10% Dextran Sulphate (Promega), and
Milli-Q water; pH adjusted to 7-7.5. The final concentration was 40—50ng/pl, and
later increased up to 200 ng/pl.

Incubation times

The incubation time was progressively extended from overnight up to 5 days (see
methods in Ali et al. 2004), though the best results were obtained with an incubation
time of around 72 h.

Quantity of Probe

Initially, 100 ng of probe in a 22x22 mm hybridization area were used. Then the
amount of the probe was increased to 200 ng, 500 ng, 1pg and a little bit more. Hav-
ing suspensions containing many well-spread metaphases, the hybridization area was
reduced to 10x10 mm, 12x12 mm or a 13 mm diameter. In these cases we applied
from 200 to 350 ng of labeled probe on each slide.

P/B ratio evaluation
Probe/blocking DNA ratio was altered but used the same amount of labeled probe
(1ug based on the previous tests) and the P/B ratio ranged from 1:20 to 1:40.

Pre-annealing test

In order to reduce the intensity of hybridization signals from shared highly repeti-
tive sequences (e.g. IDNA, centromeric heterochromatin), a pre-annealing step of 30
min incubation at 37°C was introduced after probe denaturation (in a thermal cycler).

Microscope analysis

Slides were analyzed using an Olympus BX 60 fluorescence microscope. Fluo-
rescent images from FITC, PI and DAPI staining were captured with an Olympus
DP50 CCD camera. The images were analyzed and slightly manipulated with Adobe®
Photoshop CS4.
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Results

The first GISH experiments (Set I) on PA and PAA metaphase plates from old chro-
mosome suspensions using the standard protocol of Bi and Bogart (2006), were made
by applying 100 ng of Dig labeled AA whole genomic probe in presence of an excess
of PP blocking DNA (P/B ratio from 1:0 to 1:30). Probe fluorescence was revealed by
anti-digoxigenin FITC-conjugated antibody. The results showed non uniform, faint
and spotted hybridization signals, mainly at pericentromeric chromosome regions and
rDNA clusters as well as in some heterochromatic regions (Fig. la—d). For PA, only

Figure |. Standard use of GISH method in metaphase plates of specimens of S. alburnoides complex.
a GISH with AA Dig labeled probe in PA metaphase plate revealed by anti-Dig FITC antibody counter-
stained with DAPI - picture without photo editing b the same picture with photo editing ¢ GISH with AA

Dig labeled probe in PAA metaphase plate revealed by anti-Dig FITC antibody counterstained with PI,
picture without photo editing d the same picture with photo editing. Scale Bars = 10pm.
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5 or 6 chromosomes were uniformly stained and the fluorescence was faint (Fig. 1a
and 1c¢). It was difficult to correctly identify all the A genome chromosomes in the PA
diploid hybrid on the basis of centromeric signals. Also, in the PAA plates (Fig. 1c and
1d), hybridization signals were faint and it was more or less impossible to correctly
identify or to distinguish A from P chromosomes. It was also not possible to evalu-
ate P/B ratio differences because the results obtained when changing blocking DNA
amount were more or less equivalent (not shown).

The results from Set II experiments improved significantly by changing water type,
post-hybridization washes, probe re-suspension mixture, pepsin pretreatment and fresh
suspensions. MilliQ water contains fewer minerals affecting the hybridization of the
probe. It stabilizes better hydrogen bonds between the probe and chromosomal DNA.
Post-hybridization washes' modification reduced the stringency for the same reason. Pep-
sin pretreatment reduced fluorescent background, though no remarkable improvement
was observed on hybridization quality. Reliable results were obtained when we used fresh
chromosome suspensions, 65 h to 72 h incubation times and 1ug or more labeled probe
per slide as shown in Figure 2a-2d. Uniform hybridization allowed to correctly identify
parental chromosomes. Even when stronger signals occurred in rDNA clusters and at peri-
centromeric regions it was still possible to identify a few interchromosomal exchanges (Fig.
2d’). The optimal P/B ratio was 1:25. For suspensions containing a high number of meta-
phase plates, hybridization area reduction gave the same positive results (best size 12x12
mm or 13 mm diameter). This reduced the required amount of expensive labeled probe.
In this set of experiments, little or no image editing was required to improve image quality.

Discussion

When comparing the two sets of experiments and the improvements introduced to the
protocol provided by Bi and Bogart (2006), it is evident that the metaphase chromo-
somes of the PA and PAA hybrids after GISH did not give reliable and informative re-
sults (Fig. 1a—d). Only the pericentromeric heterochromatin and some chromosomes of
one of the two parental genomes could be identified but without absolute certainty. In
most of the diploid and triploid hybrid plates a strong hybridization signal was observed
at pericentromeric regions. Hybridization sites likely corresponded to heterochromatic
areas showed by C-banding, which usually contain repetitive sequences, but it was not
uniform and was often faint even in some centromeres. It was therefore impossible to
clearly distinguish the two parental chromosomes sets. This problem was likely the result
of a low concentration of the probe but also of the incorrect amount of blocking DNA.

Even though metaphase chromosomes used in Set I experiments appeared to be of
very good quality and very clean when assessed by phase-contrast microscopy, the lack
of genome specific fluorescence may be explained by the age of the cell suspensions as
has been demonstrated both in plants and animals. Physical and chemical molecular
modifications likely affect chromosome quality, and the use of fresh suspensions is
always preferable (e.g. Henegariu et al. 2001).
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Figure 2. Improved use of GISH method and putative karyotype in specimens of S. alburnoides complex
a GISH with AA Dig labeled probe in PAA metaphase plate revealed by anti-Dig FITC antibody counter-
stained with DAPI. Picture without photo editing. First improvement step b-d GISH with AA Dig labeled
probe in PAA metaphase plates revealed by anti-Dig FITC antibody counterstained with DAPI (c and d)
and PI (b). Pictures with little photo editing. Last improvement step d' Putative PAA karyotype. Arrows
indicate chromosomes putatively involved in exchanges, and box in karyotype some unresolved chromo-

somes. Scale Bars = 10pm.
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Our experiments revealed other aspects that likely contributed to improve the
quality of hybridization, such as those related to renaturation kinetics and the con-
centration of the probe. Hybridization kinetics that drives the formation of hetero-
and/or homoduplex complexes depends on several factors: genome size, sequences
copy number, DNA fragment size, base composition, concentration and time (Wet-
mur and Davidson 1968, Werman et al. 1996 and references therein). Salaman-
ders of the genus Ambystoma have quite large genomes (22pg<GS>81pg, Gregory
2011). Coding sequences likely represent a very small fraction of the genome, which
is mainly constituted by non-coding DNA including highly, moderate and inter-
spersed repetitive sequences. Thus, in organisms with large genomes, reliable GISH
results can be obtained with a short incubation time (overnight) and only a small
amount of labeled probe is necessary (100ng or less). On the other hand, specimens
from the S. alburnoides complex have a much lower C-value (about 1.2pg; Préspero
and Collares-Pereira 2000). Consequently, considering renaturation kinetics theory,
hybridization likely requires much higher probe concentrations (C ) and much long-
er incubation times (t).

