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Abstract

Treefrogs of the genus Pithecopus Cope, 1866 exhibit expressive chromosomal homogeneity which con-
trasts with a high variation frequency of the nucleolus organizer region (NOR) related to the group.
Currently, the genus contains eleven species and no chromosomal data are available on 2 palliatus Peters,
1873, P ayeaye Lutz, 1966 and P megacephalus Miranda-Ribeiro, 1926. Here, we describe the karyotypes
of these three species based on Giemsa staining, C-banding, silver impregnation and in situ hybridization
(FISH). We were also analyze the evolutionary dynamic of the NOR-bearing chromosome in species of
genus under a phylogenetic view. The results indicate that P palliatus, P ayeaye, and R megacephalus have
similar karyotypes, which are typical of the genus Pithecopus. In P palliatus the NOR was detected in the
pericentromeric region of pair 9p whereas in 2 ayeaye and R megacephalus we report cases of the multiple
NOR sites in karyotypes. In P ayeaye the NOR was detected in the pericentromeric region of pair 9p in
both homologues and additional sites was detected in pairs 3q, 4p, and 8q, all confirmed by FISH experi-
ments. Already in P megacephalus the NOR sites were detected in pericentromeric region homologues of
pair 8q and additionally in one chromosome of pair 13q. A comparative overview of all the Pithecopus
karyotypes analyzed up to now indicates the recurrence of the NOR-bearing chromosome pairs and the
position of the NORs sites on these chromosomes. We hypothesized that this feature is a result of a poly-
morphic condition present in the common ancestor of Pithecopus. In such case, the lineages derived from
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polymorphic ancestor have reached fixation independently after divergence of lineages, resulting in a high
level of homoplasy observed in this marker. Our findings help to fill the gaps in the understanding of the
karyotype of the genus Pithecopus and reinforce the role of the evolutionary dynamics of the IDNA genes
in karyotype diversification in this group.
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Introduction

Duellman et al. (2016) recognized the genus Pithecopus Cope, 1986 (the monkey
frogs) as a distinct taxon from the genus Phyllomedusa Wagler, 1930, with which it had
previously been synonymized, and Frost (2019) concluded that the genus contains 11
valid species. The genus is distributed throughout Central America from east of the
Andes and northern Argentina (Frost 2019). Molecular inferences (Faivovich et al.
2010; Bruschi et al. 2014; Duellman et al. 2016; Haga et al. 2017) have recovered
two well-supported clades in Pithecopus with a strong biogeographic component. One
clade includes primarily lowland species (Pithecopus azureus Cope, 1862, Pithecopus
araguaius Haga, Andrade, Bruschi, Recco-Pimentel & Giaretta, 2017, Pithecopus hypo-
chondrialis Daudin, 1800, Pithecopus palliatus Peters, 1873 and Pithecopus nordestinus
Caramaschi, 2006), while the second clade encompasses species that inhabit highland
regions and plateaus (Pithecopus ayeaye Lutz, 1966, Pithecopus centralis Bokermann,
1965, Pithecopus megacephalus Miranda-Ribeiro, 1926, Pithecopus oreades Brandao,
2002, and Pithecopus rusticus Bruschi, Lucas, Garcia & Recco-Pimentel, 2014), with
the exception of Pithecopus rohdei Mertens, 1926, which is distributed throughout the
altitudinal gradient of the Brazilian Adantic Forest. Interestingly, high levels of end-
emism (Magalhaes et al. 2018) and cryptic diversity (Faivovich et al. 2010, Ramos et
al. 2019) have been reported in the “highland” clade. Cytogenetic data have already
indicated interpopulational variability in P rohdei (Barth et al. 2009, Paiva et al. 2009,
Bruschi et al. 2012), which could be the first step to speciation. Population genetic
divergence was recently confirmed by a molecular analysis using nuclear and mito-
chondrial markers (Ramos et al. 2019), which emphasizes the potential contribution
of karyotype data as complementary evidence for the identification of cryptic diversity.
No published chromosomal data are available on P palliatus, P ayeaye, and P mega-
cephalus. Pithecopus palliatus is a member of the lowland clade (Faivovich et al. 2010,
Duellman et al. 2016), and inhabits temporary pools in the tropical rainforests of the
upper Amazon basin in Ecuador, Peru, northern Bolivia and western Brazil (Frost 2019).
By contrast, P ayeaye and P megacephalus have more restricted geographic ranges in
southeastern Brazil, where they form small, highly structured and isolated populations
with a discontinuous distribution in mountaintop isolates (“sky islands”) in highland
Rockfield (“campo rupestre”) ecosystems (Magalhies et al. 2018, Ramos et al. 2018).
Pithecopus ayeaye is endemic to high altitudes in southeastern Brazil. This species
is listed as critically endangered (CR) by the International Union for Conservation of
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Nature, [UCN (Caramaschi et al. 2016), although reports of new occurrence localities
(Aratjo etal. 2007, Baéta et al. 2009) led to the removal of the species from the Brazilian
List of Endangered Species (ICMBio 2014). Magalhaes et al. (2018) recently identified
three different evolutionary significant units (ESUs) of P ayeaye in distinct campo rupestre
ecosystems using multilocus DNA sequences and emphasized the need for the inclusion
of the genetic profile of this species in the definition of regional conservation policies.

Pithecopus megacephalus occurs at high elevations (above 800 m a.s.l.) in the campo
rupestre systems of the Southern Espinhaco Mountain Range (Oliveira et al. 2012).
Using multilocus analyses, Ramos et al. (2018) found considerable genetic structuring
among three P megacephalus populations from different “sky islands” in the Espinhaco
Range, and evidence of low gene flow among these populations.

Here, we advance our understanding of the cytogenetics of the genus Pithecopus
and compile the karyotype data available on the genus to discuss its chromosomal fea-
tures from a phylogenetic perspective.

Material and methods

Biological samples

We analyzed populations of 2 ayeaye, P megacephalus and P palliatus sampled in Brazil-
ian localities (Table 1). Specimen collection was authorized by the Biodiversity Infor-
mation System (SISBIO) of the Chico Mendes Institute for Biodiversity Conservation
(ICMBio), through license 45183-3. Voucher specimens were deposited in the “Prof.
Dr. Adao José Cardoso” Museum of Zoology (ZUEC) at University of Campinas
(UNICAMP), in Sio Paulo state, Brazil.

Cytogenetic analyses

Metaphase cells were obtained from the intestines and testes of animals previously
treated with 2% colchicine (Sigma — Aldrich; 0.02 ml per 1 g of body weight), follow-
ing procedures modified from King and Rofe (1976) and Schmid (1978). Prior to the
removal of the organs, the animals were anesthetized profoundly with 5% Lidocaine,

Table . Details of the Pithecapus species and specimens sampled for the cytogenetic analyses presented
in this study.

Species Number of specimens Locality/State' Geographic coordinates ZUEC? number
P ayeaye 033 Brumadinho/MG 20°29'S, 44°19'W 16403-16405
P megacephalus 034 Santana do Riacho/MG 19°10'S, 43°42"W In the accept
P palliatus 128+39 Boca do Acre/AM 8°44'S, 67°23'W 17037-17051

'AM = Amazonas; MG = Minas Gerais; *ZUEC = “Prof. Dr. Addo Cardoso” Museum of Zoology at University of
Campinas (UNICAMP).
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applied to the skin, to minimize suffering, as recommended by the Herpetological
Animal Care and Use Committee (HACC) of the American Society of Ichthyologists
and Herpetologists (available at http//www.asih.org/publications). The chromosome
preparations were stained with 10% Giemsa and C-banded (Sumner 1972). The C-
banded chromosomes of 2 ayeaye were stained with fluorochrome AT-specific DAPI
and GC-specific Mytramycin (MM).

The nucleolus organizer regions (NOR) were revealed by the silver nitrate im-
pregnation technique (Ag-NOR) following Howell and Black (1980). Fluorescent
in situ hybridization (FISH) was used to confirm the presence of multiple NORs in
the P ayeaye karyotype. The FISH assays followed the protocol of Viegas-Péquignot
(1992). The 28S rDNA probe were isolated from Pithecopus hypochondriasis, cloned
and sequenced by Bruschi et al. (2012) and sequence is available in GenBank database
under accession number HM639985. The probe was labeled with digoxigenin 11-
dUTP (Roche Applied Science). The hybridized signals were detected using an anti-
digoxigenin antibody conjugated with rhodamine (600 ng/mL) and counterstained
with 0.5 mg/ml of DAPL.

We analyzed twenty metaphase plates per individual for each of the applied meth-
ods. The metaphases were photographed under an Olympus microscope and analyzed
using the Image Pro-Plus software, version 4 (Media Cybernetics, Bethesda, MD,
USA). The chromosomes were ranked and classified according to the scheme of Green
and Sessions (1991).

Results

All three species analyzed here had a diploid number of 26 chromosomes. The chro-
mosomal complement of all three species (Figs 1A, 2A, and 3A) consisted of the four
metacentric pairs (1, 4, 8 and 11), six submetacentric pairs (2, 3, 5, 6, 12 and 13),
and three subtelocentric pairs (7, 9 and 10). A secondary constriction was detected in
the pericentromeric region of the short arm of the homologs of pair 9 in 2 ayeaye and
P, palliatus, although in the P megacephalus karyotype, the secondary constriction was
observed in the pericentromeric region of the long arm of the homologs of pair 8. Ad-
ditional secondary constrictions were observed heterozygously in the interstitial region
of the long arms of chromosomes 3 and 8 in all the individuals analyzed, as well as in
the pericentromeric region of the short arm of chromosome 4 (Fig. 1A).

The heterochromatin revealed by the C-banding was arranged in centromeric blocks
in the karyotypes of all three species studied here (Figs 1B, 2B and 3B). In 2 ayeaye, we
detected C-positive bands in the pericentromeric region of the long arm of pairs 6 and 8,
and in the short arm of pair 11 (Fig. 1B). In P ayeaye karyotype C-banded chromosomes
were sequentially stained with DAPI and MM fluorochromes to reveal the A:T and C:G
richness and resulted in brilliant signals in regions coincident with heterochromatic blocks
detected by C-banding (Fig. 1C). We also detected MM-positive fluorescence signals that
coincided with the secondary constrictions observed by conventional staining (Fig. 1E).
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Figure |.Karyotype of P ayeaye prepared by conventional Giemsa staining (A) C- banding (B) Ag-NOR
(D) DAPI staining after C-banding (C). Chromosomes submitted to Mytramicim (MM) (E) and FISH
experiments with a nucleolar 28S rDNA probe (F). The arrow indicates indicates secondary constrictions;

the arrowheads indicate multiple NOR site.
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In all the karyotypes, the secondary constrictions revealed by conventional Giemsa
staining coincided with the NOR sites detected by the Ag-NOR method. In 2 ayeaye the
NORs were detected in the pericentromeric region of the short arm of the both homologs
of pair 9 (Fig. 1D), besides of the additional sites in the interstitial region of the long arm
of chromosomes 3 and 8 and in pericentromeric region of the short arm of chromosome
4 (Fig. 1D). The additional sites (pairs 3, 4 and 8) were found in all the individuals ana-
lyzed, invariably in the heterozygous condition. The FISH assays realized in 2 ayeaye con-
firmed additional NOR sites in the pair 9 (Fig. 1F), which are MM-positive, as is typical
of the anuran chromosome. In the 2 palliatus the NOR sites also were detected in the
pericentromeric region of the short arm of the homologs of pair 9 (Fig. 2C). Already in
P megacephalus the NORs were located in the pericentromeric region of the long arm of
the homologs of pair 8 (Fig. 3C) and additionally in one homologue of pair 13 (Fig. 3C).
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Figure 2. Karyotype of P palliatus prepared by conventional Giemsa staining (A) C-banding (B) and
Ag-NOR method (C). Secondary constrictions observed coincided with the Ag-NOR sites (C).
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Figure 3. Karyotype of R megacephalus prepared by conventional Giemsa staining (A) C-banding (B)

and Ag-NOR method (C). The arrow indicates secondary constrictions in the pair 8 correspond to NOR
sites. Note the additional NOR in one homologue of pair 13.

Discussion
Karyotype conservation in the subfamily Phyllomedusinae

The analysis of the chromosomes of the three Pithecopus species, presented here, rein-
forces the conclusion that the macrostructure of the karyotypes of the members of this
genus (diploid number and chromosome morphology) is highly conserved (Barth et
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al. 2009; Bruschi et al. 2013, Bruschi et al. 2014). The extreme homogeneity of these
karyotypes allows for the proposal of a number of different hypotheses on the interspe-
cific chromosomal homologies found in the genus. To begin with, the presence of 26
chromosomes in Pithecopus represents the plesiomorphic condition in the subfamily
Phyllomedusinae (Schmid et al. 1995, Morand and Hernando 1997, Gruber et al.
2013, Bruschi et al. 2014b, Barth et al. 2014, Schmid et al. 2018). Currently, this sub-
family assemble 65 species distributed in eight genus (Agalychnis Cope, 1864, Callime-
dusa Duellman, Marion & Hedges, 2016, Cruziohyla Faivovich, Haddad, Garcia, Frost,
Campbell & Wheeler, 2005, Hylomantis Peters, 1873 “1872”, Phasmahyla Cruz, 1991,
Phrynomedusa Miranda-Ribeiro, 1923, Phyllomedusa Wagler, 1830, Pithecopus Cope,
1866) and only 22 species have been karyotyped (Perkins et al. 2019). The karyotype of
the phyllomedusines is highly conserved (Barth et al. 2013; Gruber et al. 2013; Bruschi
et al. 2014; Schmid et al. 2018). The unique variation in chromosome morphology
found in the species of the genus Phyllomedusa karyotype, in particular in the P tarsius
group (2 camba De la Riva, 1999, P, tarsius Cope, 1868, P neildi Barrio-Amorés, 20006,
and P trinitatis Mertens, 1926), with three telocentric chromosome pairs (pairs 7, 10,
and 12), may represent a possible synapomorphy in this group (Bruschi et al. 2014b).

Like the other species of the genus Pithecopus (Bruschi et al. 2012, 2013, 2014),
the heterochromatin in P palliatus and P ayeaye is found essentially in the centro-
meric regions of the all chromosomes, with no distinct band or other marking that
permits the differentiation of the karyotypes. The only Pithecopus species that can be
distinguished based on its C-banding pattern is 2 nordestinus, which is characterized
by a considerable accumulation of heterochromatin, primarily in centromeric regions,
extending to the pericentromeric portions of both arms of the chromosome 9 (Bruschi
et al. 2012), which is a characteristic of this species.

Multiple rDNA sites in the karyotype of Pithecopus

The extreme chromosomal conservation observed in the Pithecopus species contrasts
with its considerable inter- and intrapopulation variation in the chromosomal pairs
that carry the 285 rDNA gene clusters. In the present study, two new cases of multiple
NOR sites were recorded in the genus Pithecopus, in the karyotypes of 2 ayeaye and P
megacephalus. However, a comparative overview of all the Pithecopus karyotypes ana-
lyzed up to now indicates the recurrence of the NOR-bearing chromosome pairs, and
the position of the NORs on these chromosomes, in particular in pairs 3, 4, 8, 9, 11,
and 13. Multiple NORs are common in this genus, and have been recorded in practi-
cally all the species (Morand and Hernando 1997, Barth et al. 2009, 2013, Paiva et
al. 2009, Bruschi et al. 2012, 2013 and present study). In most cases, the karyotypes
shown a NOR-bearing pair (homozygosis), detected in all specimens of population
whereas the additional NOR-sites occurred in heterozygous and polymorphic condi-
tion (Morand and Hernando 1997; Barth et al. 2009, 2013; Paiva et al. 2009; pre-
sent study). Although intrapopulation variation in the number of NOREs is a frequent
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condition in anuran species, the configuration found in Pithecopus reflects the unique
evolutionary dynamics of this chromosomal marker.

The interesting feature of the genus Pithecopus is that when the polymorphic con-
dition is recorded in the different species, it to be located in the same chromosomes
and NOR positions. Thus, it is difficult to recognize the phylogenetic signal of this
marker for the application of a parsimonious evolutionary analysis. Here, we suggest
two possible scenarios to explain this variation: (i) the NOR in pair 9q represents the
plesiomorphic condition in Pithecopus, with subsequent rearrangements resulting in
the repositioning of the NOR to pair 8 in P azureus and in the ancestor of P hypochon-
drialis + P araguaius, with the NOR in pair 8q also representing an autapomorphy in
P megacephalus. Subsequent independent events of the loss or gain of IDNA would
have resulted in the appearance of the rDNA sites in chromosomes 3, 4, 7, 11, and
13 in the species with the polymorphic condition. In this context, the NOR in pair
9q should be present in the most recent common ancestor (TMRC) of the Pithecopus
genus (see Figure 4). Alternatively (ii) an ancestral polymorphism would be the source
of the extreme variation in the NOR found in this genus.

While the first of these explanations depends on high rates of loss/gain of copies
of the rDNA in the genomes of the species, the second hypothesis would depend on
the recurrence of the same pairs as the NOR-bearing chromosomes in the different
species in the genus Pithecopus (see Fig. 4), which would be consistent with the idea of
an ancestral polymorphism as the source of the complex scenario observed in the pre-
sent day. If this hypothesis is accepted, any attempt to trace an evolutionary pathway
from this chromosomal marker will inevitably generate a high degree of homoplasy in
the phylogenetic inferences, which is typical of the multiple paralogous copies of this
marker in the genome (Robinson et al. 2008).

Assuming the ancestral polymorphism hypothesis, the total reproductive isolation
of each evolutionary lineage would have resulted in the fixation of the principal active
NOR sites in at least one pair of homologous chromosomes (the homozygous condi-
tion), which would permit the degeneration of the other sites, or at least the reduction
or silencing of their expression. In P nordestinus and P ayaye, respectively, the position
of the active NOR detected by Ag-NOR was confirmed by the FISH using 185/28S
rDNA probes (Barth et al. 2013 and present study), which is consistent with the ob-
servation of a homozygous principal pair, together with additional, heterozygous sites,
that bear the rDNA gene. While a cell requires at least one cluster of active rDNA
to satisfy its demand for ribosomal RNAs, there does not appear to be any restric-
tion on the maximum number of copies in a genome (Cazaux et al. 2011). The case
of the species of the genus Mus is an example of this, in which 1-21 clusters of the
rDNA are found in a given karyotype (Cazaux et al. 2011). Given this, not all rDNA
sites are being expressed in the cells, and some may be silenced or even lost during
the diversification of the different lineages (e.g., Derjusheva et al. 1998; Santos et al.
2002). The number, chromosomal distribution and inheritance of NOR are an impor-
tant character to genome comparison in Anuran genomes, as observed in water frogs
Pelophylax lessonae Camerano, 1882, Pelophylax ridibundus Pallas, 1771 and in their
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Figure 4. The active NOR-bearing chromosomes found in the karyotypes of the Pithecopus species and
the broader phylogenetic context of the genus. Two possible scenarios to explain NOR variation are
shown in inset (see details in discussion). The phylogenetic arrangement was reconstructed from Du-
ellman et al. (2016) and Haga et al. (2017). Chromosomes within brackets present additional NOR sites
in the polymorphic condition within the population. The NOR site of the underlined pairs (black lines)
was confirmed by FISH using the -IDNA probe. Species with unknown karyotypes are indicated by the
“?” symbol. Species suspected to contain cryptic diversity are represented by triangles. The letters within
brackets indicate the following references: [a] Present study; [b] Bruschi et al. (2012); [c] Barth et al.
(2009); [d] Paiva et al. (2009); [e] Bruschi et al. (2013); [f] Morand and Hernando (1997); [g] Barth et
al. (2013); [h] Bruschi et al. (20143), [i] karyotype described by Bruschi et al. (2013) and recognized as a
new species by Haga et al. (2017). The asterisks (*) represent the heteromorphic condition resulting from
the paracentric inversion found in the Alta Floresta population by Bruschi et al. (2013).

natural hybrids (Pelophylax esculentus Fitzinger, 1843) (Zalesna et al. 2017). In this
case, active NOR variability are relationships with ploidy level in hybrids and denote
the intragenomic behavior of this chromosomal marker.

One particularly illustrative example of this scenario is the variation in 2 hypochon-
drialis found by Bruschi et al. (2013), who detected a pronounced population struc-
ture based on the analysis of fragments of mitochondrial and nuclear genes. This study
found clear differences among populations, and geographical coherence between the
clades recuperated by phylogenetic analysis and the NOR-bearing chromosome, which
indicates the possible fixation of distinct chromosomes that bear the transcriptionally-
active IDNA genes in populations connected by little gene flow. The principal NOR-
bearing chromosomes in this species were pairs 4, 7, and 8, in addition to a polymor-
phic population with extra sites in pairs 3 and 4. This regional chromosomal variation
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may reflect the role of population dynamics in the fixation of the active NOR from
the pool of rIDNA sites present in the ancestral genome. Once fixed one chromosome
pair with NOR site at a population level, the additional copies of rDNA may either
(i) become free of selective pressure and degenerate through stochastic events which
would account for the absence of hybridization signals in the FISH experiment or (ii)
remain silenced in genome and for consequence undetectable by Ag-NOR method. It
is important to note here that Bruschi et al. (2013) did not design the experiment to
evaluate these specific questions.

The results of the present study also indicate clearly a predominance of rDNA
sites located in the pericentromeric and/or subterminal regions of the chromosomes
(Fig. 4). Similar results have been obtained for many examples in Anuran karyo-
types, as observed in species of the hylid tribe Cophomantini (see Ferro et al. 2018)
or in species of the Agalychnis Cope, 1864 and Scinax Wagner, 1830 genus (Schmid
et al. 2018), for example. A number of studies indicate that the NOR-bearing sites
in the chromosomes act as hotspots of chromosomal rearrangement (Cazaux et al.
2011). The mechanisms recognized traditionally include the occurrence of unequal
crossovers, ectopic recombination, and invasion by mobile genetic elements, all of
which have been invoked to account for the observed variation and dispersal of the
copies of the NOR in the genome (Poletto et al. 2010; Cazaux et al. 2011; Silva et
al. 2013). The evidence points to the possible occurrence of intrachromosomal rear-
rangements (peri- and paracentric inversions) as the source of the variation in the
position of the NOR, such as the distinct positions (8p and 8q) that the rDNA site
occupies in the homologs of pair 8 in the different populations of P hypochondrialis
(see Fig. 4), for example.

Conclusions

Our findings help to fill the gaps in the knowledge of the karyotype variability
of the genus Pithecopus and constitute a good example of the complex role of the
rDNA genes in karyotype evolution. Ours results reveals that evolutionary dynam-
ics of the NOR sites in genus and its potential as hotspot of chromosomal rear-
rangements, which implies that it may be a fundamental feature of chromosomal
evolution in the genome of Pithecopus.
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Abstract

The study presents data on the karyotype characteristics, features of chromosomal polymorphism and the
gene COI sequences of Chironomus heteropilicornis Wiilker, 1996 (Diptera, Chironomidae) from the South
Caucasus. We found 8 banding sequences in the Caucasian population. Overall, The Caucasian population
of the species can be characterized as having a low level of polymorphism. We found one new banding
sequence hpiA2 in the banding sequence pool of Ch. heteropilicornis. We observed inversion polymorphism
only in the arm F The dendrogram of genetic distances by Nei criteria (1972) shows a clear separation of
the Caucasian population from populations of Siberia. At the same time, the distance between populations
of Siberia and the population of South Caucasus (0.379-0.445) almost reach the mean distance (0.474 *
0.314) between subspecies (Gunderina 2001). Due to this, we can assume that the population of South
Caucasus separated from Siberian populations at the level of subspecies. Constructed on data for COI
gene sequences the phylogenetic tree estimated by the Bayesian inference shows that the sequences of Ch.
heteropilicornis from the South Caucasus form a separate line in the general branch of Ch. heteropilicornis
sequences. At the same time, calculated K2P genetic distances between Ch. heteropilicornis sequences from
Norway and Caucasus (2.0-2.2%) do not exceed the 3% threshold for the genus Chironomus.

Keywords
Diptera, Chironomidae, Chironomus heteropilicornis, polytene chromosomes, chromosome polymor-
phism, South Caucasus.
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Introduction

Wolgang F. Wiilker first described Chironomus heteropilicornis Wiilker, 1996 from Swe-
den and Finland. According to the Fauna Europaea web source (Pape and Beuk 2016)
the species is known in Europe from Sweden and Finland. However, according to
Kiknadze and Istomina (2011) and Kiknadze et al. (2016), the species was also found
in North Germany (Aldorf-Markonah, about 40 km south-west of Bremen) and Rus-
sia (several sites from the Republic of Sakha (Yakutia)).

The species Ch. heteropilicornis belongs to Ch. pilicornis group of closely related
species. The group was proposed by Wiilker (1996) and consists of two species: Ch.
heteropilicornis and Ch. pilicornis Fabricius, 1787.

In the first description of karyotype of Ch. heteropilicornis Wiilker (1996) present-
ed mapping of arms A, C, D, E, and F made according to mapping system created by
Keyl (1962) and Dévai et al. (1989). The description of chromosomal polymorphism
was also presented in that study. Almost simultaneously with the work of Prof. Wiilker
the data on karyotype and chromosomal polymorphism of Ch. heteropilicornis from
Siberian populations were published by Kiknadze et al. (1996). In this work, the spe-
cies was described as Chironomus sp. Ya2, but later was identified as Ch. heteropilicornis.
Some information on karyotype of Ch. heteropilicornis from Germany was presented
by Kiknadze et al. (2016). In addition, Kiknadze et al. (2016) revised the mapping of
Ch. heteropilicornis banding sequences in comparison with mappings of Wiilker (1996)
and Kiknadze et al. (2004).

