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Abstract
Karyotypes are given for Boreonectes emmerichi (Falkenström, 1936) from its type locality at Kangding, 
China, and for B. alpestris (Dutton & Angus, 2007) from the St Gotthard and San Bernardino passes in 
the Swiss Alps. A phylogeny based on sequence data from a combination of mitochondrial and nuclear 
genes recovered western Palaearctic species of Boreonectes as monophyletic with strong support. Boreonectes 
emmerichi was placed as sister to the north American forms of B. griseostriatus (De Geer, 1774), although 
with low support. The diversity of Palaearctic species of the B. griseostriatus species group is discussed.
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Introduction

The genus Boreonectes Angus, 2010 comprises small diving beetles and most of the spe-
cies are endemic to the Nearctic Region (Angus 2010b). However, one species-com-
plex, including the type species of the genus (B. griseostriatus (De Geer, 1774)) is widely 
distributed in the Palaearctic, where a number of chromosomally distinct species have 
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been recognised (Dutton and Angus 2007; Angus 2008, 2010a; Angus et al. 2015). 
Angus et al. (2015), in their analysis of Boreonectes emmerichi (Falkenström, 1936), 
noted that the type material, from the Kangding area of Sichuan, China, was darker 
than the Qinghai material they used for chromosome analysis, and in particular none 
of the Qinghai material had the darks marks on the pronotum as extensive as in the 
type material. Nevertheless, they noted that DNA (COI) data obtained by Ignacio 
Ribera from this material closely matched those obtained from material collected near 
Nam Tso (Xizang), much further south on the Plateau than the Qinghai material, and 
in the light of this felt that the Qinghai material could safely be referred to B. emmer-
ichi. They suggested that the darker colouration of the Kangding material was perhaps 
associated with a more wooded environment.

In June–July 2016 one of us (R. B. Angus) had the opportunity to visit the Kang-
ding area and collect B. emmerichi from its type area, for chromosome analysis. This 
confirms the identity of the Qinghai material as B. emmerichi. Then in August 2016 R. 
B. Angus was able to visit Switzerland and to collect Boreonectes from the St Gotthard 
and San Bernardino passes, localities where I. Ribera & A. Cieslak had in 2002 col-
lected material considered to be B. griseostriatus (De Geer, 1774) (Abellán et al. 2013) 
Surprisingly, according to their karyotypes the Swiss populations were found to be B. 
alpestris (Dutton & Angus, 2007), although the sequenced markers were found to have 
identical sequences to those obtained from the 2002 material.

This study aims to clarify the identities of B. emmerichi (Falkenström, 1936) and 
B. alpestris Dutton & Angus, 2007, from some localities in the Alps using karyotype 
and molecular data. To establish their phylogenetic positions, we build a molecular 
phylogeny of the genus Boreonectes including most Palaearctic and a representation of 
Nearctic species.

Material and methods

The material used for chromosome preparations is listed in Table 1.
Specimens were brought back to the laboratory alive and placed in small aquaria 

where they were fed with living larvae of Chironomidae (Diptera). Chromosome prep-
aration and photography were as described by Dutton and Angus (2007). In fact, most 

table 1. Material giving chromosome preparations.

Species Locality Material

B. emmerichi 
(Falkenström, 1936)

CHINA Sichuan. Kangding County 
Yalashenshan.30.215°N,101.757°E

Small pools 4052 m a.s.l.
2 ♂♂, 4 ♀♀

B. alpestris (Dutton & 
Angus, 2007)

SWITZERLAND Ticino. San Bernardino pass. 46.499°N 
101.755°E. Pool 2030 m a.s.l. 1♀

SWITZERLAND Ticino. St Gotthard pass
46.559°N 8.562°E Pool 2112 m a.s.l. 1♂
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of the B. emmerichi died before they reached the laboratory but sufficient material, all 
from the same locality, survived to give chromosome preparations. Survival of the Swiss 
B. alpestris was much better, but only two specimens gave preparations from which 
karyotypes could be assembled.

For DNA extraction and sequencing we used the same methodology as various 
recent works on the same family Dytiscidae (e.g. García-Vázquez et al. 2016). Briefly, 
specimens were directly preserved in absolute ethanol in the field, and preserved at 
-20°C until processed. Extractions of single specimens were non–destructive, using the 
DNeasy Tissue Kit (Qiagen GmbH, Hilden, Germany). Vouchers and DNA samples 
are kept in the collections of the Institut de Biologia Evolutiva (IBE). We included ex-
amples of all known species of Palaearctic Boreonectes with the sole exception of B. in-
expectatus (Dutton & Angus, 2007), known from a single lake in the Alps (Dutton and 
Angus 2007). We also included as outgroups several species of Nearctic Boreonectes, 
including specimens of B. griseostriatus (De Geer, 1774) (Table 2). The tree was rooted 
in two species of the genus Stictotarsus, the closest relatives of Boreonectes according to 
the phylogeny in García-Vázquez et al. (2016).

We sequenced four mitochondrial genes in two PCR reactions: 3’ end of cy-
tochrome c oxidase subunit (COI); and a single fragment including the 3’ end of the 
large ribosomal unit (16S), the whole tRNA–Leu gene and the 5’ end of the NADH 
dehydrogenase 1. We also amplified fragments of one nuclear gene, histone 3 (H3) (see 
García-Vázquez et al. 2016 for the primers used). New sequences have been deposited 
in the EMBL database with Accession Numbers LT796523–LT796555 (Table 2).

We aligned the sequences using the MAFFT online v.6 and the Q–INS–i algo-
rithm (Katoh and Toh 2008). We used Maximum Likelihood as implemented in 
RAxML-HPC2 (Stamatakis et al. 2008) in the CIPRES science gateway (Miller et al. 
2010), using GTR+G as evolutionary model and three partitions corresponding to the 
three amplified fragments. Node support was assessed with 100 fast bootstrap replicas.

Results and discussion

B. alpestris (Dutton & Angus, 2007)

Published information: 2n = 54 + X0 (♂), XX (♀) (Dutton and Angus 2007). Mitotic 
chromosomes, arranged as karyotypes, are shown in Fig. 1a–e. Fig. 1a shows a paratype 
male, Giemsa stained, Fig. 1b, c shows a male from the Colle del Nivolet, the same 
nucleus Giemsa stained and C-banded, and Fig. 1d, e shows the same nucleus from 
a female from the Paso San Bernardino, Giemsa stained and C-banded. The chromo-
somes in these preparations are in complete agreement with each another. Metaphase I 
of meiosis from a male from the St Gotthard Pass is shown in Fig. 2a (Giemsa stained) 
and b (the same nucleus C-banded). The C-banded preparation enables the unpaired X 
chromosome to be identified. Although preparations from only two of the specimens 
attempted resulted in complete karyotypes, several other specimens yielded almost 
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Figure 1. Mitotic chromosomes from mid gut of Boreonectes spp., arranged as karyotypes. a–e B. alpe-
stris, a paratype ♂, Giemsa stained (from Dutton, Angus, (2007)) b, c ♂, Colle del Nivolet b Giemsa 
stained, c the same nucleus C-banded (from Angus (2010)) d, e San Bernardino, ♀, d Giemsa stained 
e the same nucleus C-banded f–k B. emmerichi f, g ♂ Yalashenshan f Giemsa stained g the same nucleus 
C-banded h, i ♀ Yalashenshan h Giemsa stained g the same nucleus C-banded j, k ♂ Mado j Giemsa 
stained k the same nucleus C-banded (from Angus et al (2015)) l–n B. macedonicus ♂♂ (from Angus 
(2008)) l Crno ezero Giemsa stained m Karanikoličko ezero Giemsa stained n the same nucleus C-
banded o, p B. emmerichi ♂ shown in f, g q, r B. macedonicus Crete q ♂Giemsa stained r ♀C-banded 
(from Angus (2008). Scale = 5 μm.

complete karyotypes and in no case were more than 55 (♂) or 56 (♀) chromosomes 
counted. Since B. griseostriatus has a karyotype with 61 or 62 chromosomes (♂, ♀) it 
is very unlikely that this species was present in either sample.

We extracted and sequenced two specimens of B. alpestris from the same St. Got-
thard and San Bernardino populations used to obtain the karyotypes, which had al-
most identical sequences for the mitochondrial genes (with only 1 mismatch in the 
COI gene) as two specimens from the same localities collected in 2000 and 2002 
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Figure 2. B. alpestris ♂ St Gotthard meiosis metaphase I a Giemsa stained b the same nucleus C-banded. 
Scale = 5 μm.

respectively (Table 2) and reported as S. griseostriatus in Abellán et al. (2013). These 
four specimens differ from one sequenced B. alpestris from Colle del Nivolet in five 
nucleotides in the COI gene (with a length of 826), and one in the 16S gene (with a 
length of 796 nucleotides). The nuclear gene H3 (with a length of 328 nucleotides) 
was identical for all sequenced specimens of B. alpestris (Table 1), and identical to the 
other Palaearctic species of the genus.

B. emmerichi (Falkenström, 1936)

Published information: 2n = 52 + X0 (♂), XX (♀) (Angus et al. 2015). Mitotic chro-
mosomes, arranged as karyotypes, are shown in Fig. 1f–k, n, o. The new preparations, 
from the Kangding area, (Fig. 1f–i) are much better than the Qinghai ones shown by 
Angus et al. (2015), with the chromosomes less condensed and the C-banding more 
clearly defined. They confirm the published features of the karyotype and also allow 
improved comparison of the karyotypes of B. emmerichi and B. macedonicus (Georgiev, 
1959). Thus autosome pair 12 was stated to be more evenly metacentric in B. em-
merichi, and comparison of the Sichuan male preparation (Fig. 1o, p) with a similarly 
elongate preparation of B. macedonicus from Karanikoličko ezero (Fig. 1m, n) and 
with Cretan B. macedonicus (Fig. 1q, r) confirms this. Similarly, the smaller size of 
autosome pair 26 when compared with pairs 24 and 25 in macedonicus as against the 
more similar sizes of these three pairs in emmerichi is confirmed. However, the possibly 
smaller X chromosome in emmerichi, as was suggested by preparations of mitosis but 
not metaphase II of meiosis, is shown not to be the case. This demonstration that these 
are chromosomally distinct species is in complete agreement with the degree of differ-
ence shown by the COI DNA of the two species (Fig. 5).
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Variation within the species

B. alpestris (Dutton & Angus, 2007)

One of the surprises associated with collection of this species in 2016 was that the spec-
imens from the St Gotthard pass appeared, even in the field, as noticeably larger than 
those from the San Bernardino. At the time it seemed that the St Gotthard specimens 
might be B. griseostriatus and those from the San Bernardino B. alpestris. In the event 
this proved not to be the case, but the size differences remain. Thus 10 ♂♂ from the 
San Bernardino range in length from 4.0–4.4 mm, with a mean length of 4.26 mm, 
while for 17 ♀♀from the same site the values are 5.2–5.1 mm, mean 4.38. From the 
St Gotthard the values are: 5 ♂♂, 4.3–4.6 mm, mean 4.51, and 8 ♀♀, 4.4–4.6 mm, 
mean 4.56 mm.

B. emmerichi (Falkenström, 1936)

As mentioned in the Introduction, the type material of B. emmerichi has more extensive 
darker markings, especially on the pronotum, than material from Qinghai, though it is 
matched by material from Sejilashan in southern Xizang (Angus et al. 2015). It was sug-
gested that this more extensive darkening may be associated with wooded habitats. Latitude 
and longitude references for the type localities are, for Tatsienlu Tjiji 30°25' (=30.417°) 
N 102°40'(=102.667°) E (Balke 1992) and for Mukue Tatsienlu 30.05°N 102.03°E (Sykes 
et al. 2006). Google Earth gives altitudes of 1944 m a.s.l. for Tatsienlu Tjiji and 3935 m 
a.s.l. for Mukue Tatsienlu, with both localities in wooded areas. The localities from which 
B. emmerichi were collected in 2016 were: 1: Yalashenshan, 30.215°N 101.757°E, alt. 
4052 m a.s.l.; 2: Yalashenshan, 30.205°N 101.755°E, alt. 4074 m a.s.l.; 3: Boij ta car park-
ing area near Xinduqiao on the Kangding–Lhasa road, 30.048°N 101.569°E, alt. 3551 m 
a.s.l.; and 4: Yajiaheng, 29.927°N 101.995°E, alt. 3337 m a.s.l. Only the Boij ta locality 
(site 3) was in a wooded zone. In all localities water levels had risen recently due to the 
ongoing rain (see the silty water in Fig. 3e) but most of the pools had some aquatic vegeta-
tion. Only the pool shown in Fig. 3d had few beetles, suggesting that it was only recently 
flooded. All the chromosome preparations were from specimens collected at site 1. All this 
material has extensive dark markings. Fig. 4a shows the lectotype of B. emmerichi, while 
Fig. 4b, c shows two specimens from site 1. The specimen shown in "b" is a very close 
match for the lectotype and is the specimen from which the chromosomes shown in Fig. 
1f, g were obtained. It seems clear that this more extensive darkening of the specimens is a 
regional phenomenon and not just a response to immediate local conditions.

Material from the northern part of the Tibetan Plateau is generally paler, and 
Fig. 4d shows a particularly pale specimen from Maduo, original shown as Fig. 1g by 
Angus et al. (2015). The palest specimen so far seen is from the western end of the Kun 
Lun mountains, taken by Ying Zhang. I have seen only a photograph of this specimen 
and this, though not good, does show the pattern (Fig. 4e).
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Figure 3. B. emmerichi collecting sites. a, b site 1, Yalashenshan, 4052 m a.s.l, b with Fenglong Jia c site 
2, Yalashenshan, 4074 m d site 4, Yajiaheng, 3337 m a.s.l. e site 3, Boij ta, 3495 m a.s.l. with Robert 
Angus collecting.

Figure 4. B. emmerichi, habitus. a lectotype b, c males from site 1, Yalashenshan d pale specimen from 
Maduo e the palest specimen seen, from the western Kun Lun mountains.

A molecular phylogeny of the Palaearctic B. griseostriatus complex

The analysis of the combined mitochondrial and nuclear data recovered a monophy-
letic Boreonectes with strong support (Fig. 5), although due to the reduced number of 
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outgroups its monophyly cannot be assessed adequately. The Palaearctic species, on 
the contrary, were not monophyletic, as B. emmerichi was found to be closer to some 
Nearctic specimens of the B. griseostriatus (De Geer, 1774) complex than to the western 
Palaearctic species, although with low support (Fig. 5). The Western Palaearctic spe-

Figure 5. Phylogeny of the Palaearctic species of Boreonectes, obtained with maximum likelihood in 
RAxML using the combined mitochondrial and nuclear data. Numbers in nodes, bootstrap support. See 
Table 2 for details of the specimens.
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Figure 6. Maps of the distributions of various B. griseostriatus group species. a the Tibetan Plateau showing 
the localities of studied material of B. emmerichi b the Iberian Peninsula with the distributions of B. ibericus 
and B. multilineatus c The Alps with the distributions of B. ibericus, inexpectatus, griseostriatus and alpestris.

cies were recovered as monophyletic with strong support, and divided into the east-
ern Mediterranean B. macedonicus (Gerogiev, 1959) and B. riberae (Dutton & Angus, 
2007) on one clade and all the western species on the other. Within the latter clade, 
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species seem to be very close to each other, with poor resolution among them and no 
variation in the nuclear marker (H3, see above), suggesting a very recent expansion 
and differentiation between them. Contrary to the lack of genetic variation among the 
Western Palaearctic species of the group, the three studied Nearctic specimens show 
a high divergence, with ca. 13% of variable positions in the COI gene. There are no 
available data on the karyotypes of these Nearctic populations, but most probably they 
represent a complex of undescribed species.

The Palaearctic species show a clearly uneven distribution of their diversity (Fig. 6). 
Thus, all the material from the Tibetan Plateau is B. emmerichi, with only limited vari-
ation in COI haplotypes. This can be compared with the situation in the Iberian Pen-
insula, occupying an area similar in size to the eastern part of the Tibetan Plateau, from 
which the B. emmerichi data have been obtained. Here again only one species, B. ibericus 
(Dutton and Angus 2007) is present, and this species has a wider distribution, also oc-
curring in the French Alpes-Maritimes and Italian Alpi Marittime (Dutton and Angus 
2007; Angus 2008), on Corsica (Angus 2010a) and in the Middle Atlas of Morocco 
(Angus 2010b). The occurrence of B. multilineatus (Falkenström, 1922) in the Pyrenees 
(Angus 2010b) reflects higher diversity, and this species is also known from inland Swe-
den and the British Isles (Dutton and Angus 2007) and, from COI data, from the Faroe 
Islands. The COI of this species appears sufficiently distinct (Fig. 5) to give confidence to 
the identification, although the study of more material is needed. However, the centre of 
high diversity is the Alps, where four chromosomally distinct species occur. One of these, 
B. inexpectatus is known only from a single lake, the Lac de Lauzet Inférieur (Dutton and 
Angus 2007) but the other three, B. ibericus, B. griseostriatus and B. alpestris, are more 
widely distributed, though apparently always allopatric. It is possible that the diversity of 
this group of species in Western Europe is, in part at least, a result of faunal movements 
associated with Pleistocene climatic fluctuations. B. griseostriatus group species are known 
as fossils in deposits dating from the Last Glaciation in the English Midlands (e.g. Coope 
et al. 1961), as well as from Starunia in the Ukrainian Carpathians (Angus 2010a), both 
areas outside the current known ranges of these species.
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Abstract
In this paper, we present the cytomolecular analysis of a population of Abracris flavolineata collected in 
the largest fragment of the Brazilian Atlantic forest, the Iguaçu National Park. The diploid number in 
males was 23 (22+X0), with two large pairs (1–2), 7 medium (3–9), 2 small (10–11) and the X chromo-
some of medium size. Heterochromatic blocks were evident in the pericentromeric regions of all chro-
mosomes. Heterogeneity in the distribution of heterochromatin was observed, with a predominance of 
DAPI+ blocks. However, some chromosomes showed CMA3

+ blocks and other DAPI+/CMA3
+ blocks. The 

18S rDNA sites were distributed on the short arms of 5 pairs. In two of these pairs, such sites were in the 
same chromosome bearing 5S rDNA, and one of the bivalents, they were co-located. Histone H3 genes 
were found on one bivalent. The results added to the existing cytogenetic studies provided evidence of 
great karyotypic plasticity in the species. This pliancy may be the result of vicariant events related to the 
geographical distribution of different populations of A. flavolineata.
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Introduction

The family Acrididae is one of the most speciose, heterogeneous and conceivably the 
most recent in the Acridoidea group (Song et al. 2015). Among its subfamilies, Om-
matolampidinae comprises 9 tribes and over 50 genera, with geographical distribution 
in North, Central and South America (Amédégnato 1974, Carbonell 1977). This sub-
family is associated with secondary growth of vegetation in dry forest areas (Amédég-
nato and Decamps 1980, Rowell 1987), or even in clearings within Tropical rainforests 
(Braker 1991, Sperber 1996). The genus Abracris Walker, 1870 belongs to this subfam-
ily and is distributed in the Neotropical region, from Mexico to Argentina (Roberts 
and Carbonell 1981).

Although there are several cytogenetic studies of Neotropical Acrididae species, 
especially of the subfamily Ommatolampidinae, there are few studies that elucidate 
the molecular structure of chromosomes. Specific C-banding techniques for the iden-
tification and classification of chromosomes have been applied more often in Abracris 
flavolineata species (De Geer, 1773) (Cella and Ferreira 1991, Rocha et al. 2011).

According to Cella and Ferreira (1991), Abracris flavolineata shows 2n=24/23 
(females/males), with the XX/X0 sex chromosome system. Seven subtelocentric, two 
metacentric and two submetacentric pairs, and the subtelocentric chromosome X 
make up the karyotype of A. flavolineata. In addition, this species displayed B chromo-
somes (Cella and Ferreira 1991, Bueno et al. 2013). Molecular markers were applied 
to understand their molecular composition and mechanisms of evolution (Bueno et al. 
2013, Milani and Cabral-de-Mello 2014, Palacios-Gimenez et al. 2014).

Knowledge of Ommatolampidinae is limited, considering the diversity of the sub-
family. Few cytogenetic tools have been applied, and the only samples that have been 
analyzed were from southeastern Brazil (Rio Claro/São Paulo state). To improve the 
knowledge about this species, in particular about this group, it was necessary, not only 
to use more cytogenetic tools but also study samples from other regions of Brazil. Thus, 
this work aimed to study specimens of A. flavolineata collected in the Iguaçu National 
Park (Southern Brazil), a paramount area of the Brazilian Atlantic, using different cy-
togenetic markers in order to understand the evolutionary mechanisms present in this 
group of insects.

Material and methods

The current study used twenty male specimens of Abracris flavolineata collected from 
the Iguaçu National Park, Foz do Iguaçu, Paraná State, Brazil – 25°37'40.67"S; 
54°27'45.29"W (DDM). The individuals were identified and deposited in the Museu 
de Zoologia da Universidade de São Paulo (MZUSP) and collected with the permis-
sion of Instituto Chico Mendes de Conservação da Biodiversidade – ICMBio, protocol 
number 31946-2. The insects were anesthetized and dissected before fixing their tes-
tes in methanol: acetic acid (3:1). Chromosome preparations for mitotic and meiotic 
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analyses were made through cell suspension by maceration in one drop of 45% ace-
tic acid. Heterochromatin distribution was analyzed by Giemsa C-banding (Sumner 
1972). The GC- and AT-rich bands were detected with chromomycin A3 (CMA3) and 
4’-6-diamino-2-phenylindole (DAPI), respectively (Schweizer et al. 1983).

In addition to the karyotype studies, genomic DNA was extracted from the mus-
cle tissue of a male specimen using the phenol/chloroform procedure described by 
Sambrook and Russel (2001). Unlabelled 18S rDNA, 5S rDNA and Histone H3 
gene probes were generated by polymerase chain reaction (PCR) using the prim-
ers: 18S rDNAF 5‘-CCTG AGAAACGGCTACCACATC-3’ and 18S rDNAR 
5‘-GAGTCTCGTTCGTTATCGGA-3’(Whiting 2002); 5SrDNAF 5’-AACGAC-
CATACCACGCTGAA-3’ and 5SrDNAR 5’-AA GCGGTCCCCCATCTAAGT-3’ 
(Loreto et al. 2008a); H3F 5’-ATATCCTTRGGCATRAT RGTGAC-3’ and H3R 
5’-ATGGCTCGTACCAAGCAGACVGC-3’ (Colgan et al. 1998). The probes iso-
lated by PCR were labeled with digoxigenin-11-dUTP and biotin-11-dATP by PCR. 
The in situ hybridization procedure was performed according to Pinkel et al. (1986).

Results and discussion

All samples of Abracris flavolineata collected in the Iguaçu National Park presented 
2n=23 (♂) and an XX/X0 sex-determination system (Fig. 1). The chromosomes were 
classified into two large pairs (1–2), 7 medium pairs (3–9) and 2 small pairs (10–11). 
The X chromosome is medium-sized. Pairs 1 to 7 and the X chromosomes are subtelo-
acrocentric; pairs 8 and 9 are submetacentric, and pairs 10 and 11 are metacentric (Fig. 
1a). The X chromosome presented itself univalent at diakinesis (Fig. 1b).

The karyotype structure observed in this study is conserved regarding the diploid 
number and morphology of the A chromosomes, corroborating the data already estab-
lished for the species by Cella and Ferreira (1991) and by Bueno et al. (2013) study-
ing specimens from Rio Claro (southeastern Brazil). However, these authors reported 
the occurrence of supernumerary chromosomes, which were not found in samples 
from National Iguaçu Park. The sex-determination pattern considered the ancestor of 
grasshoppers was present in specimens of Abracris flavolineata, with males with the X0 
and females with the XX sex chromosome system. In Acrididae, some species, such as 
Rhammatocerus brasiliensis (Bruner, 1904), R. brunneri (Giglio-Tos, 1895), R. palustris 
Carbonell, 1988, R. pictus (Bruner, 1900), Orthoscapheus rufipes (Thunberg, 1824), 
among others, show a karyotype similar to that of Abracris flavolineata, with 2n = 
23,X0 and 24,XX, being considered the ancestral pattern of the family (White 1973; 
Loreto et al. 2008b; Rocha et al. 2011).

Heterochromatic blocks were shown in the pericentromeric regions of all chro-
mosomes (Fig. 1d–i). Chromosome 4 showed a slight heterochromatic block in the 
proximal region of the long arm (Fig. 1f). Nevertheless, this block was also viewed 
in most meiotic stages. It was possible note discrete heterochromatic bands in some 
chromosomes (Fig. 1d–f). These bands appear in some cells and not others, and this 
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Figure 1. Mitotic and meiotic stages of Abracris flavolineata by Giemsa conventional staining (a–c), 
C-banding (d–f) and fluorochromes staining (g–i): a mitotic metaphase b diakinesis c metaphase II 
d pachytene e diakinesis f metaphase II g mitotic metaphase by DAPI staining h mitotic metaphase by 
CMA3 staining i overlapping DAPI/CMA3. The numbers correspond to autosomes. X corresponds to the 
sex chromosome. The arrows indicate the discrete heterochromatic bands. Bar= 5μm.

may be the result of differences in the condensation of chromosomes in different cells 
or a technical artifact. The position of heterochromatin at pericentromeric regions is 
a common feature in Acrididae, being observed in several species (Loreto and Souza 
2000, Rocha et al. 2004). The heterochromatin plays a very important role in the evo-
lution of karyotypes. The pericentromeric preferential distribution may be related to 
equilocal transfer between non-homologous chromosomes of similar size by position-
ing in the nucleus by bouquet configuration (Schweizer and Loidl 1987).

Staining with fluorochromes CMA3/DAPI showed heterogeneity in the distribu-
tion of heterochromatin on autosomes: (i) DAPI+ bands located at pericentromeric 
regions in most chromosomes; (ii) pericentromeric DAPI+/CMA3

+ bands on 2 and 6 
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chromosomes; (iii) a discrete CMA3
+ band in the terminal region on chromosome 4; 

and (iv) DAPI+ adjacent to CMA3
+ blocks on three pairs (5, 7 and 9). The X chromo-

some showed adjacency of DAPI+-CMA3
+-DAPI+ bands (Figure 1g-i). The distribu-

tion of these blocks can be best demonstrated in the ideogram (Figure 3).
There are three patterns of distribution of GC-rich blocks in grasshoppers: (i) 

CMA3
+ bands related to NORs location (Souza et al. 1998, Loreto and Souza 2000, 

Rocha et al. 2012); (ii) CMA3
+ in all chromosomes (Souza et al. 1998, Pereira and 

Souza 2000); and, (iii) GC-rich blocks in some chromosomes (Loreto and Souza 2000, 
Souza et al. 2003, Loreto et al. 2005, Souza and Melo 2007, Rocha et al. 2012). AT-
rich heterochromatin is rarely encountered in Acrididae, as is the case Arcyptera fusca 
(Pallas, 1773), A. tornosi Bolívar, 1884 (Bella and Gosálvez 1991) and Dociostaurus ge-
nei (Ocskay, 1832) (Rodríguez Iñigo et al. 1993). In Abracris flavolineata, studies show 
that most heterochromatin is GC-rich and there are no AT-rich blocks (Bueno et al. 
2013). Thus, the pattern observed in specimens of A. flavolineata in this study shows a 
considerable karyotypic differentiation, where heterochromatinization processes, such 
as heterochromatin spreading, can be responsible for the differentiation of the Iguaçu 
National Park population, as in the grasshopper of the genus Tropidacris Scudder, 
1869 (Rocha et al. 2015). Moreover, this differentiation of heterochromatin may be 
related to action of transposable elements (Grewal and Jia 2007).

Although the position of rDNA sites was similar to that previously reported for 
other populations of this species, on terminal region, the number of sites was different 
from that observed in previous studies. The 18S rDNA sites were distributed on ter-
minal regions of the short arms of all analyzed specimens of 5 pairs (1, 2, 4, 7 and 10), 
with no variations. Two of these sites were on the same chromosome as 5S rDNA sites. 
These sites were co-located on one of the bivalents (Fig. 2a and b). Bueno et al. (2013) 
reported a variation from 5 to 9 chromosomes bearing 18S rDNA in the species of the 
southeastern population. Conversely, the 5S rDNA sites were distributed in the termi-
nal portion of the bivalent 1, in the interstitial region of bivalent 2 and pericentromeric 
region of 7. This pattern was more conservative where two sites (1 and 2) were similar 
to those observed by Bueno et al. (2013). A difference in the present study was the 
co-location of 18S rDNA and 5S sites on pair 7, where these sequences are located in 
heterochromatic regions. Cabral-de-Mello et al. (2011a) analyzed the distribution of 
45S and 5S rDNA in 29 species of family Acrididae, and noted the predominance of 
the location of sites on separate chromosomes (80.3% of the clusters). Considering 
this study, the co-location of DNA sites may be associated with recent evolutionary 
processes in the species from the Iguaçu National Park.

Histone H3 genes were located on a corresponding bivalent of pair 8 (Fig. 2c and 
d). This location is similar in number to that found in most species of grasshoppers, 
distributed on a single pair of chromosomes (Cabrero et al. 2009, Cabral-de-Mello 
2011a, 2011b, Neto et al. 2013). However, our data differ from those reported for 
the population of A. flavolineata of southeastern Brazil, in which these genes were 
observed on all chromosomes, including the X chromosome, but not on B chromo-
somes (Bueno et al. 2013). As in our results, the distribution of the histone gene was 
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Figure 2. Fluorescent in situ hybridization of A. flavolineata in meiocytes: a, b 18S rDNA (green) and 5S 
rDNA (red) probes c, d histone H3 gene probe: a pachytene b–d two cells in metaphase II. The numbers 
correspond to autosomes. X corresponds to the sex chromosome. The arrows indicate the histone H3 gene 
sites. Bar= 5μm.

adjacent to the CMA3
+ and DAPI+ heterochromatic blocks (Fig. 3), these genes are 

probably intercalated to heterochromatin blocks. Thus, the repetitive DNA present 
in the heterochromatin may play an important role in the dispersion of this sequence 
leading to differences in distribution between different histone genes of A. flavolineata 
populations studied herein.

Although the chromosome number and karyotype formula of the specimens 
studied here were the same as those described in the southeastern population (Cella 
and Ferreira 1991, Bueno et al. 2013), a considerable variation in the distribution of 
AT and GC-rich bands and specific gene sequences (18S, 5S and H3) was found. This 
variation refers to significant chromosomal changes, as spreading of heterochromatin 
can be involved in the evolution of this species. The populations studied by Cella 
and Ferreira (1991) and Bueno et al. (2013) inhabit Atlantic rainforest fragments, 
which once formed a continuous biome. The forest fragments mentioned above are 
approximately 790 km away from the population studied here (Iguaçu National 
Park). Such distance, coupled with the fact that these species probably underwent 
vicariance events that led to the disruption of these populations, caused reproduc-
tive isolation that led to chromosomal differences. The data obtained, together with 
the existing cytogenetic studies, allow us to suggest that Abracris flavolineata has an 
extensive karyotype plasticity.
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Figure 3. Idiogram showing the mapping of different sequences studied in Abracris flavolineata from the 
Iguaçu National Park.
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Abstract
Chromosome morphometry and nuclear DNA content are useful data for cytotaxonomy and to under-
stand the evolutionary history of different taxa. For the genus Bromus Linnaeus, 1753, distinct ploidy 
levels have been reported, occurring from diploid to duodecaploid species. The geographic distribution 
of Bromus species has been correlated with chromosome number and ploidy level. In this study, the aims 
were to determine the nuclear genome size and characterize the karyotype of the South American Bromus 
species: Bromus auleticus Trinius ex Nees, 1829, Bromus brachyanthera Döll, 1878 and Bromus catharticus 
Vahl, 1791. The mean nuclear 2C value ranged from 2C = 12.64 pg for B. catharticus to 2C = 17.92 pg for 
B. auleticus, meaning a maximum variation of 2C = 5.28 pg, equivalent to 41.70%. Despite this signifi-
cant difference in 2C value, the three species exhibit the same chromosome number, 2n = 6x = 42, which 
confirms their hexaploid origin. Corroborating the genome size, the chromosome morphometry (total, 
short- and long-arm length) and, consequently, the class differed among the karyotypes of the species. 
Based on the first karyograms for these Bromus species, some morphologically similar and several distinct 
chromosome pairs were found. Therefore, the karyotype characterization confirmed the hexaploid origin 
of the studied Bromus species, which differ in relation to the karyogram and the nuclear 2C value. Con-
sidering this, cytogenetics and flow cytometry can be used to discriminate Bromus species, contributing 
to taxonomy and systematic studies and providing information on the evolutionary history of this taxa.
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Introduction

The genus Bromus Linnaeus, 1753, family Poaceae comprises more than 160 species of 
annual and perennial grasses (Acedo and Liamas 2001). This taxon is widely distribut-
ed around the world (Williams et al. 2011), demonstrating the adaptability of its spe-
cies (Martinello and Schifino-Wittmann 2003). The genus Bromus includes important 
forage grasses, such as Bromus auleticus Trinius ex Nees, 1829, Bromus brachyanthera 
Döll, 1878 and Bromus catharticus Vahl, 1791 (Puecher et al. 2001, Martinello and 
Schifino-Wittmann 2003, Iannone et al. 2010).

The basic chromosome number of the genus Bromus is x = 7, and its species pos-
sess karyotypes varying from 2n = 2x = 14 (diploid) to 2n = 12x = 84 (duodecaploid) 
(Fedorov 1969, Armstrong 1984, 1987, Klos et al. 2009, Williams et al. 2011). Most 
of the species are diploid (2n = 2x = 14) or tetraploid (2n = 4x = 28) (Martinello and 
Schifino-Wittmann 2003), but large variation in chromosome number among Bromus 
species has been found, such as: Bromus cappadocicus Boissier et Balansa, 1857, and B. 
tomentosus Trinius, 1813, with 2n = 2x = 14; B. erectus Huds., 1762, B. biebersteinii 
Roemer et Schultes, 1817, and B. stenostachyus Boissier, 1884, with 2n = 4x = 28; B. 
tomentellus Boissier, 1846, B. variegatus M. Bieberstein, 1819 (Sheidai et al. 2008), B. 
auleticus (Martinello and Schifino-Wittmann 2003), B. bonariensis Parodi et J. H. Ca-
mara, 1963, B. brevis Steudel, 1854, B. parodii Covas et Itria, 1968, B. brachyanthera 
and B. catharticus Vahl, 1791 (Schifino and Winge 1983, Naranjo 1985) with 2n = 6x 
= 42. Variation in chromosome number has also been found within the same species, 
such as in Bromus kopetdagensis Drobow, 1925, (2n = 6x = 42 in Tehran and 2n = 10x 
= 70 in Emamzadeh-Hashem; Sheidai et al. 2008) and in Bromus setifolius J. Presl, 
1830, (2n = 10x = 70 for ‘Pictus’ and ‘Brevifolius’, and 2n = 4x = 28 for ‘Setifolius’; 
García et al. 2009). So, cytogenetic and plant morphology data supported the classifi-
cation of the B. setifolius lines as separate species (García et al. 2009).

Karyotype characterization showed that the chromosomes of the Bromus species 
are similar in relation to total length and class (Joachimiak et al. 2001), with the oc-
currence of metacentric and submetacentric chromosomes being reported (Sheidai et 
al. 2008). This way, the distinction between karyotypes of Bromus species with the 
same chromosome number is generally carried out based on the size of the satellite 
portions (Armstrong 1983, Joachimiak et al. 2001) and heterochromatin distribution 
(Klos et al. 2009).

Stebbins (1981) reported that the genus Bromus originated in Eurasia. During the 
Pliocene, three sections were originated: Ceratochloa P. Beauvois, 1812, Pnigma Du-
mort, 1823 and Neobromus Shear, 1900, being that Ceratochloa and Neobromus spread to 
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Americas. Given this hypothesis, Stebbins argued that the geographic region Eurasia was 
also the differentiation center of diploid, tetraploid and, most likely, hexaploid species.

Differentiation of allohexaploid Bromus species in South America proceeded in the 
Pleistocene. Meanwhile, in North America, allopolyploidy events also occurred, lead-
ing to new ones with higher ploidy level (8x, 12x) (Stebbins 1947, 1981). This way, 
the Bromus species in South America is somewhat restricted to hexaploid species, dif-
ferently from those found in North America, which are octoploids and duodecaploids 
(Massa et al. 2004).

According to current knowledge, the South American species (as B. auleticus, B. 
brachyanthera and B. catharticus) have chromosome number of 2n = 6x = 42 (Schifino 
and Winge 1983, Naranjo 1985, Martinello and Schifino-Wittmann 2003). Never-
theless, it is still necessary to confirm and understand the chromosomal changes among 
these species. Because chromosomal changes constitute an important mechanism of 
diversification and speciation (Stace 2000, Peer et al. 2009, Weiss-Schneeweiss et al. 
2013), the investigation of this aspect in Bromus species of South America may gener-
ate knowledge on the speciation processes in this genus.

Numerical and structural chromosomal rearrangements have been reported to 
trigger changes in karyotype in various plant taxa. Due to these changes, the nuclear 
genome size varies between phylogenetically related species (Raskina et al. 2008, Bon-
ifácio et al. 2012). Thus, nuclear DNA content measurements have increasingly been 
employed in taxonomic, systematic and evolutive approaches using flow cytometry 
(FCM). In addition to its practicality and reproducibility, FCM is useful to reveal 
differences among taxa, especially those that exhibit conserved chromosome number 
(Mabuchi et al. 2005). The nuclear genome size was measured for Bromus hexaploid 
(2n = 6x = 42) species. In spite of the same chromosome number, the seven species 
showed distinct nuclear 2C values, varying from 2C = 12.72 pg in Bromus willdenowii 
Kunth, 1829, to 2C = 15.10 pg in Bromus lithobius Trin., 1836 (Klos et al. 2009).

Hence, karyotype and nuclear 2C value are relevant data for the taxonomy and sys-
tematics of Bromus, as well as for understanding the evolutionary history of the genus and 
the relationships within the taxa. Thus, the aims of the present study were to measure the 
nuclear 2C value, determine the chromosome number and characterize the karyotype of 
the South American Bromus species B. auleticus, B. brachyanthera and B. catharticus.

Material and methods

Plant samples

Seeds of B. auleticus, B. brachyanthera and B. catharticus were provided by the South 
Forage Germplasm Bank (BAG) of Embrapa South Livestock, Brazil (BRA 00059183-
4, 00080317-1 and 00059197-4, respectively). The seed samples were collected from 
several individuals of each species, occurring in the Brazilian Pampa biome, state of Rio 
Grande do Sul, Brazil. Copies of the species were deposited in the Herbarium CNPO 
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Embrapa (voucher numbers CNPO 4408 for B. auleticus, CNPO 4412 for B. brachy-
anthera, and CNPO 4408 for B. catharticus).

Nuclear 2C DNA measurement

Nuclear suspensions were prepared from leaf fragments (2 cm2) obtained from each 
specimen of B. auleticus, B. brachyanthera or B. catharticus (samples), together with 
the internal standard Pisum sativum L. (2C = 9.16 pg; Praça-Fontes et al. 2011). For 
nuclear extraction, chopping was performed in 0.5 mL of OTTO-I buffer (Otto 1990) 
supplemented with 2 mM dithiothreitol and 50 μg mL-1 RNAse. Next, 0.5 mL of 
OTTO-I buffer was added, and the suspensions were filtered through nylon mesh of 
30 μM, placed in microtube and centrifuged at 100 xg for 5 min. The pellet was resus-
pended in 100 μl OTTO-I buffer and incubated for 10 min (Praça-Fontes et al. 2011). 
The nuclei suspensions were stained with 1.5 ml of OTTO I:OTTO II (1:2 – Otto 
1990; Praça-Fontes et al. 2011) supplemented with 2 mM dithiothreitol, 50 μg ml-1 
propidium iodide and 50 μg ml-1 RNase (Praça-Fontes et al. 2011). The suspensions 
were kept in the dark for 30 min, filtered through a 20-μM nylon mesh, and analyzed 
on a flow cytometer Partec PAS II / III (Partec GmbH, Germany) equipped with a 
laser source (488 nm). For determination of the nuclear DNA content, histograms 
were analyzed with the Max Partec Flow software tools. Six independent repetitions, 
accounting for more than 10,000 nuclei, were carried out in each analysis. The genome 
size of Bromus species was calculated according to the formula:

Wherein: 2CD: value of 2C DNA content (pg) of each Bromus species; C1: average 
G0/G1 peak channel of the Bromus species; C2: average G0/G1 peak channel of P. sativum; 
2CS: value of 2C DNA content of P. sativum (2C = 9.16 pg).

Karyotype characterization and morphometric analysis

The seeds were aseptically scarified, disinfested, inoculated into medium composed 
of half-strength MS salts, 10 ml l-1 MS vitamins (Murashige and Skoog 1962), 30 
g l-1 sucrose and 2.8 g l-1 Phytagel, and grown in photoperiod of 16 h at 25 ± 2°C. 
Roots of the seedlings were excised and treated with 4 μM amiprophos-methyl (APM, 
Sigma) for 4 h (B.O.D., 30°C). Root apical meristems were washed in dH2O, fixed 
in methanol:acetic acid (Merck®) solution (3:1), and stored at -20°C. After 24 h, the 
meristems were washed in dH2O and macerated in enzyme solution pool (96.6% 
pectinase, 0.4% hemicellulose, 1.0% macerozyme and 4.0% cellulose, Sigma®) 1:20 
(pool:dH2O) for 2 h at 34°C. Again, the meristems were washed with dH2O, fixed, 



Karyotype characterization and comparison of three hexaploid species of Bromus Linnaeus... 217

and stored at -20°C. Subsequently, slides were prepared by dissociation of the macer-
ated meristems and air-drying (Carvalho et al. 2007). The slides were stained with 5% 
Giemsa (Merck®) for 6 min, washed twice in dH2O, and dried under heating plate. All 
slides were examined under a microscope Nikon Eclipse Ci-S (Nikon). Mitotic images 
were captured with the objective 100x and CCD camera (Nikon EvolutionTM) coupled 
to the microscope. Morphometric analysis of the chromosomes of the three Bromus 
species was performed for the total length, length of the long and short arms, arm 
ratio, and chromosome class. The latter was determined as proposed by Levan et al. 
(1964) and reviewed by Guerra (1986).

Results

FCM nuclear suspensions resulted in G0/G1 fluorescence peaks with a coefficient of 
variation of less than 5% for Bromus species and P. sativum. Thereby, FCM procedures 
provided suspensions with adequate amount of isolated, intact and stoichiometrically 
stained nuclei. The 2C nuclear DNA content was measured for the Bromus species 
through analysis of the histograms. 2C value of B. catharticus was 2C = 12.64 ± 0.00 
pg, B. brachyanthera was 2C = 16.73 ± 0.16 pg, and B. auleticus was 17.92 ± 0.44 pg. 
Mean value for B. auleticus was 41.70% higher than for B. catharticus, and 7.10% 
greater than for B. brachyanthera. In turn, B. brachyanthera presented 2C value 32.36% 
higher than that of B. catharticus. These values reflect interspecific variation among the 
nuclear genome sizes of the analyzed species.

Root meristems treated with amiprophos-methyl and macerated in enzyme pool 
solution resulted in adequate metaphase chromosomes. Metaphases were chosen based 
on the following criteria: well-spread chromosomes with well-defined constriction, no 
chromatin deformations and no cytoplasmic background noise. These features allowed 
accurate chromosome counting, karyotype measurements, chromosome class determi-
nation and karyogram assembly. All three Bromus species showed a conserved number 
of 2n = 42 chromosomes (Figure 1).

Based on the morphometric data, the chromosome class was determined and 
the differences between the karyotypes of the three species were verified. B. auleticus 
presented eleven metacentric (1, 3, 4, 5, 6, 8, 9, 11, 15, 18 and 19) and ten sub-
metacentric chromosomes (2, 7, 10, 12, 13, 14, 16, 17, 20 and 21). B. brachyanthera 
exhibited 13 metacentric (1, 2, 4, 5, 6, 9, 10, 13, 15, 16, 17, 19 and 21) and eight 
submetacentric chromosomes (3, 7, 8, 11, 12, 14, 18 and 20). Finally, B. catharticus 
displayed eleven metacentric (1, 4, 5, 7, 8, 9, 10, 11, 14, 17 and 20) and ten submeta-
centric chromosomes (2, 3, 6, 12, 13, 15, 16, 18, 19 and 21) (Table 1). Groups of 
morphologically similar chromosome pairs were also identified for all Bromus species: 
3–4 in B. auleticus, 11–12 and 15–16 in B. brachyanthera, and 12–13 in B. catharticus 
(Figure 1, Table 1).

The three Bromus species presented only metacentric and submetacentric chromo-
somes. Despite belonging to the same class, the chromosomes differed intra- and inter-
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Figure 1. First karyograms of Bromus species, displaying 2n = 6x = 42 chromosomes: a B. catharticus 
b B. brachyanthera and c B. auleticus. a B. catharticus displayed eleven metacentric (1, 4, 5, 7, 8, 9, 10, 
11, 14, 17 and 20) and ten submetacentric chromosomes (2, 3, 6, 12, 13, 15, 16, 18, 19 and 21) b B. 
brachyanthera exhibited 13 metacentric (1, 2, 4, 5, 6, 9, 10, 13, 15, 16, 17, 19 and 21) and eight submeta-
centric chromosomes (3, 7, 8, 11, 12, 14, 18 and 20) c B. auleticus presented eleven metacentric (1, 3, 4, 
5, 6, 8, 9, 11, 15, 18 and 19) and ten submetacentric chromosomes (2, 7, 10, 12, 13, 14, 16, 17, 20 and 
21). Note the morphologically similar chromosomes: a 12–13 in B. catharticus b 11–12 and 15–16 in B. 
brachyanthera, and c 3–4 in B. auleticus. Bar = 5 μm.
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specifically based on their morphology, which was characterized by occurrence of well-
defined telomere and centromere portions and relatively low chromatin compaction 
level (Figure 1). As summarized in Table 1, the majority of the chromosomes could be 
distinguished by at least one morphometric parameter: total length, short- and long-
arm length, ratio between arms, and/or relative chromosome size (%) in relation to the 
sum of the total length (Table 1). In addition, some chromosomes showed the second-
ary constriction in the interstitial region of the short arm, such as the chromosome 3 
of B. catharticus (Figure 1a) or 18 of B. auleticus (Figure 1c).

Discussion

According to the chromosome number found here and the complement set x = 7 (Steb-
bins 1981), B. auleticus, B. brachyanthera and B. catharticus are hexaploid species (2n = 
6x = 42). This result is in accordance with previous data reported for the three species 
(Schifino and Winge 1983, Naranjo 1985, Martinello and Schifino-Wittmann 2003). 
The genus Bromus originated in Eurasia, whereas the hexaploid species emerged in South 
America during the Pleistocene, from the subgenus Ceratochloa (Stebbins 1981). Thus, 
the chromosome number of the three species has remained conserved in relation to the 
ancestors, supporting Stebbins’s hypothesis on the diversification of the Bromus species.

The mean nuclear 2C value divergences were corroborated by chromosome morpho-
metry. B. catharticus clearly differed from the other species, being that its relatively small 
genome size correlated with the sum of the total chromosome length. Differently, for B. 
auleticus and B. brachyanthera this relation was not observed, as a result of the low com-
paction level of the chromatin in the latter species (Figure 1, Table 1). The large differ-
ences among nuclear 2C values for the same chromosome number suggests that the three 
species diverged through chromosomal rearrangements. In a study of hexaploid Bromus 
species, Klos et al. (2009) also reported interspecific variations (2C = 12.72 to 15.10 pg) 
in relation to the nuclear genome size. According to these authors, chromosomal changes 
occurred during the evolution of the hexaploid Bromus species, most likely through the 
gain or loss of highly repeated DNA sequences. Regarding this, karyotype and nuclear 
genome size should be considered together when comparing Bromus species.