Set II experiments increased probe concentration by reducing the hybridization
area. A 22x22 mm area corresponds to 484 mm’. If 1pg of probe is used in this area
it means that a Weight Specific Surface Area is about 2ng/mm?. Thus, operating on a
reduced area, e.g. 100 mm?, it will be sufficient to drop only 200ng of the probe in-
stead of 1pg. By adopting this system of hybridization area reduction it is possible to
increase the concentration of the probe without using a higher amount of probe. The
best results obtained with this procedure (Fig. 2b-2d) used 300ng of labeled probe in
4pl of Hybridization Mix in areas of 12x12 mm or 13 mm diameter (P/B ratio 1:25).

Improved protocol provided uniform and clean hybridization without any, or very
little, requirement for image editing using more than 1pg of labeled probe and about
72 h of incubation in moist chamber at 37°C.

A few of the chromosomes contained mixed fluorescence along the arms (Fig.
2c—d), suggesting the occurrence of intergenomic exchanges (Rampin et al. 2010).
However, though a tentative karyotype was built for distinct triploid (PAA) females,
since parental chromosome sets are grossly very similar and constituted by a high num-
ber of relatively small chromosomes, we can not confirm the patterns of exchanges and
identify the individual chromosomes that are involved (Fig. 2d’).

In vertebrates, intergenomic interactions have only been demonstrated by GISH
in allopolyploid salamanders (Bi et al. 2007a, 2008, 2009, 2010). According to Zale-
sna et al. (2011) there were no such evidences in the hybridogenetic Pelophylax esculen-
tus though only diploid hybrids were analysed. The results we have obtained confirm
the power of GISH to define genomic composition in hybrids and to visualize inter-
chromosomal exchanges (if present) even when dealing with hybrids of parental spe-
cies having small chromosomes and C-values. Thus with the described improvements,
GISH methodology will likely have a much wider application and be very helpful for
cytogeneticists, when coupled with other molecular approaches, to unravel genome
restructuring processes also in animal hybrid complexes.
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Abstract

Immunocytochemical and electron microscopic analysis of synaptonemal complexes (SCs) was carried
out for the first time in homozygotes and complex Robertsonian heterozygotes (hybrids) of the com-
mon shrew, Sorex araneus Linnaeus, 1758, from a newly discovered hybrid zone between the Moscow
and the Neroosa chromosomal races. These races differ in four monobrachial homologous metacentrics,
and closed SC tetravalent is expected to be formed in meiosis of a hybrid. Indeed, such a multivalent was
found at meiotic prophase I in hybrids. Interactions between multivalent and both autosomes and/or
the sex chromosomes were observed. For the first time we have used immunocytochemical techniques to
analyse asynapsis in S. araneus and show that the multivalent pairs in an orderly fashion with complete
synapsis. Despite some signs of spermatocytes arrested in the meiotic prophase I, hybrids had large num-
ber of active sperm. Thus, Moscow — Neroosa hybrid males that form a ring-of-four meiotic configuration
are most likely not sterile. Our results support previous demonstrations that monobrachial homology of
metacentrics of the common shrew does not lead to complete reproductive isolation between parapatric

chromosomal races of the species.
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(CC-BY), which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.
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Introduction

The concept of chromosomal speciation implies occurrence of reproductive isolation as a
result of chromosomal rearrangements (Vorontsov 1960, White 1978, 1982, King 1993).
The most common type of chromosome rearrangements in mammalian evolution is rep-
resented by the Robertsonian translocations — fusion of two acrocentric chromosomes
into a single submeta — or metacentric chromosome. It was first described in orthopterous
insects (Robertson 1916). Species with a so-called “Robertsonian fan” represent unique
models for studying chromosomal speciation. The term was introduced by R. Matthey
for description of a wide-range chromosomal variation caused by multiple Robertsonian
translocations (Matthey 1970). Among mammals, there are several species that demon-
strate the Robertsonian fan: the Subsaharan pygmy mouse, Mus (Nannomys) musculoides
Temminck, 1853 (Matthey 1970, Jotterand 1972), the house mouse, Mus musculus do-
mesticus Schwarz et Schwarz, 1943 (Gropp et al. 1972, Gropp and Winking 1981), the
Eastern mole vole, Ellobius rancrei Blasius, 1884 (Lyapunova et al. 1980), the Nigerian
gerbil, Gerbillus nigeriae Thomas et Hinton, 1920 (Volobouev et al. 1988), the Daghestan
pine vole, Pitymys daghestanicus Shidlovsky, 1919 (Tembotov et al. 1976), and the com-
mon shrew, Sorex araneus Linnaeus, 1758 (Searle and Woéjcik 1998).

Due to its high level of karyotype variability, the common shrew S. araneus is subdi-
vided into at least 72 parapatric chromosomal races, each characterised by a unique set
of metacentric chromosomes formed by Robertsonian fusions and/or whole-arm recip-
rocal translocations (WART') (Hausser et al. 1994, White et al. 2010). Three metacen-
trics (af; be, tu) and sex chromosomes (XX in females and XYY, trivalent in males) are
invariant in all chromosomal races, while another ten autosomal arms (g-) may occur
as acrocentrics and/or combined together as metacentrics (Searle et al. 1991). XYY, sex
trivalent formed by the X-autosome translocation (Sharman 1956) is specific for the
species of the ‘Sorex araneus group (Zima et al. 1998). The sex trivalent has original
parts (¢ “true” arm of X chromosome and the Y,) and autosomal parts (< translocated
arm of X chromosome homologous to the Y,) (Fredga 1970, Pack et al. 1993).

Hybrids between parapatric chromosomal races of the common shrew are often
expected to be complex Robertsonian heterozygotes with monobrachial homology,
which form chain (C) or ring (R) configurations of three or more elements at prophase
I of meiosis. Such complex meiotic configurations are considered to be more suscep-
tible to irregularity. As a consequence, complex heterozygotes are expected to be less
fertile than homozygotes of pure chromosomal races. At present, interracial hybrids
with different types of meiotic configurations from CIII and RIV up to CXI and RVI
have been revealed from seventeen well-studied hybrid zones (Searle and Wéjcik 1998,
Bulatova et al. 2011, Polyakov et al. 2011, Orlov et al. 2012). Studies so far have
shown that hybrids with long chain or ring configurations have more abnormalities
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during meiosis than hybrids with shorter configurations; however even in these cases
the complex meiotic configurations do not appear to be associated with complete ste-
rility (Mercer et al. 1992, Narain and Fredga 1997, Jadwiszczak and Banaszek 2006,
Pavlova et al. 2008). There is a need to document more fully the match between com-
plexity of karyotype and degree of regularity of the meiotic configurations expected.

A new chromosomal hybrid zone between the Moscow race (gm, i, jl, kr, no, pq,
2na=18) and the Neroosa race (go, /i, jl, kr, mn, pg, 2na=18) has been found recently in
the centre of European Russia (Pavlova et al. 2012, in press). Karyotypes of the races dif-
fer in four metacentrics with monobrachial homology so that the complex heterozygotes
should form a ring-of-four (RIV) configuration at meiosis I. On the basis of karyotype
differences of the races one can suggest that fixation of just one WART, between meta-
centrics g7 and 70 or between go and 7, could have separated these races in the past.

This paper presents a comparative synaptonemal complex (SC) analysis of pro-
phase I of meiosis using electron microscopy and immunofluorescence in homozygotes
and complex Robertsonian heterozygotes from this hybrid zone. A combination of
both methods together for SC analysis is used for the first time in Sorex araneus.