The GenBank database does not contain any sequences of the COI gene of Ch.
heteropilicornis. At the same time, in the BOLD database there are five sequences of the
gene of Ch. heteropilicornis obtained from an imago collected from Trondheim region
in Norway (Ratnasingham and Hebert 2007, accession numbers CHMNO266-15,
CHMNO267-15, CHMNO268-15, CHMNO269-15, CHMNO413-15).

The aim of the work was to present the description of karyotype characteristics,
chromosomal polymorphism and gene COI sequences of Ch. heteropilicornis from the
South Caucasus. In addition, it was also very important to compare the chromosomal
polymorphism characteristics and DNA data of Ch. heteropilicornis from the Caucasus
with earlier studies.

Methods

We used fourth instar larvae of Ch. heteropilicornis for both DNA and karyological
study. We provide the collection sites and abbreviations of earlier studied populations
(Kiknadze et al. 1996) in Table 1. We collected larvae from one site of the Republic of
Georgia: 18.07.17, 41°38.936'N, 44°12.794'E, Tsalka district in the region of Kvemo
Kartli, the lake situated 1.7 km east of Imera settlement, altitude ca 1600 m a.s.l. The
lake has a circle shape, max. depth is about 1 m and water salinity is about 40 ppm. The
collection site is marked on the map with a dark circle (Fig. 1). The geographic divi-
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Table 1. Collection sites and number of analyzed Ch. heteropilicornis larvae from Siberian populations
(Republic of Sakha (Yakutia)) per Kiknadze et al. (1996).

Localities ~ Population Collection sites Collection Number of
abbreviation date specimens
Siberian VD-BA Verkhnevilyuysky District, Khoro village, Bakyn lake 18.07.94 48
populations NA-LA1  Nyurbinsky District, Antonovka village, lake without name  21.07.94 20
NA-LA2  Nyurbinsky District, Antonovka village, lake for irrigation  21.07.94 22
MM-UR Mirninsky District, Mirny town, Irelyakh river 19.09.94 10

Caspian
Sea

Black Sea

Figure 1. Collection site of Ch. heteropilicornis in South Caucasus. Collection site is marked with dark circle.

sion of the Caucasus follows Gvozdetskii (1963). The area to the west of Mount Elbrus
considered as the West Caucasus. The area between Mount Elbrus and Mount Kazbek
considered as the Central Caucasus, and the area to the east of Mount Kazbek as the
East Caucasus. The area that includes the Colchis Lowland, the Kura-Aras Lowland,
the Lesser Caucasus, the Talysh Mountains, the Lenkoran Lowland and eastern por-
tion of the Armenian Highlands is considered as the South Caucasus or Transcaucasia.

Thus, the collection site from the Republic of Georgia belongs to the South Cau-
casus or Transcaucasia. Regarding vertical zonation (Sokolov and Tembotov 1989), the
site belongs to the Javakheti-Armenian variant.

The head capsule and body of 10 larvae were slide mounted in Fora-Berlese so-
lution. The specimens have been deposited in the Tembotov Institute of Ecology of
Mountain territories RAS in Nalchik, Russia. We studied the karyotype and chromo-
somal polymorphism in 33 larvae from the Caucasus region.

We fixed the larvae for karyological study in ethanol-glacial acetic acid solution
(3:1). The slides of the chromosomes were prepared using the ethanol-orcein technique
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(see Dyomin and Iliynskaya 1988, Dyomin and Shobanov 1990). The banding se-
quences were designated per the accepted convention specifying the abbreviated name
of the species, symbol of chromosome arm, and sequence number, as in hpiAl, hpiA2,
etc. (Keyl 1962, Wiilker and Klotzli 1973).

We performed the identification of chromosome banding sequences for arms A,
E and F using the photomaps of Wiilker (1996) and Kiknadze et al. (1996, 2016) in
the system of Keyl (1962) and chromosome mapping for arms C and D as per Wiilker
(1996) and Kiknadze et al. (1996, 2016) in the system of Dévai et al. (1989).

We studied the chromosome slides using a Carl Zeiss Axio Imager A2 micro-
scope and performed the statistical data processing using software package STATIS-
TICA 10 (StatSoft).

We used the following parameters of chromosomal polymorphism characteristics
for comparison: percentage of heterozygous larvae, average number of heterozygous in-
versions per larva. We calculated the genetic distances between populations according
to Nei criteria (Nei 1972) using Chironomus 1.0 software (Kazakov and Karmokov
2015) based on original data along with Kiknadze et al. (1996).

DNA extraction, amplification and sequencing

We used bodies of five larvae of Ch. heteropilicornis previously studied karyologically
for further DNA extraction. DNA was extracted from the whole larva body using
the Qiagen DNeasy Blood and Tissue Kit (Qiagen, Hilden, Germany) following the
manufacturer’s protocol for animal tissue. DNA extraction was performed on vac-
uum-dried samples without prior homogenization. Samples were incubated in lysis
buffer for 24 h. After extraction, the head capsules were retrieved for dry mounting.
The barcoding region of the mitochondrial cytochrome oxidase subunit I (COI)
gene was amplified using the Folmer et al. (1994) primers: LCO1490 (5'-GGT-
CAACAAATCATAAAGATATTGG-3") and HCO2198 (5'-TAAACTTCAGGGT-
GACCAAAAAATCA-3"). PCR was performed in a 25-pL reaction volume contain-
ing 2.5 mM MgCl2, 0.4 pg BSA, 0.8 mM GeneAmp dNTP Mix (Applied Biosys-
tems), 0.5 uM of each primer, 1U of ABI AmpliTaq DNA Polymerase (Applied
Biosystems, Foster City, CA, USA), 1X PCR buffer II (Applied Biosystems) and 3 ul
template DNA extract.

The amplification profile consisted of an initial step of 94 °C for 2 min, followed
by 30 cycles of 94 °C for 1 min, 50 °C for 30 s and 72 °C for 2 min, and finally a 10
min extension step at 72 °C. The PCR products were purified with Illustra ExoStar
1-Step (GE Healthcare).

Purified PCR products were sequenced (in both directions) externally by StarSeq
GmbH (Mainz, Germany). The GenBank accession numbers of three sequences ob-
tained in this study (South Caucasus) are provided in Table 2.
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Table 2. Collection sites and accession numbers of Ch. pilicornis and Ch. heteropilicornis nucleotide

sequences used in the study.

Species GenBank and BOLD accession number Localities
Ch. pilicornis CNQUF171-14 Canada
INNV033-08 Canada
ARCHRO033-11 Greenland
ARCHR026-11 Greenland
BSCHI735-17 Sweden
BSCHI736-17 Sweden
Ch. heteropilicornis CHMNO266-15 Norway
CHMNO269-15 Norway
CHMNO268-15 Norway
CHMNO267-15 Norway
CHMNOA413-15 Norway
MK795770 South Caucasus
MK795771 South Caucasus
MK795772 South Caucasus

Phylogenetic analysis

For the phylogenetic comparison we used DNA data from both GenBank and
BOLD databases for the species Ch. balatonicus Devai et al., 1983 (JN016826.1,
AF192193.1), Ch. plumosus (Linnaeus, 1758) (KF278218.1, KF278217.1), Ch.
usenicus Loginova & Beljanina, 1994 (JN016817.1, JN016806.1), Ch. entis Sho-
banov, 1989 (KM571024.1), Ch. borokensis (Kerkis et al., 1988) (AB74026.1), Ch.
muratensis Ryser, Scholl & Wuelker, 1983 (AF192194.1), Ch. curabilis Belyanina,
Sigareva & Loginova, 1990 (JN016822.1, JN016810.1), Ch. nuditarsis Str. (Keyl,
1961) (KY225345.1), Ch. dorsalis Meigen, 1818 (KY838605.1), Ch. salinarius Ki-
effer, 1915 (KR641621.1), Ch. tentans (Fabricius), 1805 (AF110157.1), Ch. pal-
lidivitattus sensu Edwards, 1929 (AF110165.1), Ch. dilutus Shobanov et al., 1999
(JE867805.1), Ch. nipponensis Tokunaga, 1940 (LC096172.1), Ch. cingulatus Mei-
gen, 1830 (AF192191.1), Ch. “annularius” sensu Strenzke (1959) (AF192189.1), Ch.
bernensis Klotzli, 1973 (AF192188.1), Ch. commutatus Keyl, 1960 (AF192187.1),
Ch. novosibiricus Kiknadze et al., 1993 (AF192197.1), Ch. tuvanicus Kiknadze et al.,
1993 (AF192196.1), Ch. whitseli Sublette & Sublette, 1974 (KR683438.1), Ch. matu-
rus Johannsen, 1908 (DQ648204.1), Ch. acutiventris Wulker, Ryser & Scroll, 1983
(AF192200.1), Ch. heterodentatus Konstantinov, 1956 (AF192199.1), Ch. melanescens
Keyl, 1961 (MG145351.1), Ch. aprilinus Meigen, 1818 (KC250746.1), Ch. luridus
Strenzke, 1959 (AF192203.1), Ch. pseudothummi Strenzke, 1959 (KC250754.1), Ch.
riparius Meigen, 1804 (KR56187.1), Ch. piger Strenzke, 1959 (AF192202.1) and
Drosophila melanogaster (Meigen, 1830) (BBDEE689-10).

We provide our DNA data for Ch. pilicornis and Ch. heteropilicornis with corre-
sponding accession numbers and collection sites in Table 2. We conducted the align-
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ment of COI nucleotide sequences by MUSCLE with a genetic code of “invertebrate
mitochondrial” packaged in MEGA 6 (Tamura et al. 2013). We calculated the pairwise
sequence distances (Table 6) consisting of the estimated number of base substitutions
per site using MEGA 6 and the K2P model (Kimura 1980). The analysis involved
13 nucleotide sequences. Codon positions included were 1°+2*+3+Noncoding. All
positions containing gaps and missing data were eliminated. There were in total 614
positions in the final dataset.

We conducted the estimation of phylogenetic relationships by the Bayes algorithm
implemented in MrBayes 3.2.6 (Ronquist and Huelsenbeck 2003) for 1,000,000 itera-
tions and 1000 iterations of burn in. We used the GTR with gamma distribution and
invariant sites (GTR+I+G) model. We performed the determination of the appropri-
ate model in MEGA 6 (Tamura et al. 2013). Our analysis involved 49 nucleotide se-
quences. We eliminated all positions with less than 95% site coverage. There were 579
positions in the final dataset. The COI sequence of Drosophila melanogaster (BOLD
accession number BBDEEG689-10) was used as outgroup.

Results

We identified the larvae belonging to the genus Chironomus Meigen, 1803 in the stud-
ied site as Ch. heteropilicornis by both morphological and chromosomal characteris-
tics. The morphological larval characteristics of Ch. heteropilicornis from the Caucasian
site are similar to those previously described for this species by Wiilker (1996) and
Kiknadze et al. (1996).

Karyotype of Ch. heteropilicornis from the South Caucasus.

The diploid number of chromosomes in Ch. heteropilicornis karyotype is 2n = 8, chro-
mosome arm combination is AB, CD, EF, and G (the “thummi” cytocomplex) (Fig. 2).
Chromosomes AB and CD are metacentric, EF is submetacentric, and G is telocentric.
There are five permanent nucleoli (N) in the karyotype: arms B, D and G contain one
nucleolus, arm E has two. There are three Balbiani rings (BR) in the karyotype: two in
the arm G and one in the arm B (Fig. 2). The homologues in the arm G lie close to each
other or are tightly paired. The centromeric bands are prominent and heterochromatic.

Banding sequences and chromosomal polymorphism of Ch. heteropilicornis from
the South Caucasus.

Previously, Kiknadze et al. (2016) described 15 banding sequences in Ch. heteropili-
cornis banding sequences pool. In the studied Caucasian population, seven of those
sequences are present, and one banding sequence has been found for the first time,
providing in total eight banding sequences in the population from Caucasus (Table 3).
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b

Figure 2. Karyotype of Ch. heteropilicornis from the South Caucasus; hpiA2.2, hpiD1.1 etc. — genotypic

combinations of banding sequences; BR — Balbiani rings, N — nucleolus. Arrows indicate centromeric bands.

Table 3. Frequencies of banding sequences in different populations of Ch. heteropilicornis. N — the num-
ber of individuals, * — original data.

Banding Eastern Siberia (Yakutia) South Caucasus
sequences VD-BA NA-LA1 NA-LA2 MM-IR SC-SJ
N=48 N=20 N=32 N=10 N=33*
Al 1.000 1.000 0.977 1.000 0
AX 0 0 0.023 0 0
A2 0 0 0 0 1.000
B1 1.000 1.000 1.000 1.000 1.000
Cl 0.677 0.800 0.796 0.700 1.000
C2 0.313 0.175 0.204 0.300 0
C3 0.010 0.025 0 0 0
D1 0.167 0 0.068 0.150 1.000
D2 0.833 1.000 0.932 0.850 0
El 1.000 1.000 1.000 1.000 1.000
F1 0.740 0.775 0.864 0.750 0.955
F2 0.042 0 0.046 0.100 0.045
F3 0.218 0.225 0.090 0.150 0

Gl 1.000 1.000 1.000 1.000 1.000
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Arm A has one banding sequence, which we designated as hpiA2 (Figs 2, 3, Table
3). The banding sequence hpiA2 is new for the species and described for the first time
(Fig. 3, Tables 3, 4). It differs from hpiAl by one simple inversion step that involves
regions 3d-i 6e-4a 13a-14f 7a-9e:

hpiA2 la-e 2d-3c 9e-7a 14f-13a 4a-6e 3i-d 12¢-10a 2g-1f 14g-19f C

According to Kiknadze et al. (1996, 2016) in the populations from Yakutia, two
banding sequences were present in the arm A: the standard hpiAl and an inverted one
designated by authors as hpiA2. Unfortunately, the latter was not mapped and the
chromosome slide containing this banding sequence, as well as its photos, were not
preserved (personal communication of Veronika V. Golygina). Due to this, the band-
ing sequence found in Siberia cannot be compared with banding sequence found in
Caucasian population, as well as with any other banding sequence that may be found
in populations of Ch. heteropilicornis in the future. Therefore, we propose to designate
Caucasian sequence as hpiA2 and Siberian one as hpiAX.

Arm B was monomorphic with banding sequence hpiB1.1 (Fig. 2, Tables 3, 4).

Arm C was monomorphic with banding sequence hpiC1.1 (Fig. 4, Tables 3, 4).

Arm D also was monomorphic with banding sequence hpiD1.1 (Fig. 5, Tables 3, 4).

Arm E was monomorphic with banding sequence hpiE1.1 (Fig. 6, Tables 3, 4).
We found that banding patterns in the arm E from Caucasian population are the same
as in the photos from German and Siberian populations (Kiknadze, Istomina 2011;
Kiknadze et al. 2016), but in our opinion the photos from the Caucasus has slightly
better banding structure. Based on analysis of these new photos we suggest that the
mapping of the arm should be revised.

The previous mapping of the arm as per Wiilker (1996) and Kiknadze et al. (1996,
2016) was as follows:

hpiEl.1 1a-3e 10b-3f 10c-13g C
We propose a slightly different version of mapping:
hpiEl.1 1a-3e 8d-10d 8c-3f 10c-13g C

In the new photos, one can clearly see that there is an inversion in the region
10b-8d.

Arm F has two banding sequences: hpiF1 and hpiF2 (Fig. 7). The banding se-
quence hpiF1 and genotypic combination hpiF1.1 were predominant in the popula-
tion of South Caucasus (Tables 3, 4). The sequence hpiF2 has been observed only in
the heterozygote state (Table 4) and with a rather low frequency (0.091). As with the
arm E, the new photos of the arm F from Caucasian population have slightly better
banding structure and, as the banding pattern in the arm is the same as in German and
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Figure 3. Homozygous genotypic combination hpiA2.2. Designations as in Fig. 2.

Table 4. Frequencies of genotypic combinations in different populations of Ch. heteropilicornis. N — the

number of individuals, * — original data.

Genotypic combinations Eastern Siberia (Yakutia) South Caucasus
VD-BA NA-LA1 NA-LA2 MM-IR SC-SJ
N=48 N=20 N=32 N=10 N=33*
Al.l 1.000 1.000 0.955 1.000 0
AlX 0 0 0.045 0 0
A2.2 0 0 0 0 1.000
B1.1 1.000 1.000 1.000 1.000 1.000
Cl.1 0.438 0.600 0.636 0.500 1.000
Cl.2 0.458 0.350 0.318 0.400 0
C2.2 0.083 0 0.046 0.100 0
Cl1.3 0.021 0.050 0 0 0
DI1.1 0 0 0 0 1.000
Di1.2 0.333 0 0.137 0.300 0
D2.2 0.667 1.000 0.863 0.700 0
El.1 1.000 1.000 1.000 1.000 1.000
Fl1.1 0.500 0.550 0.728 0.500 0.909
F1.2 0.042 0 0.090 0.200 0.091
F2.2 0.021 0 0 0 0
F1.3 0.438 0.450 0.182 0.300 0
Gl.1 1.000 1.000 1.000 1.000 1.000
Heterozygous larvae, % 85 75 55 70 9
Average number of heterozygous 1.3 0.9 0.7 1.2 0.09

inversions per larvae

Siberian populations (Kiknadze, Istomina 2011), we were able to suggest some correc-

tion for mapping of hpiF2.

The previous mapping of the arm as per Kiknadze et al. (2016) was as follows:

hpiF2 1a-9b 12d-15i 9¢-10d 17d-16a 12¢-a 11ih 19d-18a 11a-g 20a-23f
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Figure 5. Homozygous genotypic combination hpiD1.1. Designations are as in Fig. 2.

We propose the new version of mapping:
hpiF2 1a-9b 12d-15i 9¢-10d 17d-16a 12¢-a 11i-f 18e-a 11a-e 19a-23f

Our mapping shows that the inversion step that differ sequences hpiF1 and hpiF2
was slightly larger than described by Kiknadze et al. (1996), but smaller than described
by Kiknadze et al. (2016).

Arm G was monomorphic with banding sequence hpiG1.1 (Fig. 2, Tables 3, 4).

We compared the chromosomal polymorphism of Ch. heteropilicornis from the
Caucasian population with that of populations from other regions.

Wiilker (1996) described nine banding sequences in the populations of Finland
and Sweden: hpiAl, hpiB1, hpiC1, hpiC2, hpiD1, hpiE1, hpiF1 (after revision desig-
nated as hpiF3), hpiF2 (after revision designated as hpiF1) and hpiG1. Unfortunately,
he did not provide the data on frequencies of the banding sequences and genotypic
combinations so it was impossible to compare quantitative data.

The data for Siberian populations are available due to Kiknadze et al. (1996).
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Figure 7. Heterozygous genotypic combination hpiF1.2. Designations as in Fig. 2.

Arm A. In the populations of Finland and Sweden (Wiilker 1996) only one band-
ing sequence — hpiAl — has been observed. Most of Siberian populations (Kiknadze et
al. 1996) are also characterized by the presence of the one banding sequence, hpiAl.
Only one population contained another banding sequence — hpiAX — in the heterozy-
gote state and with very low frequency (Table 3). In the populations of South Cau-
casus, only one banding sequence — hpiA2 — has been observed. As it was dominant
in Caucasus population and completely absent elsewhere, we believe that it might be
endemic to this region (Table 3).

Arm B has been monomorphic in all populations studied up to date, including the
population of South Caucasus (Tables 3, 4).

Arm C. In the populations of Finland and Sweden (Wiilker 1996) two banding
sequence — hpiCl and hpiC2 — has been observed. The arm also was polymorphic in
all the Siberian populations. Out of three banding sequences found in the arm, two —
hpiCl1 and hpiC2 — were observed both in homo- and heterozygote state with hpiCl
being predominant in all populations, and hpiC3 was found in heterozygote state only
(Tables 3, 4). However, the arm was monomorphic in population from South Cauca-
sus with only one genotypic combination — hpiC1.1 — present.
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Arm D. In the populations of Finland and Sweden (Wiilker 1996) only one band-
ing sequence — hpiD1 — has been observed. The arm was polymorphic in most of the
Siberian populations (Table 3). Two banding sequences — hpiD1 and hpiD2 — were
found with the former observed in heterozygous state only. The genotypic combina-
tion hpiD2.2 was predominant in most of the Siberian population (Table 4) but com-
pletely absent in population from South Caucasus where only genotypic combination
hpiD1.1 was found.

Arm E has been monomorphic in all studied populations (Tables 3, 4).

Arm F. In the populations of Finland and Sweden (Wiilker 1996) two banding
sequence — hpiF1 and hpiF3 — has been observed. The arm was also polymorphic
both in all Siberian and in South Caucasus populations (Tables 3, 4). Three banding
sequences were present in the arm in most of the Siberian populations but only two
were found in population from South Caucasus. Banding sequences hpiF1 and hpiF2
were found in both Siberian and South Caucasus populations with hpiF1 predominant
in all of them (Table 4). Banding sequence hpiF2 was found mostly as heterozygous
combination hpiF1.2 in all populations of Siberia but in one population from Sibe-
ria homozygote hpiF2.2 has been observed. Banding sequence hpiF3 was present in
populations from Siberia and absent in Caucasian population. It is interesting to note
that it showed rather high frequencies yet was found only as heterozygotes with hpiF1.

Arm G was monomorphic in all the studied populations with banding sequence
hpiG1 and genotypic combination hpiG1.1 (Tables 3, 4).

The level of inversion polymorphism in Caucasian Ch. heteropilicornis population is
quite low in comparison with previously studied populations (Table 4). The percentage
of heterozygous larvae in the population of the South Caucasus is low (9%), while in
the Siberian populations this percentage is much higher and varies from 55% to 85%
(Table 4). The average number of heterozygous inversions per larvae is also very low
(0.09), while in the Siberian populations this number varies from 0.7 to 1.3 (Table 4).

Kiknadze et al. (1996) found the heterozygosity of centromeric band’s size in one
site (MM-UR) of Siberia (Table 1). The larvae with heterozygosity of thick and thin
centromeric bands in the AB and EF chromosomes were observed. We did not find
such type of the chromosomal polymorphism in population of South Caucasus.

According to Kiknadze and Istomina (2011), Siberian and European (Germany)
populations differed by very high frequency of the homozygotes hpiD2.2 in Siberia;
the sequence hpiD1 were found only as heterozygote hpiD1.2 in Siberia, while it was
dominated in Europe as hpiD1.1.

In the dendrogram of genetic distances (Fig. 8), calculated on the basis of frequen-
cies of genotypic combinations in different populations (Table 4) using Nei criteria
(Nei 1972), Siberian populations form one clear cluster. The population from the
South Caucasus (SC-SJ) does not belong to this cluster. The distance (Table 5) be-
tween populations of Siberia (0.005-0.023) is lower than the values that characterize
different population of one species (0.136 + 0.026, Gunderina 2001), so Siberian
populations could be considered as truly belonging to one big population. At the same
time, the distance between populations of Siberia and the population of South Cau-
casus (0.379-0.445) is higher than the distance between different population of the
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VD-BA

MM-IR

NA-LA1

NA-LA2

SC-8J
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Linkage Distance

Figure 8. Tree dendrogram for five Ch. heteropilicornis populations, single linkage, Euclidean distances. For

abbreviations of the populations, see Table 1.

Table 5. Values of genetic distances between different populations of Ch. heteropilicornis calculated using
Nei criteria (Nei 1972).

Population VD-BA NA-LA1 NA-LA2 MM-IR SC-SJ
VD-BA 0
NA-LA1 0.023 0
NA-LA2 0.023 0.014 0
MM-IR 0.005 0.023 0.014 0
SC-§] 0.444 0.445 0.376 0.423 0

same species and almost reach the mean distance (0.474 + 0.314) between subspecies
(Gunderina 2001). Due to this, we can assume that the population of the South Cau-
casus separated from Siberian populations at the level of subspecies.

Opverall, we successfully obtained three sequences of Ch. heteropilicornis from five
Caucasian larvae (Table 2). All three sequences had the same haplotype.

Calculated pairwise sequence distances (Table 6) consisting of the estimated num-
ber of base substitutions per site using K2P model (Kimura 1980) show an interesting
picture. The distances between Norwegian sequences of Ch. heteropilicornis are pretty
low and varies from 0% to 0.2%. The distance value between sequences of Ch. hetero-
pilicornis of Caucasus is 0 as they all have the same haplotype. The distances between
sequences of Ch. heteropilicornis from Norway and sequences of Ch. heteropilicornis
from Caucasus varies from 2.0% to 2.2%. The distances between sequences of Ch.
heteropilicornis from Norway and Ch. pilicornis sequences from Canada-Greenland
varies from 5.1% to 5.3%. The distance between sequences of Ch. heteropilicornis from
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Caucasus and Ch. pilicornis sequences from Canada-Greenland is the largest among
compared populations and reaches 5.6%. The distance between sequences of Ch. het-
eropilicornis from Caucasus and sequences of Ch. pilicornis from Sweden reaches 2%.
Surprisingly, the distance between sequences of Ch. heteropilicornis from Norway and
Ch. pilicornis from Sweden is pretty low and varies from 0 to 0.2%, that is quite similar
to the picture observed in the Norwegian population. The sequences of Ch. heteropili-
cornis from Norway CHMNO267-15, CHMNO268-15, CHMNO413-15 and Ch.
pilicornis sequences from Sweden BSCHI735-17, BSCHI736-17 have the same haplo-
type. Finally, the distance between sequences of Ch. pilicornis from Canada-Greenland
and sequences of Ch. pilicornis from Sweden reaches 5.1%.

