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Abstract

We studied the level of spontaneous telomere dysfunction in Rattus norvegicus (Berkenhout, 1769) (Ro-
dentia, Muridae) embryonic fibroblasts (rEFs) and in cultured in vitro rat pluripotent stem cells (rPSCs),
embryonic stem cells (tESCs) and induced pluripotent stem cells (riPSCs), on early passages and after
prolonged cultivation. Among studied cell lines, tESCs showed the lowest level of telomere dysfunc-
tion, while the riPSCs demonstrated an elevated level on early passages of cultivation. In cultivation, the
frequency of dysfunctional telomeres has increased in all studied cell lines; this is particularly true for
dysfunctional telomeres occurring in G1 stage in riPSCs. The obtained data are mainly discussed in the
connection with the specific structure of the telomere regions and their influence on the differential DNA

damage response in them.
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Introduction

Telomeres are specialized structures on animal chromosome ends; they preserve chro-
mosomes from degradation and end-to-end fusions contributing to genome stability
and play an important role in the maintenance of chromosome integrity. The lagging
strand of telomeric DNA consists of repeat arrays of TTAGGG and are ended by
G-rich overhang, which inserts into double strand telomere region forming t-loop.
As a result, the chromosome ends are no longer recognized as DSBs (Double Strand
Breaks). In addition, telomeres are protected from inappropriate recombination by a
specialized protein complex shelterin consisting of six proteins (de Lange 2005, 2018).
Telomere shortening or any DNA lesions, disruption of telomere capping or any tel-
omere deprotection contribute to telomere dysfunction and further replicative senes-
cence, apoptosis, frequent chromosomal rearrangements, degenerative diseases and
cancer (Karlseder et al. 2002, Kaul et al. 2011, Cesare et al. 2013).

It has been shown earlier that one unrepaired DSB in a whole genome is able to
direct cells towards the replicative senescence (di Leonardo et al. 1994). However,
the normal human cells proved to be resistant to four spontanecous DDR+ telom-
eres (dysfunctional telomeres, DNA Damage Response) arose in G1 cell phase (Kaul
etal. 2011). Nevertheless, we revealed 24 of such telomeres per metaphase in the well
dividing primary Sorex granarius (Miller, 1910) (Eulipotyphla, Soricidae) fibroblasts
without of hallmarks of growth crisis (Zhdanova et al. 2014). The data about the level
of telomere dysfunction in other mammalian species and in different tissue including
pluripotent stem cells are restricted.

Recently, it was shown that if the chromosomes are tolerant to end-to-end fusions,
then DDR of these telomeres differs from DDR in the entire genome. Such dysfunc-
tional telomeres display differential ATM (Ataxia Telangiectasia Mutated, serine/threo-
nine protein kinase) signaling containing not phosphorylated CHK2 (Check point
2 protein) and partial telomere deprotection with sufficient TRF2 (Telomere Repair
Factor 2, component of sheltrin complex) (Cesare et al. 2013, Cesare 2014). Moreover,
to overcome the replication fork stagnation near the looping structures of telomeric
DNA, the cells can use a special mode of DNA replication combined with reparation
pathways (Sakofsky and Malkova 2017, Sobinoff and Pickett 2017). In this way, the
mechanisms involved in the occurrence of spontaneous telomere dysfunction appear to
depend on the unusual structure of telomeric DNA and the disturbances in telomere
specific safeguard protein complex.

v-H2AX is usually used for detection of both manifest and invisible non repaired
DNA breaks and also for visualization of deprotected telomeres (Martin et al. 2014,
Cesare et al. 2013). y-H2AX is a phosphorylated histone H2AX, a variant of canoni-
cal H2A histone, found in all studied eukaryotes. Being the early marker of DDR
y-H2AX is rapidly accumulated around the above disturbance. It plays an important
role in the recruitment of other DNA repair-related proteins and especially in the
retention of repair factors after their initial involvement (Celeste et al. 2003). Colocal-
ized with telomeric DNA in interphase and on metaphase chromosomes, y-H2AX
forms foci, TIFs (Telomere dysfunction-Induced Foci) and Meta-TIFs, correspond-
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ingly (Rogakou et al. 1998, Pilch et al. 2003, Pinto and Flaus 2010). To assess the level
of telomere dysfunction, Meta-T1Fs are suitable rather than TTFs (Kaul et al. 2011).

Here we study the level of spontaneous telomere dysfunction in Rattus norvegicus
(Berkenhout, 1769) embryonic fibroblasts (rEFs) and in cultured in vitro rat pluripo-
tent stem cells (rPSCs), embryonic stem cells (rESCs) and induced pluripotent stem
cells (riPSCs), on early passages and after prolonged cultivation. Most of the meta-
phases of these cell lines showed dysfunctional telomeres occurring before and after
DNA replication, the last prevailed. The rESCs on the early passages of cultivation
showed the lowest level of telomere dysfunction, while the riPSC lines demonstrated
an elevated level. The level of telomere dysfunction increased in all studied cell lines
after prolonged cultivation, especially noticeable increase in the level of telomere dys-
function arisen after G1. In addition, we have revealed a preferred accumulation of
such dysfunction telomeres in riPSC lines than in rESCs. Note also the significant
heterogeneity of the level of spontaneous telomere dysfunction between lines in the
studied groups.

Material and Methods

Generation of riPSC and cell cultures

Four rEF lines were obtained from R. norvegicus 12-day embryos of laboratory strains
Wag (RNFM1 and RNFF1 lines) and Brattleboro Wag (RWF1 and RWMI1 lines).
Three rESC lines (RES6, RES27, and RES28) were isolated from blastocysts of differ-
ent Wag rats. Three riPSC lines (NF13, QV28, and MR39) were established as clonal
lines from RNFF1 on 6 passage of cultivation by transduction. Briefly, rEFs were seeded
at 10* cells/cm? in a six-well plate. One hour before transduction, the growth medium
was supplemented with 4 mg/ml hexadimethrine bromide (Polybrene, H9269; Sigma)
and the virus particles diluted in culture medium were added to wells for 18 hours
(Vaskova et al. 2015). Then the culture medium was replaced with a fresh medium
with doxycycline (44577; Sigma) at a final concentration of 2 mg/ml. Four days later,
cells were plated on a 10-cm culture dish containing inactivated by mitomycin mouse
EFs and cultured in the riPSC medium (Vaskova et al. 2015). The rESC and riPSC
lines were able to differentiate into derivatives of the three germ layers (Vaskova et al.
2015). The rEF lines contained 6367 percent of diploid metaphases, rESCs — 47-72,
and riPSCs — 49-55, correspondingly. Single different Rb fusions were observed only
in RES26 line (data are not presented).

Immunochemistry and Fluorescencent iz situ hybridization (FISH)

Meta-TTFs were visualized after immunochemistry with y-H2AX antibodies and sub-
sequent FISH (Fluorescent /n Situ Hybridization) procedure with probe to telomeric
DNA. Preparation of metaphase spreads for experiment was performed as described in
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Zhdanova et al. (2014). Briefly, adherent cultures were treated with colcemid (20 ng/
ml, Sigma-Aldrich) for one hour. Cell suspensions were applied to polylisine coated
slides (Thermo scientific) by cytospine centrifugation (Cytocentrifuge 7620, Wescor)
at 1500 rpm for 7 min after hypotonic cell treatment with 75mM KCI. Then the slides
were fixed by incubation in 4% paraformaldehyde in PBS for 10 min and permeabilized
in buffer containing 120mM KCl, 20mM NaCl; 10mM Tris HCI (pH 7.5) with 0.1%
Triton X-100 (Sigma-Aldrich) for 15 min at RT. The Meta-TIFs were detected with
primary mouse anti- ;-H2AX antibodies (dilution 1:50, Millipore) and secondary don-
key anti-mouse antibodies conjugated with Cy3 (dilution 1:100; Millipore) during 1 h
at 37 °C every. The slides were re-fixed with 4% paraformaldehyde in PBS for 10 min
at RT to save the fluorescent signals during conventional FISH procedure. FISH with
a high sensitive telomere PNA (peptide nucleic acid) probe (CCCATT), conjugated
with FITC (Applied Biosystems) was performed as previously described (Zhdanova et
al. 2014). Slides were counterstained with DAPI and mounted in Vectashield medium
(Vector Laboratories). 45-90 metaphases were analyzed for each cell line.

Data analysis

Microscopic analysis and image registration were carried out using an AxioPlan 2 Im-
aging microscope (Zeiss), equipped with filter sets No. 49 (Zeiss),SP101 FITC and
103v1 (Chroma Technology), CCD-camera (CV M300, JAI Corporation, Japan) and
running ISIS5 software (METASystems GmbH). Microscopy was performed in the
Microscopic Centre of The Federal Research Center Institute of Cytology and Genet-
ics of SB RAS, Novosibirsk, Russia. Statistics were performed using the t-test in STA-
TISTICA 10. The results are presented as mean +SD.

Results

The determination of R. norvegicus telomere status was based on the accumulation of
y-H2AX histone in telomeres of metaphase chromosomes (Meta-TIF). A fluorescent
signal located on one of the two sister chromatids demonstrates the chromatid type of
dysfunction (Meta-TIF of chromatid type) that has arisen after DNA replication while
signals located on both sister chromatids on the one chromosomal arm confirm the chro-
mosome type dysfunction (Meta-TIF of chromosome type) arose in prereplication pe-
riod (Cesare et al. 2009, Kaul et al. 2011) (Fig. 1). For characterization of telomere dys-
function in rat lines, the following parameters were applied: number of the metaphases
containing Meta-TIFs in percent; number of the metaphases containing Meta-T1Fs of
chromatid type in percent; number of the metaphases containing Meta-T1Fs with dys-
function of chromosome type in percent; average number of Meta-TIFs per metaphase;
average number of Meta-TIFs of chromosome type per metaphase and number of the
metaphases carrying five and more Meta-T1Fs of chromosome type in percent.
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Figure |. Immunochemistry with antibodies to ¥-H2AX (red) and further FISH with telomeric PNA
probe (CCCTAA), conjugated with FITC (green). Chromosomes stained DAPI (blue) A The metaphase
spread of RNFF1 cell line on 9" passage B The metaphase spread of MR39 cell line on 6™ passage. The
arrows and asterisks indicate dysfunctional telomeres € = D. Curves of signal intensities along

the length of telomeres containing dysfunctional telomeres on individual chromosomes from
A-B respectively. Scale bars: 5 pm

The obtained data are presented in Table 1 and Fig. 1-2, including histograms of
distribution of metaphases according to a number of Meta-TIFs with chromosome
type dysfunction in the most interesting lines. Here, in the text we discussed the most
informative data.

The level of spontaneous telomere dysfunction in rat embryonic fibroblasts (rEFs)

Most of metaphases of rEFs (97 percent) on 5-9™ passage of cultivation contained Me-
ta-TIFs (Table 1) with a predominance of chromatid type. 72+5.6 % of metaphases
demonstrated Meta-TIFs of chromatid type, while just 31+6.2 %, of chromosome
type. A mean number of Meta-TIFs per metaphase was 2.7610.77 (1.46-4.53) on
average; of them, 0.40%0.13 were Meta-TIFs of chromosome type. Only 1.75£1.03
metaphases on average had five or more Meta-TIFs of chromosome type.

The rEFs grown to 23-29 passages showed an increase of almost all values used for
characterization of telomere dysfunction (Table 1, Fig. 2). These lines are characterized
by 6-fold an average increase in the number of metaphases with 5 and more Meta-TIFs
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Table I. The level of spontaneous dysfunctional (DDR+) telomeres in rat embryonic fibroblasts (rEFs) and cultured in
vitro pluripotent stem cells of rat: embryonic stem cells (rESCs) and induced pluripotent stem cells (riPSCs).

Cell lines; No. of metaphases in % with Meta-TIFs  Avr. No. of Meta-TIFs per  No. of metaphases

passage metaphase in % with 5 and
Total Chromatid Chromosome Total Chromosome more Meta-TIFs of
type type type chromosome type
rEFs
RWEFI, 6 100 57 48 3.60 (2-10) 0.68 0
RWFI1, 29 100 59 71 2.66 (1-10) 1.31 12
RWML, 5 100 72 18 4.53 (2-17) 0.07 3
RWMI, 25 72 72 65 3.83 (0-18) 1.86 9
RNFMI; 9 95 81 28 1.46 (0-8) 0.54 4
RNFMI, 23 92 72 32 3.79 (0-15) 1.05 11
RNFF1, 9 93 80 31 1.46 (0-5) 0.31 0
RNFF1, 26 86 52 65 4.81 (0-19) 1.88 12
RNFF1, 41 98 71 89 10.20 (0.30) 4.32 30
rEFs; 5-9 #97£1.80 72%5.60 *#3116.20 2.76:£0.77  *0.40%0.13 *1.75%1.03
rEFs; 23-29 87£5.90 6412.0 *58%8.90 3.77£0.44  *1.52+0.20 *11.0£0.70
rESCs
RES6; 10 92 92 29 0.90 (0-5) 0.04
RES27; 10 82 67 4 1.12 (0-5) 0.18 2
RES27; 42 100 41 97 14.41 (1-27) 5.47 52
RES28; 9 77 62 37 0.72 (0-3) 0.20 5
RES28; 28 96 77 84 3.55 (0-9) 0.51 9
rESCs; 9-10 #84+3.80 74%8.0 36+3.30 ##0.91+0.10  0.14+0.04 2.7+1.04
riPSCs
NF13; 6 90 75 43 3.05 (0-13) 0.89 2
NF13; 15 100 56 88 12.36 (1-22) 3.59 33
QV28; 4 96 73 66 3.77 (0-15) 1.94 12
QV28; 15 96 57 69 4,96 (0-25) 2.12 13
MR39; 6 78 73 57 1.77 (0-5) 0.39 9
MR39, 22 91 67 89 7.97 (0-43) 3.17 31
riPSCs, 4-6 8815.30 **74+0.70  *F#5516.70  ##2.86£0.58 **1.071£0.46 7.7%£2.97
riPSCs, 15-22  95%2.60 **60+3.50  **82£6.50  8.43%2.15 **2.96%0.43 25.746.37

*and ** — mark indicators differing significantly (P20.95) on early stages and prolonged cultivation of rEFs and riPSCs,
correspondingly.

# — marks indicators differing significantly (P=0.95) on early stages of cultivation of rEFs and rESCs, rEFs and riPSCs
also, correspondingly.

## — marks indicators differing significantly (P=0.95) on early stages of cultivation of rESCs and riPSCs. The results
are presented as mean + SD.

of chromosome type (11.0£0.70 % an average). Such as RNFF1 on 9" passage did
not contain metaphases with five and more Meta-TIFs of chromosome type while on
26™ and 41+ passage, this line had 12 and 30 percent of such metaphases, respectively.
Their maximum number was 35. In this way, during the cultivation, the rEFs tend to
accumulation of dysfunctional telomeres, and especially telomeres with Meta-TIFs of
chromosome type. The values relating to Meta-TIFs of chromosome type differed sig-
nificantly (P<0.05) between lines on 5-9* and 23-29™ passages, correspondingly. At
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Figure 2. The histograms of distribution of metaphases according to a number of telomeres with
chromosome type dysfunction in more interested analyzed cell lines :RNFF1 — rat embryonic fibroblasts
(tEF); RES27 — rat embryonic stem cells (tESC); NF13, Q28 — induced pluripotent stem cells of rat
(tiPSC). P — passage. Axis x — the number of individual metaphases. Axis y — the quantity of telomeres
with chromosome type dysfunction in individual metaphases.

the same, there observe wide disparities between studied lined in both groups on early
passages and after prolonged cultivation. For instance, an average number of Met-TIFs
on metaphase were 1.46 in RNFF1 on 9" passage of cultivation and 4.53 in RWMI,
on 5" passage, and 2.66, in RWF1 on 29" passage.

The standard method of embryonic fibroblasts generation suggests a presence of
fibroblasts at different stages of differentiation, as well as the other types of cells in
primary cultures; as a rule, further cultivation leads to changes in cell content. These
factors appear can affect the level of telomere dysfunction in the lines.

The level of spontaneous telomere dysfunction in rat pluripotent stem cells (rPSCs)

Similar to the rEFs, most of rESC metaphases at an early stage of cultivation
contain Meta-TIFs, and Meta-TIFs of chromatid type are predominated (Table 1,
Fig. 2). These lines on 9—10" passages of cultivation are uniform group; and the level
of telomere dysfunction in them is significantly lower than in rEFs on early passages
(P<0.05). In rESCs, the average number of Meta-T1Fs of chromosome type per meta-
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phase was 0.14+0.04 an average, and 1-5 percent of metaphases contained five and
more of such Meta-TTFs. During cultivation, the number of Meta-TIFs on metaphase
has increased. RES28 showed 9 percent metaphases containing five and more Meta-
TIFs of chromosome type on 29 passage and 5 percent on 9* passage. RES27 on
42" passage contained 52 percent of such metaphases, whereas on 10* passage only
2 percent. The maximum number of such Met-TIFs on metaphase was 18.

riPSCs were established from RNFF1 on 6 passage of cultivation. This line had
the least number of dysfunctional telomeres among the rEFs (Table 1, Fig. 2). However,
contrary to both parental lines and studied here rESCs, riPSCs even at early stages of
cultivation demonstrated the elevated level of Meta-TIFs and was not uniform group.
In riPSCs, the average number of Meta-TIFs on the metaphases was 2.8610.58, and
2-12 percent of metaphases had five and more Meta-TIFs of chromosome type. In
parental line on 9" passage, these indicators were 1.46 (0-5) and 0, correspondingly;
and in rECSs, 0.91%0.10 on average and 1-5, correspondingly.