Despite the similar morphology of some chromosome pairs (12–13 in B. catharticus, 
11–12 and 15–16 in B. brachyanthera, and 3–4 in B. auleticus; Figure 1, Table 1), 
differences were found for most pairs of the three hexaploid Bromus species (Figure 1, 
Table 1). For the genus Bromus, Stebbins (1981) classified all species as allohexaploids. 
The allopolyploidy in Bromus was also found in Bromus hordeaceus L., 1753, which was 
classified as an allotetraploid (Ainouche et al. 1999). In that sense, Klos et al. (2009) 
highlighted that the Bromus section Ceratochloa includes a number of closely related 
allopolyploid species originated by three ancestors AABBCC.
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Conclusion

The nuclear 2C value and karyotype characterization allowed differentiating the three 
Bromus species, thus contributing to the cytotaxonomy and evolutional understanding 
in this taxon. As also demonstrated by other authors, these data provide insights about 
the evolutionary process and diversification of the polyploid Bromus species.
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Abstract
Recent molecular phylogenetic analyses have shown that the Mugil curema Valenciennes, 1836 spe-
cies complex includes M. incilis Hancock, 1830, M. thoburni (Jordan & Starks, 1896) and at least four 
“M. curema” mitochondrial lineages, considered as cryptic species. The cytogenetic data on some repre-
sentatives of the species complex have shown a high cytogenetic diversity. This research reports the results 
of cytogenetic and molecular analyses of white mullet collected in Ecuador. The analyzed specimens were 
molecularly assigned to the Mugil sp. O, the putative cryptic species present in the Pacific Ocean and 
showed a 2n = 46 karyotype, which is composed of 2 metacentric and 44 subtelocentric/acrocentric chro-
mosomes. This karyotype is different from the one described for M. incilis (2n = 48) and from those of the 
two western Atlantic lineages Mugil curema (2n = 28), and Mugil margaritae (2n = 24). Data suggest the 
need for a morphological analysis to assign a species name to this Pacific lineage.
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Introduction

The family Mugilidae currently comprises 20 genera and 74 species (Eschmeyer and 
Fong 2016), which are widely distributed in various tropical, subtropical and temper-
ate coastal regions of the world (Thomson 1997, Froese and Pauly 2016). These fishes 
show highly conserved morphological and anatomical characteristics, which are often 
associated with wide distribution ranges and, thus, the family has undergone many 
taxonomic revisions, both at the genus and species levels (Thomson 1997).

In the last decade, molecular phylogenetic and phylogeographic analyses have re-
vealed that the morphological features commonly used to identify species seem to be 
insufficient, both to describe the great diversity of species within Mugilidae and to 
infer the phylogenetic relationships among the species (Durand et al. 2012, Durand 
and Borsa 2015). More specifically, Durand et al. (2012) showed that a proportion of 
the species with large distribution ranges, such as Mugil cephalus Linnaeus, 1758 and 
M. curema Valenciennes, 1836 consists of cryptic species. Specifically referring to M. 
curema, different mtDNA lineages had been previously identified along the American 
Atlantic coasts by Heras et al. (2006, 2009) and Fraga et al. (2007). Unfortunately 
these studies did not adopt a uniform nomenclature for the lineages (see Rossi et al. 
2016 for a detailed review) and did not cover the entire species range, that includes 
both the Eastern and Western Atlantic coasts and the Eastern Pacific coast (Froese and 
Pauly 2016). Durand et al. (2012) and Durand and Borsa (2015) showed that these 
lineages are part of a Mugil curema species complex which includes M. incilis Hancock, 
1830 and M. thoburni (Jordan & Starks, 1896), and at least four “M. curema” mito-
chondrial lineages, considered as cryptic species. The first lineage is distributed along 
the Atlantic coast of the Americas and retains the name of M. curema, as the type local-
ity of the original M. curema is Bahia, Brazil; the second lineage is present along the 
Atlantic African coasts and is indicated as Mugil sp. M. The third lineage, indicated as 
Mugil sp. N, is present in Venezuela and has recently been formally described as a new 
species, named M. margaritae Menezes, Nirchio, Oliveira & Siccha-Ramirez, 2015 
(Menezes et al. 2015). The fourth lineage is distributed along the Pacific coast of the 
Americas, from the USA to Ecuador, and is indicated as Mugil sp. O.

Cytotaxonomy has been proven to be a powerful tool in revealing different lineages/
species within Mugilidae. For example, the presence of different cytogenetic features 
(Nirchio et al. 2003) provided the basis for the identification of an undescribed spe-
cies, M. rubrioculus Harrison, Nirchio, Oliveira, Ron & Gaviria, 2007 (Harrison et al. 
2007), as well as the first hints about the existence of cryptic species among mullets, 
which, until then, had been reported under the name of M. curema (Nirchio et al. 
2005). Although only two of the four mitochondrial lineages of “M. curema” have been 
cytogenetically investigated to date, they have been found to differ from each other in 
diploid number and chromosome formula, as well as differing from all the other mugi-
lids investigated to date (see Rossi et al. 2016 for a review). M. curema sensu strictu shows 
a karyotype composed of 2n = 28 chromosomes (LeGrande and Fitzsimons 1976, Nir-
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chio et al. 2005) and M. margaritae shows a karyotype composed of 2n = 24 chromo-
somes (Nirchio and Chequea 1998, Nirchio et al. 2005).

This paper reports the cytogenetic analysis of samples of the white mullet collected 
in Ecuador (Pacific Ocean); according to Durand and Borsa (2015), it is reasonable 
to assume that they belong to the Mugil sp. O. The aim of the study is to describe the 
karyotype and the cytogenetic features of this Mugil sp. and to detect specific cytotaxo-
nomic markers that could be useful for its identification. To verify that all the analyzed 
specimens belong to the Mugil sp. O, sequences of the mitochondrial cytochrome 
oxidase I (COI) gene were also produced and compared to those previously obtained 
by Durand et al. (2012) and Durand and Borsa (2015).

Materials and methods

Seventeen juvenile specimens (undetermined sex), morphologically classified as white 
mullet (Mugil curema) according to Harrison (1995), were caught by cast net at Puerto 
Hualtaco, at the border between Ecuador and Perú (3°26’S; 80°13’W), and trans-
ported alive to the laboratory. The fishes were sacrificed with an overdose of benzocaine 
(250 mg/l), following the guidelines of the AVMA (2013). Small pieces of muscle and 
cephalic kidneys were removed from all specimens, and nine individuals preserved in 
70% ethanol were deposited as voucher specimens (Table 1).

Total genomic DNA was extracted from muscle according to Aljanabi and Martínez 
(1997).

A 546 base-pair (bp) fragment of the mitochondrial cytochrome oxidase subunit 
I gene (COI) was amplified by PCR using primers FishF1 and FishR2 (Ward et al. 
2005) and the procedures reported in Milana et al. (2011). The obtained sequences 
were aligned using the program MEGA5 (Tamura et al. 2011) and submitted to the 
GenBank database (https://www.ncbi.nlm.nih.gov/Genbank) under accession numbers 
KU504271–KU504272 (see Table 1 for details). BLAST (Basic Local Alignment Search 
Tool) software was used for similarity searching of the COI sequences in GenBank.

Tree reconstructions were conducted using neighbor-joining (NJ), maximum-
likelihood (ML) and Bayesian inference (BI) analyses. The NJ and ML analyses (1000 
bootstrap replicates) were performed using MEGA5 and PhyML v3.0 (Guindonet 
al. 2010), respectively. The Bayesian analyses were carried out as implemented in 
MrBayes v3.1.2 (Huelsenbeck and Ronquist 2001); two independent runs of four 
Markov chains each for 106 generations were performed. Modeltest v3.7 (Posada and 
Crandall 1998) and MrModeltest v2.3 (Nylander 2008) were used to select the evolu-
tionary models for the ML and the BI analyses, respectively, according to the Akaike 
information criterion. All 37 COI sequences of Mugil sp. obtained by Durand et al. 
(2012) and Durand and Borsa (2015), and five COI sequences of M. incilis, previously 
obtained from Venezuelan specimens by our research group (Hett et al. 2011), were 
included in the phylogenetic analyses (Table 1).
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table 1. GenBank accession number (A.N.), sampling areas and references of the Mugil sp. COI sequen-
ces used in phylogenetic analyses.

Individual (Voucher number) A.N. Sampling area Reference
0102 (UTMACH0102) KU504271 Ecuador Present paper
0103 (UTMACH0103) KU504271 Ecuador Present paper

104 KU504271 Ecuador Present paper
105 KU504271 Ecuador Present paper
119 KU504272 Ecuador Present paper
120 KU504271 Ecuador Present paper
121 KU504271 Ecuador Present paper
122 KU504271 Ecuador Present paper
123 KU504271 Ecuador Present paper
124 KU504271 Ecuador Present paper

76104 (LBP 76104) KU504271 Ecuador Present paper
76105 (LBP 76105) KU504271 Ecuador Present paper
76107 (LBP 76107) KU504271 Ecuador Present paper
76129 (LBP 76129) KU504271 Ecuador Present paper
76130 (LBP 76129) KU504271 Ecuador Present paper
76131(LBP 76131) KU504271 Ecuador Present paper
76132 (LBP 76132) KU504271 Ecuador Present paper

415 JQ060604 El Salvador Durand et al. 2012
426 JQ060600 El Salvador Durand et al. 2012
429 JQ060601 El Salvador Durand et al. 2012
430 JQ060602 El Salvador Durand et al. 2012
432 JQ060603 El Salvador Durand et al. 2012
293 JQ060573 Western Panama Durand et al. 2012
294 JQ060574 Western Panama Durand et al. 2012
413 JQ060592 Perù Durand et al. 2012
420 JQ060595 Ecuador Durand et al. 2012
423 JQ060597 Western Mexico Durand et al. 2012
425 JQ060599 Western Mexico Durand et al. 2012
406 JQ060588 Western Mexico Durand et al. 2012
422 JQ060596 Western Mexico Durand et al. 2012
396 JQ060580 Togo Durand et al. 2012
397 JQ060581 Togo Durand et al. 2012
390 JQ060575 Senegal Durand et al. 2012
391 JQ060576 Senegal Durand et al. 2012
392 JQ060577 Senegal Durand et al. 2012
393 JQ060578 Benin Durand et al. 2012
394 JQ060579 Benin Durand et al. 2012
399 JQ060582 Venezuela Durand et al. 2012
400 JQ060583 Venezuela Durand et al. 2012
401 JQ060584 Venezuela Durand et al. 2012
403 JQ060585 Venezuela Durand et al. 2012
414 JQ060593 Venezuela Durand et al. 2012
408 JQ060590 Brazil Durand et al. 2012
411 JQ060591 Guadeloupe Durand et al. 2012
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Individual (Voucher number) A.N. Sampling area Reference
419 JQ060594 Belize Durand et al. 2012
404 JQ060586 Eastern USA Durand et al. 2012
407 JQ060589 Eastern Mexico Durand et al. 2012
417 JQ060605 Uruguay Durand et al. 2012
418 JQ060606 Uruguay Durand et al. 2012
405 JQ060587 Honduras Durand et al. 2012
6435 JX559534 Galapagos Is. Durand et al. 2012
6445 JX559535 Galapagos Is. Durand et al. 2012
299 JQ060609 French Guyana Durand et al. 2012
302 JQ060608 French Guyana Durand et al. 2012
780 HQ285928 Venezuela Hett et al. 2011
782 HQ285929 Venezuela Hett et al. 2011
785 HQ285930 Venezuela Hett et al. 2011
786 HQ285931 Venezuela Hett et al. 2011
788 HQ285927 Venezuela Hett et al. 2011

LBP: Laboratório de Biologia e Genética de Peixes, UNESP, Botucatu (São Paulo State, Brazil); 
UTMACH: Laboratorio de Acuicultura, Universidad Técnica de Machala, Ecuador.

Cell suspensions were obtained from the cephalic kidney, following the procedure 
reported by Nirchio and Oliveira (2006). Nucleolus organizer regions (NORs) were 
identified by silver (Ag) nitrate staining (Howell and Black 1980), and C-banding pat-
terns were obtained following the protocol described by Sumner (1972).

Fluorescence in situ hybridization (FISH) was accomplished according to Pinkel et al. 
(1986). (TTAGGG)n, major (18S rDNA) and minor (5S rDNA) ribosomal probes were 
amplified by a polymerase chain reaction (PCR) from the genomic DNA of Eigenmannia 
sp. 2, using primers available from the literature (Ijdo et al. 1991, White et al. 1990, 
Pendás et al. 1994, respectively). The 18S rDNA sequences were labelled during PCR 
with Digoxigenin-11-dUTP; the 5S rDNA and (TTAGGG)n probes were labelled with 
biotin-16-dUTP. The detection of hybridization signals was performed using conjugated 
avidin-fluorescein (FITC) for the 18S rDNA probe and anti-digoxigenin-rhodamine for 
the 5S rDNA and (TTAGGG)n probes. The chromosomes were counterstained with 
4',6-diamidino-2-phenylindole (DAPI) and propidium iodide.

The mitotic figures were photographed using an Olympus BX61 photomicroscope 
equipped with the appropriate selective filters for FISH and with a DP70 digital cam-
era. The images were digitally edited with Adobe Photoshop CS6 Extended.

Results

Similarity searching of the obtained COI sequences in the GenBank database, using 
the BLAST function, provided 99.6–100% similarity with those obtained by Durand 
et al. (2012) and Durand and Borsa (2015) for the Pacific white mullet, i.e., the Mugil 
sp. O. These data were confirmed by the phylogenetic tree topology, obtained by NJ, 
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Figure 1. Neighbor-joining tree based on COI sequences. At each node, bootstrap values > 70% (NJ 
and ML) and posterior probabilities > 0.9 (BI) are shown. Stars indicate sequences obtained in this study; 
the remaining sequences are from Durand et al. (2012), Durand and Borsa (2015) and from Hett et al. 
(2011) (see Table 1). For each lineage, the karyotype (2n), the fundamental number (FN) and the chro-
mosome formula are indicated. m: metacentric chromosomes; sm: submetacentric chromosomes; st/a: 
subtelocentric/acrocentric chromosomes.
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Figure 2. Conventional Giemsa-stained karyotype of the Pacific white mullet. In the inset, the acrocen-
tric chromosome pair n. 15 sequentially Ag-stained; m: metacentric chromosomes; st/a: subtelocentric/
acrocentric chromosomes. Scale bar: 10 μm.

ML and BI analyses (Fig. 1): all the sequences of white mullets from Ecuador collected 
in this study clustered within the Pacific Mugil sp. O.

In all the individuals, the karyotype is composed of 46 chromosomes, 2 meta-
centric and 44 subtelocentric/acrocentric, with a fundamental number (FN) of 48 
(Fig. 2). The metacentric chromosome pair number 1 was clearly identifiable, whereas 
the homologues belonging to the subtelocentric and acrocentric series could not be 
unequivocally identified, due to their uniformly decreasing size. The only exception is 

Figure 3. Somatic C-banded metaphases of the Pacific white mullets. Arrowheads indicate chromosome pair 
number one. Arrows indicate terminal heterochromatic blocks on chromosome pair 15. Scale bar: 10 μm.
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the acrocentric chromosome pair classified as number 15 because its homologues show 
a more or less pronounced terminal achromatic region that is positively stained with 
AgNO3 (Fig. 2, inset).

C-banding (Fig. 3) revealed the presence of constitutive heterochromatin at the 
centromeres of most chromosomes and at the telomeres of eight of them. The meta-
centric chromosome pair number 1 shows C-positive blocks both in the centromeric 
and in the terminal location; the acrocentric chromosome pair number 15 shows con-
spicuous heterochromatic blocks in the terminal region.

Dual FISH (Fig. 4a, b) revealed that the 18S rDNA probe yielded two hybridi-
zation signals on the same location detected by silver staining on chromosome pair 
number 15, whereas the 5S rDNA probes hybridized on one smaller medium-sized 
subtelo/acrocentric chromosome pair (likely number 20) proximal to the centromere.

Mapping of the (TTAGGG)n telomeric repeats showed the presence of positive 
signals on both telomeres of all chromosomes. No additional, interstitial or centro-
meric (TTAGGG)n positive signals were detected (Fig. 4c), even on metacentric chro-
mosome pair number 1.

Discussion

Most of the approximately 20 species of Mugilidae cytogenetically investigated so 
far (see Rossi et al. 2016 for a review) show a conservative 48 uniarmed (subtelo-, 
acrocentric chromosomes) karyotype, as well as a conserved FN = 48. Even among 
the 15 cryptic species identified within the Mugil cephalus species complex (Durand 
and Borsa 2015), the six cytogenetically investigated lineages share not only the 
chromosome formula but also the major cytogenetic features (see Rossi et al. 2016 

Figure 4. Somatic metaphases of the Pacific white mullet showing positive sites after FISH (a) with 
18S rDNA (arrows) and 5S rDNA (asterisks) probes and (c) with telomeric repeats. Arrowheads indicate 
chromosome pair number one. In (b) enlargement of selected samples of chromosome pairs 15 and 20, 
after DAPI staining and FISH with rDNA probes, showing 18S (above) and 5S (below) positive sites, 
respectively. Scale bar: 10 μm.
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for refe rences). The only exceptions to this picture of 2n = 48 are represented by Liza 
(currently Planiliza) abu (Heckel, 1843) (Değer et al. 2013) and the two “M. curema” 
lineages so far investigated (LeGrande and Fitzsimons 1976, Nirchio and Chequea 
1998, Nirchio et al. 2005). Planiliza abu (Değer et al. 2013), which has a limited 
Asian distribution, shows a karyotype characterized by 2 large metacentric and 46 
subtelo-, acrocentric chromosomes, a diploid number of 48 and FN = 50; a pericentric 
inversion is invoked to interpret the origin of the metacentric chromosome pair. The 
two cytogenetically known cytotypes of “M. curema”, i.e., M. curema sensu strictu and 
M. margaritae, instead, are both characterized by FN = 48 and by a massive presence 
of biarmed chromosomes, likely derived from extensive Robertsonian centric fusions 
of subtelo- and acrocentric chromosomes. The M. curema karyotype is composed of 
20 metacentric, 4 subtelo- and 4 acrocentric chromosomes, while the M. margaritae 
karyotype is composed of 22 metacentric and 2 submetacentric chromosomes.

The specimens analyzed in this study, molecularly assigned to the Pacific Mugil sp. 
O (Durand and Borsa 2015), show a still-undescribed karyotype in the family, i.e., a 
diploid number of 46 chromosomes, two of which are metacentrics and 44 of which are 
subtelo-acrocentrics. Most of the chromosomes of this karyotype are uniarmed, as in the 
other species belonging to the genus Mugil, as well as in different genera of Mugilidae 
(see Rossi et al. 2016). Nonetheless, the presence of biarmed chromosomes, of a reduced 
diploid number and of a conserved FN, which are shared with M. curema sensu strictu and 
M. margaritae, suggests that this karyotype originated by a limited number of centric fu-
sions, i.e., only two uniarmed chromosome pairs were involved. These data confirm that a 
diploid number different from 48 characterizes all, and so far exclusively, the three inves-
tigated “M. curema” mitochondrial lineages, with a number of fusions covering the entire 
range of possibilities (Fig. 1). In M. margaritae, all uniarmed chromosomes underwent 
fusion, in M. curema most uniarmed chromosomes underwent fusion, and in the Mugil 
sp. lineage O, only two pairs. At present, it is not possible to discriminate whether the 
acquisition of the cytogenetic features and/or heterochromatin sequences that promote 
centric fusions occurred when the ancestor of the M. curema species complex split from 
the other Mugil species. Thus, it is not possible to ascertain whether these features were 
lost in some lineages, or, alternatively, were not acquired at that stage so that not all the 
molecular lineages were involved. In any case, as the lack of additional telomeric sequences 
is usually interpreted as a stabilizing factor for fusions (Slijepcevic 1998), the absence of 
telomeric sequences in a pericentromeric or interstitial position in all the cytogenetically 
studied “M. curema” lineages suggests that Robertsonian fusions are irreversible.

The Mugil sp. O described in this study shows the presence of NORs on a single 
chromosome pair, as well as minor ribosomal genes carried by a single chromosome 
pair. These features are common to most of the mugilids, including all the Mugil spe-
cies (Rossi et al. 2016). Nevertheless, their location appears to be variable in different 
species/lineages of the M. curema species complex and does not allow any inference on 
the direction of chromosomal changes within the species complex.

Further analyses are required to draw a comprehensive picture of the chromosomal 
evolution within the M. curema species complex. Data on the karyotype of M. thoburni 
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and of the white mullet Mugil sp. M from the East Atlantic (Durand and Borsa 2015) 
are still missing, as well as data on the molecular analysis of the satellite DNA of the 
whole complex. It is worth noting that in the phylogenetic trees, the node separating 
“M. curema” lineages from Mugil incilis was not resolved (Fig. 4, Durand et al. 2012, 
Durand and Borsa 2015), and the latter species shows a karyotype (Hett et al. 2011) 
that is the closest to the “typical” all uniarmed mullet karyotype from which, presum-
ably, the “M. curema” Robertsonian karyotypes derived. In a very recent paper (Xia et 
al. 2016) based both on molecular and diagnostic morphological characters, M. incilis 
appears to be the sister species to “Mugil curema” lineages, and M. thoburni is external 
to them. Unfortunately, only two of the “Mugil curema” lineages (Durand and Borsa 
2015) were included in the analysis.

Data, although preliminary, strongly suggest that each of the “Mugil curema” line-
ages within the species complex has its own karyotype. This evidence, and the absence 
of intermediate karyotypes in the geographic area where different lineages/cytotypes 
are in sympatry, supports Durand and Borsa’s hypothesis (2015) that chromosomal 
differences probably prevent interbreeding and indicate the actual reproductive iso-
lation of cryptic species. In this context, a morphological analysis is now needed to 
assign a species name to the here-examined Pacific Mugil sp. O and possibly to the 
remaining allopatric East Atlantic Mugil sp. M.

Finally, it needs to be verified whether the karyotype observed in the specimens from 
Ecuador is also shared by specimens belonging to the Mugil sp. O. from other sampling 
sites along the American Pacific coast. In particular, a karyotypic analysis is needed for 
the western Mexican coast, because in the phylogenetic trees two individuals from this 
region are grouped in a subcluster that is highly divergent from the one that includes the 
remaining Pacific specimens.
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Abstract
A cytogenetic characterization, including heterochromatin content, and the analysis of the location of 
rDNA genes, was performed in Largus fasciatus Blanchard, 1843 and L. rufipennis Laporte, 1832. Mitotic 
and meiotic analyses revealed the same diploid chromosome number 2n = 12 + X0/XX (male/female). 
Heterochromatin content, very scarce in both species, revealed C-blocks at both ends of autosomes and 
X chromosome. The most remarkable cytological feature observed between both species was the different 
chromosome position of the NORs. This analysis allowed us to use the NORs as a cytological marker 
because two clusters of rDNA genes are located at one end of one pair of autosomes in L. fasciatus, whereas 
a single rDNA cluster is located at one terminal region of the X chromosome in L. rufipennis. Taking into 
account our results and previous data obtained in other heteropteran species, the conventional staining, 
chromosome bandings, and rDNA-FISH provide important chromosome markers for cytotaxonomy, 
karyotype evolution, and chromosome structure and organization studies.
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Introduction

All species of Hemiptera studied so far present holokinetic chromosomes (i.e. without a 
primary constriction). Kinetic activity is restricted to the chromosome ends and the chro-
mosomes can be regarded as telokinetic during male meiosis, but holokinetic activity is 
recognized in mitosis. Meiotic behaviour is slightly different depending on whether we are 
dealing with autosomal bivalents, sex chromosomes, m chromosomes or autosomal uni-
valents. As a rule, autosomal bivalents are chiasmatic and segregate reductionally, whereas 
sex and m chromosomes are achiasmatic and divide equationally at first male meiotic 
division. Besides, sex chromosomes do not present a defined position at metaphases I and 
II. Several reports on C-positive heterochromatin in true bugs showed that C-bands are 
terminally located (Ueshima 1979, Manna 1984, Papeschi and Bressa 2006).

At present, the seven species cytogenetically studied of Largidae possess a low dip-
loid chromosome number, ranging between 11 and 17 autosomes, a X0/XX sex chro-
mosome system (male/female), except for one species, and a pair of m chromosomes, 
excluding the genus Largus Hahn, 1831 (Ueshima 1979, Manna 1984, Manna et al. 
1985, Mola and Papeschi 1993, Bressa et al. 2005).

The genus Largus comprises 61 taxonomically described species and most of them 
are distributed in America, where its geographic distribution ranges from the north 
of the United States to the south of Argentina. Although they are more diverse and 
abundant in tropical and subtropical areas, in Argentina there are only seven species 
recorded (Melo and Dellapé 2013, Rosas and Brailovsky 2016). At cytogenetic level, 
Largus rufipennis Laporte, 1832 is the only species analysed to this date, using only 
conventional methods (Mola and Papeschi 1993, Bressa et al. 1998, 2005). It possesses 
a male diploid number of 2n = 13 = 12 + X0 and very large chromosomes. The partial 
karyotype analyses allowed detecting several Argentinean populations with different 
number of autosomal univalents, variable chiasma frequency, and the presence/absence 
of B chromosomes.

The main aim of this study was to describe the karyotype of L. fasciatus Blanchard, 
1843 and examine the structure of its holokinetic chromosomes by means of C- band-
ing and fluorescent in situ hybridization (FISH) with 18S rDNA probes. Using these 
data we performed a detailed comparison of the content and distribution of constitu-
tive heterochromatin and the location of rDNA gene clusters between L. fasciatus and 
L. rufipennis collected from several fields in Argentina.

Material and methods

Insects

Adults and nymphs of L. fasciatus (12 males and 2 females) and L. rufipennis (6 males) 
were collected from 1995 to 2009 in several fields from Buenos Aires and Entre Ríos in 
Argentina (Table 1). The collected adults were taxonomically determined by María del 
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table 1. Species, locality, geographical coordinates, and number of adults’ collected and examined of 
Largus for chromosomal analyses discriminated by gender.

Species City and Province from Argentina Coordinates (DMS) N° of individuals
Largus fasciatus Tornquist, Buenos Aires 38°05'45"S, 62°13'25"W 11 males, 2 females

Largus rufipennis

Isla Martín García, Buenos Aires 34°11'03"S, 58°14'58"W 1 male
Sierra de los Padres, Buenos Aires 37°56'50"S, 57°46'40"W 3 males

Santa Catalina, Buenos Aires 34°46'11"S, 58°27'19"W 1 male
Ceibas, Entre Ríos 33°30'02"S, 58°48'16"W 1 male

Carmen Coscarón (Facultad de Ciencias Naturales y Museo, Universidad Nacional de 
La Plata) and specimens were deposited in the Museo Argentino de Ciencias Naturales 
Bernardino Rivadavia (MACN, Buenos Aires, Argentina).

Chromosome preparations

The captured specimens were swollen in freshly prepared fixative (methanol: glacial 
acetic acid, 3:1). In the laboratory their gonads were dissected out in 70% ethanol. 
Cells of gonads were dissociated in a drop of 45% acetic acid, prepared by the squash 
technique, and stored at -20º C until use. Chromosome preparations were removed 
from freezer, dehydrated in an ethanol series, and air-dried. For mitotic and meiotic 
analyses, the chromosome preparations were stained with 5% Giemsa solution follow-
ing conventional procedures. Heterochromatin content and distribution were analysed 
by means of C-bands according to Papeschi (1988), and the pre-treated slides were 
stained with 4’6-diamidino-2-phenylindole (DAPI; Fluka BioChemika, Sigma Aldrich 
Production GmbH, Buchs, Switzerland) for a better resolution (Poggio et al. 2011).

Fluorescence in situ hybridization

Spread chromosome preparations were made in a drop of 60% acetic acid with the 
help of tungsten needles and the spreading on the slide was performed using a heat-
ing plate at 45° C as described in Traut (1976). Unlabelled 18S ribosomal DNA 
(rDNA) probes were generated by polymerase chain reaction (PCR) using universal 
arthropod primers: forward 5´-CCTGAGAAACGGCTACCACATC-3´ and reverse 
5´-GAGTCTCGTTCGTTATCGGA-3´ (Whiting 2002). Total genomic DNA of 
Dysdercus albofasciatus Berg, 1878, obtained by standard phenol-chloroform-isoamyl 
alcohol extraction, was used as a template. PCR was done following the profile de-
scribed in Fuková et al. (2005). The PCR product showed a single band of about 
1,000 bp on a 1% agarose gel. The band was excised from the gel and purified by 
using a QIAquick Gel Extraction Kit (Quiagen GmbH, Hilden, Germany). The 18S 
rDNA fragment was re-amplified by PCR and then labeled with biotin 14-dATP by 
nick translation using a BioNick Labeling System (Invitrogen, Life Technologies Inc., 
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San Diego, CA, USA). FISH with a biotinylated 18S rDNA probe was carried out 
following the procedure described in Sahara et al. (1999) with several modifications 
described by Fuková et al. (2005) and Bressa et al. (2009).

Microscopy, photographs and image processing

Preparations were observed under high power magnification using a Leica DMLB epi-
fluorescence microscope equipped with a Leica DFC350 FX CCD camera and Leica 
IM50 software, Version 4.0 (Leica Microsystems Imaging Solutions Ltd., Cambridge, 
UK). Black-and-white images of chromosomes were recorded separately for each fluo-
rescent dye with the CCD camera. Images were pseudo-coloured (light blue for DAPI 
and red for Cy3) and processed with Adobe Photoshop CS6 Version 6.1 (1999–2012) 
software.

Results

Based on the observation of metaphase I autosomal bivalents (AA) and the identification 
of the sex univalent we described the male karyotype of L. rufipennis as 2n = 6AA + X0 
(see Mola and Papeschi 1993), and the chromosome complement of L. fasciatus as 2n = 
6AA + X0/XX (male/female sex chromosomes) (Fig. 1). In both species, the autosomes 
decrease gradually in size and the X chromosome is the smallest of the complement hav-
ing an equal or nearly equal diameter in all directions (Fig. 1). From diakinesis onwards, 
the X is negatively heteropycnotic (Fig. 1a, b, d, e). The X chromosome in L. rufipennis 
is slightly longer than in L. fasciatus (Fig. 1b, e). At metaphases I and II, the autosomes 
are arranged forming a ring and with the X located outside of it (Fig. 1b–e).

The C-banding pattern in L. rufipennis and L. fasciatus showed discrete C-positive 
bands terminally located in all autosomes and the X chromosomes, which were ob-
served in all stages of mitosis and meiosis (Fig. 2).

FISH experiments with the 18S rDNA probe revealed differences in the location 
of the probe signals between both species analysed (Fig. 3). In L. rufipennis a cluster of 
rDNA genes was located at one end of the X chromosome (Fig. 3a–b), whereas in L. 
fasciatus the hybridization signals were located at a subterminal position in an autoso-
mal bivalent (Fig. 3c–d).

Discussion

Largus rufipennis and L. fasciatus, the two species herein analysed, showed similar kary-
otypes composed of six pairs of autosomes, a simple sex chromosome system (X0/XX), 
and the same location and distribution of constitutive heterochromatin. The main 
cytogenetic difference between both species was detected in the location of the rDNA 
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Figure 1. Karyotypes of L. rufipennis (a–b) and L. fasciatus (c–e) stained with 5% Giemsa. a diakinesis 
b metaphase I c oogonial metaphase (2n = 12 + XX) d diakinesis e metaphase I. X = sex chromosome. 
Scale bar: 10 μm.

clusters. Two signals were located at a subterminal position of an autosomal bivalent of 
L. fasciatus but only one signal was observed at one end of the X chromosome of L. ru-
fipennis. Taking into account the data on the chromosomal location of rDNA clusters 
in other heteropteran species along with our results, the NORs chromosome location 
varies among several congeneric species, i.e. Belostoma Leach, 1815 (Nepomorpha), 
Triatoma Laporte, 1832, Panstrongylus Berg, 1879, Rhodnius Stål, 1859 (Cimicomor-
pha), and Dysdercus Guérin-Méneville 1831 (Pentatomomorpha) (Papeschi and Bressa 
2006, Morielle-Souza and Azeredo-Oliveira 2007, Bressa et al. 2009, Chirino et al. 
2013, Pita et al. 2013, Chirino and Bressa 2014, Grozeva et al. 2014, Panzera et al. 
2014), and also among different species of Tingidae (Cimicomorpha) and several spe-
cies belonging to different families of Pentatomomorpha (Bardella et al. 2013, 2016, 
Golub et al. 2015, 2016). The analysis in a wide number of species shows that 5S, 18S, 
and 45S rDNA remain mainly among the autosomes, although in some species the 
NORs are located in the sex and m chromosomes. This might be due to the fact that 
NORs can be easily translocated to other chromosomes changing their number and 
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Figure 2. C-banding in chromosomes of L. rufipennis (a–c) and L. fasciatus (d–f) stained with DAPI. 
a  spermatogonial metaphase b pachytene c metaphase I d oogonial promethaphase e spermatogonial 
metaphase f diakinesis. X = sex chromosome. Scale bar: 10 μm.

position. Consequently, the number and location of rDNA loci (determined by FISH 
and/or Ag-NOR banding) constitutes an important chromosome marker, which can 
be useful for studies on cytotaxonomy, karyotype evolution, and chromosome struc-
ture and organization for heteropteran species. Therefore, rearrangements involving 
rDNA-repositioning seem to be involved in the species´ evolutionary history, indicat-
ing a particular genome dynamics for this marker.

From the cytogenetic point of view, Largidae is an interesting heteropteran family 
because of its low diploid chromosome number and the large chromosome size ob-
served in most of the species (Ueshima 1979, Manna 1984, Manna et al. 1985, this 
study). The six karyologically analysed species of the subfamily Larginae, Largus and 
Macrochraia Guérin-Méneville, 1835, are characterized by the absence of an m chromo-
some pair, the possession of an X0/XX sex chromosome mechanism, and a number of 
autosomes that varies between 10 and 14. Conversely, all the studied species belonging 
to Physopeltinae possess 12 autosomes, two m chromosomes, and different sex chro-
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Figure 3. Location of rDNA genes in chromosomes of L. rufipennis (a–b) and L. fasciatus (c–d) by FISH 
with 18S rDNA probes (red signals). Chromosomes were counterstained with DAPI (blue). a metaphase 
I b telophase II c spermatogonial prometaphase d diakinesis. X = sex chromosome. Scale bar: 10 μm.

mosomes systems (X0 or X1X2Y) (see references in Papeschi and Bressa 2006). Based 
on the presence of a Y chromosome in very primitive heteropteran species, Nokkala 
and Nokkala (1983, 1984) and Grozeva and Nokkala (1996) suggested that the X0 
system is a derived condition from the ancestral XY that is present in the majority of 
the species cytogenetically analysed. In Larginae, the X0 sex chromosome system most 
probably originated through the loss of the Y chromosome. The finding of a pair of m 
chromosomes in three species of Physopeltinae (Ueshima 1979, Manna et al. 1985) led 
us to suggest that this pair of chromosomes might be involved in the ancestral karyotype 
of the family Largidae. Then, the absence of m chromosomes and the presence of sex 
chromosome system X0 in species of Larginae could be considered as derived characters, 
which arose during karyotype evolution.

The use of different cytogenetic techniques will be very useful in further integra-
tive studies because a group-level taxonomy followed by a reliable association among 
different data sets is fundamental to allow a more precise evaluation of the processes 
involved in the karyotype evolution and the interrelationships among different species.
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Conclusions

Taking into account the data on the number and location of rDNA clusters in L. ru-
fipennis and L. fasciatus, we can observe two different patterns of rDNA distribution. 
As a result, the rDNA clusters revealed by rDNA-FISH are very useful tools for the 
study of the karyotype structure and chromosome evolution in groups with holoki-
netic chromosomes due to it can contribute to understand the karyotype evolution and 
taxonomic relationships among several taxa.
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Abstract
We studied water frogs from a complex composed of two species: Pelophylax lessonae (Camerano, 1882) 
(genome LL, 2n = 26) and P. ridibundus (Pallas, 1771) (RR, 2 = 26), and their natural hybrid P. esculentus 
(Fitzinger, 1843) of various ploidy and genome composition (RL, 2n = 26, and RRL or RLL, 3n = 39). 
Tetraploids RRLL were found (4n = 52) in juveniles. We applied cytogenetic techniques: AgNO3, chro-
momycin A3, PI and fluorescent in situ hybridization with a 28S rDNA probe. Results obtained by silver 
staining corresponded well with those stained with CMA3, PI and FISH. As a rule, NORs are situated 
on chromosomes 10. The number of Ag-NORs visible on metaphase plates was the same as the number 
of Ag-nucleoli present in interphase nuclei of the same individual. In all analyzed metaphases, NORs 
exhibited variations in size after AgNO3 and CMA3 stainings. Sixty-six individuals (out of 407 analyzed) 
were polymorphic for the localization and number of NORs. Fifty-one diploids had NORs only on one 
chromosome of pair 10. Three triploids (LLR and RRL) displayed two NORs, and two other triploid RRL 
individuals displayed one, instead of expected three NORs. In ten individuals extra NORs were detected 
on chromosomes other than 10 (chromosomes 2 and 9).
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Introduction

Nucleolus organizer regions (NORs) are sites of nucleoli formation owing to the pres-
ence of genes (rDNA) coding for 18S rRNA, 5.8S rRNA and 28S rRNA. They are the 
only genes that can be recognized in genomes on the basis of chromosome structure 
and thereby are useful as cytogenetic markers. These chromosomes differ from others 
by the presence of secondary constrictions where NORs are situated. The number and 
position of NORs are species specific, although inter-individual variability of these re-
gions has also been observed within species. In anuran amphibians, NORs detected by 
silver staining (Ag-NOR) revealed that most species, both from primitive and derived 
families, have only one pair of NOR-bearing chromosomes in their diploid karyotypes 
(Schmid 1982, King et al. 1990, Birstein 1984, Vitelli et al. 1982, Bruschi et al. 2012, 
Carvalho et al. 2014). The localization of NORs is conservative, i.e. they are almost 
always located intercalary or proximally to the centromeres or close to telomeres or 
related to other regions rich in heterochromatin (Iizuka et al. 2013). Exceptions to this 
rule may suggest chromosomal rearrangements that have occurred in NOR-carrying 
chromosome segments during evolution (Schmid 1982). Variations of Ag-NORs may 
be connected with different expression of rRNA genes during the preceding interphase 
(Reeder 1990). Using silver staining, only active NORs are identified and thereby the 
actual sites of rDNA transcription should be verified by more specific methods, such 
as fluorescence in situ hybridization (FISH) with use of 18S or 28S rDNA probes that 
unequivocally indicate the rDNA loci (Iizuka et al. 2013). The variability of NORs 
can also reflect geographical karyotypic variations. In the endemic frog Proceratophrys 
boiei, NORs were located on different chromosome pairs, depending on geographi-
cal region of its distribution (Amaro et al. 2012). Similar results were described in 
Physalaemu olfersii (Silva et al. 2000), Hypsiboas (Carvalho et al. 2014), Physalaemus 
cuvieri (Quinderé et al. 2009), and in the Jefferson salamanders Ambystoma jeffersoni-
anum (Bi et al. 2009).

In water frogs, NORs are located in secondary constrictions on long arms of chro-
mosome pair 10, as observed after AgNO3 staining (Schmid 1982, Koref-Santibanez and 
Günther 1980, Heppich et al. 1982, Vitelli et al. 1982), chromomycin A3, and FISH 
with 18S+28S probes (Spasič-Bošković et al. 1999, Martirosyan and Stepanyan 2009).

Central European water frogs form a complex composed of two species: Pelophylax 
lessonae (Camerano, 1882) (genome LL, 2n = 26) and P. ridibundus (Pallas, 1771) 
(RR, 2 =26), and their natural hybrid P. esculentus (Fitzinger, 1843) of various ploidy 
and genome composition (RL, 2n = 26, and RRL or RLL, 3n = 39) (Ogielska et al. 
2004, Zaleśna et al. 2011). Hybrids are sympatric with one of the parental species and 
live in mixed populations (called also genetic systems) composed of one of the parental 
species and hybrids (P. lessonae- P.esculentus, P. ridibundus- P. esculentus) or all-hy-
brid (P. esculentus- P. esculentus) composed of diploid and triploid individuals (Berger 
1983, 1988, Graf and Polls-Pelaz 1989, Rybacki and Berger 2001, Plötner 2005). Re-
production and maintenance of the hybrid P. esculentus is the result of hybridogenesis, 
a unique way of hybrid reproduction (Schultz 1969). During this process, one of the 
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parental sets of chromosomes of a hybrid (in this case R or L) is discarded from the 
germ line before meiosis and the other one is duplicated and clonally transmitted into 
gametes (Graf and Polls-Pelaz 1979). Some hybrids produce diploid gametes which 
give rise to triploid progeny (Uzzell et al. 1975, Rybacki 1994) and the combinations 
of genomes provided by the mother and by the father result in two types of triploids, 
namely RRL and RLL. Progeny of higher ploidy (4n and 5n) were also recorded but 
such individuals died before completion of metamorphosis or soon after (Christiansen 
2009, Hermaniuk et al. 2013).

We applied cytogenetic techniques, i.e. silver, chromomycin A3 and Propidium 
Iodide (PI) staining, and fluorescent in situ hybridization with 28S rDNA probe com-
monly used in comparative studies of cold-blooded vertebrates: fish (Sola et al. 1992, 
Ráb et al. 1996, Boroń 1999, Rábová et al. 2001, 2003, Kirtiklis et al. 2010) and 
amphibians (Schmid 1982, Schmid et al. 1995). The aim of our study was to inves-
tigate the variability of NOR distribution patterns in metaphase chromosomes and 
interphase nuclei in water frogs, especially hybrid P. esculentus of various ploidy and 
genome composition. The results provide not only new data on distribution and/or 
polymorphism of NORs, but also may help to better understand inheritance of their 
patterns as the result of clonal genome transmission by hybrids during hybridogenetic 
gametogenesis.

Materials and methods

Animal sampling

In total, 407 individuals were analyzed: 272 adults and 135 newly metamorphosed 
juveniles. Juveniles were analyzed separately, as we expected a higher frequency of poly-
ploids than in adults because tetraplois and pentaploids do not survive until adulthood 
(Hermaniuk et al. 2013, Christiansen 2009). Adult individuals (79 P. lessonae, 82 P. 
ridibundus and 111 P. esculentus) were collected from 11 natural populations in Central 
Europe (Table 1). Juveniles (15 P. lessonae, 52 P. ridibundus and 45 diploid, 18 triploid 
and 5 tetraploid P. esculentus) were obtained from in vitro artificial crosses. Their par-
ents (P. lessonae LL, P. ridibundus RR, and P. esculentus RL, RRL, RLL) were collected 
from natural populations and served for 28 crosses resulting from various parental 
combinations (Table 2). Artificial crosses and rearing of progeny were done according 
to standard protocol for water frogs (Berger et al. 1994). Taxonomic identity of indi-
viduals was determined by morphology (Berger 1983, Plötner 2005, Kierzkowski et al. 
2011) and at least one of the following methods: actinomycin D (AMD)-DAPI stain-
ing (Schweitzer 1976, Heppich et al. 1982, Ogielska et al. 2004), LDH electrophoresis 
and 17 microsatellite loci (both methods described in Hauswaldt et al. 2012).

Frogs were collected in years 2002–2009. All specimens used in this study were 
collected according to legal regulations concerning wild species protection under the 
following permits: Agency for Nature Conservation and Landscape Protection of 
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table 1. Number, collection site, sex, taxonomic status and genotype of adult individuals.

Population Number of individuals

nr Name type
Coordinates of 
sampling sites

lessonae esculentus ridibundus
LL RL RLL RRL RR

F M F M F M F M F M
1 Baczysław EE 53°49'53"N, 14°51'53"E 1

2 Barycz River 
valley RE

51°25'42"N, 16°56'49"E

1 11 43 4 23 54
51°31'03"N, 17°02'04"E
51°31'05"N, 17°02'30"E
51°31'42"N, 17°49'54"E
51°34'23"N, 17°47'14"E

3 Golczewo EE 53°49'16"N, 14°58'10"E 1
4 Horni Budlovice LE 49°44'54"N, 18°26'30"E 2 1
5 Mewia Rewa LE 54°38'54"N, 18°27'57"E 1 8 1
6 Piła LE 53°01'30"N, 17°16'20"E 3 13
7 Poznań LE 52°03'40"N, 16°13'24"E 5
8 Pruszowice LE 51°11'01"N, 17°08'11"E 4 5
9 Raków LE 51°10'21"N, 17°16'36"E 12 17 8 5 3 2

10 Urwitałt LE 53°48'19"N, 21°38'38"E 7 12

11 Wysoka EE
53°48'56"N, 14°50'53"E

1 2 8 8 6
53°48'53"N, 14°51'56"E

Females/Males 28 51 25 56 3 8 9 10 26 56
Total 79 81 11 19 82

table 2. Number, sex, taxonomic status and genotype of juvenile progeny of artificial crosses.

Number of individuals
lessonae esculentus ridibundus

LL RL RRL RLL RRLL RR
F M F M F M F M F M F M
7 8 32 13 14 1 1 2 4 1 44 8

Total 15 45 15 3 5 52

the Czech Republic, Poodrí Protected Landscape Area, c.j. 0926/PO/2008/AOPK, 
permit S/0673/PO/2008/AOPK, and Polish Ministry of Environment Protection 
and Forestry for performing studies on protected species OP 4072/218 /96, OP 
4072/218/98/4501, OP 4201/144/99, and II Local Commission for Ethics in Experi-
ments on Animals 13/02.

Chromosome preparation

Twenty-four hours before dissection, adults were injected intraperitoneally with 1 
ml, and juveniles with 0.5 ml of 0.3% colchicine (Sigma- Aldrich, St. Louis, Mo., 
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USA). Shortly before tissue preparation, the frogs were anesthetized with 0.25% 
water solution of 3-aminobenzoic acid ethyl ester (MS 222, Sigma-Aldrich). The 
intestine was dissected, hypotonized in distilled water (20 min for adults and 10 
min for juveniles), and fixed in fresh-made fixative ethanol:glacial acetic acid (3:1) 
according to Heppich et al. (1982). Samples were stored in the fixative at –20°C 
until use. To obtain chromosome preparations, small pieces of the intestine epithe-
lium were gently pressed against a slide to make tissue ‘prints’ that were immediately 
squashed under a coverslip in a drop of 70% acetic acid. The slides were placed on 
dry ice until frozen and then the coverslips were mechanically removed. The squashes 
were air-dried overnight and stored at –20°C. A minimum of 10 metaphases were 
analyzed for each individual.

Chromosome preparations of three P. esculentus individuals were made in a dif-
ferent way. The animals were injected intraperitoneally with 0.1% colchicine (10μl/g 
body weight) 2.5 h before dissection, femur bones were removed from euthanized 
frogs, epiphyses were clipped off, and bone marrow cavities were immediately 
flushed with 0.075 M KCl solution applied with a syringe at 37°C. Bone marrow 
tissue was pressed through a small-mesh gauze, flushed out with 0.075 M KCl solu-
tion, then placed in a centrifuge tube filled up to 7 ml with 0.075 M KCl solution, 
and incubated at 37°C for 20 min. Hypotonic treatment was stopped by fixation in 
absolute methanol:glacial acetic acid (3:1), and cell suspension was centrifuged at 
1,500 rpm for 10 min. The supernatant containing fat droplets was discarded with a 
Pasteur pipette and fresh fixative was added up to 5 ml. The pellet was re-suspended 
by agitation and kept in a freezer for 20 min, then centrifuged again at 1,500 rpm for 
10 min. The procedure (centrifugation, fixative exchange, and cooling) was repeated 
3 times. The suspension was then transferred to a 1-ml syringe, dropped onto slides 
(previously cleaned in HCl:ethanol, 3:1), and finally air-dried. Chromosome prepa-
rations obtained with either protocol were suitable for all staining methods used in 
this study. However, chromosomes prepared from bone marrow cells were more 
uniformly condensed and thus more suitable for FISH than the chromosomes ob-
tained from gut epithelium prints that varied in the degree of condensation (Zaleśna 
et al. 2011).