In the phylogenetic tree of Chironomus species, constructed with method of the
Bayesian inference (Fig 9), we can see several clear clusters with rather high probabilities
that correspond to the groups of closely related species, such as Ch. plumosus group, Ch.
nuditarsis group, Ch. riihimakiensis group, Ch. lacunarius group, Ch. obtusidens group,
Ch. piger group and Ch. pilicornis group. Predictably, the sequences of Ch. heteropilicornis

Drosophila melanogaster BBDEE689-10
1y Ch. usenicus JN016817.1
0.83 Ch. usenicus JN016806.1
Ch. borokensis AB740261.1
1 Ch. entisKM571024.1
e Ch. plumosus KF278218.1
Ch. plumosus KF278217 1 I
, ECh. nuditarsis KY225345.1 DUIMOSUSQIoUp

=

Ch. curabilis JN016810.1 nuditarsis group
Ch. curabilis JN016822.1

. balatonicus JN016826.1

. balatonicus AF192193.1

. muratensis AF192194.1 J
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. commutatus AF192187.1 3

. bernensis AF192188.1 ]Iacunanus group
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; niDDonensﬁFngQSé 721
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- novosbiricws AF102ig7 | TTmeldensls group
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Figure 9. Phylogenetic tree of Chironomus species estimated by the Bayesian inference (BA). Support
values are given if they exceed 0.5. The numbers at the nodes indicate posterior probabilities.
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and Ch. pilicornis form clear separate cluster with high support value that corresponds
to Ch. pilicornis group. At the same time, one can see an interesting picture inside
this cluster. There is a separate branch of Ch. pilicornis sequences from Canada and
Greenland. There is another larger branch of Ch. heteropilicornis sequences. Inside this
branch, there are two separate lines and the first one is the branch of Caucasian Ch.
heteropilicornis sequences. The second branch consists of Ch. heteropilicornis sequences
from Norway and, surprisingly, of Ch. pilicornis sequences from Sweden.

Discussion

We found the species Ch. heteropilicornis in the South Caucasus for the first time.

Opverall, we can characterize the Caucasian population of the species as having a
low level of polymorphism. We found one new banding sequence hpiA2 in the band-
ing sequences pool of Ch. heteropilicornis. We observed inversion polymorphism only
in the arm F.

The dendrogram of genetic distances (Fig. 8) by Nei criteria (Nei 1972), calcu-
lated using karyological data, shows a clear separation of the Caucasian population
from populations of Siberia. At the same time, the distance between populations of
Siberia and the population of South Caucasus (0.379-0.445) almost reach the mean
value (0.474 *+ 0.314) for the subspecies (Gunderina 2001). Due to this, we can as-
sume that the population of South Caucasus separated from Siberian populations at
the level of subspecies.

In the work of Proulx et al. (2013), where genetic, morphological and karyologi-
cal observations were used to discriminate species of Chironomus from Canada, it was
shown that intraspecific K2P distance for Chironomus species characterized by the COI
gene range from zero to 3%. As was noted in that research, these values can be used as
a reference in distinguishing Chironomus species using this approach, but data on COI
gene should not be used without other methods.

Following Proulx et al. (2013) we can conclude that the genetic distances be-
tween Ch. heteropilicornis sequences from Norway and Ch. heteropilicornis sequences
from the Caucasus (2.0-2.2%) are lower than the 3% interspecific threshold for ge-
nus Chironomus. As expected, the genetic distances between Ch. heteropilicornis and
Ch. pilicornis sequences (5.1-5.6%) exceed the 3% range and correspond to separate
species. However, the distance values between sequences of Ch. heteropilicornis from
Norway-Caucasus and Ch. pilicornis sequences (BSCHI735-17, BSCHI736-17) from
Sweden are lower (0-2.0%) than the interspecific threshold. Moreover, most of Ch.
heteropilicornis sequences from Norway have the same haplotype as both Ch. pili-
cornis sequences from Sweden. Quite similar picture was observed in the groups of
sibling species, such as the Ch. plumosus group, and C. tentans group (Martin et al.
2002, Guryev and Blinov 2002, Polukonova et al. 2009). If, in this particular case,
it is not an error of species identification, which can happen quite often when only
morphological methods are used, one of the possible explanations for this picture may
be the same as was earlier proposed by Polukonova et al. (2009). It can be a result of
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interspecific hybridization with subsequent recurrent crosses resulting in the appear-
ance of mtDNA of one of the parental species in the offsprings. In this case, even
an insignificant selective advantage of this mtDNA is able to lead to a rapid fixation
of the new haplotype in the population (Powell 1983, Guryev and Blinov 2002).
Probably there was an interspecific hybridization event between Ch. heteropilicornis
(female) and Ch. pilicornis (male) in population of Sweden. We suppose that it is quite
possible because according to Wiilker (1996) both species occurred sympatrically in
collection site Kyrkdsjirvi, Seinajoki-area (South Ostrobothnia, western Finland). The
heteropilicornis-like sequences of Ch. pilicornis according to BOLD database were ob-
tained from imago collected from Uppland on the eastern coast of Sweden, just north
of Stockholm. This collection site is in 450 km south-west of collection site in western
Finland, where both species occurred sympatrically. Probably such kind of hybridiza-
tion events could have occurred more than once. To obtain a clearer picture it would
be necessary to conduct simultaneous sequencing of genes of both mitochondrial and
nuclear genomes of the same individuals with a preliminary cytogenetic analysis of
both species from other sites of Sweden and Scandinavia.

All the obtained data indicate that the studied Caucasian population of Ch. hetero-
pilicornis is a separate diverged population of the species on karyological and molec-
ular-biological level. At the same time, the degree of this divergence by DNA data is
lower than 3.0% threshold for Chironomus species.
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Abstract

The karyotype of Polyommatus (Agrodiaetus) eriwanensis Forster, 1960 from the type locality (“Eriwan”
[Yerevan, Armenia]) and other localities in Armenia was investigated. The number of chromosomal ele-
ments (bivalents+ multivalents) observed in male meiosis I was found to vary from 29 to 34. In individuals
with n = 34, all observed elements were represented by bivalents. In other specimens, heterozygosity for
different number of chromosomal fusions resulted in multivalent formation at MI stage and consequently
in a lower number of recognizable chromosomal elements. We show that all karyotype peculiarities of
P (A.) interjectus de Lesse, 1960 (n = 29-32) from Turkey are similar to those in A. eriwanensis. The but-
terflies of these taxa have allopatric distribution and can be considered as conspecific.
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Introduction

Polyommatus (Agrodiaetus) eriwanensis Forster, 1960 is a little-known taxon that was
originally described as a subspecies Agrodiactus ripartii eriwanensis Forster, 1960 from
“Eriwan” [Yerevan, Armenia]. According to molecular data, this taxon belongs to the
P dolus (Hiibner, 1823) clade of the subgenus Agrodiaerus Hiibner, 1822 (Kandul et al.
2007; Vishnevskaya et al. 2016). Based on the morphological characters, this species
belongs to a group of so-called anomalous blue butterflies [known also as the ‘brown
complex’ of the subgenus Agrodiaetus and as the Polyommatus admetus (Esper, 1783)
species complex] (Vishnevskaya et al. 2016). This group is composed of multiple spe-
cies in which both male and female butterflies have similar brown coloration on the
upperside of the wings (Lukhtanov et al. 2003).

The anomalous blue butterflies represent a real stumbling block in Agrodiaetus
taxonomy (Lukhtanov et al. 2003; Przybytowicz et al. 2014). Despite morphological
similarity, the species of the ‘brown complex’ demonstrate a high level of differentia-
tion with respect to chromosome number and karyotype structure (de Lesse 1960;
Lukhtanov et al. 2015; Vershinina and Lukhtanov 2017; Vishnevskaya et al. 2018).
Therefore, as in other Agrodiaetus clades (Lukhtanov 2015; Vershinina et al. 2015;
Lukhtanov and Dantchenko 2017; Lukhtanov and Shapoval 2017), cytogenetic char-
acters represent the most important tool for solving taxonomic problems.

The karyotype of P (A.) eriwanensis was studied first by Lukhtanov and Dantch-
enko (2002) who reported a high level of chromosome number variation in this taxon
with haploid chromosome number (n) ranging from n = 28 to n = 35. However, the
cytogenetic mechanisms explaining this variation were not studied previously. Here we
provide the first detailed analysis of the karyotype of P (A.) eriwanensis and its com-
parison with the karyotypes of closely related species.

Material and methods

Fresh (not worn) adult males were used to investigate the karyotypes. After capturing
a butterfly in the field, it was placed into a glassine envelope for 1-2 hours to keep
it alive until we are ready to process it. Then the butterfly was killed by pinching it
firmly on the thorax. Immediately after killing it, the testes were removed from the
abdomen and placed into a small 0.5 ml vial with a freshly prepared Carnoy fixa-
tive (ethanol and glacial acetic acid, 3:1). Testes were stored in the fixative for 1-12
months at +4 °C. Then the gonads were stained in 2% acetic orcein for 30—60 days at
+18-20 °C and analyzed as previously described (Lukhtanov and Dantchenko 2002;
Lukhtanov 2017). Haploid chromosome numbers (n) were counted in metaphase
I (MI), metaphase II (MII) and anaphase I (Al) cells. The following abbreviation is
used in this paper: ¢z is circa, approximately determined chromosome number; n is
haploid chromosome number.
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Results and discussion

From numerous specimens collected in Armenia in 1996, 1997, 2001 and 2007 only
14 males from four different populations showed metaphase cells which were accept-
able for karyotype analysis.

The variable number of distinct chromosome elements was found in MI, MII and
Al cells of the studied specimens. In six individuals, 34 chromosome elements were
counted (Table 1, Figs 1-6); all observed elements were distinct bivalents in MI and Al
cells. Thus, the haploid chromosome number was n = 34 and the diploid number may
be calculated as 2n = 68 for these six individuals. In the chromosome set with n = 34,
the bivalents were oval or dumb-bell shaped. They were differentiated with respect to
their size: the area of the first bivalent was 4-5 times as large as that of the last bivalent
(Figs 1-4). In two cells the number of chromosome elements was determined as n =
ca34 with an approximation due of imperfect spreading of bivalents.

If the number of chromosome elements was lower than 34 (29, c230, ca31, ca32
or 33), from 1 to 6 V-shaped large elements were observed in MI cells. We treat these
V-shaped elements as multivalents. For example, in the specimens KL-1997-6-9, 8
cells showed clearly 32 bivalents + 1 multivalent (possibly a trivalent). A very interest-
ing karyotype was found in the specimen KL-1997-7. In this specimen in all studied
MI plates we could find 29 chromosome elements including oval or dumb-bell shaped
bivalents and three V-shaped multivalents (Fig. 7). The karyotype contained no ex-
ceptionally big or small bivalents or multivalents. We suppose that studied cells were
heterozygous for multiple chromosome fusions. Small chromosomes of the standard
n = 34 karyotype were probably involved in these rearrangements and were observed as
parts of the multivalents. Thus, it is evident that the difference in the number of visible
chromatin bodies in MI plates does not reflect the real variation of diploid number.
Heterozygosity for chromosome fusion(s) may result in multivalent formation at MI
stage and consequently in change of number of recognizable chromosome units.

Thus, the number of chromosome elements (bivalents+multivalents) observed in
MI was found to vary from 29 to 34. Similar chromosome numbers were found in the
following species of the P dolus clade: n = 29-32 in P (A.) interjectus (de Lesse, 1960)
(de Lesse 1960), n = 38 in 2 (A.) timfristos Lukhtanov, Vishnevskaya & Shapoval, 2016
(Vishnevskaya et al. 2016), n = 39 in P (A.) humedasae (Toso & Balletto, 1976) (Vila
et al. 2010), n = 41-42 in P (A.) orphicus Kolev, 2005 (Kolev 2005), n = 40—42 in P
(A.) dantchentoi (Lukhtanov & Wiemers, 2003) (Lukhtanov et al. 2003) and n = 43 in
P (A.) rjabovianus masul Lukhtanov, Dantchenko, Vishnevskaya & Saifitdinova, 2015
(Lukhtanov et al. 2015).

We calculated barcoding gaps between these taxa using published COI sequences
(Lukhtanov et al. 2003; Wiemers 2003; Kandul et al. 2004; Vila et al. 2010; Vishnevs-
kaya et al. 2016) deposited in GenBank (Table 2). As one can see, the species pair 2
eriwanensis — P interjectus is characterized by a minimum CO/ barcoding gap which is

much lower than ‘standard’ DNA-barcode species threshold (3%) (Hebert et al. 2003;
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Table I. The number of chromosome elements (bivalents+ multivalents) observed in MI cells of the

studied specimens of 2 (A.) eriwanensis.

Code number Locality and date of collecting The number of chromosome | Number of
of the elements (bivalents+ cells checked
specimen multivalents) observed
KL-1996-34-1 Armenia, Aragaz Mt, ca30 km NW Yerevan, 14-17.07.1997 ca3?2 3MI
KL-1997-6-1 Armenia, Garny, cal5 km E Yerevan, 02.07.1997 ca34 7MI
K1-1997-6-4 Armenia, Garny, cal5 km E Yerevan, 02.07.1997 n=ca3l 1MI
KL-1997-6-7 Armenia, Garny, cal5 km E Yerevan, 02.07.1997 n =34 1MI
KL-1997-6-8 Armenia, Garny, cal5 km E Yerevan, 02.07.1997 n = ca34 1MI
KL-1997-6-9 Armenia, Garny, cal5 km E Yerevan, 02.07.1997 33 8MI
KL-1997-7 Armenia, Garny, cal5 km E Yerevan, 02.07.1997 29 4MI
KL-1997-76-1 Armenia, Aiodzorsky Range, Gnyshik, ca90 km SE Yerevan, n =34 21MI and AI;
22.07.1997 2 MII
AD2001-Nr4 Armenia, Geghadir n = ca30 4MI
AD2001-008 Armenia, Aiodzorsky Range, Gnyshik, ca90 km SE Yerevan, n =34 SMI
22.07.1997
001A07 Armenia, Aiodzorsky Range, Gnyshik, ca90 km SE Yerevan, loc. 2, n=34 4MI
07.2007
002A07 Armenia, Aiodzorsky Range, Gnyshik, ca90 km SE Yerevan, 07.2007 n=32 SMI
004A07 Armenia, Aiodzorsky Range, Gnyshik, ca90 km SE Yerevan, loc. 2, n=32 3MI
07.2007
004A09 Armenia, Aiodzorsky Range, Gnyshik, ca90 km SE Yerevan, 07.2007 n = ca32 2MI

Table 2. The COI barcoding gap (i.e. uncorrected p-distance between the two closest sequences found
in the studied pair) and chromosome number distance (difference between the two closest chromosome

numbers found in the studied pair).

Pair of taxa Minimal COI p-distance (barcoding gap), % Chromosome number distance
P eriwanensis — P interjectus 0.8 0
P eriwanensis — P, timffistos 2.0 4
P eriwanensis — P humedasae 2.5 5
P eriwanensis — P orphicus 2.3 7
P eriwanensis — R dantchenkoi 0.8 6
P eriwanensis — P rjabovianus masul 2.6 9

Lukhtanov et al. 2016). This pair is also characterized by overlapping numbers of chro-
mosomes. In the MI and MII karyotype of 2 (A.) interjectus de Lesse (1960) found
from 29 up to 32 chromosome entities with variable number of small and large ele-
ments. On the pictures in his paper one can see distinct V-shaped large elements,
which are probably multivalents. The chromosome elements were strongly differenti-
ated in P (A.) interjectus with respect to their size: the area of the largest elements was
4-5 times as large as that of the smallest ones (de Lesse 1960: figs 7 and 8). All these
peculiarities are similar to those in P (A.) eriwanensis. These taxa have allopatric dis-
tributions (Fig. 8). Therefore, the taxon studied by de Lesse (1960) can be treated as a
subspecies 2 (A.) eriwanesis interjecus rather than a distinct species.

Polyommatus eriwanensis is found in southern Armenia (nominotypical subspe-
cies) and in Ezincan, Erzurum, Sivas and Tunceli Provinces in Turkey (2 eriwanensis
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Figures 1-7. Karyotype in male meiosis of Polyommatus (Agrodiacetus) eriwanensis 1-4 metaphase I of
meiosis, squash preparation, n = 34 5 metaphase I of meiosis, intact (not squashed) preparation, n = 34
6 metaphase II of meiosis, intact (not squashed) preparation, n = 34 7 metaphase I of meiosis, intact (not
squashed) preparation, n = 29, multivalents are shown by arrows. Scale bar: 10 pm in all figures.
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Figure 8. Geographic distribution of P (A.) eriwanensis eriwanensis (red circles) and P (A.) eriwanensis
interjectus (blue circles) based on information from Hesselbarth et al. (1995) and Lukhtanov et al. (2003).
Ar is Armenia, Az is Azerbaijan, Ge is Georgia, Ru is Russia.

interjectus) (Fig. 8). The species is also reported for southern Georgia and western Azer-
baijan (Eckweiler and Bozano 2016), as well as for north-western Iran (Tshikolovets
et al. 2014). However, the indications for Georgia, Azerbaijan and Iran have not been
confirmed by chromosomal or molecular data, and we consider them doubtful.
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Abstract

Based on chromosomal, molecular and morphological analyses, two new Cacopsylla Ossiannilsson, 1970
species are described, C. lapponica S. Nokkala & Ch. Nokkala, sp. nov. and C. borealis S. Nokkala et
Ch. Nokkala, sp. nov. (Hemiptera, Psylloidea). C. lapponica is a rare bisexual alpine species living on
Vaccinium uliginosum Linnaeus, 1753 above tree line on northern hills, where it forms sympatric popula-
tions with C. myrilli W. Wagner, 1947. So far, the species has been found in northern Finland, Utsjoki
and Kilpisjirvi, and in northern Sweden, Abisko. The chromosome number in males is 2n = 12+X(0),
characteristic of psyllids. The species is easily distinguished from C. myrzilli by its conspicuously smaller
size mainly due to difference in wing size. Additional morphological differences are found in the length of
antennae, female genital plates and male parameres. C. borealis, in turn, is a relatively common apomictic
parthenogenetic species with 5n = 60 + XXXXX living on the same host plant, Ledum palustre Linnaeus,
1753, as C. ledi (Flor, 1861) and occasionally forming sympatric populations with it. No males have
been recorded in C. borealis. Its distribution range reaches at least from northern Fennoscandia to Lake
Baikal in the East. C. borealis can be distinguished from C. ledi by differences in the length and width
of antennae, dark brown markings on the wing and female terminal structures. For molecular analysis, a
638 bp fragment of the mitochondrial CO! gene was sequenced. C. lapponica differs from the cohabitat-
ing C. myrtilli by 20 fixed nucleotide substitutions (uncor rected p-distance 3.13 %), while C. borealis

Copyright Christina Nokkala et al. This is an open access article distributed under the terms of the Creative Commons Attribution License (CC
BY 4.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.
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differs from C. ledi by 21 fixed nucleotide substitutions (uncorrected p-distance 3.29 %). Molecular
phylogeny construction (ML and BI) reveals two highly divergent clades, one comprising two bisexual
species, C. lapponica and C. fraudatrix Labina & Kuznetsova, 2012, and the other clade comprising the
parthenogenetic species C. borealis, C. myrtilli, and C. ledi. Within this clade, C. borealis is more closely
associated with C. myrzlli than with C. led;.

Keywords
Cacopsylla, COI, karyotype, morphology, new species, Northern Europe, bisexual reproduction, parthe-
nogenesis

Introduction

It is well established that in Northern Europe two Holarctic psyllid species, Cacopsylla
myrtilli (W. Wagner, 1947) and C. ledi (Flor, 1861), inhabit the host plants Vaccinium
myrtillus Linnaeus, 1753 or V. uliginosum Linnaeus, 1753 and Ledum palustre Lin-
naeus, 1753, respectively (Ossiannilsson 1992). Both species are widely distributed
through the temperate and alpine zones in Fennoscandia, Central Europe and Russia.
C. ledi is quite evenly distributed throughout the distribution range, while the distri-
bution of C. myrtilli is concentrated towards the north and/or high altitudes. Females
of both species are triploid and reproduce through apomictic parthenogenesis (Ossian-
nilsson 1992; Nokkala et al. 2008, 2017). Quite commonly, infrequent males known
as rare males exist in their populations. Males are mainly nonfunctional in populations
of C myrtilli (Nokkala et al. 2013) and functional in C. /ledi populations (Nokkala et
al. 2017). In populations with rare males, infrequent diploid females also exist among
the triploids (Nokkala et al. 2015).

So far, bisexual diploid ancestral species from which parthenogenetic C. myrzilli
and C. ledi are evolved are still unknown. Klimaszewski (1971) reported a bisexual C.
myrtilli population from the Bieszczady Mountains in Poland. However, based on CO/
barcoding DNA sequence and testis structure, Kuznetsova et al. (2012) showed the
Cacopsylla Ossiannilsson, 1970 species living on V. myrtillus in Bieszczady to represent
a novel bisexual species, C. fraudatrix Labina & Kuznetsova, 2012.

The first observation that new species could also be found in Northern Europe
was made in Abisko, northern Sweden. While sampling a C myrzilli population near
Lapporten at 570 m altitude above the tree line, three males were caught. Unlike in
C. myrtilli which showed absence of chiasmata in male meiosis (Nokkala et al. 2013),
chiasmata were present in meiosis in these males. CO! sequence of the males was quite
different from that found in C. myrtilli. Similarly, we found Cacopsylla individuals on
L. palustre displaying COI sequence quite different from that of C. Jedi but utilizing
the same host plant.

As a result, we describe two new Cacopsylla Ossiannilsson, 1970 species which vary
in their external morphology, karyotype and CO! sequence from C. myrtilli and C.
ledli, respectively.
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Material and methods

Sampling

Cacopsylla specimens were collected in various locations in Sweden, Finland and Russia
(Table 1). A part of the individuals was brought alive to the laboratory for morphologi-
cal analysis, while most specimens were stored in alcohol or fixative (see below).

Cytological methods

In most cases whole individuals were fixed immediately after collecting in 3:1 (ethanol:
acetic acid) fixative. A part of the insects was dissected, and the abdomen was immersed
in fixative for cytological analysis while the head and thorax were stored in ethanol for
molecular analysis of the same individual. Cytology was performed as described by
Nokkala et al. (2008) with 30 min Schiff staining and 40 min Giemsa staining.
Chromosome preparations were photographed with Nikon DS-Fi3 camera
mounted on Nikon Ci-L microscope using NIS Elements software. Final processing of
photomicrographs was made with Corel-PhotoPaint 2018 software.

DNA isolation, amplification and sequencing

Genomic DNA was isolated from whole insects or from the head and thorax portion
of individuals stored in alcohol using the DNeasy Blood and Tissue Kit (Qiagen) as
described previously (Nokkala et al. 2015, 2017). A fragment of the mitochondrial

Table 1. Cacopsylla material morphologically analyzed (number of individuals sequenced).

