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Abstract

Agave Linnaeus, 1753 is endemic of America and is considered one of the most important crops in Mexico
due to its key role in the country’s economy. Cytogenetic analysis was carried out in A. tequilana Weber,
1902 ‘Azul’, A. cupreata Trelease et Berger, 1915 and A. angustifolia Haworth, 1812. The analysis showed
that in all species the diploid chromosome number was 2n = 60, with bimodal karyotypes composed of
five pairs of large chromosomes and 25 pairs of small chromosomes. Furthermore, different karyotypical
formulae as well as a secondary constriction in a large chromosome pair were found in all species. Fluores-
cent in situ hybridization (FISH) was used for physical mapping of 5S and 18S ribosomal DNA (rDNA).
All species analyzed showed that 5S rDNA was located in both arms of a small chromosome pair, while
18S rDNA was associated with the secondary constriction of a large chromosome pair. Data of FISH
analysis provides new information about the position and number of rDNA /Joci and helps for detection

of hybrids in breeding programs as well as evolutionary studies.
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Introduction

Agave Linnaeus, 1753 is a genus of the monocotyledonous family Asparagaceae, be-
longing to the subfamily Agavoideae (APGIII 2009). It is distributed from southern
U.S.A. to Colombia and Venezuela, including the Caribbean Islands (Garcia-Mendoza
2002). The genus has a basic chromosome number x = 30 (Doughty 1936, Brandham
1969, Ruvalcaba-Ruiz and Rodriguez-Garay 2002) and diploid to hexaploid species
have been reported (Banerjee and Sharma 1987, Castorena-Sdnchez et al. 1991, Palo-
mino et al. 2005, Palomino et al. 2012). Species of this genus are characterized by
asymmetric and highly conserved bimodal karyotypes, which consist in five pairs of
large chromosomes and 25 pairs of small chromosomes, maintaining the same karyo-
type structure (Castorena-Sdnchez et al. 1991, Brandham and Doherty 1998, Moreno-
Salazar et al. 2007, Palomino et al. 2010).

Fluorescent 7z situ hybridization (FISH) is a very useful technique in plant cytoge-
netics for the physical mapping of multigene families (Mukai et al. 1991) and DNA
sequences to plant chromosomes (Rayburn and Gill 1985) as well as chromosome
identification (Brown et al. 1999, Hizume et al. 2002, Koo et al. 2004, Kato et al.
2004). The ribosomal RNA (rRNA) genes have been used as probes in FISH because
of the high copy number of repeat units, specific position in chromosomes and highly
conserved sequences (Liu and Davis 2011). Plant IDNA consists of the 18S, 5.8S and
26S (45S) and 5S genes; in yeasts, these genes are juxtaposed in the same /ocus, whereas
in higher eukaryotes, they are organized as families of tandemly repeated units located
at one or a few chromosomal sites (Lavania et al. 2005, Garcia et al. 2009). 45S rRNA
genes are clustered in tandem arrays of repeat units of 18S, 5.8S and 26S genes, in-
ternal transcribed spacers (ITS) and external non-transcribed spacers (NTS), with an
approximate size of 7.5-18.5 Kb in plants (Mizuochi et al. 2007). 5S rRNA genes also
occur in high numbers as tandem repeats, usually independent of 45S rDNA, how-
ever, co-localization of 45S and 5S rDNA have been reported in some angiosperms as
Silene chalcedonica E.H.L. Krause, 1901 (Siroky et al. 2001) and Artemisia Linnaeus,
1753 (Garcia et al. 2007); 5S rDNA repeat unit size ranges between 0.2-0.9 Kb, with
a highly conserved region (120 bp in length) separated by a NTS (Specht et al. 1997).
These genes are highly conserved, so they have been used as molecular markers in a
large number of plant species, such as 7riticum Linnaeus, 1753 (Jiang and Gill 1994),
Gossypium hirsutum Linnaeus, 1763 (Ji et al. 1999), Hordeum vulgare Linnaeus, 1753
‘Plaisant’ (Cuadrado and Jouve 2010); however, comparative studies using rDNA as
markers in Agave have been limited, such as those by Robert et al. (2008), where they
reported the number of rDNA /oci in a few species and demonstrated the existence of
additivity in the number of /oci with increasing ploidy.

The aim of this work was to identify the number and chromosomal location of
rDNA sites in three different species of the genus Agave including A. requilana Weber,
1902 ‘Azul’, A. angustifolia Haworth, 1812 ‘Linefio’ and ‘Cimarron’ and A. cupreata
Trelease et Berger, 1915 by physical mapping of 5S and 18S rDNA from A. requilana
Azul’.
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Methods

Plant material

Plants were collected in the Denomination of Origin Zone for Agave tequilana ‘Azul’
and in southern Jalisco, México (municipality of Tolimén) for A. angustifolia ‘Linefio’
and ‘Cimarron’ and in Miraval, Guerrero for A. cupreata. Three accessions of each spe-
cies and varieties were used in this work; the accessions were planted in pots containing
a mixture of organic soil:sand:vermiculite (3:3:1) and kept under standard greenhouse
conditions.

Mitotic chromosome counts

Elongating secondary root tips were treated with 2 mM 8-hydroxyquinoleine for 6
hours at 18 °C, in darkness. Later, root tips were fixed in ethanol:acetic acid (3:1)
for 24 hours. Root tips were hydrolyzed with 1 N HCI for 15 minutes at 60 °C,
transferred to Schiff’s reagent for 1 hour, and then to 1.8% propionic orcein to stain
chromosomes (Moreno-Salazar et al. 2007). Slides were frozen with dry ice (Conger
and Fairchild 1953), and mounted in Canada balsam. Twelve of the best cells of each
population were photographed by using Technical Pan Film and a Zeiss photomicro-
scope II (Carl Zeiss AG, Germany).

Karyotype analysis

A negative film was used to draw and measure the chromosome arms and the total
genome length. The centromere position was obtained following Levan et al. (1964);
arm ratio (r = long arm/short arm) was calculated for each chromosome. Chromosome
homology was assigned according to similarities in length and centromere position.
In addition, secondary constrictions were useful to distinguish homologous pairs in
all populations. Idiograms were constructed according to the arm ratio of the chro-
mosomes, and then grouped in metacentric (m), submetacentric (sm), subtelocentric
(st) and telocentric (t) chromosomes. The number of homologous chromosomes was
sequentially assigned following chromosome length, for a total number of 30.

Chromosome preparations

Root tips of each three accessions of A. tequilana ‘Azul’, A. angustifolia ‘Lineno’ and A.
angustifolia ‘Cimarron’ and A. cupreata were collected early in the morning, pretreated
with satured o-bromonaphthalene solution and kept in ice water overnight, then fixed
in ethanol:acetic acid (3:1), for at least 12 hours and stored at -20 °C until use. Root
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tips were incubated in a pectolytic-enzyme mixture, containing 0.2% (w/v) pectolyase
(Sigma, USA), 0.2% (w/v) cellulase Onozuka RS (Yakult, Japan), and 0.2% (w/v)
cytohelicase (Sigma) in 10 mM citrate buffer (pH 4.5), at 37 °C for approximately
2 hours. Squash preparations were made in a drop of 45% acetic acid and frozen in
liquid nitrogen; the cover slips were removed with a razor blade and slides were dehy-
drated in absolute ethanol and then air-dried. The best slides were stored at 2-3 °C for
up to 1 month.

Amplification and cloning of rtDNA from A. tequilana ‘Azul’

Total genomic DNA from A. tequilana ‘Azul’ was extracted from fresh young leaves
using the CTAB method (Murray and Thompson 1980). The 5S and 18S rRNA genes
were amplified by PCR using the following set of primers as follows: 5SF (5’-CACCA-
GATCCCATCAGAACT-3"); 5SR (5-TTAGTCTGGTATGATCGCAC-3’); 18SF
(5’-CAAAGATTAAGCCATGCATG-3") and 18SR (5-CCCAGAACATCTAA-
GGGCAT-3) (Integrated DNA Technologies, USA). Both PCR reactions were per-
formed in 20 pl reactions containing: 5.2 ul mQ water, 2pl 7zq buffer 10x, 1 ul 50
mM MgClL, 1.6 ul 2.5 mM dNTPs, 2 U 7ag polimerase (Life Technologies Corpora-
tion, USA), 2.5ul 1 mM of each primer and 50 ng DNA (5pl). Cycling conditions
for 5S rIDNA were: 94 °C for 4 minutes; 35 cycles of 94 °C for 30 s, 55 °C annealing
temperature for 30 s and 72 °C for 30 s, followed by a final extension of 72 °C for 10
minutes. Cycling conditions for 185 rDNA were: 94 °C for 5 minutes; 35 cycles of 94
°C for 30 s, 60 °C annealing temperature for 30 s and 72 °C for 90 s, followed by a
final extension of 72 °C for 10 minutes. PCR products were separated by 1% agarose
gel electrophoresis in 1x TAE running buffer. Products were visualized by staining with
ethidium bromide and the most prominent bands (-1400 bp for 18S and 300-500
bp for 5S) were purified by QIAquick Gel Extraction kit (Qiagen, Germany) accord-
ing to the manufacturer’s instructions. The purified bands were cloned into pGem'-T
Easy Vector System I (Promega, USA), incubated overnight at 4 °C. Ligation products
were transformed into electrocompetent E. coli DH5a cells (Life Technologies Cor-
poration). The recombinant clones were sequenced by LANGEBIO (Cinvestav, Irap-
uato, Mexico). The sequences were edited with BioEdit version 7.0.9 (Ibis Biosciences,
USA) and compared with other sequences available in GenBank (http://www.ncbi.
nlm.nih.gov/).

Probe labeling

5S and 18S rDNA probes were isolated with the High Pure Plasmid Isolation
kit (Roche Diagnostics GmbH, Germany) and labeled with biotin-16-dUTP by
nick translation according to the manufacturer’s instructions (Roche Diagnostics

GmbH).
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Fluorescent iz situ hybridization

Slide pretreatment. Slides were incubated in RNase A (100 pg ml" in 2x SSC) for 1
hour at 37 °C, and washed with 2x SSC for 15 minutes. Then, the slides were incu-
bated in 0.01 M HCl for two minutes and followed by treatment in pepsin (5 pg ml™)
in 0.01M HCI for 10 minutes at 37 °C. Afterwards, the slides were washed in 2x SSC
for 10 minutes and incubated in 4% paraformaldehyde for 10 minutes at room tem-
perature. Finally, the slides were dehydrated in ethanol series (70%, 90%), and absolute
ethanol for 3 minutes each), and air-dried.

Probe hybridization. Hybridization was carried by using a mixture consisting of 20x
SSC, formamide, 50% sodium dextran sulphate, 10% sodium dodecyl sulphate, and
25-50 ng/slide of each probe. DNA probes were denatured by heating the hybridiza-
tion mixture at 70 °C for 10 minutes and then placing it on ice for at least 10 minutes.
For each slide, 40 pl of the hybridization mixture were used. Slides were denatured at
80 °C for 5 minutes. The slides were then placed in a pre-warmed humid chamber and
incubated overnight at 37 °C. Slides were washed at 37 °C in 2x SSC for 15 minutes,
0.1x SSC at 42 °C for 30 minutes, and 2x SSC at room temperature for 10 minutes.

Signal detection. Biotin-labeled probes were detected with streptavidin-Alexa Fluor
>4 conjugate (Life Technologies Corporation) and amplified with biotinylated goat-
antistreptavidin (Vector Laboratories, USA). Chromosomes were counterstained with
DAPT solution (1 pg ml?), and one drop of Vectashield antifade (Vector Laboratories)
was added before examination under a Leica DMRA2 microscope (Leica Microsys-
tems, Germany) equipped with epifluorescent illumination and coupled to an Evo-
lution QEi Camera (Media-Cybernetics, USA), and the images were analyzed with
the Image-Pro software (Media-Cybernetics) and enhanced with Photoshop (Adobe
Systems Incorporated, USA).

Results

Agave tequilana ‘Azul’ rDNA cloned sequences

The partial amplification of 18S rDNA generated one band, which was cloned into
electrocompetent £. coli DH5o cells and a single clone was isolated, which after se-
quencing showed a fragment of 1424 bp (GenBank: KF159807) and a maximal iden-
tity of 100 % with A. requilana cultivar Azul (GenBank: GU980213.1) and A. ghies-
breghtii K. Koch, 1862 voucher Chase 3467(K) (GenBank: HM640709.1) according to
BLASTn analysis (nucleotide blast) at the NCBI database. The partial amplification of
5S rDNA generated one band, which was cloned into electrocompetent E. coli DH5a
cells and one clone was isolated, which after sequencing showed a fragment of 436
bp (GenBank: KF159808) and a maximal identity of 97% with Arabidopsis thaliana
(Linnaeus, 1753) clone CIC YAC 9A12 and 9A5 5S ribosomal RNA gene (GenBank:
AF198223.1), according to BLASTn analysis (nucleotide blast) at the NCBI database.
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In situ hybridization

The physical mapping of 5S and 18S rDNA from A. tequilana ‘Azul’ were investi-
gated by fluorescent in situ hybridization (FISH) (Fig. 1). FISH experiments with
both probes labeled with biotin and detected as a red signals, showed that the number
of sites of IDNA were constant among all the species under study. 5S rDNA /Joci were
located in both arms of small chromosome pair in each species (Fig. 1). The hybridiza-
tion sites of cloned 18§ rDNA were associated with the secondary constriction of a
large chromosome pair in each species, being a subtelocentric chromosome pair in A.
tequilana ‘Azul’ and a telocentric chromosome pair in A. cupreata and A. angustifolia
‘Lineno’ and ‘Cimarron’ (Fig. 1).

Figure I. FISH of 5S and 18S rDNA in Agave species. Two hybridization sites of 185 rDNA (arrows)
and 5S rDNA (arrowheads) in: a A. tequilana ‘Azul’ b A. cupreata ¢ A. angustifolia ‘Lineno’ d A. angusti-

Jfolia ‘Cimarron’. Bars = 10 um.
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Karyotype analysis

All the studied species were diploids with 2n = 2x = 60, confirmed by chromosome
counting, considering the basic chromosome number x = 30 for the genus, and showed
a bimodal karyotype with five pairs of large chromosomes and 25 pairs of small chro-
mosomes. Karyotype analysis of Agave species is summarized in Table 1, and where it
can be seen that all species showed different karyotypic formulae as well as a secondary
constriction in one large chromosome pair; in A. tequilana ‘Azul’ it was observed in
pair 1, in A. cupreata in pair 3, in A. angustifolia ‘Lineno’ in pair 5 and in A. angustifolia
‘Cimarron’ in pair 2.

FISH data were integrated in idiograms, indicating the number and position of
rDNA Joci (Fig. 2). 58 tDNA Joci always were located in a proximal region on both arms
of a small chromosome in each species, whereas 185 rDNA /oci always were located
in the interstitial region of a large chromosome. Fig. 2a shows a hybridization signal
of 18S rDNA in A. tequilana ‘Azul’ on pair 1, while the 5S rDNA signals are on both
arms of pair 10; in A. cupreata (Fig. 2b), the hybridization signal of 18S rDNA is on
pair 3, while the 5S rDNA signals are on both arms of pair 8; in A. angustifolia ‘Linefio’
and ‘Cimarron’ (Fig. 2c-d), the hybridization signal of 18S rDNA is on pair 5 and 2,
respectively, while the 5§ rDNA signals are on both arms of pair 11 in both varieties.