Chromosome banding

The nucleolus organizer regions (NORs) were stained in all individuals by the silver 
nitrate technique (Ag-NOR). Chromosome slides of 15 randomly selected individuals 
were sequentially stained with chromomycin A3 (CMA3) and AgNO3. All individuals 
that displayed another number of NORs than one per a haploid set after Ag-NOR 
staining were examined by PI or CMA3. For 22 individual (9 RR, 3 LL, 5RL, 1 RRL, 
3 LLR, 1 RRLL) we applied the FISH method with 28S rDNA as a probe.

Silver staining. We followed the protocol of Howell and Black (1980). A few 
drops of freshly prepared silver nitrate buffer (0.5g AgNO3/1ml H2O/0.5ml gelatin 
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solution, i.e.1g gelatin/0.5ml formic acid/50ml bi-distilled water) were applied to 
each preparation. Slides were covered with a nylon mesh and incubated in a humid 
chamber at 60°C for 1min, washed in distilled water and air-dried. If the chromo-
somes were poorly visible, they were counterstained with DAPI. The number of 
active rDNA loci was documented by simultaneous use of fluorescence and incan-
descent light.

Chromomycin A3 (CMA3). The method was used according to Schweitzer (1976). 
Slides were incubated in McIlvain buffer pH 7.0 with 2.5mM MgCl 2 for 10 min and 
stained with CMA3 solution (0.5 mg/mL buffer and 2.5mM MgCl2) for 15 min in the 
dark, briefly rinsed in buffer and counterstained with methyl green for 15 min (0.175g 
methyl green/50ml buffer). After washing in buffer, slides were stained with DAPI 
solution (0.5μg/ml) for 10 min in the dark and briefly rinsed with buffer. Tissue prints 
were mounted in 50% glycerol and analyzed using fluorescence illumination. After 
CMA3 staining, preparations were faded and cleaned in xylene and benzene, each bath 
for 2 min, and then stained with AgN03.

Propidium Iodode staining after denaturation of chromosomes (PI). Tissue prints 
were dehydrated in 70%, 85% and 95% ethanol (30 sec each wash), air-dried at room 
temperature and denatured in 70% deionized formamide in 2xSSC at 70°C for 3.5 
min. Slides were immediately dehydrated in chilled 70% ethanol from a freezer for 
2 min, then in 85% and 95% at room temperature for 30 sec. Chromosomes were 
stained with PI (200ng/ml).

Extraction and labeling of 28S rDNA

We applied the FISH method with 28S rDNA as a probe, according to the protocol 
of Traut et al. (1999). Isolation of 28S rDNA was carried out with use of commercial 
GeneMATRIX Bio-Trace Purification Kit (Eurix). DNA amplification was performed 
using PCR reaction with suitable mixture: 2.5μl PCR buffer in 15 mM MgCl2 (Eu-
rix), 1μl 5mM dNTP (Eurix), 1μl 10mM primer A (5’-TCC GTG TTT CAA GAC 
GGG - 3’) and 1 μl 10mM primer B (3’-ACC CGC TGA ATT TAA GCA T -5’), 1μl 
1U/μl Polymerase (OptiTaq-Eurix), 1μl matrix DNA and 17.5μl water. PCR condi-
tions included initial denaturation in 94°C for 5 min, followed by 35 cycles: 30 s de-
naturation (94°C), 30 s annealing (58°C), 1 min elongation (72°C), and 5 min of final 
elongation (72°C). The 28S rDNA probe was labelled with tetramethyl-rhodamine-
6-dUTP (Roche, 11093088910) using a Nick Translation Mix according to the manu-
facturer’s protocol (Roche, 10976776001). Then, DNA was precipitated by ethanol 
for purification and concentrated by adding one-tenth volume of 3M sodium acetate 
and 2.5 volume of chilled 96% ethanol from a freezer. The mixture was incubated for 
at least 15 min at –80°C. The precipitated DNA was spun at 15,000 rpm for 15 min 
at 4°C and the supernatant was discarded. The pellet was washed with 50–100 ml of 
chilled 70% ethanol and spun at 15,000 rpm for 10 min at 4°C. DNA was dried at 
37°C for 15–20 min.
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Fluorescent in situ hybridization (FISH)

Slides were incubated in 100 μg/ml DNase-free RNase A in 2x SSC for 1 h at 37° C in a 
humid chamber and then washed twice in 2xSSC at room temperature for 5 min, dehy-
drated in ethanol series (70%, 85%, and 95%, 30 s each) and air-dried. Chromosome 
preparations were denatured in 70% deionized formamide, 2x SSC at 70° C for 3.5 
min, dehydrated immediately for 2 min in ice-cold 70% ethanol, then in 85% and 95% 
ethanol for 30s at room temperature, and finally air-dried. The 28S rDNA probe was 
dissolved in hybridization mixture consisted of 100% deionized formamide and 20% 
dextran sulfate in proportion 1:1. The mixture was denatured at 90° C for 5 min and 
then immediately placed on ice for 3 min. 20 μl of the probe was applied to each slide 
and covered with a coverslip. Hybridization lasted overnight in a dark humid chamber 
at 37° C. After hybridization, the coverslip was removed by rinsing with 50% forma-
mide in 2xSSC at 42°C twice for 7 min and the slide was washed 3 times (7 min each) 
in 1xSSC at 42°C and then in 2xSSC at room temperature for 30 s. Chromosomes were 
counterstained with DAPI in Vectashield antifade buffer (Cambio, Cambridge, UK).

Image processing

Chromosomes were analyzed in Olympus Provis AX 70 or Carl Zeiss Axioskop 20 
microscopes equipped with fluorescence lamp HBO50 and appropriate filters. Images 
were recorded with Olympus DP30BW CCD and cooled Carl Zeiss AxioCam HRc 
CCD cameras and processed using AxioVision and Lucia ver. 2.0 (Laboratory Imag-
ing) softwares.

Results

The number of NORs was visualized for all (407) studied individuals (see Tables 1 and 
2), i.e. 354 diploids (242 adults and 112 juveniles RR, LL, RL), 48 triploids (30 adults 
and 18 juveniles RRL and LLR), and 5 tetraploids RRLL. The results are summarized 
in Table 3. After AgNO3 staining, one NOR per a haploid set was identified in second-
ary constrictions on long arms of chromosomes 10 in 341 individuals (83.8%), and in 
these individuals the number of NORs reflected the ploidy level. Two NORs were de-
tected in 302 (85.3%) diploid individuals belonging to all studied taxa (232, i.e. 96% 
adults and 70, i.e. 62.5% juveniles), regardless of their capture site and taxonomic sta-
tus. In all analyzed metaphases of the species (P. lessonae and P. ridibundus) and hybrids 
(P. esculentus 2n and 3n) , NORs exhibited variations in size after AgNO3 and CMA3 
stainings, bands at one of the homologs were slightly thicker than at the other one (Fig. 
1A). The number of Ag-NORs visible on metaphase plates was the same as the number 
of AgNO3 stained nucleoli in interphase nuclei of the same individual (Fig. 1B–F). 
Three NORs were detected in 34 (70.8%) triploid hybrids, both RRL and RLL (26, 
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table 3. Number of NORs in individuals of various ploidy level. The number of NORs that is in agree-
ment with ploidy level is in bold.

Ploidy and genome
composition

Number of individuals
(adults and juveniles)

 Number of NORs
1 2 3 4

2n (LL, RR, RL) 354 51 302 1
3n (RRL, LLR) 48 2 3 34 9
4n (RRLL) 5 5

Total 407

Figure 1. A The variability of size of AgNORs (black bands) on chromosomes 10 a Pelophylax ridibun-
dus b P. lessonae c P. esculentus RL d P. esculentus RRL e P. esculentus LLR B–e Interphase nuclei of P. 
esculentus with Ag-nucleoli visualized as black dots by AgNO3 B diploid RL with 1 AgNOR C diploid RL 
with 2 AgNORs D triploid RRL with 3 AgNORs e triploid RRL with 4 AgNORs F metaphase chromo-
somes and interphase nuclei of the same tetraploid P. esculentus RRLL with 4 sites of hybridization with 
28S rDNA probe (FISH) (arrows).

i.e. 86.7% adults and 8, i.e. 44.4% juveniles), and four Ag-NORs were recorded in all 
metaphase plates of five tetraploids (RRLL).

Results obtained by silver staining corresponded well with those stained with 
CMA3, PI or FISH (Fig. 2A–G). Only one individual P. ridibundus displayed one 
active NOR after AgNO3 although two GC-rich chromatin blocks located in both 
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Figure 2. Localization and number of NORs (arrows) in diploid and triploid water frogs. Left column 
represent diploids (A–C) and right column represent triploids (D–G). Each picture is composed of a 
diagram of karyotype with black dots representing NORs and metaphase plates stained with silver (Ag-
NOR), chromamycin A3 (CMA3), propidium iodide after denaturation (DPI) or after fluorescent in situ 
hybridization with 28S rDNA probe (FISH). A P. lessonae LL with 2 NORs, AgNORs (left) and FISH 
(right) B P. esculentus RL with 4 NORs on chromosome 9, CMA3 (left) and FISH (right) C P. esculentus 
RL with 1 NOR, AgNORs (left) and FISH (right) D P. esculentus LLR with 3 NORs, AgNORs (left) and 
FISH (right) e P. esculentus RRL with 4 NORs, AgNOR (left) and DPI (right) F P. esculentus RRL with 
2 NORs, AgNORs (left) and FISH (right) G P. esculentus RRL with 1 NOR, CMA3.
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chromosomes 10 were visulized after PI and CMA3. All other individuals displayed 
the same number of PI and CMA3 positive sites or 28S rDNA hybridizing signals as 
visualized by silver staining.

NOR polymorphism

In 66 individuals (16.2%, 13 adult and 53 juveniles), the number of NORs differed from 
the expected values. Lack of NORs was relatively more frequent (13.8%, 56 out of 407 
individuals) than extra NORs (2.46%, 10 out of 407 individuals), regardless of genomic 
compositions (RR, LL, RRL and LLR) and origin of individuals. Eight diploid adult in-
dividuals (3 diploid P. esculentus, 3 P. lessonae and 2 P. ridibundus) and 43 diploid juveniles 
(11 P. esculentus, 6 P. lessonae, and 26 P. ridibundus) had NORs only on one chromosome of 
pair 10 (Fig. 2C). Two triploid adults (one LLR and one RRL) and one juvenile displayed 
two, instead of three NORs (Fig. 2F). Two other triploid RRL individuals (1 adult and 1 
juvenile) displayed one, instead of expected three NORs in chromosomes 10 (Fig. 2G).

Additional NORs were detected in ten individuals. The extra NORs were located 
within additional secondary constrictions on one of the homologs of chromosomes 
other than 10. Extra NORs were found in one adult P. ridibundus in the distal position 
of the long arm of chromosome 9 (Fig. 2 B). In interphase nuclei of this individual we 
found the corresponding number of three Ag-nucleoli (Fig. 1D). Extra NORs were 
also observed on short arms of chromosomes 2 in nine triploid P. esculentus RRL: one 
adult and eight juveniles (Fig. 1E).

Inheritance of NOR patterns

The lack of one NOR was also detected in diploid progeny of two triploid RRL females 
and one LLR female. After AMD/DAPI staining we discovered that in the case of 
the RRL females the lack of NORs was inherited together with the haploid set of the 
ridibundus chromosomes, whereas in the case of the LLR female it was inherited with 
the haploid set of the lessonae chromosomes. Among diploid progeny of these females 
(altogether 37 juveniles) we observed 16 individuals with two NORs and 21 individu-
als with only one NOR. Each individual was stained with AgNOR and seven of them 
were confirmed by FISH. Thus, despite that the genomes of ova were the same (R in 
the case of RRL and L in the case of LLR females), the females produced in fact two 
types of gametes – with and without NORs (Fig. 3).

Discussion

The majority of individuals displayed one NOR per a haploid set of chromosomes 
(n = 13) located within the secondary constriction on the long arm of chromosome 
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Figure 3. Inheritance of NORs by progeny of triploid females RRL (right) and RLL (left). The chromo-
some set represented by one copy is eliminated before oogenesis (marked by X) and the double one is 
segregated into eggs (represented by ovals). After fertilization (in this case by ridibundus sperm), two types 
of progeny arises: with two (A and C) and with one (B and D) NOR. The lack of NORs are transmitted ei-
ther by lessonae (white) or by ridibundus (dark grey) chromosome sets. NORs are represented by black dots.

10 (named 9 in Biriuk et al. 2015). This result is in accordance with other reports on 
water frogs (Koref-Santibanez and Günther 1980, Schmid 1982, Heppich et al. 1982, 
Vitelli et al. 1982, Spasič-Boškovič et al. 1999, Ogielska et al 2004, Martirosyan and 
Stepanyan 2009, Zaleśna et al. 2011). Localization of NORs on chromosomes 10 is a 
conservative trait in the ranid frogs (Birstein 1984).

Ag-NORs observed in metaphase chromosomes in water frogs were also recog-
nized in interphase nuclei, as was reported by Schmid (1982) and Biriuk et al (2015). 
Similar results were also observed in the lungless salamander Onychodaxtylus fischeri 
(Iizuka et al 2013), caecilians Ichthyophis, Uraeotyphlus and Gegeneophis (Venu 2014), 
and the frog Physalaemus petersi (Lourenço et al. 1998).

The number of visualized NORs corresponded well with the ploidy level, as expected 
for individuals with only one pair of NOR-bearing chromosomes. Thus, diploids had 



Anna Zaleśna et al.  /  Comparative Cytogenetics 11(2): 249–266 (2017)260

two NORs, triploids - three NORs, and tetraploid - four NORs. However, number of 
NORs in interphase nuclei may be misleading in specific cases. As we demonstrated in 
this study, interphase nuclei in a diploid individual with an extra NOR on chromosome 
9 displayed the same pattern as in a triploid individual with three NORs on the 
homologous chromosomes 10.

Polymorphism of NORs

The variability of AgNOR sizes in individuals from the same populations may reflect 
different amount of rDNA (Miller and Brown 1969 for Bufo marinus and Macgreor 
et al. 1977 for Plethodon cinereus). Various sizes of AgNORs in frogs were described 
by Schempp and Schmid (1981). Schmid (1982) found a correlation between sizes of 
bands in secondary constrictions of AgNO3 stained chromosomes and the intensity 
of CMA3 signals which were proportional to the amount of rDNA in NORs. We 
also found variability of NOR sizes in chromosomes 10, however Biriuk et al. (2015) 
reported that the differences measured as a relative length were not significant in 65 in-
vestigated individuals of diploid and triploid green frogs. The polymorphism of NORs 
can also reflect geographical karyotypic variations (Amaro et al. 2012, Silva et al. 2000, 
Quinderé et al. 2009, Bi et al. 2009). However, we found no variations of NOR num-
ber and size in water frogs deriving from different populations.

Extra NORs were also reported in Rana catesbeiana (Lithobates catesbeianus) that 
displayed from two to seven Ag-positive small NORs per haploid karyotype, apart 
from one “standard” NOR on the chromosome 10 (Schmid 1978a,b). In the same 
species, Vitelli et al. (1982) revealed the standard NORs on the chromosomes 10 by 
FISH with 18S+28S rDNA probe, whereas 5S rDNA sequences were clustered near 
the centromere on the short arm of chromosome 12 and corresponded to small Ag-
positive bands. Other small NORs were not confirmed neither by FISH with the 18S 
+ 28S rDNA nor by 5S rDNA probes. FISH with 18S+28S rDNA probe in Pelophylax 
esculentus (Vitelli et al. 1982) displayed signals in chromosome 10, and with 5S rDNA 
probe at telomere of short arm of chromosome 5. Moreover, FISH with 28S rDNA 
probe, as well as CMA3 and PI stainings revealed that extra NORs corresponded with 
the extra Ag-positive signals on the chromosomes 9. Neither of these locations corre-
sponded to extra NORs that were observed in our study.

More common was the lack of NORs (13.8% of all animal studied herein). We 
observed a lack of one NOR (2n and 3n) or two NORs (only in 3n), both in meta-
phase plates and interphase nuclei. Lack of NORs in amphibians was also reported by 
Schimd (1982) in Bombina variegata, Xenopus laevis, and Bufo fowleri. According to 
Schmid (1982) and Motovali-Bashi et al. (2004), the causes of deletion or amplifica-
tion of NORs were usually unequal meiotic divisions, sister chromatid exchanges or 
disruption of DNA replication.

Intraspecific polymorphism of the location of extra NORs was also reported in 
Hyla chrysoscelis and H. versicolor (Wiley et al. 1989, Wiley and Little 2000), H. nana 
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(Medeiros et al. 2003), Bufo terrestris (Foote et al. 1991), Agalychnis callidryas (Schmid 
et al. 1995), Physalaemus petersi (Lourenço et al. 1998), P. cuvieri (Quinderé et al. 
2009), Phyllomedus arhodei and P. nordestina (Barth et al. 2013). Possible mechanisms 
of the dispersion of NOR sites were translocations involving chromosomal segments 
containing NORs, however such chromosome rearrangements were connected with 
change in morphology of the NOR chromosomes (Lourenço et al. 1998). Other pos-
sible mechanisms involved in dispersion of NORs in anuran genomes could be inver-
sions, transpositions by mobile genetic elements containing NORs (Wiley et al. 1989, 
Foote et al. 1991, Lourenço et al. 1998, Schmid et al. 1995, King et al. 1990, Bruschi 
et al. 2012, Carvalho et al. 2014) or rDNA amplification (Barth et al. 2013). How-
ever, in the case of water frogs presented here, translocations involving chromosomal 
segments containing NORs on chromosomes 2 and 9 seems unlikely because chromo-
somes with extra NORs did not vary in length and shape from relative chromosomes 
in other individuals.

Inheritance of NOR patterns

The lack of one NOR was detected in both RRL and LLR triploid females and was as-
sociated with the ridibundus and lessonae chromosome sets, respectively. Triploid water 
frogs produce haploid gametes and transmit the chromosome set that is represented by 
two copies (R in RRL and L in LLR) (Christiansen 2009). Because one of the doubled 
sets lacked NOR, we were able to trace this character and we found it in about a half 
of progeny whereas the other half inherited NORs (Fig. 3). This intriguing result de-
serves more attention and further studies because it may serve as an indicator of clonal 
versus recombined inheritance of the doubled chromosome sets, as was possible in 
triploid green toads Bufo baturae (Stöck et al. 2002, 2012). This all-triploid population 
is represented by males and females that carry NORs in two chromosome sets whereas 
the third one lacks NORs. This character, known also from other amphibian species 
(Schmid 1982, Motovali-Bashii et al. 2004, this study), was probably conserved in an 
isolated population in the Karakoram Mountains in Pakistan. Triploid Bufo baturae 
females produce diploid ova containing one (recombined) set with NORs whereas the 
set without NOR is transmitted without recombination (clonally).

Finally, we conclude that polymorphism concerning the number and localization 
of NORs in water frogs was characteristic of both lessonae and ridibundus genomes, 
and – as expected – was observed in individuals regardless of their taxonomic position 
(P. lessonae, P. ridibundus and P. esculentus), ploidy level (2n, 3n, 4n), genomic con-
stitution (RR, LL, RRL, RLL and LLRR), and collection site. The number of active 
silver-stained NORs reflected ploidy levels: two in diploids, three in triploids, and four 
in tetraploids, and therefore we believe that there is no diploidization of polyploids 
in water frogs, as has been observed in some of polyploid amphibians (for review see 
Schmid et al. 2015). The variability of NORs may be hereditary, what is best repre-
sented by inheritance of lack of NORs by the progeny of triploid females.
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Abstract
According to the recent taxonomic and phylogenetic revision of the family Hylidae, species of the for-
mer Scinax catharinae (Boulenger, 1888) clade were included in the resurrected genus Ololygon Fitzinger, 
1843, while species of the Scinax ruber (Laurenti, 1768) clade were mostly included in the genus Scinax 
Wagler, 1830, and two were allocated to the newly created genus Julianus Duellman et al., 2016. Although 
all the species of the former Scinax genus shared a diploid number of 2n = 24 and the same fundamental 
number of chromosome arms of FN = 48, two karyotypic constitutions were unequivocally recognized, 
related mainly to the distinct size and morphology of the first two chromosome pairs. Some possible 
mechanisms for these differences had been suggested, but without any experimental evidence. In this 
paper, a comparison was carried out based on replication chromosome banding, obtained after DNA 
incorporation of 5-bromodeoxiuridine in chromosomes of Ololygon and Scinax. The obtained results re-
vealed that the loss of repetitive segments in chromosome pairs 1 and 2 was the mechanism responsible 
for karyotype difference. The distinct localization of the nucleolus organizer regions in the species of both 
genera also differentiates the two karyotypic constitutions.
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Introduction

The family Hylidae was recently revised by Duellman et al. (2016), who proposed a 
new phylogenetic tree based on 503 species and 16, 128 aligned sites of 19 genes. Ac-
cording to this phylogeny, the families Hylidae, Pelodryadidae, and Phyllomedusidae 
were placed in an unranked taxon named Arboranae, a new subfamily Scinaxcinae and 
a new genus Julianus Duellman, Marion, Hedges, 2016 were created, and the genus 
Ololygon Fitzinger, 1843 was resurrected, among other modifications. The hylids Sci-
nax Wagler, 1830 and Ololygon are included in Scinaxinae and form a cluster along 
with Julianus and Sphaenorhynchus Tschudi, 1838. The support value for the cluster of 
the Julianus, Ololygon, and Scinax species was high (97%), but the placement of Sphae-
norhynchus was low (49%), thus, according to Duellman et al. (2016), this relationship 
is still uncertain and needs to be reviewed.

Over the years, the hylid frogs of the former Scinax genus have been subjected to 
several taxonomic and phylogenetic reviews (Faivovich 2002, Faivovich et al. 2005, 
Wiens et al. 2010), with a large sample of specimens based mainly on molecular se-
quencing of mitochondrial and nuclear genes. In the classification proposed by Du-
ellman et al. (2016), the newly constituted genus Scinax includes the species of the Sci-
nax ruber (Laurenti, 1768) clade, with the exception of S. uruguayus (Schmidt, 1944) 
and S. pinima (Bokermann & Sazima, 1973) (from the former S. uruguayus group), 
both assigned to the genus Julianus, along with Sphaenorhynchus, whereas Ololygon 
comprises species of the former Scinax catharinae (Boulenger, 1888) clade.

The Ololygon and Scinax species are distributed across the Americas from Mexico 
to Argentina and Uruguay, and the islands of Tobago, Trinidad, and Saint Lucia 
(Duellman et al. 2016, Frost 2016). They are abundant in Brazil, with great diversity 
and endemism in the Atlantic Forest and Cerrado domains (Araújo-Vieira et al. 2016, 
Lourenço et al. 2016). They are considered complex groups due to great morphological 
similarity between individuals, which hinders proper species identification and deter-
mination of clear synapomorphies for taxonomic description (Pombal Jr. et al. 1995, 
Lourenço et al. 2016).

Early researches on the cytogenetics of the former Scinax species determined the 
chromosome number by observing mitotic or meiotic cells. All of the species exhibited 
a diploid number of 2n = 24 bi-armed chromosomes, corresponding to the funda-
mental number of FN = 48 chromosome arms (revisions in Catroli and Kasahara 
2009 and in Peixoto et al. 2015). The work of Cardozo et al. (2011) stands out for its 
inclusion of chromosomal data obtained from a large sample of 28 representatives, and 
because the results were analyzed for the first time from an evolutionary point of view 
provided by available phylogenies. This work highlighted a karyotype differentiation 
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between the S. catharinae and the S. ruber clades, regarding the morphology and size 
of the first two chromosome pairs, the position of Ag-NORs, and the amount of C-
banded heterochromatin. Additionally, the combined analysis with phylogeny allowed 
these authors to establish that the characteristic Ag-NORs marker in small pair 11, as 
exhibited by the species in the S. ruber clade, was considered a plesiomorphy, whereas 
the location in pair 6 in the species of the S. catharinae clade is a derivative condition. 
Only recently, a small number of species of Scinax (lato sensu) have had their karyo-
typic analyses extended through the use of more advanced cytogenetic techniques, 
such as investigation of the nature of repetitive regions using fluorochrome staining or 
fluorescent in situ hybridization (FISH) with microsatellite probes, and the location of 
ribosomal or telomeric sequences using the FISH technique (Oliveira 2011, Nogueira 
et al. 2015a, Nogueira et al. 2015b, Peixoto et al. 2015, Peixoto et al. 2016).

In the present work our efforts were the use of replication banding after 5-bromod-
eoxiuridine treatment, an useful approach to identify homeologous chromosomes (Ka-
sahara et al. 2003, Silva et al. 2004, Gruber et al. 2007, Gazoni et al. 2012, Gruber et al. 
2012, Gruber et al. 2013). This methodology is very effective for comparative analyses 
in fishes, amphibians, and reptiles due to the difficulty in producing classical Q, G, and 
R banding patterns in the chromosomes of the ectothermic vertebrates (Sumner 2003).

Replication banding was fundamental to provide evidence of the structural re-
arrangement responsible for the difference in the karyotypes between Ololygon and 
Scinax species, thereby contributing for clarify the phylogenetic relationships between 
these two genera.

Material and methods

Five species currently included in the genus Ololygon, O. albicans (Bokermann, 1967), 
O. argyreornata (Miranda-Ribeiro, 1926), O. hiemalis (Haddad & Pombal, 1987), O. 
littoralis (Pombal & Gordo, 1991), and O. obtriangulata (Lutz, 1973), and six species 
of genus Scinax, S. caldarum (Lutz, 1968), S. crospedospilus (Lutz, 1925), S. eurydice 
(Bokermann, 1968), S. fuscovarius (Lutz, 1925), S. hayii (Barbour, 1909), and S. similis 
(Cochran, 1952) were collected from Brazilian locations (Table 1) with the consent 
and approval of Instituto Chico Mendes de Conservação da Biodiversidade (38827-2). 
The classification adopted in the present work is based on the Amphibian Species of 
the World electronic database (Frost 2016).

The sample includes species whose chromosomes are described for the first time 
in this paper: Scinax caldarum and S. crospedospilus; specimens belonging to species 
already described in Cardozo et al. (2011) but collected in non studied populations: 
Ololygon hiemalis, O. littoralis, O. obtriangulata, S. fuscovarius, and S. hayii; additional 
banding data of specimens from the analyzed sample in Cardozo et al. (2011): O. 
albicans, O. argyreornata, O.littoralis, S. eurydice, and S. similis; and specimen CFBH 
28730 of S. fuscovarius, the cytogenetic data of which were previously described in 
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table 1. Analyzed species, voucher number (CFBH), sample size, sex, and collection locality.

Species Voucher Number (CFBH) Sample size Sex Collection locality

Ololygon albicans 101783 1 Male Petrópolis, RJ
22°30'17"S; 43°10'56"W

Ololygon argyreornata 172893, 172903 2 Males Ilha do Cardoso, SP
25°07'31"S; 47°58'06"W

Ololygon hiemalis 285912, 362312, 362332 3 Males Mogi Guaçu, SP
22°21'37"S; 57°07'07"W

Ololygon littoralis
406312 1 Male Bertioga, SP

23°56'27"S; 45°19'48"W

223783 1 Male Ubatuba, SP
23°26'19"S; 45°05'25"W

Ololygon obtriangulata CFBHT*203292 1 Female Biritiba Mirim, SP
23°34'17"S; 46°02'15"W

Scinax caldarum 225521 1 Male Poços de Caldas, MG
21°47'18"S; 46°33'45"W

Scinax crospedospilus 362011, 362021 2 Males Mogi das Cruzes, SP 
23°31'29"S; 46°11'14"W

Scinax eurydice 167363 1 Male Serra do Japi, Jundiaí, SP
37°25'818"S; 122°05'36"W

Scinax fuscovarius
224152 1 Female Biritiba Mirim, SP

23°34'17"S; 46°02'15"W

287304 1 Male Socorro, SP
22°35'29"S; 46°31'44"O

Scinax hayii
242162 1 Male Biritiba Mirim, SP

23°34'17"S; 46°02'15"W

285882 1 Male Mogi das Cruzes, SP
23°31'29"S; 46°11'14"W

Scinax similis 59333, 59323 2 Females Três Marias, MG
18°12'43.3"S; 45°13'19"W

1-species with first karyotype description; 2-specimens belonging to species already described in Cardozo 
et al. (2011) but collected in non studied populations; 3-additional banding data of specimens from the 
analyzed sample in Cardozo et al. (2011); 4-specimen reanalyzed from Kasahara et al. (2003) sample;* 

identification based on the COI sequencing from tissue sample.

Kasahara et al. (2003): the replication bands of this specimen were reanalyzed herein 
because its high resolution banding was more appropriate for comparative analysis.

The animals were identified by Dr. Célio F. B. Haddad and the vouchers were 
fixed in formalin (10%), preserved in 70% ethanol and deposited in the amphibian 
collection CFBH of the Departamento de Zoologia, Instituto de Biociências, UNESP, 
Rio Claro, SP, Brazil. Identification of the specimen CFBHT 20329 was confirmed by 
COI sequencing from muscle sample collected soon after the animal euthanasia and 
preserved in 70% ethanol. Direct cytological preparations were obtained from bone 
marrow, liver, and also the testes of male samples (Baldissera Jr et al. 1993). Spleen 
was eventually used depending on its size and also dissociated in hypotonic solution. 
For some animals, cytological preparations were made from the intestinal epithelium 
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(Schmid 1978) with modifications. For direct preparation, the animals received a pre-
vious injection of 0.1% colchicine during 2 to 6 hours to improve the quality and 
number of metaphases. Some specimens were submitted to in vivo treatment for 13 
to 21 hours after injection of 5-bromodeoxiuridine (BrdU) plus 5-fluorodeoxyuridine 
(FudR) (10mg BrdU and 0.5mg FudR in 2mL 0.9% NaCl solution), in the propor-
tion of 0.1mL/10g body weight (Silva et al. 2000). Briefly, the steps in this process 
are incorporation of BrdU during DNA replication, after in vivo injection or in vitro 
treatment during lymphocytes or fibroblast cultures, followed by differentiation of 
replication banding patterns with Hoechst 33258 staining, black light irradiation, and 
Giemsa staining (Dutrillaux and Couturier 1981, Sumner 2003).

Mitotic and meiotic preparations were analyzed after Giemsa staining. Mitotic 
chromosomes were also submitted to the techniques of silver impregnation (Ag-NOR) 
(Howell and Black 1980), C-banding (Sumner 1972), and fluorochrome staining with 
chromomycin A3 (CMA3) and 4’,6-diamidino-2-phenylindole (DAPI) (Christian et al. 
1998). The differentiation of replication bands after BrdU incorporation was achieved 
using Fluorochrome Plus Giemsa (FPG) staining as described by Dutrillaux and Cou-
turier (1981) and modified by Kasahara et al. (1998). FISH was performed with an 
HM123 ribosomal probe (Meunier-Rotival et al. 1979, Pinkel et al. 1986), and a telom-
eric probe (DAKO Cytomation Denmark A/S), following manufacturer’s instructions.

Chromosomes were analyzed under standard and UV light. The best mitotic and 
meiotic cells were photographed using an Olympus BX51 microscope and digital cap-
ture system DP71. Copies of the material were obtained digitally. Karyograms were as-
sembled according to the morphology of the chromosomes in decreasing order of size 
(Table 2). The bi-armed chromosomes were classified as metacentric, submetacentric 
or subtelocentric (Green and Sessions 1991, 2007).

Results

All investigated specimens presented 24 bi-armed chromosomes. In Ololygon species, 
chromosome pairs 1 and 2 were submetacentric with a slight size difference between 
them, while in the species of Scinax genus chromosome pairs 1 and 2 were metacentric 
with great size difference. For illustration, the Giemsa-stained karyotypes of one of the 
species of Ololygon (O. hiemalis) from a population not studied before and of the two 
species of Scinax (S. caldarum and S. crospedospilus) karyotyped for the first time are 
presented in Figure 1. The karyotype of one of the specimens of S. similis with het-
eromorphic chromosome pairs 3 and 4 is also shown. The remaining species had the 
standard stained karyotypes published previously in Cardozo et al. (2011).

Replication banding patterns for the chromosomes of O. hiemalis, S. crospedospilus, 
S. eurydice, S. fuscovarius, and for two specimens of S. similis are presented in Figure 2. 
Comparison of the banded chromosomes of species of Ololygon and Scinax genera 
revealed close correspondence for the majority of their chromosome pairs, except for 
the chromosomes of pairs 1 and 2 (Figure 3a, b). In species of Ololygon, the short arms 
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table 2. Relative length (RL), centromeric index (CI), and nomenclature for centromeric position (CP) 
on mitotic chromosomes of Ololygon and Scinax, according to Green and Sessions (1991, 2007).

Species
Chromosome pair

1 2 3 4 5 6 7 8 9 10 11 12

O. albicans
RL 12.54 12.10 10.52 10.37 9.22 8.93 8.93 6.20 6.05 5.48 4.76 4.90
CI 0.349 0.300 0.314 0.222 0.235 0.250 0.250 0.455 0.382 0.500 0.500 0.500
CP sm sm sm st sm st sm m m m m m

O. argyreornata
RL 11.65 10.67 11.59 10.45 9.53 8.87 8.17 7.35 6.37 6.31 4.84 4.19
CI 0.363 0.340 0.274 0.348 0.311 0.265 0.250 0.429 0.500 0.500 0.444 0.429
CP sm sm sm sm sm sm sm m m m m m

O. hiemalis
RL 13.33 11.16 10.23 9.92 8.99 9.61 8.84 6.20 6.20 5.89 4.96 4.65
CI 0.300 0.333 0.294 0.290 0.286 0.290 0.310 0.500 0.400 0.500 0.500 0.500
CP sm sm sm sm sm sm sm m m m m m

O. littoralis
RL 12.30 11.50 10.70 10.70 9.36 8.02 8.56 7.09 6.15 5.75 5.35 4.55
CI 0.292 0.364 0.282 0.250 0.333 0.310 0.313 0.462 0.455 0.435 0.500 0.500
CP sm sm sm sm sm sm sm m m m m m

O. obtriangulata
RL 11.71 11.31 10.50 9.96 9.96 9.42 7.81 6.73 6.19 5.92 5.25 5.25
CI 0.349 0.333 0.300 0.211 0.263 0.257 0.267 0.500 0.417 0.455 0.500 0.474
CP sm sm sm st sm sm sm m m m m m

S. caldarum
RL 13.87 12.14 10.40 9.25 9.25 8.67 8.09 7.80 6.07 5.20 4.62 4.62
CI 05.00 0.455 0.444 0.250 0.375 0.333 0.429 0.467 0.400 0.500 0.500 0.375
CP m m M sm sm sm m m m m m m

S. crospedospilus
RL 14.53 12.50 10.47 10.81 8.28 8.28 6.59 6.59 5.91 5.74 5.24 5.07
CI 0.476 0.444 0.344 0.281 0.320 0.333 0.400 0.474 0.474 0.471 0.500 0.500
CP m m sm sm sm sm m m m m m m

S. eurydice
RL 15.51 11.57 10.16 10.01 9.31 8.60 7.05 6.35 5.50 5.64 5.22 5.08
CI 0.500 0.455 0.333 0.316 0.250 0.333 0.407 0.478 0.500 0.450 0.444 0.444
CP m m sm sm sm sm m m m m m m

S. fuscovarius
RL 16.05 12.23 10.39 10.39 8.56 7.73 6.70 6.11 5.81 5.50 5.47 5.04
CI 0.481 0.429 0.353 0.294 0.286 0.308 0.385 0.500 0.444 0.500 0.444 0.471
CP m m sm sm sm sm sm m m m m m

S. hayii
RL 13.73 11.16 10.94 10.30 9.23 8.15 7.94 7.08 6.22 5.36 5.36 4.51
CI 0.500 0.462 0.370 0.417 0.381 0.500 0.444 0.500 0.429 0.500 0.462 0.400
CP m m sm m sm m m m m m m m

S. similis
RL 15,20 12.94 12.01 10.39 7.45 7.89 7.06 6.13 5.98 5.59 4.95 4.41
CI 0.500 0.419 0.458 0.227 0.301 0.354 0.400 0.462 0.385 0.483 0.404 0.500
CP m m M st sm sm m m sm m m m

m = metacentric; sm = submetacentric; st = subtelocentric.

of chromosomes 1 and 2 are respectively smaller than the short arms of chromosomes 
1 and 2 of Scinax species, whereas the long arms of both chromosomes have the same 
size and corresponding bands.

Nucleolus organizer regions were located on pair 6 for the Ololygon species and in 
pair 11 for the Scinax species. Figure 4 shows Ag-NOR, CMA3 staining, and FISH us-
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Figure 1. Giemsa stained karyotypes of Ololygon and Scinax species. a O. hiemalis, male b S. caldarum, 
male c S. crospedospilus, male d S. similis, female, with heteromorphic chromosomes pairs 3 and 4. 
Secondary constrictions (arrowhead) are visible on chromosome 6 in a and on chromosomes 11 in c. 
Bar = 10 μm.

Figure 2. Replication banding in Ololygon and Scinax species. a O. hiemalis b S. crospedospilus c S. eurydice 
d S. fuscovarius e–f S. similis. Note heteromorphic chromosome pairs 3 and 4 in inset. Bar = 10 μm.

ing an rDNA probe in O. obtriangulata and S. fuscovarius CFBH 22415. In the CFBH 
22415 specimen an additional Ag-NOR site was observed in one of the chromosomes 
12, and this was confirmed after both CMA3 fluorochrome staining and FISH labeling.

Chromosome preparations of O. hiemalis, O. littoralis, O. obtriangulata, S. crospe-
dospilus, and S. hayii were submitted to hybridization with a telomeric probe and 
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Figure 3. a Comparison of replication bands of the chromosomes of: Ol = O. littoralis; Oh = O. hiemalis 
(two distinct metaphases of the same specimen); Sc = S. crospedospilus; Se = S. eurydice; Sf = S. fuscovarius; 
Ss = S. similis. b Ideogram of chromosomes 1 and 2 of Ololygon and Scinax evidencing loss of segment in 
the short arms of both chromosomes in Ololygon. Bar = 10 μm.

only the terminal regions of all chromosomes in these species were labeled (Figure 5). 
No probe hybridization was observed outside the telomeres in any of these species. 
The C-banding technique conducted on the chromosome preparations of O. albi-
cans, O. argyreornata, O. littoralis, S. crospedospilus, S. hayii, and S. fuscovarius revealed 
poorly defined C-bands, which were faintly stained, mainly in the centromeric region 
of some chromosomes of the species (Figure 6). Fluorochrome staining using CMA3 
showed bright labeling of the NORs in the species of the sample and in some of them, 
such as O. littoralis, S. crospedospilus, and S. hayii, the centromeric regions also ap-
peared less brightly stained (Figure 7). DAPI fluorochrome staining revealed that the 
chromosomes of the species presented a homogeneously stained appearance, with no 
particularly fluorescent region.
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Figure 4. Nucleolus organizer regions in Ololygon obtriangulata (a, b, c) and Scinax fuscovarius (d, e, f) 
identified by a, d silver impregnation b, e CMA3 staining, and c, f FISH with rDNA probe.

Figure 5. FISH with telomeric probes in Ololygon and Scinax species. a O. hiemalis b O. littoralis c O. 
obtriangulata d S. crospedospilus e S. hayii. Bar = 10 μm.
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Figure 6. C-banding of Ololygon and Scinax species. a O. albicans b O. argyreornata c O. littoralis d S. cro-
spedospilus e S. fuscovarius f S. hayii. Bar = 10 μm.

Figure 7. Cromomycin A3 staining in Ololygon and Scinax species. a O. littoralis b S. crospedospilus c S. hayii. 
NOR-bearing chromosomes in b (arrow). Bar = 10 μm.

Testis preparations were obtained from male specimens of O. argyreornata, O. hie-
malis, O. littoralis, S. caldarum, S. crospedospilus, S. eurydice, and S. hayii. In all of them, 
metaphase I cells presented 12 bivalents, whereas metaphase II cells presented 12 chromo-
somes, as shown in Figure 8 for one species of each analyzed genus, namely O. hiemalis 
and S. crospedospilus. No heteromorphic bivalent that could suggest the presence of dif-
ferentiated sex chromosomes of the XY type was observed in any of the analyzed species.



Comparative analysis based on replication banding reveals the mechanism responsible... 277

Discussion

Although Ololygon and Scinax species share the same diploid and fundamental num-
bers, two karyotypic constitutions were unequivocally distinguished by visual inspec-
tion of standard stained chromosomes as well as comparative measurements. One of 
these karyotypes is characteristic for all five species, currently recognized as belonging 
to the genus Ololygon (Duellman et al. 2016, Frost 2016), but formerly assigned to 
the Scinax catharinae clade. The other karyotypic constitution is exhibited by the six 
remaining species of the sample, currently recognized as belonging to the genus Scinax 
but previously included in the Scinax ruber clade.

The difference between the two karyotypes, which is related to the morphology 
and size of chromosome pairs 1 and 2, had already been indicated in one of the first 
cytogenetic studies performed in the 1970’s by Bogart (1973) when the species of both 
taxa were assigned to the genus Hyla. Nevertheless, a possible third karyotypic consti-
tution that had been suggested by that author was not confirmed here or by Cardozo 
et al. (2011) who studied a large sample of species of Scinax (lato sensu). Subsequent 
studies (Oliveira 2011, Nogueira et al. 2015a, Nogueira et al. 2015b, Peixoto et al. 
2015, Lourenço et al. 2016, and Peixoto et al. 2016) confirmed that the two chromo-
some constitutions remained invariably the same, indicating that the karyotypes are 
relatively conserved within each of the two taxonomic groups.

Although without experimental evidence, Cardozo et al. (2011) suggested possible 
mechanisms responsible for the morphological and size differences of pairs 1 and 2 in 
the two karyotypic constitutions, such as pericentric inversion, addition/loss of repeti-
tive sequences or unidentified structural chromosome alterations. Reproducible band-

Figure 8. Meiotic cells in males of Ololygon hiemalis (a, b) and Scinax crospedospilus (c, d). a, c Meta-
phase I with 12 bivalents b, d Metaphase II with 12 chromosomes. Bar = 10 μm.
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ing patterns obtained by BrdU incorporation in the present sample were sufficient for 
precise pairing of the homologous chromosomes. It was also useful in interspecific 
comparative analysis for identifying homeologous sets of chromosomes, mainly those 
which were large or medium sized. Pericentric inversion could be ruled out, but not 
the addition or loss of repetitive chromosome segments, due to the different size of the 
short arms of chromosomes 1 and 2 in the two compared karyotypic constitutions. 
This is quite evident in the case of chromosome 1 and less noticeable in the case of 
chromosome 2. Nevertheless, it is important to remark that although the poor quality 
of our results these repetitive regions were not positively stained after C-banding data, 
a finding also described by Cardozo et al. (2011) analyses.

The probable direction of chromosome evolution, in other words, the loss or gain 
of repetitive segments in chromosome pairs 1 and 2, is suggested in light of the cy-
togenetic data of Ololygon and Scinax species, and the phylogeny of Faivovich et al. 
(2005). Similar integrative taxonomic approach was carried out by Lourenço et al. 
(2015) for amphibians and Mezzasalma et al. (2015) for reptiles. As already pointed 
out by Cardozo et al. (2011) and subsequently confirmed in other works, the species 
of Ololygon (the former Scinax catharinae clade) have NORs in chromosome pair 6, 
whereas the species of Scinax (the former Scinax ruber clade) generally have this marker 
in the chromosome pair 11, which also indicates the conservation of this character 
to cytogenetically differentiate species of both groups. It is important to note that a 
chromosome constitution with 2n = 24, including the position of NORs, which is 
characteristic of currently recognized Scinax species, is observed in the vast majority 
of representatives of hylinaes sharing a 2n = 24 (Kasahara et al. 2003, Cardozo et al. 
2011). It can consequently be assumed that the chromosome constitution character-
istic of the Scinax genus (the former Scinax ruber clade) would be the ancestor, while 
that presented by the species of Ololygon (the former Scinax catharinae clade) would 
be the derived condition, as it was previously pointed out by Cardozo et al. (2011) In 
this case, the process of differentiating the karyotype of both groups was probably the 
deletion and not the addition of repetitive DNA in the short arms of chromosomes 1 
and 2, in an ancestral karyotypic form similar to that exhibited by the current Scinax 
species and other Hylinae. Not only do the present data provided the probable direc-
tion of the chromosome evolution, they also support the subdivision of the former 
Scinax into two genera, as previously suggested by Pombal Jr et al. (1995), Faivovich 
(2002), based on morphology, bioacoustics, among others characters and effectively 
established by Duellman et al. (2016). In this case, the most derived group is actually 
represented by the species of Ololygon.

Obtaining replication bands along chromosomes was helpful to clarify the het-
eromorphism in pairs 3 and 4 in one of the two specimens of the sample of Scinax 
similis described in Cardozo et al. (2011). Although the Giemsa-stained karyotypes 
strongly suggested that this heteromorphism resulted from reciprocal translocation, 
in our study it was definitely confirmed by comparative replication banding analysis. 
The structural rearrangement is most likely a sporadic finding that can occur in natural 
populations (Siqueira et al. 2004, Schmid et al. 2010). The results obtained so far us-
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ing silver impregnation revealed that this technique is widely useful for characterizing 
the species of Ololygon and Scinax (the former S. catharinae and S. ruber clades, respec-
tively). In a few cases, there were exceptions to the localization of Ag-NORs, which 
were found to be discrepancies in ordering the chromosomes in the karyograms or 
due to true changes in the position of this chromosome marker which can eventually 
occur in natural populations (Cardozo et al. 2011). Another finding reported by these 
authors refers to the occurrence of multiple Ag-NORs in some species of the sample. 
In the specimen CBFH 22415 of S. fuscovarius herein analyzed three Ag-NORs per 
metaphase (two in chromosome pair 11 and one in a single homologue of pair 12) 
were observed but FISH using an rDNA probe confirmed the additional labeling in 
chromosome 12 as true NOR. This variant pattern of NOR may be a sporadic derived 
condition possibly characteristic for the population ascertained for the first time in the 
present work.

Based on C-banding data of species of the former Scinax clades, Cardozo et al. 
(2011) suggested that the amount of centromeric C-banded heterochromatin would 
also represent a difference between the karyotypes of the analyzed species. Neverthe-
less, the data obtained herein for species of Ololygon and Scinax and those of Nogueira 
et al. (2015a), Nogueira et al. (2015b), and Peixoto et al. (2015) for the species of the 
former Scinax catharinae and Scinax ruber clades are inconsistent for a clear-cut differ-
entiation of the two karyotypic constitutions with this chromosome marker.

The FISH technique using telomeric probes tested in the chromosome preparations 
of Ololygon and Scinax of our sample, which could potentially clarify the occurrence of 
structural rearrangement during the chromosome evolution, as demonstrated by Fagun-
des and Yonenaga-Yassuda (1998) in Akodont rodents, did not provide any evidence.