Species | Country Locality N Cooordinates Altitude | Food plant Date Collector
females | males Lat. / Long. (m)
Cacopsylla | Sweden Abisko 19(2) |3(3) | 68°19'14",18°51'05" | 570 |V uliginosum|10.8.2012|S. & Ch. Nokkala
lapponica | Finland Utsjoki, Ailigas 8(1) |7(1)|69°53'51",27°03'32" 320 | V. uliginosum| 6.8.2016 |S. & Ch. Nokkala
$p- nov. Kilpisjirvi 5 7 ] 69°03'50", 20°44'20" | 620 | V. uliginosum|27.7.2014 | S. & Ch. Nokkala
3@ |3 5.8.2016 |S. & Ch. Nokkala
Cacopsylla | Sweden Muodoslompolo 97 (4) 0 | 68°11'13",23°0020" L. palustre | 9.8.2018 | S. & Ch. Nokkala
borealis | Finland | Utsjoki, Hictala 87(3) | 0 |69°51'06", 27°00'34" L. palustre |15.8.2017S. & Ch. Nokkala
$p- nov. Utsjoki, Ailigas 148 (12)| 0 | 69°53'51",27°03'32" | 320 | L. palustre | 6.8.2016 |S. & Ch. Nokkala
54 (3) 0 15.8.2017S. & Ch. Nokkala
Inari, Pitkivuono 117 (5) 0 68°59'56", 26°58'48" L. palustre |16.8.2017 | S. & Ch. Nokkala
Sodankyld, Puisuvanto | 165 0 | 67°46'52", 26°46'09" L. palustre | 3.8.2018 |S. & Ch. Nokkala
Salla, Tuntsa 292 0 67°18'11", 29°16'18" L. palustre | 1.8.2019 |S. & Ch. Nokkala
Salla, Niemeld 413 0 | 66°35'48",28°59'35" L. palustre | 2.8.2019 |S. & Ch. Nokkala
Kuusamo, Kantojoki 285 0 66°14'23", 29°09'15" L. palustre | 2.8.2019 |S. & Ch. Nokkala
Kuusamo, Sakkojoki 86 0 | 65°32'02",29°32'03" L. palustre | 3.8.2019 |S. & Ch. Nokkala
Toholampi 19 0 63°45'04", 24°11'58" L. palustre |10.8.2018 | S. & Ch. Nokkala
Russia Vorkuta 7 (7) 0 | 67°30'00", 64°02'00" L. palustre | 6.8.2013 | N. Khabasova
Baikal 71 (5) 0 |51°54'25",105°04'14" L. palustre |21.7.2007 E. Labina
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COI gene was amplified using the primer pair HybCacoCO / HybHCOMod. PCR
reactions were carried out in 20 pl volume containing 1 x PCR buffer, 2.0 mM MgCIz’
200 uM dNTP each, 0.5 pM of forward and reverse primers, 0.5 U DreamTaq DNA
Polymerase (ThermoFisher Scientific) and 1 pl (ca. 50 ng) of template DNA. Initial
denaturation in PCR reaction was 5 min at 95 °C followed by 40 cycles in 95 °C
(30 sec), 50 °C (30 sec) and 72 °C (90 sec) with a final extension at 72 °C for 10 min.
PCR products were purified with QIAquick PCR Purfication Kit (Qiagen) and sent to
Macrogen Europe (Amsterdam, the Netherlands) for sequencing. BioEdit 7.2.0 (Hall
1999) software was used to trim the sequences to span a 638 bp fragment of the gene
and to align the sequences with related Cacopsylla species, C. fraudatrix (GenBank
accession number JX987970 = h8) (Kuznetsova et al. 2012), C. myrzilli (KF494326—
KF494332 = h1-h7) (Nokkala et al. 2015), C. ledi (MF978762-MF978766 = h9—
h11, h13-h14) (Nokkala et al. 2017) and JX987973 = h12 (Kuznetsova et al. 2012).
In addition, we sequenced the same gene region from a related bisexual species C.
corcontum (Sule, 1909), accession number MK184915 (= h18), used as an outgroup
in phylogenetic analysis. Sequences obtained from new species have been deposited in
GenBank under the accession numbers MK184912 (= h15) and MK184913 (= h16)
for C. borealis, and MK184914 (= h17) for C. lapponica.

Phylogenetic analysis

Tests of the homogeneity of substitution patterns and estimation of the net composi-
tion bias disparity between sequences were carried out with MEGAX software (Kumar
et al. 2018). We used two approaches for phylogenetic inference, a maximum likeli-
hood method (ML) and a Bayesian inference method (BI). To find the best substitution
model for the current data set, MEGAX software was applied and Tamura 3-parameter
+ G was selected for the ML analysis and GTR+G+I for the Bayesian analysis. ML phy-
logenetic reconstruction was carried out using MEGAX software. Branch support was
assessed with 1000 bootstrap pseudo-replicates. MrBayes 3.2.6 (Ronquist et al. 2012)
was used for Bayesian inference. Two runs of the program for 1 000 000 generation,
sampled every 1000 generations, were run with four chains (one cold and three heated,
with heating value t = 0.2). The first 250 chains were discarded as burn-in prior to
computing the consensus phylogeny and posterior probabilities (burn-infrac = 0.25).
Model parameters were treated as unknown and were estimated during analysis.

Morphology

The number of testicular follicles was determined as described by Kuznetsova et al.
(2012). The overall length, genital marker qualities and distribution of surface spinules
in the c+sc cell of the forewing were determined in females and males (if available).
Photomicrographs were taken with a Canon EOS 7D camera attached to an Olym-
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pus SZX16 stereomicroscope at the Zoological Museum, University of Turku, Fin-
land. The camera was driven by a QuickPHOTO MICRO 3.1 software. Images were
stacked using Zerene Stacker and CombineZP software.

Results
Cytology

In C. lapponica sp. nov. populations, males and females were present in equal numbers
(Table 1), hence this species reproduces bisexually. Testes in males consisted of two fol-
licles and meiosis was chiasmate showing 12 bivalents and a univalent X chromosome
at metaphase I (Fig. 1a). In the populations of C. borealis sp. nov. no males were found
(Table 1) indicating that females reproduce parthenogenetically. In mature or nearly
mature eggs, 65 univalent chromosomes were present at prometaphase, hence, females
were apomictic and pentaploid (Fig. 1b).

Phylogenetic analysis

We obtained partial mitochondrial COI gene sequences from five females and five
males from three populations of C. lapponica sp. nov. and from 41 females from seven
populations of C. borealis sp. nov. (Table 1). From the outgroup species C. corcon-
tum, two sequences were obtained. All C. lapponica sp. nov. individuals sequenced
shared the same haplotype. In C. borealis sp. nov. the same haplotype was found
in all specimens from six populations, while the sequences obtained from Vorkuta
specimens differed from this haplotype by two substitutions. Additional sequences re-
trieved from the GenBank, all sequences were trimmed to cover a 638 bp fragment of
the gene. The alignment thus included 18 sequences. No indels or stop codons were
present. In the alignment, a total of 120 variable sites, 39 of them being parsimony
informative, were included.

ML and Bayesian reconstructions produced trees with identical topology and simi-
lar branch support (Fig. 2). The tree included two highly divergent clades, one con-
sisting of parthenogenetic C. borealis sp. nov., C. myrtilli and C. ledi. The other clade
included bisexual C. lapponica sp. nov. and C. fraudatrix. Although C. borealis lives on
the same host plant as C. /edi and forms mixed populations with it, C. borealis is more
closely associated with C. myrzilli. There are only 9 nucleotide substitutions between
C. borealis sp. nov. and C. myrtilli, uncorrected p-distance being 1.41 %, while 13
substitutions have occurred between C. lapponica sp. nov. and C. fraudatrix, reflected
in an uncorrected p-distance of 2.04% (Table 2). The remaining pairwise substitutions
fall between 20-23 and uncorrected p-distances between 3.13-3.61%.

Together with C. ledi, the species C. borealis sp. nov. and C. myrtilli formed a sister
group to the [C. lapponica sp. nov. + C. fraudatrix] clade.
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Figure 1. Chromosomes in C. lapponica sp. nov. and C. borealis sp. nov. a Metaphase I in male meiosis
in C. lapponica sp. nov. showing 12 autosomal bivalents and a univalent X chromosome (2n = 24+X(0))
b Late prophase from a mature egg in C. borealis sp. nov. with 65 univalent chromosomes (5n = 60+5X).

Scale bar: 10 pum.

0.56/ 0_91-| KF494327 myrtilli Rindhovda NOR h1

KF494330 myrtilli Stalane NOR h2
0.56/0.91
KF494332 myrtilli White Sea 2 RUS h5
0.9770.99 | | 1 F494331 myrtilli White Sea 1 RUS h6
|1
0.53/0.85-] | | KF494326 myrtilli Rudinoe NOR h7

0.97/1.0 KF494329 myrtilli Utsjoki FIN h3

L KF494328 myrtill Paltamo FIN h4
MK184912 borealis Utsjoki FIN h15
0.99/1 »OI: MK184913 borealis Vorkuta RUS h16

JX987973 ledi isolate CLO5 RUS h12

0.58/0.92

MF978762 ledi Turku 1 FIN h11

MF978763 ledi Turku 2 FIN h10
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MF978765 ledi Vorkuta 2 RUS h14

MF978764 ledi Vorkuta 1 RUS h9

MF978766 ledi Vorkuta 3 RUS h13

_|_7 JX987970 fraudatrix isolate CF03c PL h8
0.79/0.51 MK184914 lapponica Utsjoki FIN h17

MK184915 corcontum Sipoo FIN h18

0.020
Figure 2. Phylogenetic relationships of C. lapponica sp. nov. and C. borealis sp. nov. with closely related
Cacopsylla species. The maximum likelihood bootstrap values /Bayesian posterior probabilities are shown
at nodes. Geographical abbreviations: FIN — Finland, NOR — Norway, PL — Poland, RUS — Russia.
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Table2. Fixed nucleotide substitutions and uncorrected p-distances between Cacopsylla species in the 638
bp mitochondrial COI gene fragment. The number of transversions in parentheses ().

C. borealis C. myrtilli C. ledi C. lapponica
C. myrtilli 9(1) 1.41%
C. ledi 21(3) 3.29% 20 (4) 3.13%
C. lapponica 22 (3) 3.44% 20 (4) 3.13% 20 (4) 3.13%
C. fraudatrix 23 (3) 3.60% 23 (5) 3.61% 23 (4) 3.61% 13 (3) 2.04%

Cacopsylla lapponica S. Nokkala & Ch. Nokkala, sp. nov.
http://zoobank.org/65E15B28-AE24-49A8-9026-88A4C1EBESEC

Type material. Holotype: Female; Finland, Utsjoki Ailigas; 69°53'51”N,
27°03'32”E; 320 m; 05 Aug 2016; Seppo & Christina Nokkala leg.; above tree
line, host Vaccinium uliginosum; htep://mus.utu.fi/fZMUT.TYPE794. Paratypes:
9 females,1male; Finland, Utsjoki Ailigas; 69°53'51”N, 27°03'32”E; 320 m; 05
Aug 2016; Seppo & Christina Nokkala leg.; above tree line, host Vaccinium uligi-
nosum; heep://mus.utu.fi/fZMUT. TYPE795 — htep://mus.utu.i/ZMUT. TYPE797.
The holotype and paratypes are deposited at the Zoological Museum, University of
Turku, Finland.

Description. Adult coloration resembles that of cohabitating C. myrzlli, but is
much paler with dark markings. Wings are very pale yellow and transparent with dark
veins (Fig. 3). Adults are clearly smaller in size (Fig. 3), the overall length of males being
1.9-2.1 mm (N = 8) and females 2.3-2.5 mm (N = 10) compared to 2.75-3.25 mm
of C. myrtilli females (Ossiannilsson 1992).

Diagnosis. The most conspicuous difference in external morphology between C.
myrtilli and C. lapponica is the length of wings. In C. lapponica, the wing is much short-
er than in C. myrtilli (Fig. 4). In C. lapponica, the wings are just slightly longer than
the abdomen, while in C. myrtilli the wings are almost twice as long as the abdomen.

According to the species identification key, the distribution of surface spinules in
the s+cs cell in the forewing has been used to separate the closely related species of C.
myrtilli and C. ledi (Ossialnnilsson, 1992). In C. myrtilli surface spinules cover the s+cs
cell entirely, while in C. led; the spinules are absent in the apical third of the cell. In C.
lapponica (Fig. 5a), the distribution of spinules is similar to that found in C. myrzilli.

Males can also be differentiated by their paramere structure (Fig. 6). In males of C.
lapponica, the thickest region is in the middle of paramere viewed from behind (Fig. 6a),
and a similar region is seen in the apical part of paramere in C. myrrilli (Fig. 6b).

Female C. lapponica are easily distinguished from C. myrtilli females by differ-
ences in their terminalia structures (Fig. 7). In C. lapponica, the circumanal pore ring
complex is symmetric, oval-shaped, and proctiger is sharply pointed (Fig. 7a), whereas
in C. myrtilli, the same structure is clearly asymmetric and the apical part of proctiger
is more rounded (Fig. 7b). As shown below, the subgenital plate evenly decreases in
width towards the apex in C. lapponica (Fig. 7¢), while the width strongly decreased
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Figure 3. Adult females of C. lapponica sp. nov. (above) and C. myrtilli (below) showing conspicuously
different sized wings.

lapponica

myrtilli

Figure 4. Comparison of forewings in C. borealis sp. nov., C. lapponica sp. nov., C. ledi and C. myrtilli.

halfway of the plate in C. myrzlli (Fig. 7d). In the side view the subgenital plate differs
clearly between the species. In C. lapponica, the upper edge runs quite straight and is
curved only near the apex (Fig. 7¢), while in C. myrtilli, there is a strong curve already

near the middle of the plate (Fig. 7f).
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Figure 5. The distribution of surface spinules in the s+cs cell in the forewing a C. lapponica sp. nov. The
distribution of spinules is similar to that of C. myrtilli b C. borealis sp. nov. The distribution of spinules
is similar to that of C. ledi.

a . b

Figure 6. Male parameres from behind a C. lapponica sp. nov. b C. myrtilli.

Distribution. Specimens of C. lapponica were found in three locations at high
altitude above the tree line in northern Sweden and Finland (Table 1). In all these
locations, C. lapponica coexists with C. myrtilli on low growing V. uliginosum plants in
low numbers. As an example, in a sample collected on 6.8.2016 in Utsojki, Ailigas at
320 m altitude, there were 252 specimens of C. myrtilli and among them 15 specimens
(8 females and 7 males) of C. lapponica, the proportion of C. lapponica being 5.6%
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Figure 7. Morphology of female genital structures in C. lapponica sp. nov. (a, ¢, e) and C. myrtilli (b, d,
f) a, b dorsal plate, proctiger from above ¢, d subgenital plate from below e, f genital plates from the left.

of the total. It is obvious, that C. lapponica is a rare alpine species restricted to a high-
altitude open habitat.

Etymology. The name “lapponica” in Latin means “from Lapponia” or “Lapponi-
an” reflecting the restricted distribution of the species to northern Fennoscandia in
locations above the tree line.

Cacopsylla borealis S. Nokkala & Ch. Nokkala, sp. nov.
http://zoobank.org/EB6FCOFC-6BB5-45F4-A4BC-3E88EEAD167A

Type material. Holotype: Female; Finland, Salla, Tuntsa; 67°18'11"N, 29°16'18"E;
01. Aug. 2019; Seppo & Christina Nokkala leg.; host Ledum palustre; http://mus.
utw.fi/ZMUT.TYPE798. Paratypes: 10 females; Finland, Salla, Tuntsa; 67°18'11"N,
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29°16'18"E; 01. Aug. 2019; Seppo & Christina Nokkala leg.; host Ledum palus-
tre; htep://mus.utu.fi/ZMUT. TYPE799. 5 females; Russia, Baikal; 51°54'25"N,
105°04'14"E; July 2007; E. Labina leg.; host Ledum palustre; http://mus.utu.fi/
ZMUT.TYPE800. 6 females; Russia, Vorkuta; 67°30'00"N, 64°02'00"E; 6 Aug.
2013; N. Khabasova leg.; host Ledum palustre; http://mus.utu.fi/ZMUT. TYPESOI.
The holotype and paratypes are deposited at the Zoological Museum, University of
Turku, Finland.

Description. Adult coloration resembles C. ledi, but is more brownish with dark
markings. Wings are yellowish and transparent with yellowish veins. Males are un-
known. Overall length of females is similar to that of C. ledi (2.53-3.04 mm, N = 5).

Diagnosis. The distribution of the surface spinules in the c+sc cell of forewing in
C. borealis (Fig. 5b) is similar to spinule distribution in C. ledi. However, C. borealis
and C. ledi can be indentified reliably by differences in their external morphology
(Figs 8-10). A conspicuous difference is found in the forewings, where in clavus, apex
and basal wing margin are dark brown in C. borealis (Fig. 8). Typically, on mesoscutum
there are four highly pigmented longitudinal stripes in C. borealis, that are completely
absent in C. ledi (Fig. 9a-b).

In female terminalia in dorsal view, the circumanal pore ring complex is wider in
C. borealis than in C. ledi (Fig. 9c—d). The ventral subgenital plate seen from below
narrows evenly towards the rounded apex in C. borealis while in C. ledi the structure
is more slender and narrows strongly at first and then more evenly towards the apex
(Fig. 9e—f). In C. borealis, the structure of the female terminalia in side view resembles
that found in C. myrtilli and is quite different from that found in C. ledi (Fig. 9g-h).
The antennae in C. borealis are thicker and shorter than in C. ledi (Fig. 10). Antennae
are shortest in C. lapponica and thickness is similar compared to that of C. borealis,
while the antennae have equal length in C. myrtilli and C. ledi.

Distribution. C. borealis forms dense populations in northern Fennoscandia down
to latitude 66° (Table 1.) It is also not uncommon to find mixed populations with C.
leds. It is easily understood as they are both parthenogenetic and live in those populations
strictly reproductively isolated from each other. On the other hand, the wide distribution

d e

Figure 8. Comparison of forewing coloration in C. borealis sp. nov. and C. ledi a C. borealis sp. nov., dark
brown apex and basal wing margin in clavus b C. ledi, clavus without dark brown markings.



378 Christina Nokkala et al. /| Comparative Cytogenetics 13: 367-382 (2019)

C s
\l ; ot
! —_

Figure 9. Comparison of morphological details between C. borealis sp. nov. (a, c, e, g) and C. ledi

(b, d, f, h). Mesoscutum (a—b) dorsal plate (proctiger) (c—d) subgenital plate, ventral view (e—f) female
terminalia in side view (g=h).

of C. borealis from Western Europe to Lake Baikal in the east suggests that C. borealis is
of old origin. In some locations, most specimens in mixed populations living on L. palus-
tre are C. borealss, as in Utsjoki, Ailigas (320 m), while in another location, in Utsjoki,



Two new Cacopsylla species 379

0,2 mm

e
R

= s | €y

borealis lapponica ledi myrtilli

Figure 10. Antennae in C. borealis sp. nov., C. lapponica sp. nov., C. ledi and C. myrtilli.

Utsjoki Hietala near the sea level, the proportion of C. /ledi is close to 20%. However, in
several locations, as in Salla, Tuntsa and Salla, Niemeli, as well as in Kuusamo, Kantojoki
and Kuusamo, Sakkojoki all individuals collected were C. borealis. The species C. borealis
was found to be quite common in northern Finland. However, the hitherto known dis-
tribution of the species in Fennoscandia is restricted to north of latitude 63°.

Etymology. The name “borealis” which means “north” or “northern” in Latin was
given because of the wide Palearctic distribution of the species.

Discussion

In the present study, we have described two new psyllid species, C. lapponica sp. nov.
and C. borealis sp. nov. based on COI barcoding DNA sequence and uncorrected p-dis-
tance differences as well as morphological and cytological characteristics (Tables 2—-3).
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Table 3. Summary of host plants, type of reproduction and morphological and cytological diagnostic
characters among the Cacopsylla species studied.

Species Host plant Type of reproduction | Ploidy level in Karyotype Type of | Number | Reference
parthenogenetic meiosis in | of follicles
females males | per testis
C.myrtilli- | Vaccinium myrtillus, | apomictic parthenogenesis triploid 3n=36+XXX |achiasmate| 4 (in rare | Nokkala et
V. uliginosum (with rare diploid, males) al. 2013
nonfunctional males)
C. borealis | Ledum palustre apomictic parthenogenesis penta-ploid 5n = 60+XXXXX - - Present study
C. ledi L. palustre apomictic parthenogenesis triploid 3n = 36+XXX - 4 (in rare | Nokkala et
(with rare diploid males males) al. 2017
and females)
C. lapponica | V. uliginosum bisexual - 2n = 244X (males); | chiasmate 2 Present study
24+XX (females)
C. fraudatrix | V. myrtillus bisexual - 2n = 244X (males); | chiasmate 2 Kuznetsova
24+XX (females) ctal. 2012

The uncorrected p-distance differences between C. lapponica sp. nov. and the three
species C. borealis sp. nov., C. myrtilli and C. led; is of the same magnitude (> 3%) as
the difference between the recognized species C. myrtilli and C. ledi. The difference
between C. lapponica sp. nov. and C. fraudatrix is somewhat smaller or 2.04%. C.
lapponica sp. nov. is a rare, bisexual alpine species with a high-altitude distribution in
northern Fennoscandia, utilizing the same food plant and forming sympatric popula-
tions with C. myrtilli. However, phylogenetically it is associated most closely with
another bisexual species, C. fraudatrix described from Poland, Bieszczady Mountains
(Kuznetsova et al. 2012). Being rare and adapted to an open habitat, C. lapponica sp.
nov. is very sensitive to exceptional environmental constraints, as dryness or heavy
rains. This was realized during 2018, when late summer suffered from extremely warm
and dry weather in northern Fennoscandia. Consequently, lower vegetation was com-
pletely dried out above tree line in both Utsjoki, Ailigas and Kilpisjirvi. Apparently, for
this reason not a single specimen of C. lapponica was found in either of these locations.
As C. lapponica sp. nov. is well adapted to an open habitat and harsh environment, it
is plausible that the species might be found in similar habitats in former refugial areas
in Central Europe. It is exceptional that a bisexual species, C. lapponica sp. nov. has
migrated towards the north during recolonization after the last glacial period, while
all other related recolonizing species, C. myrtilli, C. ledi and C. borealis sp. nov., are
apomictic parthenogens (Nokkala et al. 2008, 2013, 2015, 2017).

On the other hand, C. borealis sp. nov. is an abundant pentaploid species with
apomictic parthenogenetic reproduction, it has a wide palearctic distribution, may
occur alone or form mixed populations with C. ledi on L. palustre. It is phylogeneti-
cally tightly associated with another parthenogen, C. myrtilli. In COI phylogeny, the
parthenogenetic species C. ledi and C. borealis sp. nov. + C. myrtilli form a monophy-
letic sister clade to the clade consisting of bisexual C. lapponica sp. nov. + C. frauda-
trix. All parthenognetic species form abundant populations north of latitude 63° in
Fennoscandia. C. borealis sp. nov. has not been recorded south of this, populations of
C. myrtilli are sparse, while C. ledi is relatively abundant, at least in southern parts of
Finland around latitude 60° (Nokkala et al. 2017) and is found as south as Germany
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(Ossiannilsson 1992). It is remarkable, that the bisexual species C. lapponica sp. nov.
has an extremely narrow distribution and habitat range compared to the three parthe-
nogenetic species subjected in this study. In fact, these observations on the distribution
ranges are well in accordance with the hypothesis of geographic parthenogenesis stat-
ing that parthenogenetic species have a wider ecological adaptation ability than their
sexual progenitors (Kearney 2005).

In the present study, the two novel species, C. lapponica sp. nov. and C. borealis
sp. nov., were found by chance while sampling the known species of C. myrtilli and C.
ledi. 1t is plausible that there still exist undescribed species in northern high-alticude
habitats waiting to be discovered. As climate change proceeds, northern habitats will
experience substantial changes. This may lead to a situation, where an undescribed
rare species with restricted habitat requirements will become extinct before it is found.
Considering the species in the present study, C. lapponica sp. nov. is an example of
a species endangered to become extinct, because of its narrow habitat requirements.
Therefore, it is evident, that there is an urgent need to look systematically for unde-
scribed species in northern high-altitude habitats.

Conclusions

In the present study we have described two new psyllid species in the genus Cacopsylla
Ossiannilssion, 1970, C lapponica sp. nov. and C. borealis sp. nov., based on chromo-
somal analyses, CO/ haplotype analysis and morphological characters. C. lapponica
sp. nov. is bisexual and C. borealis sp. nov. a pentaploid parthenogenetic species. They
may form sympatric populations with C. myrtilli and C. ledi, respectively. In COI phy-
logeny, C. lapponica sp. nov. is associated with another bisexual species, C. fraudatrix,
while C. borealis sp. nov. associates with parthenogenetic C. myrtilli and C. ledi.
The authors have declared that no competing interests exist.
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Abstract

The eye stalks in Diopsidae (Bilberg, 1820) have been widely examined, but the evolutionary origin of
this unique trait remains unclear. Thus, further studies of Sphiracephala (Say, 1828), the extant genus
forming a basal branch of Diopsinae, are needed. The present study aimed to identify the karyotype of
Sphyracephala detrahens (Walker, 1860) with conventional Giemsa staining. Cytogenetic analysis revealed
a diploid number of 2n = 10 including two pairs of metacentric chromosomes, a pair of telocentric chro-
mosomes, a pair of dot-like chromosomes, and a pair of sex chromosomes in S. detrahens. The congener
Sphyracephala brevicornis(Say, 1817) has been reported to have the same diploid number, 2n = 10, but
different chromosome formula. These results demonstrate that chromosome rearrangements often occur

in the genus Sphyracephala.

Keywords
Cytogenetics, chromosomes, karyology

Introduction

Nearly all species of Diopsidae (Bilberg, 1820) are well-known for their exaggerated
eye stalks (Shillito 1971). There are approximately 160-8000 species and 10-15 gen-
era containing stalk-eyed flies in the family Diopsidae (Shillito 1971; Steyskal 1972;
Carr et al. 2006; Ovtshinnikova and Galinskaya 2016; Roskov et al. 2019). Although

Copyright Ayumi Kudo. This is an open access article distributed under the terms of the Creative Commons Attribution License (CC BY 4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.
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both males and females in Diopsinae have eyes that are laterally displaced from the
central head, the level of sexual dimorphism varies between and within species (Bur-
khardt and de la Motte 1985; Wilkinson and Dodson 1997; Meier and Hilger 2000).
Some species of stalk-eyed flies with extreme sexual dimorphism are used as model
organisms to study the evolution of sexually selected traits (Wilkinson et al. 1998; Carr
et al. 2005; Husak and Swallow 2011; Knell et al. 2013). For example, in Teleopsisdal-
manni (Wiedemann, 1830), morphology, sexual behavior, development, and cytology
has been widely studied (Wilkinson and Reillo 1994; Presgraves et al. 1997; Hurley
et al. 2002; Egge et al. 2011; Worthington et al. 2012; Cotton et al. 2015; Meade et
al. 2019). However, limited information regarding the ecology, biology, and cytology
of most stalk-eyed fly species is available, particularly for monomorphic species and
primitive groups such as Sphyracepalini.