Discussion

Cytogenetic analysis showed the diploid chromosome number 2n = 60 in all species,
which is in agreement with previous reports in the genus (Palomino et al. 2005, Palo-

Table I. Karyotypes in Agave species (2n= 2x= 60).

Taxa and origin Collector and Karyotype | Secondary
voucher information formula | constriction

A. angustifolia'Cimarron' Tolimdn, Jalisco Rodriguez J]M 42m + 4sm + 2t
State, México. 19°32'06"N; 103°53'44"\W C Gst + 8t'
(DMS).
A. angustifolia 'Linefio' Tolimdn, Jalisco State, Rodriguez J]M 48m + 2sm+ 2t
Meéxico. 19°32'06"N; 103°53'44"W (DMS). L 2st + 8t'
A. cupreata Miraval, Guerrero State, México. Trinidad RA 42m + 2sm + 2t
17°43'00"N; 99°45'00"W (DMS). 573 8st + 8tF
A. tequilana 'Azul" CIATE], Jalisco State, Rodriguez J]M 42m + 12st 2st
México. 20°41'39"N; 103°20'47"W (DMS). A, C, D + 688

t = Palomino et al. unpublished data.
} = Karyotype published by Palomino et al. (2012).
§ = Karyotype published by Palomino et al. (2008).
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Figure 2. Idiograms of Agave karyotypes showing the 5S (green) and 18S (red) rDNA loci. a A. tequilana
‘Azul’ b A. cupreata; c A. angustifolia ‘Linefio’ d A. angustifolia ‘Cimarron’. Bars = 10 pm.

mino et al. 2008, Palomino et al. 2010). All species showed a bimodal karyotype with
small and large chromosomes (n = S + L); this bimodal karyotype is shared among
multiple genera in Asphodeloideae (Brandham and Doherty 1998, Adams et al. 2000,
Vosa 2005) and Agavoideae (McKelvey and Sax 1933, Brandham 1969) and recently,
McKain et al. (2012) demonstrated that the Agavoideae bimodal karyotype was origi-
nated by an allopolyploid event, where the progenitor species seems to be extinct. De-
spite maintaining the same karyotype in all species, it was also found different karyo-
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type formulae. This inter- and intraspecific variation shown here has been reported in
other species and varieties in the genus (Banerjee and Sharma 1988, Moreno-Salazar
et al. 2007, Palomino et al. 2008), leading to the formation of different cytotypes.
Moreno-Salazar et al. (2007) studied three wild populations of A. angustifolia and
found two different cytotypes; Palomino et al. (2008) analyzed eight varieties of A.
tequilana and reported the same number of cytotypes. The presence of different cy-
totypes in Agave genus could be originated by heterozygous chromosomal exchange
(Moreno-Salazar et al. 2007, Palomino et al. 2008, Palomino et al. 2010), which can
modify the structure of chromosomes and maintaining at the same time their diploid
number (Lima-Cardoso et al. 2013).

FISH with rDNA probes showed that loci of 18S and 5S rDNA in Agave species
were located in different chromosomes and on similar position in all species; this finding
suggests that the chromosomes bearing the rDNA /Joci are homeologous and the dif-
ference in numerical assignment is due to chromosomal rearrangements as mentioned
before. 18S rDNA Jocus always was located in the interstitial region on the large arm of
a large chromosome and associated to the secondary constriction, whereas the 5§ rDNA
loci were located in a proximal region on both arms of a small chromosome in all species.
These results differ from Robert et al. (2008) because they reported that Agave species
have one locus of 5§ rDNA by monoploid genome in some diploid and polyploid spe-
cies in the genus, including A. tequilana ‘Azul’ and A. angustifolia ‘Letona’ (tetraploid)
and A. angustifolia ‘Chelem ki’ (hexaploid). The presence of 5S IDNA /oci on both arms
of a small chromosome in all species can be resulted from an unequal recombination or
an event of transpositions; the latter have been reported previously in other monocots
such as Allium Linnaeus, 1753 (Schubert and Wobus 1985), Oryza Linnaeus, 1753
(Shishido et al. 2000) and Alstroemeria Linnaeus, 1762 (Chacén et al. 2012). Recently,
Khaliq et al. (2012), reported that Ty1-Copia retrotransposons are a major component
of the A. tequilana genome (approximately 32 %) and might played a vital role in the
organization and evolution of it, which could explain the results reported here.

To the best of our knowledge, here we reported the number and location of IDNA
loci in two species with no previous report, A. cupreata and A. angustifolia ‘Lineno’ and
‘Cimarron’ as well as a different locus of 5S rDNA in all species studied. Data of FISH
analysis provides new information about physical mapping of rDNA in Agave and such
identified sites can be useful as chromosome markers for chromosome identification in
hybrids in breeding programs as well as in evolutionary studies.

Conclusions

Despite the great diversity of the genus Agave which includes 166 species, the physical
mapping of rDNA or other molecular markers are scarce, since just about five species
have been described. The different karyotype formulae found in all species indicated
the presence of cytotypes and data of FISH of rDNA allowed the physical mapping of
A. cupreata and two new varieties of A. angustifolia. This work provides new informa-
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tion about the position and number of rIDNA /loci in Agave species through compara-
tive karyotype analysis, however, further cytogenetic research must be conducted to
understand the evolution of this genus and develop breeding programs to preserve its

biodiversity.

Acknowledgements

The authors would like to thank SEP-CONACYT-Mexico Project 24554, CONA-
CYT, FOMIX-JAL Project 99210, who supported this research, and to Jose Manuel
Rodriguez Dominguez for his technical assistance in field work. Also the authors
would like to thank Dr. Ignacio del Real Laborde (Tequila Sauza, S. de R.L. de C.V.)
for providing Agave requilana plant material. VMGR is a graduate student and finan-
cially supported by CONACYT-Mexico (Reg. 45382).

References

Adams SP, Leitch IJ, Bennett MD, Chase MW, Leitch AR (2000) Ribosomal DNA evolution
and phylogeny in Aloe (Asphodelaceae). American Journal of Botany 87(11): 1578-1583.
doi: 10.2307/2656733

APG TIII (2009) An update of the Angiosperm Phylogeny Group classification for the orders
and families of flowering plants: APG III. Botanical Journal of the Linnean Society 161(2):
105-121. doi: 10.1111/j.1095-8339.2009.00996.x

Banerjee S, Sharma AK (1987) Cytophotometric estimation of nuclear DNA in different spe-
cies and varieties of Agave. Cytologia 52(1): 85-90.

Banerjee S, Sharma AK (1988) Structural differences of chromosomes in diploid Agave. Cyto-
logia 53: 415-420.

Brandham PE (1969) Inversion heterozygosity and sub-chromatid exchange in Agave stricta.
Chromosoma 26(3): 270-286. doi: 10.1007/BF00326522

Brandham PE, Doherty MJ (1998) Genome size variation in the Aloaceae, an angiosperm fam-
ily displaying karyotypic orthoselection. Annals of Botany 82(1): 67-73. doi: 10.1006/
anbo.1998.0742

Brown SE, Stephens J1, Lapitan NLV, Knudson DL (1999) FISH landmarks for barley chromo-
somes (Hordeum vulgare L). Genome 42(2): 274-281. doi: 10.1139/g98-127

Castorena-Sdnchez I, Escobedo RM, Quiroz A (1991) New cytotaxonomical determinants
recognized in six taxa of Agave in the sections Rigidae and Sisilanae. Canadian Journal of
Botany 69(6): 1257-1264. doi: 10.1139/b91-163

Chacén J, Sousa A, Bacza CM, Renner SS (2012) Ribosomal DNA distribution and a genus-
wide phylogeny reveal patterns of chromosomal evolution in Alstroemeria (Alstroemer-
iaceae). American Journal of Botany 99(9): 1501-1512. doi: 10.3732/ajb.1200104

Choi YA, Tao R, Yonemori K, Sugiura A (2003) Simultaneous visualization of 5S and 45S rD-
NAs in Persimmon (Diospyros kaki) and several wild relatives (Diospyros spp.) by fluorescent



Physical mapping of 5S and 18S ribosomal DNA in three species of Agave... 201

in situ hybridization (FISH) and multicolor FISH (MCFISH). Journal of the American
Society for Horticultural Science 128(5): 736-740.

Conger DD, Fairchild LM (1953) A quick-freeze method for making smear slides permanent.
Stain Technology 28(6): 281-283. doi: 10.3109/10520295309105555

Cuadrado A, Jouve N (2010) Chromosomal detection of simple sequence repeats (SSRs) using
nondenaturing FISH (ND-FISH). Chromosoma 119(5): 495-503. doi: 10.1007/s00412-
010-0273-x

Doughty LR (1936) Chromosome behaviour in relation to genetics of Agave. 1. Seven species of
fibre Agave. Journal of Genetics 33(2): 198-205. doi: 10.1007/BF02982532

D’Hont A, Ison D, Alix K, Roux C, Glaszmann JC (1998) Determination of basic chromo-
some numbers in the genus Saccharum by physical mapping of ribosomal RNA genes.
Genome 41(2): 221-225. doi: 10.1139/g98-023

Garcia-Mendoza A (2002) Distribution of Agave (Agavaceae) in Mexico. Cactus and Succulent
Journal 74(4): 177-188.

Garcia S, Garnatje T, Hidalgo O, McArthur ED, Siljak-Yakovlev S, Valles ] (2007) Extensive
ribosomal DNA (18S-5.8S-26S and 5S) colocalization in the North American endemic
sagebrushes (subgenus Tridentatae, Artemisia, Asteraceae) revealed by FISH. Plant System-
atics and Evolution 267(1—4): 79-92. doi: 10.1007/s00606-007-0558-6

Garcia S, Yoong-Lim K, Chester M, Garnatje T, Pellicer J, Vallés J, Leitch AR, Kovaiik A
(2009) Linkage of 35S and 5S rRNA genes in Artemisia (family Asteraceae): first evidence
from angiosperms. Chromosoma 118(1): 85-97. doi: 10.1007/s00412-008-0179-z

Hizume H, Shibata F, Matsusaki Y, Garajova Z (2002) Chromosome identification and com-
parative karyotypic analyses of four Pinus species. Theoretical and Applied Genetics 105(4):
491-497. doi: 10.1007/s00122-002-0975-4

Ji'Y, De Donato M, Crane CE Raska WA, Islam-Faridi MN, McKnight TD, Price HJ, Stelly
DM (1999) New ribosomal RNA gene locations in Gossypium hirsutum mapped by mei-
otic FISH. Chromosoma 108(3): 200—-207. doi: 10.1007/s004120050369

Jiang J, Gill BS (1994) New 18S.26S ribosomal RNA gene loci: chromosomal landmarks
for the evolution of polyploid wheats. Chromosoma 103(3): 179-185. doi: 10.1007/
BF00368010

Khaliq I, Awais-Khan M, Pearce S (2012) Ty1-Copia retrotransposons are heterogeneous, ex-
tremely high copy number and are major players in the genome organization and evolution
of Agave tequilana. Genetic Resources and Crop Evolution 59(4): 575-587. doi: 10.1007/
s10722-011-9705-6

Kato A, Lamb JC, Birchler JA (2004) Chromosome painting using repetitive DNA sequences as
probes for somatic chromosome identification in maize. Proceedings of the National Acad-
emy of Sciences of the United States of America 101(37): 13554-13559. doi: 10.1073/
pnas.0403659101

Koo DH, Plaha P, Lim YP, Hur Y, Bang JW (2004) A high-resolution karyotype of Brassica
rapa ssp. pekinensis revealed by pachytene analysis and multicolor fluorescence i situ hy-
bridization. Theoretical and Applied Genetics 109(7): 1346-1352. doi: 10.1007/s00122-
004-1771-0



202 Victor Manuel Gomez-Rodriguez et al. / Comparative Cytogenetics 7(3): 191-203 (2013)

Lavania UC, Basu AS, Srivastava S, Mukai Y, Lavania S (2005) /z situ chromosomal localiza-
tion of rDNA sites in “safed musli” Chlorophytum Ker-Gawl and their physical measure-
ment by fiber FISH. Journal of Heredity 96(2): 155-160. doi: 10.1093/jhered/esi018

Levan A, Fredga K, Sandberg AA (1964) Nomenclature for centromeric position on chromo-
somes. Hereditas 52(2): 201-220. doi: 10.1111/j.1601-5223.1964.tb01953.x

Lima-Cardoso A, Holanda-Sales KA, Yoshiko-Nagamachi C, Pieczarka JC, Rodrigues-Noronha
RC (2013) Comparative cytogenetics of two species of genus Scobinancistrus (Siluriformes,
Loricariidae, Ancistrini) from the Xingu River, Brazil. Comparative Cytogenetics 7(1):
43-51. doi: 10.3897/CompCytogen.v7/il.4128

Liu B, Davis TM (2011) Conservation and loss of ribosomal RNA gene sites in diploid and
polyploid Fragaria (Rosaceae). BMC Plant Biology 11: 157 pp. doi: 10.1186/1471-2229-
11-157

McKain MR, Wickett N, Zhang Y, Ayyampalayam S, McCombie WR, Chase MW, Pires JC,
DePamphilis CW, Leebens-Mack J (2012) Phylogenomic analysis of transcriptome data
elucidates co-occurrence of a paleopolyploid event and the origin of bimodal karyotypes
in Agavoideae (Asparagaceae). American Journal of Botany 99(2): 397-406. doi: 10.3732/
ajb.1100537

McKelvey SD, Sax K (1933) Taxonomic and cytological relationships of Yucca and Agave. Jour-
nal of the Arnold Arboretum 14: 76-81.

Mizuochi H, Marasek A, Okazaki K (2007) Molecular cloning of 7ulipa fosteriana rDNA and
subsequent FISH analysis yields cytogenetic organization of 5§ rDNA and 45S rDNA in
1. gesneriana and 1. fosteriana. Euphytica 155(1-2): 235-248. doi: 10.1007/s10681-006-
9325-y

Moreno-Salazar SE, Esqueda M, Martinez J, Palomino G (2007) Tamafio del genoma y cariot-
ipo en Agave angustifolia y A. rhodacantha de Sonora, México. Revista Fitotecnia Mexicana
30(1): 13-23.

Mukai Y, Endo TR, Gill BS (1991) Physical mapping of the 185.26S rRNA multigene fam-
ily in common wheat: Identification of a new locus. Chromosoma 100(2): 71-78. doi:
10.1007/BF00418239

Murray MG, Thompson WF (1980) Rapid isolation of high molecular weight plant DNA.
Nucleic Acids Research 8(19): 4321—4326. doi: 10.1093/nar/8.19.4321

Palomino G, Martinez J, Méndez I (2005) Citotipos en Agave angustifolia Haw. determinados
por citometria de flujo y andlisis de sus cariotipos. Revista Internacional de Contaminacién
Ambiental 21 (Suppl. 1): 49-54.

Palomino G, Martinez ], Méndez I (2008) Karyotype studies in cultivars of Agave tequilana
Weber. Caryologia 61(2): 144-153.