Similar to the other studied cell lines, the level of telomere dysfunction in the riP-
SCs has increased during cultivation. Some indicators characterized Meta-T1Fs of both
types differed significantly (P<0.05) in riPSCs on 4-6" and 15-22" passages of culti-
vation (Table 1). MR39 on 22" passage contained 31 percent of metaphases with five
and more Meta-TIFs of chromosome type whereas 9 percent of such metaphases were
observed on 6 passage of this line cultivation. NF1 looked like a MR39 while this
indicator has shown little variation during cultivation of QV28. Only one indicator,
the mean number of Meta-TIFs of chromosome type on metaphase, differ significantly
(P<0.05) in the rESCs and the riPSCs; and one indicator, the number of metaphases
with Meta-TIFs of chromosome type, was significantly higher (P<0.05) in the riPSCs,
than in the rEFs. In general, the pattern of telomere dysfunction in the riPSCs is look-
ing closer to those in the rEFs than in the rESCs.

Discussion

The rat cells, embryonic fibroblasts and cultured i7 vitro pluripotent stem cells showed
low levels of spontaneous telomere dysfunction at the early stages of cultivation. The
least level of telomere dysfunction characterized the rESCs whereas the riPSCs demon-
strated elevated level. This applies to both types of dysfunction, chromatid and chro-
mosomal, but increasingly to the chromosome type. For instance, the mean number
of metaphases containing five and more Meta-TIFs of chromosome type in riPSCs ex-
ceeded that in normal human cells while the mean number of such Meta-T1Fs on met-
aphase did not (Kaul et al. 2011). The dynamics of telomere dysfunction accumulation
is likely to testify about the appearance of cell population prone to accumulation of
higher number of Meta-TIFs of chromosome type at early stages of riPSC cultivation,
and their number is increases with further cultivation. On 15-22" passage, already
quarter of riPSC metaphases contained five and more Meta-TIFs with dysfunction of
chromosome type; some cells demonstrated 10 and more such telomeres.
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It was reported that after reprogramming mouse/human iPSCs retain some epigenetic
characteristics of donor tissue and accumulate errors of DNA methylation during the re-
programming process. Transcriptome profiles vary in iPSCs obtained not only from cells of
different fibroblast lines but also in genetically matched cells. In practice, iPSCs generated
from different cells of heterogeneous primary embryonic fibroblasts may have significant
differences, both functional and molecular (Kim et al. 2010, Wang et al. 2012, Schuster et
al. 2015, Ivanov et al. 2016, Kim and Costello 2017, Noguchi et al. 2017). We observed
similar trends in the level of spontaneous telomere dysfunction in distinct riPSC lines.

The comparison of iPSCs with ESCs, which is considered the ideal for in vitro
pluripotency, shows small but distinctive dissimilarities between them in transcribed
genes, epigenetic landscapes, differentiation potential, and mutation load and so on. As
a whole, ESCs give the highest chance for successful subsequent differentiation when
compared with iPSCs. This supports the fact that iPSCs are generally less efficient in
generating a high percentage of chimeras and live mice in tetraploid complementa-
tion. And even in the reprogramming process, only a fraction of colonies considered
good quality iPSC (Stadtfeld et al. 2010, Bilic and Belmonte 2012). The key features
of reprogramming process during generation of rPSCs and riPSCs may underlie the
telomere status in them. Since the differentiating of pluripotent cells from fibroblast
progenitors is a potentially transformative tool in personalized medicine, the deeper
monitoring of their attributes, including the spontaneous level of telomere dysfunction,
is required, prior to the clinical implementation of pluripotent stem cell-based therapy.

The nature of spontaneous telomere dysfunction is not yet fully understood, how-
ever clear that it differs from those in the whole genome. The distinctive features of
telomeres, composition of and amount of telomeric DNA and also the presence of
special safeguard protein complex, result in the special mode of telomere replication
and reparation of telomere DSB and other lesions. G-quadruplexes and other looping
structures are in telomeric DNA in abundance (Gilson and Geli 2007). To overcome
the replication stress arising after the replication fork stagnation near them, telomeres
use the reparation pathways including homologous recombination and break-induced
replication (BIR) in addition to the conventional mechanism of DNA replication with
the help of Okazaki fragments (Sakofsky and Malkova 2017). The use of reparation
pathways in the replication invariably has led to increased level of spontaneous telomere
dysfunction. Sobinoff and Pickett (2017) named this mode of replication “a homolo-
gy-directed recombination-dependent replication pathway that utilizes telomeric tem-
plates for synthesis”. The utilization of this mode in the case of ALT (Alternative Tel-
omere Lengthening) activity (Cesare and Reddel 2010) considered in details (Sobinoff
and Pickett 2017). The main feature of ALT cells is a recombinogenic large heterogenic
telomeres (Henson and Reddel 2010). Normal mammalian cells are capable also to
both intra- and extrachromosomal recombination using a mechanism similar to the use
of ALT activity (Newmann et al. 2013, Dilley et al. 2016, Sakofsky and Malkova 2017)
especially if they contain elongated telomeres as in ALT cells We observed unusual pat-
tern of replication of large S. granarius (Miller, 1910) telomeres, containing 213 kb of
telomeric repeats on average (Zhdanova et al. 2005, Minina et al. 2018).
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Most mammal species are known to have telomeres less than 20 kb in length
(Gomes et al. 2011). We previously described one of shrew species S. granarius with
large recombinogenic telomeres, showing a high level of spontaneous telomere dys-
function (Zhdanova et al. 2005, 2014); wherein in the whole genome, the single
DDRs are observed only in the regions of Robertsonian fusions. The rat is also a species
with large telomeres, about 40 kb in fibroblasts of adult animals and about 100 kb in
embryonic fibroblasts (Cherif et al. 2003, Gomes et al. 2011). It has been shown that
small mammalian species with large telomeres do not use replicative senescence, and
their fibroblasts can divide continuously 7 vitro (Gomes et al. 2011). We observed the
nonstop division of rat embryonic fibroblast in vitro for half year and did not see the
features of growth crisis after division of primary S. granarius fibroblasts for two years
(Zhdanova et al. 2014). Probably, accumulation of dysfunctional telomeres in cultured
primary rat and S. granarius fibroblasts does not lead to growth crisis and correlate with
elongated telomeres.

A special protein complex shelterin protects telomeres from inappropriate re-
combination (de Lange 2009). In this regard, the telomere state model was devel-
oped, assuming the telomeres in protected and in a few distinct deprotected states
implemented to telomere control of cellular proliferation (Karlseder et al. 2002,
Cesare et al. 2009, 2013, Kaul et al. 2011). It is assumed that the induction of any
alterations in shelterin components or deprotection affects the telomere dysfunc-
tion. It has been shown that a partial deprotected states activate differential ATM
signaling with dephosphorylated Chk2, which do not activates G2-M checkpoint
and also NHE] pathway and end-to-end chromosome fusion, if such deprotected
telomeres retain sufficient TRF2 (Telomere Repeat binding Factor 2, one of six com-
ponents of shelterin). However, such telomeres activate DDR signaling and recruit
¥-H2X (Kaul et al. 2011, Cesare 2014). If TRF2 deficit takes place, the activation
of NHE], chromosome ends fusion with the following genome instability, a cell
growth crisis, and cell death occur. Unlike whole genome, only five arisen in G1
partially deprotected telomeres with DDR signaling are able to induce replicative
senescence in human cells and a more such telomeres can be accumulated without
impact on growth cells in the absence of p53 signaling (Kaul et al. 2011, Cesare
2014). The telomere lengthening may contribute to decreasing of shelterin compo-
nent density, including TRF2. Since ALT cells have larger telomeres and, as a rule,
inactive p53 the partially deprotected telomeres may be involved in the occurrence
of telomere dysfunction in them (Karlseder et al. 2002, Gocha et al. 2013, Cesare
2014) Possibly, the large telomeres at normal mammalian cells may also demon-
strate the decreasing level of shelterin component density with the following resist-
ance to elevated level of telomere dysfunction. In addition, the ability of telomere
DDR signaling to persist through mitosis irrespective of telomerase activity in cells
has been observed. (Hewitt et al. 2012, Fumagalli et al. 2013). These features of
telometic DNA may play a role in the accumulation of dysfunctional telomeres in
dividing cells as we see in the rat cells.
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Spontaneous telomere dysfunction or telomere signaling are associated with the
special mode of telomeric DNA replication and with a functioning of telomere safe-
guard complex shelterin, contributing to repression of NHE] activation to avoid a nu-
merous chromosomal rearrangements. They are involved in regulation of chromosome
length and maintaining of genome stability.

Conclusion

Compared with rEFs and riPSCs, the rESCs showed a reduced frequency of spon-
taneous telomere dysfunction on early passages of cultivation while the riPSC lines
demonstrated an elevated level; moreover, the level of dysfunction was very different
in studied riPSC lines. As far as cultivation, the number of dysfunctional telomeres
has increased in cells of all lines; this is especially true for riPSCs. riPSCs are a model
system, the study of which shows how important in personalized medicine the deeper
monitoring of human iPSC attributes including the level of spontaneous telomere
dysfunction before clinical implementation.
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Abstract

Chromosomes of four Miscanthus (Andersson, 1855) species including M. sinensis (Andersson, 1855),
M. floridulus (Schumann & Lauterb, 1901), M. sacchariflorus (Hackel, 1882) and M. lutarioriparius (Chen
& Renvoize, 2005) were analyzed using sequentially combined PI and DAPI (CPD) staining and fluo-
rescence 7z situ hybridization (FISH) with 45S rDNA probe. To elucidate the phylogenetic relationship
among the four Miscanthus species, the homology of repetitive sequences among the four species was ana-
lyzed by comparative genomic iz situ hybridization (cGISH). Subsequently four Miscanthus species were
clustered based on the internal transcribed spacer (ITS) of 45S rDNA. Molecular cytogenetic karyotypes
of the four Miscanthus species were established for the first time using chromosome measurements, fluo-
rochrome bands and 45S rDNA FISH signals, which will provide a cytogenetic tool for the identification
of these four species. All the four have the karyotype formula of Miscanthus species, which is 2n = 2x = 38
= 34m(2SAT) + 4sm, and one pair of 45S rDNA sites. The latter were shown as strong red bands by CPD
staining. A non-rDNA CPD band emerged in M. floridulus and some blue DAPI bands appeared in M.
sinensis and M. floridulus. The hybridization signals of M. floridulus genomic DNA to the chromosomes
of M. sinensis and M. lutarioriparius genomic DNA to the chromosomes of M. sacchariflorus were stronger
and more evenly distributed than other combinations. Molecular phylogenetic trees showed that M. sinen-
sis and M. floridulus were closest relatives, and M. sacchariflorus and M. lutarioriparius were also closely re-
lated. These findings were consistent with the phylogenetic relationships inferred from the cGISH patterns.

Copyright YanmeiTang 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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Introduction

The genus Miscanthus (Andersson, 1855), belonging to the tribe Andropogoneae of
family Poaceae, is a tall perennial grass with C4 photosynthesis (Stewart et al. 2009).
It includes 1420 species and has been considered as one of the most promising high-
yield fiber-based energy crops (Christian et al. 2009, Brosse et al. 2012). China is a
genetic center of diverse Miscanthus germplasm. Four Miscanthus species, M. sinensis
(Andersson, 1855), M. floridulus (Schumann & Lauterb, 1901), M. sacchariflorus
(Hackel, 1882) and M. lutarioriparius (Chen & Renvoize, 2005), are most widely
distributed. These have high biomass yield and are prone to interspecific hybridization,
which lead to high genetic diversity (Liu et al. 2013, Zhao et al. 2017).

M. sinensis has been already sequenced (Miscanthus sinensis v7.1 DOE-JGI, htt-
ps://phytozome.jgi.doe.gov/) and is an important species for comparative genomics.
Therefore, it is necessary to investigate the chromosomes of M. sinensis and other
Miscanthus species and reveal their genomic homology. It will provide a reference for
further development of specific probes based on the M. sinensis genome sequence for
chromosomal localization in Miscanthus and related genera. M. floridulus is similar to
M. sinensis in morphology. M. lutarioriparius is a native Miscanthus species of China
(Chen and Renvoize 2006, Sheng et al. 2016, Yang et al. 2019). Some scholars have
published it as a variant or subspecies of M. sacchariflorus (Liu 2009, Sun et al. 2010,
Lu 2012, Hu 2015) because of their high similarity in morphology. In a word, the in-
terspecific relationships of the four Miscanthus species are complex and their origins are
unclear (Chen and Renvoize 2006, Tamura et al. 2016). Until now, taxonomic studies
on M. sinensis, M. floridulus, M. sacchariflorus and M. lutarioriparius have been carried
out by using morphological features (Chae et al. 2014, Yook et al. 2014), nuclear DNA
content (Chae et al. 2014, Sheng et al. 2016), molecular markers (Chae et al. 2014,
Yook et al. 2014, Tang et al. 2015), fluorescence 77 sizu hybridization (FISH) (Taka-
hashi and Shibata 2002, Takahashi et al. 2002), and spectroscopy (Jin et al. 2017).
However, none of them could distinguish the four species from each other unequivo-
cally. Karyotype, the characterization of a genome at the chromosomal level, is a valu-
able tool for species identification and evolution analysis (Silva et al. 2018). However,
it is difficult to perform accurate karyotype analysis in Miscanthus species because of
their little chromosomal differentiation and lack of distinct chromosomal landmarks.
Chromosome banding by Giemsa staining, fluorochrome staining or FISH with repet-
itive DNA sequences can provide additional characteristics to discriminate the chro-
mosomes in the cell complement (Filion 1974, Sumner 1990, Koornneef et al. 2003).

Fluorochrome banding techniques use fluorescent dyes preferentially binding to
GC- or AT-rich DNA sequences to display different classes of heterochromatin on
chromosomes (Sumner 1990). Among the techniques used, combined PI (propidium
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iodide) and DAPI (4’, 6 diamino-2-phenylindole dihydrochloride) staining (called
CPD staining) can reveal simultaneously GC-rich and AT-rich regions along chro-
mosomes with high precision and repeatability (Peterson et al. 1999, She et al. 2006,
2015, 2017). FISH with 5S and 45S rDNA probes have been widely applied in plants
to determine the number and location of rDNA sites, and to provide effective markers
for chromosome identification. Moreover, information on evolutionary relationships
between species can be provided by comparing rDNA distribution characteristics be-
tween closely related species (Moscone et al. 1999, de Moraes et al. 2007, She et al.
2015, 2017). The combination of chromosome morphology, fluorochrome bands and
FISH signals can be employed to construct molecular cytogenetic karyotype. It can
reveal chromosome-level genome organization of a plant species, investigate the evo-
lutionary relationships among related species, and integrate genetic and physical maps
(Zhang et al. 2015, She et al. 2015, 2017). Cytogenetic studies in the four Miscanthus
species were so far primarily restricted to chromosome counts and conventional karyo-
type descriptions (Chramiec-Glabik et al. 2012, Chae et al. 2014). FISH has been
applied in diploid M. sinensis and tetraploid M. sacchariflorus, but their molecular
cytogenetic karyotypes have not been established as yet (Takahashi and Shibata 2002,
Takahashi et al. 2002).

The internal transcribed spacer (ITS) regions of 45S rDNA have been used exten-
sively for determining phylogenetic relationships at interspecific or intraspecific level
because of its relatively high rate of mutation (Alvarez and Wendel 2003, Hao et al.
2004, Capua et al. 2017). Another direct method for examining genome relationships
is comparative genomic in situ hybridization (cGISH), in which the labelled total
genomic DNA of one species is hybridized to the chromosomes of another species
without competitive DNA (Zoller et al. 2001). It generates hybridization signals in
regions of conserved repetitive DNA sequences. Therefore, it can be used to identify
the evolutionary relationships between species within a genus (Wolny and Hasterok
2009, She et al. 2015, Zhang et al. 2015). So far, the phylogenetic relationships among
the four Miscanthus species were mainly carried out at the morphological, cellular and
molecular levels (Chae et al. 2014, Yook et al. 2014). In previous studies, the ITS se-
quence was used to assess the phylogeny of the four Miscanthus species and the species
of the Saccharum complex and other related genera (Hodkinson et al. 2002b, Chen et
al. 2007, Liu et al. 2010), and the genome relationship between diploid M. sinensis and
tetraploid M. sacchariflorus was examined by FISH with rDNA, genomic DNA and
Saccharum centromeric repeats (Takahashi and Shibata 2002; Takahashi et al. 2002).
However, there has been no study on the phylogenetic relationships of all the four spe-
cies by combining molecular cytogenetic characterization with ITS sequence analysis.

In the current study, well spread mitotic metaphase chromosomes of four Mis-
canthus species were prepared using the modified flame-drying method. Chromosomes
were characterized using sequential CPD staining and FISH with 45S rDNA probe.
Detailed molecular cytogenetic karyotypes of these species were established using com-
bined data of chromosome measurements, CPD bands, DAPI bands and 45S rDNA
FISH signals. Meanwhile, cGISH was carried out to detect the homology of repetitive
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DNAs among these species, and a comparative sequence analysis of the I'TS regions in
these species was also conducted. The data were collected and evaluated to gain insight
about the phylogenetic relationships among the four Miscanthus species.