Sphyracephala shows the most likely ancestral state of extant Diopsinae (Kotrba
2004). Sphyracephala detrahens (Walker, 1860) is distributed in Taiwan, China, the Phil-
ippines, Indonesia, Papua New Guinea, and the southern islands of Japan (Ohara 1993).
A few studies have examined the ecology and morphology of Japanese populations, and
found the length of eye stalks less or not sexually dimorphic (Ohara 1993, 1997).

Although Baker and Wilkinson (2001) suggested that ancestral species in Diopsi-
nae share monomorphic eye stalks, Kotrba (2004) used cladistics analysis that includ-
ed the extinct species of Prosphyracephala to predict that sexual dimorphic eye stalks
evolved in early Diopsinae. To reveal the origin of eye stalks in Diopsinae, basic studies
including cytogenetic analysis of the species in Sphyracephalini need to be performed.
The current study aimed to describe the karyotype of S. detrahens using standard chro-
mosome staining,.

Material and methods

S. detrahens was collected from Iriomote Island, Okinawa, Japan in April 2019 by A.
Kudo (Fig. 1).All flies were maintained on organic media with yeast at 25 °C in a 14-h
light:10-h dark cycle.

Metaphase chromosomes were obtained from cerebral ganglia of 3 instar larvae
as described by Imai et al. (1988) without colchicine treatment. The chromosome
preparations were stained with 5% Giemsa solution. The preparations were observed
under a Keyence BZ-X700 fluorescence microscope (Osaka, Japan) equipped with a
Nikon Plan Apo100x/1.45 oil objective and Nikon immersion Oil Type NF (Tokyo,
Japan). Twenty metaphase cells with well-spread chromosomes were selected and pho-
tographed using Keyence BZ-X Analyzer software, and then processed in GIMP ver. 2.
10. 12. Fifteen individuals including 10 females and 5 males were successfully karyo-
typed. The length of the long and short chromosome arm was measured with Image
J software ver. 1.52a (NIH, Bethesda, MD, USA). These data were used to calculate
the chromosome index and arm ratio, following which chromosome classification and
idiogram construction were performed as described by Levan et al. (1964).
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Figure 1. Stalk-eyed flies Sphyracephala detrahens.

Table |. Morphometric parameters of Sphyracephala detrahens chromosomes from mitotic metaphase

plates.

Chromosome Length of short arm Length of long arm Total length of Chromosome Arm  Centromeric Chromosome

(mean * SE pm) (mean *+ SE pm) (mean * SE pm) ratio’ index* classification®
1 4.11 £0.15 4.45+0.15 8.56 £ 0.29 1.08 48.0 m
2 2.49 +0.09 2.94+0.10 5.43£0.18 1.18 45.9 m
3 - - 3.95+0.14 - t
4 — — 0.66 +0.02 — d
X 1.63 + 0.06 3.56 £ 0.11 5.19 £0.17 2.18 31.5 sm
Y 1.80 +0.18 2.13+0.24 3.93 +0.41 1.18 45.9 m

fArm ratio = length of long arm/length of short arm;

*Centromeric index = length of short arm/total length of chromosome;

S Chromosome classification; m: metacentric chromosome; sm: submetacentric chromosome; t: telocentric chromosome; d: dot-like
chromosome.

Results and discussion

This is the first study to reveal that the chromosome number of S. detrahens was 2n = 10
(Fig. 2). The karyotype of S. detrahens consisted of two pairs of metacentric chromo-
somes, a pair of rod-shaped telocentric chromosomes, a pair of dot-like microchromo-
somes, and a pair of sex chromosomes (Figs 2, 3). In the female cerebral ganglia cells, a
homomorphic sex chromosome pair was formed by the two submetacentric X-chromo-
somes (Fig. 2A). In the male cerebral ganglia cells, a heteromorphic pair of sex chromo-
somes was formed by the X-chromosome and metacentric Y-chromosome (Fig. 2B). The
Y-chromosome was slightly stained and was shorter than the X-chromosome (Fig. 2).
Although a congener, S. brevicornis, had the same diploid chromosome number
2n = 10, the karyograms of S. brevicornis differed from that of S. detrabens (Fig. 3); the
karyotype of S. brevicornis consisted of two pairs of metacentric chromosomes, two
pairs of telocentric chromosomes, and a pair of small telocentric XY pair (Jan 1966).
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Figure 2. Mitotic metaphase of Sphyracephala detrahens with 2n = 10 chromosomes A female B male.
Scale bars: Spm.

Relative arm length (% of the female haploid set)

S. brevicornis

S. detrahens

22-

Figure 3. Idiograms of Sphyracephala detrahens and Sphyracephala brevicornis. The numbers above each
bar indicate chromosome numbers. The light and dark regions represent short arms and long arms, respec-
tively. Idiograms of S. brevicornis were modified and redrawn from Idiogram 1 of S. brevicornis (Jan 1966).

The sex chromosomes showed the greatest differences between the two species. Both
the X and Y chromosomes in S.detrahens were bi-armed and larger compared to those
in S. brevicornis. Thus, chromosomal rearrangements occurred in these two species and
their relatives. Information about the phylogenetic relationships between S. detrahens
and its congeners has been never analyzed. Further investigations into phylogenetic
relationships will aid in the understanding of differences in karyograms between S.
detrahens and S. brevicornis. Despite the lack of karyological information in Diopsinae,
comparative cytogenetic analyses using related species will lead to a greater under-
standing of chromosomal evolution in stalk-eyed flies.
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Abstract

Thinopyrum bessarabicum (T. Sivulescu & T. Rayss, 1923) A. Love, 1980 is diploid (2n=2x=14, JJ or
EEY), perennial self-fertilizing rhizomatous maritime beach grass, which is phylogenetically close to an-
other diploid wheatgrass species, Agropyron elongatum (N. Host, 1797) . de Beauvois, 1812. The detailed
karyotype of 7h. bessarabicum was constructed based on FISH with six DNA probes representing 5S and
45S rRNA gene families and four tandem repeats. We found that the combination of pAesp_SAT86
(= pTa-713) probe with pSc119.2 or pAsl/ pTa-535 allows the precise identification of all J-genome
chromosomes. Comparison of our data with the results of other authors showed that karyotypically 7.
bessarabicum is distinct from A. elongatum. On the other hand, differences between the J-genome chromo-
somes of 7h. bessarabicum and the chromosomes of hexaploid 75. intermedium (N. Host, 1797) M. Bark-
worth & D.R. Dewey, 1985 and decaploid 74. ponticum (J. Podpéra, 1902) Z.—W. Liu & R.—C. Wang,
1993 in the distribution of rDNA loci and hybridization patterns of pSc119.2 and pAsl probes could
be an indicative of (1) this diploid species was probably not involved in the origin of these polyploids or
(2) it could has contributed the J-genome to 7. intermedium and Th. ponticum, but it was substantially

modified over the course of speciation

Keywords
Chromosome, evolution, FISH-karyotyping, ] genome, rRNA gene distribution, Zhinopyrum bessarabicum
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Introduction

Thinopyrum bessarabicum (T. Savulescu & T. Rayss, 1923) A. Love 1980 (syn. Agro-
pyron bessarabicum T. Savulescu & T. Rayss, 1923 or A. junceum (K. Linnaeus, 1753)
P. de Beauvois, 1812) is a diploid (2n = 2x = 14, JJ or E°E®), perennial self-fertilizing
rhizomatous maritime beach grass (Dewey 1984; Wang 2011). Phylogenetically it is
closely related to another diploid wheatgrass species, A. elongatum (N. Host, 1797) .
de Beauvois 1812 (2n = 2x = 14, EE or J¥J9), and in some taxonomical systems they
are assigned to a common genomic group (Dvorik 1981; Dewey 1984; Wang and Lu
2014). Other authors, however, showed that genomes of these species are genetically
distinct (Wang 1985; Jauhar 1988; Forster and Miller 1989; Moustakas 1991; Linc
et al. 2017) and differ from each other in a number of species-specific chromosome
rearrangements (Gadl et al. 2018; Grewal et al. 2018). 7h. bessarabicum is thought to
be the parental form of many polyploidy 7hinopyrum A. Love, 1980 species including
tetraploid 7h. distichum (C.P. Thunberg, 1794) A. Léve 1980, 7h. sartorii (PE. Bois-
sier & T. von Heldreich, 1859) A. Léve 1980 and 75. Junceiforme (A. Love & D. Love,
1948) A. Love 1980 with the genome constitution JJEE or E’E’EE¢, and hexaploid
Th. intermedium (N. Host, 1797) M. Barkworth and D.R. Dewey 1985 (2n = 6x =
42, EEE"E*StSt) and 7h. junceum (K. Linnaeus, 1753) A. Love 1980 (syn. Elymus
Jarctus (D. Viviani, 1808) Runemark ex Melderis 1978) with the genome constitution
2n = 6x = 42, JJJJEE or E°"E’E’EEE* (Dewey 1984; Charpentier 1992; Liu and Wang
1993; Chen et al. 1998; Tang et al. 2000; Wang et al. 2010; Wang 2011; Kruppa and
Molnar-Lang 2016). Genomes related to the J-genome of 7h. bessarabicum could also
present in decaploid 7h. ponticum (J. Podpéra, 1902) Z.-W. Liu and R.-C. Wang 1993
(2n = 10x = 70, EEEEEEE“E“E“E* or EEEEEEStStStSt (Chen et al. 1998).

The natural distribution range of 74. bessarabicum spans along Black sea shore
from southeastern and eastern Europe to Turkey (Wang 2011). Because of high toler-
ance to soil salinity (Gorham et al. 1985; Forster et al. 1987; King et al. 1997; Ceoloni
etal. 2015) and pest resistance (Zhang et al. 2002; Xu et al. 2009; Zheng et al. 2014;
Grewal et al. 2018), this species is considered as valuable source of useful genes for
wheat improvement (William and Mujeeb-Kazi 1993). A number of common wheat-
Th. bessarabicum amphiploids, disomic addition, substitution, and recombinant lines
were produced and characterized using molecular, genetic and cytogenetic methods
(William and Mujeeb-Kazi 1993; Zhang et al. 2002; Qi et al. 2010; Patokar et al.
2016; Du et al. 2017; Grewal et al. 2018; Hamdani et al. 2018). As a result of analy-
sis of wheat-7h. bessarabicum recombinant lines using a combination of cytogenetic
technique with high-throughput genotyping, the homoeologous relationships of all
individual 7h. bessarabicum chromosomes with common wheat chromosomes were
established (Grewal et al. 2018). A significant syntenic relationship between the seven
linkage groups of 7h. bessarabicum and their orthologous chromosomes from A, B and
D genomes of Triticum aestivum K. Linnaeus, 1753 was shown. As a diploid wheat, 75.
bessarabicum carries a species-specific translocation between 4] and 5] chromosomes,
but it possesses additional centomeric translocation between 2] and 5] and a paracen-
tric inversion of 7JS chromosome (Grewal et al. 2018).
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1h. bessarabicum is characterized by symmetric karyotype consisting of metacentric
and submetacentric chromosomes. Four chromosomes carry satellites (SAT) on their
short arms. Due to similarity of size and morphological parameters of the J-genome
chromosomes, additional methods are necessary for their identification.

The C-banding technique, which was broadly used at the end of XX* for chromo-
some identification in wheat and related species, was also employed for the analysis of
Th. bessarabicum chromosomes (Endo and Gill 1984; William and Mujeeb-Kazi 1993;
Mirzaghaderi et al. 2010). These studies showed that the J-genome chromosomes pos-
sess Giemsa C-bands in subtelomeric regions of either one or both chromosome arms,
and small intercalary heterochromatin blocks appear in perinucleolar regions of the
SAT chromosomes (Endo and Gill 1984; William and Mujeeb-Kazi 1993). The lack
of diagnostic intercalary C-bands restricts applicability of this method for 74. bessara-
bicum chromosome identification.

Fluorescence in situ hybridization or FISH provides a broad prospective for plant
chromosome analysis. This approach has already been applied for 7. bessarabicum, and a
standard set of probes —45S rDNA, pSc119.2, or pAsl was used for chromosome identifi-
cation (Du etal. 2017; Linc et al. 2017; Grewal et al. 2018). Besides them, Du et al. (2017)
developed several novel J-genome specific oligo-probes with predominantly subtelomeric
location for the detection of alien chromatin in wheat- 75. bessarabicum introgression lines.

In a current study we mapped six “classical” DNA probes, including 45S and 5S
rDNAs (Gerlach and Bedbrook 1979, Gerlach and Dyer 1980), pSc119.2 (Bedbrook
etal. 1980), pAsl (Rayburn and Gill 1986) together with two recently isolated DNA
sequences pTa-535 (Komuro et al. 2013) and pAesp_SAT86 (Badaeva et al. 2015) on
chromosomes of diploid 7. bessarabicum to develop molecular karyotype of this spe-
cies. Two polyploid 7hinopyrum species — Th. intermedium and Th. ponticum, which
presumably contain the J-genome, were included in the investigation in order to verify
the relationships between species.

Material and methods

Thinopyrum accessions used in analyses, their origin and genome constitution are given
in Table 1.

Fixation of the material, slide preparation and fluorescence in situ hybridization
(FISH) were carried out as described earlier (Badaeva et al. 2017). The oligo-probes
pScl19.2, pAsl-1, and pTa-535-1 labelled at the 5’ end with fluorescein (pSc119.2,
pAsl) or with Cy-3 (pAsl and pTa-535) were synthesized in the Laboratory of Bio-
logical Microchips of the Engelhardt Institute of Molecular Biology RAS (Moscow,
Russia) according to Tang et al. (2014). The probes pTa71, pTa794, and pAesp_SAT86
were prepared by labeling plasmid DNA with fluorescein-12 dUTP or biotin-16-dUTP
(Roche, Germany) using nick-translation kit (Roche, Germany). The slides were ana-
lyzed on a Zeiss Imager D1 microscope. Metaphase plates were photographed at magni-
fication 100x with a black and white digital camera Axiocam HRm using a software Ax-
ioVision, release 4.6. The images were processed using Adobe Photoshop, version 7.0.



392 Ekaterina D. Badaeva et al. | Comparative Cytogenetics 13(4): 389-402 (2019)

Table I. List of materials studied and their origin.

No Species Accession # | 2n | Ploidy | Genome composition Origin Donor name
level (per 1n)*
1 Thinopyrum W6 10232 | 14| 2x JorE® Russia, Crimea USDA-ARS (U.S.A))
bessarabicum
2 | Th. bessarabicum | P1 531711 | 14| 2x JorE® Russia, Crimea USDA-ARS (U.S.A)
3 | 7h. intermedium - 42| 6x | E*E*St or EtEst(V-]-R) | Russia, unknown | obtained from collection of Moscow

Scientific-Research Agricultural
Institute of Nonchernozem Zone
“Nemchinovka”

4 Th. ponticum - 70| 10x EEEE“E* or EEEStSt | Russia, on a sea collected by Dr. A.A. Pomortsev,
shore of the island | Vavilov Institute of General Genetics
Sergeevskyi, RAS, Moscow, Russia
White sea

* — Genome symbols are given according to Wang (2011).

Results

FISH with pTa71 probe revealed four prominent 455 rDNA signals in the regions
of secondary constrictions of two pairs of 7h. bessarabicum chromosomes (Fig. 1a).
Two large pTa794 (5S rDNA) sites were found on a chromosome pair carrying large
satellites. They were located on satellites, distally to NORs, which is typical for the
genetic group 1 of the Triticeae. Very tiny 5S rDNA signals appeared occasionally in
the middle of short arm of the second pair of SAT chromosomes. As far as signals were
observed in some, but not all cells, they were not considered in the analysis.

Hybridization pattern of oligo-pAs1 and oligo-pSc119.2 probes obtained in a cur-
rent study (Fig. 1b) corresponded to those published earlier by Grewal et al. (2018),
which allowed us to classify the J-genome chromosomes according to genetic nomen-
clature reported in this paper. Unequal pSc119.2-sites were present in subterminal
regions of either both (1], 3], 4], 6]) or only one chromosome arm (2]S, 5]S, 7]S). The
largest pSc119.2 signals were observed on 2JS, 4], and 6], whereas chromosome 5] had
the smallest signals (Figs 1b—d, 2).

Hybridization with pAsl probe resulted in fuzzy labelling of distal chromosome
halves; signal intensities varied from medium to relatively high depending on a chro-
mosome and fluorochrome used (signals generated by Fluorescein-labelled pAs1 probe
(Fig. 2, lanes D, E) were always weaker than signals of the same probe labelled with
Cy3 or TAMRA (Fig. 2, lanes B, G), and only strongest FITC-signals were visualized
by FISH). Most intense pAsl-signals were found on 5JL, 6JS, and in the distal and
median regions of the 7] short arm (Figs 1b, 2). Labelling patterns of pTa-535 probe
(Figs 1c, 2) were similar to those of pAsl, although pTa-535 signals on 3]JL were sig-
nificantly stronger, while those on 1] — slightly weaker compared to pAsl.

Hybridization with the pAesp_SAT86 probe produced sharp, large diagnostic sig-
nals on four (1], 4], 5], and 6]) out of seven pairs of 7h. bessarabicum chromosomes
(Figs 1d, 2). Labelling patterns were identical in both 75. bessarabicum accessions and,
in combination with either pSc119.2 or pAsl/ pTa-535, allowed the precise identifica-
tion of all J-genome chromosomes. The chromosome 1] was characterized by bright
double signals in the middle of long arm, and 5] contained diagnostic prominent sig-
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Figure . Distribution of rDNA probes and different tandem repeats on metaphase chromosomes of
perennial grass species: 7h. bessarabicum W6 10232 (a=c) and PI 531711 (d), 7h. intermedium (e, f);
and 7h. ponticum (g, h). Probe combination in a, e, g pTa71, red + pTa794, green b, h pSc119.2, green
+ pAsl, red € pScl19.2, green + pTa-535, red d pSc119.2, green + pAesp_SATS86, red f pAsl, red. The
letters from A to K designate pairs of homologous chromosomes identified in 7h. intermedium (e) or
Th. ponticum (g) mitotic cells based on characteristic patterns of 5S and/or 45S rDNA probes. Yellow ar-
rows (b—d) show position of secondary constrictions on 7. bessarabicum chromosomes. 5S rDNA sites
on 7h. intermedium () or Th. ponticum (g) chromosomes are indicated with small arrows. White arrows
(h) show homologous 7h. ponticum chromosomes with contrasting pSc119.2 patterns. Scale bar: 10 um.

nal in the short arm, adjacent to the centromere (Figs 1d, 2). Chromosomes 4] and
6], which were hardly distinguishable based on pSc119.2 and pAs] labelling patterns,
were easily discriminated using the pAesp_SAT86 probe. Chromosome 4] carried two
prominent signals in the short and two in the long arm, while the chromosome 6] was
characterized by double pAesp_SAT86 sites in a distal part of the short arm (Figs 1d, 2).

Relatively faint pAesp_SAT86 signals were detected on chromosomes 2] and 7],
which both carried sharp pSc119.2 sites in their short arms (Fig. 2). A single pAesp_
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Figure 2. Distribution of different tandem repeats on 7h. bessarabicum chromosomes; their idiograms
are given on the right. The probe combinations are shown on the top, probe color corresponds to signal
color. 1 — 7 — genetic groups. The pAsl probe on lanes B, and G was labelled with Cy-3/TAMRA, while
on lanes D and E with fluorescein resulting in lower pAs-1 signal intensities.

SAT86 signal was found on the short arm of 7] (containing pSc119.2 site), whereas
two wheak signals appeared on the long arm of 2] (lacking pSc119.2 site). No pAesp_
SAT86 hybridization sites were detected on the chromosome 3].

FISH with pTa71 and pTa794 probes on hexaploid 7h. intermedium revealed
twelve 5S rDNA signals (Fig. 1e, arrowed), five of which were co-localized with NORs
(chromosomes A, B, E/E’), which were found in subterminal regions of the same chro-
mosome arms. The remaining 5S sites were distributed among seven other chromo-
somes (designated C-F on Fig. 1e) in either distal or proximal position of the arm. In
addition, a weak 45S rDNA signal was detected approximately in the middle of short
arm of a single chromosome designated G. Such asymmetric distribution of rDNA
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clusters among 7h. intermedium chromosomes can be the consequence of unbalanced
translocations that could have occurred in the genome of this perennial, vegetatively
propagated plant and then maintained in a progeny over years or even decades. High
number of unbalanced translocations was also detected by FISH with pAsl probe in
another 7. intermedium genotype (Fig. 1f): at least eighteen out of 21 homologous
chromosomes pairs exhibited different labeling patterns, which significantly compli-
cated their identification.

Eighteen chromosomes of decaploid 7h. ponticum possessed 5§ rDNA clusters
of variable sizes (Fig. 1g, indicated with small arrows), fourteen of them also carried
terminal NORs. Only one chromosome pair designated I, can be distinguished from
others based on the extremely large pTa794 (5S rDNA) signals. Two different chro-
mosome pairs lacking NORs contained 5S rDNA loci significantly different in size
(chromosomes ] and K, Fig. 1g), while another chromosome pair — H, possesses only
terminal large 45S rDNA signals, like the chromosome 5] of 7h. bessarabicum. Subse-
quent hybridization of pSc119.2 and pAs1 probes on the same metaphase cell revealed
distinct pSc119.2 sites in subtelomeric regions of one or both arms nearly in a half of
1h. ponticum chromosomes (Fig. 1h). Polymorphism of hybridization patterns was ob-
served between homologous chromosomes (Fig. 1h, chr. I, shown with white arrows).
The pAsl signals were located in distal regions of nearly all chromosomes, however,
owing to high ploidy level, similar location and high polymorphism, pAsl-labelling
patterns did not allow identification of all 7A. ponticum chromosomes.

Discussion

Diploid 7h. bessarabicum is considered as one of genome donors to 7h. intermedium
(Chen et al. 1998; Liu and Wang 1993; Wang et al. 2010) and 75. ponticum (Chen
et al. 1998). The molecular karyotype of intermediate wheatgrass has been recently
constructed by Cui et al. (2018) and Yu et al. (2019) based on tandemly repeated
DNA. In addition, the 5S and 45S rDNA probes were mapped on chromosomes of
several 7h. intermedium genotypes by Mahelka et al. (2013) and Yu et al. (2019). Mo-
lecular karyotypes were developed for other diploid and polyploid wheatgrass species
(Brasileiro-Vidal et al. 2003; Linc et al. 2012, 2017; Li et al. 20164, b, 2018; Said et al.
2018), thus permitting their comparison to assess genome relationships.

The distribution of rDNA loci is often used in phylogenetic studies of plants. In
the Triticinae, major NORs can be located on group 1, 5 and 6 chromosomes (Ap-
pels et al. 1980), whereas the 55 rDNA loci appear on group 1 and 5 chromosomes
(Dvorék et al. 1989). The number and relative position of 45S and 5S rDNA clusters
on chromosomes of diploid Aegilops K. Linnaeus, 1753 (Badaeva et al. 1996) or Hor-
deum, K. Linnaeus, 1753, species (Taketa et al. 2001) is found to be highly diverse, but
conservative for each genomic group. Genome-specific patterns of rRNA gene probes
were also reported for several diploid wheatgrass species — Agropyron elongatum, A.
cristatum (K. Linnaeus, 1753) J. Gaertner 1770, 7h. bessarabicum, Dasypyrum villosum
(K. Linnaeus, 1753) T. Candargy 1901 and D. breviaristatum (H. Lindberg, 1932)
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Frederiksen 1991, with genome constitutions E, B, J, V and V* respectively (Dvordk
etal. 1984; Liu et al. 2010; Linc et al. 2012, 2017; Zhang et al. 2013; Li et al. 2016a,
2018; Said et al. 2018).

Earlier Linc et al. (2017) revealed two pairs of major NORs in karyotypes of the
three diploid wheatgrass species, 7h. bessarabicum, A. elongatum, and Pseudoroegneria
spicata (ET. Pursh, 1813) A. Léve 1980. The SAT chromosomes of 7. bessarabicum
were assigned to homoeologous groups 5 and 6 by analogy with A. elongatum, which
carries NORs on chromosomes 5E and 6E (Dvordk et al. 1984; Linc et al. 2012; Li et
al. 2018). Based on relative position of 5S and 45S rDNA loci and taking into consid-
eration the similarity of pAsl and pSc119.2-labelling patterns with chromosomes 1]
and 5] reported by Grewal et al. (2018), we concluded that the SAT chromosomes of
1h. bessarabicum belong to genetic groups 1 and 5.

Both 7h. bessarabicum and A. elongatum contain a pair of 5§ rDNA loci on group
1 chromosomes. Major clusters of 45S rDNA probe are located on group 1 and 5 chro-
mosomes of 7h. bessarabicum (Grewal et al. 2018), but on chromosomes S5E and 6E
of A. elongarum (Dvordk et al. 1984; Linc et al. 2012; Li et al. 2018), which contains
additional minor NORs on 1ES (Li et al. 2018). Based on dissimilarity of IDNA probe
distribution we conclude that the J-genome of 7h. bessarabicum is genetically distinct
from the E-genome of A. elongatum.