Palomino G, Martinez J, Méndez I (2010) Andlisis del tamano del genoma y cariotipo de
Agave aktites Gentry (Agavaceae) de Sonora, México. Revista Mexicana de Biodiversidad
81: 655—662.

Palomino G, Martinez J, Cepeda-Cornejo V, Pimienta-Barrios E (2012) Nuclear genome size
and cytotype analysis in Agave cupreata Trel. & Berger (Agavaceae). Caryologia 65(4): 281—
294. doi: 10.1080/00087114.2012.752915



Physical mapping of 5S and 18S ribosomal DNA in three species of Agave... 203

Pinkava D], Baker MA (1985) Chromosome and hybridization studies of Agaves. Desert Plants
7(2): 93-100.

Raina SN, Mukai Y (1999) Detection of a variable number of 185-5.8S-26S and 5S ribosomal
DNA loci by fluorescent iz sizu hybridization in diploid and tetraploid Arachis species.
Genome 42(1): 52-59. doi: 10.1139/g98-092

Raina SN, Mukai Y, Kawaguchi K, Goel S, Jain A (2001) Physical mapping of 185-5.85-26S
and 5§ ribosomal RNA gene families in three important vetches (Vicia species) and their
allied taxa constituting three species complexes. Theoretical and Applied Genetics 103(6—
7): 839-845. doi: 10.1007/s001220100706

Rayburn AL, Gill BS (1985) Use of biotin-labeled probes to map specific DNA sequences on
wheat chromosomes. Journal of Heredity 76(2): 78-81.

Robert ML, Lim KY, Hanson L, Sanchez-Teyer F, Bennett MD, Leitch AR, Leitch IJ (2008)
Wild and agronomically important Agave species (Asparagaceae) show proportional in-
creases in chromosome number, genome size, and genetic markers with increasing
ploidy. Botanical Journal of the Linnean Society 158(2): 215-222. doi: 10.1111/j.1095-
8339.2008.00831.x

Ruvalcaba-Ruiz D, Rodriguez-Garay B (2002) Aberrant meiotic behavior in Agave tequilana
Weber var. Azul. BMC Plant Biology 2: 10 pp. doi: 10.1186/1471-2229-2-10

Schubert I, Wobus U (1985) x situ hybridization confirms jumping nucleolus organizing re-
gions in Alfium. Chromosoma 92(2): 143—148. doi: 10.1007/BF00328466

Shishido R, Sano Y, Fukui K (2000) Ribosomal DNAs: an exception to the conservation
of gene order in rice genomes. Molecular and General Genetics 263(4): 586-591. doi:
10.1007/s004380051205

Siroky J, Lysak MA, Dolozel ], Kejnovsky E, Vyskot B (2001) Heterogeneity of rDNA dis-
tribution and genome size in Silene spp. Chromosome Research 9(5): 387-393. doi:
10.1023/A:1016783501674

Specht T, Szymanski M, Barciszewska MZ, Barciszewski J, Erdmann VA (1997) Compilation
of 58 rRNA and 5S rRNA gene sequences. Nucleic Acids Research 25(1): 96-97. doi:
10.1093/nar/25.1.96

Vosa CG (2005) On chromosome uniformity, bimodality and evolution in the tribe Aloineae
(Asphodelaceae). Caryologia 58(1): 83-85.






CompCytogen 7(3): 205-213 (2013) COMPARATIVE  Asserreiensicre

doi: 10.3897/CompCytogen.v7i3.541 | (::} CytOgCﬂCthS

www.pensoft.net/journals/compcytogen Incernationa Journal of Planc & Animal Cytogenetics,

yosystematics, and Molecular Systematics

Karyotype and chromosome banding of endangered
crucian carp, Carassius carassius (Linnaeus, 1758)
(Teleostei, Cyprinidae)

Martin Knytl', Luk4$ Kalous', Petr R4b?

| Department of Zoology and Fisheries, Faculty of Agrobiology, Food and Natural Resources, Czech University
of Life Sciences Prague, 16521 Praha 6 - Suchdol, Czech Republic 2 Laboratory of Fish Genetics, Institute of
Animal Physiology and Genetics, AS CR v.v.i., 277 21 Libéchov, Czech Republic

Corresponding author: Lukds Kalous (kalous@af.czu.cz)

Academic editor: V. Gokhman | Received 26 April 2013 | Accepted 31 July 2013 | Published 23 August 2013

Citation: Knytl M, Kalous L, Réb P (2013) Karyotype and chromosome banding of endangered crucian carp,
Carassius carassius (Linnaeus, 1758) (Teleostei, Cyprinidac). Comparative Cytogenetics 7(3): 205-215. doi: 10.3897/
CompCytogen.v7i3.5411

Abstract

The karyotype and other chromosomal characteristics the crucian carp (Carassius carassius (Linnaeus, 1758))
were revealed by means of conventional banding protocols (C, CMA,, AgNOR). The diploid chromosome
number (2n) in this species was 100. Its karyotype was composed of 10 pairs of metacentric, 18 pairs of
submetacentric and 22 pairs of subtelo- to acrocentric chromosomes without any microchromosomes.
C-banding identified blocks of telomeric heterochromatin on seven chromosome pairs. The NORs were
situated on the p arms of the 14" pair of submetacentric chromosomes and on the p arms of the 32 pair
of subtelo-acrocentric chromosomes; AgNOR-positive signals corresponded to the CMA -positive signals.
These chromosome characteristics may suggest a paleo-allotetraploid origin of C. carassius genome.
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Introduction

The crucian carp, Carassius carassius (Linnaeus, 1758), is a cyprinid fish that inhabits
densely vegetated backwaters and oxbows of lowland rivers, shallow lakes and ponds.
It is a native species to Europe with a distribution extending eastwards from the River
Rhine to the River Kolyma in Siberia (Szczerbowski 2002, Kottelat and Freyhof 2007).
Despite its ability of “tissue breathing” (Blazka 1958) which helps it to survive in un-
favourable conditions, the crucian carp has undergone a substantial decline in many
localities during the last decades (Navodaru et al. 2002, Kottelat and Freyhof 2007,
Sayer et al. 2011). Indisputable disappearance from nature resulted in the inclusion of
the crucian carp in the list of endangered species by authorities of several EU countries
(Economidis 1995, Schiemer and Spindler 2006, Copp et al. 2008, Sayer et al. 2011).

There is a number of factors that may have contributed to the disappearance of
C. carassius, including habitat loss and degradation (Copp 1991, Holopainen and
Ikari 1992, Wheeler 2000), displacement via competition with introduced species
such as the polyploid biotype of the Prussian carp Carassius gibelio (Bloch, 1782),
the Amur sleeper Perccottus glenii (Dybowski, 1877), feral goldfish Carassius auratus
(Linnaeus, 1758) and the common carp Cyprinus carpio (Linnaeus, 1758) (Tarkan
et al. 2012, Litvinov and O’Gorman 1996, Copp et al. 2005, Lusk et al. 2010).
Moreover, all species of Carassius Nilsson, 1832 present in Europe (Rylkovd et al.
2013), including the crucian carp (C. carassius), Prussian carp (C. gibelio), ginbuna
(Carassius langsdorfii Temminck & Schlegel, 1846) and goldfish (C. aurarus) are
often confused due to their morphological similarity (Hensel 1971, Kalous et al.
2007). Such confusion may lead to inappropriate stocking of wrong species instead
of intended support of a local endangered population of crucian carp with negative
consequences (Sayer et al. 2011).

Genetic contamination seems to be a very important but hidden threat to C. caras-
sius that has been recently discovered. Hybridization occurs between C. carassius and
C. gibelio (Prokes$ and Barus 1996). This type of hybridization was later confirmed us-
ing molecular (Papousek et al. 2008, Wouters et al. 2012) and cytogenetic techniques
(Knytl et al. 2013) in Sweden and the Czech Republic. Hybrids between C. carassius
and C. aurarus (Hinfling et al. 2005, Smartt 2007) and intergeneric hybrids between
C. carassius and Cyprinus carpio (Hanfling et al. 2005) were discovered in England also
by using microsatellite analysis. We believe that these processes also take place in other
localities where C. carassius, C. auratus and/or C. gibelio co-occur. Moreover, molecu-
lar data suggest that these hybrids are able to reproduce and form filial generations by
backcrossing (Hanfling et al. 2005, Wouters et al. 2012).

The cytogenetics of C. carassius is still poorly understood, since only a few studies
of this species based on Giemsa-stained chromosomes are known (Table 1). Interest-
ingly, two different diploid chromosome numbers 2n = 50 and 2n = 100 were reported.

Such an unclear situation encourages us to present cytogenetic analyses of C. caras-
sius with respect to ongoing hybridization processes and threats in European waters.
The present study deals with chromosomal characteristics of crucian carp (C. carassius)
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Table I. Chromosome numbers and karyotypes of Carassius carassius reported from Europe; NA= not

available.
2n Diploid karyotype | Locality Source
104 | 20m+72sm+12a NA Chiarelli et al. 1969
100 | 20m+44sm+36a France Hafez et al. 1978
100 | 52m-sm+48 st-a Drina R., Ukrinski Lug (Bosnia) | SofradZija et al. 1978
100 | 20m+40sm+40a the Netherlands Kobayasi et al. 1970
50 20m+12sm+18s-ta lower Danube R. (Romania) Raicu et al. 1981
100 | 48m-sm+52st-a Russia Vasilev and Vasileva 1985
100 |NA Elbe R. System (Czech Republic) | Mayr et al. 1986
100 |NA Vistula R. System (Poland) Boron et al. 2010
100 | 20m+36sm+44st-a Elbe R. System (Czech Republic) | This study

from the locality Bysicky in vicinity of the Elbe River (Czech Republic). Prussian carp
(C. gibelio) and crucian carp co-occur in this place and the a hybrid allopolyploid
female with 206 chromosomes was recently discovered there (Knytl et al. 2013). In

this paper, we have used Giemsa staining as well as banding techniques like C, CMA,,
AgNOR and DAPI (4’, 6-diamino-2-phenylindole) banding,.

Material and methods

Fish sampling

Four females and one male were collected during a field survey of ichthyofauna in
alluvial ponds and old oxbows of the Elbe River close to the city of Lysd nad Labem
(GPS: 50°10.75" N, 14°47.62" E). All five individuals were identified morphologically
as common Carassius carassius (not the dwarf form) according to Szczerbowski (2002)
and Kottelat and Freyhof (2007). This material is deposited as voucher specimens in
the collection of the Department of Zoology and Fisheries, Czech University of Life
Sciences Prague under number KZR141083Cc.

Chromosome preparation and staining

All collected fish were subjected to a non-destructive procedure for chromosome prep-
aration from fin clips developed by Volker and Kullmann (2006) and modified by
Kalous et al. (2010); 50 metaphases from each individual were analyzed. Metaphase
chromosomes stained in 4 % Giemsa-Romanowski solution in phosphate buffer (pH =
7) were counted with PC software QuickPhoto Micro. Karyotypes were arranged using
PC software Ikaros (karyotyping system), version V 3.4.0 and Adobe Photoshop, ver-
sion CS7. Chromosome morphology was determined according to Levan et al. (1964).
Analyzed slides with recorded co-ordinates of selected metaphases were cleaned in xy-
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lene for 2 minutes, then in benzoin for 2 minutes and finally destained in fixative
(methanol: acetic acid; 3:1, v/v) for 3 minutes. Chromosome slides were then stored at
+4°C for 12 hours before banding experiments. Chromosome banding (CMA3, DAPI,
C and AgNOR) was carried out according to Rdbovd et al. (2013). Different slides
were used for each banding method (non-sequential chromosome banding), except for
the sequential DAPI + CMA,. Valid Animal Use Protocols were in force at the Insti-
tute of Animal Physiology and Genetics and Czech University of Life Sciences Prague
during this study.

Microscopy and image processing

CMA,, DAPI, C-banding and AgNOR images were captured with a cooled CCD cam-
era Olympus DP30BW (equipped with a black-and-white (B&W) CCD-Chip Sony
ICX285-AL) coupled to an epifluorescence microscope Olympus AX70 equipped with
a set of 3 narrowband fluorescent filters. Micrographs were captured with the Olympus
Acquisition Software and B&W images were processed with the software Micro Im-
age. Altogether 200 images (metaphases), i.e. 50 images for each banding type (CMA,,
DAPI, C and AgNOR) were taken and analyzed.

Results
Karyotype

The diploid chromosome number of the examined individuals was invariably 2n = 100
(75 % investigated metaphases). The karyotype consisted of 10 pairs of metacentric
(m), 18 pairs of submetacentric (sm) and 22 pairs of subtelo- (st) to acrocentric (a)
chromosomes without any microchromosomes (Fig. 1).

Chromosome banding and AgNOR staining

Sequential banding (DAPI + CMA)) revealed four CMA -positive bands situated at
the sites of the secondary constrictions on the p arms of the 14™ pair of sm chromo-
somes and on the p arms of the 32™ pair of st-a chromosomes (Figs 2b, c, ¢, f). DAPI
uniformly stained all chromosomes (Figs 2a, d). AgNOR analysis revealed four posi-
tive signals (Figs 3a, b) which corresponded to four CMA, positive signals. C-banding
detected blocks of constitutive heterochromatin at the telomeric and pericentromeric
chromosome regions (Figs 4a, b). Telomeric signals were more intensive than pericen-
tromeric ones. C-banded chromosomes were arranged in an karyotype (Fig. 5). Seven
chromosome pairs had conspicuous C-banded arms.
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Figure 1. Karyotype of C. carassius female arranged from Giemsa-stained chromosomes (shown as inlay);
m — metacentric, s — submetacentric, st — subtelocentric, a — acrocentric chromosomes. Four CMAB—
positive (color-inverted) chromosomes (14" pair of sm chromosomes and 32" pair of st-a chromosomes)
are additionally shown in the frames. Bar = 10 pm.

Discussion

The karyotype of all the five individuals of crucian carp from Bysicky ox-bow had the
same diploid chromosome number 2n = 100. This number equalled the value reported
in other previous studies (Table 1) except those by Raicu et al. (1981) and Chiarelli et
al. (1969). Interestingly, Raicu et al. (1981) found the diploid chromosome number
2n = 50 in individuals from the Danube Delta. Although this report might be a result
of a laboratory-generated error (slide mix-up), our closer inspection of the published
karyotype did not provide any obvious answer. Vasilev and Vasileva (1985) discussed
the finding of Raicu et al. (1981) and suggested that the presented karyotype belonged
to a member of the genus Gobio Cuvier, 1816. At present, it is difficult to speculate
more about the observed difference between the reported chromosome numbers unless
detailed population screening of this species will be available. In contrast to the results
obtained by Raicu et al. (1981), the diploid number of 104 chromosomes presented by
Chiarelli et al. (1969) could be most likely attributed to preparation artifact.