Material and methods

Animals and karyotypes. A total of eight adult male common shrews were collected from
the Moscow-Neroosa hybrid zone, located in the south-eastern part of the Moscow Re-
gion near Ozyory town (the left bank of the River Oka), in April 2012, at the beginning
of the breeding season. Each specimen was processed according to the field procedure de-
scribed in Bulatova et al. (2009). Mitotic chromosomes were prepared from bone marrow
and spleen following Ford and Hamerton (1956) with modifications. A trypsin - Giemsa
staining technique of Kral & Radjabli (1974) was used for identification of chromosome
arms according to the standard nomenclature for the S. araneus karyotype (Searle et al.
1991). Only three of eight karyotyped males were used for the meiotic analysis.

Synaptonemal Complex Analysis. Synaptonemal complex (SC) preparations were
prepared and fixed using the technique of Navarro et al. (1981) with modifications (Ko-
lomiets et al. 2010). Measurements of autosomal bivalents and their ranking in each cell
were made in order to determining relative lengths (MicroMeasure 3.3, Colorado, USA).

Electron microscopy. Slides were stained with a 50% AgNO, solution in a humid
chamber for 3 h at 56°C, washed 4 times in distilled water and air dried. Stained slides
were observed under a light microscope to select suitably spread cells. Once selected,
plastic (Falcon film) circles were cut out with a diamond tap and transferred onto grids
and examined in a JEM 100B electron microscope.

Immunofluorescence. Poly-L-lysine-coated glass was used for immunostaining.
The slides were placed in phosphate-buffered saline (PBS) and incubated overnight at
4°C with the following primary antibodies diluted in antibody dilution buffer (ADB:
3% bovine serum albumin - BSA, 0.05% Triton X-100 in PBS): rabbit anti-SCP3
1:200 (Abcam, Ab15093), human anti-centromere antibodies, ACA 1:200 (Anti-
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body Incorporated, 15-235) and mouse anti-phospho-histone yH2AX 1:500 (Abcam,
Ab26350). After rinsing in PBS (3 times for 10 min), the slides were incubated with
appropriate secondary antibodies diluted 1:800 in PBS: goat anti-rabbit Alexa Fluore
488 conjugated antibodies, goat anti-human Alexa Fluore 546 conjugated antibodies
and FITC-conjugated horse anti-mouse IgG (all Abcam) at 37°C for 90 min. After a
final rinse in PBS, the slides were mounted in Vectashield with DAPI (Vector Labo-
ratories). Slides were analyzed in an Axioimager D1 microscope CHROMA filter sets
(Carl Zeiss, Jena, Germany) equipped with an Axiocam HRm CCD camera (Carl
Zeiss), and image-processing AxioVision Release 4.6.3. software (Carl Zeiss, Germa-
ny). Images were processed using Adobe Photoshop CS3 Extended.

Results

Karyotypes. Three of the eight karyotyped shrews were complex heterozygotes, i.e. F1
hybrids. They showed the expected arm combinations of Rb metacentrics - go/gm/mn/no,
hi, jl, kr, pq. Five other shrews were homozygotes with Moscow race karyotype (gm, /i,
jb kr; mo, pg). Hybrid individuals and homozygotes of the pure race had 2n=21, NF=40,
XY,Y,. Only two hybrids and one homozygote were subject to comparative SC analysis.

SC analysis of a homozygote of the common shrew. Immunocytochemical anal-
ysis of SCs in pachytene spermatocytes of the homozygote revealed nine SC bivalents
(af; b, jl, hi, gm, no, kr, pq, tu) and the sex trivalent (XY,Y)), as expected from the G-
banded karyotype of the Moscow race. Centromeres of /i SC bivalent and centromeres
in the sex trivalent were not aligned. The sex trivalent exhibited irregular thickenings
of the “true” arm of the X chromosome. The autosomal arm of the X chromosome
formed a typical SC (Fig. 1a, a’). YH2AX covered only the synaptic region of the X and

Figure |. a—d Synaptonemal complexes of homozygotes and complex heterozygotes of the common
shrew. Immunostaining with antibodies against axial elements of SC - SCP3 (green), polyclonal antibod-
ies to centromeric protein ACA (red) and antibodies to YH2AX (red) marking chromosome asynaptic
regions. Bar = 5 pm a, b SCs from spermatocyte pachytene nuclei (the Moscow race) a Nine SC bivalents
(af; be, jl, hi, gm, no, kr, pq, ru) and sex trivalent XY Y,. Sex trivalent contains irregular thickening of the
“true” arm of X-chromosome (scheme a’). The autosomal arm of the X-chromosome forms a typical SC.
Centromeres within /i bivalent and XYY, trivalent are displaced relative to each other b Anti-yH2AX
antibodies recognize chromatin in the synaptic zone of X and Y, chromosomes and unsynapsed thickened
region of the “true” arm of X-chromosome (scheme b’) ¢, d SCs from spermatocyte pachytene nuclei
obtained from Moscow-Neroosa hybrids € Seven SC bivalents (af; bc, jl, hi, kr, pq, tu), sex trivalent XYY,
and SC tetravalent (g/o/n/m) were revealed in spermatocyte nuclei of complex heterozygotes. Gaps were
detected in SC bivalents af; kr and in g arm of SC-tetravalent (indicated with asterisks). Gaps were also
detected in pericentromeric regions of all metacentrics of the SC tetravalent (scheme ¢’). 4f'SC bivalent
is associated with sex trivalent; d Anti-yH2AX antibodies identify chromatin in the synaptic region of X
and Y, chromosomes and asynaptic thickening of the “true” arm of the X-chromosome (scheme d’), as
for common shrew spermatocytes from Moscow race (Fig. 2b). One of the SC bivalents is associated with
the true part of sex trivalent. The SC tetravalent is usually associated with one or two autosomes (c, d).
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the Y, chromosomes and the thickened part of the X chromosome. The autosomal arm
of the X chromosome is not involved in inactivation (Fig. 1b, b’).

SC analysis of complex heterozygotes of the common shrew. As expected, seven
SC bivalents (af, b, jl, hi, kr, pq, tu), an SC tetravalent (g/o/n/m) and the sex trivalent
XYY, were detected in spermatocyte nuclei at pachytene stage (Fig. ¢, ¢, 2). Accord-
ing to the previously elaborated classification, the SC tetravalent represents a closed
SC multivalent which was formed due to monobrachial homology (Matveevsky and
Kolomiets 2011). Arms af, kr of SC bivalents, the g arm and pericentromeric regions
of the SC tetravalent contain gaps (Fig. 1¢). Sex trivalents were recurrently located at
the periphery of the pachytene nuclei of spermatocytes. The “true” X arm of the sex
trivalent was irregularly thickened and covered with yH2AX (Fig. 1d, d’).

Suspension of testis cells. There are spermatocytes and active spermatozoa in tes-
tis cell suspension from common shrews of both Moscow race and hybrids (Fig. 3).
Chromosome spreads also contained a significant amount of spermatozoa (Fig. 3 2’, b’).

kr

af

5, be ( P ' .

- " - A C
a 2 um b
Figure 2. a-d A pachytene spermatocyte of the Moscow-Neroosa hybrid. a An electron micrograph.