Interestingly, polyploid Zhinopyrum possess higher number of 5§ rDNA loci per
1x compared to diploids species. Thus, we detected twelve pTa794 sites (two per 1x)
in hexaploid 75. intermedium (Fig. le, indicated with small arrows), five of them were
co-localized with NORs. From nine to ten 5§ rDNA signals (1.5-1.67 per 1x) were
revealed in four 7h. intermedium genotypes by Mahelka et al. (2013). Yu et al. (2019)
found twelve 5S and six 45 rDNA loci in intermediate wheatgrass; two chromosome
pairs from the J-genome and one pair from St genome showed hybridization sites of
both probes. In all cases the chromosomes carrying clusters of both rDNA families,
displayed an identical signal arrangement: the 5S rDNA site was always located proxi-
mally to NOR.

We found similar pattern in decaploid 7h. ponticum (Fig. 1f). Earlier Brasileiro-
Vidal et al. (2003) reported that 17 chromosomes of 7h. ponticum possessed both 45S
and 5S rDNA sites, and the 5S rDNA sites were located proximally to NORs. Li and
Zhang (2002) suggested that exclusively terminal position of 45S rDNA clusters is a
secondary trait that has emerged during evolution of polyploid species. However, such
arrangement of ribosomal probes was found only in diploid wheats (Dubcovsky and
Dvoridk 1995, Badaeva et al. 2015), but it was not observed in Aegilops (Badaeva et al.
1996), or the J-genome of 7h. bessarabicum (Fig. 1a). Therefore, 7h. bessarabicum was
probably not involved in the origin of these polyploids or the J-genome was signifi-
cantly modified during speciation.

The karyotype of 7h. bessarabicum shared many common features with karyotypes
of other diploid grasses. These are distinct pSc119.2 sites in subtelomeric chromosome
regions and high amount of pAs1 repeat, which is accumulated predominantly in the
distal chromosome halves (Zhang et al. 2013; Li et al. 2016a, 2018; Du et al. 2017;
Linc et al. 2017; Grewal et al. 2018; Said et al. 2018). This or related repeats belong-
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ing to the same Afz-family are highly abundant in the D-genome of Aegilops tauschii
Cosson, 1850, in the A-genome of diploid wheat (Megyeri et al. 2012), the I-genome
Hordeum species (Taketa et al. 2000), diploid and polyploid species from Elymus K.
Linnaeus, 1753, Leymus C.EE Hochstetter, 1848, and Psathyrostachys S.A. Nevsky,
1933 genera (Nagaki et al. 1999; Dvotdk 2009). 7h. bessarabicum is similar to Ae.
tauschii and diploid wheat also in a high amount of pTa-535 repeat, which is detected
in genomes of D. breviaristatum (Li et al. 2016a), 7h. elongatum (Li et al. 2018) and in
the J and J* genomes of intermediate wheatgrass (Yu et al. 2019).

As was shown in a current study, the sequence pAesp_SATS86 (= pTa-713) hybrid-
izes specifically to six out of seven 7h. bessarabicum chromosomes. Probe distribu-
tion is species-specific, because it differs from the pTa-713 labeling patterns of wheat
(Komuro et al. 2013; Badaeva et al. 2015), Aegilops (Ruban and Badaeva 2018) or A.
elongarum (Li et al. 2018) chromosomes. The pTa-713 signals are detected on chromo-
somes 1E, 4E, 5SE and 7E of A. elongatum (Li et al. 2018). Orthologous chromosomes
of Th. bessarabicum and A. elongatum belonging to group 4 and 5 display similar, while
of other groups — different patterns. This can be due to site-specific sequence amplifi-
cation/ elimination or species-specific chromosomal rearrangements identified in both
species (Gadl et al. 2018; Grewal et al. 2018), which further confirms the distinctness
of their genomes.

Conclusion

A detailed karyotype of 7h. bessarabicum was constructed using FISH with six DNA
probes representing 5S and 45S rDNAs and four tandem repeats belonging to different
families. A combination of pAesp_SAT86 (= pTa-713) probe with either pSc119.2 or
pAsl/ pTa-535 was found to be most effective for the identification of J-genome chro-
mosomes. Comparison of our results with data available from literature showed that
the J-genome of 7h. bessarabicum is distinct from genomes of other diploid wheatgass
species. Differences between chromosomes of 7h. bessarabitum, on one hand, and 75.
intermedium and Th. ponticum, on the other hand, indicate that probably 75. bessarabi-
tum did not contribute genome to these polyploid species. Alternatively, the J-genome
could be present in polyploid wheatgrasses, but in significantly rearranged form.
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Abstract

Repetitive DNAs are the main components of eukaryotic genome. We mapped the 185 rDNA and TTAGG
telomeric probe sequences by FISH to meiotic chromosomes of eight species of the order Psocoptera con-
sidered a basal taxon of Parancoptera: Valenzuela burmeisteri (Brauer, 1876), Stenopsocus lachlani Kolbe,
1960, Graphopsocus cruciatus (Linnaeus, 1768), Peripsocus phaeopterus (Stephens, 1836), Philotarsus pici-
cornis (Fabricius, 1793), Amphigerontia bifasciata (Latreille, 1799), Psococerastis gibbosa (Sulzer, 1766), and
Metylophorus nebulosus (Stephens, 1836). These species belong to five distantly related families of the largest
psocid suborder Psocomorpha: Caeciliusidae, Stenopsocidae, Peripsocidae, Philotarsidae, and Psocidae. We
show that all the examined species share a similar location of 18S rDNA on a medium-sized pair of auto-
somes. This is the first study of rDNA clusters in the order Psocoptera using FISH. We also demonstrate
that these species have the classical insect (T'TAGG), telomere organization. Our results provide a founda-
tion for further cytogenetic characterization and chromosome evolution studies in Psocoptera.
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Introduction

Psocoptera (booklice and barklice) are a small insect order considered a basal taxon of
Paraneoptera (Yoshizawa and Saigusa 2001). The order includes 5941 species in 485
genera, 41 families and 3 suborders: Trogiomorpha, Troctomorpha and Psocomorpha
(Mockford 2018). To date, 90 psocopteran species (51 genera, 21 families) have been
cytogenetically studied, most of them (80 species, 43 genera, 16 families) belonging
to the largest suborder Psocomorpha (reviewed in Golub and Nokkala 2009). In this
suborder, the majority of species (71 species from 36 genera and 15 families) display
2n = 16 + XX/X(0) indicative of a particular karyotype conservatism of the group. This
karyotype is considered modal and ancestral both for Psocomorpha and for the order
Psocoptera in general (Wong and Thornton 1966, Golub 1999, Golub and Nokkala
2009). To date, different derived karyotypes have been reported only for nine species:
Amphipsocus japonicus Enderlein, 1906 and Kolbia quisquiliarum Bertkau, 1882 from
the family Amphipsocidae (2n = 14 + XX/neo-XY); Elipsocus moebiusi Tetens, 1891
and Loensia variegata (Latreilee, 1799) from the families Elipsocidae and Psocidae,
respectively (2n = 12 +XX/X(0); Neopsocopsis hitricornis (Reuter, 1893), Metylopho-
rus nebulosus (Stephens, 1836), and Amphigerontia jezoensis Okamoto, 1907 from the
family Psocidae (2n = 14 +XX/X(0); Stenopsocus lachlani Kolbe, 1960 and Stenopsocus
aphidiformis Enderlein, 1906 from the family Stenopsocidae (2n = 22 +XX/X(0)).

Psocoptera are characterized by holokinetic chromosomes (Meinander et al. 1974,
Golub and Nokkala 2009), which are known to lack such physical landmarks as pri-
mary constrictions (the centromeres) and, thus, show no distinguishable markers that
could be studied by conventional techniques. In the majority of psocid species, the
chromosomes are small and of similar size, making it impossible to identify individual
chromosomes. Although karyotypes have been described for many psocid species, in-
dividual chromosomes were not identified in most of these reported karyotypes. Such
chromosome sets, therefore, are not comparable among related species and cannot be
used for evolutionary studies.

The application of banding techniques to chromosome studies of Psocoptera is
scarce (Golub and Nokkala 2001, Golub et al. 2004). Golub et al. (2004) used C-band-
ing, silver impregnation and sequence-specific fluorochromes CMA, and DAPI to study
male meiotic karyotypes of Psococerastis gibbosa (Sulzer, 1766) with 2n = 16 + X(0),
Blaste conspurcata (Rambur, 1842) with 2n = 16 + X(0), and Amphipsocus japonicus with
2n = 14 + neo-XY. Based on the results obtained, the authors had concluded that NORs
(nucleolus organizer regions) were located differently in these species: on an autosomal
bivalent, on the X chromosome, and on the neo-XY bivalent, respectively. We believe
however that additional studies are needed to confirm the precise localization of NORs
in the above species. Using C-banding, the authors found minor interspecific differ-
ences in amount, molecular composition and localization of C-heterochromatin as well
as some analogous differences between various chromosomes of a particular species.

Our knowledge of karyotype structure and evolution in Psocoptera could be im-
proved by the implementation of molecular cytogenetic approaches. Fluorescence
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in situ hybridization (FISH) has become the most important technique for trac-
ing individual chromosomes in holokinetic insects (e.g., Panzera et al. 2012, 2015,
Maryariska-Nadachowska et al. 2013, 2018, Mandrioli et al. 2014, Kuznetsova et al.
2015, Anjos et al. 2016, Golub et al. 2017, Salanitro et al. 2017, Grozeva et al. 2019).
It was shown in some case studies that species with the same chromosome comple-
ment differ in the number and location of rDNA sites (Panzera et al. 2012, 2015,
Maryanska-Nadachowska et al. 2013, Golub et al. 2017). Moreover, some higher in-
sect taxa were shown to differ in respect to the presence/absence of the insect-type
telomere motif (TTAGG) . Specifically, such variation has been demonstrated for
some Paraneoptera, e.g. Hemiptera, where more basal taxa appear to have the ancestral
insect telomere motif (TTAGG) while more advanced taxa have lost this telomeric
sequence (reviewed in Kuznetsova et al. 2019). The only psocid species studied so far
by FISH, Stenopsocus lachlani (Psocomorpha, Stenopsocidae), was documented to have
the (TTAGG), telomere motif (Frydrychovi et al. 2004).

Here, we used FISH with the telomeric TTAGG and 18S rDNA probes to study
male meiotic chromosomes of Valenzuela burmeisteri (Brauer, 1876), Stenopsocus lachla-
ni, Graphopsocus cruciatus (Linnaeus, 1768), Peripsocus phaeopterus (Stephens, 1836),
Philotarsus picicornis (Fabricius, 1793), Amphigerontia bifasciata (Latreille, 1799), Pso-
cocerastis gibbosa, and Metylophorus nebulosus. The standard karyotypes of these species
were previously reported (reviewed in Golub and Nokkala 2009). We demonstrate that
the above species, belonging to five different families of the largest suborder Psoco-
morpha (Caeciliusidae, Stenopsocidae, Peripsocidae, Philotarsidae, and Psocidae), are
characterized by conserved karyotypes in respect to telomere composition and rDNA
location. This is the first study of rDNA clusters in the order Psocoptera using FISH.

Material and methods

The information on the localities where the specimens were collected and on the num-
ber of specimens/nuclei examined is presented in Table 1. Only male adult specimens
were analyzed. Males were fixed in the Carnoy fixative (3:1; 96% ethanol and glacial
acetic acid) and stored at 4 °C. Testes were dissected out in a drop of 45% acetic acid
and squashed. The cover slips were removed using dry ice. Prior to staining, the prepa-
rations were examined by phase contrast microscopy.

Fluorescence in situ hybridization was performed according to the published pro-
tocol (Grozeva et al. 2015) with minor modifications. The target 18S rDNA probe
(about 1200 bp fragment) was PCR amplified and labelled with biotin-11-dUTP
(Fermentas, EU) using primers: 18StRNA_F 5-GATCCTGCCAGTAGTCAT-
ATG-3’, 18StRNA_R 5-GAGTCAAATTAAGCCGCAGG-3’ (Anokhin et al. 2010).
Genomic DNA was extracted from the true bug Pyrrhocoris apterus (Linnaeus, 1758).
An initial denaturation period of 3 min at 94 °C was followed by 35 cycles of 30 s at
94 °C, annealing for 30 s at 55.5 °C and extension for 1.5 min at 72 °C, with a final
extension step of 3 min at 72 °C. The telomere probe (TTAGG) was amplified by



406 Natalia Golub et al. / Comparative Cytogenetics 13(4): 403—410 (2019)

Table |. Material studied.

Species Collection date and localities Number of studied
males / nuclei

Fam. Caeciliusidae
Valenzuela burmeisteri Russia, the Altai Republic, Artybash vic., 4/12
51°47'28"N, 87°15'21"W, July, 2019

Fam. Stenopsocidae

Stenopsocus lachlani Russia, the Altai Republic, Artybash vic., 2122
51°47'28"N, 87°15'21"W, July, 2019
Graphopsocus cruciatus Russia, Voronezh region, Maklok vic., 4/18

51°48'42"N, 39°24'51"W, August, 2018

Fam. Peripsocidae
Peripsocus phaeopterus Russia, the Altai Republic, Artybash vic., 6/30
51°47'28"N, 87°15'21"W, July, 2019

Fam. Philotarsidae
Philotarsus picicornis Russia, the Altai Republic, Artybash vic., 6/42
51°47'28"N, 87°15'21"W, July, 2019

Fam. Psocidae

Amphigerontia bifasciata Russia, Karachay-Cherkess Republic, Teberda 2/10
vic., 43°27'00"N, 41°45'00"W, July, 2017
Metylophorus nebulosus Russia, the Altai Republic, Artybash vic., 5/28
51°47'28"N, 87°15'21"W, July, 2019
Psococerastis gibbosa Russia, the Altai Republic, Artybash vic., 4/46

51°47'28"N, 87°15'21"W, July, 2019

PCR and labeled with rhodamine-5-dUTP (GeneCraft, Kéln, Germany) using prim-
ers: TTAGG_F 5°-TAACCTAACCTAACCTAACCTAA-3’ and TTAGG_R 5°-GGT-
TAGGTTAGGTTAGGTTAGG-3’ (Grozeva et al. 2011). An initial denaturation pe-
riod of 3 min at 94 °C was followed by 30 cycles of 45 s at 94 °C, annealing for 30 s
at 50 °C and extension for 50 s at 72 °C, with a final extension step of 3 min at 72 °C.
The chromosome preparations were treated with 100 pg/ml RNase A and 5 mg/ml
pepsin solution to remove excess RNA and proteins. Chromosomes were denatured in
the hybridization mixture containing labelled 18§ rDNA and (TTAGG), probes with
an addition of salmon sperm blocking reagent and then hybridized for 42 h at 37 °C.
18S rDNA probes were detected with NeutrAvidin-Fluorescein conjugate (Invitrogen,
Karlsbad, CA, USA). The chromosomes were mounted in an antifade medium (Pro-
Long Gold antifade reagent with DAPI, Invitrogen) and covered with a glass coverslip.

Results and discussion

Standard karyotypes

All chromosome numbers fully correspond to the previously published karyotype data
for all studied species (reviewed in Golub and Nokkala 2009). Males of Valenzuela
burmeisteri, Graphopsocus cruciatus, Peripsocus phaeopterus, Philotarsus picicornis, Am-
phigerontia bifasciata, and Psococerastis gibbosa were confirmed to have 2n = 16 + X(0),
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the chromosome complement known to be the most characteristic and presumably
ancestral for Psocoptera (Wong and Thornton 1966, Golub 1999, Golub and Nok-
kala 2009). Males of Stenopsocus lachlani and Metylophorus nebulosus were confirmed
to have 2n = 22 + X(0) and 2n = 14 + X(0), respectively. Thus, even though the sex
chromosome system is the same among all studied species, the number of autosomes
differs considerably between them. Based on the meiotic figures, we can infer that the
karyotype structure of these species is uniform: all the bivalents constitute a decreasing
size series, which makes identifying individual bivalents almost impossible. The only
exception to this rule is the karyotype of M. nebulosus. In this species, metaphase I nu-
clei were shown to include seven bivalents with a particular element being significantly
larger than the other ones (Meinander et al. 1974, Golub 1999, present study).

FISH mapping of 18S rDNA repeats

In each of the species studied, FISH mapping with the 185 rDNA probe revealed
two large clusters located in a sub-terminal position on the homologues of a medi-
um-sized bivalent (Fig. 1a—h). The signals could be observed either in the chiasmate
or the opposite region of the rDNA-carrying bivalent, thus suggesting that the
same homologue is able to orient differently within the bivalent. Following current
knowledge, all the studied species are suggested to share a similar chromosomal
location of the rRNA genes on the same pair of autosomes. However, this specu-
lation is premature, since the precise identification of particular bivalents in pso-
cid karyotypes is currently impossible due to the absence of additional differential
chromosomal landmarks.

FISH mapping of TTAGG telomeric repeats
In each of the species studied, FISH mapping with TTAGG repeats revealed signals

located in a telomeric position on the chromosomes. The signals were visible in most
but not all terminal regions of meiotic chromosomes. Moreover, in some species, the
signals were bright (Fig. 1b, e, g, h), whereas in other species they were not so clearly
defined (Fig. 1a, ¢, d, f).

A previous investigation by Frydrychovd et al. (2004) documented presence of the
(TTAGG), telomere motif in S. lachlani (Stenopsocidae). Despite the variability in the
signal intensity, the currently existing data on eight genera from five different families
lead to the conclusion that psocids, at least those from the suborder Psocomorpha, share
the telomere structure (TTAGG), known to be characteristic of the majority of insect
orders and considered ancestral for the class Insecta in general (Kuznetsova et al. 2019).

In conclusion, the present study contributes to the understanding of the chromo-
some structure of Psocoptera and provides a foundation for further cytogenetic charac-
terization and chromosome evolution studies in this group.
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Figure I. FISH mapping of TTAGG telomeric sequences (red signals) and 18S rDNA (green signals) to
meiotic chromosomes of Psocoptera a Valenzuela burmeisteri, M1, n = 8 + X' b Stenopsocus lachlani, M1,
n = 11 + X ¢ Graphopsocus cruciatus, M1, n = 8 + X d Peripsocus phaeopterus, M1, n = 8 + X e Philotarsus
picicornis, M1, n = 8 + X f Amphigerontia bifasciata, diakinesis, n = 8 + X g Psococerastis gibbosa, MI, n =
8 + X h Metylophorus nebulosus, M1, n = 7 + X. Arrowheads and arrows indicate sex chromosomes and 18S
rDNA signals, respectively. Scale bar: 10 pm.
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Abstract

In the present study, we analyzed individuals of Hypostomus soniae (Loricariidae) collected from the Teles
Pires River, southern Amazon basin, Brazil. Hypostomus soniae has a diploid chromosome number of
2n = 64 and a karyotype composed of 12 metacentric (m), 22 submetacentric (sm), 14 subtelocentric (st),
and 16 acrocentric (a) chromosomes, with a structural difference between the chromosomes of the two
sexes: the presence of a block of heterochromatin in sm pair No. 26, which appears to represent a putative
initial stage of the differentiation of an XX/XY sex chromosome system. This chromosome, which had
a heterochromatin block, and was designated proto-Y (pY), varied in the length of the long arm (q) in
comparison with its homolog, resulting from the addition of constitutive heterochromatin. It is further
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distinguished by the presence of major ribosomal cistrons in a subterminal position of the long arm (q).
The Nucleolus Organizer Region (NOR) had different phenotypes among the H. somiae individuals in
terms of the number of Ag-NORs and 18S rDNA sites. The origin, distribution and maintenance of the
chromosomal polymorphism found in H. soniae reinforced the hypothesis of the existence of a proto-Y
chromosome, demonstrating the rise of an XX/XY sex chromosome system.

Keywords
Fish cytotaxonomy, chromosome banding, rDNA FISH, chromosome polymorphism, Loricariidae

Introduction

The Teles Pires River, in the southern Amazon basin, is the home of at least 36 spe-
cies of Loricariidae, and five species of Hypostomus Lacépede, 1803 (Siluriformes,
Loricariidae) (Ohara et al. 2017). Hypostomus is considered to be one of the taxo-
nomically most complex genera of Neotropical fish due to its enormous diversity of
morphology and body pigmentation patterns, with a total of 203 recognized species
(Froese and Pauly 2019). The diversification of this genus appears to be closely related
to changes in the chromosome complement, which include diploid numbers (2n)
ranging from 52 in H. emarginatus (Artoni and Bertollo 2001) to 84 in Hypostomus
sp. (Cereali et al. 2008). However, a phylogenetic analysis of mitochondrial DNA
sequences (Montoya-Burgos 2003) indicated that H. emarginatus does not belong to
the principal Hypostomus clade, which would mean that the lowest diploid number in
the genus is 2n = 64, found in H. cochliodon (Bueno et al. 2013; Rubert et al. 2016),
H. faveolus (Bueno et al. 2013), and Hypostomus sp. (Artoni et al. 1998; Fenerich et
al. 2004; Milhomem et al. 2010).

A number of cytogenetic studies have examined various aspects of the differentia-
tion of the Hypostomus karyotype, including complex karyotype evolution (Martinez et
al. 2011; Alves et al. 2012; Pansonato-Alves et al. 2013; Bueno et al. 2014), heterochro-
matin polymorphism (Traldi et al. 2012; Baumgirtner et al. 2014), inter-individual
chromosome polymorphism (Artoni and Bertollo 1999; Ferreira et al. 2019), and mor-
phologically differentiated sex chromosomes (Artoni et al. 1998; Oliveira et al. 2015;
Kamei et al. 2017). A range of sex chromosome systems found in 705 fish species are
available in the Tree of Sex Consortium (2014) database. Differentiated sex chromo-
some systems are not very common in the loricariid catfishes, although simple (Alves et
al. 2006; de Oliveira et al. 2007; Prizon et al. 2017) and multiple systems (Centofante
et al. 2006; de Oliveira et al. 2008; Blanco et al. 2014) have been described in this
family. In the genus Hypostomus, only a simple sexual chromosomal system has been
described, with a XX/XY system being found in H. ancistroides and H. macrops, identi-
fied as Plecostomus ancistroides and P macrops, respectively (Michele et al. 1977; Rocha-
Reis et al. 2018), and a ZZ/Z\ system in Hypostomus sp. G (Artoni et al. 1998), H. cf.
plecostomus (Oliveira et al. 2015) and H. ancistroides (Kamei et al. 2017).

Highly differentiated sex chromosomes have been analyzed in a number of differ-
ent groups of animals, although the initial stages of the evolution of sex chromosome
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systems have not often been described. Even so, an overview of the literature shows that
our understanding of the various stages in the evolution of sex chromosome systems has
increased progressively over time (Nanda et al. 1992; Bergero and Charlesworth 2009;
Wright et al. 2016; Abbott et al. 2017; Kottler and Schartl 2018). The present study de-
scribes a karyotype with a putative initial stage of the differentiation of sex chromosomes
in a population of H. soniae from the basin of the Teles Pires River, in southern Amazonia.

Material and methods

We analyzed 17 Hypostomus soniae individuals (5 & and 12 Q) collected from urban streams
located in Alta Floresta (9°54°30.82”S, 56°03’33.86”W,; 9°53’50.47”S, 56°03°39.50”W,
9°53’30.53”S, 56°04°18.75”W), in Mato Grosso, Brazil. This area is part of the Teles Pires
River drainage in the southern Amazon basin. The individuals were collected according to
Brazilian environmental legislation (Collecting license MMA/IBAMA/SISBIO, number
31423-1). The individuals were anesthetized and euthanized by clove-oil overdose (Grif-
fiths 2000). Voucher specimens were deposited in the ichthyological collection of the
Nucleo de Pesquisa em Limnologia, Ictiologia e Aquicultura (Nupélia) of Universidade
Estadual de Maringd (UEM) under catalogue number NUP 14991.

Chromosome preparations were obtained from kidney cells using the technique
of Bertollo et al. (1978). The NORs were detected by impregnation with silver ni-
trate (AgNO,) (Howell and Black 1980). The constitutive heterochromatin was iden-
tified by C-banding (Sumner 1972), and stained with propidium iodide (Lui et al.
2012). Fluorescence in situ Hybridization (FISH) followed the protocol of Pinkel et
al. (1986), using 18S rDNA probes from Prochilodus argenteus (Hatanaka and Galetti
Jr. PM 2004), labeled with a Biotin Nick Translation kit, and 5§ rDNA probes from
Leporinus elongatus (Martins and Galetti Jr. PM 1999) labeled with a Digoxigenin Nick
Translation kit. The chromosomes were classified according to Levan et al. (1964), i.e.,
metacentric (m), submetacentric (sm), subtelocentric (st), and acrocentric (a).

Results

Hypostomus soniae has the diploid chromosome number of 2n = 64, fundamental num-
ber (FN) equal to 112, and a karyotype composed of 12m + 22sm + 14st + 16a chro-
mosomes, in both males and females (Fig. 1A). Small heterochromatin blocks were
observed in some chromosomes, primarily in the terminal regions, and conspicuous
heterochromatic blocks were observed in the q arms of pairs Nos. 25 and 26 (Fig. 1B).
The Giemsa staining and C-banding also revealed size heteromorphism between the
homologs of pair No. 26 in the males and, to a lesser extent, in the females (Fig. 1A, B).