The present study demonstrated that karyotype of individuals of C. carassius under
study possessed 10 pairs of metacentric, 18 pairs of submetacentric and 22 pairs of sub-
telo- to acrocentric chromosomes, already reported by Knytl et al. (2013) as a haploid
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Figure 2. a—f Sequential chromosome banding of C. carassius female chromosomes. Metaphases coun-
terstained by DAPI show all 100 chromosomes (a, d), metaphases stained by CMA, show 4 NORs
(b, @ white arrows) and the combination of these bandings show 4 identical NORs (c, f white arrows;

green signals). Bar = 10 um.
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Figure 3. a-b AgNOR staining metaphases of C. carassius female (a, b black arrows) indicate 4 NOR-

positive sites. Bar = 10 pm.
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Figure 4. a-b C-banded metaphases of C. carassius female (a, b) show signals localized in the teloce-

meric and pericentromeric chromosome regions. Bar = 10 um.
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Figure 5. karyotype of C. carassius female arranged from C-banded chromosomes. Seven pairs of chro-

mosomes show significant signals (black arrows). Bar = 10 pm.
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component of the genome of the allopolyploid female of C. gibelio. Arrangement of
chromosomes within the karyotype was different compared with other findings (i.e.
Hafez et al. 1978, Sofradzija et al. 1978), probably due to a different level of chromo-
some spiralization (Rdb and Collares-Pereira 1995). Two other available studies dealing
with the number, location and chromosomal characteristics of the major rDNA sites
(Mayr et al. 1986, Borofi et al. 2010) showed four chromosomal sites on two different
sm pairs of chromosomes. We also observed this pattern, i.e. four mutually correspond-
ing CMA, and AgNOR signals respectively, on the secondary constrictions on the short
arms of a single pair of sm chromosomes and another pair of st-a chromosomes. Though
this chromosomal pattern is very common, it represents an additional evidence in favor
of paleotetraploidy of the crucian carp genome as suggested by Vasilev and Vasileva
(1985). This hypothesis must be examined using other techniques, since it was proven in
other similar cases when common carp Cyprinus carpio (Larhammar and Risinger 1994,
David et al. 2003, Zhang et al. 2008) as well as various species of Barbus Cuvier, 1816
(sensu lato) (Chenuil et al. 1999) were also revealed as evolutionary tetraploids based on
sequences and substitutions analyses, as well as microsatellite analyses respectively.

DAPI-counterstained chromosomes did not provide any useful information since
the observed signals were uniform throughout the chromosomes. Similar results were
reported for C. gibelio by Zhu and Gui (2007).

We have performed C-banding on chromosomes of C. carassius for the first time.
Constitutive heterochromatin blocks detected by C-banding method were located in
telomeric regions of 7 pairs of chromosomes. Number of these signals can be a species-
specific marker, especially in paleotetraploid forms.

Although there is no information about sex differences between C. carassius karyo-
types, we have to point out that only one male specimen was included in this study

In respect to its status of a highly endangered fish species and unclear distribution
of possible diploid and/or paleotetraploid forms as well as ongoing hybridization process
with other species of this genus across its range of distribution, the present study is a mod-
erate but important contribution to the cytogenetics and cytotaxonomy of C. carassius.

Acknowledgements

We thank M. Rdbovd and M. Pokornd for their help with the preparation of karyo-
types, and we are grateful to Tomd$ Dan¢k for the valuable information about the
locality. The editor and two anonymous referees notably helped us to improve this text.
The present study was supported by the S-grant MSMT CR and project No. P506/11/
P596 of the Czech Science Foundation.

References

Blazka P (1958) The anaerobic metabolism of fish. Physiological Zoology 31(2): 117-128.



Karyotype and chromosome banding of endangered crucian carp, Carassius carassius... 213

Borod A, Kirtiklis L, Porycka K, Abe S, Juchno D, Grabowska A, Duchnowska K, Karolewska
M, Kuczewska A, Miroslawska U, Wierzibicki P (2010) Comparative cytogenetic analysis
of two Carassius species (Pisces, Cyprinidae) using chromosome banding and FISH with
rDNA. In: 19th ICACGM, Balice-Krakéw, Poland, June 6-9, 2010, Book of Abstracts:
137. Chromosome Research 20(10): 749.

Chenuil A, Galder N, Berrebi P (1999) A test of the hypothesis of an autopolyploid vs.
allopolyploid origin for a tetraploid lineage: application to the genus Barbus (Cyprini-
dae). Heredity 82(4): 373-380. doi: 10.1038/sj.hdy.6884890

Chiarelli B, Ferrantelli O, Cucchi C (1969) The caryotype of some teleostean fish obtained by
tissues culture in vitro. Experientia 25(4): 426-427. doi: 10.1007/BF01899963

Copp GH (1991) Typology of aquatic habitats in the Great Ouse, a small regulated low-
land river. Regulated Rivers: Research & Management 6(2): 125-134. doi: 10.1002/
rrr.3450060208

Copp GH, Cerny J, Kovi¢ V (2008) Growth and morphology of an endangered native fresh-
water fish, crucian carp Carassius carassius, in an English ornamental pond. Aquatic Con-
servation: Marine and Freshwater Ecosystems 18(1): 32-43. doi: 10.1002/aqc.820

Copp GH, Wesley KJ, Vilizzi L (2005) Pathways of ornamental and aquarium fish introduc-
tions into urban ponds of Epping Forest (London, England): the human vector. Journal of
Applied Ichthyology 21: 263-274. doi: 10.1111/j.1439-0426.2005.00673.x

David L, Blum S, Feldman MW, Lavi U, Hillel J (2003) Recent duplication of the common
carp (Cyprinus carpio L.) genome as revealed by analyses of microsatellite loci. Molecular
Biology and Evolution 20: 1425-1434. doi: 10.1093/molbev/msg173

Economidis PS (1995) Endangered freshwater fishes of Greece. Biological Conservation 72(2):
201-211. doi: 10.1016/0006-3207(94)00083-3

Hafez R, Labat R, Quiller R (1978) Etude cytogenetique chez quelques especes de cyprin-
ides de la region Midi-Pyrenees. Bulletin de la Société d'Histoire Naturelle de Toulouse
114(1-2): 122-159.

Hinfling B, Bolton P, Harley M, Carvalho GR (2005) A molecular approach to detect hybridi-
sation between crucian carp (Carassius carassius) and non-indigenous carp species (Caras-
sius spp. and Cyprinus carpio). Freshwater Biology 50(3): 403—417. doi: 10.1111/j.1365-
2427.2004.01330.x

Hensel K (1971) Some notes on the systematic status of Carassius auratus gibelio (Bloch,
1782) with further record of this fish from the Danube River in Czechoslovakia. Véstnik
Ceskoslovenské Spole¢nosti Zoologické 3: 186-198. doi: 10.1159/000350689

Holopainen IJ, Tkari A (1992) Ecophysiological effects of temporary acidification on crucian
carp, Carassius carassius (L.): a case history of a forest pond in eastern Finland. Annales
Zoologici Fennici 29: 29-38.

Kalous L, Knytl M, Krajdkovd L (2010) Usage of non-destructive method of chromosome
preparation applied on silver Prussian carp (Carassius gibelio). In: Kubik S, Bartdk M
(Eds) Proceedings of the Workshop on Animal Biodiversity. Jevany, July 7, 2010,
57-60.

Kalous L, Slechtové V, Bohlen J, Petrtyl M, Svétora M (2007) First European record of Caras-
sius langsdorfii from the Elbe basin. Journal of Fish Biology 70(A): 132-138.



214 Martin Knytl et al. /| Comparative Cytogenetics 7(3): 205-215 (2013)

Knytl M, Kalous L, Symonov4 R, Rylkov4 K, Rdb P (2013) Chromosome studies of European
cyprinid fishes: cross-species painting reveals natural allotetraploid origin of Carassius fe-
male with 206 chromosomes. Cytogenetic and Genome Research 139: 276-283.

Kobayasi H, Kawashima Y, Takeuchi N (1970) Comparative chromosome studies in the genus
Carassius, especially with a finding of polyploidy in the ginbuna (C. auratus langsdorfii)
(Teleostei: Cyprinidae). Japanese Journal of Ichthyology 17: 153-160.

Kottelat M, Freyhof ] (2007) Handbook of European Freshwater Fishes. Berlin, Germany,
648 pp.

Larhammar D, Risinger C (1994) Molecular genetic aspects of tetraploidy in the common carp Cypri-
nus carpio. Molecular Phylogenetics and Evolution 3(1): 59-68. doi: 10.1006/mpev.1994.1007

Levan A, Fredga K, Sandberg AA (1964) Nomenclature for centromeric position on chromo-
somes. Hereditas 52: 201-220. doi: 10.1111/j.1601-5223.1964.tb01953.x

Litvinov AG, O’Gorman R (1996) Biology of Amur sleeper (Perccottus glehni) in the delta of
the Selenga River, Buryatia, Russia. Journal of Great Lakes Research 22(2): 370-378. doi:
10.1016/50380-1330(96)70962-0

Lusk S, Luskovd V, Hanel L (2010) Alien fish species in the Czech Republic and their impact
on the native fish fauna. Folia Zoologica 59(1): 57-72.

Mayr B, Réb P, Kalat M (1986) NORs and counterstain-enhanced fluorescence studies in Cy-
prinidae of different ploidy level. Genetica 69(2): 111-118. doi: 10.1007/BF00115130

Navodaru I, Buijse AD, Staras M (2002) Effects of hydrology and water quality on the fish
community in Danube delta lakes. International Review of Hydrobiology 87: 329-348.
doi: 10.1002/1522-2632(200205)87:2/3<329::AID-IROH329>3.0.CO;2-]

Papousek I, Vetesnik L, Halacka K, Luskovd V, Humpl M, Mendel ] (2008) Identification of
natural hybrids of gibel carp Carassius auratus gibelio (Bloch) and crucian carp Carassius
carassius (L.) from lower Dyje River floodplain (Czech Republic). Journal of Fish Biol-
ogy 72(5): 1230-1235. doi: 10.1111/j.1095-8649.2007.01783.x

Proke$ M, Baru$ V (1996) On the natural hybrid between common carp (Cyprinus carpio) and
Prussian carp (Carassius auratus gibelio) in the Czech Republic. Folia Zoologica 45: 277-282.

Réb P, Collares-Pereira MJ (1995) Chromosomes of European cyprinid fishes (Cyprinidae,
Cypriniformes) (Review). Folia Zoologica 44: 193-214.

Ribovi M, Volker M, Pelikinovs S, Rib P (2013) Sequential chromosome bandings in fishes.
In: Ozouf-Costaz C, Foresti F, Almeida Foresti L, Pisano E, Kapoor BG (Eds) Techniques
of Fish Cytogenetics. Science Publisher Inc., Enfield NH, USA.

Raicu P, Taisescu E, Banarescu P (1981) Carassius carassius and C. auratus, a pair of diploid and
tetraploid representative species (Pisces, Cyprinidae). Genetica 46: 233-240.

Rylkov4 K, Kalous L, Bohlen J, Lamatsch DK, Petrtyl M (2013) Phylogeny and biogeograph-
ic history of the cyprinid fish genus Carassius (Teleostei: Cyprinidae) with focus on natu-
ral and anthropogenic arrivals in Europe. Aquaculture 380-383: 13-20. doi: 10.1016/j.
aquaculture.2012.11.027

Sayer CD, Copp GH, Emson D, Godard M], Zigba G, Wesley KJ (2011) Towards the con-
servation of crucian carp Carassius carassius: understanding the extent and causes of de-
cline within parts of its native English range. Journal of Fish Biology 79: 1608-1624. doi:
10.1111/j.1095-8649.2011.03059.x



Karyotype and chromosome banding of endangered crucian carp, Carassius carassius... 215

Schiemer F, Spindler T (2006) Endangered fish species of the Danube River in Austria. Regu-
lated Rivers: Research & Management 4(4): 397-407. doi: 10.1002/rrr.3450040407
Smartt ] (2007) A possible genetic basis for species replacement: preliminary results of
interspecific hybridisation between native crucian carp Carassius carassius (L.) and in-
troduced goldfish Carassius auratus (L.). Aquatic Invasions 2: 59-62. doi: 10.3391/

ai.2007.2.1.7

SofradZija A, Berberovi¢ L, Hadziselimovi¢ R (1978) [Hromosomske garniture karasa (Caras-
sius carassius) i babuske (Carassius auratus gibelio)] Chromosome sets of Carassius carassius
and Carassius auratus gibelio. Ichthyologia 10(1): 135-148.

Szczerbowski JA (2002) Carassius. In: Banarescu PM, Paepke HJ (Eds) The Freshwater Fishes
of Europe, Aula-Verlag, Wiesbaden, 5-41.

Tarkan AS, Gaygusuz O, Giirsoy Gaygusuz C, Sa¢ G, Copp GH (2012) Circumstantial evi-
dence of gibel carp, Carassius gibelio, reproductive competition exerted on native fish spe-
cies in a mesotrophic reservoir. Fisheries Management and Ecology 19(2): 167-177. doi:
10.1111/j.1365-2400.2011.00839.x

Vélker M, Kullmann H (2006) Sequential chromosome banding from single acetic acid fixed
embryos of Chromaphyosemion killifishes (Cyprinodontiformes, Nothobranchiidae). Cy-
bium 30(2): 171-176.

Vasilev VP, Vasileva ED (1985) [3oaoroit kapacw, Carassius carassius - AUIIAOUAHBIA HAH
rerpanaonanstit BuA?] Does Carassius carassius belong to the diploid or tetraploid species?
Doklady Akademii nauk SSSR 283(1): 228-230.

Vasiliev VP (1985) Evolutionary karyology of fishes. Moscow, 300 pp.

Wheeler AC (2000) Status of the crucian carp, Carassius carassius (L.) in the UK. Fisheries
Management and Ecology 7: 315-322.