Material and methods

Plant material and DNA extraction

Twenty-four Miscanthus accessions comprised of 6 M. sinensis, 6 M. floridulus,
6 M. sacchariflorus and 6 M. lutarioriparius were selected from different provinces
of China and planted in the Miscanthus germplasm nursery located at the Hunan
Agricultural University (Table 1). All the materials were used for ITS sequence
analysis. Meanwhile, for CPD staining, IDNA FISH, karyotype analysis and ¢cGISH,
No. 03 (M. sinensis), No. 10 (M. floridulus), No. 16 (M. sacchariflorus) and No. 21
(M. lutarioriparius) were used. Imperata cylindrica (Beauvois, 1812) was included as an
outgroup for the ITS phylogenetic analysis, and its sequences (jN407505.1) were obtained
from GenBank Database.

Total genomic DNA (gDNA) was extracted from fresh leaf tissue using the cetyl-
trimethylammonium bromide (CTAB) method described by Murray and Thompson
(1980). The quality and concentration of DNA were measured by 1% agarose gel
electrophoresis and a microplate reader (BioTek Instruments Inc, Winooski, USA).

Table 1. Geographical data of 24 Miscanthus accessions and GenBank Numbers of the ITS sequences

No. Species Orginal location Longitude (E°)  Latitude (N°) Altitude (m) GenBank No.
01 M. sinensis Huangshan, Anhui 118°15.78' 29°41.63' ca 139 MK981280
02 Shenzheng, Guangdong 114°18.00' 22°35.27"' ca27 MK981281
03 ‘Wuhan, Hubei 104°24.46" 30°32.75' ca 735 MK138895
04 Jiaohe, Jilin 127°33.00' 43°34.00' ca 345 MK981282
05 Zibo, Shandong 117°50.11" 36°28.66' ca 290 MK981283
06 Naxi, Sichuan 105°27.43' 28°37.61" ca 400 MK981284
07 M. floridulus Jinzhai, Anhui 115°43.30" 31°12.29' ca 490 MK981285
08 Nanpin, Fujian 110°17.36' 26°13.72" ca97 MK981286
09 Qiongzhong, Hainan 109°54.03" 19°08.49' ca 263 MK981287
10 Wuhan, Hubei 114°24.46' 30°32.75' ca 45 MK138896
11 Wuzhou, Guangxi 111°22.35" 23°30.02' ca25 MK981288
12 Zhuhai, Guangdong 113°35.99' 22°16.87' ca2 MK981289
13 M. sacchariflorus Jinzhai, Anhui 115°48.04" 31°12.29' ca 480 MK981290
14 Chengde, Hebei 117°50.50" 40°54.03" ca 351 MK981291
15 Ning’an, Heilongjiang 129°29.09' 44°23.84" ca 203 MK981292
16 Wuhan, Hubei 114°19.78' 30°28.60' ca 36 MK138897
17 Panshan, Liaoning 121°59.48' 41°14.57"' ca 20 MK981293
18 Fuxian, Shaanxi 109°27.10' 35°59.30' ca 1246 MK981294
19 M. lutarioriparius Tongling, Anhui 117°44.25' 30°51.69' cals MK981295
20 Xichuan, Henan 111°28.69' 33°06.71' ca 168 MK981296
21 ‘Wuhan, Hubei 114°19.52' 30°28.66' ca78 MK138898
22 Changsha, Hunan 113°01.93' 28°11.08' ca 80 MK981297
23 Nanjing, Jiangsu 118°50.80' 32°04.37' ca 250 MK981298

24 Hukou, Jiangxi 116°12.68' 29°44.48' ca9 MK981299
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Chromosome preparation

Mitotic metaphase chromosomes were prepared by using the root tips according to the
procedure described by She et al. (2006). The actively growing root tips were collected
from potted plants and treated with saturated a-bromonaphthalene for 1.5 h at 28 °C,
fixed in 3:1 (v/v) methanol/glacial acetic acid for at least 12 h at room temperature,
and then stored at 4 °C until use. The fixed root tips were then washed in double dis-
tilled water and citrate buffer (0.01 mM citric acid-sodium citrate, pH 4.5) for 10 min
each and incubated in a mixture of 2% cellulase R-10 (Yakult Pharmaceutical Industry,
Tokyo, Japan), 2% pectolyase Y-23 (Yakult Pharmaceuticals), and 2% macerozyme
R-10 (Sigma-Aldrich, Steinhem, Germany) in citric acid buffer at 28 °C for 2.5-3 h.
Root tips were transferred to a glass slide along with the fixative and dissected using
fine-pointed forceps. Finally, the slides were dried above a flame. Good preparations
were selected by Olympus BX60 phase contrast microscope, and then stored at -20 °C.

Staining with CPD and DAPI
The CPD staining followed the procedure described in She et al. (2006). Chromo-

some preparations were treated with RNase A and pepsin then stained with a mixture
of 3 pg/ml DAPI and 0.6 pg/ml PI (both from Sigma-Aldrich) in a 30% (v/v, using
double-distilled water as solvent) solution of Vectashield H-1000 (Vector Laboratories
Burlingame, USA). Preparations were examined under an Olympus BX60 epifluores-
cence microscope equipped with a CoolSNAP EZ CCD camera (Photometrics, Tuc-
son, USA). The CCD camera was controlled using Ocular software (Molecular De-
vices, Sunnyvale, USA). Photographs were taken using a green excitation filter for PI
and a UV excitation filter for DAPI. DAPI and PI grey-scale images of the same plate
were merged to produce a CPD image. The final images were optimized for contrast

and background using Adobe PHOTOSHOP CS8.0.

Probe DNA labeling

A 45§ rDNA clone containing a 9.04-kb tomato 45S rDNA insert (Perry and Palu-
kaitis 1990) were used as probe to localize the 185-5.85-26S ribosomal RNA gene.
The DNAs (45S rDNA and gDNAYs) of the four Miscanthus species were labeled with
biotin-16-dUTP and digoxigenin-11-dUTP, respectively, using the Nick Translation
Kit (Roche Diagnostics, Mannheim, Germany).

FISH

FISH with the45S rDNA probe was carried out on the sameslides previously stained with
CPD. FISH with the M. sinensis, M. floridulus, M. sacchariflorus and M. lutarioriparius
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genomic probes to the M. sinensis chromosomes. FISH with the M. sacchariflorus, M.
Sfloridulus and M. lutarioriparius genomic probes to the M. sacchariflorus chromosomes,
and FISH with the M. lutarioriparius and M. floridulus genomic probes to the the M.
lutarioriparius chromosomes were performed, respectively. The slides previously stained
or hybridized were washed twice for 15 min each in 2 x SSC, dehydrated through an
ethanol series (70%, 90% and 100%, 5 min each) and then used for hybridization. The
in situ hybridization and detection were performed as described by She et al. (2006).
Briefly, 40 pl of the hybridization mixture, which contained 20 pl 20% dextran sulfate,
1 pl ssDNA, 16 pl hybridization buffer (HB50, containing 50% deionized formamide
and 50 mM sodium phosphate, pH 7.5) and 3 ul labeled DNA (final concentration
100-150 ng/slide), was added to each slide and covered with a 24 x 50 mm glass
coverslip. Chromosomes and probe were denatured together on ThermoBrite S500-24
(Abbott Molecular, USA) at 80 °C for 3 min, and then were incubated at 37 °C for 24
h. Post-hybridization washing was performed in 0.1 x SSC two times for 15 min each
at 42 °C, followed by rinsing in 2 x SSC three times for 5 min each at 42 °C and in TN
buffer (containing 100 mM Tris-HCl and 150 mM NaCl, pH 7.5) for 5 min at room
temperature. Hybridization signals were detected after incubating the slides with 100
pul TNB buffer (0.5% Roche blocking reagent in TN buffer) for 30 min at 37 °C, and
followed by rinsing in TN buffer for 1 min at room temperature.

The biotin-labeled 45S rDNA was detected using Fluorescein Avidin D (Vector
Laboratories). The digoxigenin-labeled gDNA was detected using Anti-digoxigenin-
rhodamine (Roche Diagnostics). The specific steps were as follows: 100 pl of 1% Fluo-
rescein Avidin D or Anti-digoxigenin-rhodamine, diluted with TNB buffer, was added
to each slide and covered with a glass coverslip, and then were incubated at 37 °C in
dark for 1 h. Afterwards, the coverslip was removed and rinsed with TN buffer three
times for 5 min each in dark. Slides were counterstained with 3 pg/ml DAPI in a 30%
solution of Vectashield H100 and subsequently examined under an epifluorescence
microscope equipped with the CCD camera as mentioned above. Observations were
made using a UV, blue and green excitation filters for DAPI, fluorescein, and rhoda-

mine, respectively. Grey-scale images were digitally captured and merged by the Ocular
software. The final images were adjusted with Adobe PHOTOSHOP CS8.0.

Karyotype analysis

For each species, five well-spread metaphase plates were measured using Adobe PHO-
TOSHOP CS8.0 to obtain the chromosome relative lengths (RL; % of haploid com-
plement), arm ratios (AR = long arm/short arm), chromosome length ratio (longest
chromosome length / shortest chromosome length), size of the fluorochrome band (ex-
pressed as a percentage of the karyotype length) and the percentage distance from the
rDNA site to the centromere (di = d x 100/a; d = distance of the centre of the rDNA
sites from the centromere; a = length of the corresponding chromosome arm) (Greil-
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huber and Speta 1976). In addition, the total length of the haploid complement (TCL;
i.e. karyotype length) was measured using the five metaphase cells with the highest
degree of chromosome condensation. The arm ratio was used to classify the chromo-
somes according to the system described by Levan et al. (1964). Karyotype asymmetry
was determined using the mean centromeric index (CI), the intrachromosomal asym-
metry index (Al), the interchromosomal asymmetry index (A2) (Zarco 1986), the
ratio of the length of all long arms in the chromosome set to the total chromosome
length in set (As K%) (Arano 1963), the asymmetry index (AI) (Paszko 2006), and the
categories of Stebbins (Stebbins 1971). The chromosomes were arranged in order of
decreasing lengths. Idiograms were drawn based on chromosomes measurement data,

fluorochrome bands and 45S rDNA FISH signals.

The PCR and sequencing

The rDNA-ITS regions (including ITS1, 5.8s and ITS2) of the four Miscanthus spe-
cies were amplified using the universal primers ITS4 and ITS5 (ITS4 primer sequence:
5-TCCTCCGCTTATTGATATGC-3’, I'TS5 primer sequence: 5-GGAAGTAAAA-
GTCGTAACAAGG-3’) (White et al. 1990). The total volume of the PCR amplifica-
tion reaction was 25 pl, including 2.5 pl 10 x PCR buffer, 1.5 pl 25 mM MgCl,, 0.5 pl
10 mM dNTP, 0.75 pl 10 pM of each primer, 0.5 pl Tag DNA polymerase (Sangon,
Shanghai, China), 1.5 pl gDNA (30-50 ng/ul) and 17 pl ddH,O. The amplification
conditions were: pre-denatured at 95 °C for 4 min; denaturation at 94 °C for 45 s, an-
nealing at 54 °C for 45 s, extension at 72 °C for 45 s, 38 cycles; and a final extension
step of 10 min at 72 °C on a thermal cycler PTC-200. The PCR products were detect-
ed by 1% agarose gel electrophoresis. PCR products purification and ITS sequencing
were performed by Sangon. The ITS sequences have been deposited in GenBank and
the accession numbers are listed in Table 1.

DNA sequences and phylogenetic analyses

Each DNA sequence was spliced by bi-directional sequencing. Then, the similarity
searches were performed using the NCBI (National Centre for Biotechnology Infor-
mation), BLAST network service. Sequences were aligned with CLUSTAL W pro-
gram. The MEGA 7.0 software (Kumar et al. 2016) was used for sequence analyses
(estimating percentage of the G + C content, variable sites and parsimony informative
sites). I'TS sequences of . ¢ylindrical was used as the outer group plant, and phyloge-
netic analyses were carried out using the neighbour joining (NJ) and maximum parsi-
mony (MP) methods. In the ITS phylogenetic tree, the confidence of each branch was
tested using bootstrap (Felsenstein 1985), each performing 1 000 cycles to evaluate the
systematic significance and reliability of each branch.
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Results
Comparative karyotyping

The karyotype measurement data for the four Miscanthus species are listed in Suppl.
material 1, Tables S1-S4. The general karyotype features and parameters for the four
Miscanthus species are listed in Table 2. Representative mitotic chromosomes, karyo-
types showing the fluorescent bands and ideograms are shown in Figs 1-3.

All the four Miscanthus species had diploid chromosome number of 2n = 2x = 38.
The mitotic metaphase chromosomes with a mean chromosome length 3.59 pm for
M. sacchariflorus and 4.53 pum for M. floridulus. The total length of the haploid com-
plement (TCL) ranges from 68.15 pm to 86.13 pm, and the mean centromeric index
(CI) of the complements varied slightly between 44.00 + 4.97 and 44.81 + 4.28. In
contrast, M. floridulus has exhibited the large variation in chromosome length, whereas
M. sinensis has displayed the large variation in centromeric index.

The karyotype formulas of the four Miscanthus species were same, composed of 34
metacentric (m) chromosomes and 4 submetacentric (sm) chromosomes with a sec-
ondary constriction located on the long arms of chromosome 1, namely 2n = 2x = 38
= 34m(2SAT) + 4sm. All the karyotypes of the four species studied fell into the catego-
ries 2B of Stebbins (1971). The ranges for Romero Zarco’s (1986) asymmetry indices
were as follows: Al = 0.11-0.20 and A2 = 0.24—0.52. The As K% of Arano (1963)
ranged from 55.25 to 55.85, and Paszko’s (2006) asymmetry index (AI) ranged from
2.37 to 4.47. RRL, CI, Al and As K% have shown close similarity among species. In
contrast, TCL, A2, and Al have displayed relatively large variation among species. Ac-
cording to the Al values, the karyotype of M. sacchariflorus is the most symmetrical and
that of M. lutarioriparius is the most asymmetrical among the four species.

Fluorescence banding patterns

After CPD staining, slightly different fluorochrome banding patterns were observed
among the four Miscanthus species (Fig. 1-3; Table 3). The red CPD bands were
recorded in all species, whereas blue DAPI bands were found only in M. sinensis and
M. floridulus.

Table 2. Karyotypic parameters of four Miscanthus species.

Species KF TCLtSD RRL CI£=SD Al A2 As Al  Stebbin’s
(um) K% types
M. sinensis 2n=2x=38=34m(2SAT)+4sm 73.92+2.87 3.53-8.23 44.00£4.97 0.20 0.27 55.85 3.06 2B

M. floridulus 2n=2x=38=34m(2SAT)+4sm 86.13+5.87 3.47-8.60 44.88+4.35 0.13 0.26 55.19 2.51 2B
M. sacchariflorus  2n=2x=38=34m(2SAT)+4sm 68.15%3.25 3.76-8.44 44.19t4.31 0.12 024 5572 2.37 2B
M. lutarioriparius 2n=2x=38=34m(2SAT)+4sm 76.48%+5.02 3.69-8.04 44.56+3.83 0.11 0.52 55.40 4.47 2B

KE, karyotype formula; TCL, total length of the haploid complement (i.e. karyotype length); RRL, ranges of chromosome relative
length; CI, mean centromeric index; Al and A2, intra-chromosomal asymmetry index and inter-chromosomal asymmetry index, re-
spectively; As K%, ratio of the length of all long arms in chromosome set to total chromosome length; Al karyotype asymmetry index.
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Figure |. Mitotic chromosomes from M. sinensis (A, B), M. sacchariflorus (C, D), M. lutarioriparius
(E, F) M. floridulus (G, H), stained with CPD staining and sequentially FISH with biotin-labelled 45S
rDNA probe. A, C, E and G are chromosomes stained using CPD. The chromosome numbers were des-
ignated by karyotyping B, D, F and H are the chromosomes showing the 45§ (green) signals. Arrowheads
in A and G indicate the blue DAPI bands. Scale bars: 10 pm.
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Figure 2. Karyotype showing CPD and DAPI bands of M. sinensis (A), M. floridulus (B), M. sacchariflo-
rus (C), M. lutarioriparius (D). Arrowheads in A and B indicate the blue DAPI bands.

Table 3. The distribution of fluorochrome bands and 45S rDNA sites in the four Miscanthus species.

Species Fluorochrome bands Number (pair) and location of 45S rDNA
Type Distribution’ amount’ (%) sites™
M. sinensis CPD 458 sites 0.93 One [1L-PROX (25.53%)]
DAPI 10 CENS, 12L-PCENS, 19 CENS, 1.94
19L-PROX (one homologue)
M. floridulus CPD  45S sites, 15 PCEN (one homologue) 1.11 One [1L-PROX (29.43%)]
DAPI 19S-PCEN 0.45
M. sacchariflorus ~ CPD 458 sites 0.90 One [1L-PROX (32.07%)]
M. lutarioriparius  CPD 458 sites 0.75 One [1L-PROX (28.45%)]

S and L represent the short and long arms, respectively; CEN, PCEN and PROX represent the centromeric, pericentromeric and
proximal positions, respectively; figures ahead of the positions designate the chromosomal pair involved.