Pair No. 25 was highlighted for comparisons with pair No. 26, to determine more
precisely the size difference between the homologs of the latter (Fig. 1C, D). This al-
lowed us to identify three variant chromosomes that may correspond to pair No. 26 in
the karyotypes of the individuals from the study population (Fig. 1C, D): (i) a chro-
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Figure 1. Karyotype of a male Hypostomus soniae obtained from A Giemsa-stained and B sequentially C-
banded chromosomes. Variant chromosomes of pair No. 26, with pair No. 25 for comparison, in C males
and D females. The dark regions in the chromosomes represent the heterochromatic blocks.

mosome larger than that of pair No. 25, which was found only in the males, and was
designated pY (proto-Y); (ii) a chromosome similar in size to pair No. 25, designated
Al, and (iii) a chromosome smaller than pair 25, designated A2. Considering a pan-
mictic population, these chromosomes may form the following combinations for pair
No. 26: in the males, pYA1 (found in 3 individuals) and pYA2 (2 individuals), whereas
in the females, there are three possible combinations: A1A1 (3 individuals), A1A2 (6
individuals), and A2A2 (3 individuals) (Fig. 2).

The Ag-NOR-staining and FISH with the 18S rDNA probe revealed multiple
nucleolus organizer regions (NORs) in a terminal portion of the short arms (p) of two
pairs of sm chromosomes (Nos. 14 and 15) and in a terminal position of the q arms
of three pairs of a chromosomes (Nos. 25, 26 and 31). Inter-individual variation in
the 18S rDNA sites revelead six different phenotypes (Fig. 3). In all phenotypes, FISH
revealed positive 18S rDNA sites in pair No. 26. The 18S rDNA sites corresponded to
heterochromatin blocks in all cases.
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Figure 2. Combinations of the homologous pair No. 26 resulting from crossing males and females of the Hy-

postomus soniae study population. The dark regions in the chromosomes represent the heterochromatic blocks.
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Discussion

Hypostomus soniae belongs to the “H. cochliodon species group” (Hollanda-Carvalho
and Weber 2004) and has 2n = 64, similar to H. cochliodon, analyzed by Bueno et al.
(2013) and Rubert et al. (2016), which is the lowest 2n found in the genus. Consider-
ing a basal 2n = 54 for the family Loricariidae (Artoni and Bertollo 2001), 2n = 64
would be the basal character for the genus Hypostomus (Bueno et al. 2014).

In Hypostomus, several cases of chromosomal polymorphism associated with the
amplification of the heterochromatin, with or without ribosomal genes, have been
reported (Artoni and Bertollo 1999; Traldi et al. 2012; Baumgirtner et al. 2014; Lor-
scheider et al. 2018), but in none of these cases was the polymorphism found in only
one of the sexes. In the present paper, all the H. soniae individuals analyzed had the
same karyotype structures, although differences were found between the sexes in pair
No. 26, indicating a putative incipient process of sex chromosome differentiation. This
differentiation pattern was supported by the presence of size heteromorphism in the
heterochromatic block between the homologs of pair No. 26. This remarkable hetero-
chromatin size polymorphism may indicate an early stage of the sex chromosome dif-
ferentiation, where the chromosome with a large block of heterochromatin, designated
here the proto-Y (pY), was observed only in the males. In the females, the correspond-
ing homologs of pair No. 26 were also polymorphic, with one of the chromosomes
having a heterochromatic block of medium size (designated A1) and the other (desig-
nated A2), a much smaller block. The detection of these variant chromosomes in both
sexes reinforces the hypothesis of an initial process of heteromorphic sex chromosome
formation, in which heterochromatinization plays a fundamental role.

The proto-Y chromosome in the genome of H. soniae is larger than the X chromo-
some, as observed in the Y chromosome of H. aff. ancistroides analyzed by Rocha-Reis
etal. (2018). Thus, the larger size of the proto-Y chromosome may be the result of the
apparent accumulation of heterochromatin, mediated by transposable elements, which
may play an important role in the differentiation process, as observed in other species
of fish (see Chalopin et al. 2015).

One other ancestral trait in the Loricariidae is the existence of a chromosome pair
with NORs, which has been described in a number of fish species (Artoni and Ber-
tollo 1996; Alves et al. 2005; Bueno et al. 2014; Rubert et al. 2016), including some
species of the genus Hypostomus (Mendes-Neto et al. 2011; Rubert et al. 2011; Alves
et al. 2012). Multiple NOREs, as observed in H. soniae in the present study, are con-
sidered to be a derived characteristic, and are the most common pattern in the genus
Hypostomus (Rubert et al. 2016; Brandao et al. 2018). In the “H. cochliodon group”,
multiple NORs were noted in H. cochliodon from the Paraguay River basin (Rubert
et al. 2016), although Bueno et al. (2014) observed a simple NOR in H. cochliodon
individuals from the Parand River basin. While /. soniae is part of the monophyletic
“H. cochliodon species group”, the lack of data limits conclusions on which phenotype
(simple or multiple NORs) is derived, because this feature has only been investigated
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in two species of this group, i.e., H. soniae (present paper) and H. cochliodon (Bueno et
al. 2014; Rubert et al. 2016).

We observed inter-individual numerical variation in the Ag-NOR and 18S rDNA
sites among the H. soniae individuals. This reflects the enormous mobility of the IDNA
cistrons, and suggests the existence of dispersal mechanisms for these sites. The varia-
tion observed by silver staining is assumed to be the result of shifts in the control of the
expression of ribosomal cistrons. The FISH 18S revealed that chromosome pair No. 26
was present in all of the different NOR phenotypes. These findings may reflect the trans-
position of IDNA genes, which had been located in pair No. 26, compared to the other
chromosomes that bear major ribosomal cistrons. A similar hypothesis has been used
to account for the variability in the number of NORs found in previous studies (Santi-
Rampazzo et al. 2008; Porto et al. 2014). The presence of heterochromatin associated
with all the ribosomal cistrons, as observed here, may indicate that mobile elements are
part of the structure and organization of the adjacent heterochromatin found at these
sites. While we did not investigate the presence of transposable elements (TEs) in the
present study, these sequences are known to be associated with the 285/18S rDNA in
fish (Mandrioli et al. 2001; Symonovd et al. 2013; Gouveia et al. 2017) and, more com-
monly, with the heterochromatin, including Hypostomus (Pansonato-Alves et al. 2013).

The proto-sex chromosomes of H. soniae were also characterized by the presence
of 18S rDNA cistrons. The association between the 18S rDNA sites and sex chro-
mosomes has been reported in fishes (Artoni and Bertollo 2002, Chen et al. 2008;
Ciofh and Bertollo 2010), including in the genus Hypostomus (Rocha-Reis et al. 2018).
Repetitive sequences have been recorded at high frequencies in heterochromatic sex
chromosomes and Chalopin et al. (2015) linked the evolution and emergence of sex
chromosomes to the dynamics of the repeats and transposable elements. Therefore, the
possible association of TEs with the ribosomal genes and adjacent heterochromatic
blocks in pairs Nos. 25 and 26 in the H. soniae karyotype may indicate a possible link
with TEs in the initial steps of the differentiation of the sex chromosomes.

Conclusion

The data presented here on H. soniae include previously unpublished karyotypic ar-
rangements, which represent an important contribution to future taxonomic studies
of the H. cochliodon species group. In Hypostomus, the addition of heterochromatin to
some chromosomes is the cause of polymorphisms resulting in different cytotypes, al-
though this is the first cytological evidence of this mechanism emerging in sex chromo-
somes in this group. The apparent emergence of novel sex chromosomes in H. soniae
makes this species an excellent potential model for the study of the differentiation and
evolution of mechanisms of sexual determination, and the role of the accumulation
and amplification of repetitive sequences in the origin and differentiation of sex chro-
mosomes and its implications for the speciation process.
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Abstract

Alloploidization resulting from remote (interspecific or intergeneric) hybridization is one of the main fac-
tors in plant evolution, leading to the formation of new species. Triticale (x Triticosecale Wittmack, 1889)
is the first artificial species created by crossing wheat (77iticum spp.) and rye (Secale cereale Linnaeus, 1753)
and has a great potential as a grain and forage crop. Remote hybridization is a stress factor that causes a
rapid reorganization of the parental genomes in hybrid progeny (“genomic shock”) and is accompanied by
abnormalities in the chromosome set of hybrids. The formation of the hybrid genome and its subsequent
stabilization are directly related to the normalization of meiosis and the correct chromosome segregation.
‘The aim of this work was to cytogenetically characterize triticale (x Triticosecale rimpaui Wittmack, 1899,
AABBDDRR) obtained by crossing Triticum aestivum Linnaeus, 1753. Triple Dirk D x Secale cereale L.
Korotkostebel'naya 69 in F~F, generations of hybrids, and to trace the process of genetic stabilization
of hybrid genomes. Also, a comparative analysis of the nucleotide sequences of the centromeric histone
CENH3 genes was performed in wheat-rye allopolyploids of various ploidy as well as their parental forms.
In the hybrid genomes of octoploid triticale an increased expression of the rye CENH3 variants was
detected. The octoploid triticale plants contain complete chromosome sets of the parental subgenomes
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maintaining the chromosome balance and meiotic stability. For three generations the percentage of ane-
uploids in the progeny of such plants has been gradually decreasing, and they maintain a complete set
of the paternal rye chromosomes. However, the emergence of hexaploid and new aneuploid plants in F,
and F_ generations indicates that stabilization of the hybrid genome is not complete yet. This conclusion
was confirmed by the analysis of morphological features in hybrid plants: the progeny of one plant hav-
ing the whole chromosome sets of parental subgenomes showed significant morphological variations in
awn length and spike density. Thus, we expect that the results of our karyotyping of octoploid triticales
obtained by crossing hexaploid wheat to diploid rye supplemented by comparative analysis of CENH3
sequences will be applicable to targeted breeding of stable octo- and hexaploid hybrids.

Keywords
Aneuploidy, centromeric histone H3 (CENH3), fluorescence in sizu hybridization (FISH), remote hy-
bridization, triticale

Introduction

Triticale, derived from crossing wheat (77iticum spp.) and rye (Secale cereale Linnaeus,
1758) was the first synthetic allopolyploid cereal. It incorporates favorable alleles from
both progenitor species (wheat and rye), enabling adaptation to environments that are
less favorable for wheat yet providing better biomass yield and forage quality (Ayalew
etal. 2018). Triticale is a promising model for studying the rapid changes in the hybrid
genomes associated with diverse rearrangements in the genomes of parental forms,
which occur when parents’ genomes are combined in complex allopollyploid genome
(Ma and Gustafson 2008).

The formation of a hybrid genome and its subsequent stabilization are directly
related to the normalization of the meiosis process and the correct chromosome seg-
regation (Giacomin et al. 2015). Incompatibility of centromeres of different species
appears to be the main reason for the elimination of chromosomes of one of the pa-
rental genomes in hybrids (Sanei et al. 2011). According to studies of the last decade,
a special role among centromeric proteins is given to the centromeric modification
of the histone H3, designated as CENH3 in plants (De Rop et al. 2012, Comai et
al. 2017). This is due to the fact that at the molecular level, the most specialized and
universal characteristic of the active centromere is the presence of CENH3 instead
of the canonical histone H3 in the nucleosomes of centromeric chromatin. As it was
shown in some mammalian species and in Drosophila Fallén, 1823, in case of its loss
the kinetochore does not form and the chromosomes do not segregate correctly during
cell division (Talbert et al. 2004).

The variations in the amount and distribution of heterochromatin have facilitated
the identification of rye chromosomes in different triticales (Seal and Bennett 1981).
The DNA repetitive clone pSc200 has proved to be extremely useful to characterize
rye heterochromatin. This highly repeated sequence has been reported to predomi-
nantly occupy the subtelomeric regions of all rye chromosome arms. Its monomers of
379-380 bp are organized as long tandem arrays up to hundreds kilobases, and they
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account for 2.5% of the S. cereale genome (Vershinin et al. 1995). Another valuable
property contributing to its widespread use in the FISH analysis of triticale karyotypes
(Fuetal. 2010, Fu etal. 2013, Fradkin et al. 2013) is the lack of pSc200 hybridization
signals on wheat chromosomes.

The aim of this work was to cytogenetically characterize triticale, obtained by cross-
ing Triticum aestivum L. line Triple Dirk D x S. cereale L., cultivar Korotkostebel'naya
69, by FISH analysis of their rye chromosomes. The parental forms have a number of
specific characteristics. The wheat near-isogenic line Triple Dirk D has only one domi-
nant spring allele Vi7n-AI (Pugsley 1971). The rye cultivar Korotkostebel'naya 69 has
the dominant dwarfing gene DdwI (Kobyliansky and Solodukhina 2014). Thus, the
triticale lines created using these parental lines are spring short-stemmed plants, which
make them a convenient object for studying the triticale karyotypes along consecutive
generations. The research was conducted in F_ ; generations of hybrids to trace their
possible genetic stabilization. Also, we performed a comparative analysis of the nucleo-
tide sequences of the N-terminal tail of the CENH3 genes in wheat—rye allopolyploids
of various ploidy as well as their parental forms.

Material and methods

Plant material

Octoploid triticales (genome constitution AABBDDRR) were created by crossing the
near isogenic line of common wheat (7riticum aestivum L.) Triple Dirk D (genome
AABBDD) with diploid rye (Secale cereale L.) cultivar Korotkostebel'naya 69 (ge-
nome RR) (Stepochkin and Emtseva 2017). Germinating F, seeds were treated with
0.05% colchicine to double the number of chromosomes and obtain allopolyploids.
F, generation derived from self-pollination F, plants. F, plants having no less than
five grains were selected for further isolated propagation. Generations F, through F,
were obtained by self-pollination of plants grown from these seeds. As seeds from each
plant were planted separately starting from F, their progeny was designated as lines.
Octoploid triticales derived from the Triple Ditk D x Korotkostebel’'naya 69 cross
were denoted as TDKF3, TDKF4, TDKF5, and TDKF6. All plants were grown under
greenhouse conditions at 22 °C/18 °C (day/night) with a 16-h day length.

Cytological techniques and fluorescence in situ hybridization

For chromosome counts in triticale somatic cells, root-tips of seedlings were treated
with saturated o-bromonaphthalene solution and visualized through Feulgen staining
(Singh 2003). Ten metaphase spreads per each hybrid plant were examined with Axio
Star Plus microscope (Carl Zeiss GmbH, Germany). Mitotic chromosome spreads for
FISH were prepared as in (Aliyeva et al. 2015). FISH analysis was carried out to iden-
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tify the chromosome constitution of triticale lines, using pSc200 and pTa71 as probes.
Probe pSc200 from rye repetitive sequences was used to determine the rye chromo-
somes (Vershinin et al. 1995). The rye tandem repetitive sequence pSc200 was labeled
with biotin-16-dUTP (Roche Diagnostics, Basel, Switzerland) via PCR (Vershinin et
al. 1995). The probe pTa71, containing 45S rDNA (Gerlach and Bedbrook 1979), was
labeled with digoxigenin-11-dUTP and nick translational mix (Roche Diagnostics,
Basel, Switzerland) according to manufacturer’s recommendations. FISH procedure
was performed as described by the Jenkins and Hasterok (2007). Fluorescent signals
were visualized using a Zeiss Axio Scope.Al microscope equipped with filter sets nos.
49, 10 and 20 (Carl Zeiss GmbH, Germany) for detecting DAPI, FITC and Rho-
damine signals, 5-10 metaphases per slide were used for the analysis. Images were
captured with a Zeiss AxioCam MRm CCD camera and ZEN lite processing package
(Carl Zeiss GmbH, Germany). The brightness and contrast of all images were opti-
mized using Adobe Photoshop (Adobe Systems, San Jose, CA, USA).

RNA extraction and sequence analysis

Total RNA was isolated from leaves of individual young seedlings with TRI Reagent RT
(MRC Inc., United States) and treated with RQ-RNase-Free DNase (Promega Corpora-
tion, Madison, W1, USA) according to manufacturers recommendations. RNA was re-
verse-transcribed to cDNA with a RevertAid H Minus First Strand cDNA Synthesis Kit
(Thermoscientific). Amplification primers specific to the N-terminal tail of the x CENH3
gene from rye, wheat (Genbank accession nos. MG384772.1, JF969285.1) and triticale
cDNA had been designed in (Evtushenko et al. 2017). The amplification products were
cloned by using an InsTAclone PCR Cloning Kit (Thermoscientific). Both strands of
15-20 clones from each parental variety and TDK lines were sequenced using BigDye
Terminator Cycle Sequencing chemistry (v. 3.1) on an ABI3100 Genetic Analyzer (Ap-
plied Biosystems, CA, USA). Coding sequences of CENH3 were aligned with online
Clustal Omega (Sievers et al. 2011) at http://www.ebi.ac.uk/Tools/msa/clustalo.

Results

Cytological and morphological features of octoploid triticale

Karyotype analysis of 30 hybrid plants in the F, generation showed that the number of
chromosomes in their somatic cells varies from 53 to 56 (Table 1), with only one plant
containing a set of 56 chromosomes. It is interesting that all aneuploid plants, regard-
less of the number of eliminated chromosomes, contained a complete set of the rye
subgenome chromosomes, which was verified by the FISH method using the pSc200
probe (Fig. 1). The pSc200 probe contains a highly repetitive DNA sequence and gives
a chromosome-specific FISH pattern allowing the identification of all rye chromo-
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Table I. The chromosome numbers in the karyotypes of somatic cells of triticale lines.

Triticale lines  Generation Percentages of plants with Number of chromosomes

56 chromosomes 42 chromosomes Mean Min-max Rye
TDK 94 F3 0 0 54.3 53-55 14
TDK 94 F4 16.7 0 54.5 53-56 14
TDK 96 F3 100 0 56.0 56 14
TDK 96 F4 46.2 0 54.5 49-56 14
TDK 96.1 F5 62.5 0 55.3 55-56 14
TDK 96.2 F5 80 0 55.7 55-56 14
TDK 96.3 F5 0 0 44.4 43-47 14
TDK 96.3 F6 0 37.5 42.1 41-45 14

Figure 1. Identification of rye chromosomes by FISH using the pSc200 (green) and pTa71 (red)

probes on metaphase chromosomes of the paternal parent and allopolyploid triticale hybrids a rye
Korotkostebel'naya 69 b the line TDK96F3 (56 chromosomes) ¢ the line TDK94F3 (55 chromosomes)
d TDK96.3.F4 (49 chromosomes) € TDK96.3.F6 (42 chromosomes) f TDK96.3.F6 (41 chromosome).

The arrows indicate rye chromosomes.

somes (Vershinin et al. 1995). Additionally, the pTa71 probe, which is localized on
chromosomes 1R, 1B, 6B, and 5D (Cuadrado et al. 1997), was used to identify the
1R chromosome in allopolyploids. FISH signals of pSc200 probe are localized at both
arms of all 14 chromosomes of the parental rye Korotkostebel'naya 69 (Fig. 1a). Plants
with a set of 56 and 55 chromosomes were isolated in F, and were designated TDK 96
and TDK 94, respectively.(Fig. 1b, ¢) The progeny of these plants was analyzed in gen-
erations F, (TDK 94, TDK 96), F, and F, (TDK 96). The progeny of the aneuploid
plant TDK94F3 (designated as TDK94F4 in Table 1) contained 16.7% of plants with
56 chromosomes. The karyotypes of the remaining plants TDK94F4 were aneuploids
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with chromosome number varying from 53 to 55, but, as in TDK94F3, they were also
represented by complete sets of rye chromosomes (Table 1).

The hybrid plant TDK96F3 containing a set of 56 chromosomes was also repro-
duced by self-pollination and its progeny (designated as TDK96F4 in Table 1) con-
tained almost three times as many plants with 56 chromosomes (46.2%) as TDK94F4.
In F,, in most plants of the TDK96 line, the chromosome number varied slightly be-
tween 55 and 56 chromosomes, except for two plants that contained 49 chromosomes
(Fig. 1d). For analysis of TDK 96 in F, we took two plants with the chromosome
number 2n=56 (lines TDK 96.1 and TDK 96.2) and a plant with 49 chromosomes
(TDK 96.3) (Table 1). In the lines TDK 96.1 and TDK 96.2 in F,, up to 80% of
plants maintained a complete set of 56 chromosomes. The progeny of the TDK 96.3
line lost individual chromosomes in the generations E, and F o reaching the minimum
number of chromosomes (2n = 41, Fig. 1f) in F,, while 37.5% of plants in F, had
the chromosome set 2n = 42, representing hexaploid triticale (Fig. 1e). All plants of
the TDK96 group, including aneuploid ones, contained complete sets of rye chro-
mosomes; examples of some of them are shown in the Fig. 1b, d—f. However, despite
maintaining the complete chromosome sets of the paternal subgenome, the emergence
of aneuploid plants and hexaploid triticale in F, and F, generations indicates that sta-
bilization of the hybrid genome in these generations is not complete yet.

This conclusion is confirmed by the analysis of some morphological features in
hybrid plants. Figure 2 shows photographs of spikes of parental forms, wheat Triple
Dirk D and rye Korotkostebel'naya 69 (Fig. 2a), as well as some hybrid plants with
sets of 56 chromosomes (Fig. 2b). The main features that differ between parental forms
are the awned spikes and higher spike density characteristic of rye. Some of the hy-
brid plants (TDK94F4 and TDK96.1.F5) obviously manifest features of rye, while
plant TDK96.2.F5 and other plant TDK96.1.F5 manifest features of wheat. Moreo-
ver, both TDK96.1.F5 plants are the offspring of one TDK96F4 plant. A variety of
morphological features of hybrid plants may be caused by numerous rearrangements
leading to the exchange of relatively small regions of the genome between the original
parental forms, continuing in each generation.

Analysis of the structure of centromeric histone CENH3 in octoploid triticale

Intergeneric hybridization in plants is often accompanied by elimination of some chro-
mosomes or whole genomes. One of the putative ways to the emergence of aneuploid
plants is disturbances in the functioning of centromeres of one of the parents owing to
the differences in the molecular structure of centromeric histones (Sanei et al. 2011).
In this regard, we analyzed the molecular structure of the coding sequences of the
«CENH3 N-terminal tail (NTT) in octoploid triticale hybrid plants in F,~F, and in
the parental forms. Sequencing of randomly selected clones (15-20 clones for each
plant studied) of the CENH3 NTT showed that the nucleotide sequences of wheat
and rye are 99% identical, differences were observed only in a few positions. For wheat
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Figure 2. Spike morphology of parental and representative triticale plants with 56 chromosomes a pa-
rental forms: wheat Triple Dirk D (1) rye Korotkostebel'naya 69 (2) b octoploid triticale hybrids: 1 —
TDK 94F4 2 - TDK 96.1.F5, 3 - TDK 96.1.F5, 4 — TDK 96.2.F5.

Table 2. The positions of species-specific non-synonymous SNPs across NTT domain of CENH3 of

wheat, rye and octoploid triticale.

Plants The percentages of substitutions at positions across NTT domain

28 32 73 82 84 99 122 145

T. aestivum Triple Ditk D (AABBDD), 2n=42 11.1 55.6  55.6 27.8

S. cereale Korotkostebel'naya 69 (RR), 2n=14 8.7 7.4 7.4 30.4 21.7

Octoploid triticale F,

Plant 1, (2n=56), TDK 96 5.6 167 56 5.6 11.1 5.6 5.6

Plant 2 (2n=52), TDK 92.4 16.7 - 16.7 333

Plant 3 (2n=54), TDK 94.2 30 10 - 10

Octoploid triticale F, (derived from F,, plant 1)

Plant 1 (2n=56), TDK 96.1 5 35 10 10 10 15 5

Plant 2 (2n=56), TDK 96.2 10 30 10 10 10

Plant 3 (2n=49), TDK 96.3 67 333 67 6.7 6.7 6.7

Octoploid triticale F, (derived from F,, plant 1)

Plant 1 (2n=56), TDK 96.1.1 7.1 50 7.1

Octoploid triticale F, (derived from F,, plant 3)

Plant 2 (2n=43), TDK 96.3.1 57.1 7.1 14.3 7.1

CENHS3, these are positions 82 and 84, and for rye — positions 73 and 145. Based on
the frequency of specific substitutions in hybrid plants (Table 2), one can assume that
predominantly rye CENH3 variants are synthesized in these hybrids. As mentioned
above FISH analysis was performed using the pTa71 probe, which confirm the pres-
ence of chromosome 1R (Fig. 1b—f) in all hybrid plants, regardless of the chromo-
some number. Earlier, we have shown that genes encoding the main variants of the
rye centromere histone H3 are localized on chromosome 1R (Lipikhina et al. 2017).
The rye-specific substitution at the position 73 of the « CENH3 coding sequence does
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not occur in the parent wheat variety Triple Dirk D. In triticale plants with different
chromosome numbers (56, 49, 43) in generations F -F,, the number of x CENH3 cop-
ies carrying this substitution increases from 16 to 57%. The hybrid plants TDK94.2
(54 chromosomes in the karyotype) and TDK92.4 (52 chromosomes in the karyotype)
without substitution at the position 73 in the nucleotide sequence of « CENH3 were
sterile. It can be assumed that this substitution affects the formation of the CENH3
structure and is possibly associated with the maintenance of a viable hybrid genome.

Discussion

Various chromosomal rearrangements in allopolyploid hybrids are among the most
frequently described effects of remote hybridization. Significant genomic changes at
remote hybridization cause instability of the hybrid genome and chromosome number
imbalance. An imbalance of the hybrid genome results in a high percentage of ane-
uploid plants immediately after the crossing (Kalinka and Achrem 2018). In octoploid
triticale, which is cytologically highly unstable, the proportion of aneuploids reaches
83% (Lukaszewski and Gustafson 1987). In our case, almost all F, plants, except one,
were aneuploids with different numbers of eliminated chromosomes (Table 1).