Seven SC bivalents (af, bc, jl, bi, kr, pq, tu), the sex trivalent XYY, and the SC tetravalent (g/o/n/m) are

detected. Closed SC tetravalent is composed of four monobrachial homologous metacentrics go, o, nm,

mg. SC tetravalent is associated with two autosomes and sex trivalent. Bar = 2 pm b A scheme of chromo-
some synapsis on the basis of Fig. 2a ¢ A scheme of SC tetravalent.

Discussion

Hybrid zones of S. araneus represent unique natural laboratories for studying Robert-
sonian chromosomal polymorphism. Complex cytogenetic studies have been carried
out in 17 known chromosomal hybrid zones; however only seven of them have been
subjected to analysis of early stages of meiosis including synaptonemal complexes anal-
ysis (see Table 1). Such studies provide information about the peculiarities of chromo-
somal synapsis and separation of multivalents in meiosis, which determine a hybrid’s
sterility/fertility. The latter is important for estimation of reproductive isolation level
between different chromosomal races.
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Figure 3. a-b Cell suspension of common shrew testis @ — homozygote (the Moscow race) b — complex

heterozygote from interracial hybrid zone a’, b’ Inverted image of spermatozoa (non-specific binding of

anti-SCP3 antibodies after immunocytochemistry). Bar = 20 pm.

Table 1. SC analysis in chromosomal hybrid zones of the common shrew.

. . . . Detected SC-
Hybrid zone Examined karyotypic categories configuration Reference
Oxford/ SH (chain-of-three) .
Hermitage (kla), (o), (o)) SC trivalents | Wallace and Searle 1990
Oxford/ SH (chain-of-three) . .
Wirral (kla), (nlo), (klo), ) SC trivalents Borodin et al. 2008
Abisko/ CH (chain-of-four) .
Sidensji Jiblbnln SC tetravalent | Narain and Fredga 1998
Aberdeen/ CH (chain-of-seven) SC chain with 7
Oxford 7l rpl pnlnol okl kqlq elements it
Novosibirsk/ | CH (chain-of-eight) + (chain-of-three) SC chain with 8
OVOSIDIS chainolrelght) + ICRAUNTOEAIES) | clements and SC Karamysheva et al. 2007
Tomsk ol oglgkl kil ih| hnl nmlm, q/r .
trivalent
Moscow/ CH (chain-of-eleven) SC chain with 11
Seliger glgmlmhl hil ikl krl rpl pgl gninol o clements Pavlova etal. 2008
Uppsala/ CH (ring-of-four) .
Hillefors gplphlkolog SC tetravalent | Narain and Fredga 1997
Moscow! CH (ring-of-four) SC tetravalent this study
Neroosa oglgm/mn/no

SH — simple heterozygotes, CH — complex heterozygotes

The model of chromosomal speciation by monobrachial centric fusion has been
proposed by Baker and Bickham (1986). Fixation of metacentric chromosomes with
monobrachial (single-arm) homology formed as a result of independent fusion of ac-
rocentric chromosomes can entail reproductive isolation of population and further
speciation due to the accumulation of genetic differences (Capanna 1982, Baker and
Bickham 1986). It is considered that such a mechanism of speciation occurs among
some mammal species: lemur genus Eulemur Simons et Rumpler, 1989 (Dijlelati et al.
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1997, Rumpler 2004), bat genus Rhogeessa H. Allen, 1866 (Baker et al. 1985), mole
vole of the Ellobius tancrei (Bakloushinskya et al. 2010), beaver genus Castor Linnaeus,
1758 (Ward et al. 1991), mouse of the Mus musculus domesticus (Capanna et al. 1976),
rat genus Rartus Fischer de Waldheim, 1803 (Baverstock et al. 1983). Searle (1988)
suggested that monobrachial fusions may contribute to speciation in Sorex araneus.

It was assumed that interracial hybrids of the common shrew (complex heterozy-
gotes with multiple Rb rearrangements) had either significantly reduced fertility or
were completely sterile (Searle 1988, 1993, Aniskin and Lukianova 1989). Mice and
mole voles that differed in several Rb translocations, exhibited reduced fertility too
(Capanna 1975, Lyapunova et al. 1990, Hauffe and Searle 1998, Bakloushinskaya et
al. 2010). Furthermore, reduced fertility and presence of aneuploid cells were revealed
in heterozygotes from different hybrid zones of house mouse chromosomal races that
varied in monobrachial homologous metacentrics (Said et al. 1993, Nunes etal. 2011).
The fertility of hybrids most likely depends on the amount of monobrachial homolo-
gous metacentrics. Indeed, complex heterozygotes of S. araneus from the contact zone
of Oxford and Hermitage races had an increased content of defective testicular tubes
and testis with reduced weight, whereas simple heterozygotes were similar to homozy-
gotes (Garagna et al. 1989). However, in the common shrew, even extremely long
meiotic chain configurations may not necessarily lead to complete sterility (Mercer et
al. 1982). For example, hybrids from a contact zone of Moscow and Seliger races that
exhibited the most diverse pattern of monobrachial homologous metacentrics with an
additional WART translocation had mature spermatozoa (Pavlova et al. 2008).

Previous studies have also demonstrated that association of autosomes and com-
plex SC configurations with sex chromosomes in meiotic prophase I could cause re-
duction of fertility or even complete sterility (Forejt et al. 1981, Burgoyne and Baker
1984). It should be noted that, unlike SC trivalents, complex SC configurations are
often associated with autosomes and sex trivalents (Narain and Fredga 1997, Pavlova
et al. 2008). We also revealed that sometimes the SC tetravalent interacted with the
sex trivalent in the complex heterozygotes that we examined. In previous works similar
contact sites (or physically interactions) of autosomes, SC multivalents and sex biva-
lents were interpreted as associations (Mercer et al. 1982, Narain and Fredga 1997).

To reveal the signs of defects in spermatogenesis in our specimens, we studied the
dynamics of meiotic prophase I focusing on the sex trivalent. Normally, sex chromo-
somes of male mammals contain a short SC in pseudoautosomal region and long un-
paired axes in meiotic prophase I. Also, sex chromosomes often move to the periphery
of pachytene nuclei and undergo MSCI (meiotic sex chromosome inactivation), which
is required for successful progression of meiosis (Forejt 1984, Burgoyne et al. 2009).
We used SCP3 antibodies to identify the SC axial elements and yH2AX antibodies to
mark chromosome asynaptic regions. This marker was revealed in chromosome asyn-
aptic regions starting from leptotene and up to late diplotene in cases of incomplete
synapsis (Turner et al. 2000).

We found that the behavior of the sex trivalent in homozygotes (Moscow race) was
similar to that of sex chromosomes in meiotic prophase I in other mammals. How-
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ever, in complex heterozygotes, the sex trivalent interacted with autosomes in some
prophase nuclei, which was typical of hybrids and heterozygotes with chromosomal
rearrangements and reduced fertility (Forejt et al. 1981). Thus, we do not exclude a
possibility of partial loss of spermatocytes due to this condition.