Conclusions

Our cytogenetic data confirm the loss of repetitive sequence in the short arms of chro-
mosomes 1 and 2 as the mechanism responsible for the difference in the karyotypic 
constitutions of Ololygon and Scinax. Nevertheless, relationships in Scinaxcinae species 
are not easy to interpret. Despite the taxonomic difficulties, increasing the number of 
analyzed species and using more cytological markers based on molecular cytogenetics 
methodologies will eventually help to clarify phylogenetic questions within Ololygon, 
Scinax, and related genera.
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Abstract
Cerrado is a biodiversity hotspot that has lost ca. 50% of its original vegetation cover and hosts ca. 11,000 
species belonging to 1,423 genera of phanerogams. For a fraction of those species some cytogenetic char-
acteristics like chromosome numbers and C-value were available in databases, while other valuable infor-
mation such as karyotype formula and banding patterns are missing. In order to integrate and share all 
cytogenetic information published for Cerrado species, including frequency of cytogenetic attributes and 
scientometrics aspects, Cerrado plant species were searched in bibliographic sources, including the 50 
richest genera (with more than 45 taxa) and 273 genera with only one species in Cerrado. Determination 
of frequencies and the database website (http://cyto.shinyapps.io/cerrado) were developed in R. Studies 
were pooled by employed technique and decade, showing a rise in non-conventional cytogenetics since 
2000. However, C-value estimation, heterochromatin staining and molecular cytogenetics are still not 
common for any family. For the richest and best sampled families, the following modal 2n counts were 
observed: Oxalidaceae 2n = 12, Lythraceae 2n = 30, Sapindaceae 2n = 24, Solanaceae 2n = 24, Cyperaceae 
2n = 10, Poaceae 2n = 20, Asteraceae 2n = 18 and Fabaceae 2n = 26. Chromosome number information 
is available for only 16.1% of species, while there are genome size data for only 1.25%, being lower than 
the global percentages. In general, genome sizes were small, ranging from 2C = ca. 1.5 to ca. 3.5 pg. Intra-
specific 2n number variation and higher 2n counts were mainly related to polyploidy, which relates to the 
prevalence of even haploid numbers above the mode of 2n in most major plant clades. Several orphan 
genera with almost no cytogenetic studies for Cerrado were identified. This effort represents a complete 
diagnosis for cytogenetic attributes of plants of Cerrado.
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Introduction

Cerrado, a phytogeographic domain from Brazil, is the third largest biodiversity hot-
spot in the world considering species endemism and degree of threat (Myers et al. 
2000; Forzza et al. 2012). In fact, it has suffered more anthropic impact than the Ama-
zonian tropical forest (Spera et al. 2016). With originally 2m km2 of wilderness area, of 
which ca. 50% are currently cultivated, this region hosts ca. 11,000 species belonging 
to 1,423 genera of 171 families of phanerogams (Sano et al. 2008; Ferreira et al. 2016). 
Classical cytogenetic studies, comprehending somatic or meiotic chromosome counts 
are known for a considerable portion of species occurring in Cerrado but in many cases 
they were not performed on plants from this region. Meanwhile, studies of genome 
size, differential staining and molecular cytogenetics are very rare.

Since the chromosome number is the most basic karyotype feature and it can 
be observed by conventional staining of meristem cells or pollen mother cells, most 
cytogenetic databases deal only with this attribute (Peruzzi and Bedini 2014; Rice et al. 
2015). Estimates of genome size, which are currently addressed mostly by comparing the 
relative fluorescence of propidium iodide stained nuclei measured in a flow cytometer 
to that of known patterns, are compiled in the Kew C-value database (Doležel and 
Greilhuber 2010; Garcia et al. 2014a). Other valuable information such as: karyotype 
formula, dependent on the relative position of centromere along the chromosome 
and chromosome length (Guerra 1986), silver staining of nucleolar organizer regions 
(AgNOR) (Vieira et al. 1990), and heterochromatin staining after treatment with acids, 
bases or denaturation (Schwarzacher et al. 1980; Guerra 2000; Barros e Silva and Guerra 
2010) are not included in databases. In contrast, fluorescence in situ hybridization 
(FISH), in which a DNA probe produced by molecular biology methods anneals with 
chromosome preparations and is detected by fluorescence has gained more attention 
(Roa and Guerra 2012; Garcia et al. 2014b; Roa and Guerra 2015).

The aim of this study was to assess the current cytogenetic knowledge of Cerrado 
plants, aiming to provide a consistent database that didn’t exclude any attribute and 
diagnose recent progress in the field.

Methods

Data compilation

Plant names in the Cerrado plant list (Sano et al. 2008) and the cytogenetic literature 
were checked according to the Brazilian Flora 2020 site (REFLORA 2016) through the 
www.plantminer.com app (Carvalho et al. 2010). In order to get to the original cytolog-
ical sources, websites in Table 1 were used. The information in the primary source was 
organized in the following fields: family (APG 2016), genus, original name as reported 
in the publication (field = name_on_source), accepted name following the online Bra-
zilian Flora 2020 (field = accepted_name), place of sampling (field = provenance), dis-
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tribution of C-, Chromomycin A3, AgNOR-bands (fields = C-bands, CMA_bands, 
AgNOR), availability of images (field = images), karyotype formula (field = karyotype), 
FISH sites position (field = FISH), genome size (field = C-value), meiotic or gameto-
phyte chromosome number (field = meiosis-n), sporophytic chromosome number-2n 
(field = 2n), level of ploidy (field = ploidy), average chromosome size (field = ACS), To-
tal chromosome length (field = TCL), Total chromosome area (field = TCA), reference, 
and authors’ affiliation (field = affiliation). Metadata were gathered partially by scripts 
from search engines as Scopus (Elsevier) and Crossref (PILA).

Data statistics

All statistics and the online database were performed in R (R Core Team 2016). 
Packages used were shiny (Chang et al. 2016), shinyjs (Attali 2016), shinydashboard 
(Chang 2015), ggplot2 (Wickham 2009), plyr (Wickham 2015a), dplyr (Wickham 
and Francois 2016), stringr (Wickham 2015b), data.table (Dowle et al. 2015), DT 
(Xie 2015), mongolite (Ooms 2016), gtools (Warnes et al. 2015), robustHD (Alfons 
2016) and scales (Wickham 2016). Several frequencies were determined, such as: 
employed techniques or country of author affiliation per decade; chromosome num-
ber (2n), genome size, TCL and TCA per taxa. Where not available, TCL and TCA 
were measured from photos by ImageJ (Schneider et al. 2012). Due to the scarcity of 
genome size data, a correlation analysis between TCA/TCL and known genome sizes 
was performed in order to have a rough idea of genome size in pg based on TCL or 
TCA. In accessions without 2n number, they were calculated from meiosis or pollen 
observations (n).

Even n numbers are more common than odd ones because of the prevalence of 
even 2n that eventually undergo duplication (Otto and Whitton 2000; Rice et al. 
2015). As expected, this trend is more pronounced for high 2n which are usually the 
result of whole genome duplication events, but may vary by dysploidy. Accessions were 
subdivided in two groups according to n under or over the mode (n) (low 2n, high 2n); 
and the even/odd ratio for each group was calculated in order to assess indirectly the 
degree of polyploidy/dysploidy in each major clade.

Results

Coverage

A subset of 38.9% (4,590 taxa) of the Cerrado Plant list was searched, including the 
50 richest genera and 273 genera with only one species. Information of 1,431 acces-
sions, from 366 available primary sources, were included in the database. 702 (16.8%) 
species of our searched sample (4182) had any cytogenetic data and about 500 of them 
had at least one accession collected in Brazil. Complete lack of information happens 
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for 70% of the single-species genera addressed (Suppl. material 1, 2, 3). The genera 
Hyptis Jacq., 1787 (Lamiaceae), Stachytarpheta Vahl, 1804 (Verbenaceae), Microlicia 
D.Don, 1823 (Melastomataceae), Leiothrix Ruhland, 1903 (Eriocaulaceae) and Di-
tassa R.Br., 1809 (Apocynaceae) may be considered orphan because they are among 
the 50 most diverse in Cerrado, but almost no chromosome numbers are known for 
them (Suppl. material 1). At the family level Eriocaulaceae (Monocots – Commelin-
ids), Lamiaceae, Apocynaceae (Core eudicots-Superasterids-Asterids-Lamiids), Polyg-
alaceae (Core eudicots-Superrosids-Fabids) and Lauraceae (Magnoliids) are also poorly 
studied (Suppl. material 2), while among the major clades (previously in parentheses), 
studies for Magnoliids are scarce. Every figure and table is interactive in the database 
website (http://cyto.shinyapps.io/cerrado).

For the richest and best sampled families, the following modal 2n counts were ob-
served: Oxalidaceae 2n = 12, Lythraceae 2n = 30, Sapindaceae 2n = 24, Solanaceae 2n 
= 24, Cyperaceae 2n = 10, Poaceae 2n = 20, Asteraceae 2n = 18 and Fabaceae 2n = 26 
(Suppl. material 2). At the genus level, Paspalum L., 1759 (Poaceae), Cuphea P.Browne, 
1756 (Lythraceae) and Rhynchospora Vahl, 1805 (Cyperaceae) stand among the best 
studied with ca. 50% of coverage. For ca. 20% of species in most major clades, the 
chromosome number has been studied (Suppl. material 3).

Techniques chronology

Frequencies of use of karyological techniques show that the first cytogenetic analysis 
were mainly based on meiosis from 1928 on, and subsequently by 1990 the analysis 
of mitosis (sporophyte) gained more prevalence. Measurements of karyotype formula 
(morphology) achieved significance after the 1990’s. A trend to include images in pub-
lications, only with a fall during the 2000’s decade was observed. Sophisticated tech-
niques that show a substantial rise from the 2000’s decade are the estimation of the 
C-value, CMA banding (including C-CMA banding) and FISH. However, they have 
been applied to a limited number of species, ranging from 0.5 to 2.3% of the 1,431 
entries in the database (Fig. 1).

Author affiliations

In order to track affiliation of authors over time, they were clustered by decade in a 
time-line. For accessions collected in Brazil [774 (54%)] the country of affiliation of 
the author showed an increase in the prevalence of Brazilian based research after the 
1990’s. Other significant contributions for Brazilian samples have been made by Ar-
gentinian based authors (Fig. 2). Most publishing authors for the 1935 – 1970 period 
were affiliated in the U.S.A, and afterwards, in Brazil. Among the authors with more 
entries, Coleman, Irwin and Turner studied in the 1935 – 1970 period mainly Aster-
aceae and Fabaceae. In the 1970 decade, Coleman studied Fabaceae and Nassar, Eu-
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Figure 2. Chronology of author affiliation for Cerrado plant species collected in Brazil. Numbers of 
references in the database.

phorbiaceae. In the 80’s and 2000’s Graham studied Lythraceae, and in the 90’s Guerra 
published mainly data on Cyperaceae, Orchidaceae and Velloziaceae. In the current 
decade, Félix published mainly about Euphorbiaceae and Fabaceae (Suppl. material 4). 
Accordingly, those authors correspond to the most important nodes in the co-author 
network (database website).
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Chromosome numbers and genome size

699 (16.1%) species of the searched list have known chromosome numbers with a gen-
eral median of 2n = 28. Fig. 3 shows two ploidy related prevalent chromosome num-
bers; neopolyploids in Commelinids, which corresponds to Paspalum counts (2n = 20 
and 40), and several paleopolyploid genera as Habenaria with 2n = 42 (Monocots) 
and Mikania with 2n = 36 (Eudicots-Asterids-Campanulids). An unusual conspicuous 
high frequency of 2n = 36 for the whole sample, corresponds mainly to genera Manihot 
Mill., 1754 (Euphorbiaceae), Tibouchina Aubl., 1775 (Melastomataceae) and Mika-
nia Willd., 1803 (Asteraceae). Intraspecific chromosome number variation occurs in 
14.3% of species, being polyploidy the cause in 88% of them. At the genus level, most 
high chromosome numbers are multiples of one of the lowest modal numbers of the 
genus, i.e. base numbers (database website). The even/odd ratio of n is higher for the 
groups with “n greater than the mode” in almost every clade, as expected, except for 
Asterids-Campanulids (ratio 1.5), while Asterids-Lamiids shows the greatest bias to-
wards even numbers (ratio 6.5) in karyotypes with n greater than the mode (Table 2).

Only 88 C-values were found for the taxa of Cerrado, most of them ranging from 
2C = ca. 1.5 pg to ca. 3.5 pg with a median value of 2.38 pg (Fig. 4). That corresponds 
to 1.25% of the addressed species list. For a sample of known TCL (or TCA) and 
C-value, a correlation analysis, although significant, resulted in low r2 values (weak 
to moderate). Applying a linear model to predict 2C-value based on TCL, resulted 
in prediction intervals of ca. 2pg. TCL and TCA values together with some predicted 
2C- values are shown in Suppl. material 5, 6 and the database website.

Figure 3. Dot-plot of observed and calculated 2n numbers for Cerrado plant species considering APG 
major clades. The three most common numbers (frequency ties separated by comma) and sample size in 
parentheses are indicated. Dot size varies depending on the maximum frequency of each group.
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table 1. Websites used for the search of literature.

Name URL
Chromosome Counts Database* ccdb.tau.ac.il
Plant DNA C-values Database* data.kew.org/cvalues

International Organization of Plant Biosystematists www.iopb.org
Scholar Google scholar.google.com

Scopus www.scopus.com
Biodiversity Heritage Library biodiversitylibrary.org

JSTOR www.jstor.org
Real Jardín Botánico CSIC bibdigital.rjb.csic.es/spa/index.php

Naturalis Biodiversity Center www.repository.naturalis.nl
Botanicus Digital Library www.botanicus.org

Smithsonian Contributions to Botany repository.si.edu/handle/10088/6943
Crossref www.crossref.org

*citation in text, data taken from available primary sources.

table 2. Even/odd ratio for haploid (n) numbers considering mode of n.

Clade or group
n even/odd ratio

Greater Lesser
than n mode

Monocots - Commelinids 3.47 0.40
Other monocots 4.00 0.12
Core eudicots-Superasterids-Asterids-Lamiids 6.50 1.00
Core eudicots-Superasterids-Asterids-Campanulids 1.50 1.57
Core eudicots-Superrosids-Malvids 3.22 0.50
Core eudicots- Superrosids-Fabids 3.40 0.56

Figure 4. Violin-plots for genome sizes in pg for Cerrado angiosperms. Y-axis contains clades, three highest 
peaks of the Gaussian kernel density and sample size. Bandwidth of the density estimator customizable in 
http://cyto.shinyapps.io/cerrado
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Discussion

There is strong interest for genomics and genetics of Cerrado species (Souza et al. 
2016). Knowledge of basic data as chromosome number, ploidy level and genome size 
is critical for the selection of model species (Kelly et al. 2012). Though recent cytoge-
netic studies tend to incorporate phylogenetic frameworks and correlate cytogenetic 
with ecological variables, this kind of studies are scarce for Cerrado (Glick and May-
rose 2014; Suda et al. 2015; Silveira et al. 2016). As noted by Guerra (1990), previous 
to the 1990 decade, cytogenetic studies of authors from U.S.A. prevailed. After that 
period, mitotic analysis increased compared to meiotic studies, which relate to the 
establishment of cytogenetic laboratories allowing the treatment with antimitotics of 
root meristems. Still, the amount of chromosome number data for species occurring 
in Cerrado is lower than the world total, 16.1 vs. 20% (Rice et al. 2015) and several 
“orphan” genera were identified, such as Stachytarpheta (Verbenaceae), Microlicia (Me-
lastomataceae) and Leiothrix (Eriocaulaceae). Unlike other techniques, C-banding and 
silver staining studies did not increase in recent decades, which might be related to 
low repetitiveness of methods (Guerra 1990). Despite recent efforts, the percentage 
of known Cerrado C-values is still lower than the 2.1% for all angiosperms (Garcia et 
al. 2014a). Data of TCA, and TCL for a larger number of species were intended to be 
used as proxy for genome size after an analysis that resulted in weak to moderate sig-
nificant correlation with 2C-value in pg. Though they can give a rough estimate of the 
magnitude of the genome, the prediction interval is high considering most genomes 
fall within a 2 pg range.

Discontinuities in chromosome numbers seen as multimodal distributions indi-
cate that higher numbers are polyploids generated by genome duplication. A polyploid 
origin for most high n numbers is also evidenced by the high (> 1) even/odd ratios of n 
(Rice et al. 2015). In contrast, low even/odd value (for n greater than the mode) is rare 
and suggests increased dysploidy and/or low frequency of polyploidy, compared with 
groups that follow the opposite general trend.

Conclusion

The Database of Cytogenetics of Cerrado plants and its website is presented, making an 
important step in facilitating access to most known cytogenetic attributes (http://cyto.
shinyapps.io/cerrado/). The amount of chromosome number data for Cerrado is lower 
than the world total. The chromosome number, is still lacking in several rich genera 
and families, and therefore, they can be considered “orphan”. This complete lack of 
information also happens for 70% of the single-species genera addressed. Analysis of 
chromosome numbers at several taxonomical levels revealed a straightforward relation-
ship between polyploidy and high chromosome numbers. Regarding other techniques, 
like heterochromatin staining, molecular cytogenetics and C-value estimation, they 
have been applied to a very small percentage of species, however, those studies have 
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been steadily increasing since 2000. Though cytogenetic data are the basis for some 
evolutionary and ecological studies, there is a lack of those kind of interdisciplinary 
studies for Cerrado.
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Introduction

Perciformes have long been regarded as the largest order of vertebrates with nearly 10.000 
species, 1540 genera, and 160 families, most of them inhabiting the marine environment 
(Nelson 2006, Helfman et al. 2009). Recently, robust molecular studies resolved their 
phylogenetic uncertainties by placing this and other Percomorpha representatives into 11 
orders within a new supraordinal group called Percomorpharia, even though Perciformes 
remained as the most species-rich order (Betancur et al. 2013). Nonetheless, in spite of their 
ecological and evolutionary relevance, the marine representatives from this large fish group 
remain poorly studied from a cytogenetic viewpoint (Galetti et al. 2006) when compared 
to typical freshwater families (Balen et al. 2013, Cardoso et al. 2013, Gouveia et al. 2013).

In general, chromosomal studies in marine Percomorpharia reveal stable karyotypes 
composed of 2n=48 and a predominance of acrocentric pairs. Indeed, the presence of 24 
acrocentric pairs is shared by several species from distinct families of Perciformes (Affon-
so et al. 2001, Accioly and Molina 2007, 2008, Cipriano et al. 2008, Motta Neto et al. 
2011a, 2011b, 2012, Molina et al. 2012, Molina et al. 2013, Costa et al. 2016). This pat-
tern raises some intriguing questions: (1) how could such a morphologically diversified 
group evolve without significant chromosomal changes (Brum 1996, Galetti et al. 2000, 
Molina 2007)? (2) What are the advantages (if any) of maintaining stable karyotypes?

One of the hypotheses invoked to explain the conserved karyoevolution of this fish 
group refers to their biological traits, such as the absence or fragility of physical barriers 
in oceans that favor the connectivity among populations, wide range of most species 
and chromosomal or genomic peculiarities (Molina 2007). In fact, freshwater families 
of Percomorpha, like Cichlidae, are characterized by higher karyotype variation than 
marine groups, corroborating the role of allopatric evolution in the process of chromo-
some differentiation (Brum and Galetti 1997, Feldberg et al. 2003).

On the other hand, most families of marine Percomorpharia have been divided 
into two groups based on the rate of karyotype changes, comprising families of high 
karyotype stability or with moderate rates of karyoevolution (Molina et al. 2014). 
Nonetheless, several species and families lack basic cytogenetic information and re-
fined analyses of chromosomal microstructure are particularly rare in marine fish, thus 
restraining evolutionary inferences and the extent of their conservative karyoevolution.

To test the corollary that the high dispersal and gene flow associated with the 
weakness of geographic barriers accounts for the chromosomal stasis in marine Perco-
morpharia groups, we analyzed cytogenetically three widespread Atlantic species from 
distinct families: Chaetodipterus faber (Ephippidae), Lutjanus synagris (Lutjanidae) and 
Rypticus randalli (Serranidae). Besides inferring their karyoevolutionary pathways, we 
provided the first cytogenetic report in C. faber and R. randalli.
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Methods

The specimens of Chaetodipterus faber (N=7, 1♀, 6 unidentified sex), Lutjanus synagris 
(N=8, 4♀, 4 unidentified sex), and Rypticus randalli (N=10, 3♂, 2♀, 5 unidentified 
sex) were collected by gillnets and snorkeling in Camamu Bay and Boipeba Island, 
located on the coast of Bahia, northeastern Brazil, South Atlantic. The vouchers were 
deposited in the Laboratory of Genetics of Aquatic Organisms (LAGOA) from Uni-
versidade Estadual do Sudoeste da Bahia, in Jequié, Bahia.

After collection, the specimens were mitotically stimulated by inoculation of fun-
gal antigens and kept in fish tanks for 24 to 72 h (Lee and Elder 1980). After eutha-
nasia in iced water (Blessing et al. 2010), the anterior kidney was removed and used to 
obtain mitotic chromosomes (Netto et al. 2007, Blanco et al. 2012). These procedures 
were approved by the Committee of Animal Ethics (CEUA/UESB) from Universidade 
Estadual do Sudoeste da Bahia (71/2014).

The heterochromatin regions were visualized by C-banding (Sumner 1972) while ac-
tive nucleolus organizer regions (NORs) were detected by silver nitrate staining (Howell 
and Black 1980). The sequences of 18S and 5S rRNA genes were mapped simultaneous-
ly onto chromosomes by double fluorescence in situ hybridization (FISH) with a strin-
gency of 77% (Pinkel et al. 1986). The 18S and 5S ribosomal sequences were obtained 
via polymerase chain reaction (PCR) using samples of genomic DNA of Moenkhausia 
sanctaefilomenae and labeled with16-dUTP–biotin and digoxigenin-11-dUTP (Roche®), 
respectively. The signal detection was accomplished by using fluorescein isothiocyanate-
avidin conjugate (Sigma-Aldrich®) for 18S and anti-digoxigenin-Rhodamine (Roche®) 
for 5S rDNA. The chromosomes were counterstained using 4'6-diamidino-2-phenylin-
dole (DAPI) at 0.2 mg/mL in Vectashield Mounting Medium (Vector®).

The metaphase spreads were photographed using an epifluorescence microscope 
Olympus BX-51 equipped with the software ImagePro-Plus v. 6.2. (Media Cybernet-
ics).The chromosomes were classified according to their arm ratio (Levan et al. 1964) 
and organized into pairs by decreasing size order in karyotypes.

Results

The species C. faber, L. synagris, and R. randalli share a modal diploid number of 2n = 
48, composed exclusively of acrocentric chromosomes (Figure 1). The heterochromatin 
distribution is reduced, being located at centromeric or pericentromeric regions of most 
chromosomes in the three species (Figure 1A, B, C). Particularly, C. faber showed con-
spicuous heterochromatic blocks in pair 3, being coincident with NORs (Figure 1A, box).

Single NORs were invariably detected, but located at distinct pairs according to each 
species (Figure 1A, 1B, 1C, Box). The NORs in C. faber were located at interstitial position 
on long arms of pair 3 (Figure 1A, box). On the other hand, the NOR-bearing pair corre-
sponds to the 23rd pair in L. synagris, with marks at interstitial region close to centromeres, 
in agreement with secondary constrictions revealed by Giemsa-staining (Figure 1B, box). 
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Figure 1. Karyotypes of Chaetodipterus faber (A), Lutjanus synagris (B), and Rypticus randalli (C) with 
2n=48 acrocentric chromosomes after conventional Giemsa-staining (top), C-banding (center) and dou-
ble FISH with 18S (green signals) and 5S (magenta signals) rDNA probes (bottom). In boxes, the pairs 
bearing nucleolus organizer regions after silver nitrate staining (Ag-NORs).

In R. randalli, the NORs were detected at pericentromeric region of pair 20, being charac-
terized by size heteromorphism between homologous (Figure 1C, box).

The 18S rDNA sites were located at interstitial positions on the long arms of pairs 
3, 20, and 23 in C. faber, R. randalli, and L. synagris, respectively. Size differences in the 
18S rDNA clusters between homologs were observed in C. faber and R. randalli, as also 
revealed by silver nitrate staining (Figure 1A, 1B, 1C). The 5S rDNA sequences were 
mapped at pericentromeric region on long arms of all studied species, corresponding 
to the pairs 15 in C. faber, 21 in L. synagris and 14 in R. randalli (Figure 1A, 1B, 1C).

Discussion

The three species studied in the present work shared a karyotype composed of 24 pairs 
of acrocentric chromosomes, regarded as a plesiomorphic feature for Perciformes sensu 
Nelson 2006 (Brum 1996, Galetti et al. 2006, Molina 2007, Arai 2011) in spite of the 
derived position of some representatives in phylogenetic studies. Indeed, according to 
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the recent classification of bony fish, C. faber (Ephippidae) would belong to a distinct 
order (Ephippiformes) while Lutjanidae has been placed apart from other Perciformes 
families (e.g. Serranidae) within Percomorpharia (Betancur et al. 2013). Indeed, this 
symplesiomorphic karyotype has been commonly reported in serranids (groupers and 
allies) (Molina et al. 2002), just like herein described for R. randalli.

Likewise, lutjanids (snappers) from the Brazilian coast invariably present 2n=48 
acrocentric chromosomes (Rocha and Molina 2008), as corroborated by our data in L. 
synagris. However, cytogenetic studies in Caribbean populations of L. synagris revealed 
an additional karyomorph with 2n=47 (1 metacentric and 46 acrocentric chromo-
somes), characterizing a polymorphic condition (Nirchio et al. 2008).

The karyotypic results in C. faber represent the first cytogenetic data in the order 
Ephippiformes (Betancur et al. 2013), which constrains inferences about chromosom-
al evolution in this group. Nonetheless, the karyotype macrostructure of this species 
follows the common trend observed in most Percomorpharia groups (e.g. Haemulidae, 
Scianidae, Lutjanidae and Serranidae) (Nirchio et al. 2014).

Besides the role of dispersal and formation of large populations (Molina 2007), some 
authors have inferred that speciation driven mainly by ecological features rather than by 
genetic isolation per se could result in a high number of species with similar karyotypes, 
as proposed for Haemulidae and Lutjanidae (Rocha and Molina 2008, Motta Neto et 
al. 2012). Moreover, intrinsic genome features could favor a conserved karyoevolution 
in these marine fish families. In common, most of studied species with basal karyotypes 
are poor in heterochromatin content and other repetitive sequences, which have been 
associated with the dynamics and rates of chromosomal changes (Molina 2007, Costa et 
al. 2013). However, detailed studies of karyotype microstructure are scarce for most ma-
rine fish species. Thus, microstructural chromosomal changes not affecting the number 
and morphology of chromosomes could remain undetected, misleading to the apparent 
chromosomal stability in Perciformes and allies (Nirchio et al. 2014). Therefore, chro-
mosomal studies including banding methods and mapping of specific DNA sequences, 
as carried out in the present study, are particularly important to infer the karyotype struc-
ture of Percomorpharia and the evolutionary forces that could determine interspecific 
variation in spite of the conservativeness of karyotype macrostructure.

The nucleolus organizer regions (NORs) are considered a highly informative cy-
togenetic marker in teleosteans (Gornung 2008). The presence of single NORs at peri-
centromeric region is considered the plesiomorphic condition for several families in 
Percomorpharia, particularly those characterized by species with 2n=48a (Affonso et 
al. 2001, Motta Neto et al. 2011b, Molina et al. 2013), as also supported by the pre-
sent results of 18S rDNA FISH and silver nitrate staining. In the case of L. synagris, the 
pattern of distribution of ribosomal genes was similar to that previously described for 
other populations in Brazil (Costa et al. 2016). Similarly, NOR size heteromorphism 
between homologous chromosomes in other fish species bearing single 18S rDNA 
clusters (Foresti et al. 1981) is widespread, as also detected in this report. Usually, this 
polymorphism is related to spontaneous duplications/deletions or unequal crossover 
between homologous (Affonso et al. 2002).
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On the other hand, the NOR-bearing pair seems to differ according to each species 
in some families, like Lutjanidae (Costa et al. 2016) and Serranidae (Molina et al. 2002). 
Accordingly, in spite of sharing the same karyotype macrostructure and the number of 
18S rDNA sites, the three species herein studied could be distinguished by the NOR-
bearing pair (3 in C. faber, 23 in L. synagris, and 20 in R. randalli). Even though the 
precise establishment of pairs is hindered by the subtle size differences of acrocentric 
chromosomes, thereby being susceptible to some degree of subjectivity, the NOR-
bearing pairs in the species clearly belong to distinctive categories according to size, 
ranging from large (C. faber) to small (L. synagris) pairs.

The identification of 5S rRNA genes was also informative to the karyotypic analy-
ses of studied species. As commonly reported in marine fish, particularly Perciformes 
(Motta Neto et al. 2011a, Martins et al. 2011, Molina et al. 2013), the 5S rDNA 
clusters were non-syntenic to NORs and located close to centromeres, revealing their 
independent evolution in relation to 18S rDNA. Apparently, this trend is widespread 
in Percomorpharia once it was identified in distinct orders according to the recent 
phylogenetic tree of teleosteans (Betancur et al. 2013). As observed for 18S rDNA, 
the pairs carrying 5S rDNA clusters also differed among each species suggesting they 
represent species-specific markers, even though the pairs were more similar in size (15 
in C. faber, 21 in L. synagris, and 14 in R. randalli).

In conclusion, the present results highlight the extensive karyotype macrostructure 
stasis in marine Percomorpha, since several cytogenetic features were shared by three spe-
cies from distinct families and groups within Percomorpharia, corroborating the hypoth-
esis of conserved karyotype macrostructure in widespread marine species. However, the 
evolutionary dynamics of ribosomal genes seem to play a major role in the cytotaxonomy 
of marine fish, as pointed out in typical marine families with basal karyotypes like Lutja-
nidae (Costa et al. 2016). Therefore, the mapping of distinct classes of repetitive DNA is 
highly recommended to provide a reliable scenario about the chromosomal evolution of 
groups with apparent stable karyotypes, as Perciformes and their allies.
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Abstract
The present study focused on the evolution of the karyotype in four genera of the tribe Pholidopterini: 
Eupholidoptera Mařan, 1953, Parapholidoptera Mařan, 1953, Pholidoptera Wesmaël, 1838, Uvarovistia 
Mařan, 1953. Chromosomes were analyzed using fluorescence in situ hybridization (FISH) with 18S 
rDNA and (TTAGG)n telomeric probes, and classical techniques, such as C-banding, silver impregna-
tion and fluorochrome DAPI/CMA3 staining. Most species retained the ancestral diploid chromosome 
number 2n = 31 (male) or 32 (female), while some of the taxa, especially a group of species within genus 
Pholidoptera, evolved a reduced chromosome number 2n = 29. All species show the same sex determina-
tion system X0/XX. In some taxa, a pericentric inversion has changed the morphology of the ancestral 
acrocentric X chromosome to the biarmed X. The rDNA loci coincided with active NORs and C-band/
CG-rich segments. A comparison of the location of the single rDNA/NOR in the genus Pholidoptera 
suggests that reduced chromosome number results from Robertsonian translocation between two pairs of 
autosomes, one carrying the rDNA/NOR. The results constitute a step towards better understanding of 
the chromosomal reorganization and evolution within the tribe Phaneropterini and the whole subfamily 
Tettigoniinae.
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Introduction

Tettigoniinae Krauss, 1902 is amongst the largest groups of Tettigoniidae (also known 
as the bush-crickets or the katydids) with over 500 species occurring over five conti-
nents with the exception of the equatorial and subequatorial climatic zones (Rentz and 
Colless 1990, Cigliano et al. 2017). The Tettigoniinae has been considered by diffe-
rent authors with different systematic rank or taxonomic composition, being treated 
also as a family (e.g. Kevan 1982, Heller 1988). Recently, it has mostly been regarded 
as a subfamily including 12 tribes (Cigliano et al. 2017). However, the present tribal 
composition and ranking have been a matter of diverse interpretation (e.g. Gorochov 
1995, Massa and Fontana 2011).

Ramme (1951) first established the group “Pholidopterini” based mostly on 
a comparison of the male copulatory structures including the genera Apholidoptera 
Mařan, 1953, Parapholidoptera Mařan, 1953, Pholidoptera Wesmaël, 1838, Uvarovis-
tia Mařan, 1953 (the latter validated according to the ICZN by Mařan 1953). Later, 
the genus Exopholidoptera has been added by Ünal (1998).

The diploid chromosome number (2n), chromosome morphology (FN), and type 
of sex determination systems of Tettigoniinae have been described for more than 100 
species out of 35 genera. Most of the Old World species have 31 acrocentric chromo-
somes, but the few New World genera diverge from this standard karyotype with one 
or more pairs of metacentric autosomes and often metacentric X chromosome. Hence, 
the karyotypes in this group range from 23 to 33 in male (reviewed in Warchałowska-
Śliwa 1998).

Molecular cytogenetic methods through mapping molecular markers such as 
repetitive or unique sequences on chromosomes have been successfully applied for 
interspecific comparative karyotype structure and evolution in insects, especially co-
leopterans (e.g. Cabral-de Mello et al. 2011a), lepidopterans (e.g. Nguyen et al. 2010, 
Vershinina et al. 2015) hemipterans (Kuznetsova et al, 2015, Maryańska-Nadachowska 
et al. 2016), and orthopterans (grasshoppers e.g. Cabrero et al. 2009, Cabral-de-Mello 
2011b, Jetybayev et al. 2012, Neto et al. 2013). Recently, a series of works using ad-
vanced, such as fluorescence in situ hybridization (FISH), and conventional chromo-
some banding techniques, showed that the number and location of rDNA (NOR) and 
heterochromatin, respectively, can be useful markers for the studying the karyotypes 
evolution in tettigoniids, and for the identification of genus/species-specific patterns, 
namely in the subfamilies Phaneropterinae (e.g. Warchałowska-Śliwa et al. 2011, 
2013a, Grzywacz et. al. 2011, 2014a,b), Saginae (Warchałowska-Śliwa et al. 2009), 
Hetrodinae (Warchałowska-Śliwa et al. 2015) and Bradyporinae (Warchałowska-
Śliwa et al. 2013b). However, data on NORs in Tettiginiinae genomes are scarce 
(Warchałowska-Śliwa et al. 2005) and no mapping location of rDNA clusters and 
telomeric DNA have been done so far.

Until now, the karyotypes of 16 species/subspecies of Pholidopterini, occasion-
ally examined using C-banding and NOR staining have been studied (Warchałowska-
Śliwa et al. 2005). For the first time, we performed cytogenetic analysis of the chro-
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mosome number of 27 Pholidopterini taxa belonging to four genera (Eupholidoptera 
Mařan, 1953, Parapholidoptera Mařan, 1953, Pholidoptera Wesmaël, 1838, Uvarovis-
tia Mařan, 1953). We examined the number and distribution of rDNA clusters in 28 
taxa by FISH with 18S rDNA and telomeric (TTAGG)n probes as well as by conven-
tional methods with the aim to estimate the role of analyzed markers of understanding 
genome organization in this tribe.

Material and methods

A total of 74 specimens of the genera Eupholidoptera, Parapholidoptera, Pholidoptera 
and Uvarovistia (Pholidopterini), belonging to 38 species/subspecies were studied cy-
tologically. Table 1 summarizes the geographic origin and cytogenetic-molecular data 
of the analyzed material (including data reported earlier). Testes and ovarioles were 
incubated in a hypotonic solution (0.9% sodium citrate), then fixed in ethanol - acetic 
acid (3:1) and squashed in a drop of 45% acetic acid. The cover slip was removed using 
the dry ice procedure. Slides were dehydrated and air dried. Chromosome preparation 
for the C-banding examination was carried out according to Sumner (1972). Consti-
tutive heterochromatin was analyzed qualitatively by CMA3 (chromomycin A3) and 
DAPI (4,6-diamidino-2-phenylindole) staining according to Schweizer (1976). Silver 
nitrate staining for active nucleolus organizing regions (NORs) was achieved using the 
protocol of Warchałowska-Śliwa and Maryańska-Nadachowska (1992).

The best chromosome preparations were used for fluorescence in situ hybridization 
(FISH) with 18S ribosomal DNA (rDNA) and telomeric DNA (TTAGG)n. FISH was 
carried out as described earlier in Warchałowska-Śliwa et al. (2009). For detection of 
rDNA clusters in chromosomes, a probe containing a fragment of orthopteran 18S 
rDNA labeled with biotin-16-dUTP was used. In order to study the organization of 
telomeric repeats (TTAGG)n in chromosomes, a DNA probe was generated by non-
template PCR with Tel1 [5’ GGT TAG GTT AGG TTA GGT TAG G 3’] and Tel2 
[5’ TAA CCT AAC CTA ACC TAA 3’] primers. Visualization of hybridized DNA la-
beled with biotin and digoxigenin was performed with sheep avidin-FITC conjugates 
and anti-digoxigenin-rhodamine, respectively. The chromosomes were counterstained 
with DAPI solution under a cover glass. Chromosomes were studied with a Nikon 
Eclipse 400 microscope with a CCD DS-U1 camera and NIS-Elements BR2. For each 
individual (analyzed for the first time) at least five oogonial/spermatogonial mitotic 
metaphase and 15 meiotic divisions (in male) were examined.

Results

Table 1 shows the chromosome number (2n) and morphology of chromosomes (Fun-
damental Number = FN, the number of chromosome arms including of the X chromo-
some) of the Pholidopterini species by combining new data with previously published 
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information (Warchałowska-Śliwa 1988, Warchałowska-Śliwa et al. 2005). All analyzed 
species show the same sex determination system X0 (male) and XX (female). All spe-
cies of the genera Eupholidoptera, (Fig. 1a–c), most Parapholidoptera (Fig. 1d–l) (except 
P. aff. syriaca), six out of the 16 taxa of Pholidoptera (Fig. 2a-c) and one Uvarovistia 
species have 2n = 31 in male and 32 in female (Fig. 2h, i). Fifteen pairs of acrocentric 
autosomes can be subdivided into the three size groups: one long, five medium and 
nine short. On the other hand, in Parapholidoptera aff. syriaca (Fig. 1j–l) and in 10 out 
of 16 taxa of Pholidoptera (Fig. 2d–g), the complement is reduced to 2n = 29 (male) 
and 30 (female) as a result of one Robertsonian fusion (Warchałowska-Śliwa 1998). In 
this case, the bivalents may be classified according to size as one long submetacentric 
pair, four medium and nine short acrocentric pairs. Often, minor length differences in 
chromosome pairs cause problem with precise identification. In most Pholidopterini 
taxa, the X chromosome was acrocentric, except for the bi-armed X chromosomes in 
Parapholidoptera grandis (Karabag, 1952) (Fig. 1g–i) and P. castaneoviridis (Brunner von 
Wattenwyl, 1882) (not shown). B chromosome, a supernumerary element to the stan-
dard karyotype, was found in one Parapholidoptera distincta (Uvarov, 1921) male, being 
acrocentric and meiotically stable and similar in size to the short autosomes (Fig. 1f ).

Cytogenetic maps of 18S rDNA were obtained for six Eupholidoptera, six Parapho-
lidoptera, 15 Pholidoptera taxa and one Uvarovistia species. In each of the species, FISH 
revealed a single cluster of rDNA (per haploid genome), located on one autosome pair 
(Table 1). Its location was observed at mitotic metaphases or one bivalent from diaki-
nesis to metaphase I. In all taxa with 31 (male) and 32 (female) chromosomes, 18S 
rDNA loci with different intensity signals were located in the interstitial area of the 
chromosomes – closer to their paracentromeric region (Figs 1a, b; 2a,c) or in the mid-
dle of probably the 3rd or 4th bivalent (Fig. 1g, j) or of 4/5th bivalent in Uvarovistia 
satunini (Uvarov, 1934) (Fig. 2h). On the other hand, in most taxa with 29/30 chro-
mosomes, a high-intensity signal located in the paracentromeric region was found on 
the bi-armed first pair of autosomes (Fig. 2d, e); only in Pholidoptera brevipes Ramme, 
1939 it appeared in the interstitial region in 3rd/4th bivalent (Fig. 2g).

Two species of Parapholidoptera and one Pholidoptera exhibited heteromorphism 
in the rDNA-FISH signal and NOR in terms of the size and presence/absence between 
homologous chromosomes (indicated with an asterisk in Table 1). In both Parapholi-
doptera grandis (Fig. 1g) and Pholidoptera pustulipes (Motschulsky, 1846) (Fig. 2b, c), 
one of the males analyzed showed size variation for the 18S rDNA clusters, whereas 
presence/absence heteromorphism was observed in Parapholidoptera prope syriaca 
(Fig. 1j, k). The signals produced by (TTAGG)n FISH occurred at the distal ends of 
each chromosome in most the taxa analyzed (invisible in some species, probably due 
to a technical error or to a low number of copies of telomeric repeats) (Figs 1g, j; 2h). 
These signals were not observed in the centromere region of bi-armed chromosomes.

Generally, regardless of the number of chromosomes in karyotype, after both C-
band staining and fluorochrome double-staining, chromosome regions showed a simi-
lar pattern in analyzed species in terms of constitutive heterochromatin. Most species 
had heterochromatin blocks in the paracentromeric region with thin C-bands, very 
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Figure 1. Examples of chromosome banding in different species of the tribes Eupholidoptera (a–c) and 
Parapholidoptera with 2n = 31 (d–i) and 2n = 29 (j–l) studied using different techniques. 18S rDNA FISH 
revealed a single interstitial cluster (per haploid genome) located in the 3/4 or 4/5 bivalent (a, b, g, j) and 
co-localized with the active NOR visualized by AgNO3 staining (c–e, k). a E. astyla, diakinesis and b E. 
megastyla, spermatogonial metaphase with 18S rDNA loci (green, arrows) located close to the paracentro-
meric region of bivalent 3/4 and telomeric DNA probes (red) c E. schmidti, diakinesis with NOR (arrow) 
and selected C+, DAPI- and CMA3+ bands located interstitially on 3/4 bivalent (in the right corner) d P. 
cf. belen and e P. distincta, diplotene, arrows indicate NOR located in the middle of bivalent 3/4 f P. 
distincta, anaphase I with B chromosomes g, h, i P. grandis g spermatogonial metaphase with the rDNA 
cluster with different size between homologous chromosomes (arrows) h heterochromatin heteromor-
phism in respect to the pattern of C-bands in the first autosome pair (1, asterisks) i two metaphase II with 
bi-armed X chromosome j, k, l P. aff. syriaca j spermatogonial metaphase, rDNA-FISH signal present/
absent in homologous chromosomes (arrows and an asterisk) correspond to k NOR l two metaphase II 
with bi-armed first pair of autosomes (1) and acrocentric X. Bar = 10 μm.
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Figure 2. FISH using 18S rDNA (green) and telomeric TTAGG (red) probes on male (a, b, d, g, h) 
and female (e) karyotypes and silver staining (c, f, i). Diplotene of Pholidoptera (a–g) and Uvarovistia 
(h, i) species. White arrows point to rDNA clusters on the medium acrocentric pair or on the bi-armed 
first pair of autosomes. Black arrows indicate the active NOR co-localized with rDNA. a P. fallax and 
b, c P. pustulipes (2n = 31). Asterisks point to differences in size/strength of rDNA/NOR between ho-
mologous chromosomes d–f P. macedonica (2n = 29). Arrows indicate high-intensity rDNA signal and 
NOR located in the paracentromeric region of the bi-armed first pair of autosomes g P. brevipes (2n = 
29). Arrows point 18S rDNA cluster on medium-sized bivalent h, i U. satunini (2n = 31). Bar = 10 μm.

weakly staining with DAPI and CMA3 (CMA3-) negative (not shown). Only in the 
first chromosome pair of Parapholidoptera grandis, thick C-bands in paracentromeric 
and distal regions were visualized with both DAPI-positive (AT-rich) and CMA3-posi-
tive (GC-rich) signals (not shown). In this case, a heterochromatin heteromorphism in 
respect to the pattern of C-bands (Fig. 1h) and fluorochrome bands (not shown) was 
observed between individuals. However, in all analyzed Pholidopterini, thin or thick 
C-band, DAPI- and CMA3+ band were located interstitially on the 3rd/4th (Fig. 1c) 
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or 4/5th bivalent in species with 2n = 31, 32 and in Pholidoptera brevipes with 2n = 29, 
as well as in the paracentromeric region on the long bi-armed autosome pair in species 
with 2n =29, 30 (not shown).

Discussion

Up to now, cytotaxonomic studies of the Palaearctic Tettigoniinae in more than 60 spe-
cies out of 22 genera, including 30 species of 11 genera from Europe showed that the 
most of species had 31 acrocentric chromosomes. However, in Pholidoptera macedonica 
and Ph. aptera, the chromosome number is reduced to 29 with one submetacentric 
long pair (Warchałowska-Śliwa 1988, 1998, Warchałowska-Śliwa et al. 2005).

Representatives of four Pholidopterini genera examined in this study have two 
different male karyotypes including 31 or 29 chromosomes, respectively, and the same 
sex determination system. The diploid number 2n = 31 (male) of all species belonging 
to Eupholidoptera and Uvarovistia (only one species was analyzed) as well as to Para-
pholidoptera (excluding Parapholidoptera prope syriaca) corroborates previous studies, 
which revealed that most species of the Palaearctic Tettigoniinae were characterized by 
such basic/ancestral karyotype (e.g. for review see Warchałowska-Śliwa 1998). Addi-
tionally, a pericentric inversion modifying the position of the centromere has changed 
the morphology of the ancestral acrocentric X chromosome to the biarmed X in two 
Parapholidoptera and two Pholidoptera species. A similar type of translocation was re-
ported in some other species of Tettigoniinae (Warchałowska-Śliwa 1998), Phanerop-
terinae (Warchałowska-Śliwa et al. 2011) and Bradyporinae (e.g. Warchałowska-Śliwa 
et al. 2013a). Further analysis is required to confirm this assumption of polymorphism 
of such chromosome changes.

The ancestral chromosome number is reduced to 2n = 29 in almost half of the 
analyzed Pholidoptera species and only one Parapholidoptera species (P. prope syriaca) 
as a result of one Robertsonian translocation (the first autosome pair in the set becomes 
submetacentric). This reduction appears to be more frequent in the chromosomal evo-
lutionary history of the subfamilies Tettigoniinae and Bradyporinae (e.g. White 1973, 
Hewitt 1979, Warchałowska-Śliwa 1988, 1998, Grzywacz et al. 2017 in press).

B chromosomes are frequent in orthopterans, especially in superfamilies Pyrgo-
morphoidea, Grylloidea, Acridoidea, Tetrigoidea (e.g. Palestis et al. 2010) while rare 
and often unstable in Tettigonioidea, (e.g. Warchałowska-Śliwa et al. 2005, 2008, 
Hemp et al. 2010a, 2015b). The origin of B chromosome in Parapholidoptera distincta 
is currently not clearly known and needs a comparison of the DNA sequences shared 
by both autosomes and Bs.

In the Pholidopterini chromosomes described in this paper, one 18S rDNA FISH 
locus (per haploid genome) coincides with a single active NOR detected by Ag-NO3 
staining and with a C-band/CG-rich segment, independently from the number of 
chromosomes in the set. However, in analyzed species/subspecies two different pat-
terns of the location of rDNA/NOR were observed. A single bivalent carrying 18S 
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rDNA clusters in the interstitial region on a medium-sized chromosome (3rd/4th pair) 
seems to be typical feature of the representatives of Eupholidoptera, some Pholidoptera 
and Parapholidoptera taxa with 31 chromosomes as well as Parapholidoptera prope 
syriaca with chromosome number reduced to 29 in male. The 18S rDNA location on 
the 4/5th pair of Uvarovistia satunini might represent a derived aspect. Additionally, 
some structural rearrangements, e.g. a small inversion, may have been involved in 
changes of the rDNA location in two Parapholidoptera species. By contrast, in seven 
species/subspecies with 29 chromosomes, one paracentromeric rDNA site, exhibited 
a unique rDNA distribution pattern in the long bi-armed autosome. The distribution 
of rDNA loci/active NORs show that a Robertsonian translocation between the first 
pair and medium sized pair of chromosome-bearing rDNA cluster (probably 3rd/4th) 
has reduced the chromosome number from 2n = 31 (FN=31, 32) to 29 (FN=31, 32).