Wouters J, Janson S, Luskovd V, Olsén KH (2012) Molecular identification of hybrids of the in-
vasive gibel carp Carassius auratus gibelio and crucian carp Carassius carassius in Swedish wa-
ters. Journal of Fish Biology 80(7): 2595-2604. doi: 10.1111/j.1095-8649.2012.03312.x

ZhangY, Liang L, Jiang P, Li D, Lu C, Sun X (2008) Genome evolution trend of common carp
(Cyprinus carpio L.) as revealed by the analysis of microsatellite loci in a gynogenetic family.
Journal of Genetics and Genomics 35(2): 97—-103. doi: 10.1016/5S1673-8527(08)60015-6

Zhu HP, Gui JF (2007) Identification of genome organization in the unusual allotetraploid
form of Carassius auratus gibelio. Aquaculture 265(1): 109-117. doi: 10.1016/j.aquacul-
ture.2006.10.026






CompCytogen 7(3): 217-227 (2013) COMPARATIVE ~ Aserresened penaces o

doi: 10.3897/CompCytogen.v7i3.5398 (::ﬁ CytOgCﬂCtiCS

www.pensoft.net/journals/compcytogen Incernationa Journal of Planc & Animal Cytogenetics,
an .

yosystematics, and Molecular Systematics

Karyological evidence for diversification of Italian slow
worm populations (Squamata, Anguidae)

Marcello Mezzasalma', Fabio Maria Guarino', Gennaro Aprea’,
Agnese Petraccioli', Angelica Crottini?, Gaetano Odierna'

| Dipartimento di Biologia, Universita di Napoli Federico II, Via Cinthia I- 80126 Napoli, Italy 2 CIBIO,
Centro de Investigagido em Biodiversidade e Recursos Genéticos, Campus Agrdrio de Vairio, R. Padre Armando
Quintas, 4485-661 Vairio, Vila do Conde, Portugal

Corresponding author: Marcello Mezzasalma (marcello.mezzasalma@unina.it)

Academic editor: L. Kupriyanova | Received 22 April 2013 | Accepted 18 July 2013 | Published 23 September 2013

Citation: Mezzasalma M, Guarino FM, Aprea G, Petraccioli A, Crottini A, Odierna G (2013) Karyological evidence for
diversification of Italian slow worm populations (Squamata, Anguidae). Comparative Cytogenetics 7(3): 217-227. doi:
10.3897/CompCytogen.v7i3.5398

Abstract

A karyological analysis on six Italian populations the slow worm (Anguis veronensis Pollini, 1818) was
performed and their genetic differentiation at the mitochondrial 16S rRNA gene fragment from a Span-
ish sample has been assessed. The Italian populations were karyologically uniform, all showing 2n= 44
elements, of which 20 were macrochromosomes and 24 microchromosomes. Comparison with literature
data on Central European populations showed a difference on the morphology of the 10* chromosome
pair: submetacentric in Italian populations and telocentric in the Central European ones. Our analysis
showed the presence of a fragile site on chromosomes of this pair, suggesting its propensity for structural
rearrangements. Analysis of the 16S rRNA gene fragment showed uniformity among Italian popula-
tions (uncorrected genetic distance of 0.4%), and their genetic distinctness from the Spanish individual
(uncorrected genetic distance of 4.2%). Our results confirm the existence of two different Anguis fragilis
Linnaeus, 1758 lineages, each one characterized by a different cytotype.
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Introduction

Until recently there were only two recognized species of the genus Anguis Linnaeus, 1758
in the Palaeartic region: A. cephallonica Werner, 1894 and A. fragilis Linnaeus, 1758,
commonly known as slow worms. The first species was considered a Mediterranean en-
demic restricted to the Peloponnese and some Ionian islands, while the second (4. fra-
gilis) was considered a widespread taxon distributed from Western Europe to NW Iran
and from the Mediterranean coast to Scandinavia, with a broad altitudinal distribution,
ranging from the sea level up to 2300 m above sea level (Gasc et al. 1997, Sindaco
et al. 2006). Two recent studies (Gvozdik et al. 2010, 2013) based on the analysis of
mitochondrial and nuclear genes and morphology redefined the distribution and the
phylogenetic relationships of various populations of the genus Anguis and identified five
main distinct evolutionary lineages: A. fragilis sensu stricto (present in Austria, Bosnia
and Herzegovina, Bulgaria, Croatia, Czech Republic, France, Germany, Great Britain,
Greece, Hungary, Italy, Macedonia, Montenegro, Norway, Poland, Portugal, Serbia, Slo-
vakia, Slovenia, Spain, Sweden and Switzerland), A. graeca Bedriaga, 1881 (in Albania,
Greece and Montenegro), A. cephallonica (limited to the Peloponnese), and A. colchica
(Nordmann, 1840) (widely distributed from Eastern Europe to Iran) and subdivided
into three main lineages (4. ¢. colchica, A. c. incerta and A. c. orientalis) each with a geo-
graphically distinct distribution; and more recently A. veronensis Pollini, 1818 (present
in Italian peninsula and some areas from south-eastern France). Both the mitochondrial
(mtDNA) and the nuclear (nuDNA) analyses analyses identified A. cephallonica as the
sister lineage of a wider clade comprising A. fragilis, A. colchica and A. graeca (Gvozdik et
al. 2010), while the position of the Italian lineage still remains unresolved (Gvozdik et al.
2013). The proposed species overall parapatric distributions, excluding some apparently
isolated populations of A. fragilis sensu stricto from Greece (Gvozdik et al. 2010). In a
previous karyological study (Gigantino et al. 2002) on the herpetofauna from the Matese
Regional Park (Campania, Southern Italy) showed that local slow worm populations had
a different chromosome formula when compared with available karyological data of A.
Sragilis (Dalq 1921, Margot 1946). Those karyological data, indeed scarce and dated,
referred to referred to Central European populations of A. fragilis and described a karyo-
type of 2n=44 elements, of which 20 were macrochromosomes (the first, the fourth and
the fifth pairs shaped as metacentric and the rest as telocentric elements) and 24 micro-
chromosomes, arm number (A.N.) = 48. The populations of the Matese Regional Park
differed in showing as submetacentric the elements of the tenth macrochromosome pair
(A.N.=50). On the basis of the recent finding of Gvozdik et al. (2013) and our previous
karyological data (Gigantino et al. 2002), we extended the chromosome analysis to other
Italian populations. The results of this comparative karyological study are here presented
together with the re-worked analysis on populations from Matese Regional Park. In ad-
dition, since in Balkan Peninsula two endemic Anguis species were found (Gvozdik et al.
2013), we also perfomed a molecular analysis of a fragment of the mitochondrial 16S
rRNA gene in order to test the genetic uniformity of the studied Italian specimens.
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Material and methods

Eleven individuals from six geographically distinct Italian localities were analysed in
this work: Travaco Siccomario (Pavia, northern Italy), one male; Ancona (central Italy),
two males; Valle Agricola (Caserta, southern Italy), one male and one female; Giffoni
Valle Piana (Salerno, southern Italy), one male and one female; Ruvo del Monte (Po-
tenza, southern Italy), two males and one females; Monte Cocuzzo (Cosenza, southern
Italy), one males. As already successfully performed (Gigantino et al. 2002), adult indi-
viduals were sexed in the field by means of hemipenis extroversion before their release.
For the samples of the Matese Regional Park we benefitted from stored chromosome
suspensions obtained from organs (see Odierna et al. 2004 for details) kept in the
herpetological collection of one of the co-author (G.EM.). For all other samples, chro-
mosomes were obtained by establishing blood cultures using a freshly collected blood
sample (100500 pl), drawn on the field from the caudal vein, incubated for 5 days in
3 ml of peripheral blood karyotyping medium (Biological Industries). Colcemid (100
ng/ml) was added to culture two hours before harvesting. After washing in Phosphate
Buffer Saline (PBS) 1x, and incubation in hypotonic solution (KCI 0,075 M) per 30
min, cells were fixed in 3:1 methanol-acetic acid. This non-invasive method, useful
for both karyologycal and molecular investigations, allows the avoidance of specimen
sacrifice and animals were released at capture sites immediately after the sampling. In
addition to standard staining method (5% Giemsa solution at pH 7) we performed
various chromosome banding techniques: Ag-Nor banding (Howel and Black 1980),
C-banding (Sumner 1972), C-banding+CMA_+DAPI staining (Odierna et al. 2004 ),
Chromomycin A -methyl green staining (Odierna et al. 2007); G banding performed
on 10 days old slides by a brief incubation (10-30 sec) in a 0,05% trypsin solution
(Odierna et al. 1994). For Late Replicating banding pattern (LR), bromedeoxyuridine
(BrdU; 35 pg/ml) was added to blood cultures during the last six hours and differential
staining was revealed by staining chromosomes with 4% Giemsa solution in 2% 4Na-
EDTA for two minutes (Odierna et al. 2004).

Total genomic DNA was extracted from blood cells using conventional phenol-
chloroform method (Sambrook et al. 1989). A fragment of ca. 320 bp of the mito-
chondrial 16S rRNA gene was amplified for one individual for each studied popula-
tion using the primers 16Sa 5" - CGCCTGTTTACCAAAAACAT - 3’ and 16Sb 5’-
CCGGTCTGAAACTCAGATCAGT- 3’ (Palumbi 1996). Amplification consisted of
an initial denaturation step at 94°C for 5 min, followed by 36 cycles of denaturation
at 94°C for 30 s, annealing at 55°C for 30 s, and elongation at 72°C for 30 s, fol-
lowed by a final extension of 72°C for 7 min. Amplicons were sequenced on an auto-
mated sequencer ABI 377 (Applied Biosystems). Sequences were blasted in GenBank
and chromatograms were checked by eye and edited, when necessary, using Chromas
Lite© and the BioEdit sequence alignment editor (version 7.0.5.3; Hall 1999). Newly
provided sequences were compared with a homologous sequence of a Spanish indi-
vidual from Vilarmiel (Lugo province, Galicia, Spain) available in GenBank (Albert et
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al. 2009; NC012431). A homologous sequence of Ophisaurus attenuatus Baird, 1880
(EU747729) from Castoe et al. (2008) was add to the alignment and used as outgroup
in the phylogenetic analysis. The alignment of all sequences required the inclusion of
gaps to account for indels in only a few cases. All newly determined sequences were sub-
mitted to the European Nucleotide Archive (ENA) (accession numbers: HG003678-
HG003683). Uncorrected pairwise distances (p-distances transformed into percent)
within individuals of A. veronensis and between species were computed using MEGA,
version 5.05 (Tamura et al. 2011). Bayesian analyses were performed in MrBayes 3.1.2
(Ronquist and Huelsenbeck 2003). The HKY model was determined by AIC in jMod-
eltest (Posada 2008) as the best-fitting model of substitution. We performed two runs
of 10 million generations (started on random trees) and four incrementally heated
Markov chains (using default heating values), sampling the Markov chains at intervals
of 1,000 generations. Stabilization and convergence of likelihood values was checked
by visualizing the log likelihoods associated with the posterior distribution of trees
in the program Tracer (Rambaut and Drummond 2007). The first three millions of
generations were discarded and seven thousand trees were retained post burn-in and
summed to generate the majority rule consensus tree (Fig. 1).

Results and discussion

The alignment of the analysed 16S rRNA gene fragments showed a minimum of 14
nucleotidic substitutions (11 transitions and 3 transversions) and 2 insertion/dele-
tions between samples from Italy and Spain, corresponding to an average uncorrected
genetic distance of 4.2%, thus confirming the genetic distinctiveness of the Italian
populations. On the contrary, the analyzed Italian specimens were genetically very
uniform and showed an intraspecific uncorrected divergence of 0.4%, whereas their
uncorrected genetic distance from the outgroup, O. attenuatus, was 12.8%. According
to Gvozdik et al. (2010) the average genetic divergence at the ND2 mitochondrial
locus among the several Anguis species is about 7%, while the maximum intraspecific
distance within the various A. colchica clades is 4.4%. Unfortunately, we did not use
the same molecular marker, but the observed 4.2% distance at the more conserved 16S
rRNA gene fragment among Spanish and Italian samples provide further evidenced
for the differentiation of these two lineages. Even if the phylogenetic analyses resulted
in a tree (Fig. 1) with largely unresolved relationships, we could recover a good sup-
port for the monophyly of the Italian specimens, as well as for a clear mithocondrial
segregation between them and the extra-Italian Anguis samples analysed in this study.
Metaphase plates suitable for chromosome analysis were obtained from four out the
six investigated populations (Travaco Siccomario, Valle Agricola, Ruvo del Monte and
Monte Cocuzzo). All individuals showed a karyotype of 2n = 44 elements, compris-
ing ten pairs of macrochromosomes and twelve pairs of microchromosomes. The first
macrochromosomes pair was metacentric, the fourth and fifth were submetacentric
and the others were telocentric with the exception of the tenth pair (Fig. 2A; Table
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Anguis veronensis ancona

ANguis veronensis vae Agricola

01

Figure 1. 70%-majority consensus tree derived from a Bayesian inference analysis of 321 bp of the
mitochondrial 16S rRNA gene. Ophisaurus attenuatus was used as outgroup. Sequences retrieved from
GenBank are marked with their accession numbers.

1). Chromosomes morphology did not differ between sexes and in any of the various
Italian localities studied. The Ag-NOR banding revealed the presence of NOR loci
on three microchromosome pairs in all examined specimens (Fig. 2B, arrows). This
condition is considered an apomorphic character in Squamata, derived from a ple-
siomorphic single NOR locus (Porter et al. 1994, Aprea et al. 1996). The C-banding
+ Giemsa and the C-banding+fluorochromes colorations rrevealed small pericentro-
meric C-bands on almost all macrochromosomes and on three pairs of microchromo-
somes, namely those NOR bearing ones (Fig. 2C, D, E). Both G and LR-banding did
not reveal any difference among analysed populations or between sexes (Fig. 3A, B).
However, LR banding highlighted the presence of a uncondensed trait in three out
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Figure 2. A Giemsa stained karyotype of an individual from Valle Agricola B Ag-NOR-banding stained met-
aphase plate of an individual from Ruvo del Monte €, D, E metaphase plate of an individual from Valle Ag-
ricola stained with C-banding (C) and C-Banding+ CMA, (D)+ DAPI (E). Arrows in (B) point at NOR loci.

of 20 examined metaphase plates (15% on the short arms of one chromosome of the
tenth pair). This uncondensed trait was observed only on metaphase plates from cul-
tures with BrdU addition and probably is a fragile site. In fact, it is known that BrdU
promotes the expression of fragile sites (e.g. Sutherland 1979, Stone and Stephens
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Figure 3. Karyotypes of a male from Travacd Siccomario (A) and of female from Ruvo del Monte
(B) stained with G-banding and replication pattern, respectively. The arrow in (B) points at a fragile site.

1993) (Fig. 3B). Fragile sites are usually due to a DNA strand breakage and represent
hot spots for recombination (Glover and Stein 1988). The presence of a fragile site
on the tenth chromosome suggests the propensity for this chromosome for structural
rearrangements. By chance, this chromosome pair karyologically differentiates Italian
slow worm populations from Centro-European ones, this pair being shaped as sub-
metacentric in the former populations and as telocentric in the Centro-European ones.
A pericentric inversion can account for the different morphology of the tenth chromo-
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Table I. Chromosome relative length (RL), centromeric index (CI) and chromosome shape (CS) of
studied samples of A. veronensis. The values of RL and CI are expressed as mean + standard deviation.
Chromosome morphology was measured according to Levan et al. (1964). For the microchromosomes
11-22 only their complessive RL value is provided.

chrom. RL CI CS
1 15,2 £3,5 0,45+3,6 metacentric
2 11,7 2,7 0,10+3,8 telocentric
3 9,7 £3,3 0,08+4,4 telocentric
4 7,6£3,1 0,07+3,5 telocentric
5 7,4+3,4 0,42+3,6 metacentric
6 7,1+3,1 0,07+4,1 telocentric
7 6,2 +3,1 0,10+3,1 telocentric
8 5,7 +2,8 0,08+2,9 telocentric
9 5,1 2,7 0,07+4,0 telocentric
10 4,6 +3,2 0,34+3,8 submetacentric

11-22 19,7 +6,8 - -

some pair. Due to the absence of karyological data on other congeneric species, the
polarity of chromosome rearrangements cannot be unambiguously assessed. The role
of chromosome rearrangements in speciation is heavily debated (White 1978, Odierna
et al. 1996, Simard et al. 2009), as it is difficult to ascertain if chromosome changes
occur after species diversification or if they are involved in the speciation process in
itself, acting as proximate cause of diversification. Chromosome polymorphism as well
as interspecific differences characterized by a single chromosome inversion are known
in lizards (Odierna et al. 2004, Kupriyanova et al. 2008, Aprea et al. 1996 ). Thus, the
difference in the chromosome 10" pair might have occurred during or after the diver-
sification between Italian and central European lineages. It should be also taken into
consideration that the different morphology of the 10* pair may be a consequence of a
centromere repositioning, so far observed only among different species using compara-
tive genome analysis (Montefalcone et al. 1999, Cardone et al. 2007).