Formation of complex SC configurations is known to be associated with a high
degree of asynapsis. In such cases, chromosome asynaptic regions undergo transcrip-
tional inactivation MSUC (meiotic silencing of unsynapsed chromatin), which in its turn
results in meiotic arrest and reduction of fertility (Homolka et al. 2007, Mahadevaiah
et al. 2008). Nonetheless, no MSUC signs were detected in the hybrids of S. araneus.
In the gap regions (SC tetravalent, af; kr SC bivalents), yH2AX was not detected. Most
probably, gaps in pericentromeric regions of the SC tetravalent do not reflect asynaptic
regions, but may result from the extension of chromosome axial elements due to the
alteration of nucleus organization and retention of telomere links with nuclear enve-
lope. Similar trends in tetravalent dynamics were revealed in the progeny of radiation-
exposed male mice (Kolomiets et al. 1992). Closed SC multivalents associate with the
sex bivalent to a lesser extent and therefore do not cause meiotic failures.

Probably, the four metacentrics that form SC tetravalent in interracial Moscow-
Neroosa hybrids undergo successful separation, spermatocytes are not arrested (or are
arrested partially) and balanced gametes are formed in the end. This is also supported
by the presence of numerous spermatozoa in hybrid testis cell suspensions. Further
studies are needed to measure the level of aneuploidy.

Our data conform to the results of other authors. For example, no defects of sex
body formation were detected in most spermatocyte nuclei of mice that were heterozy-
gous for eight Rb translocations, which indicated moderate activity of pachytene arrest
(Manterola et al. 2009). Association of the SC trivalent carrying asynaptic regions with
the XY bivalent in early-middle pachytene, which also did not result in the reduction
of fertility, was revealed with immunocytochemical methods in laboratory mice with
a single translocation (Saferali et al. 2010). Apparently, in case of Rb translocations
the reduced efficiency of checkpoint in pachytene determines the possibility of Rb
metacentric circulation in natural populations and their role in karyotype evolution
(Matveevsky and Kolomiets 2011).

In our study, centromeres of homologues in the SC bivalent formed between
two Rb metacentrics (4i) were not aligned. We assume that this pattern might result
from different mechanisms of Rb metacentric formation in the past. One of the
ancestors might have retained centromere of 4 chromosome after formation of Rb
metacentric, while another ancestor might have retained centromere of i chromo-
some. Previous works reported a presence of two centromeric foci in other Rb meta-
centrics (Borodin et al. 2008). We suggest that in case of extensive chromosomal
variability of S. araneus, centromere polymorphism of Rb metacentrics might be
often observed in different populations.

Our synaptonemal complex results suggest regularity in formation of the ring-
of-four configuration produced by hybrids between the Moscow and the Neroosa
chromosome races of S. araneus. This relates well to the previous findings that chro-
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mosome races differing by monobrachial homology in S. araneus does not lead to
complete sterility in hybrids. In particular, our immunocytochemical demonstra-
tion of an absence of asynapsis in the ring-of-four configuration relates well to the
production of sperm in such hybrids.
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Abstract

The family Loricariidae with about 690 species divided into six subfamilies, is one of the world’s largest
fish families. Cytogenetic studies conducted in the family showed that among 90 species analyzed the
diploid number ranges from 2n=38 in Ancistrus sp. to 2n=96 in Hemipsilichthys gobio Luetken, 1874. In
the present study, fluorescence i situ hybridization (FISH) was employed to determine the chromosomal
localization of the 18S rDNA gene in four suckermouth armoured catfishes: Kronichthys lacerta (Nichols,
1919), Pareiorhaphis splendens (Bizerril, 1995), Liposarcus multiradiatus (Hancock, 1828) and Hypostomus
prope plecostomus (Linnaeus, 1758). All species analyzed showed one chromosome pair with 185 rDNA
sequences, as observed in the previous Ag-NORs analyses. The presence of size and numerical polymor-
phism was observed and discussed, with proposing a hypothesis of the Ag-NOR evolution in Loricariidae.
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Fish cytogenetics, fluorescent in situ hybridization, Loricariidae

Copyright Anderson Luis Alves et al. This is an open access article distributed under the terms of the Creative Commons Attribution License 3.0
(CC-BY), which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.



316 Anderson Luis Alves et al. /| Comparative Cytogenetics 6(3): 315-321 (2012)

Introduction

Fishes of the family Loricariidae are found in almost all South and Central America,
from Costa Rica to Argentina and represent one of the world’s largest fish families,
with about 690 species described and about 300 undescribed (Reis et al. 2003). Re-
cently this family has been divided into five subfamilies: Neoplecostominae, Hypopto-
pomatinae, Loricariinae, Hypostominae and a basal subfamily Delturinae (Armbruster
2004). About 100 Loricariidae species have been karyotyped so far (Oliveira and Gosz-
tonyi 2000, Alves et al. 20006). The diploid chromosome number ranges from 2n=36 in
Rineloricaria latirostris Boulenger, 1899 (Giuliano-Caetano 1998) to 2n=96 in Hemip-
silichthys gobio Luetken, 1874 (Kavalco et al. 2004).

Ribosomal RNA genes are organized in fishes and in other groups as multiple cop-
ies of a repeated unit that consists of a transcribed zone with coding regions for the
188, 5.8S and 28S rRNA genes, separated by internal and external transcribed spacers
and surrounded by non-transcribed spacer sequences. The 18S rDNA gene probes
by fluorescent in situ hybridization (FISH) have provided coincident markers with
silver nitrate impregnation (AG-NOR) in nucleolar organizer region (Ag-NOR) in
fish chromosomes (Paintner et al. 2002, Porto-Foresti et al. 2002, Fontana et al. 2003,
Kavalco et al. 2005).

According to Foresti et al. (1981) the Ag-NORs with large size polymorphism
and/or numeric polymorphism are frequent in Neotropical freshwater fishes. Thus,
the detection of genes related with Ag-NORs is very important for the identification
and characterization of these kinds of polymorphism (Wasko and Galetti Jr 2000).
Ag-NORs size polymorphism is common in Loricariidae fishes, mainly in species with
single Ag-NORs as in Hypoptopomatinae and Neoplecostominae, although, it can
occur in species with multiple Ag-NORs as Hypostominae (Artoni and Bertollo 1996,
Alves et al. 2003).

In the present study the localization of 18S rDNA genes was identified in four
species for the first time. The results were compared to already published data on Ag-
NOR, with the main objective of better understanding the changes involving riboso-
mal genes involved with Ag-NORs in Loricariidae fishes.

Material and methods

Cytogenetic analyses were performed on chromosome preparations obtained from
four species collected in rivers from Brazil and Venezuela: Kronichthys lacerta (Nich-
ols 1919), Pareiorhaphis splendens (Bizerril 1995), Liposarcus multiradiarus (Hancock
1828) and Hypostomus prope plecostomus (Linnaeus 1758) (Table 1). The specimens
were analyzed by taxonomists that provided the species identification. The fishes were
deposited in the fish collection of Laboratério de Biologia e Genética de Peixes (LBP),
UNESP, Botucatu, SB, Brazil and in the Laboratério de Ictiologia, Museu de Ciéncias
e Tecnologia, PUCRS (MCP), Porto Alegre, Brazil.
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Chromosome preparations were obtained from kidney tissues using the tech-
nique described by Foresti et al. (1993) and were submitted to fluorescent in situ
hybridization (FISH). Four probes employed in the Southern hybridizations tech-
niques were used for FISH and they were labeled as follow: the double-strand
probes (probes 1 and 4) were labeled by nick translation with biotin-14-dATP
(Bionick labelling system-Gibco.BRL); the single-strand synthetic probes (probes
2 and 3) were labeled by random primer with biotin-14-dCTP (BioPrime DNA
labeling system-Gibco.BRL). The metaphase chromosomes slides were incubated
with RNAse (40 pg/ml) for 1.5 hour at 37°C. After the denaturation of chromo-
somal DNA in 70% formamide/2xSSC for 5 min at 70°C, 40pl of hybridization
mixture (100ng of denatured probe, 50% formamide, 10mg/ml dextran sulfate,
2xSSC) was dropped on the slides and the hybridization was performed overnight
at 37°C. Hybridization washes included 50% formamide in 2xSSC at 42°C and
2xSSC and 4xSSC at room temperature. Detection of hybridized probes was car-
ried out with Avidin-FITC conjugate (Sigma) followed by two rounds of signal-
amplification. After each step of amplification the slides were washed in a blocking
buffer (1.26% NaHCO3, 0.018% sodium citrate, 0,0386% Triton/1% non-fat
dried milk). Chromosomes were counterstained with Propidium lodide, and the
slides were mounted with Antifade (Vector).