The presence of interstitial rDNA loci on a single bivalent (acrocentric or bi-
armed) has been observed in the same subfamily in the tribe Platycleidini (Grzywacz 
et al. 2017 in press) and in some Bradyporinae karyotypes where a reduction of the 
chromosome number as the result of tandem fusion or Robertsonian translocation was 
suggested (Warchałowska-Śliwa et al. 2013a). These observations show that frequently 
rDNA/NOR-bearing chromosomes take part in karyotype rearrangements. The rDNA 
of terminal NORs is considered to be involved in Robertsonian translocations and in 
this case either very small centric or acentric fragments may be eliminated during sub-
sequent mitotic or meiotic divisions or be undetectable by microscopic visualization 
techniques (Lysák and Schubert 2013). The lack of interstitial (TTAGG)n sequences 
(tDNA-FISH signal) in the centromeric region of bi-armed chromosomes, observed 
in some Pholidopterini species, could probably be due to a loss of telomeric repeats 
during karyotype evolution.

The presence of paracentromeric 18S rDNA cluster on a single bivalent was previ-
ously observed in different size chromosomes of other tettigoniids: in European (e.g. 
Warchałowska-Śliwa et al. 2013b) and African (Hemp et al. 2010b, 2013, 2015a) 
Phaneropterinae likewise in European Saginae (Warchałowska-Śliwa et al. 2009) and 
Bradyporinae (Warchałowska-Śliwa et al. 2013a), as well as in some grasshoppers (e.g. 
Cabral-de-Mello et al. 2011b). Probably, 18S rDNA cluster in Pholidopterini (present 
results) and Platycleidini (Grzywacz et al. 2017 in press) is syntenic in the interstitial 
position on chromosome pair 3rd/4th in karyotype with 31 chromosomes. This locali-
zation suggests occurrence of chromosome reorganization that probably occurred in 
their common ancestor by inversion causing displacement of the 18S rDNA cluster 
from paracentromeric to an interstitial position.

Generally, the Pholidopterini are characterized by chromosomes with a small 
amount of constitutive heterochromatin in the paracentromeric region and interstitially 
located C-bands in a medium sized autosome. In most of species and genera belonging 
to European Tettigoniinae, thin paracentromeric C-bands were uniformly present in 
chromosomes, but the C-banding patterns and distribution of interstitial and telom-
eric heterochromatin are usually found to vary among genera and sometimes between 
species of one genus (e.g. Warchałowska-Śliwa et al. 2005). In most of analyzed spe-
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cies only the interstitial region of the 3rd/4th autosome pair showed thin C-bands and 
bright CMA3 (DAPI-negative) CG-rich segments (except the first chromosome pair of 
Parapholidoptera grandis with thick C-bands/DAPI+/CMA3+ signals). Our results dem-
onstrate a coincidence between the location of rDNA loci and active NOR and C/
GC-rich heterochromatin regions, which indicates the presence of multiple repetitive 
DNA sequences. In a few Pholidopterini species, the size of the rDNA hybridization 
signals on homologous pairs of autosomes (Table 1; indicated by an asterisk) and the 
pattern of heterochromatin distribution have revealed size heteromorphism in the NOR 
and C-bands. Present results indicate different intensities of hybridization signals on the 
autosomes (3rd/4th) of Parapholidoptera grandis and Pholidoptera pustulipes, reaching an 
extreme case in Parapholidoptera prope syriaca (only one chromosome showed a hybridi-
zation signal). These differences, detected by e.g. Ag-NOR banding technique, suggested 
the occurrence of a polymorphism in the number of rDNA sequence copies. Similar 
heteromorphism has been observed in other tettigoniids (e.g. Warchałowska-Śliwa et al. 
2013a,b, Grzywacz et al. 2014a,b) as a result of different mechanisms, i.e. homologous 
translocation, unequal crossing-over, homologous translocation or specific rearrange-
ments of repetitive DNA families (e.g. Bressa et al. 2008, Cabrel-de-Mello et al. 2011b).

In conclusion, the results described in this paper demonstrate the usefulness of 
molecular techniques as tools for better understanding of chromosomal organization 
and evolutionary history in the tribe Pholidopterini. This study show that the karyo-
types of the species analyzed have undergone evolution including changes in chromo-
some number and morphology by one Robertsonian translocation and sporadically 
inversion in the X chromosome. The location of the single rDNA/NOR coinciding 
with C-band/CG-rich segment in the genus Pholidoptera suggests that reduced chro-
mosome number from 31 to 29 in male resulted from a Robertsonian translocation 
between two pairs of autosomes, one carrying the rDNA/NOR. Thus, FISH for iden-
tifying the location of 18S rDNA has proved to be a good marker for distinguishing 
species in this genus. On the other hand, the tendency of interstitial distribution of 
repeated DNA sequences may represent a cytogenetic marker for distinguishing some 
genera in Tettigoniinae. In contrast, interspecific autosomal differentiation has in-
volved minor differences concerning the heterochromatin composition and distribu-
tion obtained by C-banding and fluorochrome staining. Furthermore, the additionally 
detected taxon-specific karyotypic differences in Pholidopterini need to be compared 
with phylogenetic data to get a clearer idea of their importance both for understanding 
the karyotype evolution and speciation within this group.
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Abstract
Specimens with intermediate morphology are often considered to be the result of ongoing interspecific hy-
bridization; however, this conclusion is difficult to prove without analysis of chromosomal and/or molecu-
lar markers. In the butterfly genus Melitaea, such an intermediacy can be detected in male genitalia, and is 
more or less regularly observed in localities where two closely related, presumably parental species are found 
in sympatry. Here I analyze a high altitude Melitaea population from Mt. Hermon in north Israel and show 
that its male genitalia are clearly differentiated from those found in phenotypically similar M. persea and 
M. didyma, but in some aspects intermediate between them. This hybrid-like population is unique because, 
although M. didyma is present on Mt. Hermon, the true, low-altitude M. persea has never been reported 
from Israel. Cytogenetic analysis revealed no apomorphic chromosomal characters to distinguish the Mt. 
Hermon population from other known taxa of the M. persea and M. didyma species groups. At the same 
time, DNA barcode-based phylogeographic study showed that this population is ancient. It was estimated 
to originate 1–1.6 million years ago in the Levantine refugium from a common ancestor with M. persea. 
Generally, the data obtained are incompatible with interpretation of the studied population as a taxon 
conspecific with M. persea or M. didyma, or a swarm of recent hybrids between M. persea and M. didyma, 
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although the possibility of ancient homoploid hybrid speciation cannot be ruled out. I also argue that the 
name Melitaea montium assigned to butterflies from north Lebanon cannot be applied to the studied taxon 
from Mt. Hermon. Here I describe this morphologically and ecologically distinct entity as a new species 
Melitaea acentria sp. n., and compare it with other taxa of the M. persea complex.

Keywords
Chromosomes, COI, DNA barcoding, genitalia, homoploid hybrid speciation, interspecific hybridiza-
tion, Middle East, Melitaea casta, Melitaea eberti, Melitaea higginsi, Melitaea deserticola, Melitaea trivia, 
morphology, nomenclature, taxonomy

Introduction

Butterflies of the genus Melitaea Fabricius, 1807 are distributed throughout the warm 
and temperate part of the Palaearctic region and occupy a wide range of habitat types, 
including meadows, grasslands, steppe, alpine biotopes, arid mountains and deserts 
(Tuzov and Churkin 2000). This group was revised by Higgins (1941, 1955) and more 
recently by Oorschot and Coutsis (2014) who used analysis of male genitalia as a main 
tool to document taxonomic structure of the genus. Despite these revisions, a large 
number of unresolved taxonomic questions persist among Melitaea, where species-
level boundaries remain poorly defined. For example, DNA-barcode analysis revealed 
multiple deeply diverged lineages with properties of phylogenetic and partially biologi-
cal species within Melitaea didyma (Esper, 1779) sensu lato, a widely distributed and 
common Melitaea species (Pazhenkova et al. 2015, Pazhenkova and Lukhtanov 2016).

Recent progress in improving our knowledge of relationships in Melitaea was 
made by using chromosomal (de Lesse 1960, Larsen 1975, Lukhtanov and Kuznet-
sova 1989, Hesselbarth et al. 1995) and molecular markers (Zimmermann et al. 1999, 
Long et al. 2014). In particular, molecular studies have helped to resolve some of the 
issues related to the composition of species groups within Melitaea (Wahlberg and 
Zimmermann 2000, Leneveu et al. 2009). However, with few exceptions (Kuznetsov 
et al. 2014, Toth et al. 2014, Pazhenkova et al. 2015, Pazhenkova and Lukhtanov 
2016), molecular markers have not been used for analysis of taxonomic structure of 
Melitaea on level of closely related species or on intraspecific level.

One of the most serious problems of the Melitaea taxonomy is the presence of so 
called “intermediates” (Oorschot and Coutsis 2014). The closely related sympatric spe-
cies of the genus Melitaea can be distinguished by male genitalia structure; however, 
specimens with intermediate genitalia can be more or less regularly found in nature. 
Most likely, these intermediates represent results of recent interspecific hybridization 
(Oorschot and Coutsis 2014), but such a conclusion is difficult to prove without analysis 
of genetic markers. The majority of these intermediates are concentrated in south-west 
Asia where the widely distributed species M. persea Kollar, 1849 contacts with M. didyma 
(in Turkey and Armenia), M. interrupta Kolenati, 1848 (in the Russian Caucasus, Azer-
baijan, Armenia, east Turkey, Iran and Turkmenistan), M. gina Higgins, 1941 (in Iran) 
and M. mixta Evans, 1912 (in Afghanistan and Pakistan) (Oorschot and Coutsis 2014).
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While analyzing specimens of the genus Melitaea collected in 2013-2016 in Israel 
as a part of the Israeli butterflies DNA barcoding survey project, I encountered a series 
of distinctive samples, collected in June 2013 at high altitude of Mt. Hermon by Asya 
Novikova (the Hebrew University of Jerusalem). These specimens were preliminarily 
identified as M. persea montium Belter, 1934, a name described from north Lebanon 
(Belter 1934) and recently established to be a synonym of M. didyma (Oorschot and 
Coutsis 2014, pages 17–18). Analysis of their male genitalia revealed them to be clearly 
different from phenotypically most similar M. persea and M. didyma, but in some as-
pects intermediate between them. A subsequent search and collecting in 2013, 2014 
and 2016 resulted in a number of additional specimens from Mt. Hermon and dem-
onstrated that this population was sympatric and partially syntopic with phenotypi-
cally similar M. didyma liliputana Oberthür, 1909, M. deserticola Oberthür, 1909 and 
M. trivia syriaca Rebel, 1905 as well as with phenotypically differentiated M. cinxia 
Linnaeus, 1758, M. telona Fruhstorfer, 1908 and M. collina Lederer, 1861.

In an effort to analyze the origin of these unusual Israeli specimens and to deter-
mine their taxonomic status, their karyotype and morphology were studied and com-
pared to those of M. persea and M. didyma. In addition, legs were sampled from all 
species and major populations in the M. didyma and M. persea groups (except for the 
extremely rare and local M. eberti Koçak, 1980 from N. Iran), and sequence data from 
the DNA barcode region of COI were obtained. The results of the M. didyma DNA 
barcode survey have already been published (Pazhenkova et al. 2015, Pazhenkova and 
Lukhtanov 2016). Herein I present the results of the M. persea DNA barcode analysis, 
and describe the distinctive Israeli Melitaea as a new species, Melitaea acentria sp. n.

Material and methods

Samples

Specimens examined are deposited in the Zoological Institute of the Russian Acad-
emy of Sciences, St. Petersburg, Russia and in the McGuire Center for Lepidoptera 
and Biodiversity (MGCL), Florida Museum of Natural History, University of Florida, 
Gainesville, Florida, USA. Photographs of all specimens used in the analysis, as well 
as collecting data, are available on the Barcode of Life Data System (BOLD) at http://
www.boldsystems.org/. Localities where specimens of the M. persea group were col-
lected are shown in Figure 1.

Morphological analysis

For genitalia preparation, abdomens removed from adults were soaked in hot (90°C) 
10% KOH for 3–10 min. Then they were transferred to water, the genitalia were 
carefully extracted and examined under a stereo-microscope using a pair of prepara-
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Figure 1. Localities from where specimens of the M. persea group were collected for molecular studies. 
1 M. acentria, haplogroup A 2 M. acentria, haplogroup P2 3 M. persea, haplogroup P2 4 M. persea persea, 
haplogroup P1 5 M. persea paphlagonia, haplogroup P3 6 M. higginsi, haplogroup H.

tion needles or a needle and a watchmaker’s tweezer. Once cleansed of all unwanted 
elements they were transferred and stored in tubes with glycerine. Cleansed genitalia 
armatures were handled, studied and photographed while immersed in glycerine, free 
from pressure due to mounting, and therefore free from the ensuing distortion. Geni-
talia photographs were taken with a Leica M205C binocular microscope equipped 
with a Leica DFC495 digital camera, and processed using the Leica Application Suite, 
version 4.5.0 software.

The terminology of genitalia structures follows Oorschot and Coutsis (2014).
Butterfly photographs were taken with a Nikon D810 digital camera equipped 

with Nikon AF-S Micro Nikkor 105 mm lens.

Molecular methods and DNA barcode-based phylogeographic study

Standard COI barcodes (658-bp 5’ segment of mitochondrial cytochrome oxidase subunit 
I) were studied. COI sequences were obtained from 92 specimens representing M. acen-
tria sp. n. (25 samples), M. persea persea (18 samples), M. persea ssp. from Lebanon (2 
samples), M. persea paphlagonia Fruhstorfer, 1917 (4 samples), M. higginsi Sakai, 1978 
(2 samples), M. casta Kollar, 1849 (11 samples), M. didyma liliputana (7 samples), M. 
deserticola (14 samples) and M. trivia syriaca (9 samples) (Appendix 1: Table 1).

88 samples were processed at the Canadian Centre for DNA Barcoding (CCDB, 
Biodiversity Institute of Ontario, University of Guelph) using protocols described in 
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deWaard et al. (2008), Ivanova et al. (2006) and Hajibabaei et al. (2005). Photo-
graphs of these specimens are available in the Barcode of Life Data System (BOLD) 
at http://www.boldsystems.org/. Legs of two samples (castaM8 and castaM9) were 
processed by Elena Pazhenkova at the Department of Karyosystematics of the Zo-
ological Institute of the Russian Academy of Sciences as described earlier (Pazhen-
kova and Lukhtanov 2016). Two sequences, NW43-10 (http://www.nymphalidae.
net/story.php?code=NW43-10) and NW43-9 (http://www.nymphalidae.net/story.
php?code=NW43-9), were provided by Niklas Wahlberg. Four sequences were down-
loaded from GenBank: AF187796 (M. persea), FJ462273 (M. persea), FJ462238 (M. 
casta) and FJ462288 (M. casta wiltshirei Higgins, 1941) (Wahlberg and Zimmermann 
2000, Wahlberg et al. 2005, Leneveu et al. 2009).

The barcode analysis involved 96 COI sequences (Appendix 1: Table 1) including 
53 samples of the species close to M. persea (M. persea, M. acentria sp. n. and M. hig-
ginsi) and 13 samples of M. casta that was previously recovered as a sister group to 
M. persea (Leneveu et al. 2009). It also involved samples of the phenotypically similar 
species M. didyma liliputana (7 samples), M. deserticola (14 samples) and M. trivia 
syriaca (9 samples) collected in Israel, Jordan and Syria. Nine M. trivia syriaca samples 
were selected as an outgroup.

Sequences were aligned using the BioEdit software (Hall 1999) and edited manu-
ally. Phylogenetic hypotheses were inferred using Bayesian inference as described pre-
viously (Vershinina and Lukhtanov 2010, Lukhtanov et al. 2016a, b). Briefly, the 
Bayesian analysis was performed using the program MrBayes 3.2 (Ronquist et al. 2012) 
with default settings as suggested by Mesquite (Maddison and Maddison 2015): burn-
in=0.25, nst=6 (GTR + I + G). Two runs of 10,000,000 generations with four chains 
(one cold and three heated) were performed. The consensus of the obtained trees was 
visualised using FigTree 1.3.1 (http://tree.bio.ed.ac.uk/software/figtree/).

I used two criteria to evaluate the level of DNA barcode divergence between taxa 
and haplogroups. First, I calculated the number of fixed DNA substitutions, i.e. the 
number of invariable differences in the studied COI fragment. Second, I calculated 
the minimal uncorrected COI p-distance between taxa and haplogroups. For this cal-
culation, two genetically closest samples from each taxon pair were selected, and the 
distance between them was calculated using both fixed and non-fixed substitutions.

Chromosomal analysis

Karyotypes were obtained from fresh adult males and processed as previously de scribed 
(Lukhtanov et al. 2014, 2015a, Vishnevskaya et al. 2016). Briefly, gonads were re-
moved from the abdomen and placed into freshly prepared fixative (3:1; 96% ethanol 
and glacial acetic acid) directly after capturing the butterfly in the field. Testes were 
stored in the fixative for 1 month at +4°C. Then the gonads were stained in 2% acetic 
orcein for 7–10 days at +18-20°C. Haploid chromosome numbers (n) were counted in 
meiotic prometaphase, metaphase I (MI) and metaphase II (MII).
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Results

New species description

Melitaea acentria Lukhtanov, sp. n.
http://zoobank.org/A2179B2C-0B7C-4CA5-8A41-EDF93BD27D92

Holotype (Fig. 2a, b), male, BOLD process ID BPAL2191-13, field # CCDB-17949_
A06, GenBank accession number # KY777529; Israel, Mt. Hermon, 33°18'45.6"N; 
35°47'11.9"E, 2050 m, 01 June 2013, A. Novikova leg., deposited in the Zoological 
Institute of the Russian Academy of Science (St. Petersburg).

COI barcode sequence of the holotype (BOLD process ID BPAL2191-13; GenBank ac-
cession number # KY777529): ACTTTATATTTTATCTTTGGAATTTGAGCAG-
GTATATTGGGAACTTCTTTAAGACTTTTAATTCGAACTGAATTAG-
GAAATCCAGGATCTTTAATTGGTGATGATCAAATTTATAATACTATT-
GTTACAGCTCATGCTTTTATTATAATTTTTTTTATAGTTATACCTAT-
TATAATTGGAGGATTTGGAAATTGATTAGTTCCTTTAATGTTAGGAGC-
CCCTGATATAGCATTCCCACGAATAAATAATATAAGATTTTGATTGCTC-
CCCCCCTCATTAATCTTATTAATTTCTAGAAGAATTGTAGAAAATG-
GTGCAGGTACAGGATGAACAGTTTACCCCCCACTTTCATCCAATATT-
GCTCATAGAGGATCATCTGTTGATTTAGCAATTTTTTCTCTTCATT-
TAGCTGGAATTTCTTCAATTTTAGGGGCTATTAATTTTATTACCAC-
TATTATTAACATACGCATTAATAATATATCATTCGATCAAATACCTT-
TATTTGTTTGAGCTGTAGGTATTACAGCTCTTTTATTATTATTATCTT-
TACCAGTTTTAGCAGGAGCAATTACAATACTTCTTACTGATCGAAA-
TATTAATACTTCATTTTTTGACCCTGCTGGAGGAGGAGATCCTATTT-
TATACCAACATTTA

Paratypes. 26 males and 10 females collected on Mt. Hermon, Israel.
Four males with codes CCDB-17949_E01, BPAL2234-13; KT874736, 

BPAL2236-13, CCDB-17949_E03; CCDB-25452_C10, BPAL3359-16 and 
BPAL3360-16, CCDB-25452_C11. Two females with codes BPAL3361-16, CCDB-
25452_C12; CCDB-17949_E02, KT874697, BPAL2235-13. Two females without 
codes. Israel, Mt. Hermon, 33°18'45.6"N; 35°47'11.9"E, 2040 m, 22 June 2013, 
V.A. Lukhtanov & A. Novikova leg.

Four males with codes CCDB-25453_E10, BPAL3193-16; CCDB-25453_E08, 
BPAL3191-16; CCDB-25453_E09, BPAL3192-16; CCDB-25454_C03, BPAL3257-
16; CCDB-25453_E11, BPAL3194-16. Six males and one female without codes. Is-
rael, Mt. Hermon, 33°18'20"N; 35°47'09"E, 2030 m, 17 May 2014, A. Novikova leg.

One male with codes CCDB-17969_A04, BPAL2759-15. Israel, Mt. Hermon, 
33°18'45.6"N; 35°47'11.9"E, 2040 m, 03 July 2014, V.A. Lukhtanov & A. Novikova leg.

Ten males with codes CCDB-25458_C06, BPALB125-16; CCDB-25458_C07, 
BPALB126-16; CCDB-25458_C08, BPALB127-16; CCDB-25458_C09, BPALB128-16; 
CCDB-25458_C10, BPALB129-16; CCDB-25458_C11, BPALB130-16; CCDB-
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Figure 2. Melitaea acentria sp. n. and M. persea persea. Photos by V. Lukhtanov a M. acentria sp. n., 
holotype, male, sample 17949_A06, Israel, Mt. Hermon; upperside b M. acentria sp. n., holotype, male, 
sample 17949_A06, Israel, Mt. Hermon; underside c M. acentria sp. n., paratype, male, sample 25453_
E09, Israel, Mt. Hermon d M. acentria sp. n., paratype, female, sample 25453_E11, Israel, Mt. Hermon 
e M. persea persea, male, 17966_A10, Iran, Fars prov., Fasa area, 20 km W Estahban, 2200 m, 9-11 May 
2007, B. Denno coll., MGCL accession # 2010-20 f M. persea persea, female, 17951_B01, Iran, Fars 
prov., 20 km N Darab, 2100-2300 m, 24.05.1999, leg. P. Hofmann, MGCL g M. persea persea, male, 
17966_A11, Iran, Fars prov., Fasa area, 20 km W Estahban, 2200 m, 9–11.05.2007, MGCL accession 
# 2008-43 h M. persea persea, male, 17951_B02, Iran, Char Mahall-o-Bahtiyari, Umg. Shahr-e-Kord, 
2000 m, 28 May 2002, leg. P. Hofmann, MGCL. Scale bar corresponds to 10 mm in all figures.
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25458_C12, BPALB131-16; CCDB-25458_D01, BPALB132-16; CCDB-25458_D02, 
BPALB133-16; CCDB-25458_D07, BPALB138-16. One male and three females with-
out codes. Israel, Mt. Hermon, 33°18'41"N; 35°46'49"E, 1750-1900 m, 03 May 2016, 
V.A. Lukhtanov & E. Pazhenkova leg.

Two females with codes 25458 E06, BPALB149-16; 25458_E08 BPALB151-16. 
Israel, Mt. Hermon, 33°18'51"N; 35°46'31"E, 1800 m, 07 May 2016, V.A. Lukhtanov, 
A. Novikova & E. Pazhenkova leg.

All paratypes are deposited in the Zoological Institute of the Russian Academy of 
Science (St. Petersburg).

Males (Fig. 2a–c). Forewing length 16–19 mm. Forewing is roundish.
Upperside: ground color orange-red; the wing markings are small and delicate 

when compared to those in M. didyma and M. persea. Forewings with very narrow 
black marginal border fused with internervural marginal black spots. Submargimal 
series formed by black triangular spots on the forewings and by fine lunules on the 
hindwing. Forewing postdiscal series formed by small 1-3 black spots. Forewing discal 
series is complete or nearly complete, formed by black spots of variable size, the first 
four spots near costa are often enlarged. Hindwing discal series reduced or absent. 
Basal marking of the fore- and hindwings is delicate. Black basal suffusion is developed 
only near the base of hindwings. Fringe is white, checkered by black dots.

Underside: forewing ground color orange-red except for the apical part which is 
yellowish. Black markings delicate, reduced as compared with those of the upperside 
of the wing. Hindwing ground colour yellowish-white with two orange-red fascias. 
The red-orange submarginal fascia shows segmentation as the yellowish-white ground 
color spreads along the nervures. The orange-red macules of this fascia are bordered 
by back lunules from the outer side. From the inner side these macules are edged by 
black scales and additionally bordered by black lunules, giving the appearance that the 
proximal border of the submarginal fascia is doubly edged. Fringe white, checkered by 
black dots.

Females (Figs 2d, 3). Forewing length 17–20 mm. Forewing is roundish. Ground 
color of the upperside is slightly lighter and black markings heavier than in males. 
Costal area of the wing apex yellow-orange. Underside of the forewings as in males but 
black markings are heavier and there are additional yellowish maculae between discal 
and postdiscal spots. Underside of the hindwings as in males. Fringe white, checkered 
by black dots.

Karyotype. The genus Melitaea is known for its relatively low interspecific chro-
mosome number variation (Pazhenkova and Lukhtanov 2016). However, in certain 
cases, the chromosome numbers are key to distinguish between closely related Mel-
itaea species. For example, karyotype differences in combination with information 
about parapatric distribution were the main argument for the non-conspecificity of 
M. didyma and M. latonigena Eversmann, 1847 (Lukhtanov and Kuznetsova 1989). 
Therefore, chromosomal analysis is highly desirable in any taxonomic study of Meli-
taea. Here I conducted the chromosomal analysis of the high altitude population from 
Mt. Hermon (M. acentria sp. n.). The haploid chromosome number n=27 was found 
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Figure 3. Melitaea acentria in nature. Female. Israel, Mt. Hermon, 1800 m, 07 May 2016. Photo by V. 
Lukhtanov.

Figure 4. Karyotype in male meiosis of Melitaea acentria sp. n. from Israel. a, b, c sample CCDB-
25458_D01, MI, n = 27. Scale bar corresponds to 5μ in all figures.

in prometaphase I, MI and MII cells of three studied individuals (2016-006, CCDB-
25458_C11; 2016-008, CCDB-25458_D01; 2016-009, CCDB-25458_D02) 
(Fig. 4). The MI karyotype contained one chromosome bivalent that was significantly 
larger than the rest of the bivalents.

The same chromosome number (n=27) was previously reported for M. persea from 
Iran (de Lesse 1960). A karyotype characterized by n=27 including one large chromo-
some element was also found in M. didyma neera Fischer de Waldheim, 1840 from the 
North Caucasus (Russia), although in some other studied populations of M. didyma 
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n=28 was found (de Lesse 1960, Lukhtanov and Kuznetsova 1989). The chromosome 
number n=27 was also mentioned for “M. didyma libanotica” from Lebanon (Larsen 
1975), but the vouchers for this chromosomal analysis were larvae, and in my opinion 
their identification was not certain. They could represent M. didyma liliputana, but 
also M. acentria as well as M. persea (but certainly not M. deserticola in which n=29 
was found and not M. trivia in which n=31 was found, Larsen 1975). Finally, n=27 
was reported for “M. montium” from Lebanon (de Lesse 1960), but in the last case the 
identity of the studied samples was also not clear because the identification was not 
supported by genitalia analysis.

Thus, no fixed karyotype difference is known to exist between M. acentria and M. 
persea as well as between M. acentria and M. didyma. Therefore we cannot use the avail-
able chromosomal data for delimitation between these species.

Male genitalia structure. M. didyma from Israel (Mt. Hermon) and M. persea 
from Iran and Azerbaijan were analyzed and were found to possess typical characters 
described previously (Higgins 1941, Oorschot and Coutsis 2014).

In M. persea all the main structures (ring-wall, tegumen, saccus, valvae) are elon-
gated (Fig. 5a, b), longest in the genus Melitaea (Oorschot and Coutsis 2014). The 
valva is elongated from lateral view (Fig. 6a) and the valval distal process is massive 
(Fig. 6b). The dorsum of the valval distal process lies nearly in line with the remainder 
of the valval dorsum (Fig. 6a). The ventrum of the valval distal process possesses a 
keel bearing strong teeth (Fig. 6b). The saccus is bifurcate, with long, distally pointed 
branches (Fig. 5a, b). The aedeagus is curved, with a pronounced dorso-lateral ridge 
(Fig. 7a). The lateral sclerotized element of the tegumen is massive and its distal half is 
shaped like a smoker’s pipe (Fig. 7b).

In M. didyma liliputana from Mt. Hermon all the main structures (ring-wall, tegu-
men, saccus, valvae) are significantly shorter than in M. persea (Fig. 5e, f). The valva 
is trapezoidal from lateral view (Fig. 6e). The valval distal process is delicate (Fig. 6f) 
and the dorsum of the valval distal process forms a clear angle with the remainder of 
the valval dorsum (Fig. 6e). The ventrum of the valval distal process is smooth, with-
out a keel and/or teeth (Fig. 6f). The saccus is bifurcate, with short, distally rounded 
branches (Fig. 5e, f). The aedeagus is curved, without a pronounced dorso-lateral ridge 
(Fig. 7e). The lateral sclerotized element of the tegumen is delicate and its distal half is 
T- or Γ-shaped (Fig. 7f).

In M. acentria genitalia are clearly different from both M. persea and M. didyma, 
but at the same time are intermediate in some aspects. All the main structures (ring-
wall, tegumen, saccus, valvae) are similar to those in M. persea but shorter (however, 
longer than in M. didyma) (Fig. 5c,d). The valva is cylindrical from lateral view (Fig. 
6c). The valval distal process is intermediate in its shape between M. persea and M. 
didyma (Fig. 6c, d). Its dorsal and ventral borders are roughly parallel from lateral 
view (Fig. 6c). The dorsum of the valval distal process forms a clear angle with the 
remainder of the valval dorsum (similarly to M. didyma) (Fig. 6c). At the same time, 
the ventrum of the valval distal process possesses a keel bearing teeth (similarly to 
M. persea) (Fig. 6d). However, this keel and teeth are smaller and more delicate than 
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Figure 5. Male genitalia of Melitaea persea persea (sample 25450_C06, Azerbaijan, Talysh), M. acentria 
sp. n. (holotype, sample 17949_A06, Israel, Mt. Hermon) and M. didyma liliputana (sample 17698_E10 
Israel, Mt. Hermon) (aedeagus is not shown; branches of saccus are indicated by arrows). a M. persea 
persea, dorsal view b M. persea persea, ventral view c M. acentria sp. n., dorsal view d M. acentria sp. n., 
ventral view e M. didyma liliputana, dorsal view f M. didyma liliputana, ventral view.
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Figure 6. Lateral view of the inner face of right valva (left panel) and distal process (right panel). The 
angle between the valval dorsum and the distal process (left panel), and the keel of the distal process (right 
panel), are indicated by arrows. a, b Melitaea persea persea (sample 25450_C06, Azerbaijan, Talysh) 
c, d M. acentria sp. n. (holotype, sample 17949_A06, Israel, Mt. Hermon) e, f M. didyma liliputana 
(sample 17698_E10 Israel, Mt. Hermon).

in M. persea (Fig. 6d). The saccus is bifurcate, with relatively long, distally pointed 
branches; however, these branches are shorter than in M. persea, but longer than in M. 
didyma liliputana, where they are almost absent (Fig. 5c, d). The aedeagus is curved, 
with a dorso-lateral ridge (Fig. 7c); thus the aedeagus of M. acentria is not intermedi-
ate between M. persea and M. didyma, but similar to M. persea. The lateral sclerotized 
element of the tegumen is massive and its distal half is shaped like a smoker’s pipe 
(Fig. 7d). This type of male genitalia was found in all seven studied samples including 
two samples (25453_E08 and 25458_C09) that were characterized by the mitochon-
drial haplogroup P2 (Figs 8 and 9).
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Figure 7. Lateral view of the left side of aedeagus and (left panel), and lateral view of the right side 
of tegumen (right panel). The post-zonal dorso-lateral ridge (left panel) and lateral sclerotized element 
(right panel) are indicated by arrows. a, b Melitaea persea persea (sample 25450_C06, Azerbaijan, Talysh) 
c, d M. acentria sp. n. (holotype, sample 17949_A06, Israel, Mt. Hermon) e, f M. didyma liliputana 
(sample sample 17698_E10 Israel, Mt. Hermon).

COI barcode analysis. The COI barcode analysis revealed five major clusters repre-
sented by (1) M. trivia syriaca, (2) M. deserticola, (3) M. didyma liliputana, (4) M. casta 
and (5) taxa of the M. persea group (haplogroups A, H, P1, P2 and P3) (Fig. 8). Inter-
estingly, this analysis showed that the phenotypically similar species M. trivia syriaca, 
M. deserticola and M. didyma liliputana, can be easily separated by their DNA barcodes.

The analysis recovered the M. persea group (M. acentria + M. persea +M. higginsi) 
as a strongly supported monophyletic clade sister to M. casta (Fig. 9). This clade was 
divided into five lineages.

The first lineage (haplogroup P1) includes a huge range of M. persea populations 
from Daghestan (Russia) in the north to Shiraz province (Iran) in the south, including 
samples from Shiraz in SW Iran, which represents the type locality of M. persea. Across 
this range, M. persea shows various degrees of localized morphological diversification, 
and from this territory several taxa, currently attributed to M. persea, were described: 
M. didyma caucasica Staudinger, 1861; M. didyma kaschtschenkoi Christoph, 1889; M. 
didyma araratica Verity, 1929; M. didyma magnacasta Verity, 1929; Melitaea tauricus 
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Figure 8. The Bayesian tree of studied Melitaea samples based on analysis of the cytochrome oxidase 
subunit I (COI) gene. Numbers at nodes indicate Bayesian posterior probability. A, H, P1, P2 and P3 are 
recovered haplogroups of the M. persea species complex (see Fig. 9 for more details).
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Figure 9. Fragment of the Bayesian tree of the studied Melitaea samples based on analysis of the cy-
tochrome oxidase subunit I (COI) gene. M. casta and species of the M. persea species complex are shown. 
Numbers at nodes indicate Bayesian posterior probability. A, H, P1, P2 and P3 are recovered haplogroups 
of the M. persea species complex.
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Belter, 1934; M. pesea hafiz Higgins, 1941; M. hafiz darius Gross & Ebert, 1975 and 
M. jitka D.Weiss & Major 2000. The taxonomy of these taxa was studied in more 
detail by Oorschot and Coutsis (2014), who found that they are closely related and 
should be considered no more than synonyms of M. persea persea. My DNA barcode 
results are consistent with this conclusion (Fig. 9).

The haplogroup P1 includes also a female sample 17966_F12 possessing inter-
mediate morphological characters between M. interrupta and M. persea (Fig. 10b). 
In this specimen wing upperside is similar to that in M. interrupta, whereas the wing 
underside is without black scales along the veins which are typical for M. interrupta 
(Fig. 10h), but with orange-red submarginal spots edged by black scales typical for 
M. persea (Fig. 2e–h, 10a). This sample was collected at the same place with three 
typical M. interrupta males (samples17966_F09, 17966_F10 and 17966_F11) pos-
sessing typical M. interrupta phenotype (Fig. 10h) and COI haplotypes (GenBank # 
KT874702, KT874740 and KT874741), which were very different from those of M. 
persea (see Fig. 4 in Pazhenkova and Lukhtanov 2016). It is thus probable that the 
female 17966_F12 is a result of a more or less recent hybridization between M. inter-
rupta and M. persea. Thus, it likely represents a first molecular evidence for sporadic 
interspecific hybridization in Melitaea.

The second lineage (haplogroup P2) is represented by three specimens from north 
Lebanon originally identified as M. persea (Wahlberg et al. 2005) and by three samples 
of M. acentria from Mt. Hermon: two males (25453_E08 and 25458_C09) that were 
indistinguishable in their genitalia from M. acentria of the haplogroup A and a single 
female (25458_E08). This lineage was found to be closest to P1 (Melitaea persea per-
sea). It differed from P1 by 7 fixed DNA substitutions in the studied 658 bp fragment 
of the mitochondrial COI gene. The minimal uncorrected COI p-distance between the 
representatives of these two haplogroups was calculated using both fixed and non-fixed 
substitutions and was found to be 2.0 %.

The third lineage (haplogroup P3) includes samples from NE Iran (M. persea 
paphlagonia). It differed from P1 (M. persea persea) by 10 fixed DNA substitutions in 
the studied 658 bp fragment of the mitochondrial COI gene. The minimal uncorrected 
COI p-distance between these two haplogroups was found to be 2.3 %. They were also 
distinct in wing pattern: on the upper surface all the markings were well developed and 
the first four spots of the discal series were nearly fused to form a prominent costal bar 
(Fig. 10c, d). The male genitalia of M. persea paphlagonia were similar to those found 
in M. persea persea (Higgins 1941). This lineage was not recognized as a taxon by 
Oorschot and Coutsis (2014). However, it was recognized as a distinct subspecies by 
Higgins (1941), and my DNA barcode results corroborate this conclusion. The level 
of COI differentiation between M. persea paphlagonia and M. persea persea (10 fixed 
DNA substitutions) was found to be equal to that found between M. persea persea and 
M. higginsi (10 fixed DNA substitutions).

The forth lineage (haplogroup A), one of the most diverged lineages, is represented 
by samples from Mt. Hermon (M. acentria). It differed from P1 (M. persea persea) by 
11 fixed nucleotide substitutions in the studied 658 bp fragment of the mitochondrial 
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Figure 10. Melitaea persea persea, presumptive hybrid between M. interrupta and M. persea, M. persea 
paphlagonia, M. higginsi, M. didyma liliputana and M. interrupta. Photos by V. Lukhtanov a Melitaea 
persea persea, female, 17951_B03, Iran, Esfahan, Kuh-e-Marsenan, near Zefre, 2000 m, 26 May 2002, 
leg. Hofmann, MGCL b presumptive hybrid female between M. interrupta and M. persea, 17966_F12, 
Armenia, Zhangezur Range, Megri district, Litchk, 1800 m, 23 July 1999, A. Dantchenko leg., MGCL 
c M. persea paphlagonia, male, 17951_F11, Iran, Khorasan, Kuh-e-Binalut, 15 km SW Zoshk, 2300–2500 
m, 7 June 1999, leg. P. Hofmann, MGCL d M. persea paphlagonia, male, 17951_F11, Iran, Khorasan, 
Kuh-e-Binalut, 15 km SW Zoshk, 2300-2500 m, 7 June 1999, leg. P. Hofmann, MGCL e M. higginsi, 
male, 17966_A12, Afghanistan, Hindukush, Panchir Valley, 20 June 2004, M.J.Simon collection, MGCL 
f M. higginsi, female, 17950_H10, Afghanistan, Badakhshan, Mt. Yamak N of Anjuman Pass, 3500-4000 
m, 1-25 July 2004 M.J.Simon collection, MGCL g M. didyma liliputana, male, 17968_E10, Israel, Mt. 
Hermon h M. interrupta, male, 17966_F11, Armenia Armenia, Zhangezur Range, Kadjaran, 2500 m, 
21–22 July 1999, leg. A. Chuvilin, MGCL; the wing underside is with black scales along the veins. Scale 
bar corresponds to 10 mm in all figures.
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COI gene. The minimal uncorrected COI p-distance between these two haplogroups 
was found to be 2.4 %.

The fifth lineage (haplogroup H) includes samples of M. higginsi (Fig. 10e, f). This 
taxon is very rare in collections, and I have been lucky to find two specimens in the 
McGuire Center. It differed from P1 (M. persea persea) by 10 fixed DNA substitutions 
in the studied 658 bp fragment of the mitochondrial COI gene. The minimal uncor-
rected COI p-distance between these two haplogroups was found to be 2.4 %. This 
taxon is similar to M. persea with respect to male genitalia structure (Oorschot and 
Coutsis 2014), but quite different in wing pattern. Particularly, in males the hindwing 
uppersurface is without black spots which are always present in M. persea, and in both 
sexes hindwing underside veins are scaled with black, similar to M. interrupta and dif-
ferent from M. persea. My DNA barcode results confirm the distinctness of this high 
altitude very local Afghani taxon. They also confirm that this taxon is a member of the 
M. persea species group as suggested by Oorschot and Coutsis (2014), and not related to 
the Mongolian M. didymina Staudinger, 1895 as was supposed by Sakai (1978), as well 
as not related to M. didyma as was supposed by Kolesnichenko and Churkin (2004).

Diagnosis. Butterfly wing pattern and male genitalia morphology, as well as DNA 
barcodes certaintly indicate that Melitaea acentria belongs to the M. persea species 
complex. After Oorschot and Coutsis (2014) this complex includes three closely re-
lated species: M. persea, M. eberti and M. higginsi. Male genitalia of these three species 
were analysed by Oorschot and Coutsis (2014) and were found to be virtually indis-
tinguishable. Melitaea acentria differs from these most closely related species by several 
characters in male genitalia. In M. acentria main genitalia structures (ring-wall, tegu-
men, saccus, valvae) are significantly shorter. The valva is cylindrical from lateral view, 
not elongated (Fig. 6c). The valval distal process is intermediate in its form between M. 
persea and M. didyma (Fig. 6c, d). The dorsum of the valval distal process forms a clear 
angle with the remainder of the valval dorsum (in similar way as in M. didyma) (Fig. 
6c), but very different from M. persea. The keel and teeth of the valval distal process are 
smaller and more delicate than in M. persea (Fig. 6d). On average, in M. acentria the 
ground color of the wing upperside is more orange-red (Fig. 2a–d). In other species of 
the M. persea complex it is yellowish-orange (Fig. 2e-g, 10a, c–f). However, this char-
acter is not constant (e.g. see M. persea with orange-red wing color on Fig. 2h). The 
great majority of M. acentria samples significantly differ from all other taxa by their 
DNA barcodes; however, probably due to mitochondrial introgression, a minor part 
of the samples cluster with the haplogroup P2 of M. persea.

Melitaea acentria significantly differs from the distantly related but phenotypically 
similar species M. didyma, M. deserticola and M. trivia by DNA barcodes and male 
genitalia structures. Particularly, it differs from M. didyma by the ventrum of the valval 
distal process possessing a keel bearing teeth and by the elongated shape of the ring-
wall, tegumen, saccus and valvae. Melitaea acentria mostly differs from M. didyma by 
the hindwing underside with submarginal macules that are edged by black scales and 
then bordered by black lunules, giving the impression that the proximal border of the 
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Figure 11. Points where M. acentria (red spots) and M. didyma (blue spots) were sampled or observed on 
Mt. Hermon, Israel. 1 lower station of the Hermon ski lift 2 upper station of the Hermon ski lift 3 winter 
café. Scale bar = 400 m.

submarginal fascia is doubly edged; M. acentria shares this character with M. persea. In 
M. didyma submarginal macules of the hindwing underside are usually not edged by 
black scales and simply bordered by black strokes (Fig. 10g). However, elements of the 
black scaling of the submarginal macules can be found in few M. didyma samples, and 
sometimes this black scaling is strongly reduced in species of the M. persea complex.

Distribution. Melitaea acentria is known to occur at high altitudes (1730–2060 m 
above the sea level) of Mt. Hermon (Fig. 11). Within these altitudes it is sympatric and 
syntopic with M. trivia syriaca, M. deserticola and M. cinxia. At the altitudes 1730–
1780 m there is an essential overlapping of the M. acentria and M. didyma liliputana 
ranges where both species were found to fly together in early May 2016. Two other 
Melitaea species known from Mt. Hermon, M. collina and M. telona, were found to fly 
mostly at lower altitudes 1000–1600 m.

Habitat and phenology. Three main vegetation belts have been described from 
Mt. Hermon: (i) evergreen Mediterranean maquis (300–1250 m); (ii) xero-montane 
open forest (1250–1850 m) and (iii) subalpine mountain steppe, or ‘‘Tragacanthic 
belt’’ (1850–2814 m) (Kent et al. 2013). Adults of M. acentria were found to fly in 
open grassy (Fig. 12) and stony (Fig. 13) areas of the upper part of the xero-montane 
open forest belt (1750–1850 m) (Fig. 14) and of the subalpine mountain steppe belt 
(1850–2060 m) (Fig. 15). Butterflies were observed from 3 May to 3 July. On the 3rd of 
May 2016 they were abundant at altitudes from 1780 to 1900 m, therefore I conclude 
that they can start to fly at the end of April and continue to fly at least until mid-July.
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Figure 12. Habitat of M. acentria. Israel, Mt. Hermon, 1920 m, 7 May 2016. Photo by A. Novikova.

Figure 13. Melitaea acentria and its habitat. Israel, Mt. Hermon, 2040 m, 22 June 2013. Photo by V. 
Lukhtanov.
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Figure 15. Habitat of M. acentria. Israel, Mt. Hermon, 2040 m, 22 June 2013. Photo by V. Lukhtanov

Figure 14. Habitat of M. acentria and M. didyma liliputana. Israel, Mt. Hermon, 1750 m, 3 May 2016. 
The building with red roof is the winter café shown as 3 on Figure 11. Photo by V. Lukhtanov.
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Etymology. The name acentria is a noun of the feminine gender. This name origi-
nates from the Greek prefix “a” that means “not” and from the Latin word “centrum” 
(centre) derived from the Greek “κέντρον” (kentron, a sharp point). Acentria is the 
Internet nickname of Asya Novikova who collected the samples initiated this research.
This name indicates also the peripheral position of the new species within the distribu-
tion range of the M. persea species complex.

Discussion

Hypothesized evolutionary history of Melitaea acentria

Melitaea acentria was recovered as a diphyletic group with respect to COI barcodes be-
ing represented by two haplogroups A and P2. The major haplogroup A (22 samples 
of 25 studied) represents one of the most differentiated and thus most ancient mito-
chondrial lineages within the M. persea complex. The minor haplogroup P2 (3 samples 
of 25 studied) is also differentiated, but is more similar to the haplogroup P1 found in 
the core part of the M. persea species range.

To estimate the age of the haplogroup A (and the Israeli lineage as a whole) I used 
two calibration points: a lower rate of 1.5% uncorrected pairwise distance per million 
years estimated using a variety of invertebrates (Quek et al. 2004) for COI, and a faster 
rate of 2.3% uncorrected pairwise distance per million years for the entire mitochon-
drial genome of various arthropod taxa (Brower 1994). Using these points and the val-
ue 2.4% as the minimal uncorrected COI p-distance between the haplogroups A and 
P1, the haplogroup A can be estimated to originate approximately 1-1.6 million years 
ago from a common ancestor with the haplogroup P1 of M. persea, a species currently 
distributed throughout the whole Middle East. The Israeli lineage represented by hap-
logroup A evolved in isolation in the Levantine refugium and, most likely, relatively 
recently experienced episodes of hybridization with M. persea (haplogroup P2) result-
ing in mitochondrial introgression observed in the samples 25453_E08, 25458_C09 
and 25458_E08. Thus, the haplogroup P2 of M. acentria seems to be a footprint of 
this introgression. Despite this supposed sporadic hybridization, the population from 
Mt. Hermon preserves clear diagnostic characters in male genitalia.

Melitaea acentria possesses male genitalia which are different from those found in 
both M. persea and M. didyma, but in some aspects intermediate between them. Such 
an intermediacy can theoretically be interpreted as a consequence of (i) an ancient 
hybridization resulting in homoploid hybrid speciation or (ii) a more recent hybridiza-
tion resulting in the formation of a swarm of recently obtained hybrids (Lukhtanov et 
al. 2015b). In the first case (homoploid hybrid speciation), a new reproductively iso-
lated, sexually reproducing species arises through hybridization and combination of 
parts of the parental genomes, but without an increase in ploidy (Rieseberg et al. 1995, 
Rieseberg 1997, Coyne and Orr 2004, Lai et al. 2005). In the second case (formation 
of hybrid swarms), interspecific hybridization results in a number of individuals which 
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are not reproductively isolated from their parents and, thus, do not represent a new 
species (Lukhtanov et al. 2015b). The second scenario caused by occasional hybridiza-
tion probably occurs in Melitaea as demonstated by the sample 17966_F12 with an 
intermediate morphology and, most likely, introgressed mitochondria.