To conclude, our karyological study is consistent and provides further support for
the recently discovered molecular and morphological differentiation of the Italian slow
worm lineage (Gvozdik et al. 2013), who ascribe the Italian populations to the recently
resurrected Anguis veronensis.
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Abstract

The male adults of four species of the Chinese Panorpidae in Mecoptera were cytogenetically studied us-
ing conventional squashing procedures. The results show that their sex-chromosome system belongs to
the XO type, with 7 = 19 + X(O) in Panorpa emarginata Cheng, 1949 and Panorpa dubia Chou & Wang,
1981, 7 = 23 + X(O) in Panorpa sp., and n = 20 + X(O) in Neopanorpa lui Chou & Ran, 1981. X chro-
mosomes of these species usually appear dot-shaped in late prophase I and are easily differentiated from
autosomal bivalents. Meiosis in these Panorpidae lacks typical diplotene and diakinesis. In late prophase
I, pairs of homologous chromosomes remain parallel in a line and show no evidence of crossing-over.
Some of them even appear as a single unit because of extremely intimate association, all with a tendency
of increasing condensation. The evolutionary significance of their chromosomal differences and the achi-
asmatic meiosis of Panorpidae are briefly discussed.
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Introduction

Mecoptera are one of the minor orders of holometabolous insects with approximately
650 described species worldwide (Bicha 2010). They are unique in Holometabola be-
cause many taxa of them possess a pair of compound eyes on the head in their larval
stages (Byers and Thornhill 1983). In this respect, Mecoptera may represent one of
the basal lineages in the Holometabola, or more specifically the most basal taxon of
Antliophora (Kristensen 1999).

Panorpidae are the most species-rich family in Mecoptera, with over 420 de-
scribed species assigned to six genera (Ma et al. 2009, Ma and Hua 2011, Zhong
and Hua 2013). They are commonly called scorpionflies because the male genital
bulb (the ninth abdominal segment) is enlarged and recurved upward, superficially
resembling the stinger of a scorpion (Esben-Petersen 1921). Panorpa Linnaeus,
1758 is the largest genus of Panorpidae and is such a diverse taxon that it is often
subdivided into different species groups based on external morphological characters
for regional faunas (Ma and Hua 2011). The genus Neopanorpa Weele, 1909 is an
Oriental group in Panorpidae with more than 130 known species in the world to
date (Cai and Hua 2009).

The cytogenetics of Mecoptera received a passing interest from the 1930s to the
1970s. To date, only some European and American species have been cytogeneti-
cally studied. Species of Panorpa were first reported to have an XO sex determina-
tion mechanism in males and to have a fairly high complement number (more than
40) by Naville and de Beaumont (1934). Subsequently, male hangingfly Bittacus
italicus (Miiller, 1766) was also reported to have XO sex chromosomes with 13
pairs of autosomes (Matthey 1950). Cooper (1951, 1974) found a different sex
determination system in the family Boreidae: Boreus brumalis Fitch, 1847 possesses
compound sex chromosomes X X,Y with 11 pairs of autosomes in males and Boreus
notoperates Cooper, 1972 possesses XO sex chromosomes with 9 pairs of autosomes
in males. Ullerich (1961) found achiasmatic meiosis in three species of Panorpa.
Later, to elucidate achiasmatic meiosis in Panorpa, Gassner (1969) investigated the
synaptonemal complex and chromosome structure in the achiasmatic spermatogen-
esis of Panorpa communis Linnaeus, 1758. Chorista australis Klug, 1838 (Choristi-
dae) was also found to possess XO sex-chromosome system (Bush 1967). According
to cytological observations of spermatogenesis, Atchley and Jackson (1970) found
that male scorpionflies of Panorpa anomala Carpenter, 1931 and Panorpa acuta
Carpenter, 1931 have both achiasmatic meiosis and 27 = 45 chromosomes, but
male hangingflies of Bittacus pilicornis Westwood, 1846 and Bittacus stigmaterus
Say, 1823 (Bittacidae) have chiasmatic meiosis with relatively low chromosome
numbers (27 = 29 and 31, respectively).

To increase our knowledge of the cytogenetic nature and chromosomal evolution
in Mecoptera, we studied meiosis in four species of the Chinese Panorpidae, including
three species of Panorpa and one more species of Neopanorpa.
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Materials and methods

Male adults of Panorpa emarginata Cheng, 1949, Panorpa dubia Chou & Wang, 1981,
Panorpa sp., and Neopanorpa lui Chou & Ran, 1981 were investigated using conven-
tional squashing procedures. At least three specimens of each species were sampled.
The examined species and their localities are listed in Table 1.

Testes of these species were extracted from ethyl ether anaesthetized specimens
and subjected to hypotonic treatment in 0.48% solution of potassium chloride for 15
min, then fixed in a mixture of methanol and acetic acid (3:1) for 2 h. The fixed testes
were squashed and stained with 1% Giemsa in Sérense buffer solution (0.067 mol/L,
pH 6.8) for 10 min except for P. emarginata, which was stained with 2% hematoxy-
lin solution for 10 sec. Photographs were taken with a Nikon DS-Fil digital camera
equipped with a Nikon Eclipse 80i microscope.

Results

Panorpa emarginata Cheng

The males have a meioformula of 7 = 19 + X(O) (Fig. 3A). In pachytene (Fig. 1A), the
X univalent and autosomal bivalents are all strip-shaped. It is difficult to distinguish
the X univalent from autosomal bivalents. In late prophase I (Fig. 1B), the X uni-
valent is dot-shaped and the homologous chromosomes of each bivalent are closely
associated. No traces of crossing-over were observed. In pre-metaphase (Fig. 1C),
the chromosomes become much more condensed. In the lateral view of metaphase I
(Fig. 1D), all bivalents are located in the equatorial plate with the X univalent being
precocious. In the lateral view of anaphase I (Figs. 1E, 1F), the X can also move ahead
of other bivalents.

Panorpa dubia Chou & Wang

The males also have a meioformula of » = 19 + X(O) (Fig. 3B). In pachytene
(Fig. 2A) these bivalents are rod-shaped and almost of the same size, but the X

Table I. The examined species and their localities.

Species Localities Collection date
Panorpa emarginata Taibai Mountain, Shaanxi Early June 2007
Panorpa dubia Huoditang Forest Farm, Shaanxi Early June 2012
Panorpa sp. Tongbai Mountains, Henan Late July 2012
Neopanorpa lui Nangong Mountain, Shaanxi Middle June 2012
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Figures 1. Meiotic chromosomes of male Panorpa emarginata subjected to hematoxylin staining.

A pachytene B late prophase I showing the dot-shaped X univalent (arrow) and achiasmatic bivalents
C metaphase I showing substantially more condensed chromosomes D lateral view of metaphase I show-
ing congression of autosomal bivalents and precocity of X univalent (arrow) E, F lateral view of anaphase
I showing precocity of X univalent (arrow). Bars = 10 pm.

univalent is difficult to observe. In late prophase I (Fig. 2B), the bivalents become
more condensed and the X univalent appears dot-shaped. As in P emarginata, ho-
mologous chromosomes are associated with each other so intimately that they ap-
pear as single units. No indication of crossing-over was observed. In the polar view
of metaphase I (Fig. 2C), the majority of these bivalents present parallel-arranged
homologous chromosomes.

Panorpa sp.

The males have a meioformula of 7 = 23 + X(O) (Fig. 3C). In pachytene (Fig. 2D) the
X univalent is difficult to observe. In late prophase I (Fig. 2E), these bivalents become
condensed and the X univalent is usually dot-shaped. In particular, some bivalents
exhibit two parallel-arranged homologous chromosomes without chiasmata. In the
polar view of metaphase I, only a few bivalents present parallel-arranged homologous
chromosomes (Fig. 2F).
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Figures 2. Meiotic chromosomes of male Panorpidac. A=C Panorpa dubia D=F Panorpa sp. and
G-l Neopanorpa lui subjected to Giemsa staining A, D pachytene B, E, G, H late prophase I showing

more condensed bivalents than in pachytene and the dot-shaped X univalent (arrow). C, E I polar view
of metaphase I. Bars = 5 pm.

Neopanorpa lui Chou & Ran

In males, the late prophase I reveals a meioformula of 7 = 20 + X(O) (Figs 2G, 3D).
There are 20 bivalents of different sizes. Some of the bivalents present two parallel
homologous chromosomes. The X univalent is usually dot-shaped. A more condensed
stage without chiasmata was observed near the end of prophase I (Fig. 2H). In the
polar view of metaphase I (Fig. 2I), only a few bivalents present parallel-arranged ho-
mologous chromosomes.



234 Bo Xu et al. /| Comparative Cytogenetics 7(3): 229-239 (2013)

3 4 | /Y
k-
\

74
%&ﬂ . %

D -

J

i

o

G
DS]

Ty

i

Figures 3. Schematic drawings of late prophase I chromosomes. A Panorpa emarginata B Panorpa dubia
C Panorpa sp. and D Neopanorpa lui corresponding to Fig. 1B, Fig. 2B, Fig. 2E and Fig. 2H, respectively.
The X univalents are indicated by arrows. Bars = 5 pm.

Discussion

The present work is the first cytogenetic description of the Chinese mecopteran spe-
cies. In particular, we obtained first cytogenetic data for a Neopanorpa species. All the
four examined species of Panorpidae possess a relatively high chromosome number, the
males with an XO sex-chromosome system and achiasmatic meiosis.

Based on our study, the meioformula of males is 2 = 19 + X(O) in P. emarginata and
P. dubia, n =23 + X(O) in Panorpa sp., and 7 = 20 + X(O) in V. /ui. Their chromosome
numbers are very similar to those of the European and American species of Panorpidae,
whose meioformula is 7z = 22 + X(O) in P. communis, P. anomala and P. acuta, n = 21+
X(O) in Panorpa cognata Rambur, 1842, and 7 = 20 + X(O) in Panorpa germanica Lin-
naeus, 1758 (Naville and de Beaumont 1934, Atchley and Jackson 1970). This stability
implies a model diploid karyotype of Panorpidae of about 40 chromosomes. The exist-
ing small differences in chromosome number between these species likely result from
chromosomal rearrangements in the evolutionary history of Panorpidae.



A chromosomal investigation of four species of Chinese Panorpidae (Insecta, Mecoptera) 235

Compared with Panorpidae, other families of Mecoptera possess relatively low
chromosome numbers. In Boreidae, males of B. brumalis have a meioformular of 7 =
11 + X, XY (Cooper 1951) and males of B. notoperates have a meioformula of 2 = 9 +
X(O) (Cooper 1974). In Bittacidae, males of B. izalicus, B. pilicornis and B. stigmaterus
have meioformulas of 7 = 13 + X(O), 7 = 14 + X(O) and 7 = 15 + X(O), respectively
(Matthey 1950, Atchley and Jackson 1970). In Choristidae, males of C. australis have
a meioformula of 72 = 14 + X(O) (Bush 1967). This implies that fissions or duplications
could play a significant role in the divergence of Panorpidae.

The precocity of X chromosome in anaphase I and the presence of dot-shaped
X chromosome in late prophase I imply an XO sex-chromosome system in the four
studied species. The XO sex-chromosome system also occurs in five European and
American species of Panorpidae, three species of Bittacidae (Naville and de Beaumont
1934, Matthey 1950, Atchley and Jackson 1970), a species of Choristidae (Bush 1967)
as well as in a species of Boreidae (Cooper 1974). B. brumalis has an extraordinary
sex-chromosome system X XY in males (Cooper 1951). This system could originate
via translocation between the X chromosome and one autosome in a species with XO
sex-chromosome system. Since multiple sex chromosomes are shared by many species
of the order Siphonaptera (Rothschild 1975), which is considered as the sister group
of Boreidae (Biliniski et al. 1998, Whiting 2002), it is also possible that the ancestors
of the Mecoptera had multiple sex-chromosome system as in the Boreidae and Sipho-
naptera, and the XO sex-chromosome system represents a derived character state.

It is generally acknowledged that the formation of the XO systems is ascribed to Y
chromosome degeneration from the XY system in Orthoptera and Heteroptera (White
1951, Grozeva and Nokkala 1996). The process of degeneration of Y chromosome
has been well studied in some dipteran and orthopteran species, which have a neo-Y
chromosome in the process of differentiation (Castillo et al. 2010, Kaiser and Bachtrog
2010). To date, no XY sex-chromosome system has been found in Mecoptera, and
therefore it is premature now to conclude that this process also occurs in this order.
If the ancestral sex-chromosome system was of the multiple chromosome type, the
formation of XO sex-chromosome system in Mecoptera would not appear so simple.
Some complicated rearrangements of chromosomes may have been present during the
evolution of sex chromosomes in Mecoptera.

The achiasmatic meiosis in male Panorpidae has been reported several times to date
(Ullerich 1961, Atchley and Jackson 1970, Welsch 1973). However, this is not the case
in Bittacidae (Ashley and Moses 1980) and Boreidae (Cooper 1974), implying that
achiasmatic meiosis is a derived character and can be used for phylogenetic analysis in
Mecoptera. Achiasmatic meiosis is not limited to Mecoptera, but has also been discov-
ered in male Orthoptera, Mantodea, Heteroptera, Coleoptera as well as in male Dip-
tera and female Lepidoptera (White 1965, Gassner 1969, Traut 1977, Serrano 1981,
Grozeva et al. 2008, McKee et al. 2012), implying its polyphyletic origin in Insecta.

Chiasmata are manifestations of meiotic crossovers, which not only facilitate the
exchange of DNA between maternal and paternal chromosomes but also perform the
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important function of securing physical connections between homologous chromo-
somes that are essential for their co-orientation and proper disjunction at the first
meiotic division (Carpenter 1994, Jones and Franklin 2006). Although some forms
of crossover may not result in chiasmata (Moens 1996, Sybenga 1996), two inevitable
problems arise in most cases when achiasmatic meiosis occurs: the proper segregation
of homologous chromosomes in prophase I and the adaptive significance of these spe-
cies lacking recombination in one sex.

To solve the first problem, some different modes have been proposed to facilitate
the segregation of non-exchange homologous chromosomes. For example, in meiosis
of male Drosophila, adhesion of homologous chromatids probably contributes to
the association of homologous chromosomes (Wolf 1994). The associated chromo-
somes can be sequestered to discrete pockets of the prophase nucleus to ensure their
segregation at meiosis I (Hawley 2002, Vazquez et al. 2002). In Panorpidae, male
Panorpa has a modified synaptonemal complex with all four chromatid axes being
connected by transverse filaments from pachytene to metaphase I, similar to fe-
male silk moth Bombyx mori Linnaeus, 1758, in which the synaptonemal complex is
maintained in an apparently expanded form till metaphase I by a compact layer be-
tween homologs, while the oocyte of Panorpa contains only two transverse filaments
between the axes of the homologous chromatids which disappear before diakinesis
(Welsch 1973, Rasmussen 1977).