 Amount of bands in the genome, expressed as a percentage of the karyotype length.

The percentages in parenthesis indicate the percentage distance from the centromere to the rDNA site (di = d x 100/a; d = distance of
the centre of the 458 sites from the centromere, a = length of the corresponding chromosome arm).

Results showed that only one pair of CPD bands in M. sinensis, M. sacchariflo-
rus and M. lutarioriparius had occurred in the secondary constrictions on the long
arms of chromosome 1, and were co-localized with the 45S rDNA-FISH hybridization
sites (called rDNA CPD bands; Fig. 1A, E, G). There were three CPD bands in the
M. floridulus: two bands correspond to the secondary constriction on the long arms
of chromosome 1; the other band was a non-rDNA CPD band with weaker fluores-
cence, occurring in the pericentromeric region of a homologue of chromosome pair 15
(Fig. 1G). The tDNA CPD bands in M. sinensis and M. lutarioriparius were similar in
size and intensity on the two homologous chromosomes, while those in M. floridulus
and M. sacchariflorus displayed heterozygosity, the band on one chromosome was large
and bright, whereas the band on the other homologue was small and weak. The CPD
bands of M. sinensis, M. floridulus, M. sacchariflorus and M. lutarioriparius accounted
for 0.93%, 1.11%, 0.90% and 0.75% of the karyotype length, respectively.

M. sinensis showed seven blue DAPI bands (Fig. 1A, 2A, 3A): two pairs of weak
bands occurred in the centromeric regions of chromosomes 10 and the pericentro-
meric regions of the long arm of chromosome 12, three relatively strong bands oc-
cured on chromosome 19. Among the DAPI bands on pair 19, two were located in the
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Figure 3. Idiograms of the four Miscanthus species that display the chromosome measurements, and the
position and size of fluorochrome bands and 45 rDNA FISH signals. A, B, C, D indicate M. sinensis,
M. floridulus, M. sacchariflorus and M. lutarioriparius, respectively. The ordinate scale on the left indicates
the relative length of the chromosomes (i.e.% of haploid complement). The numerical values under each
chromosome pair indicate the arm ratios of the respective chromosome pair. The numbers above panel
A are chromosome numbers.

centromeric regions of both homologues, and one occured in the proximal region of
the long arm of one homologue. M. floridulus had shown only one pair of weak DAPI
bands in the pericentromeric regions on the chromosomes 19 (Fig. 1G, 2B, 3B). The
DAPI bands of M. sinensis and M. floridulus accounted for 1.94% and 0.45% of the
karyotype length, respectively.
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FISH mapping of 45S rDNA

45S rDNA FISH showed that M. sinensis, M. floridulus, M. sacchariflorus and M. lu-
tarioriparius had only one pair of 45S rDNA sites, which were located in the secondary
constriction on the long arms of chromosome 1, and their percentage distances of 45S
rDNA sites were 25.53 * 1.17, 29.43 + 1.12, 32.07 £ 0.49, 28.45 * 0.89, respectively.
The 45S rDNA sites of the four Miscanthus species corresponded to their respective
CPD bands in both size and intensity, that is, the 45S rDNA signals of two homologues
in M. sinensis and M. lutarioriparius were similar in size and intensity, while those in M.
Sfloridulus and M. sacchariflorus differed in size and intensity, displaying heterozygosity.

GISH signal patterns
The GISH results are shown in Fig. 4. Both self-GISH (sGISH; the genomic DNA of a

species is applied to its own chromosomes) and cGISH generated hybridization signals

gDNA: M. sin gDNA: M. flo gDNA: M. sac

Chrom: M. sin Chrom: M. sin Chrom: M. sin

gDNA: M. lut gDNA: M. sac gDNA: M. flo

Chrom: M. sin Chrom: M. sac Chrom: M. sac

gDNA: M. lut 9DNA: M. lut gDNA: M. flo

Chrom: M. sac Chrom: M. lut Chrom: M. lut

Figure 4. FISH with M. sinensis (A), M. floridulus (B), M. sacchariflorus (C) and M. lutarioriparius (D)
genomic DNA probes (red) to M. sinensis chromosomes, FISH with M. sacchariflorus (E), M. floridu-
lus (F) and M. lutarioriparius (G) genomic DNA probes (red) to M. sacchariflorus chromosomes, and
FISH with M. lutarioriparius (H) and M. floridulus (1) genomic DNA probes (red) to M. lutarioriparius

chromosomes. Scale bars: 10 pm.
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in most regions of all chromosomes. Overall, the hybridization signals in the proximal
and/or centromeric regions of the chromosomes were strong or very strong, while those
in the proximal regions were relatively weak. In the GISHs to the M. sinensis chromo-
somes, the signals generated by M. floridulus gDNA (Fig. 4B) were stronger and more
evenly distributed than those generated by M. sacchariflorus and M. lutarioriparius gD-
NAs (Fig. 4C, D), and more similar to the sGISH signals of M. sinensis (Fig. 4A). The
hybridization signals of M. floridulus gDNA to the chromosomes of M. sacchariflorus
(Fig. 4F) and M. lutarioriparius (Fig. 41) were weaker than both the sGISH signals of
M. sacchariflorus (Fig. 4E) and M. lutarioriparius (Fig. 4H), and the ¢cGISH signals of
M. lutarioriparius gDNA to M. sacchariflorus chromosomes (Fig. 4G) .

Phylogeny analysis based on ITS

Each ITS1-5.8S-1TS2 sequences were compared to the published sequences of Mis-
canthus and its related species, and the boundaries of the spacer regions were con-
firmed. The length and other characteristics of each ITS1-5.8S-ITS2 are given in Table
4. The entire ITS sequence (ITS1-5.85-1TS2) of L cylindrica that was used as the
outgroup species was 684 bp in length, and its GC content was 63.89%.

A 03 M. sii i B 11 M. floridulus
—————— 12 M. floridulus 12 M. floridulus
11 M. floridulus 10 M. floridulus
10 M. floridulus 05 M. si)
60 05 M. si) 58 04 M. si)
04 M. sii 02 M. si)
02 M. si) 08 M. floridulus
o 08 M. floridulus o1 01 M. si
01 M. sii 07 M. floridulus
07 M. floridulus 03 M. si)
09 M. floridulus 09 M. floridulus
—6317 06 M. si —83‘? 06 M. sinensi
3M. hariflorus 7M. hariflorus
19 M. lutarioriparius 16 M. hariflorus
24 M. lutarioriparius 18 M. hariflorus
20 M. lutarioriparius 15 M. hariflorus
4 M. hariflorus M hariflorus

83

17 M. hariflorus
22 M. lutarioriparius
16 M. hariflorus

15M. hariflorus
23 M. lutarioriparius

18 M. hariflorus
21 M. lutarioriparius
I cylindrica

84

23 M. lutarioriparius
21 M. lutarioriparius
22 M. lutarioriparius
20 M. lutarioriparius
24 M. lutarioriparius
19 M. lutarioriparius

13 M. sacchariflorus

I cylindrica

Figure 5. Rooted neighbour-joining (NJ) (A) and maximum-likelihood (ML) (B) tree based on the
ITS1-5.85-ITS2 sequences of the four Miscanthus species using the MEGA software (version 7.0) with 7.
cylindrica as an outgroup species. The numbers near the nodes indicate bootstrap values (in percentage).
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Table 4. Features of the ITS1-5.85-ITS2 sequences of the four Miscanthus species.

Length range  G/C content  No. of No. of No. of Transitions Transversions  Ratio
range (%) indels variable sites informative sites
1TS1 258-260 67.44-68.46 2 7 5 2 3 2:3
5.8S 157 56.05-56.69 0 1 0 0 1 0:1
1TS2 244-245 60.25 -61.63 1 8 3 1 6 1:6
complete 659-661 62.37-63.09 3 16 8 3 10 3:10

Neighbour joining (NJ) and maximum likelihood (ML) phylogenetic trees were
developed based on the entire ITS sequences. The NJ and ML trees were very similar
(Fig. 5), and the four Miscanthus species were divided into two categories: (i) group I
contained M. sinensis and M. floridulus, which resulted in 82% (N]) and 94% (ML)
bootstrap values; (ii) group II included M. sacchariflorus and M. lutarioriparius, with
83% and 84% bootstrap values in NJ and ML trees, respectively. It was worth not-
ing that in each branch the accessions of one species were not separated from those of
another species (Fig. 5).

Discussion
Molecular cytogenetic karyotypes

In the present study, detailed karyotypes of M. sinensis, M. floridulus, M. sacchariflorus
and M. lutarioriparius were established using a combination of chromosome measure-
ments, fluorochrome bands and 45S rDNA FISH signals, which provided the primary
molecular-cytogenetic characterization of the four Miscanthus energy plants for the
first time.

Odur results had shown that the molecular cytogenetic karyotypes were rather simi-
lar among the four Miscanthus species. For instance, their karyotype formula, the cat-
egories of Stebbins, and the number and location of the 45S rDNA sites were same and
there were slight differences in RRL, CI, Al and As K%. However, several differences
in their karyotypes were recorded: (1) obvious differences in their TCL, A2 and AL
In particular, Al, which can more accurately reveal the heterogeneity of chromosome
length and centromere index in karyotype (Paszko 2006), had significant differences
among the four species. (2) A non-rDNA CPD band appeared in M. floridulus. (3) AT-
rich heterochromatin (DAPI bands) occurred in M. sinensis and M. floridulus but not
in M. sacchariflorus and M. lutarioriparius. (4) There appeared 45S rDNA heterozygo-
sity in M. floridulus and M. sacchariflorus but not in M. sinensis and M. lutarioriparius.
Therefore, the four Miscanthus species could be accurately distinguished from each
other using the molecular-cytogenetic karyotypic data.

As our study revealed, the chromosome numbers of the four Miscanthus spe-
cies were all 2n = 2x = 38, being consistent with those reported previously (Hod-
kinson et al. 2002a, Takahashi and Shibata 2002, Takahashi et al. 2002, Chramiec-
Glabik et al. 2012). The current karyotypes of the four Miscanthus species comprised
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mainly of metacentric chromosomes, differing from the previous karyotypes, which
had more submetacentric chromosomes, and even had acroentric chromosomes
(Chramiec-Gtlabik et al. 2012). Our study revealed that each species had a pair of
satellite chromosomes, which were designated as chromosome 1. Previous studies also
reported the presence of satellite chromosomes in Miscanthus species and revealed by
FISH one pair of 45S rDNA sites in M. sinensis, but the serial number of the satellite
chromosomes and the locations of the secondary constrictions were different (Taka-
hashi and Shibata 2002, Takahashi et al. 2002, Chramiec-Glabik et al. 2012). The
deviations in karyotype were probably mainly due to differences in the material ana-
lysed, and difficulty in accurately pairing homologous chromosomes and distinguish-
ing chromosomes by using the classical staining technique as applied before.

Phylogenetic relationships of the four Miscanthus species

The research on the evolutionary relationship among the four Miscanthus species
could not be conducted using genomic information because the genome sequences
of M. floridulus, M. sacchariflorus and M. lutarioriparius were currently unavailable.
Therefore, at present the combination of molecular cytogenetic analysis with rDNA
ITS and chloroplast DNA sequence analysis was an effective phylogenetic analysis
pathway (She et al. 2015).

As mentioned above, the molecular cytogenetic karyotypes of the four Miscanthus
species were very similar, indicating the high genome similarity and small genome
differentiation among them. Furthemore, the cGISH signals were rather similar in in-
tensity and distribution to the sGISH signals, further demonstrating the high similar-
ity among the four Miscanthus genomes (Wolny and Hasterok 2009, She et al. 2015,
Zhang et al. 2015). However, the differences in molecular cytogenetic karyotypes and
cGISH signals among the four species also provided valuable evolution information:
(1) AT-rich heterochromatin appeared in both M. sinensis and M. floridulus, but did
not emerge in both M. sacchariflorus and M. lutarioriparius; (2) The hybridization sig-
nals of M. floridulus gDNA to M. sinensis chromosomes were stronger and more evenly
distributed than those of M. sacchariflorus and M. lutarioriparius gDNA, whereas the
hybridization signals of M. floridulus gDNA to M. sacchariflorus chromosomes were
weaker than the hybridization signals of M. lutarioriparius gDNA to M. sacchariflorus
chromosomes. This information indicates that there was a close phylogenetic relation-
ship between M. sinensis and M. floridulus, and between M. sacchariflorus and M. lu-
tarioriparius; the former two species were relatively distant from the latter two species.

In our study, the phylogenetic tree based on the ITS sequences had shown that, M.
sinensis and M. floridulus clustered into one branch, and M. sacchariflorus and M. lu-
tarioriparius clustered into another branch. It was consistent with not only the above
molecular cytogenetic results, but also the previous clustering results based on mor-
phology, molecular markers and the ITS sequence (Hodkinson et al. 2002b, Chen
et al. 2007, Sun et al. 2010, Chae et al. 2014, Clark et al. 2014, Ge et al. 2017). In



226 Yanmei Tang et al. | Comparative Cytogenetics 13(3): 211-230 (2019)

addition, our clusering analysis revealed that the accessions of the two species in each
branch were mixed and without distinct boundaries. These findings were consistent
with the phylogenetic trees of Miscanthus and related genera inferred from ITS se-
quences (Hodkinson et al. 2002b, Chen et al. 2007, Liu et al. 2010), SSR markers (Ge
etal. 2017), SNPs (Clark et al. 2014) and the dataset of genome size, ploidy level and
genomic polymorphisms (Chae et al. 2014). To summarise, our clustering results have
demonstrated that there was a very close phylogenetic relationship between M. sinensis
and M. floridulus, and between M. sacchariflorus and M. lutarioriparius and they cannot
be distinguished only based on the ITS sequences. However, as revealed in this study,
the molecular cytogenetic karyotype analysis can effectively identify the four species.

Conclusion

Molecular cytogenetic karyotypes of M. sinensis, M. floridulus, M. sacchariflorus and
M. lutarioriparius were established for the first time, which can effectively distinguish
the four species. Molecular cytogenetic comparison revealed basic similarities and cer-
tain differences in genome organization among the four species. These findings will
provide a reference for further development of specific probes based on M. sinensis
genome sequence for chromosomal localization in the species of Miscanthus and related
genera. The combined data of molecular cytogenetic and I'TS sequence analysis indicat-
ed a close phylogenetic relationship between M. sinensis and M. floridulus, and between
M. sacchariflorus and M. lutarioriparius, respectively. It can be concluded that former
two species have relatively distant relationship compared with the latter two species.
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Abstract

Thinopyrum ponticum (Podpéra, 1902) Z.-W. Liu & R.-C.Wang, 1993 is an important polyploid wild per-
ennial Triticeae species that is widely used as a source of valuable genes for wheat but its genomic constitu-
tion has long been debated. For its chromosome identification, only a limited set of FISH probes has been
used. The development of new cytogenetic markers for 7h. ponticum chromosomes is of great importance
both for cytogenetic characterization of wheat-wheatgrass hybrids and for fundamental comparative stud-
ies of phylogenetic relationships between species. Here, we report on the development of five cytogenetic
markers for 7h. ponticum based on repetitive satellite DNA of which sequences were selected from the
whole genome sequence of Aegilops tauschii Cosson, 1849. Using real-time quantitative PCR we estimated
the abundance of the found repeats: P720 and P427 had the highest abundance and P132, P332 and
P170 had lower quantity in 7h. ponticum genome. Using fluorescence in situ hybridization (FISH) we
localized five repeats to different regions of the chromosomes of 7h. ponticum. Using reprobing multicolor
FISH we colocalized the probes between each other. The distribution of these found repeats in the Trit-
iceae genomes and its usability as cytogenetic markers for chromosomes of 7h. ponticum are discussed.

Keywords
Thinopyrum ponticum, cytogenetic markers, repetitive DNA, fluorescence in situ hybridization, quantita-
tive PCR, copy number
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Introduction

Thinopyrum ponticum (Podpéra, 1902) Z.-W. Liu & R.-C.Wang, 1993 (=Agropyron
elongatum Host ex P. Beauvois, 1812, 2n =10x=70) is an allodecaploid perennial grass
used as a valuable pasture crop because of its heavy fibrous root system and good re-
growth (Li and Wang 2009). 7h. ponticum has high resistance to fungal and bacterial
diseases, high productivity, and it is used as a donor of valuable genes because of its
high cross-breeding with wheat. Such useful features as resistance to leaf and stem rust
(Sepsi et al. 2008, Mago et al. 2018, Pei et al. 2018), Fusarium Link, 1809 head blight
(Forte et al. 2014), dominant dwarfing gene (Chen et al. 2012), resistance to pre-har-
vest sprouting (Kocheshkova et al. 2017), yellow pigment in the endosperm (Pozniak
etal. 2000), blue aleurone layer (Liu et al. 2018a), as well as perennial growth (Tsitsin
1978, Gazza et al. 2016) were transferred from 7. ponticum to the genome of bread
wheat at the level of introgressions, additional and substituted lines, as well as partial
amphidiploids by wide hybridization. Quick and accurate identification of the chro-
matin of 7h. ponticum will make the use of elite genes in wheat breeding more efficient.
Today, cytological methods and molecular markers are widely used to identify and
monitor alien chromosomes or chromosome segments during crossing and selection.