Oorschot and Coutsis (2014) treated the Lebanese samples with mixed M. persea 
- M. didyma genitalia type as intermediates (i.e. hybrids) between M. persea and M. 
didyma. Such an interpretation seems to be logical for Lebanon where M. persea in its 
more or less typical form has been reported (Higgins 1941, Larsen 1974, Racheli 1980). 
However, this interpretation is inappropriate for the Israeli population (i.e. for M. acen-
tria). First, typical M. persea has never been reported from Israel, which is one of the 
best studied territories in the world with respect to the butterfly fauna. Second and most 
importantly, the M. acentria samples posses very divergent COI haplotypes which can be 
attributed neither to M. persea and nor to M. didyma. Thus, M. acentria is not a swarm of 
recently obtained hybrids, but an old, well-established, morphologically and ecologically 
differentiated lineage with clear properties of phylogenetic and biological species.

At the same time, the hypothesis that M. acentria is a result of ancient homoploid 
hybrid speciation can not be ruled out. This highly speculative hypothesis should be 
tested in future through full genome molecular and chromosomal studies. While such 
a mode of speciation is widely accepted in plants (e.g., Soltis 2013), it has only rela-
tively recently been thoroughly investigated in animals, including butterflies (Gompert 
et al. 2006, Mavárez et al. 2006, Mallet 2007, Kunte et al. 2011, Dupuis and Sperling 
2015, Lukhtanov et al. 2015b).

Preimaginal stages and larval hostplant

Preimaginal stages of Melitaea acentria (originally identified as “Melitaea persea mon-
tium”) were recently described from Mt. Hermon with a comparison to the metamor-
phosis of M. cinxia (Benyamini 2016). These two species were shown to share the same 
larval hostplant Plantago atrata Hoppe, 1799 (Plantaginaceae) (Benyamini 2016).

Why Melitaea montium Belter, 1934 cannot be used as a valid name?

The identity of the taxon described under the name Melitaea montium Belter, 1934 has 
never been clear. Belter (1934) reported a difference between M. montium and M. didy-
ma in the shape of the male genitalia valva. Although this supposed difference looks very 
distinct in Belter’s drawing (Fig. 13 in Belter 1934) in fact it can hardly be traced. The 
real difference between these taxa is in the form of the tegumen, the distal process and, 
especially, of the saccus; however these structures were not shown on the very schematic 
drawings from Belter’s paper. Thus, the genitalia description and figures provide little 
information on the identity of the taxon described as M. montium (see a more detailed 
discussion on this topic in the monograph by Oorshot and Coutsis (2014)).
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The same can be said about wing pattern. In fact, Belter was the first author who 
described two types of hindwing underside in Melitaea: (i) with the proximal dou-
ble (see Fig. 2b–h; 10a, c, d, f) and (ii) with the proximal single black border of the 
submarginal fascia (see Fig. 10b, g, h), and mentioned that both types existed in M. 
montium. These two types were later referred to as types “a” and “b” (Hesselbarth et al. 
1995). None of these two types is species-specific, although the type (i) is much more 
common in the M. persea complex, and the type (ii) is more common in the M. didyma 
complex (Hesselbarth et al. 1995, Larsen 1974).

After Belter, the name Melitaea montium was used in literature for the Middle 
Eastern (Higgins 1941, Hesselbarth et al. 1995, Tshikolovets 2011), Lebanese (Larsen 
1974, Gross and Ebert 1975, Racheli 1980) and Israeli (Benyamini 2002) butterflies 
close or supposedly identical to M. persea. It was also used as a synonym of M. didyma 
(Oorshot and Coutsis 2014).

I should note that the identity of butterflies in these publications has never been 
clear, except for the monograph by Oorshot and Coutsis (2014) since at least three 
different groups of populations close to M. persea are recorded from the Middle East: 
1) the populations close (but probably not identical) to true M. persea (Higgins 1941, 
Larsen 1974, Racheli 1980, Oorshot and Coutsis 2014), 2) M. acentria from Israel 
(this study), and 3) intermediates (hybrids) between M. persea and M. didyma from 
north Lebanon (Oorshot and Coutsis 2014). These three groups could be identified 
on basis of male genitalia characters; however, until the work of Oorshot and Coutsis 
(2014), the genitalia of these butterflies were not carefully studied. Higgins (1941) 
provided only schematic genitalia drawings that were good enough to exclude M. 
didyma from consideration, but not detailed enough to distinguish between M. persea 
and M. persea-M. didyma intermediates, and the consequent authors did not provide 
genitalia drawings at all (see the monograph of Oorshot and Coutsis (2014) for a more 
detailed analysis of the previous taxonomic interpretations).

The Gordian knot of this taxonomic and nomenclatural uncertainty was cut by Oor-
shot and Coutsis (2014) through a careful analysis of genitalia morphology, checking 
of all taxonomically important publications, studies of type material and subsequent 
designation of the lectotype of Melitaea montium (male, sample HO0937 in Zoologis-
che Staatssammlung, München, collected in Lebanon, Bcharré, genitalia preparation no. 
4822, figured in Oorshot and Coutsis (2014), page 188, pl. 51, figs 14, 35 and 38).

The lectotype of Melitaea montium was found to have typical M. didyma genitalia, 
having nothing in common with those of M. persea, and devoid of any intermediate 
characters between M. persea and M. didyma (Oorshot and Coutsis 2014, page 18). 
Thus, the name Melitaea montium represents a nominal taxon conspecific with M. 
didyma, and therefore can be synonymized with M. didyma liliputana, the oldest avail-
able name representing the distinct phylogenetic lineage (subspecies) distributed from 
north Israel, through Lebanon, Syria and east Turkey to Armenia (Pazhenkova et al. 
2015, Pazhenkova and Lukhtanov 2016): Melitaea didyma race liliputana Oberthür, 
1909 (Études de lépidoptérologie compare 3: 244, TL “Akbès” [SE Turkey, prov. 
Hatay, Akvez]) = Melitaea montium Belter, 1934, syn. n.
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I should also note that, despite the valid lectotype designation resulting in this 
synonymy, the name M. montium could theoretically be preserved for a valid taxon 
under the plenary power of the International Commission on Zoological Nomencla-
ture through a neotype designation. Such a possibility exists for the cases in which 
the existing name-bearing type of a nominal species-group taxon is not in taxonomic 
accord with the prevailing usage of names and stability or universality is threatened 
thereby (Article 75.6, http://iczn.org/iczn/index.jsp). However, in case of M. montium 
the article 75.6 can hardly be applied because de facto the prevailing usage cannot be 
calculated. After Belter’s publication there were few cases when this name was used, 
and in each case the identity of the butterflies called M. montium was unclear.

In this situation I see no other way than following the latest comprehensive revi-
sion (Oorshot and Coutsis 2014) that established the synonymy: M. didyma = M. 
montium based on lectotype designation and analysis.

Conclusion

The Melitaea persea species complex consists of the following taxa:

M. persea Kollar, 1849
M. persea persea Kollar, 1849 (East Turkey, Armenia, Azerbaijan, Daghestan in Russian 

Caucasus, western, central and nothern parts of Iran)
M. persea paphlagonia Fruhstorfer, 1917 (NE Iran, probably also S. Turkmenistan)
M. eberti Koçak, 1980 (N. Iran)
M. higginsi Sakai, 1978 (Afghanistan)
M. acentria Lukhtanov sp. n. (Mt. Hermon in Israel, definitely also the neighboring 

territories of Syria and Lebanon)

The identity and taxonomic status of the M. persea-similar samples from north 
Lebanon, Jordan, Iraq, Pakistan, and Afghanistan remain still unclear. The populations 
from Lebanon characterized by the mitochondrial haplogroup P2 (Fig. 9) could actu-
ally represent (i) a distinct subspecies of M. persea, (ii) an undescribed subspecies of M. 
acentria, or even (iii) an undescribed species. Further morphological, molecular and 
chromosomal studies are required to select between these hypotheses.
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Appendix

table 1. List of Melitaea samples used in this study.

Taxon BOLD ID Field ID GenBank Locality Reference
M. acentria BPAL2759-15 CCDB-17969 A04 KY777527 Israel Hermon This study
M. acentria BPAL2236-13 CCDB-17949 E03 KT874736 Israel Hermon Pazhenkova et al. 2015
M. acentria BPAL2235-13 CCDB-17949 E02 KT874697 Israel Hermon Pazhenkova et al. 2015
M. acentria BPAL2234-13 CCDB-17949 E01 KY777528 Israel Hermon This study
M. acentria 
Holotype BPAL2191-13 CCDB-17949 A06 KY777529 Israel Hermon This study

M. acentria BPALB127-16 CCDB-25458 C08 KY777530 Israel Hermon This study
M. acentria BPALB126-16 CCDB-25458 C07 KY777531 Israel Hermon This study
M. acentria BPALB129-16 CCDB-25458 C10 KY777532 Israel Hermon This study
M. acentria BPALB133-16 CCDB-25458 D02 KY777533 Israel Hermon This study
M. acentria BPALB131-16 CCDB-25458 C12 KY777534 Israel Hermon This study
M. acentria BPALB125-16 CCDB-25458 C06 KY777535 Israel Hermon This study
M. acentria BPALB130-16 CCDB-25458 C11 KY777536 Israel Hermon This study
M. acentria BPALB149-16 CCDB-25458 E06 KY777537 Israel Hermon This study
M. acentria BPALB132-16 CCDB-25458 D01 KY777538 Israel Hermon This study
M. acentria BPAL3193-16 CCDB-25453 E10 KY777539 Israel Hermon This study
M. acentria BPAL3194-16 CCDB-25453 E11 KY777540 Israel Hermon This study
M. acentria BPAL3257-16 CCDB-25454 C03 KY777541 Israel Hermon This study
M. acentria BPAL3361-16 CCDB-25452 C12 KY777542 Israel Hermon This study
M. acentria BPAL3360-16 CCDB-25452 C11 KY777543 Israel Hermon This study
M. acentria BPAL3359-16 CCDB-25452 C10 KY777544 Israel Hermon This study
M. acentria BPALB138-16 CCDB-25458 D07 KY777545 Israel Hermon This study
M. acentria BPAL3192-16 CCDB-25453 E09 KY777546 Israel Hermon This study
M. acentria BPALB128-16 CCDB-25458 C09 KY777574 Israel Hermon This study
M. acentria BPALB151-16 CCDB-25458 KY777575 Israel Hermon This study
M. acentria BPAL3191-16 CCDB-25453 E08 KY777576 Israel Hermon This study
M. casta casta BPAL164-10 RPVL-00164 HM404776 Iran Fars This study
M. casta casta BPAL2302-14 CCDB-17951 B10 KY777549 Iran Fars This study
M. casta casta BPAL2303-14 CCDB-17951 B11 KY777550 Iran Fars This study
M. casta casta BPAL163-10 RPVL-00163 HM404775 Iran Fars This study
M. casta casta BPAL2307-14 CCDB-17951 C03 KY777551 Iran Lorestan This study
M. casta casta BPAL2306-14 CCDB-17951 C02 KY777552 Iran Lorestan This study
M. casta casta BPAL162-10 RPVL-00162 HM404774 Iran Zarde-Kuh Mts This study
M. casta casta BPAL2304-14 CCDB-17951 B12 KY777553 Iran Esfahan This study
M. casta casta BPAL2305-14 CCDB-17951 C01 KY777554 Iran Esfahan This study

M. casta casta NW85-3 FJ462238 Iran Fars Kuh-e 
Sorkh This study

M. casta casta M8 KY867399 Iran, Fereidunshahr This study
M. casta casta M9 KY867400 Iran, Fereidunshahr This study
M. casta 
wiltshirei NW140-12 FJ462288 Iran Hamadan 

Alvand Leneveu et al. 2009

M. deserticola BPAL2354-14 CCDB-17951 G02 KY086108 Syria W Damascus Pazhenkova and 
Lukhtanov 2016
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Taxon BOLD ID Field ID GenBank Locality Reference

M. deserticola BPAL2353-14 CCDB-17951 G01 KY086107 Syria W Damascus Pazhenkova and 
Lukhtanov 2016

M. deserticola BPALB134-16 CCDB-25458 D03 KY086186 Israel Hermon 
1800m

Pazhenkova and 
Lukhtanov 2016

M. deserticola BPALB150-16 CCDB-25458 E07 KY086193 Israel Hermon 
1800m

Pazhenkova and 
Lukhtanov 2016

M. deserticola BPAL2704-14 CCDB-17968 D08 KY777564 Israel Hermon 
2000m This study

M. deserticola BPAL2686-14 CCDB-17968 C02 KY777565 Israel Zafririm 300m This study
M. deserticola BPAL2857-15 CCDB-25449 A07 KY777566 Jordan This study
M. deserticola BPAL2886-15 CCDB-25449 C12 KY777567 Israel Kfar-Adumim This study
M. deserticola BPAL2885-15 CCDB-25449 C11 KY777568 Israel Kfar-Adumim This study
M. deserticola BPAL2860-15 CCDB-25449 A10 KY777569 Jordan This study
M. deserticola BPAL2898-15 CCDB-25449 D12 KY777570 Jsrael Kfar-Adumim This study

M. deserticola BPAL3124-15 CCDB-25451 G12 KY086157 Israel Jerusalem Pazhenkova and 
Lukhtanov 2016

M. deserticola BPAL2586-14 CCDB-17967 B09 KY777571 Israel Zafririm 300m This study
M. deserticola BPAL2585-14 CCDB-17967 B08 KY777572 Israel Zafririm This study
M. didyma 
liliputana BPALB143-16 CCDB-25458 D12 KY086192 Israel Hermon 

1730m
Pazhenkova and 
Lukhtanov 2016

M. didyma 
liliputana BPALB142-16 CCDB-25458 D11 KY086191 Israel Hermon 

1730m
Pazhenkova and 
Lukhtanov 2016

M. didyma 
liliputana BPALB139-16 CCDB-25458 D08 KY086190 Israel Hermon 

1730m
Pazhenkova and 
Lukhtanov 2016

M. didyma 
liliputana BPALB137-16 CCDB-25458 D06 KY086189 Israel Hermon 

1730m
Pazhenkova and 
Lukhtanov 2016

M. didyma 
liliputana BPALB135-16 CCDB-25458 D04 KY086187 Israel Hermon 

1730m
Pazhenkova and 
Lukhtanov 2016

M. didyma 
liliputana BPALB136-16 CCDB-25458 D05 KY086188 Hermon 1730m Pazhenkova and 

Lukhtanov 2016
M. didyma 
liliputana BPAL2718-14 CCDB-17968 E10 KT874743 Israel Hermon 

1650m Pazhenkova et al. 2015

M. higginsi BPAL2482-14 CCDB-17966 A12 KY777547 Afghanistan This study
M. higginsi BPAL2469-14 CCDB-17950 H10 KY777548 Afghanistan This study

M. persea (?) NW34-10 AF187796 Lebanon Bsharree Wahlberg and 
Zimmermann 2000 

M. persea (?) NW43-09 KY867398 Lebanon Laglong 
Mohafazat Jbail This study

M. persea (?) NW43-10 KY867397 Lebanon Laglong 
Mohafazat Jbail This study

M. persea 
paphlagonia BPAL2352-14 CCDB-17951 F12 KY777523 Iran Khorasan 

2400m This study

M. persea 
paphlagonia BPAL2351-14 CCDB-17951 F11 KY777524 Iran Khorasan 

2400m This study

M. persea 
paphlagonia BPAL2948-15 CCDB-25450 A03 KY777525 Iran Shahrud 

2100m This study

M. persea 
paphlagonia BPAL2959-15 CCDB-25450 B02 KY777526 Iran Shahrud 

2100m This study
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Taxon BOLD ID Field ID GenBank Locality Reference
M. persea 
persea BPAL2480-14 CCDB-17966 A10 KY777505 Iran Fars 2200m This study

M. persea 
persea BPAL2481-14 CCDB-17966 A11 KY777506 Iran Fars 2200m This study

M. persea 
persea BPAL2293-14 CCDB-17951 B01 KY777507 Iran Fars 2200m This study

M. persea 
persea BPAL2295-14 CCDB-17951 B03 KY777508 Iran Esfahan 2000m This study

M. persea 
persea BPAL2294-14 CCDB-17951 B02 KY777509

Iran Chahar 
Mahal-e Bakhtiari 

2000m
This study

M. persea 
persea BPAL2982-15 CCDB-25450 D01 KY777510 Russia Daghestan 

125m This study

M. persea 
persea BPAL1704-12 CCDB-03033 H05 KY777511 Russia Daghestan 

1750m This study

M. persea 
persea BPAL2983-15 CCDB-25450 D02 KY777512 Russia Daghestan 

125m This study

M. persea 
persea BPAL1696-12 CCDB-03033 G09 KY777513 Russia Daghestan 

2250m This study

M. persea 
persea BPAL2977-15 CCDB-25450 C08 KY777515 Azerbaijan Talysh 

1650m This study

M. persea 
persea BPAL2984-15 CCDB-25450 D03 KY777516 Azerbaijan Talysh 

1990m This study 

M. persea 
persea BPAL1689-12 CCDB-03033 G02 KY777517 Azerbaijan 600m This study

M. persea 
persea BPAL2975-15 CCDB-25450 C06 KY777518 Azerbaijan Talysh 

1650m This study

M. persea 
persea BPAL2976-15 CCDB-25450 C07 KY777519 Azerbaijan Talysh 

1650m This study

M. persea 
persea BPAL2980-15 CCDB-25450 C11 KY777520 Azerbaijan Altyagach 

1100m This study

M. persea 
persea BPAL2979-15 CCDB-25450 C10 KY777521 Azerbaijan Altyagach 

1100m This study

M. persea 
persea BPAL2349-14 CCDB-17951 F09 KY777522 Iran Tehran 2000m This study

M. persea 
persea NW120-11 FJ462273 Iran Ardabil  

2600–2800 m Leneveu et al. 2009

M. persea/M. 
interrupta 
hybrid (?)

BPAL2542-14 CCDB-17966 F12 KY777514 Armenia Megri 
1800m This study

M. trivia 
syriaca BPAL3098-15 CCDB-25451 E10 KY777555 Israel Hermon 

2000m This study

M. trivia 
syriaca BPAL3125-15 CCDB-25451 H01 KY777556 Israel Jerusalem This study

M. trivia 
syriaca BPAL3122-15 CCDB-25451 G10 KY777557 Israel Jerusalem This study

M. trivia 
syriaca BPAL3121-15 CCDB-25451 G09 KY777558 Israel Jerusalem This study

M. trivia 
syriaca BPAL3116-15 CCDB-25451 G04 KY777559 Israel Jerusalem This study
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Taxon BOLD ID Field ID GenBank Locality Reference
M. trivia 
syriaca BPAL3115-15 CCDB-25451 G03 KY777560 Israel Jerusalem This study

M. trivia 
syriaca BPAL2858-15 CCDB-25449 A08 KY777561 Jordan This study

M. trivia 
syriaca BPAL2859-15 CCDB-25449 A09 KY777562 Jordan This study

M. trivia 
syriaca BPALB112-16 CCDB-25458 B05 KY777563 Israel Hermon 

1450m This study
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Abstract
The common shrews, Sorex araneus Linnaeus, 1758, inhabiting the territory of Belarus, are characterized 
by a significant variation in the frequency of Robertsonian (Rb) translocations. The frequency clines for 
translocations specific of three chromosome races: the West Dvina (gm, hk, ip, no, qr), Kiev (g/m, hi, k/o, 
n, p, q, r), and Białowieża (g/r, hn, ik, m/p, o, q) have already been studied in this territory. In this com-
munication we report new data on polymorphic populations with Rb metacentrics specific of the Neroosa 
race (go, hi, kr, mn, p/q) in south-eastern Belarus, analyse the distribution of karyotypes in southern and 
central Belarus and draw particular attention to the fixation of the acrocentric variants of chromosomes 
in this area. The results show that certain Rb metacentrics specific of the Neroosa, West Dvina, Kiev, 
and Białowieża races (namely, go and pq; ip; ko; hn and ik, respectively) are absent in many polymorphic 
populations. Thus, the karyotypic differentiation of S. araneus in the studied area is determined by un-
equal spread of different Rb translocations and by fixation of acrocentric variants of specific chromosomes.
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Introduction

The common shrew, Sorex araneus Linnaeus, 1758, a species inhabiting Eurasia, is 
a model object for population genetic studies due to its exclusive chromosomal 
polymorphism (for review, see: Wójcik et al. 2002, Shchipanov and Pavlova 2016). 
Four metacentric autosomes (af, bc, jl, and tu) and sex chromosomes (XX in females 
and XY1Y2 in males) are characteristic of species S. araneus (acrocentric morphs of 
chromosome arms j and l sporadically occur in populations through the species area), 
while ten autosomal arms (g, h, i, k, m, n, o, p, q, and r) can be presented as acrocentrics 
or be fused as metacenetrics (Searle et al. 1991). The designations of chromosome arms 
are constant irrespective of their condition either as separate acrocentrics (g, h, i, k, m, 
n, o, p, q, r) or as arms of metacentrics (gm, hk, ip, no, qr).

A convenient methodic approach to describe the chromosomal polymorphism 
of S. araneus is a subdivision of populations into chromosome races. “A chromosome 
race of Sorex araneus is defined as a group of geographically contiguous or recently 
separated populations which share the same set of metacentrics and acrocentrics 
by descent” (Hausser et  al. 1994). Chromosome races of S.  araneus differ in the 
composition and numbers (one–five pairs) of metacentrics, which were formed by 
Robertsonian (Rb) translocations involving 10 pairs of acrocentric chromosomes, g, 
h, i, k, m, n, o, p, q, and r (Searle et al. 1991, Hausser et al. 1994). The karyotype 
with ten pairs of acrocentric autosomes g–i, k, m–r (number of autosomes in diploid 
set, 2NA, in this karyotype equals 28) is considered as initial in chromosomal evolu-
tion of S. araneus (Wójcik et al. 2002). Metacentrics formed from Rb translocations 
are referred to as “race-specific fused chromosomes” (or “race-specific metacentrics”) 
(Zima et al. 1996). Monomorphic karyotypes are characteristic of some races (all 
race-specific Rb translocations are fixed), while polymorphism for 2–5 transloca-
tions was revealed in majority of chromosome races (see list of Shchipanov and 
Pavlova 2016).

The fixation of Rb translocations may have occurred in isolated small-size 
populations, for example, in glacial refugia. The data on mtDNA polymorphism in 
some European species of small mammals, including species of the genus Sorex, testify 
to the existence of multiple glacial refugia in Mediterranean and central Europe (Bilton 
et al. 1998, Deffontaine et al. 2005).

In the postglacial period, the previously isolated populations which migrated 
from refugia came into contact and hybridized with each other. The width of hybrid 
zones depends on the degree of chromosomal differences between contacting races. 
When races that differ in the combination of chromosome arms (metacentrics with 
monobrachial homology) make contact, narrow hybrid zones (0.5–5 km) are formed 
(Banaszek 1994, Narain and Fredga 1996, Szałaj et al. 1996, Bulatova et al. 2011, Orlov 
et al. 2012). If races which come into contact have no metacentrics with monobrachial 
homologies, wide hybrid zones are formed, and the clinal variation in Rb metacentric 
frequency can stretch for 50–100 km (Lukáčová et al. 1994, Brünner et al. 2002, Zima 
et al. 2003).
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Six chromosome races: Kiev, Bobruysk, Białowieża, Turov, West Dvina, and Bori-
sov, are known in the territory of Belarus by present time (Mishta et al 2000, Borisov 
et al 2010, 2014). Three of them, the Kiev, Białowieża, and West Dvina races, have 
continuous distribution ranges beyond the territory of Belarus. The Kiev race (g/m, hi, 
k/o, n, p, q, r) (Mishta 1994) inhabits the western territory of the Ukraine, and this race 
was recently discovered in southern Belarus (Borisov et al. 2014, 2016). The distribu-
tion area of the Białowieża race (g/r, hn, ik, m/p, o, r; Fredga and Nawrin 1977) stretches 
from eastern Poland to western Belarus (Mishta et al., 2000; Borisov et al. 2016). The 
West Dvina race (gm, hk, ip, no, qr; Bulatova et al. 2002) occupies a vast territory from 
the Valdai Hills to the Smolensk Upland, its southern boundary passes through Vitebsk 
region of Belarus (Bulatova et al. 2002, Borisov et al. 2008, Orlov and Borisov 2009). 
The Borisov race (g/m, h/k, i, n/o, q/r, p; Orlov and Borisov 2009), which is a derivative 
of race West Dvina, is distributed in the middle Berezina basin (Borisov et al. 2010). 
The Bobruysk (g, h/i, k, m, n, o, p, q, r) and Turov (g, h/k, i, m, n, o, p, q, r) races were de-
scribed in the vicinities of Bobruisk and Turov towns, respectively (Mishta et al. 2000).

The clinal variation in the frequencies of Rb metacentrics, similar to the clinal 
variation in wide hybrid zones, was observed in the polymorphic populations of the 
Kiev, Białowieża, West Dvina, and Borisov races in Belarus. Karyotypes with ten pairs 
of acrocentric chromosomes (g, h, i, k, m, n, o, p, q, r) were found in some of these 
polymorphic populations (Borisov et al. 2010, 2014). Such a pattern of karyotype 
distribution may be associated either with the selection against heterozygotes in the 
interracial hybrid zone (“acrocentric peak”) (term by J. Searle 1986) or with the spread 
of the Rb translocations of the metacentric races in populations characterized by ten 
pairs of acrocentric chromosomes (Borisov et al. 2014, 2016).

In this communication, we report new data on the distribution of Rb metacentrics 
specific of the Neroosa race (go, hi, kr, mn, p/q; Bulatova et al. 2000) in southeast-
ern Belarus, analyse the distribution of the Białowieża, and Kiev races in southern 
and central Belarus and draw particular attention to the fixation of the acrocentric 
chromosomes in this area.

Materials and methods

Animals were captured at seven sites within the low Pripyat and Dnieper River basins 
(Gomel’ and Mogilev regions) in July–September, 2014 and in September, 2015 
(Table 1).

The new material includes 75 S. araneus individuals (37 males and 38 females). Our 
karyological data on 290 shrews trapped in 2009–2013 (Borisov et al., 2010, 2014, 
2016) and data on 252 shrews presented by other authors were used to determine 
the distribution range of race-specific metacentrics. In total, 603 individuals from 43 
sites (an area from 51°22' to 54°55'N; from 23°10' to 34°10'E) have been analysed in 
this work (Suppl. material 1, Fig. 1). The study area is a mosaic of forest and meadow 
biotopes with occurrences of man-made landscapes.
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table 1. Collection sites, chromosome races and karyotypes of common shrews in the territory of Be-
larus. The numbers indicate localities in Fig. 1. Polymorphism for Rb translocation is indicated by slash 
(/). Ne, Neroosa; Ki, Kiev; Bi, Białowieża; Wd, West Dvina; Bs, Borisov. S.s., sample size; ?, attribution 
to any race is unclear.

No. Locality Latitude; Longitude S.s. Race 2NA Karyotypes
4 Dobrush 52°24'59"N; 31°17'12"E 7

1 Ne 23 g, hi, k/r, mn, o, p, q
3 Ne 24 g, hi, k/r, m/n, o, p, q
1 Ne 24 g, hi, k, mn, o, p, q, r
2 Ne 26 g, hi, k, m, n, o, p, q, r

5 Gomel’ 52°25'29"N; 30°52'31"E 4
1 Ne 23 g, hi, k/r, mn, o, p, q
2 Ne 24 g, hi, k/r, m/n, o, p, q

* 1 Ne 24 g, hi, k, mn, o, p, q, r
6 settl. Chernoye (Rechitsa distr.) 52°26'47"N; 30°22'50"E 23

4 Ne 24 g, hi, k/r, m/n, o, p, q
9 Ne 25 g, hi, k, m/n, o, p, q, r 
9 ? 26 g, hi, k, m, n, o, p, q, r
1 Ki 25 g, hi, k/o, m, n, p, q, r

7 settl. Krasnoye (Bragin distr.) 51°33'50"N; 30°29'55"E 14
5 Ne g, hi, k/r, m/n, o, p, q
3 Ne 25 g, hi, k/r, m, n, o, p, q
4 Ne 26 g, hi, k, m, n, o, p, q, r
2 Ki 25 g, hi, k/o, m, n, p, q, r

18.3 Bobruisk 53°4'12"N; 29°14'28"E 8
2 Ki 25 g, hi, k/o, m, n, p, q, r
2 Ki 26 g, h/i, k/o, m, n, p, q, r
3 Ki 26 g, hi, k, m, n, o, p, q, r
1 Ki 27 g, h, i, k/o, m, n, p, q, r

31 settl. Elizovo (Bobruisk distr.) 53°24'20"N; 29°0'30"E 4
1 Bi 25 g, hn, i/k, m, o, p, q, r
1 Bi 25 g, h/n, ik, m, o, p, q, r
2 Bi 26 g, h/n, i/k, m, o, p, q, r

32 settl. Lyubonichi (Bobruisk Distr.) 53°15'19"N; 29°10'21"E 14
2 Bi 25 g, hn, i/k, m, o, p, q, r
2 Bi 25 g, h/n, ik, m, o, p, q, r
5 Bi 26 g, h/n, i/k, m, o, p, q, r
1 Bi 27 g, h/n, i, k, m, o, p, q, r
2 Bi 27 g, h, i/k, m, n, o, p, q, r
2 Bi 28 g, h, i, k, m, n, o, p, q, r

Chromosome preparations were obtained from bone marrow and spleen cells 
after a routine technique with colchicine treatment (Ford and Hamerton 1956). 
Chromosome identification was carried out by G-banding method with trypsin 
(Seabright 1971) in accordance with the international common shrew chromosome 
nomenclature (Searle et al. 1991).



Karyotypic differentiation of populations of the common shrew Sorex araneus... 363

Figure 1. The distribution of the chromosome races of the common shrew in Belarus and neighbouring 
territories: Ne, Neroosa (diamonds); Ki, Kiev (squares); Bi, Białowieża (circles); Wd, West Dvina (light 
triangles); Bs, Borisov (black triangles); Go, Goldap; Zu, Zuvintas; Ta, Tallin; Ps, Pskov; Lp, Lepel; Mo, 
Moscow. See Suppl. material 1 for numbers of the collection sites. Dotted line indicates state borders.

Results

Karyotyping of S. araneus individuals captured in the southeastern territory of Belarus 
(at three sites to the east and one site to the west of the Dnieper River) helped to 
identify three Rb metacentrics, hi, kr and mn (Table 1, Fig. 1, nos. 4–7). These meta-
centrics are specific of the Neroosa race (go, hi, kr, mn, p/q); however, other two meta-
centrics of this race, go and pq, have not been found at the sites studied. The Rb 
translocation hi is fixed in all the examined samples, and chromosome arms k, r and 
m, n occur both as metacentric and acrocentric morphs (Table 1). The kr translocation 
was only found in heterozygous condition. Karyotypes with metacentric ko which is 
characteristic of the Kiev race (g/m, hi, k/o) were found in two samples from Rechitsa 
and Bragin districts (nos. 6 and 7).
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In karyotypes of eight shrews captured near Bobruisk town (the west bank of the 
Berezina River), two Rb metacentrics of the Kiev race (g/m, hi, k/o), hi and ko, were 
observed (Table 1, Fig. 1, no. 18.3). The hi translocation appeared both in homozy-
gous and heterozygous condition, and the ko translocation – only in heterozygous 
condition. Metacentric gm which is characteristic of the Kiev race was not revealed in 
our sample.

At two sites to the north of Bobruisk, on the west and east banks of the Berezina, 
karyotypes with two metacentrics of the Białowieża race (g/r, hn, ik, m/p), hn and ik, 
were found (Table 1, Fig. 1, nos. 31, 32). Heterozygotes for the hn and ik transloca-
tions prevailed in the samples. Metacentrics gr and mp, specific of this chromosome 
race, were not revealed.

Discussion

The new results of the karyological study of S. araneus populations in eastern Belarus 
together with previously published data show a considerable variation in the frequency of 
Rb metacentrics characteristic of the Neroosa race in this area and the closest territories. 
The Neroosa race (go, hi, kr, mn, and p/q; Bulatova et al. 2000) is monomorphic for 
four Rb translocations throughout its large distribution range in the Oka and Don 
River basins (Bystrakova et al. 2007). The acrocentric chromosomes g, o, k, and r were 
noted at some sites in Ukraine (Mishta et al. 2000) and near the Belarusian boundary, 
in the vicinity of Novozybkov city (see Suppl. material 1) where 2NA varied from 19 to 
25 (Bulatova et al. 2000, Sheftel and Krysanov 2002). It is supposed that homozygotes 
for acrocentric morphs g, o and p, q existed among individuals 2NA=25 described by 
Sheftel and Krysanov (2002) (unfortunately, the data on individual karyotypes were 
not shown). However, the registered karyotypes with 2NA=19 testify to the presence 
of all metacentrics specific of the Neroosa race in populations from Novozybkov. As for 
populations in the Gomel region, only one Rb translocation, hi, is fixed; chromosome 
arms k, r and m, n are presented by acrocentric and metacentric morphs, while arms 
g, o and p, q are presented exclusively by acrocentric morphs (Tables 1, 2, nos. 4–7).

A significant variation in the Rb translocation frequency was earlier described in 
populations of chromosome races West Dvina, Borisov, Kiev, and Białowieża in the 
Dnieper–Pripyat interfluve (Orlov and Borisov 2009, Borisov et al. 2010, Borisov et al. 
2014, 2016). It should be noted that the West Dvina race (gm, hk, ip, no, qr; Bulatova et 
al. 2002), like the Neroosa race, is monomorphic for five Rb translocations throughout 
most part of its distribution range, from the Valdai Hills to the Smolensk Upland 
(Borisov et al. 2008). Acrocentric morphs of chromosomes n, o and q, r were found to 
the south of the Smolensk Upland (Fig. 1, no. 34; see Suppl. material 1). The Borisov 
race (a derivative of the West Dvina race) inhabiting the territory along the Berezina 
River (nos. 35–39) is polymorphic for the gm, hk, no, and qr translocations; however, 
chromosomes i and p appear only as acrocentrics (Orlov and Borisov 2009, Borisov et al. 
2010). Karyotypes with two Rb translocations, gm and hk, and karyotypes with ten pairs 
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table 2. Frequencies of race-specific metacentrics in populations of eight chromosome races of S. ara-
neus. Numbers of sites are the same as in Table 1 and in Fig. 1; the frequency of Rb translocations is an 
average of studied specimens from all samples. S.s., sample size; two-three digits in column “S.s”. are ar-
ranged in the same order as references in column “References”.

Nos, Sites References S.s. Metacentric frequencies
race Neroosa

go hi kr mn pq
1: Spas-Demensk Bulatova et al. 2000 6 1.0 1.0 1.0 1.0 1.0
2: Novozybkov Bulatova et al. 2000 3 0.33 1.0 1.0 0.66 0.50
3. Berezna Mishta et al. 2000 2 1.0 1.0 1.0 1.0 1.0
4–6: Dobrush, Gomel, Chernoye new data 34 0.0 1.0 0.17 0.39 0.0
7: Krasnoye new data 14 0.0 1.0 0.13 0.21 0.0

race Kiev
gm hi ko

9–11: Yeslk, Leshnya, Mozyr’ Borisov et al. 2014, 2016 2, 29 0.08 0.65 0.16
12, 13: Ozarichi, Rechitsa Borisov et al. 2014, 2016 3, 16 0.0 0.72 0.53
14, 15: Sosnovyi Bor, Svetlogorsk Borisov et al. 2016 10 0.0 0.65 0.15
16, 17: Zhlobin Parichi Borisov et al. 2016 25 0.0 0.50 0.19

18.1–18.3: Bobruisk) Borisov et al. 2016, Mishta 
et al. 2000, new data 2, 1, 8 0.0 0.67 0.33

race Białowieża
gr hn ik mp

19: Bialystok Banaszek et al. 2009 56 0.91 1.0 1.0 0.71
20: Grodno Borisov et al. 2014 2 1.0 1.0 1.0 1.0
21: Lesnoe Ozero Mishta et al. 2000 5 0.20 1.0 1.0 0.30
22: Białowieża Wójcik et al. 1996 87 0.99 1.0 1.0 0.95
24: Ganzevichi Borisov et al. 2014 2 0.50 1.0 1.0 0.50
25: Chervonoye Borisov et al. 2014 15 0.03 0.67 0.50 0.05
26, 27: Turov, Khvoyensk Borisov et al. 2014, 2016 23, 21 0.01 0.44 0.58 0.00
29: Oktiabr’skiy Borisov et al. 2014, 2016 22, 19 0.01 0.33 0.37 0.01
30–32: Tatarka, Elizovo, 
Lyubonichi Borisov et al. 2014, 
2016, new data

Borisov et al. 2014, 2016, 
new data 14, 18 0.0 0.71 0.56 0.0

race West Dvina
gm hk ip no qr

33: Kardymovo Orlov Borisov 2009 2 1.0 1.0 1.0 1.0 1.0
34: Dubrovno Orlov, Borisov 2009 3 0.5 1.0 0.75 1.0 0.75

race Borisov
gm hk ip no qr

35: Smolyany Orlov, Borisov 2009 2 0.5 1.0 0.0 1.0 0.5
36–39: Malyi Vyazok – Novaya 
Metcha

Orlov, Borisov 2009, 
Borisov et al. 2010 5, 33 0.84 0.99 0.0 0.38 0.09

Polymorphic populations of 
unclear attribution

40, 41: Leskovichi Mikhevichi Borisov et al. 2010 7 0.64 0.86 0.0 0.0 0.0

42, 43: Berezino, Yedlino Orlov, Borisov 2009, 
Borisov et al. 2010 2, 27 0.02 0.59 0.0 0.0 0.0
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of acrocentrics (g, h, i, k, m, n, o, p, q, r) were revealed in populations southwards of the 
town of Borisov (Table 2, nos. 40–43). The analysis of additional samples is required to 
determine whether these polymorphic populations may be attributed to the Borisov race.

In the populations to the west of the Dnieper River, in the lower part of the Berezina 
River basin, two metacentrics of the Kiev race (g/m, hi, k/o, Mishta 1994), namely, hi and 
ko (Fig. 2), are distributed (Table 2, Fig. 1, nos. 12–18); metacentric gm was not found 
(Borisov et al., 2016). All three Rb metacentrics specific of the Kiev race were revealed on 
the south bank of the Pripyat (nos. 9 - 11), however, the frequency of the gm metacentric 
occurred to be lower than in the samples from the Ukraine (Mishta et al. 2000). Taking 
into account the new data, we note that distribution area of Rb metacentrics hi and ko 
includes type locality of the Bobruysk race (g, h/i, k, m, n, o, p, q, r; Mishta et al. 2000) 
(Suppl. material 1, nos 18.1 – 18.3). Hence, the individuals carrying a single Rb translo-
cation hi may be regarded as representatives of polymorphic race Kiev.

The shrews with Rb metacentrics of the Neroosa race (kr and mn) and the shrews 
with metacentric of the Kiev race (ko) were found in samples from Rechitsa and 
Bragin districts, and hybrid individuals with metacentrics of both the races (simple 
heterozygotes hi, k/o, m/n) were found in the vicinity of Rechitsa city (Suppl. material 
1, nos. 6 and 7, and 13). Thus, the hybrid zone between the polymorphic populations 
of the Neroosa and Kiev races approximately passes along the Dnieper. Racial attri-
bution of homozygotes for the hi translocation from Rechitsa and Bragin districts is 
unclear (Fig. 1, nos. 6 and 7).

The polymorphism for Rb translocations was earlier detected in the S.  araneus 
population (a sample of 14 individuals; Table 1, no. 8) from the neighbourhood of 
Chernobyl; 2NA varied from 24 to 26 (Baker et al. 1996). The chromosomes were 
not identified by differential G-banding; the animals were not affiliated with any race. 
Previously known data of Bulatova et al. (2000) and Mishta et al. (2000) and our new 
results (Suppl. material 1, Fig. 1, nos. 2, 3, 6, 7, 9, 13) suggest that both the shrews of 
the Neroosa and shrews of the Kiev races, may live in the neighbourhood of Cherno-
byl’. It cannot be excluded that the population at site near Chernobyl belongs to the 
contact zone of these chromosome races.

In the populations inhabiting the southwestern territory of Belarus along the Ptich 
River and at some sites of the south bank of the Pripyat River, the metacentrics of the 
Białowieża race (g/r, hn, ik, m/p, Fredga and Nawrin 1977), hn and ik, were observed 
(Fig. 1, nos. 25–32; see Suppl. material 1). As for the gr and mp metacentrics, they were 
only revealed at three of the mentioned sites (frequency did not exceed 0.05; Table 2, 
nos. 26, 27, 29) and were not found at four sites (nos. 15, 30–32). For comparison, in 
eastern Poland, the hn and ik translocations are fixed, and the minimal frequencies of 
the gr and mp translocations are equal to 0.91 and 0.71, respectively (Table 2, 19, 22) 
(Wójcik et al. 1996, Banaszek et al. 2009).

Hybrid individuals with Rb metacentrics of the Kiev and Białowieża races: simple 
heterozygotes (hn, ko; g/m, h/n, i/k) and complex heterozygotes (metacentrics with 
monobrachial homology: i/hi/hn/n and i/ik/ko/o, are present in their karyotypes), were 
revealed along the Ptich River and on the south bank of the Pripyat River, close to 
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Figure 2. G-banded karyotype of male shrew of the Kiev race (Svetlogorsk vic., Belarus), g, h/i, j/l, k/o, 
m, n, o, p, q, r (2NA=26).

the confluence of the Pripyat and Uborot’ Rivers (Suppl. material 1, nos. 10, 26, 27, 
and 29). The contact and hybrid zone between these races extends along the Ptich 
River and continues on the south bank of the Pripyat River. Karyotypes with ten 
pairs of acrocentrics were observed in some polymorphic populations of the Kiev and 
Białowieża races (Suppl. material 1, nos. 16, 17, 26–29.2, and 32).

There are two possible explanations of chromosome variation and a high frequency 
of acrocentrics in S. araneus populations in Belarus.

1) Hybridization between metacentric races which differ for the arm combinations 
of Rb metacentrics (e.g. chromosome arms g, h, i, k, m, n, o, p, r are combined as 
metacentrics gr, hn, ik, mp in karyotype of the Białowieża race and as metacentrics 
gm, hi, ko in the karyotype of the Kiev race). The low fitness of hybrids (complex 
heterozygotes possessing metacentrics with monobrachial homology, e.g. r/gr/gm/mp/p, 
n/hn/hi/ik/ko/o) leads to the decrease of metacentric frequency. This phenomenon is 
called “acrocentric peak” (Searle 1986).

2) Hybridization between metacentric races and an acrocentric race that existed in 
the Dnieper basin in the past (Borisov et al. 2016).

Our hypothesis about the existence of acrocentric race in the present-day Belarus 
or neighbouring territory during the Last glacial maximum (LGM, 24–17 kyr BP) 
does not contradict the paleontological and paleobotanic data: fossil remains of the 
common shrew were found in the Middle Dnieper basin (Markova and Pusachenko 
2008) and a forest refugium of LGM was revealed in this territory (Simakova and 
Pusachenko 2008). Proceeding from the data on the current distribution range of 
chromosome races and the data on the locations of Late Pleistocene forest refugia 
(Kozharinov 1994), we may come to the conclusion that the West Dvina, Neroosa, 
and Kiev races survived the most recent glacial period in the refugia of the Valdai Hills, 
the Middle Russian Upland, and the Carpathians (Orlov et al. 2008).

The karyotypic differentiation of S. araneus in the low Dnieper and Pripyat basin is 
determined by unequal spread of different Rb translocations and by fixation of acrocentric 
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variants of the particular chromosome arms. Each of four groups of the polymorphic 
populations possessing metacentrics, which are specific of the Neroosa, West Dvina, Kiev, 
and Białowieża races, consists of two subgroups: 1) polymorphic populations with all 
Rb metacentrics of the initial race, irrespective of their frequencies (Fig. 1, light figures); 
2) polymorphic populations which lack 1-2 race-specific Rb metacentrics (Fig. 1, black 
figures). It should be stressed that the extent of distribution areas for the populations with 
fixed acrocentric morphs of definite chromosome arms exceeds 50 kilometres.

The subdivision of the populations of the S. araneus into chromosome races is 
a simplified methodic approach to describe the chromosomal polymorphism of this 
species (only the presence / absence of any Rb translocation is taken into considera-
tion irrespective of its frequency; see Searle et al. 2003). According to the definition 
of a chromosome race as “ … populations which share the same set of metacentrics 
and acrocentrics by descent” (Hausser et al. 1994), the populations that differ from 
neighbouring population owing to the presence or absence of a Rb translocation and 
occupy a definite area may be regarded as separate chromosome races. For example, 
the populations in Sweden that differ from the Abisko race (g/m, h/n, i/p, k/q, and 
o/r) by acrocentric variant of the arms o and r were recognized as the Ammarnas and 
Hattsjo races (Fredga 2007), and the population in the Rügen Island that differs from 
the main land Danish race Jutland (gm, hi, kq, no) by acrocentric variant of arms n and 
o was recognized as the Rügen race (Brünner et al. 2002). Thus, the populations in 
the Dnieper – Pripyat interfluve which lack 1-2 race-specific Rb metacentrics, may be 
regarded as new chromosome races.

(1) The absence of metacentrics go and pq, that is, the fixation of acrocentric variants g, 
o, and p, q in S. araneus populations from the low Dnieper, Sozh and Pripyat basin (a 
total of 39 individuals from four sites; Tables 1 and 2, Fig. 1, nos. 4–7) allows them to 
be recognized as a race of its own called “Gomel’ ’’.

Chromosome race: Gomel’ (Gm)
Karyotype: XX/XY1Y2, af, bc, g, hi, jl, k/r, m/n, o, p, q, tu
Type locality: vicinity of Gomel’ city, Belarus, 52°25'29"N, 30°52'31"E.
Distribution range: An area between Dnieper and Sozh Rivers, Gomel, and 

Rechitsa district; to the south of Rechitsa city to the latitude of Bragino city. The western 
boundary of the range lies along the west bank of the Dnieper River, approximately at 
the longitude of Rechitsa city. The other boundaries are not determined.

(2) All the three Rb metacentrics characteristic of the Kiev race occur only in populations 
to the south of the Pripyat River (Table 2, Fig. 1, nos. 9–11). We suppose that the 
polymorphic populations of the common shrew inhabiting the area between Dnieper 
and Pripyat Rivers (a total of 65 individuals from eight sites; Tables 1 and 2, Fig. 1, nos. 
12–18), with fixed acrocentric morphs g and m, can be recognized as the Svetlogorsk race.

Chromosome race: Svetlogorsk (Sv)
Karyotype: XX/XY1Y2, af, bc, g, h/i, j/l, k/o, m, n, p, q, r, tu (see Fig. 2).
Type locality: vicinity of Svetlogorsk city, Belarus, 52°31'46"N, 29°34'49"E.
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Distribution range: an area between Dnieper and Pripyat Rivers (Belarus, Gomel 
region); the low Berezina basin to the vicinity of Parichi and Zhlobin cities to the 
north, from the east bank of the Ptich River and to the west bank of the Dnieper River.

(3) The absence of metacentrics gr and mp, specific of the Białowieża race, in S. araneus 
populations inhabiting the territory along the Ptich River allows us to recognize these 
populations (a total of 104 individuals from nine sites) (Table 2; Fig. 1, nos. 25–27 and 
29–32) as the Oktiabr’skiy race.