As far as the second problem is concerned, sexual recombination is generally con-
sidered as an adaptive advantage of sexual organisms (Eshel and Feldman 1970, Rice
2002, Carvalho 2003), but many species with halved capacity of recombination exist
in the world biota for millions of years. Some mechanisms must therefore counterbal-
ance the seeming disadvantages. White (1973) proposed two alternative explanations:
selection for a lower level of recombination or facilitation of paracentric inversion
heterozygosity. Altiero and Rebecchi (2003) sustained the first explanation in tardi-
grades. Serrano (1981) argued that male achiasmatic meiosis in several phylogenetic
lineages of Caraboidea (Coleoptera) represented the final step towards coadapted gene
blocks that must be preserved from recombination. In Saldidae and Miridae (Heterop-
tera), achiasmatic meiosis was considered as one of the mechanisms by which regular
segregation of homologous chromosomes was achieved, and the reduction of recom-
bination was only a side effect (Nokkala and Nokkala 1983, 1986). In Panorpidae,
however, the adaptive significance of the absence of recombination in males remains
unclear and needs further investigation.

Acknowledgements

We thank Wen Zhong and Junxia Zhang for assistance in species identification. We
also thank Na Ma and two anonymous reviewers for comments on the revision of the
early draft of the manuscript. This research was supported by the National Natural Sci-
ence Foundation of China (grant no. 31172125).



A chromosomal investigation of four species of Chinese Panorpidae (Insecta, Mecoptera) — 237

References

Altiero T, Rebecchi L (2003) First evidence of achiasmatic male meiosis in the water bears
Richtersius coronifer and Macrobiotus richtersi (Eutardigrada, Macrobiotidae). Hereditas
139(2): 116-120. doi: 10.1111/j.1601-5223.2003.01719.x

Ashley T, Moses M] (1980) End association and segregation of the achiasmatic X and Y chro-
mosomes of the sand rat, Psammomys obesus. Chromosoma 78(2): 203-210. doi: 10.1007/
BF00328392

Atchley WR, Jackson RC (1970) Cytological observations on spermatogenesis in four species of
Mecoptera. Canadian Journal of Genetics and Cytology 12(2): 264-272. doi: 10.1139/g70-039

Bicha WJ (2010) A review of scorpionflies (Mecoptera) of Indochina with the description of a
new species of Neopanorpa from northern Thailand. Zootaxa 2480: 61-67.

Biliriski SM, Biining J, Simiczyjew B (1998) The ovaries of Mecoptera: basic similarities and
one exception to the rule. Folia Histochemica et Cytobiologica 36(4): 189-195.

Bush GL (1967) The comparative cytology of the Choristidae and Nannochoristidae (Mecop-
tera). American Philosophical Society Yearbook 1966: 326-328.

Byers GW, Thornhill R (1983) Biology of the Mecoptera. Annual Review of Entomology
28: 203-228. doi: 10.1146/annurev.en.28.010183.001223

Cai L], Hua BZ (2009) A new Neopanorpa (Mecoptera, Panorpidae) from China with
notes on its biology. Deutsche Entomologische Zeitschrift 56(1): 93-99. doi: 10.1002/
mmnd.200900008

Carpenter ATC (1994) Chiasma function. Cell 77(7): 959-962. doi: 10.1016/0092-
8674(94)90434-0

Carvalho AB (2003) The advantages of recombination. Nature Genetics 34(2): 128-129. doi:
10.1038/ng0603-128

Castillo ER, Marti DA, Bidau CJ (2010) Sex and neo-sex chromosomes in Orthoptera: a re-
view. Journal of Orthoptera Research 19(2): 213-231. doi: 10.1665/034.019.0207

Cooper KW (1951) Compound sex chromosomes with anaphasic precocity in the male
mecopteran, Boreus brumalis Fitch. Journal of Morphology 89(1): 37-57. doi: 10.1002/
jmor.1050890104

Cooper KW (1974) Sexual biology, chromosomes, development, life histories and parasites
of Boreus, especially of B. notoperates. A southern California Boreus. 1I. (Mecoptera:
Boreidae). Psyche 81(1): 84-120. http://psyche.entclub.org/pdf/81/81-084.pdf, doi:
10.1155/1974/48245

Esben-Petersen P (1921) Mecoptera: Monographic revision. Collections Zoologiques du Baron
Edm. de Selys Longchamps. Catalogue Systematique et Descriptif. Bruxelles, 172 pp.

Eshel I, Feldman MW (1970) On the evolutionary effect of recombination. Theoretical Popu-
lation Biology 1(1): 88—100. doi: 10.1016/0040-5809(70)90043-2

Gassner G (1969) Synaptinemal complexes in the achiasmatic spermatogenesis of Bolbe nigra
Giglio-Tos (Mantoidea). Chromosoma 26(1): 22-34. doi: 10.1007/BF00319497

Grozeva S, Nokkala S (1996) Chromosomes and their meiotic behavior in two families of
the primitive infraorder Dipsocoromorpha (Heteroptera). Hereditas 125(1): 31-36. doi:
10.1111/j.1601-5223.1996.t01-1-00031.x



238 Bo Xu et al. /| Comparative Cytogenetics 7(3): 229-239 (2013)

Grozeva S, Simov N, Nokkala S (2008) Achiasmatic male meiosis in three Micronecta spe-
cies (Heteroptera: Nepomorpha: Micronectidae). Comparative Cytogenetics 2(1): 73-78.
http://www.zin.ru/journals/compcyt/pdf/2/Grozeva.pdf

Hawley RS (2002) Meiosis: how male flies do meiosis. Current Biology 12: R660-R662. doi:
10.1016/50960-9822(02)01161-2

Jones GH, Franklin FCH (2006) Meiotic crossing-over: obligation and interference. Cell
126(2): 246-248. doi: 10.1016/j.cell.2006.07.010

Kaiser VB, Bachtrog D (2010) Evolution of sex chromosomes in insects. Annual Review of
Genetics 44: 91-112. doi: 10.1146/annurev-genet-102209-163600

Kristensen NP (1999) Phylogeny of endopterygote insects, the most successful lineage of liv-
ing organisms. European Journal of Entomology 96(3): 237-253. http://katz.entu.cas.cz/
pdfarticles/310/eje_096_3_237_Kristensen.pdf

Ma N, Cai L], Hua BZ (2009) Comparative morphology of the eggs in some Panorpidae
(Mecoptera) and their systematic implication. Systematics and Biodiversity 7(4): 403-417.
doi: 10.1017/s1477200009990107

Ma N, Hua BZ (2011) Furcatopanorpa, a new genus of Panorpidae (Mecoptera) from China.
Journal of Natural History 45(35-36): 2247-2257. doi: 10.1080/00222933.2011.595517

Matthey R (1950) La formule chromosomique et le type de digamétie chez Bittacus italicus Miill.
(Mecoptera). Archiv der Julius-Klaus-Stiftung fiir Vererbungs Forschung 25: 607-611.

McKee BD, Yan RH, Tsai JH (2012) Meiosis in male Drosophila. Spermatogenesis 2(3): 167—184.
doi: 10.4161/spmg.21800

Moens PB (1996) Vanishing chiasmata. Genome 39(3): 609-609. doi: 10.1139/g96-077

Naville A, de Beaumont ] (1934) Les Chromosomes des Panorpes. Bulletin Biologique de la
France et de la Belgique 68: 98-107.

Nokkala S, Nokkala C (1983) Achiasmatic male meiosis in two species of Saldula (Saldidae,
Hemiptera). Hereditas 99(1): 131-134. doi: 10.1111/j.1601-5223.1983.tb00737 x

Nokkala S, Nokkala C (1986) Achiasmatic male meiosis of collochore type in the heteropteran
family Miridae. Hereditas 105(2): 193-197. doi: 10.1111/j.1601-5223.1986.tb00661.x

Rasmussen SW (1977) The transformation of the synaptonemal complex into the “elimina-
tion chromatin” in Bombyx mori oocytes. Chromosoma 60(3): 205-221. doi: 10.1007/
BF00329771

Rice WR (2002) Experimental tests of the adaptive significance of sexual recombination. Na-
ture Reviews Genetics 3(4): 241-251. doi: 10.1038/nrg760

Rothschild M (1975) Recent advances in our knowledge of the order Siphonaptera. Annual
Review of Entomology 20: 241-259. doi: 10.1146/annurev.en.20.010175.001325

Serrano ] (1981) Male achiasmatic meiosis in Caraboidea (Coleoptera, Adephaga). Genetica
57(2): 131-137. doi: 10.1007/BF00131238

Sybenga ] (1996) Recombination and chiasmata: few but intriguing discrepancies. Genome
39(3): 473-484. doi: 10.1139/g96-061

Traut W (1977) A study of recombination, formation of chiasmata and synaptonemal
complexes in female and male meiosis of Ephestia kuehniella (Lepidoptera). Genetica
47(2): 135-142. doi: 10.1007/BF00120178



A chromosomal investigation of four species of Chinese Panorpidae (Insecta, Mecoptera) — 239

Ullerich F-H (1961) Achiasmatische Spermatogenese bei der Skorpionsfliege Panorpa (Mecop-
tera). Chromosoma 12(1): 215-232. doi: 10.1007/BF00328920

Vazquez J, Belmont AS, Sedat JW (2002) The dynamics of homologous chromosome pair-
ing during male Drosophila meiosis. Current Biology 12(17): 1473-1483. doi: 10.1016/
S0960-9822(02)01090-4

Welsch B (1973) Synaptonemal Complex und Chromosomenstruktur in der achiasmatischen
Spermatogenese von Panorpa communis (Mecoptera). Chromosoma 43(1): 19-74. doi:
10.1007/BF01256732

White MJD (1951) Cytogenetics of Orthopteroid insects. Advances in Genetics 4: 267-330.
doi: 10.1016/50065-2660(08)60238-2

White MJD (1965) Chiasmatic and achiasmatic meiosis in African eumastacid grasshoppers.
Chromosoma 16(3): 271-307. doi: 10.1007/BF00325995

White MJD (1973) Animal Cytology and Evolution (3rd ed.). Cambridge, 961 pp.

Whiting MF (2002) Mecoptera is paraphyletic: multiple genes and phylogeny of Mecoptera and
Siphonaptera. Zoologica Scripta 31(1): 93—-104. doi: 10.1046/j.0300-3256.2001.00095.x

Wolf KW (1994) How meiotic cells deal with non-exchange chromosomes. BioEssays
16(2): 107-114. doi: 10.1002/bies.950160207

Zhong W, Hua BZ (2013) Dicerapanorpa, a new genus of East Asian Panorpidae (Insecta:
Mecoptera: Panorpidae) with descriptions of two new species. Journal of Natural History
47(13-14): 1019-1046. doi: 10.1080/00222933.2012.752540






CompCytogen 7(3):241-251 (2013) COMPARATIVE  Asserreiensicre

doi: 10.3897/CompCytogen.v7i3.6126 (::} CytOgCﬂCthS

www.pensoft.net/journals/compcytogen Incernationa Journal of Planc & Animal Cytogenetics,

yosystematics, and Molecular Systematics

Meiosis in rare males in parthenogenetic
Cacopsylla myrtilli (Wagner, 1947) (Hemiptera,
Psyllidae) populations from northern Europe

Christina Nokkala', Valentina G. Kuznetsova?, Seppo Nokkala'

| Laboratory of Genetics, Department of Biology, University of Turku, FI-20014, Turku Finland 2 De-
partment of Karyosystematics, Zoological Institute, Russian Academy of Sciences, St. Petersburg 199034, Russia

Corresponding author: Christina Nokkala (chrinok@utu.fi)

Academic editor: S. Grozeva | Received 20 August 2013 | Accepted 3 September 2013 | Published 30 September 2013

Citation: Nokkala C, Kuznetsova VG, Nokkala S (2013) Meiosis in rare males in parthenogenetic Cacopsylla myrtilli
(Wagner, 1947) (Hemiptera, Psyllidae) populations from northern Europe. Comparative Cytogenetics 7(3): 241-251.
doi: 10.3897/CompCytogen.v7i3.6126

Abstract

For studying meiosis in males, large samples of Cacopsylla myrtilli (Wagner, 1947) (Hemiptera, Psylli-
dae) were collected in Norway, Sweden, Finland and northwest Russia. In addition to all-female popula-
tions, males were present in 10 out of 47 populations; still, all populations were highly female-biased,
the proportion of males varying from 0.1% to 9.1%. These males are thus rare or so-called spanandric
males. Males in northern Norway, Finland and northwest Russia showed normal chiasmate meiosis, while
complete absence of chiasmata due to asynapsis was found in males collected in Norway and northern
Sweden. In asynaptic meiosis, all univalent chromosomes divided during the first meiotic division re-
sulting in incomplete second meiotic division and formation of diploid sperms. Hence, males in these
populations are nonfunctional and do not contribute to the genetic constitution of the population, but
appear in every generation as reversals from apomictic parthenogenesis and the mode of parthenogenesis
is of obligatory type.
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Introduction

For bisexual reproduction it is essential that the diploid chromosome complement is
reduced to haploid during gametogenesis. This is achieved by a specialized cell cycle,
meiosis, where the chromosome number of germ line cells is reduced during two
rounds of cell divisions after just one round of chromosome replication. In the firs,
reductional division homologous chromosomes segregate from each other while in
the other, equational division individual chromosomes divide. During early prophase
of the first meiotic division, homologous chromosomes pair, undergo tight synapsis
and form a bivalent. Bivalent integrity is retained throughout prophase with either of
two ways. Most often a crossing-over occurs during synapsis creating a physical link
or chiasma between the homologs, which are held together until anaphase I. Alter-
natively, in achiasmate meiosis, pairing, alignment and synapsis are normal, but no
chiasmata are formed. In these cases, the paired condition of homologs is retained till
the onset of anaphase I (for references see Nokkala and Nokkala 1983, Nokkala 1987,
Grozeva et al. 2010).

In natural populations, the meiotic mechanism is under strong selection; all muta-
tions causing disturbances in meiosis are quickly removed from the population. The
only exceptions are thelytokous parthenogenetic populations, where males are occa-
sionally found (Lynch 1984, Palmer and Norton 1990). In these rare males defects
affecting normal meiotic pattern and making males nonfunctional in sexual reproduc-
tion have been described. In two oribatid mite species 7rhrypochthonius tectorum (Ber-
lese, 1896) and Platynothrus peltifer (CL Koch, 1839) (Acari: Oribatida: Desmono-
mata) male meiosis was normal, but spermiogenesis was aberrant; males produced
few spermatophores only and females left them without attention (Taberly 1988).
In the thelytokous false spider mite Brevipalpus obovatus Donnadieu, 1875 (Phytop-
tipalpidae) males had low sperm production and did not inseminate females despite
copulation (Pinjacker et al. 1981). Spermatogonia are developed into sperm without
meiosis in the spider mite Zetranychus urticae Koch, 1836 (Tetranychidae) (Pijnacker
and Drenth-Diephuis 1972).

The object of our study is the Holarctic psyllid species Cacopsylla myrtilli (Wagner,
1947), which has long been considered as parthenogenetic (Linnavuori 1951, Lauterer
1963, Ossiannilsson 1975, 1992), since collections have been made from all-female
populations (Ossiannilsson 1992). Recently, we established that parthenogenetic fe-
males in C. myrtilli were triploids and displayed parthenogenesis of an apomictic type
(Nokkala et al. 2008). However, also males have been found in some populations in
northwest Russia (Ossianilsson 1975, Labina et al. 2009), Norway (Hodkinson 1983),
northern Sweden (Hodkinson and Bird 2006) and northern Finland (Labina et al.
2009). Based on the presence of males, either facultative parthenogenesis (Hodkinson
1983, Hodkinson and Bird 2006) or even bisexual reproduction (Labina et al. 2009)
has been suggested.