The polyploid nature of 7h. ponticum is still debatable, and the question about
the possible origin of its subgenomes remains open to discussion. Chen et al. (1998)
proposed the genomic formula JJJJsJs, and later Li and Zhang (2002) proposed the
EeEbExStSt variant. The use of labeled DNA sequences as cytogenetic markers in the
fluorescence in situ hybridization makes it possible to identify individual chromosomes
and thus to establish phylogenetic relationships between genomes, understand the ori-
gin of subgenomes in allopolyploids, as well as to identify alien chromosomes in wide
hybrids (Sepsi et al. 2008, He et al. 2017, Pei et al. 2018). Cytogenetic probes such as
5S tDNA (pTa794), 45S rDNA (pTa71), pAsl (Afa family) and pSc119.2 that have
become classical for bread wheat are used to identify the chromosomes of 7. ponti-
cum. They are of used in the studies of the polyploid nature of 7h. ponticum and the
comparative characteristics of its subgenomes with subgenomes of closely related spe-
cies (Li and Wang 2002, Brasileiro-Vidal et al. 2003). However, the available classical
probes are not enough for the effective identification of chromosomes of 74. ponticum
and it is necessary to develop new cytogenetic markers.

Repetitive DNA is the most promising for the development of chromosomal mark-
ers (Salina and Adonina 2018). Thus, new species- and chromosome-specific molecu-
lar-cytogenetic markers of 7h. ponticum having both dispersed and tandem localization
were developed (Yao et al. 2016, Liu et al. 2018a, Liu et al. 2018b). Simultaneous
localization of multiple tandem repeats gives a pattern unique for each chromosome of
1h. ponticum, different from wheat. This makes it possible to use repeats both newly
identified wheatgrass-specific and common for wheatgrass and wheat in the cytoge-
netic characteristics of interspecific hybrids, as well as for fundamental evolutionary-
phylogenetic studies (Mo et al. 2017, Komuro et al. 2013, Zhu et al. 2017; Lang et al.
2019). The development of genome-wide sequencing technologies made it possible to
develop cytogenetic markers based on bioinformatic analysis of DNA sequences.
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We have developed an algorithm to develop cytogenetic markers based on satellite
DNA and identified five of the most copy satellite repeats in Aegilops tauschii Cosson,
1849 genome, which were successfully applied to A, B and D subgenomes of wheat
and R of rye (Kroupin et al. 2019). In our study, this algorithm was used to study these
five repeats in the genome of 74. ponticum. Their copy number was estimated using
qPCR and FISH localization was carried out on the chromosomes of 74. ponticum of
each of the five repeats.

Material and methods

Plant material

Plants of 74. ponticum (accession P1636523, Germplasm Research International Network,
USA) were grown under optimum temperature and soil water conditions in a greenhouse.

Real-time quantitative PCR

Genomic DNA was extracted from plants according to the protocol in Bernatzky
and Tanksley (1986). Real-time quantitative PCR (qPCR) was performed as in Yaak-
ov et al. (2013) using LightCycler instrument (Roche Molecular Systems Inc., Pleas-
anton, CA, USA). The primers for each monomer were designed using Primer 3.0 v
4.1.0 (htep://primer3.ut.ee) based on our previously published sequences (Kroupin et
al. 2019). Each reaction was performed in a 15 pl volume consisting of 2.5 ul of reac-
tion mix containing Eva Green (Syntol LTD, Moscow, Russia), serially diluted DNA
template of 7h. ponticum (10, 2, 0.4, and 0.08 ng), and 1.0 pl each of forward and
reverse primer (10 pM/pl, Table 1). A single-copy VRN1 gene was used as a reference
gene as described in Yaakov et al. (2013). The relative copy number of each repeat was
calculated as described in Kroupin et al. (2019).

Fluorescence in situ hybridization (FISH)

A chromosome spread preparation was made according to Kroupin et al. (2011) using
root tips collected from living plants. FISH was carried out following the procedure in
Divashuk et al. (2016). For P720, P170, and P427 probes, the amplicons produced by
PCR with the primers (Table 1) were labelled using biotin (for P720) and digoxigenin
(for P170 and P427) PCR labeling mix (Roche Molecular Biochemicals). For P332 and
P132, the oligonucleotide probes were synthesized with 5 end-labelled biotin (BIO)
and 6-carboxyfluorescein (6-FAM), respectively (Syntol, Ltd., Moscow) (Tablel).

The detection was performed using FITC conjugated to antidigoxigenin for P170
and P427 and Cy3 conjugated to streptavidin (Roche) for P720 and P332; the chro-

mosomes were counterstained with DAPI. Signals in all variants were visualized using
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Table I. Designed primers for tandem repeats and oligonucleotide sequence used as probes (for P332
and P132).

Repeat Primers / oligonucleotide probe

P720 F: 5-AGCCACGTCATCAACTTTCA-3’
R: 5-TGTCCAGTTTGTACGCGAAG-3’

P170 F: 5-TCCTTGGAAGAATCTAGTCGTCA-3’
R: 5-TCGGTTTTGCGCAGTGTTAA-3

P427 F:5’-CGCCTCGACTCGCGTTACCC-3’
R:5-GCCGAGACGAGCACGTGACA-3’

P332 F: 5-GCTCTTCACTCGGTAGGATTT-3’

R: 5’>-TCCCGTACTCGCCTAAGT-3’
BIO-5’-CGAGTGAGAGGATTGCTCTTCACTCGGTAGATTTTT-3’
P132 F:5-TTTTACACTAGAGTTGAACTTGCTC-3’
R:5’-TGTAAAATTATTTGAACTAGGCTAT-3
6-FAM-5-TTTTACACTAGAGTTGAACTTGCTCTATAGGCTAGTAC-3’

an AxioZeiss Imager V1 (Carl-Zeiss, Oberkochen, Germany) fluorescence microscope
with Cy3 or FITC filter. The results were recorded with an AxioCam MRm Zeiss cam-
era (Carl-Zeiss, Oberkochen, Germany) and contrasted using AxioVision. Reprobing
of the slides was performed according to Shibata and Hizume (2015) with modifica-
tions. At least four slides were prepared for each probe and at least ten chromosome
spreads per slide were examined for reproducibility of the probe signals.

Results

In order to develop cytogenetic markers for 7h. ponticum, we chose five of the largest
copy number repeats identified in the genome-wide sequence of A. tauschii: P720,
P170, P427, P332, P132 (Kroupin et al. 2019). In order to determine the relative
quantity of these repeats in the genome of 7h. ponticum, we carried out the real-time
quantitative polymerase chain reaction using primers. It was shown that repeats P720
and P427 had the largest copy number, P132 and P332 showed the average copy num-
ber, and the smallest copy number was found in P170 (Figure 1).

As a result of the FISH procedure, five studied repeats were localized to the chro-
mosomes of 7h. ponticum (Figure 2).

P720 was localized to all chromosomes and the signal was of varying intensity
(Figure 2a, Suppl. material 1: Figure S1). The signal was localized to terminal (telom-
eric and subtelomeric) regions of all chromosomes at one or both arms. Additionally,
five chromosomes demonstrated the pericentromeric localization of the P720 signal
(indicated by asterisks in Figure 2a and Suppl. material 1: Figure S1a).

P427 produced strong reproducible signals at 16 chromosomes that were localized
partially to the pericentromeric regions and partially to the terminal regions (indicated
by asterisks in Figure 2b and Suppl. material 1: Figure S2), including one chromo-
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Figure I.The decimal logarithm of the quantity of tandem repeats relative to the reference gene (VRN1)

in 7h. ponticum as revealed using qQPCR. Error bar=standard deviation.

some with the pericentromeric and an interstitial signal at the long arm and the other
chromosome with the pericentromeric and interstitial signals at both arms (chromo-
some a and chromosome b, respectively, Figure 2b and Suppl. material 1: Figure S2).
Additionally, we detected minor faint signals at up to 24 chromosomes; however, their
number varied between chromosome spreads and slides.

P132 was localized to two chromosomes in the pericentromeric region (Figure 2c,
Suppl. material 1: Figure S3). P332 showed pericentromeric localization at two chro-
mosomes (Figure 2d, Suppl. material 1: Figure S4). P170 provided a clear signal on
four chromosomes: at two chromosomes in the pericentromeric region and at two
chromosomes in the interstitial region of the short arm (Figure 2e, Suppl. material 1:
Figure S5). To find out whether the studied repeats are colocalized to the same chro-
mosomes of 7h. ponticum we performed reprobing multicolor FISH at the same chro-
mosome spreads (Figure 3, for the individual probe localization at this chromosome
spread see Suppl. material 1: Figures S1-S5).

As a result of reprobing, we revealed the following groups of chromosomes: 9
chromosomes with both subtelomeric P427 and P720 signals at the same arm (Figure
3a, indicated by asterisks); 4 chromosomes with the subtelomeric P720 signal and peri-
centromeric P427 signals (Figure 3a, indicated by arrowheads); one chromosome with
subtelomeric P720 signals at both arms and the pericentromeric and interstitial P427
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Figure 2. Fluorescence in situ hybridization in 7h. ponticum using the following probes a P720 (red,
asterisks show chromosomes with pericentromeric localization of P720) b P427 (green, asterisks show
chromosomes with strong signal of P427, a and b show chromosomes with interstitial localization of
P427) € P132 (green) d P332 (red) e P170 (green). P720, P427, and P132 are PCR products labeled with
biotin (P720) and digoxigenin (P427 and P132), P332 and P170 are oligonucleotide probes labeled with
biotin (P332) and 6-carboxyfluorescein (P170). Scale bar: 10pum.
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Figure 3. Fluorescence in situ hybridization in 7h. ponticum using the reprobing multicolor FISH tech-
nique a P720 (red), P427 (green) b P332 (red), P132 (white, pseudocolor), P170 (green). P720, P427,
and P132 are PCR products labeled with biotin (P720) and digoxigenin (P427 and P132), P332 and
P170 are oligonucleotide probes labeled with biotin (P332) and 6-carboxyfluorescein (P170). The desig-

nation of the asterisks, arrowheads and letters (a-f) is given in the text. Scale bar: 10pm.
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signals at the short arm (Figure 3a, chromosome a); one chromosome with the subtelo-
meric P720 signals at both arms and the centromeric and interstitial P427 signals at
both arms (Figure 3a, chromosome b); one chromosome with the pericentromeric and
subtelomeric P720 signals at the long arm and the subtelomeric P427 signal (Figure
3a, chromosome c). P332 was localized to the chromosome with the pericentric and
subtelomeric P720 and subtelomeric P427 signals (Figure 3, chromosome c), P170
was localized to the chromosome with the subtelomeric P720 and P427 signals (Figure
3, chromosome d), P132 and P170 were colocalized at the different arms of one and
the same chromosome (Figure 3, chromosome e), P332 was localized to the chromo-
some with the pericentric and subtelomeric signals of P720 (Figure 3, chromosome
£); two chromosomes carried both P170 and subtelomeric P720 signals (Figure 3,
chromosomes g and h).

Discussion

The development of molecular cytogenetic markers is a long and routine process. Pre-
viously, we developed an algorithm allowing to select the most likely candidates for
the role of chromosomal markers based on the genome-wide sequence using qPCR
(Kroupin et al. 2019). In our study, we demonstrated the effectiveness of our approach
for the development of new cytogenetic markers for 7h. ponticum based on the five
repeats of A. tauschii of the largest copy number.

According to the results of qPCR, P720 and P427 had the highest abundance in
the genome of 7h. ponticum, which we localized to all or most of the chromosomes as
a result of FISH. P720 showed a comparable copy number in bread and durum wheat
and rye, which may indicate its prevalence among Triticeae (Kroupin et al. 2019).
Repeats with lower copy numbers P170, P332 and P132 were localized only to a few
chromosomes of 7h. ponticum.

P720 and P427 were localized both to the terminal and pericentromeric regions
of all or most of the chromosomes of 74. ponticum, which may indicate the conserva-
tive nature of these repeats. We also localized P720 to both the pericentromeric and
terminal regions on the chromosomes of A, B and D subgenomes of wheat and R of
rye (Kroupin et al. 2019). Detection of subtelomeric sequences in centromeric and
pericentromeric regions is found in plants, including such grass as rice (Lee et al. 2005,
Bao et al. 2006), maize (Alfenito and Birchler 1993, Jin et al. 2005) and Agropyron
cristatum (Linnaeus, 1753) Gaertner, 1770 (Said et al. 2018). This phenomenon may
be related to chromosome fusion or other ancient chromosome rearrangements (Gar-
rido-Ramos 2015, Murat et al. 2010). At the same time, P720 and P427 showed in-
terstitial localization on some chromosomes. The availability of subtelomeric repeating
sequences in the middle of the arm is not uncommon for grasses and may be associated
with heterochromatinization of interstitial regions (Komuro et al. 2013, Badaeva et al.
2016, Garrido-Ramos 2015).

P720 produced a brighter signal on the D subgenome chromosomes on the chro-
mosomes of bread wheat (Kroupin et al. 2019). The different signal intensity of P720
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and P427 in the terminal regions might also be related to the polyploid nature of 75.
ponticum and may be important for chromosome differentiation during meiosis be-
cause telomeres play a significant role in the formation of bivalents (Garrido-Ramos
2015, Loginova and Silkova 2018). The localization of the P720 and P427 signals in
both the pericentromeric and terminal sites may also be explained by the fixation of an
occasional chromosomal rearrangement, since it provided differentiation of these chro-
mosomes during meiosis. The signals of varying intensity of tandemly organized repeti-
tive DNA were described in other closely related species, for example, in Zhinopyrum
intermedium (Host, 1805) Barkworth & D.R. Dewey, 1985 in centromere (Divashuk
etal. 2016) and chromosomes of A. ¢ristatum in terminal regions (Han et al. 2016).

In our work, we have shown that P170 is localized to four chromosomes of 7.
ponticum, while the repeat itself is mostly characteristic for D subgenome of bread
wheat and is absent on chromosomes of A, B and R subgenomes (Kroupin et al. 2019).
Such a common hybridization may be related to the proximity of these chromosomes
to the D subgenome of bread wheat. Most of the chromatin introgressions with valu-
able genes of 7h. ponticum occur in the chromosome of the D subgenome of Zriticum
aestivum Linnaeus, 1753, which may be related to its proximity to the genome of 75.
ponticum (Chen etal. 2012). Since the PCR product obtained using primers developed
for the repeat monomer and genomic DNA of the studied species was used for the
FISH procedure, differences in the localization and intensity of the repeat signal on
the chromosomes of 74. ponticum in the present study and bread wheat and hexaploid
triticale in Kroupin et al. (2019) may be associated with different copy numbers of the
repeats on chromosomes of different species (quantitative differences), as well as with
differences in the sequence of monomers (qualitative differences).

P332, P170, and P132 were hybridized on several (from two to four) chromo-
somes of 7h. ponticum. P170 was hybridized specifically on chromosomes of the D
subgenome, and P332 was not identified in the R subgenome of rye (Kroupin et al.
2019). Such species specificity and hybridization on a small number of chromosomes
of 7h. ponticum allows us to consider these repeats as good candidates for chromo-
some-specific markers. FISH reprobing procedure enabled us to distinguish individual
chromosomes on the basis of the combination of the developed probes. Chromosomes
a-h (Figure 3) can be univocally identified in the studied accession of 7h. ponticum
using our cytogenetic markers and the probes can be applied for the comparison of
different 7h. ponticum chromosomes among accessions of 7h. ponticum for population
studies and may be useful in studies of wide hybrids of wheat in combination with the
classical FISH probes of wheat.

We colocalized the developed probes using reprobing FISH and revealed that the
chromosome set of 7h. ponticum is imbalanced: chromosomes a-f (Figure 3) have no
pairs and the pattern of the signal localization is unique for each of these chromo-
somes. P720 was localized to the pericentromeric region at five chromosomes while
P427 produced an interstitial signal at the short arm of one chromosome and at both
arms of the other chromosome. This may be a peculiarity of a given accession of 75.
ponticum and may be a result of chromosomal rearrangements at meiosis because of
homeological pairing between the chromosomes. Alternatively, such uneven distribu-



240 Pavel Yu. Kroupin et al. / Comparative Cytogenetics 13(3): 231-243 (2019)

tion of the signals may be the result of ancient chromosomal rearrangements that have
been fixed by the natural selection. The imbalanced chromosome constitution may not
be an obstacle for propagation of a given 7h. ponticum plant since it can be propagated
both by sexual and vegetative means and a given chromosome combination may be
advantageous in a particular environment.