Chromosome race: Oktiabr’skiy (Ok)
Karyotype: XX/X Y1Y2, af, bc, g, h/n, j/l, i/k, m, o, p, q, r
Type locality: Rozhanov settlement, vicinity of Oktiabr’skiy town, Belarus 

52°34'26"N, 28°44'37"E.
Distribution range: Southwestern Belarus, territory along the Ptich River, 

approximately to the latitude of Osipovichi city to the north. The western boundary 
is not determined. Easternmost site for shrews of this race is on the east bank of the 
Berezina River. The southern boundary extends along the south bank of the Pripyat 
River from Turov city to the confluence of the Ptich and Pripyat Rivers.

Now, 74 chromosome races of the common shrew (including 49 polymorphic ones) 
are known (Shchipanov and Pavlova 2016), however, the study of chromosomal poly-
morphism of this species is not yet completed. Equally with molecular-genetic and mor-
phometric data, information on distribution and fixation of different Rb translocations 
in definite parts of the S. araneus range is very important for study of intraspecies struc-
ture of the S. araneus. Unequal spread of different Rb translocations and fixation of ac-
rocentric variants of particular chromosome arms observed in each of these groups is an 
interesting example of karyotypic differentiation in populations of the common shrew.
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Abstract
Plantago lagopus is a diploid (2n = 2x =12) weed belonging to family Plantaginaceae. We reported a novel 
B chromosome in this species composed of 5S and 45S ribosomal DNA and other repetitive elements. 
In the present work, presence of B chromosome(s) was confirmed through FISH on root tip and pollen 
mother cells. Several experiments were done to determine the transmission of B chromosome through 
male and female sex tracks. Progenies derived from the reciprocal crosses between plants with (1B) and 
without (0B) B chromosomes were studied. The frequency of B chromosome bearing plants was signifi-
cantly higher than expected, in the progeny of 1B female × 0B male. Thus, the B chromosome seems to 
have preferential transmission through the female sex track, which may be due to meiotic drive. One of 
the most intriguing aspects of the present study was the recovery of plants having more chromosomes than 
the standard complement of 12 chromosomes. Such plants were isolated from the progenies of B chromo-
some carrying plants. The origin of these plants can be explained on the basis of a two step process; for-
mation of unreduced gametes in 1B plants and fusion of unreduced gametes with the normal gametes or 
other unreduced gametes. Several molecular techniques were used which unequivocally confirmed similar 
genetic constitution of 1B (parent) and plants with higher number of chromosomes.

Keywords
Accumulation, drive, FISH, Molecular markers, Unreduced gametes

CompCytogen 11(2): 375–392 (2017)

doi: 10.3897/CompCytogen.11i2.11779

http://compcytogen.pensoft.net

Copyright Manoj K. Dhar et al. This is an open access article distributed under the terms of the Creative Commons Attribution License (CC 
BY 4.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

ReseARCh ARtICle

Comparative

Cytogenetics
International Journal of Plant & Animal Cytogenetics, 

Karyosystematics, and Molecular Systematics

A peer-reviewed open-access journal



Manoj K. Dhar et al.  /  Comparative Cytogenetics 11(2): 375–392 (2017)376

Introduction

B chromosomes are dispensable genetic elements that do not recombine with the chro-
mosomes of the standard complement (A chromosomes). Generally, Bs differ morpho-
logically from A chromosomes. B chromosomes have been observed to be heterochro-
matic in nature, composed mainly of repetitive or genetically inert DNA (Jones et al. 
2008b, Kumke et al. 2016). In some cases heterochromatin content of B chromosomes 
has been reported to be similar to that of A chromosomes (Jones and Houben 2003). 
B chromosomes contain no genes with major function necessary for the growth and 
development of the plant. However, Carchilan et al. (2009) isolated 16 putative B 
chromosome-associated transcripts in rye by cDNA-AFLP, which constitute 0.7% of 
the total transcripts, thereby suggesting presence of some important genes on B chro-
mosome. The mode of inheritance of B chromosomes is non-Mendelian, irregular 
and they follow their own evolutionary pathway. Bs persist in the populations which 
is exemplified by their widespread occurrence in plants; angiosperms, gymnosperms, 
some ferns, bryophytes and fungi besides, animals, including mammals (Jones and 
Rees 1982).

B chromosomes have generally been considered as nuclear parasites since their 
mode of inheritance is autonomous and drive ensures their survival in the population. 
Drive is the property that qualifies the B chromosomes as selfish elements. The various 
mechanisms of drive (reviewed by Chiavarino et al. 1998) include: i) the suppression of 
meiotic loss especially when only one B chromosome is present, ii) non- disjunction at 
the second pollen mitosis, and iii) higher competitive ability of B chromosome carrying 
pollen grain. The drive can occur at any stage of life cycle and has accordingly been clas-
sified as pre-meiotic, meiotic and post-meiotic (Camacho et al. 2000). In pre-meiotic 
drive, B chromosomes increase in number in the germline cells and when the latter 
enter meiosis to form gametes, the mean number of B chromosomes increases. This 
type of pre-meiotic accumulation has been observed in Locusta migratoria Linnaeus, 
1758 (Viseras et al. 1990) and Crepis capillaris (Linnaeus) Wallr., 1840 (Parker et al. 
1989, 1990). Meiotic drive depends on the functional symmetry of meiotic products. 
There are reports on existence of meiotic drive in some grasshopper species (Camacho 
2005). Post-meiotic drive occurs immediately after meiosis during the development of 
the male and female gametophyte (Jones 1991). The molecular mechanisms involved in 
drive were not known for long, but recently Banaei-Moghaddam et al. (2012) showed 
meiotic drive to be due to non-disjunction of chromatids of B chromosome.

The B chromosomes show unstable meiotic behaviour, but have preferential seg-
regation to the nuclei, which form gametes (Jones and Houben 2003). Also in rye, 
non-disjunction of Bs and unequal spindle formation at first pollen mitosis are re-
sponsible for the accumulation and transmission of B chromosomes at a higher rate 
to the next generation (Banaei-Moghaddam et al. 2012). Many B chromosomes have 
transmission rates clearly higher than 50%, which leads to their accumulation in the 
subsequent generations (Jones et al. 2008b). Accumulation of B chromosomes has 
been reported through female sex track in several plants and animals (Hewitt 1973). 
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In some cases the B chromosomes accumulate during male meiosis (Nur 1962), while 
in few organisms accumulation is through both the sexes.

Variation in transmission rate of B chromosomes is a common feature since these 
tend to be lost in some progenies while they increase in number in others. The genetic 
control of the transmission rate of B chromosomes has been demonstrated in some plant 
species (Bougourd and Plowman 1996, Puertas et al. 2000). It was suggested that in maize 
a single major gene located on A chromosome controls B chromosome transmission by 
acting in the haploid egg cell at the time of fertilization (Chiavarino et al. 2001). In rye, 
non-disjunction of Bs and unequal spindle formation at first pollen mitosis are responsible 
for the accumulation and transmission of B chromosomes at a higher rate to the next ge-
neration (Banaei-Moghaddam et al. 2012).

Plantago Linnaeus, 1753 is a large genus, of annual/perennial herbs and sub-shrubs, 
with a worldwide distribution. It is the only genus within the family Plantaginaceae and 
is based on about 200 species (Rahn 1996). Plantago lagopus is a small (about 30 cm 
tall), annual herb. It grows as a weed in the Mediterranean region. The diploid chromo-
some number of the species is 2n = 2x = 12. P. lagopus is genetically unstable which is 
reflected in the presence of aneuploidy (Dhar and Koul 1995). Dhar et al. (2002) re-
ported a novel B chromosome in Plantago lagopus, whose main body is composed of 5S 
rDNA and has few 45S rDNA sequences at the ends. The authors presented the experi-
mental evidence of de novo origin of novel B chromosome in P. lagopus through specific 
DNA sequence amplification. Using molecular cytogenetic techniques like FISH and 
Fiber-FISH, Kour et al. (2014) further characterized this chromosome and reported it 
to be a mixture of rDNA sequences and transposable elements.

In order to explore the mechanism of accumulation of B chromosome in Plantago 
lagopus, extensive crossing experiments were conducted. Based on the data so obtained, 
transmission of B chromosome through male and female sex tracks was calculated. 
These studies are expected to throw light on the existence of drive in B chromosome of 
P. lagopus besides, understanding the mechanism of perpetuation in the populations.

Materials and methods

The data on male and female transmission of B chromosome was collected over a pe-
riod of 5 years (2005–2010). Seeds of Plantago lagopus were sown in earthen pots dur-
ing October, every year. Generally, the seeds germinated within 4-5 days. After about 
2 months, the seedlings were transplanted to the experimental beds in the Jammu 
University Botanic Garden.

Before transferring to the soil, young seedlings were uprooted from the pots and 
root tips excised. The root tips were used for cytological studies to determine the pres-
ence of B chromosome(s). The root tips were stained with Feulgen stain and squashed 
in 1% acetocarmine. For meiotic studies, young floral buds were used for cytology. 
Slides were prepared using anthers from freshly fixed buds squashed in 1% acetocar-
mine. Three cytotypes were used for the present investigation; plants with standard 



Manoj K. Dhar et al.  /  Comparative Cytogenetics 11(2): 375–392 (2017)378

complement of 12 chromosomes (0B), plants with one B chromosome in addition 
to the standard complement (1B) and plants with two B chromosomes in addition 
to the standard complement (2B). For Fluorescence in situ hybridization (FISH) the 
protocol of Dhar et al. (2002) was followed. Probes for 45S (pTa71) (Gerlach and 
Bedbrook 1979) and 5S ribosomal DNA (pPov1) (Dhar et al. 2002) were used for 
FISH. The signals were visualized using a Zeiss Axioskop microscope equipped with 
phase contrast and epifluorescence.

transmission

The progenies raised after selfing and crossing were analyzed to determine the mode of 
transmission of B chromosomes. To work out the transmission of B chromosomes through 
male and female sex tracks, crosses were attempted between the 0B, 1B and 2B plants. The 
seeds obtained from different crosses were sown in the pots during October every year. 
The chromosome number of progeny plants was determined from the seedlings.

Single stranded DNA conformation polymorphism (SSCP) analysis

For SSCP analysis, PCR was performed using the 5S rDNA specific primers. PCR 
product (5μl) was denatured by adding the loading dye consisting of 95% formamide, 
10% glycerol, 0.25% bromophenol blue, 0.25% xylene cyanol) followed by its im-
mediate quenching on ice. The samples were electrophoresed on 6% polyacrylamide 
gel in 0.5X TBE. For staining polyacrylamide gels, silver staining protocol of Bassam 
et al. (1991) was followed.

Sequence specific amplified polymorphism (SSAP) analysis

SSAP analysis was performed as per the protocol of Pearce et al. (1999). The primers 
selected for the analysis were MKD-4, MKD-5, MKD-9, MDK-11, ASW-8, ASW-9 
and ASW-10 (Kour et al. 2009). A total of twelve different combinations were made 
using these primers (Suppl. material 1: Table 1). The PCR amplified fragments were 
electrophoresed on 6% polyacrylamide denaturing gel in 0.5X TBE followed by silver 
staining. Only reproducible bands were considered for scoring.

Simple Sequence Repeat (SSR) analysis

For SSR amplification four primer pairs were used as given by Squirrell and Wolff 
(2001) for Plantago major, and ten other primers were tried (Suppl. material 1: Table 2). 
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PCR amplification of SSR loci was performed in 20μl reaction mixture containing 20ng 
DNA, 1X PCR buffer, 2.5mM MgCl2, 0.5μmol each primer, 200μM dNTPs, 1U Taq 
polymerase (Fermentas, USA). The thermal cycling conditions were as follows: initial 
denaturation at 94°C for 4min followed by 35 cycles of 94°C for 30sec, 55-65°C for 
30sec, extension at 72°C for 1min and final extension for 10min at 72°C. The amplifi-
cation products were resolved on 10% polyacrylamide denaturing gel in 0.5X TBE and 
subsequently visualized by silver staining. For each microsatellite locus, size of the alleles 
was estimated by comparison with standard size. After scoring the allelic bands, other 
bands were also scored.

Results

During the present investigation, about 531 plants were screened cytologically for 
the presence of the B chromosome (Fig. 1a, 1b), since it is not possible to distinguish 
plants with and without B chromosomes, morphologically. In P. lagopus the size of 
the B chromosome is almost equal to one of the A chromosomes, therefore, we used 
FISH with 5S rDNA probe, to identify the B chromosome(s) in 1B and 2B plants 
(Fig. 1c–f ). As has been demonstrated in our earlier study (Dhar et al. 2002), the B 
chromosome gets completely painted when 5S rDNA is used as a probe (Fig. 1d). 
Therefore, in a 0B plant 5S rDNA signals were found only on two chromosomes 
(Fig. 1c). Similarly, 45S rDNA probe clearly identified the B chromosome, as the 
FISH signals were observed at the two ends of the B chromosome, besides the sig-
nals on the pair of NOR bearing chromosomes (Fig. 1e). In 2B plants, FISH with 
5S rDNA probe clearly identified B chromosomes at somatic pro-metaphase and 
metaphase (Fig. 2a–b).

Preferential transmission to progeny

The transmission of B chromosomes was ascertained through male and female sex 
tracks by attempting various reciprocal crosses. When 1B plant was used as a male, 
transmission rate was in accordance with the Mendelian expected ratio of 1:1 (p=0.05; 
χ2= 0.058) (Table 1). In the reciprocal crosses, when 1B plant was used as female par-
ent, progeny based on a total of 187 plants was screened for chromosome number 
(Table 2); the ratio between the plants with and without B chromosome(s) was 3.1:1. 
Thus, it is clear that frequency of B chromosome bearing plants was higher than the 
Mendelian expected value (p < 0.05, χ2=50.30) when 1B chromosome plant was used 
as female parent. The deviation obtained from the Mendelian ratio was significant. 
These results clearly indicate that the B chromosome has preferential transmission 
through the female sex track.
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Figure 1. Root tip mitosis in different plants. a Metaphase spread showing 12 standard (A) chromosomes 
of Plantago lagopus. NOR bearing chromosomes have been marked b Metaphase spread showing 12 A 
and one B chromosome. Note the B chromosome is indistinguishable c Mapping of 5S rDNA sequences 
in 0B plant using FISH. Note the presence of 5S rDNA signals on two A chromosomes d Painting of B 
chromosome with 5S rDNA probe, besides signals of 5S rDNA on two A chromosomes e A metaphase 
spread containing one B chromosome probed with 45S rDNA, showing two additional NOR sites (arrow 
heads) f 5S rDNA probed metaphase spread showing 12 A and two B chromosomes g FISH of a metaphase 
spread of 23-chromosome plant revealing the presence of 5 B chromosomes h Metaphase spread showing 
28 chromosomes. Scale bars: 10μm.

Meiotic behaviour of B chromosome

To understand the meiotic behaviour of B chromosome in 1B plants, a total of 1450 
pollen mother cells from 145 plants were scanned at anaphase I and II. At metaphase-I 
the B chromosome remained as a univalent and at anaphase-I, in 1160 (80%) cells the 
B chromosome was present at one of the poles. In majority of the cases, the B chromo-
some seemed to have reached the pole earlier than the A chromosomes. At anaphase-II, 
the B chromosome divided into chromatids, which segregated to the poles. Similarly, 
in 2B plant at metaphase-I of meiosis, B chromosomes existed either as a bivalent 
(Fig. 2c) or two univalents (Fig. 2d). During anaphase-I the two chromosomes moved 
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table 2. Data on crosses among 1B (female) × 0B (male) plants.

Parent plants (1B × 0B)
Progeny plants Total plants Ratio

0B 1B 2B 0B B 0B: B
36-1-07 × 36-9-07 06 24 09 06 (15.4) 33 (84.6) 1:5.5
36-2-07 × 36-9-07 03 09 06 03 (16.6) 15 (83.33) 1:5

40-11-07 × 40-6-07 03 04 03 03 (30.0) 07 (70.0) 1:2.3
40-13-07 × 40-607 21 24 12 21 (36.8) 36 (63.2) 1:1.7

1M-1-06 × 1M-4-06 06 21 06 06 (18.2) 27 (81.8) 1:4.5
35-2-06 × 35-5-07 06 18 06 06 (20.0) 24 (80.0) 1:4

TOTAL 45 100 42 45 (24.06) 142 (75.93) 1:3.1

Percentage in parenthesis.

Figure 2. FISH on cells having 2 B chromosomes. Root tip metaphase cells at prometaphase (a) and 
metaphase (b) showing two B chromosomes. Segregation pattern of B chromosomes during meiosis (c–f). 
Note the two B chromosomes at the same pole (f). Scale bar: 10μm.

table 1. Data on crosses among 0B (female) × 1B (male) plants.

Parent plants (0B × 1B)
Progeny plants Total plants Ratio

0B 1B 2B 0B B 0B:B
36-9-07 × 36-1-07 06 09 06 06 (28.5) 15 (71.4) 1:1.2
36-9-07 × 36-2-07 09 06 03 09 (50.0) 09 (50.0) 1:1

40-6-07 × 40-11-07 18 09 09 18 (50.0) 18 (50.0) 1:1
40-6-07 × 40-13-07 27 21 09 27 (47.3) 30 (52.6) 1:1.1
1M-4-06 × 1M-1-06 15 06 0 15 (71.4) 06 (28.5) 2.5:1

TOTAL 75 51 27 75 (49.01) 78 (50.9) 1:1.04

Percentage in parenthesis.

to the opposite or to the same pole (Fig. 2e, f ). In 2B plants, 670 pollen mother cells 
were scanned, of which 490 cells showed B chromosomes at the poles earlier than the 
A chromosomes.
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Accumulation of B chromosomes

In some progenies of 1B plants, rarely, plants with very high number of chromosomes were 
observed, which included plants having 23, 26 and 28 chromosomes (Fig. 1g, h). FISH 
analysis of 23-chromosome plant with 5S rDNA probe revealed its chromosome constitu-
tion as 18A + 5B chromosomes. Similarly, plants with 26 and 28 chromosomes had 24A 
+ 2B chromosomes and 24A + 4B chromosomes, respectively (figures not given). In other 
words, the B chromosomes were found in addition to triploid and tetraploid states.

Origin of plants with 26 and 28 chromosomes

In order to trace the origin of plants with 2n = 26 and 2n = 28 chromosomes, three 
molecular markers were tried. The details are presented below:

SSCP analysis

As shown in our earlier study (Dhar et al. 2002) and the present study, B chromosome 
is mainly composed of 5S rDNA sequences, therefore, SSCP analysis was carried out 
by targeting these sequences. For this purpose, DNA isolated from the selfed progeny 
plants of 1B and 2B parents (separately), including plants with 26 and 28 chromo-
somes, respectively, was used. The banding pattern of 1B (mother plant) and 26 chro-
mosome progeny plant, 2B (mother plant) and 28 chromosome progeny plant showed 
100% similarity. The remaining plants in the two progenies composed of 0B, 1B and 
2B plants showed variable banding pattern (Suppl. material 3: Fig. S2).

SSAP analysis

The SSAP exploits the insertional polymorphism of long terminal repeats (LTR retro-
transposons) in the genome. In the present case SSAP analysis was used with twelve 
different primer combinations. It was observed that plant with 26 chromosomes 
showed 100% similarity with the 1B mother plant while other progeny plants showed 
polymorphism. Similarly, progeny plant with 28 chromosomes recovered from the 
selfed progeny of 2B plant showed 100% similarity with its mother plant as compared 
to other progeny plants.

SSR analysis

For the present investigation we used 14 SSR primers. From SSR data generated dem-
onstrated that 1B and 2B mother plants showed 100% similarity with the 26 (Suppl. 
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material 4: Fig. S3a, b) and 28 (Suppl. material 4: Fig. S3c, d) progeny plants respec-
tively, while differences were detected in other progeny plants.

The results obtained from the above three molecular markers clearly establish the 
maternal origin of 26 and 28 chromosome plants.

Discussion

Structure and behavior of B chromosome

In Plantago lagopus Dhar et al. (2002) demonstrated that the B chromosome is mainly 
composed of 5S rDNA sequences. Using FISH and reverse GISH techniques, the 
entire chromosome was found to get painted with 5S rDNA probe, while 45S rDNA 
sequences were localized at the two ends, just below the telomeric sequences. There 
are several reports on identification of B chromosomes using FISH (reviewed in Jones 
et al. 2008a). Most of the B chromosomes reported in different organisms are hetero-
chromatic mainly due to the presence of repetitive DNA sequences made of satellite 
DNA, ribosomal DNA and transposable elements (Martis et al. 2012). Since 0B, 1B 
and 2B plants are indistinguishable morphologically (Dhar et al. 2002), therefore, in 
order to confirm the chromosomal status of the parents and the progeny plants, FISH 
with 5S rDNA probe was used in the present investigation.

The B chromosome does not pair or recombine with any A chromosome. B chro-
mosomes, in general, have been reported to follow non-Mendelian mode of inherit-
ance (Jones and Rees 1982) attributed to their irregular mitotic and meiotic behavior 
(Jones 1991). The meiotic behavior of the B chromosome in the pollen mother cells 
was very interesting. During anaphase, the B chromosome generally reached the poles 
earlier than A chromosomes. Thus, the B chromosome showed meiotic drive, which 
ensures its segregation and subsequent inclusion in the microspore mother cells.

Transmission of the B chromosome

In the present case, transmission of the B chromosome was ascertained through male 
and female sex tracks by following the progenies of the reciprocal crosses. Interest-
ingly, when 1B plant was used as a male, transmission rate was in accordance with the 
expected Mendelian ratio. The differences in segregation ratio observed among various 
cross combinations can be attributed to the heterozygous nature of P. lagopus - being 
a cross-pollinated species. On the other hand, when 1B plant was used as a female, 
there was significant deviation from 1:1 ratio; frequency of B chromosome bearing 
plants was higher than the Mendelian expected value. These results clearly indicate 
preferential transmission of B chromosome through the female sex track. According to 
Houben and Carchilan (2012), variation in transmission rate is a common feature of B 
inheritance, such that the Bs tend to distort Mendelian expectation in their favor. Their 
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rate of transmission can be irregular with different levels of meiotic and post-meiotic 
drive or drag (Beukeboom 1994, Rusche et al. 1997). The drive through the female sex 
track can be explained on the basis of the fact that during female meiosis in plants, only 
one out of the four meiotic products survives. Therefore, in order to ensure inclusion 
in the surviving megaspore/egg, the B chromosome must be hosting a meiotic drive 
locus, as has been shown in Mimulus Linnaeus, 1753 - a phenomenon called female 
meiotic drive (Fishman and Saunders 2008). These authors have demonstrated that 
selfish chromosomal drive can be an important fitness determinant in natural popula-
tions. It can therefore be concluded that the B chromosome of P. lagopus is perpetuated 
preferentially due to drive, expressed during both male and female meiosis. The same 
is true of rye, where the drive happens in both male and female sex tracks (Jones and 
Houben 2003).

Accumulation of B chromosomes

One of the important characteristics of B chromosomes is their accumulation in selfed 
or outcrossed progenies. In some species the accumulation is mainly due to non-dis-
junction of B chromosomes during pollen mitosis. The present case is perhaps the first 
in plants where the entire complement of the species gets duplicated in presence of a B 
chromosome. Earlier, Bidau (1987) reported the presence of macrospermatids (>dip-
loid chromosome number) in B containing individuals of a grasshopper, Dichroplus 
pratensis Bruner, 1900. The formation of macrospermatids was attributed to nuclear 
fusion. In the present case, the plants with 23, 26 and 28 chromosomes were obtained 
from the selfed progenies of B chromosome bearing plants. The origin of these plants 
can be attributed to formation of unreduced gametes, followed by their fusion with 
other gametes or their endoreduplication and parthenogenetic development of the 
plant. Earlier, it has been postulated by Sharma et al. (1985) that in P. lagopus unre-
duced egg of the trisomic mother plant may have developed parthenogenetically giving 
rise to plants with 13 chromosomes. The authors reported formation of aneutriploid 
individuals with 19 chromosomes (Sharma et al. 1985) in the progeny of a cross be-
tween a trisomic and disomic plants. Similarly, Bhan et al. (1990) reported an auto-
tetraploid in P. lagopus isolated from an experimental population, which could be the 
result of fusion of unreduced gametes.

Formation of unreduced gametes has been reported in many plants and has been 
proposed as an important mechanism for origin of polyploids (Mason et al. 2011, 
Mason and Pires 2015).

Molecular markers in tracing origin of 26 and 28 chromosome plants

To substantiate the proposed mode of origin of plants with 26 and 28 chromosomes, 
recovered from selfed progeny of B chromosome plants, recourse was taken to mo-
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lecular markers namely SSCP, SSAP and SSR. For SSCP analysis we targeted those 
sequences, which are present on the B chromosome. The technique was used to check 
whether Single Nucleotide Polymorphism exists among 1B and 2B mother plants and 
their progeny plants, including 26 and 28 chromosome plants. The SSCP pattern of 
1B (mother) and 26 (progeny) plant showed 100% similarity, as compared to rest of 
the progeny plants. Similarly 2B (mother) and 28 chromosome progeny plants showed 
monomorphic pattern of bands, while in other 14 chromosome plants polymorphic 
pattern was observed. Thus SSCP analysis of 5S rDNA showed that the mother plants 
and the higher chromosome plants are 100% similar, thereby suggesting that they must 
have originated from the maternal genome. The experiments were repeated 3-4 times, 
however, similar SSCP pattern was observed in the mother plant and the offsprings 
with 26 and 28 chromosomes. SSCP technique is known to detect variation due to 
SNPs. Recombination is known to affect the SNPs; the SNP variation is less in regions 
of low recombination while it is more in high recombination regions (Brumfield et al. 
2003). Recombination frequencies vary due to several genetic and non-genetic factors 
such as sex, the genetic background, genes and structures involved in meiotic recom-
bination, age, irradiation, chemicals, nutrient salts and antibiotics (Barth et al. 2000). 
Occurrence of such processes more frequently during sexual reproduction in compari-
son to asexual reproduction, will lead to generation of SNPs in the former. This gets 
exemplified in the present case, by detection of large number of SNPs among progeny 
plants bearing 1B and 2B chromosomes than in 26 or 28 chromosome plants.

SSAP has also been used for the recombination studies in the selfed progeny plants 
of Pisum Linnaeus, 1753 (Jing et al. 2007). The marker has been used to detect the 
variation at genic level due to recombination and the combination of male and female 
genome mutation. Similarly, the inheritance of the B chromosome at the genome level 
has been analyzed using the SSR markers in Brassica sp. Linnaeus, 1753 (Navabi et al. 
2011). SSAP and SSR used in the present case have also shown the same pattern in case 
of mother and the progeny plant having higher chromosome number. The molecular 
data does not support occurrence of recombination events in the origin of 26 and 
28 chromosome plants, therefore, it can be presumed that the latter have originated 
through a two step process; formation of unreduced gametes in the parent, followed by 
parthenogenetic development of unreduced gametes, as has been proposed by Sharma 
et al. (1985).

Unreduced gametes and parthenogenetic development

Apomixis, or clonal propagation by seed, has been reported in many genera of higher 
plants following the gametophytic apomixis (Carman 1997). Plants arising from apo-
mixis retain the maternal genotype. The main components of apomixis include un-
reduced gamete formation and parthenogenetic development (Koltunow and Gross-
niklaus 2003), which are also exemplified by the plants studied in present investigation. 
The genes and pathways involved in gametophytic apomixis have not been discovered 
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as yet and are the subject of intense research (Hand and Koltunow 2014). Polyploidy is 
the common feature of almost all apomicts (Roche et al. 2001). B chromosomes have 
been documented in apomictic species (Jones and Rees 1982), however, there is no re-
port on apomixis gene(s) necessarily residing on a B-chromosome (Roche et al. 2001). 
In an animal species, B-chromosomes were found in polyploid individuals reproducing 
by pseudogamous parthenogenesis but were conspicuously absent in the diploid sexual 
individuals (Beukeboom et al. 1998).

Preferential transmission of B chromosomes and occurrence of plants with high 
chromosome numbers (2n =23, 26, 28) can have serious implications in the evolution 
of Plantago lagopus genome and the speciation. Recently, in Arabidopsis thaliana (Lin-
neaus) Heynh., 1842, unreduced gamete-producing mutants, on account of defects in 
the meiotic cell cycle machinery, have been identified which has further advanced our 
understanding of the mechanisms behind unreduced gamete formation (Brownfield and 
Kohler, 2011). In the present case, plants with 23, 26 and 28 chromosomes were isolated 
in the progenies of the plants carrying B chromosome(s), therefore, it can be presumed 
that some DNA element located on B chromosome is activating the gene(s) promoting 
unreduced gamete formation, which is (are) located on A chromosome. Similar observa-
tions have been made in rye (Carchilan et al. 2009). However, more intense molecular 
studies need to be conducted to identify the gene/genes responsible in P. lagopus.
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Abstract
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genome. Chromosome microdissection and mapping of repetitive DNA sequences are effective tools to 
assess the DNA content and allow a better understanding about the origin and composition of these ele-
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argenteus Agassiz, 1829 was investigated. The hybridization patterns obtained with chromosome paint-
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Introduction

Supernumerary or B chromosomes are dispensable genomic elements found in approxi-
mately 15% of eukaryotes (Camacho et al. 2000). Usually, these elements are assumed 
to have derived from standard genomic elements (e.g. A or sex chromosomes) from 
the same (intraspecific origin) or a different (interspecific origin) species (reviewed in 
Camacho et al. 2000). As a result of their reduced recombination rates, these elements 
are prone to accumulate several types of repetitive DNA sequences during their evolu-
tion (Camacho 2005). For instance, ribosomal and histone clusters, snDNA genes and 
satellite DNAs have been extensively found on B chromosomes of several species and 
provided evidence for the origin of these elements in different organisms (Teruel et al. 
2009, Silva et al. 2014, 2016, Menezes-de-Carvalho et al. 2015, Utsunomia et al. 2016).

Prochilodus is the most species-rich genus within family Prochilodontidae and 
its species exhibit a well-preserved karyotypic macrostructure, a diploid number of 
54 chromosomes and karyotypic formula of 40m + 14sm (Pauls and Bertollo 1983, 
1990, Venere et al. 1999, Oliveira et al. 2003). However, prominent intra- and 
interspecific differences have been reported regarding the frequency and occurrence 
of B chromosomes. To date, supernumerary elements were reported in five species: 
Prochilodus lineatus (Valenciennes, 1836), Prochilodus brevis Steindachner, 1874, 
Prochilodus nigricans Agassiz, 1829, Prochilodus mariae Eigenmann, 1922, and 
Prochilodus argenteus Agassiz, 1829 (Pauls and Bertollo 1983, 1990, Venere et al. 1999, 
Oliveira et al. 2003, Penitente et al. 2015); however, information regarding the origin, 
molecular content, and populational dynamics of these B chromosomes are restricted 
to P. lineatus (Maistro et al. 2000, Jesus et al. 2003, Artoni et al. 2006, Voltolin et al. 
2010, 2013a, Penitente et al. 2013).

In a previous study, Jesus et al. (2003) isolated two satellite DNA families from 
the P. lineatus genome, SATH1 and SATH2, mainly located in the pericentromeric re-
gion of chromosomes. Remarkably, in this species the SATH1 satDNA was associated 
with both A and B chromosomes, suggesting an intra-specific origin of these elements 
(Artoni et al. 2006, Vicari et al. 2010). However, no information related to the chro-
mosomal location of SATH1 in congeneric species is available, which could be useful 
in understanding the origin and dynamics of B chromosomes in this genus.

Prochilodus costatus Valenciennes, 1850 is an endemic species of the São Francisco 
River basin and previous cytogenetic analyses did not reveal the presence of B chro-
mosomes in this species (Pauls and Bertollo 1990, Galetti 1991, Voltolin et al. 2013a, 
2013b). In this study, we described the occurrence of B chromosomes in P. costatus 
for the first time and performed a comparative analysis with other B chromosome 
systems found in P. lineatus and P. argenteus using chromosome painting and mapping 
of SATH1 satDNA.
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Methods

Prochilodus costatus specimens (N=23) were collected in three distinct sites along São 
Francisco River basin (Table 1), Minas Gerais, Brazil, with SISBIO14975-1 permis-
sion. One sample of Prochilodus argenteus was collected near the Três Marias Dam, 
from the São Francisco River basin and one sample of Prochilodus lineatus was collected 
in Volta Grande Dam - MG, from the Grande River basin.

Before analysis, the animals were anesthetized and euthanized with a 300 mg L-1 

clove oil aqueous solution (Lucena et al. 2013) in accordance with the Universidade 
Federal de Viçosa Animal Welfare Committee authorization #35/2014. The mitotic 
chromosomes were obtained from cell suspensions from the anterior kidney (Bertollo 
et al. 1978) and C-banding technique was carried out according to Sumner (1972). 
The chromosomes were classified as metacentric (m), submetacentric (sm), subtelocen-
tric (st) and acrocentric (a), modified from Levan et al. (1964).

Because the B chromosome frequency was variable among cells within the same 
individual, an analysis of mitotic instability causing this variation was performed. For 
this purpose, we used a mitotic instability index previously developed in a migratory 
locust (Pardo et al. 1995) that is based on the assumption that the median number of 
B chromosomes in the adult represents the number of B chromosomes in the zygotic 
stage. This mitotic instability index (MI) estimates the sum of deviations in B numbers 
in a sample of cells with respect to the median, normalized per B chromosome.

Microdissection was performed in an Eppendorf TransferMan NK2 microman-
ipulator attached to a Zeiss Axiovert 100 microscope. Ten B chromosomes were micro-
dissected from the same P. costatus specimen (JD5483) carrying one B chromosome. 
The microdissected DNAs were placed in 9 μl of DNase-free ultrapure water and then 
fragmented and amplified using the GenomePlex Single Cell Whole Genome Ampli-
fication Kit (wga4-Sigma) (Gribble et al. 2004). After the initial amplification, we ob-
tained a B chromosome DNA probe (BPC probe) labeled with digoxigenin-11-dUTP 
(Roche Applied Science) using the GenomePlex Whole Genome Amplification Ream-
plification Kit (wga3-Sigma), following the manufacturer’s protocol. This BPC probe 
was hybridized on metaphase plates of P. costatus, P. lineatus and P. argenteus.

Considering that SATH1 satDNA was described to occur on the B chromosomes 
of P. lineatus (Jesus et al. 2003, Artoni et al. 2006), the distribution of this probe in dif-
ferent Prochilodus species would be relevant for understanding evolutionary aspects of 
this B chromosome system. Thus, three SATH1 sequences (AF363731.1, AF363732.1 
and AF363734.1) were retrieved from GenBank and aligned using MUSCLE algo-
rithm (Edgar 2004). Subsequently, the convergent primers SATH1-F 5’-GCTGCAG-
CAAAAACCCTACC- 3’ and SATH1-R 5’-AGTGGGAGCTAGGGTTAGGG-3’ 
were designed on conserved regions to yield a 563bp PCR product, suitable for FISH 
(Suppl. material 1). The reactions were performed in 1x PCR buffer, 1.5 mM MgCl2, 
200 μM each dNTP, 0.5 U of Taq polymerase (Invitrogen), 0.1 μM each primer and 5 
ng of DNA. The PCR products were checked in 2% agarose gels (Suppl. material 2). 
After amplification, PCR products were labeled with digoxigenin-11-dUTP.
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table 1. B chromosome frequency and Mitotic Instability index (MI) of somatic cells in P. costatus.

Sample  Locality Geographic coordinates
Number of 
B per cell MB N MI
0B 1B

JD5480 São Francisco River – Iguatama 20°09'50"S, 45°43'08"W 12 – 0B 12 0
JD5481 São Francisco River – Iguatama 20°09'50"S, 45°43'08"W 29 1 0B 30 0.01
JD5482 São Francisco River – Iguatama 20°09'50"S, 45°43'08"W 28 2 0B 30 0.01
JD5483 São Francisco River – Iguatama 20°09'50"S, 45°43'08"W – 30 1B 30 0
JD5486 São Francisco River – Iguatama 20°09'50"S, 45°43'08"W 15 – 0B 15 0
JD5490 São Francisco River – Iguatama 20°09'50"S, 45°43'08"W 27 3 0B 30 0.01
JD5497 São Francisco River – Iguatama 20°09'50"S, 45°43'08"W 29 1 0B 30 0.01
JD5502 São Francisco River – Iguatama 20°09'50"S, 45°43'08"W 17 1 0B 18 0.11
JD5604 São Francisco River – Iguatama 20°09'50"S, 45°43'08"W 27 3 0B 30 0.01
JD5605 São Francisco River – Iguatama 20°09'50"S, 45°43'08"W 27 3 0B 30 0.01
JD5619 São Francisco River – Iguatama 20°09'50"S, 45°43'08"W 30 – 0B 30 0
JD5620 São Francisco River – Iguatama 20°09'50"S, 45°43'08"W 16 1 0B 17 0.01
JD5517 Pandeiros River – Januária 15°23'28"S, 44°53'37"W 30 – 0B 30 0
JD5531 Pandeiros River – Januária 15°23'28"S, 44°53'37"W 27 3 0B 30 0.01
JD5562 São Francisco River – Três Marias Dam 18°08'47"S, 45°13'37"W 25 5 0B 30 0.1
JD5563 São Francisco River – Três Marias Dam 18°08'47"S, 45°13'37"W 11 – 0B 11 0
JD5565 São Francisco River – Três Marias Dam 18°08'47"S, 45°13'37"W 15   0B 15 0
JD5566 São Francisco River – Três Marias Dam 18°08'47"S, 45°13'37"W 15 1 0B 16 0.04
CT4639 São Francisco River – Três Marias Dam 18°08'47"S, 45°13'37"W 21 6 0B 27 0.01
CT4640 São Francisco River – Três Marias Dam 18°08'47"S, 45°13'37"W 23 1 0B 24 0.04
CT4644 São Francisco River – Três Marias Dam 18°08'47"S, 45°13'37"W 10 – 0B 10 0
CT4645 São Francisco River – Três Marias Dam 18°08'47"S, 45°13'37"W 10 – 0B 10 0
CT4647 São Francisco River – Três Marias Dam 18°08'47"S, 45°13'37"W 10 – 0B 10 0

              XMI=0,0292

MB: modal number of B chromosomes; N: number of metaphases analyzed; MI: Mitotic Instability in-
dex; XMI: MI average among individuals with B chromosomes.

Fluorescent in situ hybridization (FISH) was performed under high stringency condi-
tions using the method described by Pinkel et al. (1986) with modifications. Pre-hybridi-
zation: slides were incubated with 0,005% pepsin/10mM HCl for 10 min at 37 °C and 
the chromosomal DNA was denatured in 70% formamide/2xSSC for 5 min at 70 °C. 
For each slide, 30 μl of hybridization solution (containing 200 ng of labeled probe, 50% 
formamide, 2xSSC and 10% dextran sulphate) was denatured for 10 min at 95 °C, then 
dropped onto the slides and allowed to hybridize overnight at 37 °C in a moist chamber. 
Post hybridization: slides were washed in 0,2xSSC/15% formamide for 20 min at 42 °C, 
followed by a second wash in 0,1xSSC for 15 min at 60 °C and a final wash at room 
temperature in 4xSSC/0,5% Tween for 10 min. Probe detection was carried out with 
anti-digoxigenin-rhodamine (Roche), and the chromosomes were counterstained with 
DAPI (4’,6-diamidino-2-phenylindole, Vector Laboratories) and analyzed using an opti-
cal photomicroscope (Olympus BX61). Images were captured with an Olympus DP70 
digital camera using the IMAGE PRO PLUS 6.0 software (Media Cybernetics). From 
each individual, a minimum of five cells was analyzed for FISH.
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Results and discussion

The analyzed samples of P. costatus showed the expected karyotypic macrostructure of 
54 chromosomes (40m + 14sm) (Fig. 1), a conserved trait among Prochilodontidae, 
indicating that large chromosome rearrangements are apparently unusual in this fish 
group (Feldberg et al. 1987, Pauls and Bertollo 1983, 1990, Venere et al. 1999, Oliveira 
et al. 2003, Voltolin et al. 2013, Penitente et al. 2015).

Mitotically unstable B chromosomes were observed in 14 of 23 P. costatus specimens 
analyzed, ranging from 0 to 1 B chromosome per cell, characterizing the sixth species 
within Prochilodus carrying these elements (Table 1). Although chromosome numbers 
and karyotype structure are highly stable in Prochilodus species, the frequency of differ-
ent B chromosomes in distinct species/populations is remarkable (Cavallaro et al. 2000, 
Artoni et al. 2006, Penitente et al. 2015). For instance, two populations of P. costatus 
were analyzed until now and none of them showed B chromosomes in their cells (Pauls 
and Bertollo 1990, Voltolin et al. 2013a, 2013b). In fact, supernumerary chromosomes 
in fish are usually highly dynamic elements, and the existence of B-lacking and B-carry-
ing populations is quite common and largely known (Oliveira et al. 2009).

The Mitotic Instability calculation resulted in an average index of 0.0292 (Table 1). 
This MI index is considered low and indicates that this elements may be testifying a pro-
cess of stabilization on P. costatus populations, as suggested for populations of P. lineatus 
(Cavallaro et al. 2000) and P. argenteus (Penitente et al. 2015).

C-banding revealed small pericentromeric heterochromatic regions in all chromo-
somes (Fig. 1b), with a narrow band in the metacentric chromosome pair number 2, as 
reported for other species of Prochilodus, except in P. lineatus (Artoni et al. 2006, Vicari 
et al. 2006, Voltolin et al. 2013a). Additionally, the supernumerary chromosomes were 
entirely C-band positive (Fig. 1b; arrowhead).

Cross-species chromosome painting showed that the BPC probe hybridized on 
the B chromosomes of P. costatus, P. lineatus, and P. argenteus (Fig. 2). Notably, this 
hybridization pattern evidenced that all B chromosomes analyzed in this study shared 
anonymous sequences, as already reported for P. lineatus and P. nigricans (Voltolin et 
al. 2013b). The identical hybridization pattern generated throughout chromosome 
painting between different species or populations allow us to suggest that these B chro-
mosomes show a high degree of homology. Notably, such hypothesis should be bet-
ter tested in the future since chromosome painting is not a conclusive method when 
studying B chromosomes origin in closely related species (Silva et al. 2016). However, 
one must say that the association of this technique with known repetitive sequences 
mapping by FISH may provide additional information about the DNA content and 
sequence homology in supernumerary chromosomes of different species.

FISH experiments revealed large clusters of SATH1 satDNA in the pericentro-
meric regions of many A-chromosomes in the three studied species. Remarkably, the 
largest metacentric chromosome of P. lineatus exhibited a strong signal in the pericen-
tromeric region, differently from P. costatus and P. argenteus (Fig. 3; asterisks), char-
acterizing an interesting chromosomal marker. In addition, our results evidenced that 
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Figure 3. Metaphases of P. costatus (a), P. argenteus (b) and P. lineatus hybridized with SATH1 probe. 
The asterisks indicate the first pair of metacentric chromosomes and the arrowheads indicate the supernu-
merary chromosomes. Bar = 10 μm.

Figure 1. Metaphases of P. costatus with conventional staining (a) and C-banding (b). Arrowheads indi-
cate the supernumerary chromosomes. Bar = 5 μm.

Figure 2. Chromosome painting with BPC probe on metaphases of P. costatus (a), P. argenteus (b) and 
P. lineatus. Arrowheads indicate the supernumerary chromosomes. Bar = 10 μm.

the supernumerary chromosomes of P. costatus (one B chromosome), P. argenteus (one 
B chromosome) and P. lineatus (six B chromosomes) carry the SATH1 satDNA se-
quences (Fig. 3; arrowheads). Notably, SATH1 sequences were also extensively spread 
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over several A chromosomes in all species, whereas the BPC and all previously micro-
dissected B-probes of Prochilodus (Voltolin et al. 2013b) revealed signals only on the 
B chromosomes. Such deviation might be caused by a possible bias of amplification in 
the GenomePlex reaction. Thus, several different repetitive DNA elements might be 
located on these B chromosomes and deserve further investigation.

Cytogenetic data show a conservative trend within the family Prochilodontidae, 
with a diploid number of 2n=54 biarmed chromosomes (Pauls and Bertollo 1983, 
1990, Feldberg et al. 1987, Voltolin et al. 2013, Nirchio-Tursellino et al. 2016). How-
ever, Semaprochilodus Fowler, 1941 and Prochilodus genera exhibit the presence of sex 
related and supernumerary chromosomes, respectively, different from Ichthyoelephas 
Posada Arango, 1909, in which these elements are absent. Accordingly, recent molecu-
lar phylogenetic analyses (Melo et al. 2016) proposed the monophily of Prochilodonti-
dae and placed Ichthyoelephas as a sister group of the Semaprochilodus + Prochilodus 
clade. The absence of sex related and supernumerary chromosomes, together with dif-
ferences on the location of the repetitive 5S and 18S rDNA, suggest a plesiomorphic 
position of the Ichthyoelephas karyotype (Nirchio-Tursellino et al. 2016), involving at 
least two rearrangements events in the common ancestor of the Prochilodontidae.

Only eight out of the 13 valid species of Prochilodus have been karyotyped and the 
presence of B chromosomes was reported for six species. In this sense, B chromosomes 
are present in most species, except for the P. vimboides and the trans-Andean clade. 
However, our results suggest that these chromosomes may be absent in some popula-
tions, or their low frequency may demand higher sampling efforts. The hybridization 
patterns of both SATH1 satDNA and chromosome painting with the B-specific probe 
suggested an old and intraspecific origin of B chromosomes within this genus.
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Abstract
Cytogenetic maps of Gossypium hirsutum (Linnaeus, 1753) homoeologous chromosomes Ah01 and Dh01 
were constructed by fluorescence in situ hybridization (FISH), using eleven homoeologous-chromosomes-
shared bacterial artificial chromosomes (BACs) clones and one chromosome-specific BAC clone respec-
tively. We compared the cytogenetic maps with the genetic linkage and draft genome assembly maps based 
on a standardized map unit, relative map position (RMP), which allowed a global view of the relationship 
of genetic and physical distances along each chromosome, and assembly quality of the draft genome as-
sembly map. By integration of cytogenetic maps with sequence maps of the two chromosomes (Ah01 
and Dh01), we inferred the locations of two scaffolds and speculated that some homologous sequences 
belonging to homoeologous chromosomes were removed as repetitiveness during the sequence assembly. 
The result offers molecular tools for cotton genomics research and also provides valuable information for 
the improvement of the draft genome assembly.
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Introduction

The genus Gossypium (Linnaeus, 1753) includes approximately 47 diploid species 
(2n = 2x = 26) that are divided into eight genome groups, named as A-G and K ge-
nome (Endrizzi et al. 1985, Wendel et al. 2012). Ancient hybridization between A and 
D diploids resulted in a new allopolyploid (AD) (2n = 4x = 52) lineage approximately 
1–2 million years ago (Wendel 1989, Li et al. 2015, Zhang et al. 2015, Liu et al. 2015, 
Yuan et al. 2015). As the most important natural fiber crop in the world, four Gossypi-
um species were independently domesticated for their long, spinnable, epidermal seed 
trichomes, which include G. hirsutum (Linnaeus, 1753) (AD1), G. barbadense (Lin-
naeus, 1753) (AD2), G. herbaceum (Linnaeus, 1753) (A1) and G. arboreum (Linnaeus, 
1753) (A2). Among the four species, G. hirsutum (AD1) provides more than 90% of 
the world’s cotton fiber production (Wendel and Cronn 2003). Moreover, as a typical 
polyploid species, cotton is a model system for studying polyploidization. So dissecting 
the cotton genome is important for facilitating advances in crop germplasm develop-
ment and utilization, as well as understanding of other polyploid crops. At present, 
sequencing Gossypium species genomes is ongoing in full swing with successively draft 
maps of whole genome in wild and cultivated cotton species (Paterson et al. 2012, 
Wang et al. 2012, Li et al. 2014, 2015, Zhang et al. 2015, Liu et al. 2015,Yuan et al. 
2015). It is expected that new genome assemblies will soon became available. However, 
a high level of sequence conservation between homoeologous genomic regions makes 
it difficult to annotate and assemble whole-genome sequences in allotetraploid species 
including cotton and wheat (Wang et al. 2010), which may result in many gaps and 
blurred chromosome scaffolds in the draft genome, and access to high-quality assembly 
sequence still has a long way to go. Therefore, it is necessary to carry out the relevant 
basic research work on cotton genome research to help for genome sequence assembly.