Results and discussion

The karyotypes of the four species analyzed have been previously described in Alves
(2005), Alves et al. (2005) and Alves et al. (2006), the diploid number and karyotype
formulae with morphological classification in metacentric (m), submetacentric (sm)
and subtelocentric (st) are presented in the Table 1.

The results showed that Kronichthys lacerta had only one signal of 18S rDNA in
interstitial position in the long arm of the chromosome pair 21 (st) (Figure 1a), co-
inciding with a single Ag-NORs pattern presented by Alves et al. (2005). Beside the
numerical polymorphism in this specie, the large size polymorphism of the 185 rDNA
loci suggests a duplication of this gene in the active Ag-NOR chromosome.

Pareiohaphis splendens had two signal of 18S rDNA in interstitial position in the
long arm of the chromosome pair 3 (m) (Figure 1b), coinciding with single Ag-NOR
pattern presented by Alves et al. (2005). This species presented an evident variation in
Ag-NORs size among homologous chromosomes that can be confirmed by the probe
18S rDNA. This structural polymorphism is common in the Loricariidae fishes (Ar-
toni and Bertollo 1996, Alves et al. 2003, Alves et al. 2005).

In Liposarcus multiradiatus two signal of 18S rDNA in subterminal position in the
long arm of the chromosome pair 10 (m) were detected (Figure 1c), coinciding with
single Ag-NORs pattern presented by Alves et al. (2006). In this species a small size
polymorphism of 18S rDNA occurs, although, the possible duplication or rearrange-
ment events are not evident.
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Table I. A summary of the cytogenetic data available on the family Loricariidae with chromosomal
localization ribosomal genes. 2n= diploid number; M= metacentric; SM= submetacentric; ST= subtelo-

centric; A= acrocentric.

. . rDNA Karyotypic
Species Locality gene 2N formulae Reference
Neoplecostominae
Kronichthys lacerta Marumbi River,
(Nichols, 1919) Brazil 18S 54 | 20M, 20SM, 14ST | Present study
Pareiorhaphis splendens Marumbi River,
(Bizerril, 1995) Brazil 18S 54 | 20M, 20SM, 14ST | Present study
Neoplecostomus microps Paraiba do Sul
Steindachner, 1877 River, Brazil 18S 54 | 24M, 20SM, 10ST | Kavalco et al. (2005)
Delturinae
* Hemipsilicthys gobio Paraiba do Sul
Luetken, 1874 River, Brazil 18S 96 16M, 08SM, 72A | Kavalco et al. (2005)
Loricariinae
Harttia loricarifomes Paraiba do Sul 16M, 228M,
Steindachner, 1877 River, Brazil 185 56 10ST, 8A Kavalco et al. (2005)
Hypostominae
Liposarcus multiradiatus Orinoco River,
(Hancock, 1828) Venezuela 18S 52 | 22M, 18SM, 12ST | Present study
Hypostomus affinis Paraiba do Sul 14M, 14SM,
Steindachner, 1886 River, Brazil 185 06 12ST, 26A Kavalco ecal. (2005)
Hypostomus prope plecostomus | Orinoco River, 12M, 16SM,
(Linnaeus, 1758) Venezuela 185 08 12ST, 24A Present study

Weak signals of 18S rDNA were presented in the Hypostomus prope plecostomus:
two signals were observed in the short arm of the chromosome pair 16 (st) (Figure 1d).
These signals are coincident with single Ag-NORs presented in this specie by Alves
(2005). Different of the others species analyzed here, Hypostomus prope plecostomus
does not presented size polymorphism of 18S rDNA, suggesting a conserved status of
this character in this species.

There are few studies related to the identification of Ag-NOR regions through the
technique of hybridization with 185 rDNA probes in Loricariidae fishes, the most data
available are on Hypostomus. The hybridization techniques with the fluorochromes
DAPI and CMA,, were used to identified Ag-NOR regions of Hypostomus nigromacu-
latus (Schubart, 1964) (Rubert et al. 2008) and H. prope wuchereri (Giinther, 1864)
(Bitencourt et al. 2011). Artoni and Bertollo (1999) already used Mithramycin A
(DAPI/MM) technique for observation of this region in Hypostomus sp., Hypostomus
sp. B and Hypostomus sp. F. In a recent paper Mendes-Neto et al. (2011) identified the
Ag-NOR regions in H. regani (Ihering, 1905) through the technique of hybridization
with 18S rDNA probes, in all these works the species analysed showed single Ag-NOR
in there chromosomes.

In conclusion, for Oliveira and Gosztonyi (2000) the condition of single Ag-
NORs in subterminal position is the possible basal condition for the Siluriformes spe-
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Figure 1. Fluorescent in situ hybridization with 18S rDNA probe in (a) Kronichthys lacerta, (b) Pa-
reiorhaphis splendens, (€) Liposarcus multiradiatus and (d) Hypostomus prope plecostomus. Arrows indicate
rDNA sites in the chromosomes pairs, Ag-NORs chromosomes are presented in the box.

cies, and variations of this character were considered derived. In the present study all
species analyzed presented single Ag-NORs, suggesting the maintenance of this basal
condition. The size polymorphisms observed in most species analyzed, suggests that
these polymorphisms occurred independently of the species systematic position.
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Abstract

Thoracocharax stellatus (Characiformes, Gasteropelecidae) is a small Neotropical species of fish, widely dis-
tributed in several rivers of South America. Evidence for karyotype heteromorphysm in populations from
different geographical regions has been reported for this species. In this way, populations of 7. stellatus
from the Paraguay River basin were cytogenetically characterized and the results were compared with oth-
er studies performed in the same species but from different basins. The results showed a diploid number of
2n = 54 for T stellatus, with chromosomes arranged in 6 metacentric (m), 6 submetacentric (sm), 2 sub-
telocentric (st) and 40 acrocentric (a), for both sexes, with a simple Nucleolus Organiser Region (NOR)
system reported by the techniques of silver nitrate impregnation and fluorescent in situ hybridisation
(FISH) using 18S rDNA sequences as probe. The distribution of constitutive heterochromatin, observed
by the C-band technique and Chromomycin A3 staining showed great similarity among the analyzed
populations and consists mainly of discrete blocks in the pericentromeric and telomeric regions of most
chromosomes. The presence of female heterogamety was also observed indicating a ZZ/ZW system with
W chromosome almost totally heterochromatic. The results also show cytogenetic diversity of the group
and are useful to understand the mechanisms of karyotype evolution of the family.