In conclusion, using our algorithm, we selected five repeats, two highly abundant
repeats with localization on all or most of the chromosomes, and three repeats with a
lower copy number with localization on several individual chromosomes. The repeats
we selected can be used as a tool for the comparative cytogenetics of Triticeae to study
phylogenetics and evolutionary relationships between species.
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Abstract

The genus Smilax Linnaeus, 1753 (Smilacaceae) is a large genus of dioecious plants distributed in tropical,
subtropical and temperate regions. Some Smilax species have medicinal importance and their identification
is important for the control of raw material used in the manufacture of phytotherapeutical products. The
karyotypes of seven Brazilian Smilax species were investigated. Mitotic metaphases of roots from young
plants were analysed in Feulgen-stained preparations. The karyotypes were asymmetric and modal with
2n = 2x = 32 chromosomes gradually decreasing in size. In S. goyazana A De Candolle & C De Candolle,
1878, a polyploid species, 2n = 4x = 64. In all the species, the large and medium-sized chromosomes were
subtelocentric and submetacentric and the small chromosomes were submetacentric or metacentric. Their
karyotypes were quite similar, with differences in the arm ratio of some chromosomes. S. fluminensis Steu-
del, 1841 differed from the other species by having a large metacentric chromosome 1. These findings sug-
gest that evolution occurred without drastic changes in the chromosomal structure in the species analyzed.
Terminal secondary constrictions were visualized on the short arm of some chromosomes, but they were
detected only in one homologue of each pair. Due to the terminal location and the degree of chromo-
some condensation, secondary constrictions were not visualized in some species. The nucleolus organizer
regions (NORs) were mapped by silver-staining and fluorescent 7z situ hybridization (FISH) in S. rufescens
Grisebach, 1842 and S. fluminensis. Silver-staining and FISH signals were colocalized on the short arms of
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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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six chromosomes in S. ruféscens and four chromosomes in S. fluminensis. In FISH preparations, one of the
largest chromosomes had the secondary constrictions highly decondensed in some cells. This finding and
the heteromorphism observed in Feulgen-stained chromosomes suggest that differential rRNA gene expres-
sion between homologous rDNA loci can occur in some cells, resulting in different degrees of ribosomal
chromatin decondensation. The presence of a heteromorphic chromosome pair in S. rufescens, S. polyantha
Grisebach, 1842 and S. goyazana suggests a chromosomal sex determination in these dioecious species.

Keywords
Smilax, karyotype, chromosomal evolution, nucleolus organizer region (NOR), Silver-staining, FISH,

45S rDNA

Introduction

The genus Smilax Linnaeus, 1753 (Smilacaceae) is a large genus of dioecious plants
distributed in tropical, subtropical and temperate regions. The genus has approxi-
mately 300 species, and their classification has been controversial (see Mangaly 1968).
This genus had been assigned to the family Liliaceae, but for the past 20 to 30 years,
botanists have accepted Smilacaceae as a distinct family belonging to the order Liliales
according to APG III (The Angiosperm Phylogeny Group 2009). The genus Smilax
comprises the largest number of species within the Smilacaceae family, of which 32
species occur in Brazil (Andreata 1995, 2009).

Some Smilax species have medicinal importance. Roots have been used as anti-
syphilitic, anti-inflammatory and antimicrobial remedies or as antioxidant agents (An-
dreata 1995, de Souza et al. 2004, Cox et al. 2005). The unequivocal characterization
of Smilax species with potential medicinal applications is highly important, but some
problems in the taxonomic identification of some species have been reported. The ge-
nus has high variability in morphology, and morphological features were described for
species in Brazil (Andreata 2009), North America (Mangaly 1968) and Asia (Koyama
1960, Fu et al. 1995). Leaf morphology has been emphasized as an important fea-
ture for species identification by Mangaly (1968) and Andreata (2009). The possible
evolution of inflorescences in Smilax and Heterosmilax Kunth, 1850 was considered
(Kong et al. 2007). Reports on the morphoanatomy of vegetative organs (Martins and
Appezzato-da-Gloria 2006, Martins et al. 2010, 2012) and molecular phylogeny (Sun
et al. 2015) have also contributed to species systematic.

The characterization of karyotypes in higher plants has evolutionary and taxonom-
ic significance. Some studies on Smilax cytogenetics have reported chromosome num-
bers and karyotype characterization. Chromosome numbers of n = 16 were described
for most species, but n = 13 and n = 15 were also recorded (Speese 1939, Mangaly
1968, Mehra and Sachdeva 1976, Vijayavalli and Mathew 1989, Fu and Hong 1990,
Fu et al. 1993, 1995, Huang et al. 1997, Kong et al., 2007, Pizzaia et al. 2013; Sun
et al. 2015). Some polyploids (n= 32, 48 and 64) have been found in Asian species
(Vijayavalli and Mathew 1989, Fu and Hong 1990, Fu et al. 1993, 1995, Huang et al.
1997, Kong et al. 2007, Sun et al. 2015). The karyotypes of the species analyzed were
asymmetric and modal, with most chromosomes being submetacentric and subtelo-
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centric and all of them gradually decreasing in size (Vijayavalli and Mathew 1989, Fu
and Hong 1990, Fu et al. 1993, 1995, Kong et al. 2007, Pizzaia et al. 2013). Smilax
species are dioecious and heteromorphic chromosomes have been detected in some
species, and are thought to be sexual chromosomes (Mangaly 1968, Vijayavalli and
Mathew 1989, Fu et al.1995, Pizzaia et al. 2013). Secondary constrictions and satel-
lites were detected in few species (Vijayavalli and Mathew 1989, Fu et al. 1995 and
Pizzaia et al. 2013).

Pizzaia et al. (2013) described for the first time the nucleolus organizer regions of
a Smilax species (S. rufescens), which were mapped by silver staining (Ag-NOR) and
fluorescent in situ hybridization (FISH) of 45S rDNA probes. Silver signals colocalized
with rDNA sites were observed on the short arms of six chromosomes.

In the present study, we investigated the karyotype characteristics of seven species
of Brazilian species of Smilax using conventional techniques. We compared the posi-
tions of 45S rDNA sites of S. rufescens with the sites in S. fluminensis. Procedures to
germinate wild-collected seeds to obtain plants providing roots for cytogenetic research
were also developed. We aimed to analyze aspects of karyotype evolution in these spe-
cies and to contribute to their taxonomic treatment.

Material and methods

Seeds from wild plants collected from southern, southeastern, northeastern and west-
ern central Brazil were used (Table 1). The plants are dioecious, vines or herbaceous
vines, or rarely, subshrubs or shrubs such as S. goyazana and S. brasilienesis Sprengel,
1825 (Andreata 1995). The plants were identified by Dr. R.H.P Andreata (Santa Ur-
sula University, Brazil) and were incorporated into the ESA herbarium (ESALQ, USP).

Experiments to germinate seeds to obtain plants were evaluated as reported by Piz-
zaia et al. (2013). Briefly, the seeds were germinated in plastic boxes containing Sphag-
num moss, at 27 °C. The seedlings were transferred to plastic pots containing vegetable
soil + vermiculite and maintained under screenhouse conditions with the temperature
varying from 20 °C to 32 °C. The sex of the young plants was not known.

Roots excised from young plants were pretreated with 8-hydroxyquinoline com-
bined with cycloheximide, a protein synthesis inhibitor that induces chromosome con-
densation. Some treatments were evaluated, and in most cases, two treatments were
used: combinations of 300 mg/L 8-hydroxyquinoline with 1.25 mg/L or 20 mg/L
cycloheximide at 28 °C for 3 h and 2.5 h, respectively. The roots were then fixed in 3:1
ethanol:acetic acid and kept at 4 °C. The roots were Feulgen-stained as previously de-
scribed (Bertao and Aguiar-Perecin 2002). For karyotype analysis, chromosomes of at
least five metaphase spreads were measured. Chromosomes were identified according
to their absolute length (pm), relative length (expressed as percentage of the haploid
set), arm ratio (large arm/short arm) and chromosome types were designated accord-
ing to Levan et al. (1964). The ratio of the largest chromosome/smallest chromosome
was also described. The classification of the karyotypes according to their asymmetry
(Stebbins, 1971) was adopted. The evaluation of the relative chromosome length in
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Table I. Origin of collection, chromosome number, chromosome and haploid set length (um) and ratio
of the largest/smallest chromosomes of the Smilax species.

Species Origint 2n Chromosome length

Range (um) Ratio (largest/ Haploid set
smallest) (pm)
S. rufescens Grisebach, 1842 Ilha do Cardoso (SP) 32 5.62—1.84 3.05 54.24
S. fluminensis Steudel, 1841 Uruana (GO) 32 6.41-1.33 4.82 43.47
Itirapina (SP) 32 6.48-1.31 4.95 43.32
S. polyantha Grisebach, 1842 Botucatu (SP) 32 5.85-1.92 3.05 44.09
Mogi Guagu (SP) 32 5.36-1.94 2.80 41.03
S. brasiliensis Sprengel, 1825 Itapagipe (MG) 32 5.04-1.77 2.85 38.02
S. campestris Grisebach, 1842 Cagapavado Sul (RS) 32 6.20-1.95 3.18 43.44
S. cissoides Martius ex Grisebach, 1842 Feira de Santana (BA) 32 5.51-2.00 2.75 40.17
S. goyazana A. de Candolle & C de Brasilia (DF) 64 4.85-1.61 3.01 79.25

Candolle, 1878
FIn brackets states of Brazil: SP (Sao Paulo), GO (Goias), MG (Minas Gerais), BA (Bahia), DF (Distrito Federal, Brasilia).

the tetraploid S. goyazana was carried out by estimating the percentage of the haploid
set/2. The diploid-tetraploid comparisons were therefore based on one genome for the
expression of the relative chromosome lengths.

Active NORs were detected in metaphase chromosomes of S. rufescens and S. flu-
minensis, by employing the silver-staining technique according to Stack et al. (1991)
with minor modifications as previously reported (Pizzaia et al. 2013). Briefly, roots
fixed in 3:1 etanol:acetic acid for 24 h were used to make squash preparations. The
slides were heated for 2 h at 60 °C, incubated for 8 min in 2X SSC at the same tem-
perature, washed with distilled water (3—5 min) and air-dried. Then, 50 pl 100% silver
nitrate solution was added to the preparation, which was then covered with a nylon
coverslip and incubated at 60 °C for 10 min on a Petri dish with moist filter paper.
Coverslips were removed in tap water, and the slides were washed in distilled water,
air-dried and mounted in Entellan (Merck, Germany).

Fluorescent in situ hybridization was used to detect 45S rDNA sites as previously
described (Mondin et al. 2007). Metaphases of S. rufescens and S. fluminensis were
investigated. Briefly, the probe used was the 9.1-kb maize 45S rDNA repeating unit la-
belled with biotin 14-dATP by nick translation (Bionick Labelling System, Invitrogen,
USA). Biotin was detected with mouse anti-biotin followed by rabbit anti-mouse and
swine anti-rabbit antibodies, both conjugated with TRITC (DAKO, Denmark). The
probe (5 ng/pl) was added to the hybridization mixture and denatured by heating at
95 °C for 10 min. Hybridization was carried out at 37 °C for 20 h. Post-hybridization
steps followed the protocol described by Mondin et al. (2007). The slides were coun-
terstained with 1 pg/ml DAPI in Vectashield (Vector, USA).

All preparations were examined with a Zeiss Axiophot-2-epifluorescence micro-
scope with appropriate filters. The images were acquired by a CCD camera using the
IKAROS software to analyze the Feulgen-stained metaphases and the ISIS software for
the FISH images (Meta-Systems, Germany). Silver-stained chromosomes were photo-
graphed using the Fujicolor Superia 100 film (Fuji Photo Film, Brazil). All images were
processed with Adobe Photoshop 6.0.
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Results
Karyotype anyses

The experiments to germinate seeds from wild plants were successful for obtaining
plants and roots with high index of mitosis. The pretreatments used also provided
metaphases suitable for karyotype analysis.

All of the species analyzed had 2n = 2x = 32, except the tetraploid S. goyazana with
2n = 4x = 64. The karyotypes were asymmetric and modal with the chromosomes grad-
ually decreasing in size, as shown in Fig. 1. The lengths of the haploid set and of the
largest and smallest chromosomes (pum), as well as their ratio, are included in Table 1.
The values of relative chromosome length, arm ratio, chromosome type, and Steb-
bins karyotype classification are given in Table 2. The karyotypes of these species are
described for the first time, except for S. rufescens (Pizzaia et al. 2013), included here
for comparison. The analysis of the karyotypes showed the following characteristics.

S. rufescens Grisebach, 1842

This species with 2n = 2x = 32 showed a karyotype with 7 pairs of st-type, 6 pairs of
sm-type and 2 pairs of m-type chromosomes, and the heteromorphic pair 10 with sm-
and m-type chromosomes with similar sizes, probably sex chromosomes. The size of
the chromosomes varied from 1.84 to 5.62 pm with a largest/smallest ratio of 3.05 and
the Stebbins karyotype classifications was 3B. The total haploid length was 54.24 pm.
Secondary constrictions were detected on the short arms of chromosomes 7, 11 and 14
in some metaphases. These constrictions were visible only in one homologue of each
chromosome pair. (Fig. 1A; Tables 1, 2). As it was unclear if satellites were visible, the
detected structures were considered as secondary constrictions (Pizzaia et al. 2013).

S. fluminensis Steudel, 1841

Specimens collected from Uruana (GO) and Itirapina (SP) were analyzed. Both specimens
had 2n= 2x = 32. The karyotypes were quite similar with slight differences in the arm ratio
of chromosomes 7, 8 and 15. The plants from Uruana showed a karyotype with 4 pairs of
st-type, 10 pairs of sm-type and 2 pairs with m-type chromosomes. The size of the chromo-
somes varied from 1.33 to 6.41 pum with a largest/ smallest ratio of 4.82 and the Stebbins
karyotype classification was 3C. The total haploid length was 43.47 um. Secondary con-
strictions were not detected (Fig. 1B, Tables 1, 2). The plants from Itirapina (SP) showed a
karyotype with 5 pairs of st-type, 7 pairs of sm-type and 4 pairs of m-type chromosomes.
The size of the chromosomes varied from 1.31 to 6.48 pm with a largest/ smallest ratio of
4.95 and the Stebbins karyotype classification was 3C. The total haploid length was 43.42
pm. A satellite and secondary constriction were detected on the short arm of chromosome
8 and were visible only in one homologue of the chromosome pair (Fig. 1C, Tables 1, 2).
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Figure 1. Karyotypes of Smilax species: Feulgen-stained metaphase chromosomes. A S. rufescens B S. flu-
minensis (Uruana access) C S. fluminensis (Itirapina access) D S. polyantha (Botucatu access) E S. polyantha
(Mogi Guagu access) F S. brasiliensis G S. campestris H S. cissoides | S. goyazana. Arrows indicate secondary
constrictions and satellites. Note the heteromorphic pair 10 in S. rufescens, pair 11 in S. polyantha (Mogi
Guagu) and pair 27 in S. goyazana. Scale bar: 10 um.

S. polyantha Grisebach, 1842

Specimens collected from Botucatu (SP) and Mogi Guagu (SP) were analyzed. Both
had 2n = 2x = 32. The karyotypes were quite similar with slight differences in the arm
ratio of chromosomes 9, 10, 11 and 12. The plants from Botucatu showed a karyo-
type with 9 pairs of st-type, 3 pairs of sm-type and 4 pairs of m-type chromosomes.
The size of chromosomes varied from 1.92 to 5.85 um with a largest/smallest ratio of
3.05 and the Stebbins karyotype classification was 3B. The total haploid length was
44.09. Secondary constrictions were not detected (Fig. 1D, Tables 1, 2). The plants
from Mogi Guagu (SP) showed a karyotype with 10 pairs of st-type, 2 pairs of sm-type
and 3 pairs of m-type chromosomes and the heteromorphic pair 11 with sm-type and
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st-type chromosomes of similar sizes, probably sexual chromosomes. The size of the
chromosomes varied from 1.94 to 5.36 pm with a largest/smallest ratio of 2.80 and
the Stebbins karyotype classification was 3B. The total haploid length was 41.03 pm.
Secondary constrictions were not detected (Fig. 1E, Tables 1, 2).

S. brasiliensis Sprengel, 1825

This species with 2n = 2x = 32 showed a karyotype with 8 pairs of st-type, 6 pairs of
sm-type and 2 pairs of m-type chromosomes. The size of chromosomes varied from
1.77 to 5.04 um with a largest/smallest ratio of 2.85 and the Stebbins karyotype clas-
sification was 3B. The total haploid length was 38.02 pm. A satellite and second-
ary constriction were observed on chromosome 11 and they were visible only in one
homologue of the chromosome pair (Fig. 1F Tables 1, 2).

S. campestris Grisebach, 1842

This species with 2n = 2x = 32 showed a karyotype with 5 pairs of st-type, 5 pairs of
sm-type and 6 pairs of m-type chromosomes. The size of chromosomes varied from
1.95 to 6.20 um with a largest/smallest ratio of 3.18 and the Stebbins karyotype clas-
sification was 3B. The total haploid length was 43.44 pm. Satellites and secondary
constrictions were detected on the chromosomes 10 and 14, visible only in one homo-
logue of each pair (Fig. 1G, Tables 1, 2).

S. cissoides Martius ex Grisebach, 1842

This species with 2n = 2x = 32 showed a karyotype with 7 pairs of st-type, 7 pairs of sm-type
and 2 pairs of m-type chromosomes. The size of chromosomes varied from 2.00 to 5.51
pm with a largest/smallest ratio of 2.75 and the Stebbins karyotype classification was 3B.
The total haploid length was 40.17 um. Satellites were not detected (Fig. 1H, Tables 1, 2).