For the present study we have collected C. myrtilli from many populations from
Norway including recollection of Hodkinson (1983), Sweden including recollection of
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Hodkinson and Bird (2006), and Finland. For northwest Russia, we have utilized the
collection of Labina et al. (2009). We have analyzed populations quantitatively for the
presence of males and when present studied male meiosis in detail to reveal possible
aberrations and their significance for the meiotic mechanism in general. In addition we
wanted to find firm evidence for the origin of males in populations.

Materials and methods

Adult Cacopsylla myrtilli specimens were collected in Norway, Sweden, Finland and
northwest Russia. For the present study, we selected only those populations, where
males were found (Table 1). The Rindhovda population in Norway has been earlier
studied by Hodkinson (1983) and the Abisko population in Sweden by Hodkinson
and Bird (20006).

Specimens were fixed immediately after collection in the field in freshly made 3:1
Carnoy and stored in fixative in the laboratory at + 6°C until slides were made accord-
ing to the method by Nokkala et al. (2008). For males collected in alcohol in the field,
a novel approach was used. The abdomen of a male was immersed in fresh 3:1 Carnoy
fixative for two hours, testes were dissected in a drop of 45% acetic acid and squashed.
This procedure allows both chromosomal and molecular analysis of the same individual.

For staining of chromosomes the Feulgen-Giemsa method by Grozeva and Nok-
kala (1996) was employed with extending staining in Schiff’s reagent to 25 min and
subsequent Giemsa staining in Serensen’s buffer, pH 6.8, to 30 min.

Table 1. Locations of C. myrtilli populations in Norway, Sweden, Finland and Russia. Number of cyto-
logically studied males, total number of males, number of females and frequency of males.

Population latitude longitude | altitude males females | male
studied | total freq.

Norway

Finnmark, Suoééjévri 69°22'11"N | 24°18'20"E 3 4 2950 | 0.001

Sjoa, Rudihge 61°46'27"N | 9°17'16"E 1000 1 3 1078 | 0.003

Sjoa, Kvernbrusetrin 61°42'27"N | 9°19'25"E 950 15 22 1443 | 0.015

Sjoa, Stélane 61°41'15"N | 9°14'27"E 1000 11 14 470 0.030

Sjoa, Kringlothaugen 61°43'06"N | 9°22'40"E 700 1 1 277 0.004

Sjoa, Rindhovda 61°43'05"N | 9°05'12"E 1080 30 38 379 0.091

Sweden

Abisko, Lapporten 68°1926'N | 18°51'05"E | 610 | 5 | 5 [ 386 |0.013

Finland

Utsjoki 69°51'06"N | 27°00'34"E 2 3 2603 | 0.001

Paltamo 64°33'28"N | 27°43'41"E 6 10 1595 | 0.006

Russia

White Sea, Sredny Island’ | 66°17'00"N | 33°40'00"E | 9 [ 49 ] 2946 | 0.016

"Data from Labina et al. (2009)
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Chromosomes were photographed with BU4-500C CCD camera (BestScope Inter-
national Limited, Beijing, China) mounted on Olympus BX51 microscope (Olympus,
Japan) using ISCapture Sofware version 2.6 (Xintu Photonics Co LTD, Xintu, China).
Photographs were processed with Corel Photo-Paint X5 software.

Results

We found males in ten (Table 1) out of a total of 47 populations collected. All popula-
tions studied were highly female-biased, male frequency varying from 0.1 % to 9.1 %.
The highest proportion of males was found from Rinhovda population in Norway col-
lected above tree line. This same population was earlier studied by Hodkinson (1983).
All other populations showed a considerably lower proportion of males, less than 3 %.
The lowest proportion of males or 0.1 % was found in Finnmark, Suo$jévri in Norway
and Utsjoki in Finland.

The testes in male psyllids are organized into lobed structures, the number of
which varies in a species specific manner (Glowacka et al. 1995). In C. myrzilli, males
have two lobed testes. The earliest meiotic stage found in an adult male is pachytene,
while earlier meiotic stages are rare. The number of cells at pachytene in one primary
spermatocyte cyst is 64.

Males collected in Finnmark, Suo$javri in Norway, in Paltamo and Utsjoki in Fin-
land and the White Sea area in Russia (Labina et al. 2009), on one hand, and in Sjoa
in Norway and in Abisko in northern Sweden, on the other hand, showed strikingly
different course of meiosis.

Males from northern Norway, Finland and Russia showed meiotic stages typical
for psyllids known to possess holocentric chromosomes. The most common stage in
testes was the diffuse stage during which chromatin had a diffuse appearance covering
the whole nucleus in a cell. During this stage the size of cells is increased considerably.
When the chromosomes condensed out from the diffuse stage, diplotene stage with 12
autosomal bivalents with one chiasma in each and a univalent X chromosome were seen
(Fig. 1a). At metaphase I, the bivalents showed axial orientation with homologous tel-
omeres oriented to opposite poles and the univalent X chromosome lying at the equato-
rial plane (Fig. 1b). Segregation of bivalents at anaphase I resulted in half-bivalents mov-
ing towards the poles. The bi-oriented X chromosome was seen as a laggard at this stage.
At telophase I, the X chromosome moved to one of the poles (Fig. 1¢), resulting in two
kinds of secondary spermatocytes, those with the X chromosome and those without it.

However, males collected near Sjoa, Norway (Rindhovda, Rudihge, Kvernbrusetrin
and Stalane) and northern Sweden (Abisko, Lapporten) showed 25 (24 + X) univa-
lent chromosomes at diplotene and diakinesis stages, indicating a complete failure in
chiasma formation (Fig. 2a). Univalent chromosomes oriented with sister chromatids
to opposite poles at metaphase I (Fig. 2b). These bi-oriented chromosomes divided at
anaphase I. No laggard was seen at anaphase I, indicating that the X chromosome also
divided in the first meiotic division (Fig. 2c). Anaphase I resulted in secondary sper-
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Figure I. Chiasmate male meiosis in C. myrtilli (a) diakinesis with twelve autosomal bivalents an uni-
valent X chromosome (b) metaphase I with twelve chiasmate bivalents and univalent X (c) telophase I,

univalent X chromosome moving towards upper pole. Bar equals 10 pm.

d e b f g

Figure 2. Male meiosis without chiasmata in C. myr#illi (a) Diakinesis with 25 univalent chromosomes
(b) Metaphase I in side view with 25 bi-oriented univalents (c) Anaphase I, daughter chromosomes mov-
ing towards opposite poles. No laggard chromosomes present (d) Metaphase II in polar view showing
25 daughter chromosomes (e) Metaphase II in side view. All bi-oriented daughter chromosomes aligned
with the equatorial plane (f) Anaphase II, daughter chromosomes stretched towards poles (g) Telophase
11, daughter nuclei joined by stretched chromosomes. Bar equals 10 um.

matocytes with 25 daughter chromosomes, oriented to both poles at metaphase II (Fig.
2d, e). As daughter chromosomes are unable to divide, anaphase II started but could
not be completed (Fig. 2f, g). Consequently, diploid spermatids were produced. Meiosis
resulted in a cyst of 128 developing spermatids instead of the 256 in normal chiasmate
meiosis.

To find out reasons for the absence of chiasmata, early stages of meiosis were ana-
lysed in more detail. In chiasmate male meiosis pachytene stage (Fig. 3a) was easily
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"

Figure 3. Synapsis and synaptic alignment of chromosomes in C. myrtilli (@) Pachytene, synapsed

chromosomes in bouquet orientation in chiasmate male meiosis (b) Presynaptic alignment of leptotene
chromosomes in male meiosis lacking chiasmata in bouquet orientation. Bar equals 10 pm.

found in all males studied. However, in males without chiasmata no pachytene cells
were found in 61 males studied, but leptotene-like nuclei were abundant. When seen
in side-view chromosomes showed distinct bouquet orientation (Fig. 3b), indicating
that presynaptic alignment was normal, but synapsis did not occur. It seems apparent
then that the failure in chiasma formation in these males is due to a mutation resulting
in asynapsis of homologous chromosomes.

Discussion

Males in populations

In the present study we have established that none of the male-carrying populations
in Norway, northern Sweden, Finland and northwest Russia were genuinely bisexual,
but all were parthenogenetic with highly female-biased sex ratio. Variation of male
frequencies from 0.1 to 9.1 % was quite similar to that previously found in partheno-
genetic oribatid mites, in which frequencies are varying from 0.15 % to 6.3 % (Palmer
and Norton 1990). On the other hand, in bisexual species of mites, the proportion
of males is over 30 % (Maraun et al. 2003). Clearly, males in C. myr#illi populations
represent rare or so-called spanandric males. Surprisingly, two kinds of males were
found. Meiosis in males was normal in northern populations in Norway, Finland and
Russia. Generally it is thought that rare males are nonfunctional (Lynch 1984, Palmer
and Norton 1990, Maraun et al. 2003, Smith et al. 2006). However, the significance
of rare males in these C. myrtilli populations is difficult to evaluate at present, as we do
not know, if there are diploid females with normal meiosis within triploid parthnoge-
netic populations and if the males are able to make a distinction between triploid and
diploid females. These problems are at present under investigation. The low frequencies
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of males in the populations, 0.1% in Utsjoki, 0.6% in Paltamo and 1.6% in White Sea
might indicate that they are not capable of independent bisexual reproduction in these
populations. In the remaining populations, due to asynapsis, only univalents were pre-
sent in meiosis resulting in the formation of diploid spermatids. Evidently, males in
these populations are nonfunctional, not being able to produce diploid offspring with
any kind of females and not contributing thus to the genetic constitution of the popu-
lation. Apparently, males appear in every generation as reversals from apomictic parthe-
nogenesis and reproduction in the populations is of obligatory parthenogenetic type.

Univalents and their meiotic behavior

Although complete failure in chiasma formation in male meiosis was found for the
first time in a natural population in the present study, the phenomenon is well known
in the holocentric laboratory model organism, the nematode Caenorhabditis elegans
(Maups, 1900). Genetic dissection studies on early events in meiosis, presynaptic
alignment, formation of double strand breaks, synapsis and crossing over, and chiasma
formation, have revealed several gene loci, in which mutations result in complete lack
of crossing over in an affected animal (for reviews see Garcia-Muse and Boulton 2007,
Zetka 2009). Consequently, mutants show twelve univalents in diakinesis stage nuclei
instead of six bivalents described in wild type male. Univalent chromosomes behave
in two ways during meiotic divisions. In spo-11 mutant, univalent chromosomes are
unable to divide in the first meiotic division and distribute randomly to poles at first
anaphase, resulting in highly aneuploid gametes. In mutants rec8, hip1, hip2 and hip3,
univalent chromosomes undergo equational first division. The daughter chromosomes
cannot divide in the second division and are all included in the gametes formed. Con-
sequently, if for example 7ec8 mutants are mated with normal wild type animals, trip-
loid offspring will be produced (Severson et al. 2009). It is obvious that univalent
chromosomes in C. myrtilli male meiosis in Rindhovda population behave similarly as
the univalents in the rec8 and hzp mutants in C. elegans.

Cell cycle checkpoints are not activated despite of extensive asynapsis

Both mitosis and meiosis include surveillance mechanisms to ensure regular behavior
of chromosomes. In meiosis, homologous chromosomes pair and align with each other
followed by their tight synapsis that allows exchange process or crossing over between
homologs necessary for maintaining bivalent configuration later in meiotic prophase.
These early stages are controlled by the pachytene checkpoint. Defects in synapsis or
recombination result in meiotic arrest or apoptosis, thus preventing the formation of
defective gametes (Li et al. 2009). The checkpoint is very robust in mammalian sper-
matogenesis, for example in male mouse asynapsis results in apoptosis or meiotic arrest
(Hamer et al. 2008, Kouznetsova et al. 2011), but is less effective in female mouse
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(Kouznetsova et al. 2007). There are some indications that asynapsis activates apop-
tosis in the nematode C. elegans (Bhalla and Dernburg 2005), but still the behavior
of univalents in meiotic mutants in this species seems to be regular in meiotic divi-
sions (Severson et al. 2009). As found in the present study, the pachytene checkpoint
is totally inactive in C. myrtilli male meiosis despite extensive asynapsis. It appears to
be inactive also in other insects. In Drosophila melanogaster Meigen, 1830, univalents
resulted from an asynaptic mutation ¢(3) G behave in a regular way and reach anaphase
I -like stage in mature eggs in female meiosis (Puro and Nokkala 1977). Univalents
reach MI also in lepidopteran species (Nayak 1978) and plants (Couteau et al. 1999).
The orientation of chromosomes in metaphase spindle is monitored by the spindle
assembly checkpoint. As far as even one chromosome does not reach a proper spin-
dle microtubule attachment to the spindle pole, the onset of anaphase in mitosis or
anaphase I or anaphase II in meiosis is inhibited. Once all the chromosomes display
proper orientation, the onset of anaphase is triggered by anaphase promoting complex
that activates separase enzyme that will degrade sister chromatid cohesion (Nasmyth
2001, Musacchio and Salmon 2007). In C. myrtilli, univalents behave in a regular way
both in the first and second divisions in male meiosis without any disturbances. Ap-
parently, stable bipolar orientations of univalents at MI and daughter chromosomes at
MII allow them to evade the spindle assembly checkpoint. This observation is well in
accordance with the behavior of univalents in mouse (Kouznetsova et al. 2007).

Segregation of univalent chromosomes in meiosis

In meiosis, there are mechanisms, which are responsible for the regular segregation of uni-
valent chromosomes, especially in the case of specialized chromosomes like sex chromo-
somes (Nokkala 1986a), m-chromosomes (Nokkala 1986b) or B-chromosomes (Nokkala
1986¢, Nokkala and Nokkala 2004). Typical for these mechanisms is that they can ensure
the regular segregation of only one pair of univalents. If more than one pair of univa-
lents are present, regular segregation is disturbed (Nokkala 1986¢). Asynaptic meiosis in
C. myrtilli male clearly indicates that if all chromosomes appear as univalents in meiosis
there is no mechanism to ensure their segregation but asynapsis leads to highly uneuploid
gametes or diploid gametes depending on the behavior of univalents in the first meiotic
division. Drosophila female meiosis is an exception as asynaptic mutants like ¢(3) G can be
maintained as homozygote mutant stocks, since segregation of homologous chromosomes
is still highly regular. Regular segregation is ensured by distributive segregation mechanism

operating in the female (Puro and Nokkala 1977, Hawley and Theurkauf 1993).

Conclusions

In this study we have established that males occurred in ten out of 47 C. myrtilli popula-
tions sampled in northern Europe. All populations were highly female-biased, the propor-
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tion of males varying from 0.1 % to 9.1 %. Thus, all populations are in fact parthenoge-
netic and males are rare or so-called spanandric males. In northern Norway, Finland and
Russia male meiosis was normal whereas in Norway and Sweden males displayed asynaptic
meiosis leading to the formation of diploid spermatids. These males are nonfunctional in
reproduction and appear in every generation as reversals from apomictic parthenogenesis.
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