Copyright Edson Lourenco da Silva et al. This is an open access article distributed under the terms of the Creative Commons Attribution License
3.0 (CC-BY), which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.
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Introduction

The family Gasteropelecidae (Characiformes) comprises a group of small Neotropical
fishes that inhabit rivers of the main Central and South America basins, with exception
of the southeast of Brazil and Chile (Géry 1977, Weitzman and Palmer 2003). Three
genera are recognized in this family (Carnegiella Eigenmann, 1909, Gasteropelecus Sco-
poli, 1777 and 7horacocharax Fowler, 1906), comprising a total of nine nominal species.

The first taxonomic study regarding this family was conducted by Weitzman
(1954, 1960) which suggested, by osteological observation, the genus Zhoracocharax
represents an independent lineage inside the group, named as tribe Thoracocharacini.
The genera Guasteropelecus and Carnegiella comprise a sister group belonging to a sec-
ond lineage named tribe Gasteropelecini (Weitzman 1960).

Despite the reduced number of species, this family presents many taxonomic prob-
lems related to the difficulty of finding species-specific characters. Carnegiella marthae
(Myers, 1927) e.g. have osteological differences related to anal fin rays among speci-
mens from Orinoco and Negro rivers, and the specimens from Peruvian Amazon and
Madeira Rivers (Géry 1977). So the typical form from Orinoco-Negro has been called
Carnegiella marthae marthae, and the species from Peruvian Amazon called Carnegiella
marthae schereri (Géry 1977).

Thus, considering its large distribution, an accurate analysis of specimens from dif-
ferent localities can reveal the existence of putative new species (Weitzman and Weitz-
man 1982, Weitzman and Palmer 1996, Weitzman and Palmer 2003).

As regards to the cytogenetic aspects, the family Gasteropelecidae is relatively
non-conserved, with diploid numbers varying from 2n=48 to 2n=54. The species
studied until now are recognized by the presence of many subtelocentric and ac-
rocentric chromosomes and almost all presenting one chromosome pair carrier the
NOR, that can be variable only in some populations (Carvalho et al. 2002). Also
been described and characterized in the family the sexual system ZZ/ZW for the
genera Carnegiella and Thoracocharax.

The genus Thoracocharax is the most widely distributed among the gasteropelecids,
and is characterized by species that have distinct chromosomal and morphological
characteristics in different geographic regions. Thoracocharax stellatus (Kner, 1858), for
example, presents a considerable morphological polymorphism among populations,
mainly due to the geographic isolation (Silva et al. 2009)

The karyotypic diversity observed in 7. stellatus comprises different diploid num-
bers and polymorphism in NOR (Nucleolus Organiser Region) number and different
chromosomes involved in the sexual differentiation (ZZ/ZW system) (Carvalho et al.
2002, Venere et al. 2007). These variations can help determining the taxonomic state
of some populations.
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Due to the cytogenetic diversity already observed for different 7. stellarus popula-
tions, the objective of this study was to describe the karyotypic structure of three popula-
tions from the Paraguay basin not studied yet and identify chromosomal markers for this
species by establishing chromosomal variation patterns among different populations.

Material and methods

For the cytogenetic analysis of 7_ szellatus, 111 specimens collected in the Paraguay basin
were used, 38 from Cuiabd River - Sio Gongalo (SG) (15°39'9.96"S, 56°4'8.62"W),
26 in Cuiabd River - SESC (SE) (16°38'55.0"S, 56°28'06.2"W) and 47 from Barra
do Bugres (BB) (15°4'41.13"S, 57°10'55.64"W) (Fig. 1). The material collected was
deposited in the Laboratério de Citogenética Animal/UFMT, Mato Grosso (LCA 018,
LCA 023, LCA 028).

Direct cytological preparations were produced from kidney samples according to
the methods given by Foresti et al. (1981). Karyotype analysis was conducted after
conventional staining with Giemsa.

The chromosomes were morphologically classified according to the nomenclature
proposed by Levan et al. (1964), with the following modifications: metacentric (m),
submetacentric (sm), subtelocentric (st), and acrocentric (a). Heterochromatic re-
gions were visualized by C-banding (Sumner 1972) and double fluorochrome staining
(Chromomycin A3 + 4,6 — diamide 2 phenylindole - DAPI), according to the methods
used by Schweizer (1980) and NORs were detected by silver nitrate impregnation (Ag-
NORYs), according to the procedure described by Howell and Black (1980).
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Figure |. Sampling sites of the three populations of 7. stellatus. SG: Sao Gongalo; SE: SESC and BB
Barra do Bugres.
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The Fluorescent iz situ hibridization (FISH) analyses were performed basically
according to the method of Pinkel et al. (1986) with some modifications according to
Silva et al. (2012). The 18S rDNA probe was obtained by PCR using specific primers
set (NS1 5-GTAGTCATATGCTTGTCTC-3” and NS2 5-GGCTGCTGGCAC-
CAGACTTGC-3’) and labelled with digoxigenin by PCR. Metaphase chromosome
slides were incubated with RNAse (40 pg/ml) for 1 h at 37°C and dehydrated using
an ethanol series (70%, 85%, 100%). Chromosomal DNA was denatured for 1 min
and 45 seconds in 70% formamide/2x SSC at 70°C and the spreads were dehydrated
using the same ethanol series. The hybridisation solution (50% formamide/2x SSC,
10% dextran sulfate, and 1.5 pg/ml DNA probe) was denatured for 10 min at 95°C
and applied to each slide under a coverslip. The hybridisation was performed overnight
at 37°C in a moist chamber containing 2x SSC. Post-hybridisation washes were con-
ducted using: 50% formamide/2x SSC (pH 7.0) twice for 5 min at 45°C; 2x SSC at
45°C; and 2x SSC at room temperature. Signals were detected using antidigoxigenin-
rhodamine antibody. Chromosomes were counterstained with DAPI (1.5 pg/mL) and
mounted in antifading solution.

Chromosomes were observed using an Olympus BX51 microscope coupled to an
Olympus digital camera model D71. Chromosome images were captured using the
DP Controller software.

Results

Table 1 summarizes the karyotypic data obtained in the present study as well as in the
available literature. The 7. stellatus specimens from three localities of the Paraguay River
basin present diploid number 2n=54 chromosomes, with fundamental number NF=68
and karyotypic formulae that includes 6m, 6sm, 2st and 40a for both sexes (Figure 2 A, B).

The distribution pattern of constitutive heterochromatin presents similarity for
all populations and is composed by discrete blocks mainly at the telomeric and peri-
centromeric regions in the majority of the chromosomes (Figure 2 C, D). The only

Table I. Chromosomal data on Gasteropelecidae from different Brazilian hydrographic basins.

karyotypic
formula
Species Hydr(;grflp hical Sex Ag-NOR | 2n | m | sm |st| a | Ref
asin chromosomes
Thoracocharax stellatus Araguaia 2217 2-4 54| 6|6 |6]36| 1
1. stellatus Paraguay ZZIZW 2 54| 6| 6 2|40 2
T cf. stellatus Amazon 27217 2 A 52| 8|16 |4 (24| 3
Carnegiella marthae Amazon 2717 2 50 |20 12 |4 14| 4
C. strigata Amazon - 2-4 50 | 4| 4 |2|40| 4

A = Presence of size heteromorphisms. References= 1-Venere et al. (2007), 2- present paper, 3- Carvalho
et al. (2002), 4- Teréncio et al. (2008)
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Figure 2. Female (A) and male (B) karyotype of 7. stellatus stained with Giemsa showing 2n=54 chro-
mosomes. Metaphases from female (C) and male (D) of 7. stellatus showing heterochromatic blocks
after C-band treatment. Arrows indicate the sex chromosomes Z and W in females and males Z and Z;
arrowheads indicate the NOR chromosome. Bar = 10 pm.
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exception was one acrocentric chromosome totally heterochromatic present in female
karyotype, while the other chromosome of the pair presents a remarkable marker only
in the pericentromeric region.