S. goyazana A de Candolle & C de Candolle, 1878

This polyploid species with 2n = 4x = 64 showed a karyotype with 2 pairs of t-type, 15
pairs with st-type, 8 pairs with sm-type, 6 pairs with m-type chromosomes and the het-
eromorphic pair 27 with st-type and sm-type chromosomes with similar sizes. The size
of chromosomes varied from 1.61 um to 4.85 with a largest/smallest ratio of 3.01 and
the Stebbins karyotype classification was 3B. The total haploid length was 79.25 pm.
A satellite and secondary constriction were detected on the largest and t-type chromo-
some 1, and it was visible only in one of the homologues (Fig. 11, Tables 1, 2).
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NOR-regions visualized by silver staining and FISH

As previously reported (Pizzaia et al. 2013), in situ hybridization detected sites of 455
rDNA in six chromosomes of S. rufescens. A larger pair of medium-sized chromo-
somes showed distended secondary constrictions with different lengths between the
homologues (Fig. 2A). This pair must correspond to chromosome 7 shown in Fig. 1A.
Metaphases with both homologues displaying similar lengths of stretched secondary
constrictions were also visualized (not shown). Two pairs of the smallest chromosomes
showed minor sites of ribosomal DNA, and they must correspond to pairs 11 and 14,

as shown in Fig. 1A. Secondary constrictions were not detected in these small chromo-
somes in FISH preparations.

Figure 2. FISH signals of 45S rDNA (red) (A, C), silver staining (B, D) in S. rufescens (A, B) and S. flu-
minensis (C, D). Arrows in A and C indicate distended secondary constrictions, and arrowheads show
condensed rDNA sites. Arrows in B and D indicate larger silver signals and arrowheads in B shows small
sites. Scale bar: 10 pm.
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In the silver-stained metaphases of S. rufescens, six chromosomes showed positive
signals on the termini of the short arms (Fig. 2B), thereby giving evidence that the
six sites of IDNA were active. Two chromosomes had larger signals, and minor silver-
stained sites were observed in four chromosomes, as previously shown (Pizzaia et al.
2013).

In S. fluminensis, only four chromosomes showed 45S rDNA sites. In Fig 2C,
which illustrates a prometaphase, a highly distended secondary constriction is seen in
one medium-sized chromosome that must correspond to the satellited chromosome 8
visualized in Fig 1C. The other two chromosomes show secondary constrictions that
are less distended. A small signal is observed in a smaller chromosome. One metaphase
with two chromosomes showing highly distended secondary constrictions was also
observed (not shown).

In the silver-stained metaphases of S. fluminensis, four chromosomes showed posi-
tive signals on the termini of short arms (Fig 2D). The signals had the same size.

Discussion
Karyotype analyses

All of the diploid species studied here had 2n = 2x = 32, except the polyploid
S. goyazana with 2n = 4x= 64. Most diploid species from East Asia and India also have
2n = 2x = 32 (Vijayavalli and Mathew 1989, Fu and Hong 1990, Fu et al. 1993, 1995,
Huang et al. 1997, Kong et al. 2007, Sun et al. 2015), while a survey of species from
North America (USA) found most of the species with 2n = 2x = 26 and one species
with 2n = 2x = 30 (Mangaly 1968). The chromosome number in polyploids is variable
(2n = 64, 96, 128 (Vijayavalli and Mathew 1989, Fu and Hong 1990, Fu et al. 1993,
1995, Kong et al. 2007), all based on n = 16. In the present study, the tetraploid
S. goyazana has 2n = 4x =64. In some species, populations with variable numbers of
chromosomes were described, such as the S. china Linnaeus, 1753 complex, in which
diploids (2n = 30, 32) and polyploids (2n = 64, 96) were described (see Sun et al.
2015). The species investigated in our study have n = 16, thereby giving additional
evidence that this must be the basic number in the genus Smilax. The chromosome
number of polyploids is also derived from the basic number x = 16.

The karyotypes of the species analyzed were asymmetric, and the absolute size of the
chromosomes was rather similar, gradually decreasing in size, except in S. fluminensis, in
which the metacentric chromosome 1 was larger than in the other species. This finding
was clearly emphasized with the evaluation of the ratio between the largest and smallest
chromosomes that varied from 2.75 to 3.18 in most species compared with the values
of S. fluminensis that were larger (4.82—4.95). The relative chromosome lengths were
also quite similar with clear differences concerning the relative lengths of chromosome
1 in most species (10.33 to 11.82) compared with S. fluminensis (15.08-15.79). In
a general sense, these data were similar to those reported for species from East Asia
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(Fu and Hong 1990, Fu et al. 1993, 1995, Kong et al. 2007). From this finding, we
can conclude that chromosomal evolution in Smilax was not accompanied by large
modifications in chromosome and haploid set size, as well as large chromosomal
rearrangements in the species with 2n = 32.

The presence of a large metacentric chromosome 1 in the karyotype of S. flumin-
ensis is a special feature that is unusual in Smilax species. Fu et al. (1995) described
the karyotype of S. mirtillus A de Candolle & C de Candlolle, 1878 with a second
heteromorphic pair showing m- and sm-chromosomes as a special karyotype. Addi-
tionally, a heteromorphic subtelocentric pair 1 was found in two Smilax species by Fu
et al. (1995). A size heteromorphism of the homologues of the satellited pair 7 was
detected in male plants of S. aspera Linnaeus, 1753 by Vijayavalli and Mathew (1989).
These authors assumed an XY (male) and XX (female) type of chromosome sex com-
plex for this species. In our study, in S. rufescens, pair 10 was heteromorphic for their
centromere positions, and the chromosomes were not NOR-bearing chromosomes.
In S. polyantha (from Mogi-Guagu) and S. goyazana we also detected heteromorphism
related to centromere position in pairs 11 and 27, respectively. As we used young
plants, we had no information on their sex, therefore we can speculate only that these
heteromorphic pairs are sexual chromosomes. These findings give evidence that differ-
entiated sexual chromosomes must be a characteristic of Smilax karyotypes, however
more analyses are needed for deeper conclusions.

In general, the species analyzed had asymmetric karyotypes with chromosomes
gradually decreasing in size and showing variability in centromere position. The clas-
sification of the karyotypes according to Stebbins (1971) showed that all the karyotypes
were classified as 3B, except S. fluminensis that was 3C. Interestingly, most karyotypes
of species 2n=32 from China, analyzed by Fu et al. (1993, 1995), also belong to class
3B, with few of them classified as 3C. In the present investigation, in most species, the
largest and medium-sized chromosomes were subtelocentric and submetacentric. The
smallest chromosomes were submetacentric and metacentric. For instance, S. polyantha
(from Mogi Guagu) had the highest number of subtelocentric chromosomes among the
largest ones, and in S. campestris, the highest number of submetacentric and metacentric
types was detected among the medium-sized and smallest chromosomes. The features
observed suggest that during the evolution of these species, slight alterations occurred
in the position of the centromeres, probably due to different accumulation of repetitive
DNA in chromosome arms, as discussed below. Only S. fluminensis with a large meta-
centric chromosome 1 suffered a different type of chromosome rearrangement.

The genus Smilax has been assigned to the family Smilacaceae and to the order
Liliales sensu APG I1I thus, it is a sister family of Liliaceae. Peruzzi et al. (2009) con-
sidered that the ancestral basic number for Liliaceae is x=8, based on the frequency of
counts 2n=32 in Smilax and cytological data suggesting this genus to be paleopoly-
ploid, according to Vijayavalli and Mathew (1989). Peruzzi et al (2009) reported that
Smilax species have small mean genome size (9.16 pg) compared with some Liliaceae,
such as the genera Strepropus Michaux, 1803 (3.43 pg), and Prosartes D Don, 1830
(5.08 pg), which also have a small mean genome size in contrast with the tribe Lilieae,
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in which genera with large genomes were found: Li/ium Linnaeus, 1753 (56.31 pg)
Fritillaria Linnaeus, 1753 (44.49 pg), Cardiocrinum Lindley, 1846 (36.18 pg) and
Notholirion Boissier, 1889 (27.82 pg).

Peruzzi et al. (2009) suggested that the ancestral Liliaceae species would have a
small genome size and that evolution occurred in the direction of increasing size. In
general, it is well known that in plants there is a positive correlation between genome
size and the amount of repetitive DNA for both in tandem and dispersed repeats. For
instance, in maize, the evolution from an ancestral plant occurred with an increase
in the content of repetitive DNA. Expressive variation in genome size was observed
among maize varieties (Laurie and Bennett 1985). The analysis of the inbred line B73
(reference genome) showed that 85% of the genome was composed of transposable
elements, of which 75% belonged to LTR retrotransposon families (Schnable et al.
2009). The arm ratios of the knobless chromosomes 2 and 4 of the inbred line KYS
compared with their homologues in the tropical JD lines were significantly different,
possibly due to differences in their content of repetitive DNA (Mondin et al. 2014).
From this scenario, we could infer that the differences in arm ratios observed among
Smilax species analyzed in this study are due to different contents of repetitive DNA
in their chromosome arms.

Significant differences in karyotype asymmetry are apparent within Liliales, in
which two different aspects can be observed, such as variation in chromosome length
and variation in centromere position. Variation in chromosome lengths such as the
observed in Smilax, was observed in some Liliaceae genera with small genome sizes
such as Streptopus and Prosartes, while in some genera, such as Lilium and Fritillaria,
the asymmetry is mainly due to variation in the position of centromeres (two large
metacentric chromosomes and subtelocentric and telocentric chromosomes with rath-
er similar lengths (see Peruzzi et al. 2009).

Secondary constrictions were not described for the karyotypes of most Smilax spe-
cies reported in the literature. Vijayavalli and Mathew (1989) detected satellites on the
short arm of subtelocentric chromosomes in three species (S. aspera, S. bracteata Presl,
1827 and S. zelanica Linnaeus, 1753) and a secondary constriction on the long arm of
chromosome 1 in S. wightii A de Candolle & C de Candolle, 1753 but did not detect
secondary constrictions in the karyotypes of the cytotypes of the polyploid S. ovalifolia
Roxburgh, 1832. Fu et al. (1995) reported the presence of secondary constrictions
only on the long arm of two subtelocentric pairs (second and third) in S. corbularia
Kunth, 1850 in a study involving nine species of Smilax and three species of Heteros-
milax. In our study, we detected secondary constrictions on the short arms of subtelo-
centric chromosomes in S. rufescens, S. fluminensis, S. brasiliensis, S. campestris and the
polyploid S. goyazana in conventionally stained preparations. All of these constrictions
were located on medium-sized and small chromosomes, except for S. goyazana which
has a large chromosome 1 bearing a secondary constriction and satellite. As discussed
below, the 45S rDNA is located on the termini of the NOR-chromosome short arms
thus, due to the degree of chromosome condensation, secondary constrictions might
not be visualized in conventionally stained chromosomes.
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NOR regions

In the present study, in situ hybridization of 45§ rDNA probes showed six sites of
ribosomal DNA in S. rufescens and four sites in S. fluminensis. In addition to differing
from S. rufescens and the other species analyzed by the presence of a large metacentric
chromosome 1, S. fluminensis has a different number of ribosomal DNA sites. The
number of positive silver-staining signals was correlated with the FISH signals in both
species. Terminal secondary constrictions were observed in three chromosome pairs
of S. rufescens. As it was unclear if satellites were visible, the structures visualized were
considered terminal secondary constrictions. In more condensed metaphases, only two
chromosomes displayed secondary constrictions (Pizzaia et al. 2013). In the Itirapina
access of S. fluminensis, only one chromosome exhibited a secondary constriction, and
a satellite was observed. In Fig. 1C, the formation of a satellite is more conspicuous.
Therefore, in the case of S. fluminensis, we find that due to the terminal position of the
NOR region and the degree of chromosome condensation, secondary constrictions
could not be detected in all chromosomes.

Secondary constrictions have been considered to be the organization pattern of
active ribosomal chromatin on metaphase chromosomes. Silver-staining on secondary
constriction allows the visualization of ribosomal genes that were transcribed in the
previous interphase. It has been shown that silver binds to proteins that are compo-
nents of the transcription machinery and remain at NOR regions throughout meta-
phase and anaphase (see revision in Caperta et al. 2002). The organization pattern of
the rDNA site visualized by FISH in one metaphase chromosome pair in species such
as Secale cereale Linnaeus, 1753 (Caperta et al 2002; 2007) and Zea mays Linnaeus,
1753 (Kato et al. 2004, Mondin et al. 2014) is a distended secondary constriction and
a condensed block of proximal ribosomal chromatin, which is transcriptionally inac-
tive. As the NOR region is localized on a subterminal position of the short chromo-
some arm in these species, a satellite stained by DAPI is visualized. In both S. rufescens
and S. fluminensis, a condensed chromatin block was not visualized in the chromosome
presenting a distended secondary constriction, and neither a DAPI-stained satellite was
detected. This last observation provides evidence that the rDNA sites are localized at
chromosome termini. Therefore, we suppose that the satellite observed in the Feulgen-
stained metaphase of S. fluminensis shown in Fig. 1C would be a structure containing
rDNA, as in species of Passiflora Linnaeus, 1753 in which ribosomal DNA was ob-
served on secondary constrictions and satellites (Cuco et al. 2005).

Details on the structure and function of the NOR chromosomes, as well as the
quantification of observed events were not the scope of this study, but the detection
of some features allows some discussion. The presence of positive-silver staining sig-
nals corresponding with the number of rDNA sites revealed by FISH showed that
all these loci were active in both species analyzed. However, in some Feulgen-stained
metaphases of S. rufescens only two chromosomes bearing secondary constriction were
observed (Pizzaia et al. 2013), whereas in the metaphase of S. fluminensis seen in Fig.
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1B, secondary constrictions were not detected, and in Fig. 1C, only one was observed.
As mentioned above, these findings are a consequence of the terminal position of the
rDNA loci and the degree of chromosome condensation not allowing the visualization
of the secondary constrictions. Additionally, in the FISH preparation of S. rufescens
shown in Fig 2A, one largest NOR chromosome has a secondary constriction that
is highly distended in comparison with its homologous. This chromosome would be
more active than its homologue. This heteromorphism of the secondary constriction
was observed in FISH preparations of S. cereale, giving evidence of differential expres-
sion of homologous rDNA loci (Caperta et al. 2002; 2007). This behavior was also
supported by the observation of differences in the size of the silver-staining signals.
In an experiment carried out to evaluate this event, metaphases showing heteromor-
phic secondary constriction were more frequent than the homomorphic ones, and
the rDNA loci on homologous chromosomes had equivalent numbers of ribosomal
cistrons (Caperta et al. 2002).

In the present study, heteromorphic secondary constrictions were detected in FISH
preparations of S. rufescens and S. fluminensis, but metaphases with both homologues
of the largest NOR chromosome pair displaying distended secondary constrictions
were also observed (not shown).Therefore, we conclude that in these species, differen-
tial expression of rDNA loci occurs only in some cells. The observation of homologous
NOR chromosomes showing differences in the presence of secondary constrictions
in Feulgen-stained metaphases of S. rufescens, S. fluminensis and also in S. campestris,
S. cissoides and S. goyazana suggests that differential expression of rDNA loci is fre-
quent in the genus Smilax.

Interestingly, the treatment of roots of S. cereale with the methyltransferase inhibi-
tor 5-azacytidine (5-AC) resulted in an increase of rRNA gene transcription and then
in a reduction in the number of cells showing a significant difference in the size of
silver-stained domains in the two NORs (Caperta et al. 2007). The authors concluded
that ribosomal gene silencing was controlled by DNA methylation and that rRNA
gene transcription, silver-staining and NOR chromatin decondensation were inter-
related in S. cereale. Fig 2B shows two apparently non-homologous chromosomes of
S. rufescens with larger silver-stained domains, suggesting the occurrence of differential
rRNA expression. Fig 2D illustrates NOR chromosomes of S. fluminensis with silver-
stained NORs of similar sizes. These observations provide evidence that differential
rRNA gene expression, as well as equal expression occur in these species.

The differential expression between homologous NOR chromatin is a different
phenomenon in relation to nucleolar dominance. Nucleolar dominance has been char-
acterized as an epigenetic phenomenon that occurs in plant allopolyploids and hybrids,
in which only one ancestral set of ribosomal genes retains the ability to organize the
nucleolus, while the rDNA loci derived from the other progenitor are silenced. For
instance, in Atropa belladonna Linnaeus, 1753 derived from a tetraploid and a dip-
loid ancestor species, only four out of six rDNA sites are transcriptionally active, as
revealed by silver-staining (Volkov et al. 2017). In Quercus robur Linnaeus, 1753, two
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rDNA loci were observed, NOR-1 and NOR-2 (Bockor et al. 2014). Only NOR-1
showed decondensed chromatin in FISH preparations and positive silver signals. In
interphases, NOR-2 was condensed and located away from the nucleolus, while the
major locus (NOR-1) was associated with the nucleolus and exhibited different de-
grees of condensation. Treatment with 5-azacytidine increased the total level of RNA
transcripts and decreased the degree of DNA methylation at NOR-2 site however, the
chromatin condensation of this locus was not affected, suggesting that NOR-2 has lost
the function of rRNA synthesis and nucleolus organization.