Deletions and translocations of individual chromosomal regions and chromosome
arms are also among the most common chromosomal alterations and have been found
in the cytogenetic analysis of wheat-rye substitution and addition lines (Alkhimova
etal. 1999, Fu et al. 2013), triticale, and their progeny from crosses triticale x wheat
(Appels et al. 1982, Ma and Gustafson 2006). In addition to these rearrangements,
cases of formation of minichromosomes and chromosomes with multiple centromeres
have been described (Fu et al. 2013). Because of the meiotic instability previous stud-
ies have shown that hexaploid lines could be spontaneously derived from primary oc-
toploid triticales, with the retention of most of A-, B- and R-genome chromosomes
and the elimination of most of the D-genome chromosomes and even chromosomes
of the whole wheat D-genome (Dou et al. 20006, Li et al. 2015). These results suggest
that the stability of the D-genome is more strongly affected by the R genome in the
octoploid triticale, comparing to the A and B genomes of common wheat. In our ex-
periments, spontaneous emergence of plants with 42 chromosomes was also observed.
These plants were found in the progeny of F, aneuploid plants that lost several chro-
mosomes. The high percentage of aneuploids and the preferred elimination of wheat
D-genome chromosomes in the first generations after remote hybridization should be
attributed to stable signs of triticale.

Data on the effect of “genomic shock” on the chromosomes of the rye subgenome
in hybrid plants are contradictory. Early studies indicated that both rye and wheat
chromosomes contributed to aneuploidy (Merker 1971), as opposed to the results
reported by Miintzing (1957) and Stutz (1962), who concluded that meiotic disorders
and aneuploidy of triticale mainly involved rye chromosomes. Weimarck (1974) point-
ed out that the proportion of eliminated rye and wheat chromosomes was about 1:3.
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Since the chromosome ratio in the rye and wheat genome is also 1:3, it indicates that
chromosomes are eliminated in equal proportions. In recent works an opposite trend
has been reported. For example, in F, and F, generations of octoploid triticale higher
elimination extent of wheat chromosomes than that of rye has been found, taking into
account the genomic proportions, since the ratio was on average 1:11 (Kalinka and
Achrem 2018). Up to 62% of the plants had a complete set of rye chromosomes, while
only about 4% had a complete set of wheat chromosomes. Among rye chromosomes,
4R and 5R were preferably eliminated (Kalinka and Achrem 2018). In advanced lines
of octoploid triticale, about 70% of plants had 2n=56, however, almost all plants lost
the 2R chromosome and the short arm of the 5R chromosome. The reduction of rye
chromosomes was compensated by an extra pair of 2D (or 2A) chromosomes in plants
with 2n=56 (Cheng and Murata 2002). The appearance in our experiments of hybrid
octoploid plants of triticale with different proportions of aneuploid plants retaining
complete sets of rye chromosomes indicates a complex, difficult to predict nature of in-
heritance of parental subgenome chromosome balance. There is a tendency indicating
that F, plants containing complete chromosome sets of the parent subgenomes more
readily maintain the chromosome balance, and more easily adapt the rye subgenome
chromosomes to heterogeneous wheat cytoplasm. In subsequent generations, the per-
centage of aneuploidy in the progeny of such plants gradually decreases. Thus, the total
chromosome number in combination with the complete set of paternal chromosomes
can serve as a diagnostic indicator of the prospects for further breeding of such plants.

Differences in the CENH3 structure between the parental forms allow us to judge
the regulation of the expression level of the parental protein forms in a new genomic
environment that arises in a hybrid cell in case of remote hybridization. The first study
of the possible relationship between differences in the CENH3 structure in parental
forms and the processes of parental genome chromosome segregation during the divi-
sion of hybrid cells was carried out on hybrids obtained by crossing cultured barley
H. vulgare L. and its closest wild relative H. bulbosum Linnaeus, 1756. The CENH3
molecules were not included in the centromeres of H. bulbosum chromosomes, which
were herewith inactivated and eliminated from hybrid embryos. Perhaps this was due
to significant differences in protein structure between the barley species, especially
in the structure of the N-terminal tail (Sanei et al. 2011). Unlike barley species, the
coding sequences of « CENH3s in various rye and wheat species have a very high (95—
99%) identity (Evtushenko et al., 2017), which noticeably complicates the search for
interspecific differences and, accordingly, determining the nature of inheritance of the
differences in hybrid genomes.

Our results on CENH3 sequences analysis in hybrid plants (Table 2) indicate that
both parental genomes are involved in the formation of the structure of this molecule
in octoploid triticale. In the generations F-F_, the proportion of plants with polymor-
phism at the position 73 in hybrid plants increases (from 16 to 57%), which is typical
only for CENH3 clones obtained from the rye genome. Of great importance for the
discussion of these data is an extensive analysis of the expression of rye genes in cDNA
isolated from various tissues of hybrid allohexaploid triticale plants obtained by cross-
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ing 7. turgidum x S. cereale (Khalil et al. 2015). The classes of missing (or silent) rye
genes have been identified in diploid rye and triticale. A comparison of diploid rye and
hexaploid triticale revealed 112 rye cDNA contigs (- 0.5% of the total amount), which
were not determined by expression analysis in any of the triticale tissues, although their
expression was relatively high in diploid rye tissues (Khalil et al. 2015). It is important
to note that the rye genes not expressed in triticale had significantly less homology to
the corresponding homeologs in the genomes of wheat or other 77iticum species than
200 randomly selected rye genes. Thus, rye genes with a low similarity to their home-
ologs in Triticum genomes are more likely to be repressed or absent due to deletions
in the allopolyploid genomes. This conclusion is in good agreement with our results.
High identity of rye and wheat CENH3 sequences does not inhibit the expression of
both parental forms in the hybrid genomes of octoploid triticale.
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Abstract

Chromosomal data are important for taxonomists, cytogeneticists and evolutionary biologists; however,
the value of these data decreases sharply if they are obtained for individuals with inaccurate species identi-
fication or unclear species identity. To avoid this problem, here we suggest linking each karyotyped sample
with its DNA barcode, photograph and precise geographic data, providing an opportunity for unambigu-
ous identification of described taxa and for delimitation of undescribed species. Using this approach, we
present new data on chromosome number diversity in neotropical butterflies of the subfamily Biblidinae
(genus Vila Kirby, 1871) and the tribe Ithomiini (genera Oleria Hiibner, 1816, Ithomia Hiibner, 1816,
Godyris Boisduval, 1870, Hypothyris Hiibner, 1821, Napeogenes Bates, 1862, Pseudoscada Godman et
Salvin, 1879 and Hyposcada Godman et Salvin, 1879). Combining new and previously published data
we show that the species complex Oleria onega (Hewitson, [1852]) includes three discrete chromosomal
clusters (with haploid chromosome numbers n = 15, n = 22 and n = 30) and at least four DNA barcode
clusters. Then we discuss how the incomplete connection between these chromosomal and molecular data
(karyotypes and DNA barcodes were obtained for different sets of individuals) complicates the taxonomic
interpretation of the discovered clusters.

Copyright V.A. Lukhtanov,Y. lashenkova. This is an open access article distributed under the terms of the Creative Commons Attribution License
(CC BY 4.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.
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Introduction

Chromosomal data are an important source of information for taxonomic, evolution-
ary and comparative phylogenetic studies (White 1973). However, the application of
these data is often difficult because of unclear taxonomic identity (e.g. Petrova et al.
2015) or doubtful species identification (or even due to the lack of a species identifica-
tion) of the samples that were used as vouchers for karyotype analysis [e.g. some sam-
ples and identifications in Robinson (1971) and Brown et al. (2004)]. Theoretically,
one can try to find these samples, provided that they were neatly labeled and can be
recognized, are stored in accessible museums and have not been lost, and then check
their identification using taxonomic literature or comparison with type specimens.
However, it is complicated and almost impossible in practice.

To avoid this problem, here we suggest linking each karyotyped sample with its
DNA barcode. It was empirically demonstrated that the mitochondrial DNA barcode,
a relatively short fragment of the mitochondrial CO/ gene (658 base pairs) (i.e., a neg-
ligible part of the genome in terms of size), could differentiate up to 95% of species in
many taxa (Hebert et al. 2003, 2004; Hebert and Gregory 2005; Hajibabaei et al. 2006;
Lukhtanov et al. 2009). In addition, the barcoding DNA protocol provides a stand-
ardized system for storing information on vouchers that served as the basis for DNA
barcoding, including the image, the exact label and the storage location of the samples.
This makes it possible, if necessary, to relatively easily find and re-examine a voucher.

Obtaining barcodes is currently a simple technical task, which can be carried out
in almost any laboratory or on a commercial basis. Our personal experience, based on
a molecular analysis of the fauna of Central Asia, Eastern Europe and Western Asia
(Lukhtanov et al. 2009, 2016; Lukhtanov 2017; Pazhenkova and Lukhtanov 2019),
shows that if there are barcode libraries (Ward et al. 2009; Dinci et al. 2011) for a
given region and for a given taxonomic group, barcodes ensure almost 100% success
of species identification. Even if such a library is not currently available for a group or
region under study, the presence of a barcode makes it possible to reliably identify the
sample in the future. Thus, linking karyotypes with DNA barcodes resolves the prob-
lem of reliable species identification.

Additionally, combination of DNA barcodes and karyotypes represents a
powerful tool for detection, delimitation and description of unrecognized species
(Lukhtanov et al. 2015; Vishnevskaya et al. 2016, 2018). Therefore, linking karyo-
types with DNA barcodes, potentially resolves the problem of unclear species iden-
tity in chromosomal studies.

The approach based on combination of chromosomal and DNA barcode data has
been already used in different studies on butterflies (Lukhtanov et al. 2014, 2015;
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Lukhtanov and Dantchenko 2017), fish (Marques et al. 2013), lizards (de Matos et al.
2016), mammals (Tavares et al. 2015) and mussels (Garcia-Souto et al. 2017). How-
ever, its principles have not been explicitly formulated.

In this paper, we demonstrate the algorithm, features and capabilities of the pro-
posed approach with the butterflies of the Neotropical fauna.

Material and methods

Samples

The samples were collected in Peru in 2013 by V.A.Lukhtanov. The information on
localities where the specimens were collected is presented in the Table 1. The morphol-
ogy-based species identification was carried out by comparing the specimens with but-
terfly images figured at Butterflies of America site (https://www.butterfliesofamerica.

Table I. List of the samples of the genera Oleria Hiibner, 1816, Ithomia Hiibner, 1816, Vila Kirby, 1871,
Pseudoscada Godman et Salvin, 1879, Godyris Boisduval, 1870, Hyporhyris Hiibner, 1821, Napeogenes
Bates, 1862 and Hyposcada Godman et Salvin, 1879 collected by V.A.Lukhtanov and used in the study.

Id BOLD Id Genus Species N Exact site Latitude / Longitude  Altitude Collection date
A107 NOBO001-17 Oleria didymaea ~ n=22 60 km SSW Ikitos, 04°11'47"S,73°28'39"W  114m 30 August 2013
ramona Puente Itaya

A108 NOBO002-17  Ithomia salapia n=34 60 km SSW Ikitos, 04°11'47"S,73°28'39"W  114m 30 August 2013
Puente Itaya

Alll NOB004-17 Vila emilia n=30 60km SSW Ikitos, 04°11'47"S,73°28'39"W  114m 30 August 2013
Puente Itaya
Al12 NOB005-17 Vila emilia - 60 km SSW Ikitos, 04°11'47"S,73°28'39"W  114m 30 August 2013
Puente Itaya
Al13 NOB006-17 Vila emilia n=30 60km SSW Ikitos, 04°11'47"S,73°28'39"W  114m 30 August 2013
Puente Itaya
All5 NOB007-17 Vila emilia n=30 60km SSW Ikitos, 04°11'47"S,73°28'39"W  114m 30 August 2013
Puente Itaya
Al21 NOBO008-17 Oleria gunilla n=11 Tingo Maria 09°21'02"S, 76°0321"W 835 m 4 September 2013
serdolis
Al122 NOB009-17 Oleria gunilla n=11 Tingo Maria 09°21'02"S, 76°0321"W 835 m 4 September 2013
serdolis
Al123 NOBO010-17 Oleria gunilla n=11 Tingo Maria 09°21'02"S, 76°0321"W 835 m 4 September 2013
serdolis)
Al125 NOBO11-17 Oleria onega n=15 Tingo Maria 09°21'02"S, 76°0321"W 835 m 4 September 2013
Al127 NOBO012-17 Oleria gunilla n=11 Tingo Maria 09°21'02"S, 76°03'21"W 835 m 4 September 2013
serdolis
Al124 NOBO013-17 Oleria onega n=15 Tingo Maria 09°21'02"S, 76°03'21"W 835 m 4 September 2013
Al129 n/a Pseudoscada timna n=15 Tingo Maria 09°21'02"S, 76°03'21"W  835m 4 September 2013

A130 NOBO014-17  Ithomia salapia n=34 Tingo Maria 09°21'02"S, 76°03'21"W 835 m 4 September 2013
Al131 NOBO015-17  Godyris zavaleta n=3335 Tingo Maria 09°21'02"S, 76°0321"W 835 m 4 September 2013
Al132 NOBO016-17  Ithomia salapia n=35 Tingo Maria 09°21'02"S, 76°03"21"W  835m 4 September 2013
A133 NOBO17-17  Ithomia salapia n=36 Tingo Maria 09°21'02"S, 76°03'21"W  835m 4 September 2013
Al135 NOBOI18-17  Ithomia salapia n=36 Tingo Maria 09°21'02"S, 76°0321"W 835 m 4 September 2013
A136 NOBO019-17 Hypothyris euclea n=14 Tingo Maria 09°21'02"S, 76°03'21"W  835m 4 September 2013
A137 NOB020-17 Napeogenes sylphis n=14 Tingo Maria 09°21'02"S, 76°03"21"W  835m 4 September 2013

A140 NOBO021-17 Hyposcada kena n=14 Cayumba 09°29'25"S, 75°56'46"W 1020 m 5 September 2013
Al4l NOB022-17 Oleria onega n=15 Cayumba 09°29'25"S, 75°56'46"W 1020 m 5 September 2013
Al142 NOB023-17 Oleria onega n=15 Cayumba 09°29'25"S, 75°56'46"W 1020 m 5 September 2013
Al43 NOB024-17 Oleria onega n=15 Cayumba 09°29'25"S, 75°56'46"W 1020 m 5 September 2013
Al44 NOBO025-17 Oleria onega n=15 Cayumba 09°29'25"S, 75°56'46"W 1020 m 5 September 2013

Al145 NOBO026-17  Godyris dircenna n=36 Cayumba 09°29'43"S, 75°58'01"W 786 m 6 September 2013
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com/L/Nymphalidae.htm). Photographs of all specimens used in the analysis, as well
as collecting data, are available on the Barcode of Life Data System (BOLD) at http://
www.boldsystems.org/. The specimens are deposited in the Zoological Institute of the
Russian Academy of Sciences, St. Petersburg, Russia.

Chromosomal analysis

Gonads were removed from the abdomen and placed into freshly prepared fixative
(3:15 96% ethanol and glacial acetic acid) directly after capturing the butterfly in the
field. Testes were stored in the fixative for 3-36 months at +4 °C. Then the gonads were
stained in 2% acetic orcein for 3060 days at +18-20 °C. Karyotypes (Figs 1-19) were
analyzed as previously described (Przybytowicz et al. 2014; Lukhtanov and Shapoval
2017). Briefly, the stained testes were placed in a drop of 40% lactic acid on a slide, and
spermatocysts were dissected from gonad membranes using entomological pins before
covering everything with a coverslip. Different degrees of chromosome spreading were
observed by gradually increasing the pressure on the coverslip. Haploid chromosome
numbers (n) were counted at meiotic metaphase I (MI) and metaphase II (MII).

DNA barcoding

Standard COI barcodes (658-bp 5’ segment of mitochondrial cytochrome oxidase sub-
unit I) were studied. Legs were sampled from the karyotyped specimens, and sequence
data from the DNA barcode region of COI were obtained at the Canadian Centre for
DNA Barcoding (CCDB, Biodiversity Institute of Ontario, University of Guelph) us-
ing primers and protocols described in Hajibabaei et al. (2005), Ivanova et al. (2006)
and deWhaard et al. (2008).

The DNA-barcode-based species identification was carried out by using the
BOLDSYSTEMS Identification Engine (http://www.boldsystems.org/index.php/
IDS_OpenldEngine).

The Bayesian majority rule consensus tree of the analyzed samples (Figs 20, 21) was
constructed as previously described (Sahoo et al. 2016; Lukhtanov 2017; Lukhtanov
and Dantchenko 2017) using the sequences obtained in this study as well as the pub-
lished sequences uploaded from GenBank (de-Silva et al. 2010). Briefly, sequences
were aligned using the BioEdit software (Hall 1999) and edited manually. The Bayes-
ian analysis was performed using the program MrBayes 3.2 (Ronquist et al. 2012)
with default settings as suggested by Mesquite (Maddison and Maddison 2015): burn-
in=0.25,nst= 6 (GTR + I + G). Two runs of 10,000,000 generations with four chains
(one cold and three heated) were performed. The consensus of the obtained trees was
visualised using FigTree 1.3.1 (http://tree.bio.ed.ac.uk/software/figtree/).
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Results

Karyotypes
Subfamily Biblidinae

Vila emilia (Cramer, 1779)
Fig. 1

The meiotic karyotype was found to include 30 bivalents of similar size.

Subfamily Danainae
Tribe Ithomiini

Oleria didymaea ramona (Haensch, 1909)
Fig. 2

The meiotic karyotype was found to include 22 bivalents of similar size.

Ithomia salapia Hewitson, [1853]
Figs 3—6

The meiotic karyotype was found to include 34 bivalents in a single studied specimen
from Puente Itaya (Peru, 60 km SSW Ikitos). One bivalent was slightly larger than the
rest ones. The meiotic karyotype was found to include 35-36 bivalents of similar size
in the specimens from Tingo Maria.

Oleria gunilla serdolis (Haensch, 1909)

Figs 7, 8

The meiotic karyotype was found to include 11 bivalents. Two bivalents were larger
than the other nine ones.

Oleria onega (Hewitson, [1852])

Figs 9-14

The meiotic karyotype was found to include 15 bivalents. The bivalents had different
sizes and shapes.
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Figures 1-19. Male metaphase I (MI) and II (MII) plates of Ithomiini and Biblidinae | Al11, Vila
emilia, M1, n = 30 2 A107, Oleria didymaea ramona, M1, n = 22 3 A108, Ithomia salapia, M1, n = 34
4 A132, Ithomia salapia, MI1, n = 35 5 A133, Ithomia salapia, M1, n = 36 6 A135, Ithomia salapia, M1,
n =367 8 A122 Oleria gunilla serdolis, M1, n = 11 9 A124, Oleria onega, M1, n = 15 10 A125, Oleria
onega, MIL, n = 15 || A141, Oleria onega, M1, n = 15 12 A142, Oleria onega, M1, n = 15 |13 A143, Oleria
onega, MII, n = 15 14 A144, Oleria onega, M1, n = 15 15 A131, Godyris zavaleta, M1, n = 33 16 A136,
Hypothyris euclea, M1, n = 14 17 A137, Napeogenes sylphis, M1, n = 14 18 A140, Hyposcada kena, MII,
n =14 19 A129, Pseudoscada timna, M1, n = 30. Scale bar: 10 p in all figures.
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Godyris zavaleta (Hewitson, [1855])
Fig. 15

The meiotic karyotype was found to include cells with 33 and 35 chromosomal ele-
ments, presumably bivalents. 34 bivalents were counted in a single studied specimen
from Tingo Maria.

Hypothyris euclea (Godart, 1819)
Fig. 16

The meiotic karyotype was found to include 14 bivalents of similar size.

Napeogenes sylphis (Guérin-Méneville, [1844])
Fig. 17

The meiotic karyotype was found to include 14 bivalents of similar size.

Hyposcada kena (Hewitson, 1872)
Fig. 18

The meiotic karyotype was found to include 14 bivalents. The bivalents had different
sizes and shapes.

Pseudoscada timna (Hewitson, [1855])
Fig. 19

The meiotic karyotype was found to include 30 bivalents of similar size. The bivalents
formed a gradient size row.

DNA barcodes

All studied species were found to be significantly differentiated with respect to the
DNA barcode region and formed distinct clusters on the BI tree (Fig. 20). However,
if additional sequences from GenBank were added, the picture became more intricate.
Particularly, Oleria onega was found to have very complicated structure with numerous
differentiated haplotypes forming three monophyletic and one paraphyletic clusters
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Figure 20. Fragment of the Bayesian majority rule consensus tree of the analyzed samples of Ithomiini

inferred from COI sequences. I, II and III are the recovered clusters of the Oleria onega species complex
(see Fig. 21 for the complete structure of the cluster III and the cluster IV). Haploid chromosome num-
bers (n) are shown after the tip labels. Vila emilia (subfamily Biblidinae) was used to root the tree. Bayesian
posterior probabilities higher than 0.5 are shown next to the recovered branches.

(Figs 20, 21). The karyotyped samples of this species with the chromosome number
n = 15 were found to belong to the cluster II.

Discussion

The Neotropics is one of the most species-rich regions of the world, and the nympha-
lids are the most speciose butterfly family (Van Nieukerken et al. 2011). Therefore, it
is not surprising that the neotropical fauna of Nymphalidae is very rich in species (site
(hetps://www.butterfliesofamerica.com/L/Nymphalidae.htm).

Chromosomal studies represent only a small part of the Neotropical nymphalid
diversity (de Lesse 1967, 1970a, b; de Lesse and Brown 1971; Wesley and Emmel
1975; Suomalainen and Brown 1984; Brown et al. 1992, 2004, 2007a, b; McClure
etal. 2017; Lukhtanov 2019a). However, they demonstrate an extremely high level of
the interspecific karyotype variation and a potential for solving taxonomic problems
within the South American nymphalid species. This potential is practically not used
(but see: Suomalainen and Brown 1984; Constantino and Salazar 2010; McClure et
al. 2017) in opposite to the numerous chromosomally based taxonomic studies in
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Figure 21. Fragment of the Bayesian majority rule consensus tree of the analyzed samples of Ithomi-

0.99

ini inferred from CO! sequences. The clusters III and IV of the Oleria onega species complex are shown.

Bayesian posterior probabilities higher than 0.5 are shown next to the recovered branches.
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palearctic butterflies (Lorkovi¢ 1958; de Lesse 1960; Lukhtanov et al. 2011, 2015;
Talavera et al. 2013).

In this study we suggest a plan for further analysis of the Neotropical Nymphalidae
based on a parallel analysis of chromosomal and molecular markers.

Using this approach, we confirm the previously published data on the karyotypes
of Godyris dircenna (n = 36), Hypothyris euclea (n = 14), Napeogenes sylphis (n = 14) and
Oleria gunilla (n = 11) (Brown et al. 2004).

Haploid chromosome number n=30 is found by us in Pseudoscada timna, whereas
n = 31 was reported for this taxon by Brown et al. (2004).

We provide the first data on karyotypes of Vila emilia and demonstrate a high in-
terspecific chromosome number variation in this genus (previously n = 15 was reported
for an unidentified Vila species from western Brazil; Brown et al. 2007a).

We show chromosome number n = 14 for Hyposcada kena confirming high level of
interspecific variation in the genus Hyposcada (from n = 12 to n = 19) (Brown et al. 2004).

Different chromosome numbers were previously reported for Godyris zavaleta by
Brown et al. (2004): n = 46 (on the page 220-221), n = 35-45 (p. 222), n = 36-46
(p. 224), n = 40 (p. 229). However, the credibility and the reason for this variation
were not discussed. We provide n = 33 for this species and point out the need for fur-
ther study of this taxon.

Even more interesting data were obtained regarding the species Oleria didymaea
(Hewitson, 1876) and O. onega. We found n = 22 in the taxon identified by us as Ole-
ria didymaea ramona (Haensch, 1909), whereas n= 15 was reported for taxon identified
as Oleria alexina didymaea (Brown et al. 2004) raising the question of further study of
the complex Oleria didymaea — alexina.

Based on chromosome numbers, we hypothesize that Oleria onega is a complex of
at least three species with different chromosome numbers: n = 15 (our data), n = 22
and n = 30 (Brown et al. 2004). A similar conclusion can be made on the basis of
molecular data that show the presence of at least four clusters of DNA barcodes in this
complex (Figs 20, 21). The status of the detected chromosomal races and mitochon-
drial clusters could be theoretically resolved based on analysis of: (1) congruence of
chromosomal and molecular characters in different sets of individuals, or (2) pattern
imitating (vs not imitating) linkage of chromosomal and mitochondrial markers that
are known to be unlinked (Lukhtanov at al 2015; Vishnevskaya et al. 2016, 2018;
Lukhtanov 2019b). Unfortunately, the previously karyotyped samples (Brown et al.
2004) were not studied with respect to molecular markers, and vice versa, the vouchers
for molecular studies were not karyotyped (de-Silva et al. 2010).

The incomplete connection between the chromosomal and molecular data (karyo-
types and DNA barcodes were obtained for different sets of individuals) complicates
the taxonomic interpretation of the discovered clusters. Nevertheless, we predict that
in future linking karyotypes with DNA barcodes will result in a significant rearrange-
ment of taxonomy of the genus Oleria.
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