The male individuals present the conspicuous heterochromatin blocks in the peri-
centromeric region in corresponding chromosomes, indicating the presence of ZZ/
Z\ chromosome sex system in the studied populations (Figure 2 C, D).

After colloidal silver nitrate treatment, was evidenced only one pair carrier the
NOR. This structure is restricted to the terminal region of an acrocentric pair, con-
firmed by FISH technique (Figure 3 B, E, G). The heterochromatic segments of sex
chromosomes, as well as NOR presents bright signals through Chromomycin A, treat-
ment, indicating a GC rich regions (Figure 3 C, F).

nf',
3L

Figure 3. Chromosome markers from males and females individuals of 7. ste/latus A C-band of Z and W

+O

chromosomes of female B Ag-NOR bearing chromosomes of female individuals € CMA treatment of Z
and W chromosomes of female D C-band of ZZ chromosomes of male E Ag-NOR bearing chromosomes
of male individuals F CMA, treatment of ZZ chromosomes of male G FISH 18S rDNA. Bar = 10 pm.

Discussion

In contrast to the situation observed in many families of the order Characiformes, the
presence of non conserved karyotype is a common characteristic of Gasteropelecidae
species. The diploid numbers range from 2n=48 to 2n=54 chromosomes (Hinegardner
and Rosen 1972, Scheel 1973, Teréncio et al. 2008), being mostly, subtelocentric and
acrocentric chromosomes (Carvalho et al. 2002).

The T stellatus populations analyzed in the present study presented 2n=54 chromo-
somes in both sexes, similar to the observed for individuals from Araguaia- Tocantins
basin (Venere et al. 2007). However, differences related to karyotypic formulae among
these populations were observed, as diploid number, frequency of subtelocentric and
acrocentric pairs and the presence of multiple NOR system (see Table 1). According to
Centofante et al. (2003), cytogenetic studies in fishes have show that populations iso-
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lated by geographic barriers are more favourable to the establishment of chromosome
alterations. Thus, mechanisms of distance isolation together with historic events have
been the principal factors influencing the changes among populations from Amazon
and Araguaia-Tocantins basin (Venere et al. 2007), which can also explain the differ-
entiation process observed among the populations from Araguaia and Paraguay rivers.

The NORs have been frequently employed as an important chromosome mark-
er in many fish groups and their changes have been used as an important tool for
the identification of chromosome markers among certain species and populations.
The T stellatus populations studied presented a single NOR system, but a number
and size heteromorphysm of these structures was detected in other populations al-
ready studied (Table 1). Considering that the karyotypic composition of the Para-
guay and Araguaia basins is stable within each population, the variation in number
of active sites in these populations can be explained by a possible differential expres-
sion of IDNA cistrons as observed in studies of other group of fishes in other basins
(Vicari et al. 2006).

According the results with base-specific fluorochromes the heterochromatin ob-
served in 7. stellatus is distributed in blocks containing different proportions of the
nucleotides. The first kind, present in few chromosomes of complement, is rich in
GC bases. In this group, the heteromorphic chromosomes related to the ZZ/ZW sex
system and the NOR chromosomes are included. The W chromosome has a large,
CMA _+ positive heterochromatic fluorescent segment and in the Z only the pericen-
tromeric regions is evidently heterochromatic. The sex chromosome system in 7. szella-
tus from the Paraguay basin does not present explicit differences in size between Z and
W chromosomes, unlike that observed in populations from other hydrographic basins.

The second kind of heterochromatin, evidenced through C-band technique is
characterized by markers located in pericentromeric and telomeric regions of several
chromosomes of the complement, without fluorescent signals after the colouring with
Chromomycin A,. This distribution pattern of heterochromatic blocks was already
observed in several studies of chromosome characterization of many groups of fishes,
as Leporinus (Margarido and Galetti 2000), Astyanax (Vicari et al. 2008), Imparfinis
(Margarido and Moreira-Filho 2008) and Hypostomus (Rubert et al. 2008).

The female heterogamety is the most frequently observed sex determination sys-
tem observed in fishes (Centofante et al. 2002). Depending on the group, the differ-
entiation between Z and W chromosomes can be made by several ways: In some spe-
cies there is an accumulation of heterochromatic segments followed by an increase of
W chromosome in relation to Z chromosome (Centofante et al. 2001), accumulation
of heterochromatin followed by loss of DNA sequences (Bertollo and Cavallaro 1992,
Carvalho et al. 2002). In other species, substitutions of heterochromatic segments
(Centofante et al. 2002) and rearrangements followed or not by loss of heterochro-
matic material (Artoni et al. 1998, Almeida-Toledo et al. 2002, Rosa et al. 2006). The
occurrence of a W chromosome totally heterochromatic in the 7horacocharax species
studied until now suggests that its origin is related to the accumulation of heterochro-
matin in these chromosomes.
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Phylogenetic relationships based on morphological characters among gasteropelec-
ids and other families have been discussed since Eigenmann (1910) using morphologi-
cal characters suggested that they are a sister group of Triportheinae and Cynodonti-
dae. The morphological evidence of a possible relationship between Gasteropelecidae
and Triportheinae could be enhanced by the description of the similar sex chromo-
somes in both groups (Artoni and Bertollo 2002, Carvalho et al. 2002, Nirchio et
al. 2007, Venere et al. 2007, this study). Some authors suggest that this system is a
characteristic established before the speciation of the group 77iportheus (Artoni et al.
2001, Artoni and Bertollo 2002), so it is acceptable to admit that a similar event may
have occurred in the family Gasteropelecidae.

The increase of new cytogenetic studies have shown that other species of Gasteropele-
cidae such as Carnegiella marthae, have 50 chromosomes, NOR polymorphisms and a ZZ
| ZW sex differentiation system (Teréncio et al. 2008). In this group, however, the Z and
W chromosomes have different size. This variation illustrates the importance of chromo-
some studies of other species of the family, not cytogenetically characterized yet. The mo-
lecular data available to date also reinforce the proximity of Carnegiella and Thoracocharax
genus, according to Abe (2007) based in mtDNA sequence, these two genera together
comprises a sister clade of the independent clade composed only of Gasteropelecus species.

Isolated events of chromosome rearrangements, without phylogenetic implica-
tions, as fission may be responsible to reduction of subtelocentric and increase of larges
acrocentric chromosomes, resulting in the chromosomal particularities observed in 7.
stellatus from Paraguay Rivers basin in relation to other population already studied.
The results also show the cytogenetic diversity of the group, is useful to understand
the mechanisms of karyotype evolution of the family as well as understanding the pro-
cesses of differentiation and evolution of sex chromosomes in the group.
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