The uneven distribution of recombination events on chromosomes results in di-
vergence between genetic distance and physical distance, which limits the application 
of genetic map in guiding genome sequence assembly and map-based cloning (Sun et 
al. 2013). A cytogenetic map, which can integrate genetic loci into physical location 
of chromosome, has great potential to help in the assembly of genome sequence. Fluo-
rescence in situ hybridization (FISH), which allows direct mapping of DNA sequence 
on chromosome, has been widely used in the study of different plants as an important 
tool for constructing cytogenetic maps (Jiang and Gill 2006). At present, physical 
maps based on high resolution FISH in many crops have been reported, such as maize 
(Figueroa and Bass 2012), rice (Cheng et al. 2001, Kao et al. 2006), Brassica (Linnaeus, 
1753) (Xiong et al. 2010), tomato (Koo et al. 2008, Szinay et al. 2008), potato (Tang 
et al. 2008), bean (Fonsêca et al. 2010), cucumber (Han et al. 2011, Sun et al. 2013).

Tetraploid cotton contains too many chromosomes (2n = 4x = 52) and it is dif-
ficult to prepare chromosomes due to large amounts of secondary metabolites in cells. 
So research on cotton cytogenetic maps has lagged behind other crops. Moreover, pre-
vious cotton FISH mapping was mainly limited to the use of repetitive DNA (Hanson 
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et al. 1996, Ji et al. 2007), the chromosome-specific bacterial artificial chromosomes 
(BACs) (Wang et al. 2007). To date, there have been only a few cotton cytogenetic 
maps (Wang et al. 2010, Cui et al. 2015).

Structure analysis of homoeologous chromosomes in allotetraploid cotton plays an 
important guiding role in sequence assembly, map-based cloning, and so on. Xu et al. 
(2008) selected homoeologous chromosomes Chr.12 and Chr.26 (12A and 12D) in 
allotetraploid cotton, which contain important genes related to fiber fuzz, gland devel-
opment, and male sterility, and constructed their physical maps using the BAC contigs, 
which provided an important platform for the clone mapping of the important genes. 
Wang et al. (2010) constructed cytogenetic maps of homoeologous chromosomes 12A 
and 12D using BAC-FISH, which had guided the next genome sequence assembly 
to a certain extent (Zhang et al. 2015). Chr.01 and Chr.15 (i.e. Ah01 and Dh01) in 
upland cotton linkages have been shown to be homoeologous chromosomes based on 
genetic markers, which contain many genes or QTLs related to stress tolerance, fiber 
development, fiber yield and quality (Said et al. 2013). In this study, the cytogenetic 
maps of homoeologous chromosomes Ah01 and Dh01 of G. hirsutum were constructed 
by FISH using marker-anchored BACs. By using similar relative map position (RMP) 
units, which was the percentage distance of a locus from the end of the short arm 
along a given chromosome, we made a comparative analysis between the cytogenetic, 
the genetic linkage, and draft genome assembly maps of G. hirsutum homoeologous 
chromosomes Ah01 and Dh01 preliminarily.

Material and methods

Plant materials and BAC library

G. hirsutum (Linnaeus, 1753) accession TM-1 was used for cytological studies. BACs 
used for FISH mapping were identified by screening two genomic BAC libraries de-
rived from G. herbaceum (Linnaeus, 1753) var. africenum (Gao et al. 2013) and G. 
barbadense (Linnaeus, 1753) Pima 90-53 (kindly provided by Prof. Zhiying Ma of 
Hebei Agricultural University). The chromosome-specific BAC clones for G. hirsutum 
Ah01/Dh01 were kindly provided by Prof. Tianzhen Zhang of Nanjing Agricultural 
University, The simple sequence repeat (SSR) markers used for BAC screening were se-
lected from a whole genome marker map (WGMM) (Wang et al. 2013) and a genetic 
map (Yu et al. 2011).

BAC library screening

The screening was performed using bacteria liquid-PCR according to the protocol 
previously described (Cheng et al. 2012).
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Chromosome preparation and FISH

Chromosome preparation and FISH were conducted according to the previous pro-
tocols (Gan et al. 2011). In order to reduce the interference from the background 
signals, heat-shock-interrupted (1.5 mL Eppendorf tube filled with 100 μl genome 
DNA was placed in sterilization pot with 105°C for 8 min) cotton genome DNA 
fragments with size from 200 bp to 800 bp were used as blocking DNA. BAC-DNA 
used to label probes was isolated using Plasmid Miniprep Kit (Biomiga) accord-
ing to the handbook. Biotin- and digoxigenin-labeled probes were detected using 
rhodamine-conjugated anti-digoxigenin and fluorescein-conjugated avidin (Roche 
Diagnostics, USA), respectively. Chromosomes were counter-stained with 4, 6-di-
amidino-2-phenylindole (DAPI, Sigma, USA) and antifade (Vector, USA) under a 
cover-slip.

Image analysis

Slides were examined under a Zeiss Imager M1 microscope. Images were captured and 
merged using MetaSystems isis software with a CCD camera (MetaSystems CoolCube 
1) attached to a Zeiss Imager M1 microscope. To determine physical positions of sig-
nals, only chromosomes without apparent morphological distortion were introduced 
and their physical positions of signals were measured using MetaSystems isis. Final 
image adjustments were performed using Adobe Photoshop CS3 software.

Comparative mapping using standardized map units

The RMP unit was used as standardized map unit for comparative analysis between 
different types of maps. The RMP values for the SSR linkage map were the percentage 
from the genetic location (cM) of each locus along the total length (cM) of the corre-
sponding linkage group. The RMP values of the cytogenetic map were the percentage 
of the distance (μm) from the FISH signal site to the end of the short arm showed rela-
tive to the total length of the chromosome (μm) (Sun et al. 2013). In order to deter-
mine the genomic locations (bp) of each BAC clones, the primer sequences of BACs-
corresponding SSR markers were obtained from the database Cotton Marker Database 
(http://www.cottonmarker.org/), then according to Electronic PCR command line 
tools (Version 2.3.12), e-PCR was run against the G. hirsutum (AD1) genome NAU-
NBI Assembly (https://www.cottongen.org/organism/Gossypium/hirsutum) according 
to the default parameters. The RMP values for the G. hirsutum draft genome assembly 
map were calculated from the genomic location (bp) of each locus along the physical 
length of chromosomes Ah01 and Dh01. These RMP values were used to produce the 
comparative map alignments.
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Results

Screening of SSR markers

To construct the cytogenetic maps of chromosomes Ah01 and Dh01 of G. hirsutum, 
an initial set of 47 SSR markers shared by both chromosomes of Ah01 and Dh01 from 
a whole genome marker map (WGMM) (Wang et al. 2013, Rong et al. 2004) and a 
genetic map (Yu et al. 2011) were used to screen two BAC libraries of G. herbaceum 
var. africenum and G. barbadense Pima 90-53. Based on the WGMM, the SSR markers 
were distributed along the linkage group of chr.15 (Dh01) from 0.6 cM (CIR009) to 
176.3 cM (CIR110) (Table 1). In total, 84 positive BAC clones were identified based 
on the result of BAC libraries screening (Table 2). Due to abundance of repetitive 
sequence in cotton genome, by dual-color FISH with the chromosome-specific BAC 
clones 52D06 (A1) and 48F11 (D1) as controls, only 12 BAC clones were selected for 
FISH mapping which produced little or no background signal when hybridized to G. 
hirsutum chromosomes with the aid of blocking DNA.

FISH identification

By dual-color FISH on mitotic chromosomes, the order of the two BACs was deter-
mined along the chromosomes based on the genetic positions of their corresponding 
SSR markers. Results showed, among the 12 positive BAC clones, 11 BAC clones were 

table 1. Information of selected SSR markers based on the WGMM*1.

SSR BAC
Loc. in D-genome sequence Chr.15

cM
RMP 
(%)*2 Loc. in tetraploid

Chr. Start bp End bp

NAU2015 305A19 Chr02 61962135 61962910 12.6 7.14 Chr.01 Chr.15
NAU3254 348I20 Chr02 60694684 60699332 29.1 16.49 Chr.01 Chr.15
NAU2474 144E04 Chr02 59155451 59156001 39.5 22.39 Chr.01 Chr.15
NAU3433 64M24 Chr02 55462914 55463585 53.6 30.38 Chr.01 Chr.15
BNL2921 400N03 Chr02 27353761 27353982 73.3 41.55 Chr.01 Chr.15
NAU4891 118G12 Chr02 15429614 15428837 86.2 48.86 Chr.01 Chr.15
NAU3135 85P13 Chr02 11717323 11717890 90.2 51.13 Chr.01 Chr.15
BNL3888b 164I21 Chr02 11188812 11189229 90.3 51.19 Chr.01 Chr.15
BNL3580 421E24 Chr02 7879846 7880283 93.4 52.94 Chr.01 Chr.15
NAU4044 400L15 Chr02 2312144 2313542 111.5 63.20 Chr.01 Chr.15
HAU076 378J07 --*3 -- -- -- -- Chr.01 --
TMB0062 423C18 --*3 -- -- -- -- Chr.01 --

Note: *1, WGMM, whole-genome marker map. *2, RMP, relative map position, it refers to the percent-
age of marker’s cM value accounting for chromosome’s total cM value. *3, SSR derived from a tetraploid 
genetic map (Yu et al. 2011).
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table 2. BAC clones screened from two BAC libraries.

SSR markers BAC library Screened BAC clones 

HAU2861 1* 22K17; 22L15; 22L18; 67J23; 75D24; 75E24; 108E08; 108E24; 130M09; 
151C24; 151E18

NAU3433 1* 41J08; 41K08; 46K02; 64M20; 64M24; 78G20; 78H20
NAU3053 1* 22K18; 22L17; 67I12; 75C23; 75E24;107P10; 107P24
NAU4891 1* 50H19; 51C14; 51H12; 56J17; 118G11; 118G12
Gh649 1* 99L01; 136O19; 136P17
NAU2095 1* 52B01
Gh216 1* 50P23; 57I23; 79A06; 79A12; 79B07; 101K10; 101K12; 146P05
NAU5163 2* 141H01; 158M07; 158N09; 158L08; 159L07; 159L08
BNL3888b 2* 164I21; 164I22
NAU3254 2* 348I18; 348I20; 348I21; 348H17; 348J19
CIR049 2* 256N07
BNL2921 2* 400N03; 400L02
BNL3580 2* 421E24
NAU2015 2* 305A19
NAU4044 2* 400L15
NAU2474 2* 144E04; 165B11
NAU3135 2* 85P13; 377G04; 377H05; 247P16; 247P17; 325M09; 325M10
TMB0062 2* 298N21; 403A13; 423C18; 423C19; 424A12
HAU076 2* 249G03; 249G04; 249I5; 325N10; 378J07; 398J05; 398H05; 249G05 

Note: 1* BAC library G. herbaceum var. africenum
2* BAC library G. barbadense Pima 90-53

homoeologous-specific BACs because they generated signals on both chromosomes of 
Ah01 and Dh01, indicating sequence homology between these BACs retained in Ah01 
and Dh01 (Fig. 1a-k). One BAC clone 378J07, derived from SSR HAU076, only 
had one pair of FISH signals on chromosome Ah01, which had collinearity with the 
chromosome Ah01-specific BAC clone A1 (52D06) (Fig. 1l). Based on these results, 
the relative position of all probes can be preliminarily distinguished along the mitotic 
metaphase chromosomes.

Construction of the cytogenetic maps

The genetic distances of SSR markers associated with the corresponding BACs were 
also converted into the relative positions in the corresponding linkage map (Fig. 2a). 
In order to confirm the physical position of each clone, FISH signal of each BAC 
clone was measured in 5-8 cells with clear chromosome spreads and the RMP of FISH 
signals were computed (Table 3). Based on the data, the cytogenetic maps of the ho-
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Figure 1. The order of two BACs on metaphase chromosome of G. hirsutum (AD1) TM-1 using Dual-
color-FISH. a 305A19(green)/348I20(red) b 305A19 (green)/64M24(red) c 144E04 (red)/64M24(green) 
d 64M24 (red)/400N03(green) e 305A19 (red)/378J07(green) f 118G12(red)/164I24(green) 
g 423C18 (red)/400L15(green) h 85P13 (green)/400L15(red) i 85P13 (red)/421E24(green) j 85P13 
(red)/164I24(green) k D1 (red)/118G12(green) l 378J07 (green)/ A1 (red). Bar = 5 μm.

moeologous chromosomes Dh01 and Ah01 were constructed (Fig. 2b, c). The order of 
individual BACs along the chromosome was generally collinear with the order of the 
corresponding SSR markers along the linkage map, except for a few closely linked loci, 
144E04 (NAU2474) and 348I20 (NAU3253), 118G12 (NAU4891) and 400N03 
(BNL2921), which displayed changes in the order between the genetic markers and 
BAC locations (Fig. 2a, b). Moreover, the BACs showed better concordance in the 
orders and positions between the two cytogenetic maps of the homoeologous chro-
mosomes Ah01 and Dh01, except for 400N03 (BNL2921) (Fig. 2b, c), which sug-
gests a rearrangement between the Ah01 and Dh01 homoeologous chromosomes in 
the process of evolution. A significant difference between the two types of maps was 
viewed, that is, the markers flanking the middle region were separated by short genetic 
distance but long physical distance. For example, the genetic distance between mark-
ers NAU3433 and BNL2921 is 11.2% of total genetic distance of chromosome 15 
(Dh01), but the physical distances between these two markers is 59.4% of the total 
length of the chromosome Dh01 (Fig. 2a, b).
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table 3. Physical locations of FISH-mapped BACs in G. hirsutum draft genome assembly and cytoge-
netic map.

BAC SSR marker
Loc. in AD1

*1
 draft genome Loc. in AD1 Cytogenetic 

map *3

No. of 
chromosome Start (bp) End (bp) RMP(%)*2 Dh01 

RMP(%)
Ah01 

RMP(%)
305A19 NAU2015 Dh01 60681011 60681490 1.26 3.00±0 4.51±0.41
378J07 HAU076 Ah01 96488204 96488397 3.40 / 8.01±0.48

144E04 NAU2474
Dh01 57722851 57723034 6.07 4.33±0.47 /

scaffold183_A01 19925 20108 / / 9.01±1.25
348I20 NAU3254 Dh01 59322542 59322834 3.47 8.33±0.47 10.02±0.51

64M24 NAU3433
Ah01 90268406 90268610 9.63 / 15.00±0.47
Dh01 53813626 53813830 12.44 11.33±1.24 /

400N03 BNL2921 Ah01 40133025 40133182 59.82 84.66±0.47 61.99±0.94
423C18 TMB0062 Ah01 17562250 17562499 82.42 70.66±5.24 74.11±0.36
118G12 NAU4891 Ah01 17991434 17991731 81.99 79.33±4.49 84.01±1.10

85P13 NAU3135
Ah01 11722545 11722728 88.26 / 88.07±0.19
Dh01 9387192 9387374 84.73 85.33±0.47 /

D1 BNL3902*4 Dh01 26803236 26803427 56.38 69.66±0.94 /
164I21 BNL3888b Ah01 11084705 11084886 88.90 88.66±1.69 90.98±0.27
421E24 BNL3580 Ah01 7078093 7078309 92.91 89.00±1.41 92.99±0.65

400L15 NAU4044
Ah01 2245730 2245951 97.75 / 96.01±1.19

scaffold3710_D01 109956 110177 / 90.33±1.24 /

Note: *1, the AD1-NBI draft genome (Zhang et al. 2015); *2, RMP: relative map position, in cytogenetic map, 
it refers to the percentage of the distance (μm) from the FISH signal site to the end of the one arm accounting 
for the total length of the chromosome; in sequence map, it refers to the percentage of the sequence location 
of the corresponding SSRs of BACs accounting for the total length of the chromosome (Ah01 = 99884700 bp, 
Dh01 = 61456009 bp); *3, 5-8 cells were used for measurement; *4 corresponding SSR of Dh01-specific BAC.

Integration and analysis of BACs positions across the cytogenetic and genome 
assembly maps

To compare our cytogenetic maps directly to the draft genome assembly map (Zhang 
et al. 2015), the corresponding SSR primers of the BAC clones were mapped to the 
draft genome sequence by e-PCR, and the relative positions of the SSRs were calcu-
lated according to the e-PCR results (Table 3). Based on the above data, we integrated 
the cytogenetic maps with the genome sequence maps of the homoeologous chromo-
somes Ah01 and Dh01 to compare their distributions (Fig. 3). The alignments allowed 
a global view of the relations between the chromosomal positions and physical posi-
tions in draft genome map of the BAC clones. The number of BACs mapped on each 
pseudo-chromosome in the draft genome assembly map was significantly less than that 
on the corresponding cytogenetic maps (six to twelve on Dh01, nine to twelve on Ah01) 
(Fig. 3). Of the eleven homoeologous-chromosomes-shared BACs based on cytogenet-
ic maps, four BACs’ corresponding SSR markers (NAU3433, NAU3135, NAU2474 
and NAU4044) were simultaneously mapped on the two corresponding chromosomes 
in G. hirsutum draft genome assembly. The others were only mapped on one of the 
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Figure 2. Comparison of positions of BACs in cytogenetic maps of G. hirsutum Ah01/Dh01 with genetic 
positions of SSR markers a Positions of SSR markers based on WGMM; c, b Cytogenetic maps of G. 
hirsutum Ah01/Dh01.

Figure 3. Integrated cytogenetic /genome assembly maps of G. hirsutum Ah01/Dh01. a Relative map 
position of BACs mapping to Dh01 of the AD1-NBI draft genome b Cytogenetic map of G. hirsutum 
Chromosome Dh01 based on 12 BAC clones c Cytogenetic map of G. hirsutum Ah01 based on 12 BAC 
clones d Relative map position of BACs mapping to Ah01 of the AD1-NBI draft genome. Arrow-head in a 
and d represent the locations of scaffold3710_D01 and scaffold183_A01 in the draft genome (AD1-NBI) 
respectively.
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chromosome Ah01 or Dh01 respectively. NAU2474 was mapped on the chromosome 
Dh01 and scaffold183_A01 of the draft genome assembly by e-PCR. Its correspond-
ing BAC clone 144E04 was FISH mapped on chromosome Ah01 (RMP 9.01%) and 
Dh01 (RMP 4.33%) in cytogenetic maps. NAU4044 was mapped on the chromosome 
Ah01 and scaffold3710_D01 of the draft genome assembly by e-PCR. Its correspond-
ing BAC clone 400L15 was FISH mapped on chromosome Ah01 (RMP 96.01%) and 
Dh01 (RMP 90.33%) in cytogenetic maps. Based on these comparison results, the 
locations of the two scaffolds in the draft genome assembly were determined approxi-
mately. That is, scaffold183_A01 (size 55529 bp) located between the SSR markers 
HAU076 and NAU3433 on the chromosome Ah01, i.e., the relative position between 
3.4% and 9.6% (sequence loci from 90268610 bp to 96488204 bp) (shown by arrow 
Fig. 3d). Scaffold3710_D01 (size 191022 bp) locates near the end of the chromosome 
Dh01, i.e., the outer of the relative position 84.7% (sequence loci from 6145600 bp to 
9387374 bp) (shown by arrow Fig. 3a).

Discussion

Integration of the genetic and cytogenetic maps of homoeologous chromosomes 
Ah01 and Dh01

In cotton, more than 30 genetic maps have been published, including several in-
tegrated maps with higher marker density (Yu et al. 2010, Yu et al. 2011, Blenda 
et al. 2012), and a whole-genome marker map (WGMM) by integrating publicly 
available sequence tagged DNA markers with the cotton D-genome sequence (Wang 
et al. 2013). Undeniably, they are a foundational tool and resources for marker-as-
sisted selection and genomic studies. But the linkage maps provide little information 
about physical locations, distributions, distances, and sometimes orientations of ge-
netic markers. Cytogenetic maps encompassing the information from both genetic 
maps and cytological maps, can relate the markers mapped across linkage groups 
to cytological position on chromosomes. Using a set of marker-anchored BACs, we 
developed the cytogenetic maps of homoeologous chromosomes Ah01 and Dh01 in 
G. hirsutum. The comparative map alignments revealed a significant disproportion 
between genetic and physical distances in the pericentromeric region, such as, the dis-
tance between markers NAU3433 and BNL2921 with 11.2 RMP(Fig. 2a) but on the 
cytogenetic map with 59.4 RMP (Fig. 2b). The reduction of recombination around 
the chromosome centromere is a common feature and the region of recombination 
suppression correlates directly with sizes of centromeric heterochromatic regions (Sun 
et al. 2013). So this implies larger region of suppressed recombination was detected 
in the pericentromeric region of chromosome Dh01. Moreover, the orders of most ge-
netic markers are collinear with corresponding BAC locations although several closely 
linked loci in Dh01 display inconsistent orders or locations compared with those in 
BAC FISH maps.
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In total, the integrated genetic and cytogenetic maps can serve as a template to fa-
cilitate sequence assembly, because the maps provided information on the distribution 
of genetic markers across chromosomes and the linkage gaps derived from recombina-
tion suppression.

Homologous relationships between chromosomes Ah01 and Dh01

As a typical allotetraploid, which contains two sub-genomes originating from related 
ancestor species with different genome sizes, G. hirsutum has been studied on its ho-
moeologous chromosomes for a long time. Results revealed that fragment additivity 
(Liu et al. 2001), the independence of evolution of duplicated genes (Cronn et al. 
1999), conservation in gene content, order, and spacing (Grover et al. 2004, 2007) 
between the homoeologous chromosomes, as well as the potential mechanisms for 
genome-size variation in the homoeologous chromosomes (Wang et al. 2010). Here, 
we constructed the cytogenetic maps of homoeologous chromosomes Ah01 and Dh01 
using shared-markers-anchored BACs. By comparison analysis of BACs’ positions, 
consistent orders of FISH signals were viewed in both homoeologous chromosomes, 
except for one BAC clone 400N03, which showed obvious location discrepancy in the 
homoeologous chromosomes (RMP 62% in Ah01 and 84.7% in Dh01). The discrep-
ancy may be caused by a chromosomal rearrangement in this region during a certain 
period of polyploidization. In addition, better collinearity of ten of eleven shared BACs 
between the homoeologous chromosomes suggests that there remains a generally high 
level of sequence conservation between homoeologous chromosomes Ah01 and Dh01, 
though polyploidization occurred about 2 MYA (Cronn et al. 2002, Seelanan et al. 
1997, Wendel 1989).

Integration of the cytogenetic maps and the cytogenetic and genome assembly maps

The e-PCR can be used to search for sub-sequences that closely match the primers of 
SSRs, which can help to identify the genome positions of SSRs within the reference 
genome sequence (McCouch et al. 2002, Li et al. 2015). In this study, we identified 
the genome positions of thirteen SSRs using e-PCR. Results showed the length and 
position of the target sequence for each pair of primers against the reference genome 
sequence were consistent with the initial selection, which ensured the accuracy of the 
next relative position calculation and comparative analysis.

Mis-assemblies are common when draft genome sequences have been generated by 
de novo assembly of sequences obtained with NGS technologies (Meader et al. 2010, 
Alkan et al. 2011). Since the assembly of G. hirsutum was done using the SOAPdenovo 
software, the final assembly comprised 265,279 contigs and 40,407 scaffolds (Zhang 
et al. 2015), so mis-assembled scaffolds may exist in the draft genome. On the other 
hand, there are a generally high level of sequence conservation between homoeolo-
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gous genomic regions in allotetraploid species including cotton and wheat (Zhao et al. 
2012, Brenchley et al. 2012), it is difficult to annotate and assemble whole-genome se-
quences. Since the cytogenetic map can reflect the true position of the DNA sequence 
in the chromosome, so it has some significance for verification and correction of the 
genome assembly. In the process of genome sequencing and sequence assembly, the 
cytogenetic map plays a role in filling the sequencing gaps, correcting assembly errors, 
evaluating the quality of assembly, achieving more scaffolds and contigs chromosomal 
localization and orientation. Wang et al. mapped 32 BAC clones to some of the ho-
mologous chromosomes 12A and 12D of upland cotton by FISH, and constructed the 
high resolution cytogenetic map of the two chromosomes (Wang et al. 2010). Through 
the integration of genetic loci and physical sites, considerable variations in the compo-
sition, structure and size of the two homoeologous chromosomes were viewed, which 
play an important role in the sequencing and sequence assembly of G. hirsutum (Wang 
et al. 2010; Zhang et al. 2015). By comparison of the distributions of fosmid clones 
on the cucumber draft genome assembly map and cytogenetic map, the accuracy and 
coverage of the draft genome assembly map were evaluated (Sun et al. 2013).

Here, we constructed the cytogenetic maps of homoeologous chromosomes Ah01 
and Dh01 using shared-BACs. By integration of cytogenetic maps and the cytogenetic 
and genome assembly maps, we identified the positions of two scaffolds in chromo-
some (Fig. 3a, d). Among the eleven shared-BACs in the cytogenetic maps of chro-
mosomes Ah01 and Dh01, only four (accounting for 36.36%) had hits both in two 
corresponding pseudo-chromosome in the draft genome assembly map, the others 
were only mapped on one of the chromosome Ah01 or Dh01 respectively. It may be 
that some homologous sequences were removed as repeats, and only partial sequences 
information with homology were assembled on one of the two homoeologous chromo-
somes during the assembly process.

Conclusions

We demonstrated concordant orders and RMP of markers between the sequence map 
and physical map based on FISH. By integration of cytogenetic maps with sequence 
maps of the two chromosomes, we inferred the locations of the two scaffolds, and 
speculated some homologous sequences belonging to homoeologous chromosomes 
were removed as repetitiveness during the process of sequence assembly. Our study not 
only offers molecular tools for cotton genomics research, but also provides valuable 
information for the improvement of the draft genome assembly.
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Abstract
Despite many studies, the impact of chromosome rearrangements on gene flow between chromosome 
races of the common shrew (Sorex araneus Linnaeus, 1758) remains unclear. Interracial hybrids form 
meiotic chromosome complexes that are associated with reduced fertility. Nevertheless comprehensive 
investigations of autosomal and mitochondrial markers revealed weak or no barrier to gene flow between 
chromosomally divergent populations.

In a narrow zone of contact between the Novosibirsk and Tomsk races hybrids are produced with 
extraordinarily complex configurations at meiosis I. Microsatellite markers have not revealed any barrier 
to gene flow, but the phenotypic differentiation between races is greater than may be expected if gene flow 
was unrestricted. To explore this contradiction we analyzed the distribution of the Y chromosome SNP 
markers within this hybrid zone. The Y chromosome variants in combination with race specific autosome 
complements allow backcrosses to be distinguished and their proportion among individuals within the 
hybrid zone to be evaluated. The balanced ratio of the Y variants observed among the pure race individuals 
as well as backcrosses reveals no male mediated barrier to gene flow. The impact of reproductive unfit-
ness of backcrosses on gene flow is discussed as a possible mechanism of the preservation of race-specific 
morphology within the hybrid zone.
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Introduction

The common shrew (Sorex araneus Linnaeus, 1758) is assumed to be a promising mod-
el species for evolutionary studies because of the remarkable diversity of its karyotype. 
Ten chromosome arms joined together in various Robertsonian fusions form dozens of 
chromosome races (Wójcik et al. 2003) – “groups of geographically contiguous popu-
lations that share the same set of metacentrics and acrocentrics by descent” (Hausser 
et al. 1994). Ranges of the races do not overlap but parapatric races can establish geo-
graphic contacts in narrow zones of intergradation where they hybridize and produce 
interracial hybrids. At meiosis I of these hybrids, chromosomes form multivalents of 
different complexity following the pattern of arm homology. These multivalents are 
associated with reduced fertility of hybrids due to aberrations in chromosome pair-
ing, recombination and segregation, which in turn may lead to germ cell death or/
and generation of unbalanced gametes (Searle 1993). The decline in fertility can act 
as a mechanism to impede gene flow, contributing, thus, to speciation (King 1993). 
Nevertheless, comprehensive studies of protein, autosomal and mitochondrial DNA 
markers revealed weak or no divergence between chromosomally divergent popula-
tions [(Wójcik et al. 2002 (for review of previous works), Andersson et al. 2004, 2005, 
Jadwiszczak et al. 2006, Lundqvist et al. 2011, Moska et al. 2011, Horn et al. 2012)]. 
However, in some rare cases races inhabiting adjacent areas exhibit clear morphologi-
cal distinction within the zones of intergradation (Chętnicki et al. 1996, Polyakov et 
al. 2002, Polly et al. 2013), providing an excellent opportunity to clarify the details of 
interracial contact.

The Novosibirsk and Tomsk races occupy the whole territory of West Siberia (Pol-
yakov et al. 1996, 2000) and form there a hybrid zone approximately 8.5 kilometers 
in width (Polyakov et al. 2011). Characteristic chromosomes of the Novosibirsk race 
comprise six metacentric autosomes go, hn, ik, jl, mp, qr, whereas the Tomsk race is char-
acterized by metacentrics gk, hi, jl, mn and acrocentrics o, p, q, r. An italicized letter of 
the alphabet indicates here a chromosome arm, which can either be unattached as an ac-
rocentric or attached to another chromosome arm as a metacentric (Searle et al. 1991).

Interracial hybrids form a complex multivalent (a chain of nine chromosomes) o/
og/gk/ki/ih/hn/nm/mp/p (Polyakov et al. 2004) that is expected to cause substantially re-
duced fertility compared to pure race individuals. This assumption is supported by the 
observation of a wide variety of chromosome pairing abnormalities in hybrid males, in 
which the overall proportion of cells with synaptic abnormalities was 13 times higher 
than in homozygotes (Borodin 2008).

The Novosibirsk and Tomsk races apparently evolved in allopatry during the last 
glacial maximum in Ural and Altai refugia, respectively (Polyakov et al. 2003). They are 
well differentiated for morphological traits (Yudin 1989) and DNA markers (Po lyakov 
et al. 2009). Interracial differences in morphology remain significant even within 
 the zone where races meet and hybridize (Polyakov et al. 2002, Polly et al. 2013). 
The estimated duration of hybridization is at least several hundreds of generations 
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(Polyakov et al. 2011) and preservation of race-specific morphological features within 
the hybrid zone for such a long period would only be possible if the barrier to gene 
flow between populations is very strong (Polly et al. 2013). If this barrier arises due to 
the influence of chromosomal rearrangements on fertility of hybrids, the fecundity of 
these hybrids should be very low.

Surprisingly, analysis of microsatellites has revealed low level of differentiation 
within this hybrid zone, which implies a free flow of genes (Horn et al. 2012). This 
contradicts the results of morphological studies and requires an additional considera-
tion. It is necessary to mention however, that analysis based on microsatellites may 
underestimate the values of differentiation because of high variability of these markers 
(Balloux et al. 2000).

To explore the contradiction between the microsatellites and morphology, it might 
be useful to re-examine the fertility of hybrids with an additional set of markers. If 
their reproductive potential is low enough to impede the introgression of morphologi-
cal traits, then microsatellites can be considered an inappropriate marker system for 
such analyses. The impact of chromosome rearrangements on gene flow in this case will 
be proved. Otherwise, the mechanism of restriction of gene flow needs to be revised.

In order to estimate a contribution of males - hybrids F1 in reproduction we identi-
fied two variants of a new SNP marker in the Y chromosome intron UTY11 and exam-
ined their frequencies within the hybrid zone and at the adjacent territory of the Novo-
sibirsk race. In this article we focus particularly on descendants of the hybrid males. The 
Y chromosome variants in combination with race specific autosome complements allow 
backcrosses to be distinguished, i.e. individuals that have the Y chromosome from one 
race together with autosome complement of another parental race. This combination 
can only occur if the Y chromosome is transmitted through the F1 male. This study is 
the first that examines the fitness of hybrids directly according to the presence of their 
descendants in population. All previous studies were based on the assessment of the level 
of meiotic aberrations and the width of the zones of introgression.

The methodological approach of the presented study was based on the following 
reasoning:

1. Balanced gametes in hybrids have either the full Novosibirsk or the full Tomsk 
complement of autosomes. Therefore, only three variants of karyotype - Novosi-
birsk homozygotes, Tomsk homozygotes and Novosibirsk/Tomsk heterozygotes, 
occur within the hybrid zone.

2. The Y chromosome does not recombine and thus its alleles retain their racial 
specificity.

3. A Y chromosome allele of one race can occur in another race only if it has been 
transmitted through the F1 male.

If the fertility of hybrids is so low that provides a barrier to gene flow, the expected 
number of backcrosses will be close to zero.
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Material and methods

The variability of intron UTY11 of the Y-chromosome was studied among 39 males 
from the centre of the hybrid zone between the Novosibirsk and Tomsk chromosome 
races of the common shrew (Figure 1). Of these males, 25 were homozygous for the 
Novosibirsk race and 14 for the Tomsk race chromosome complements. Trapping and 
karyotyping were performed in previous studies (Polyakov et al. 2011). Additional 
32 individuals from two localities situated within the distribution range of the No-
vosibirsk race (27 from Akademgorodok and 5 from Chemskoy Bor) were examined. 
Shrews of these localities are monomorphic for the Novosibirsk race karyotypes (Král 
and Radjabli 1974, Polyakov et al. 1997).

Intron UTY11 of the Y chromosome was amplified following the protocol of 
Hellborg and Ellegren (2003). Sequencing was performed in both directions and ana-
lyzed using an ABI Prism 3100 genetic analyzer (Applied Biosystems) in the SB RAS 
Genomics Core Facility (Novosibirsk, Russia).

Student’s t-test statistics was used to assess the difference in the ratio of the Y hap-
lotypes between races. The level of linkage disequilibrium between the Y haplotypes 
(Y) and autosome complements (A) was quantified by the coefficient of linkage dis-
equilibrium DYA = pYA – pYpA.

Results

Two haplotypes of intron UTY11 with cytosine/thymine substitution at position 585 
(C-haplotype/T-haplotype, respectively) were identified among the studied shrews 
(GenBank (www.ncbi.nlm.nih.gov/Genbank) accession numbers KY652093 and 
KY652094). Table 1 shows the distribution of these haplotypes in the studied races. 
The haplotype C was detected in the shrews trapped in Akademgorodok, Chemskoy 
Bor and in the hybrid zone. The haplotype T was detected in the hybrid zone only.

In the hybrid zone the frequency of C-haplotype (0.77) is greater than the frequency of 
T-haplotype (0.23), however the ratio of the Y haplotypes between shrews with the Novo-
sibirsk and Tomsk autosome complements does not differ statistically (td = 0.59, P > 0.05).

We did not detect linkage disequilibrium between the Novosibirsk- and Tomsk- 
derived autosomes and the Y chromosome variants (D = 0.02, χ2 = 0.37, P > 0.05).

table 1. Frequency of the Y chromosome variants in the studied races.

Localities Autosomal complement n n of T-haplotype Frequency of T-haplotype SE
Novosibirsk 25 5 0.20 0.08

Hybrid zone Tomsk 14 4 0.29 0.12
Total 39 9 0.23 0.07

Akademgorodok Novosibirsk 27 0 0
Chemskoy Bor Novosibirsk 5 0 0

Total 32 0 0
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Figure 1. Location of sampling sites. Dotted line marks limits of introgression of the Tomsk autosomes 
complement; firm curved line determines the centre of the hybrid zone according to Polyakov et al. (2011).

Discussion

Akademgorodok and Chemskoy Bor are situated within the distribution range of 
the Novosibirsk race. Only the C-haplotype of the Y chromosome was found among 
shrews from both localities. Thus, we may suggest that the Novosibirsk race is mono-
morphic for this haplotype.

In the hybrid zone the frequency of C-haplotype is greater than the frequency of 
T-haplotype. This may indicate that both haplotypes of the Y chromosome are present 
in the Tomsk race. Alternatively, this could reflect a shift of the Y-chromosomal cline 
towards the Tomsk race area. The latter explanation is consistent with the results of 
previous morphological studies, where the clines in medial and lateral mandible sizes 
were centered at the Tomsk race side of the hybrid zone (Polly et al. 2013).

Backcrosses with the T-haplotype and autosomes of the Novosibirsk race are present 
in the hybrid zone. They would not be there, if the hybrid males were sterile. Nearly 
equal number of the T-haplotype in combination with both autosome complements 
implies a continuous flow of Y chromosome from the Tomsk to Novosibirsk race. This 
observation suggests that even if the hybrid males suffer from reduced fertility, it does 
not provide an insurmountable barrier to gene flow between the contacting populations.

Hybridization between divergent populations begins with the production of F1 
and subsequent backcrossing. Repeated generations of backcross individuals result in 
introgression of mutations, collected by populations in allopatry (Maheshwari and 
Barbash 2011). Introgression can be prevented if hybrid incompatibilities reduce the 
fitness of the F1 or/and backcross generations (Turelli and Orr 2000).

Poor reproductive performance of hybrid shrews with chromosomal multivalents 
can be related not only to aberrations in generative tissues and gametes. The other cause 
can be the failure in competition for mating or low viability of their offspring. Our 
results indicate that none of this happens and the F1 hybrids are adequately involved 
in reproduction. The balanced ratio of Y variants among the pure race individuals and 
backcrosses in the Novosibirsk/Tomsk hybrid zone suggests that the F1 produce viable 
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progeny. It does not explain the distinct differentiation of shrews in morphological 
traits. However, if this differentiation is facilitated by a barrier to gene flow, and if this 
barrier is determined by hybrid incompatibilities, the results of the present study make 
the list of possible incompatibilities shorter. Indeed, after the rehabilitation of the F1, 
low fertility of backcrosses remains the only thing that can be suspected to influence 
gene flow. Certainly, this assumption requires careful consideration. Below we discuss 
some issues related to the possible impact of low fertility of backcrosses on gene flow.

The inheritance of morphological traits is defined by many loci with additive effect 
(Kemper et al. 2012). In a study of the inheritance of body size, crosses between strains 
of laboratory mice with different size have been made. In these experiments the F1 
and F2 means were halfway between the parents and the backcross means were half-
way between the F1 and respective parents (Butler 1952, Chai 1956). Similar crosses 
occur among shrews within the hybrid zone. In evaluation of morphological traits of 
shrews with consideration of their karyotypes, all the homozygous individuals with the 
Novosibirsk race karyotype were significantly smaller than the Tomsk homozygous in-
dividuals (Polyakov et al. 2002). This difference enabled differentiation of two separate 
morphotype groups, and the Novosibirsk shrews never grouped with the Tomsk shrews 
and vice-versa (see Figure 1 in Polyakov et al. 2002). Morphological variability of the 
heterozygotes was much broader and overlapped the extent of variation found in both 
homozygotes. Figure 2 illustrates the segregation of morphology and karyotypes in 
the hybrid zone as it may be expected following the experiments of Butler (1952) and 
Chai (1956). In this figure the relationship between the karyotypes and morphological 
types at stages the F1 and the first-generation backcrosses is in a good agreement with 
the experimental data from the hybrid zone of shrews. Parents and homozygous first-
generation backcrosses form two distinct morphological groups, while karyotypically 
similar F1 and heterozygous first-generation backcrosses show variation that overlaps 
both homozygous groups. The appearance of the second-generation backcrosses, that 
combine the homozygous karyotypes of one race with a morphotype of the other race, 
would bring discrepancy in this concordance. However, no discrepancy between the 
karyotypes and morphological types was observed in experimental studies of the No-
vosibirsk/Tomsk hybrid zone, and it can be assumed that the second-generation back-
crosses do not appear in this case. The reason of the absence of the second-generation 
backcrosses is difficult to explain unequivocally. We can only assume that if the first-
generation backcrosses had been involved in reproduction, unlimited introgression 
could have been expected: foreign alleles would have accumulated on both sides of the 
hybrid zone and phenotypic differences would have become blurred after several gen-
erations. However, although hybridization between the Novosibirsk and Tomsk races 
has been lasting for much longer than several generations, none of this has happened.

Even a strong barrier to gene flow, based on low fertility of backcrosses, is not incom-
patible with the lack of differentiation of the autosomal markers including microsatel-
lites. The populations in contact may have clear differentiation for these markers outside 
of the hybrid zone. If the sampling is carried out in the zone of hybridization, backcrosses 
will be collected together with pure race specimens. Recombination in the F1 shuffles 
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Figure 2. Segregation of karyotypes and morphological traits in the hybrid zone between two chromo-
some races. Positions of karyotypes reflect their morphological state: individuals of pure parental type (P1 
and P2) with the most pronounced morphological differences occupy rightmost and leftmost positions, 
F1 – intermediate between P1 and P2 and the first-generation backcrosses – intermediate between F1 and 
respective parents (B1P1 and B1P2). The second-generation backcrosses (B2) contain karyotypes that do 
not correspond to the expected morphotypes (marked with squared frames). Round frames mark karyo-
typically indistinguishable parents, F1 and B1 (see text for details).

P1                                                                                                             P2

F1

B1 (P1)                                                        B1 (P2)

B2                                                            B2

Population 1 morphotype                                     Population 2 morphotype

X 

mutations between the race specific chromosome complements and backcrosses inherit 
alleles from both races. The karyotypes of homozygous backcrosses are indistinguishable 
from the karyotypes of the pure race individuals. Appearance of these backcrosses in the 
same group with the pure race individuals may significantly reduce the observed dif-
ferentiation. Evaluation of samples collected within the zone of hybridization may thus 
explain the failure of previous studies to demonstrate a distinct differentiation.

Low reproductive ability of the generation following the F1 can become a promis-
ing hypothesis for further studies of barriers to gene flow between the chromosome 
races of the common shrew.

Conclusion

Aberrations in pairing, recombination and segregation of chromosomes in hybrids with 
complex meiotic configurations are a generally assumed barrier to gene flow among the 
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karyotypically divergent chromosome races of the common shrew (Searle 1993). The 
presented study suggests that gene incompatibilities in backcrosses may have more sub-
stantial influence on gene flow than erroneous behaviour of chromosomes at meiosis. 
Apparently, the Novosibirsk and Tomsk races have not yet reached the final stage of 
divergence, when hybridization does not go beyond the F1 production; however, the 
poor reproductive performance of the first-generation backcrosses may preserve the 
adaptive genetic architecture from assimilation and thus contribute to further diver-
gence, promoting the progress of speciation.
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The book “Karyotypes of Palearctic and Holarctic species 
of the genus Chironomus” was published last year in the 
Russian Federation by Ija Kiknadze, Albina Istomina, Ve-
ronika Golygina and Larissa Gunderina (Fig. 1).

Professor I. Kiknadze and her co-authors are noted 
scientists, who have had a long academic experience in 
comparative cytogenetics and karyosystematics of the 
family Chironomidae (Insecta, Diptera, Nematocera), 
primarily of the species-rich and taxonomically compli-
cated genus Chironomus Meigen, 1803, and have made 
a significant contribution to our understanding of the 
cytogenetic mechanisms of microevolution in natural 
systems.
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The genus Chironomus includes several hundred species distributed almost world-
wide (except Antarctica). Chironomus larvae are of great concern in aquatic ecosystems 
and are widely used in ecological and environmental studies of fresh waters. The species 
identification of Chironomus larvae is hence of considerable importance. It is, however, 
difficult due to the small number of distinct morphological differences between the 
larvae of many species, especially between those belonging to the sibling species groups. 
It is generally agreed that the definitive identification of the larvae can be performed 
using a combination of different lines of evidence including the analysis of traditional 
morphological characters, molecular markers and structure of salivary-gland polytene 
chromosomes.

The book is a tribute to the enormous amount of cytogenetic research on the genus 
Chironomus that has been done by the authors during the decades. The book begins 
with the table of contents, list of abbreviations and acronyms used to denote the tran-
scriptionally active regions of chromosomes, geographic ranges of chromosome band-
ing sequences, banding frequency occurrence and some other terms, and the list of the 
studied Chironomus sibling species groups (the aberratus, the obtusidens, the piger, the 
plumosus and the riihimakiensis groups).

The main body of the book is separated in the two chapters. Chapter I provides the 
reader with exhaustive and up-to-date information on karyotype structure, polytene 
chromosome banding sequences and inversion polymorphism in Chironomus. Numer-
ous visual displays such as drawings, diagrams, photos, tables, and schemes help the 
understanding of these complex data.

Michael White, in his notable book “Modes of speciation” (1978) states that “over 
90 percent of all speciation events are accompanied by karyotypic changes and in the 
majority of these cases the structural chromosomal rearrangements have played a pri-
mary role in initiating divergence” (p. 324). The book of Kiknadze with co-authors 
demonstrates well that Chironomus species, given the ease of analyzing their giant poly-
tene chromosomes, are the unique subjects for studying the microevolution processes, 
i.e. evolution on a small-scale. The reader is introduced to the authors’ findings making 
it apparent that most cases of chromosomal polymorphism in Chironomus are repre-
sented by homo- and heterozygous paracentric inversions. Besides, rare heterozygotes 
for pericentric inversions, reciprocal translocations and size variation of homologous 
bands including the centromeric bands (band thickness) are known. Polymorphism for 
B chromosomes is shown to occur as well.

Chapter II covers the original authors’ data and addresses the karyotypes (more 
precisely, the chromosomal polymorphisms) of sixty three Chironomus species referred 
to the five groups of sibling species and originated from different regions including 
Russia (European part, Ural, West and East Siberia, Altai, Tuva, the Far East), Ka-
zakhstan, West Europe (Germany, Belgium, the Netherlands, Bulgaria), USA, Canada, 
China, and Japan. The chapter is particularly noteworthy because of the detailed and 
fully illustrated presentation of chromosomal polymorphisms in each species and each 
population under study. What I liked most in this chapter were the wonderful pictures 
of polytene chromosomes. The polymorphisms are considered and discussed in the 
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context of evolutionary divergence of species and populations and are used as a basis 
for reconstruction of ancestral chromosome architecture and further chromosome evo-
lution in the genus Chironomus. The banding sequence pattern in Ch. piger Strenzke, 
1959 suggested by Keyl (1962) as a standard one is applied for chromosome mapping 
in the species under study.

The book is completed with an extensive reference list, which comprises over 250 
items and makes this an indispensable work for every student in Chironomus cytoge-
netics and systematics.

I expect this book to be very well accepted by entomologists, cytogeneticists, evolu-
tionary biologists and advanced students doing research on chironomid cytology, ecol-
ogy and systematics. The ability to accurately identify Chironomus species at the larva 
stage should facilitate taxonomic, ecological and environmental studies of the group in 
different geographical regions. Proulx et al. (2013) are still of the opinion (and this is 
my opinion as well) that only a few of the taxonomists worldwide display the necessary 
expertise to identify Chironomus species using chromosome structure, which is a major 
drawback for non-cytological experts wishing to do it. In this context, my only criticism 
of the book by Kiknadze with co-authors from a student’s perspective is the conspicu-
ous absence of a glossary. Such a glossary would help the students in defining numerous 
and highly specific terms that appear throughout the text.

Despite this criticism, the book is excellent, and I would recommend it to everyone 
who is interested in the genus Chironomus cytogenetics and systematics.

The production of the book was carried out with the financial support of the budg-
etary project of the Russian Academy of Sciences (№ 0324-2015-0003).
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