Conclusions

The karyotypes of seven Brazilian Smilax species investigated were asymmetric and
modal with 2n = 2x = 32 chromosomes gradually decreasing in size. In S. goyazana, a
polyploid species, 2n = 4x = 64. In all the species, the large and medium-sized chro-
mosomes were subtelocentric and submetacentric and the small chromosomes were
submetacentric or metacentric. Their karyotypes were quite similar, with slight differ-
ences in the arm ratio of some chromosomes and belong to class 2B according with
Stebbins classification (1971). S. fluminensis differed from the other species by having
a large metacentric chromosome 1 and belonging to class 3C. These findings suggest
that evolution occurred without drastic changes in karyotype structure in the species
analyzed, except S. fluminenesis. Terminal secondary constrictions were visualized on
the short arm of some chromosomes, but they were detected only in one homologue of
each pair. Due to the terminal location and the degree of condensation of the chromo-
somes, secondary constrictions were not visualized in some species. In S. rufescens and
S. fluminensis all the rDNA loci were active as demonstrated by silver-staining signals
colocalized with the FISH signals. We concluded that differential expression of rDNA
loci occurs in these species based on the observation of a distended secondary constric-
tion in the largest NOR chromosome visualized in FISH preparations of some cells
in both species. Distended secondary constrictions were not observed in the smallest
chromosomes, probably due to their small size and the degree of metaphase condensa-
tion. In this connection, it is interesting to note that the absence of secondary constric-
tion on an active locus was observed in Crotalaria juncea Linnaeus, 1753, in which two
silver-stained rDNA loci were observed, that is, one major locus showing secondary
constriction and one minor locus in which a secondary constriction was not detected
(Mondin et al. 2007). The largest silver signals were observed in two chromosomes
in S. rufescens, while signals with the same size were observed in S. fluminensis, dem-
onstrating, in this species, that differential expression of rRNA genes does not occur
in some cells. Additionally, the observation of homologous NOR chromosomes with
differences in the presence of secondary constrictions in Feulgen-stained metaphases
of S. rufescens, S. fluminensis, and in S. campestris, S. cissoides and S. goyazana suggests
that Smilax is an interesting genus for further studies on the activity of the NOR sites.
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Abstract

Chromosome banding techniques were applied and standardized to obtain karyotype characteristics for the
first time in Brazil of Nelore cattle — Bos taurus indicus Linnaeus, 1758 — (bovine subspecies most promi-
nent in Brazilian livestock). Blood samples were collected from the animals of the School of Agrarian and
Biological Sciences of the Pontifical Catholic University of Goids, two males and two females of pure breed.
These samples were submitted to the cell culture method to study metaphase chromosomes. Chromosome
banding techniques (C, G and NOR) revealed the karyotype architecture of Nelore cattle common with
that of other breeds of zebu cattle formerly karyotyped. The diploid chromosome number was invariably
normal, 2n = 60. C-banding revealed C-positive heterochromatin in centromeric regions almost in all
chromosomes. G-banding presented the expected band pattern in the respective chromosome pairs in cor-
respondence with the established chromosomal patterns for the species. Ag-staining for nucleolus organizer
regions (AgNOR) was identified on the telomeric end of the long arm in 7 autosomal chromosomes. In this
study we found more regions in chromosomes with staining than presented in the literature for the Bos in-
dicus group (BIN). These NOR regions were repeated on the same chromosomes for the 4 animals studied.
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Introduction

Nelore is an important bovine breed and well noted in Brazil for its meat production,
body size and sturdiness. However, the meat industry has demanded products of high-
er quality. Thus, in the last 5 years, specifically with respect to meat production, the
cross between Angus (taurine) and Nelore (zebu) breeds has been growing in Brazil.
Indiscriminate crossing of Nelore cattle may result in a dilution of the breed and a de-
cline in their number which may result in complete genetic extinction. Consequently,
the conservation of the original breed is necessary (Reddy et al. 2016).

Despite this trend in the market, Nelore still comprises up to 80% of the national
cattle of bovine breeds raised for meat, mostly due to its combination of productivity
and adaptability to the tropics (Junior et al. 2016). The states of Mato Grosso, Mato
Grosso do Sul, and Goids, a region known as Central Brazil, hold 43% of the country
bovine cattle composed of Nelore breed (IBGE 2017).

Cytogenetic studies are highly useful for genetic characterization and for effective
conservation of the species seriously at risk of extinction (Bharti et al. 2017). Geno-
type-based selection could be a powerful tool to assist farmers on making decisions
regarding phenotype/genotype correlations and their interaction with the environment
when managing their herds (Paulino et al. 2014).

Despite the extensive genomic investigation in cattle, not so many novelties are
reported about bovine chromosomes that could be an excellent and inexpensive tool
to provide important pieces of information useful for animal characterization, herd
management, and evolutionary studies of breeds (David et al. 2014). The applica-
tion of cytogenetic techniques has led to a simple cytological determination of the
two main subspecies used in formation of domestic cattle breeds — Bos taurus taurus
Linnaeus, 1758, Y(BTA) is submetacentric, and Bos taurus indicus Linnaeus, 1758,
Y(BIN) is acrocentric (Halnan and Watson1982). In their karyotypes, the X chro-
mosome is always the only morphologically distinguishable chromosome among
monotonously acrocentric metaphases, being large and submetacentric (Raudsepp
and Chowdhary 2016).

For correct identification of individual chromosomes, several banding techniques
were developed, broadly divided into two categories: those that produce bands along
the entire chromosome (Q, G, and R) and those that mark specific regions of each
chromosome (C, T, or NOR) (Miranda and Mattevi 2011). Among other breeds of
BIN cytogenetically studied, Nelore cattle in Brazil are still not so exploited, due to the
difficulty to standardize and update the cytogentic techniques commonly used to study
chromosomes, for example, the time necessary to culture cell and preparation of slides
with material for banding techniques.

We are presenting in this work the necessary characterization of Nelore’s chromo-
somes using G-, C-, and NOR-branding methodologies.
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Material and methods

Biological samples were collected from four animals (2 male, 2 female), products in-
dustrial breeding Nelore, belonging to the study station of the Faculty of Agrarian of
Biological Sciences / Pontifical Catholic University of Goids. The herd maintained at
lots of 28 m? of pasture and fed with fodder twice a day. Both males were 28 months
old, weighing about 430kg. Both females were 35 months old, weighing about 480 kg.
Blood samples of about 3ml of peripheral blood from the external jugular vein of each
animal were kept in vaccum tubes containing heparin to prevent blood clotting and
cooled on ice until arriving at the laboratory. Conventional cytological techniques were
applied adapted to local and laboratory conditions of peripheral blood culturing and
chromosome preparation (Verma and Babu 1995; David et al. 2014; Rosetto 2015).

Cell culture and cytological preparation

Cell culture was performed from Iml of blood sample transferred into RPMI 1640
(Gibco RPMI 1640 Medium) (4ml), enriched with FBS (Fetal Bovine Serum, Gibco
(1ml), PHA (Phytohemagglutinin, Gibco) and antibiotics (Penicillin G sodium salt,
Sigma-Aldrich) (100U/pL). The cell suspension was stored in an incubator at 38 °C
under 5% of carbon dioxide (CO,) for 71 hours. After this time, 75pul of colchicine
(Colcemid, Gibco) was added and incubation continued for an additional 30 minutes.
Subsequently, samples were transferred to a 15ml conical tube and centrifuged for
10 minutes at 1000rpm, and then the supernatant was discarded (leaving about 1ml
of material in the tube). A total of 10ml of hypotonic solution (KCI at 0.075 M) was
added into the tube and incubated for 35 minutes at 38 °C, 5% CO,. The cells were
then fixed with Carnoy’s solution (3 parts of methanol to 1 part of acetic acid), fixation
was performed for 10 minutes at room temperature and immediately centrifuged for
10 minutes at 1000rpm. The cell pellet was fixed by three successive washes with the
fixative, until the material became clear. Fixed cells were maintained in a suspension
with 5ml of fixative in the refrigerator until the time of chromosomal analysis.

C-banding

The cell suspension was dropped on a microscope slide over a water-bath steaming at
60 °C. Slides were previously cleaned and degreased to guarantee adequate spreading
of metaphases. Metaphase spreads were aged in the refrigerator for 2 days. Subse-
quently, the slides were soaked in 0.2N HCI solution for 10 min, rinsed in distilled
water. DNA denaturation was carried out in a solution of 5% barium hydroxide for
15 min at 37 °C, slides were rinsed in distilled water at room temperature. After dry-
ing, the slides were stained with 10% Giemsa’s solution for 5 minutes (KaryoMAX
Giemsa Stain Solution).
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G-banding

For the GTG banding, slides with the metaphase spreads were stored at room tem-
perature for 7 days. After aging, slides were treated in 0.025% trypsin solution (Gibco)
diluted in 4mL of PBS at 37 °C for 6—7 seconds. Afterwards, slides were stained in 5%
Giemsa’s solution for 5 minutes (KaryoMAX Giemsa Stain Solution).

NOR banding

Ag-staining of NORs (Nucleolus Organizer Regions) was carried out after aging the
slides for 2 days in a refrigerator. Subsequently, 2 drops of 50% silver nitrate (AgNO3,
Sigma-Aldrich) and 2 drops of 2% gelatin diluted in 1% formic acid were added to
the material and covered by a glass coverslip. The slide was then placed into a humid
chamber at 65 °C protected from light for a time ranging from 3 to 5 minutes until the
slide surface showed a copper-like color.

Analysis of metaphases and chromosomal measurement

Metaphases were captured using white light microscopy with the aid of a karyotyping
station consisting of a microscope Axioplan 2 Imaging (Carl Zeiss, Alemanha) with
motorized platinum controlled by Metafer 3.4.0 software (Metasystems Corporation,
Germany). Captured images were analyzed using IKAROS (Metasystems Corpora-
tion, Germany).

Twenty metaphases of each animal were analyzed. The lengths of chromosomes in
micrometers were measured in mitotic metaphase of male and female cells. Karyotype
symmetry/asymmetry index (S/Al), the mean length of short arm (Ls), length of long
arm (L), total length of arm (LT), arm ratio (AR-long/short chromosome), centro-
meric index (CI) and type of chromosome and formula were estimated according to
Eroglu (2015).

All chromosomes measurements were translated by computation using software
IKAROS (Metasystems Corporation, Germany), after pairing each pair of homologs
in G- banded karyotype. Homologs were paired for all four animals, according to sex,
and the final chromosome measurement corresponded to arithmetic mean of indi-
vidual estimation for each chromosome.

Results and discussion

The study of Brazilian Nelore cattle adds to the list of the zebu (B. . indicus) breeds so
far karylogically investigated. The diploid number in all 4 studied animals was found to
be 60, consisting of 29 pairs of autosomes and one pair of sex chromosomes — the kar-
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yotype constitution, common to domestic cows of taurine/B. taurus and zeburine/B.
indicus origin and established in all former reports (Wurster and Benirschke 1968;
Evans et al. 1973; Mayr and Gruber 1986).

The Brazilian Nelore line originated from Ongole, a predominant breed in India
(Oliveira et al. 2002). Our results were similar to those of Bharti and collaborators
(2017) characterized the Ongole cattle with 29 acrocentric autosomal chromosomes
and the sexual pairs, chromosome X as large submetacentric and chromosome Y as
small acrocentric, thus suggesting common chromosome architecture of the Nelore
cattle with that of other recognized breeds of BIN.

The measures for autosomes did not vary between male and female. Therefore,
here we show the corresponding figures for the males in order to show all autosomal
and both heteromorphic sex chromosome for the studied subspecies. All chromosomes
measurements were represented in Table 1.

The chromosome pairs indicate evidence of interchromosomal asymmetry. S/AI
for Nelore karyotype was 2.97 and 2.98 for female and male animals, respectively,
classified its karyotype between symmetric and asymmetric, most likely due to the
presence of the X chromosomes. The karyotype formulae were also different for male
and female Nelore cows, corresponding, respectively, to 1SM+59A and 2SM+58A.
For additional discussion about the importance to know the values of the karyotype
symmetry/asymmetry in higher animals, readers are strongly advised to read the work
of Eroglu (2015).

With respect to sex chromosomes in Nelore, in our results the ratio between X
and Y chromosomes was 2.45 indicating a remarkable in level of allosomic hetero-
morphism, a common observation among animals harboring XY sex determination
mechanism, leading to an evolutionary stronger reproductive isolation (Lima 2014).

Chromosome X is relatively a few larger than chromosome 1, the largest acrocentric
chromosome in the bovine karyotype. X/1 proportion is close to one (1,1um). On the
other hand, Y chromosome is close in size to autosomal chromosomes 24 (BIN), with
an average size of 29,5um then compared to the smallest acrocentric chromosome 29
(BIN), Y/29 proportion was found to be 1,3. Due to its acrocentric morphology and
its small size, the Y chromosome of Nelore can easily be confused with several other
small autosomal chromosomes that are also acrocentric. Here we report difficulty in
the identification of Y(BIN) when relying only on Giemsa staining, just as reported by
Melo (2009).

However, C-, GTG-, and NOR-banding provided a better morphological char-
acterization of all chromosomes, including Y chromosome in Nelore, facilitating the
proper differentiation of autosomal and sexual chromosomes for the breed.

In our case, Y is acrocentric, as in the first descriptions of the zebu karyotype (Hal-
nan and Watson 1982.) This decision was made based on arm ratio and centromeric
index (CI) for all Y chromosomes measured. Acrocentric chromosomes generally show
an extend satellite and visually may suggest the shape of submetacentric chromosomes.

C-banding demonstrated dark bands (C-positive) on all centromeric region of au-
tosomes, analyzed in the bovine material which showed well-defined heterochromatin
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Table 1. The average measurements and arm ratio of the entire chromosome complement for male Bos
taurus indicus Linnaeus, 1758, after homologs were paired up following GTG- banding.

Chromosome  Total length Long arm Short arm Arm ritio Centromeric Chromosome
pair (um) (um) (um) (long/short) index type
1 67,9 61,7 6,2 9,952 9,131 A
2* 60,9 54,3 6,6 8,227 10,837 A
3* 57,8 51,8 6 8,633 10,381 A
4* 56,7 50,8 5,9 8,610 10,406 A
5 53,5 48,4 5,1 9,490 9,533 A
6 52,6 46,9 5,7 8,228 10,837 A
7 49,9 44,6 5,3 8,415 10,621 A
8 50,5 45,1 5 8,352 10,693 A
9 49,5 44,4 5,1 8,706 10,303 A
10 47,4 42,2 5,2 8,115 10,970 A
11* 45,6 40,6 5,0 8,120 10,965 A
12 42,2 37 5,2 7,115 12,322 A
13 38,7 33,1 5,6 5,911 14,470 A
14 40,3 35 5,3 6,604 13,151 A
15 38,5 33,5 5,0 6,700 12,987 A
16 38,6 33 5,6 5,893 14,508 A
17 37,8 32,2 5,6 5,750 14,815 A
18 35,6 30,2 5.4 5,593 15,169 A
19 33,5 28 5,5 5,091 16,418 A
20 32,3 26,4 6 4,475 18,266 A
21 31,7 26,5 5,2 5,096 16,404 A
22 32,2 26,9 5,3 5,075 16,460 A
23 31 26,1 4,9 5,327 15,806 A
24 29,5 24,2 53 4,566 17,966 A
25* 28,2 23 5,2 4,423 18,440 A
26 26,5 21,3 5,2 4,096 19,623 A
27 26,6 21,5 5,1 4,216 19,173 A
28* 25,3 20,2 5,1 3,961 20,158 A
29 22,6 18 4,6 3,913 20,354 A
X 66,6 44,2 22,4 1,973 33,634 SM
29,4 23,7 5,7 4,2 19,388 A

Note: A: acrocentric; SM: submetacentric.
*Nucleolus organizer chromosomes.

blocks. Stranzinger et al. (2007), studied the polymorphism of chromosome Y in various
breeds of cattle (Bos taurus) in Switzerland, showed the C-negative X chromosome and
C-positive Y chromosome from C-banding. However, in the animals in this study no
dark bands (light or C-negative) were identified on the X and Y chromosomes (Figure 1).
The GTG banding provides alternated light and dark bands on the chromosomes,
the distribution of these bands is different for each chromosome, facilitating the identifi-
cation of the homologous pairs. Pinheiro et al. (1984) analyzed the BIN and BTA bovine
chromosomes by G bands and found that the pattern of bands presented by the chromo-
somes was identical and that the difference between these animals was evidently genic.
Thus, in the GTG banding analysis the haploid set of Nelore cattle consists of 29
autosomes and 1 sexual pair including X and Y chromosome. The pair composition
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Figure |. C-banded bovine chromosomes of Nelore breed. A female (XX) B male (XY).

presented in Figure 2 follows the nomenclature of the standard GTG-banded cattle
karyotype (Di Berardino et al. 2001). In addition, the GTG banding can serve as a
guide for the diagnosis and association of possible chromosomal alterations, being
considered a differential technique for the characterization of species at chromosome
levels (Rosetto 2015).

In spite of the diverse qualities that the GTG- banding provides, it requires an
extended time of 7 days for preparation of the slides, along with the obtaining of meta-
phases in good condition for the analysis of the chromosomes.

The NOR technique, initially described by Mayr and Gruber (1986), revealed 5
pairs of the zebu (B. indicus) chromosomes 2, 3, 4, 11 and 28 with the nucleolar or-
ganizer regions located on the long arms. That was considered an important discovery
in the conserved regions in the genus Bos Linnaeus, 1758 and may vary within species
BTA and BIN. There are genomic controversies in the literature regarding the location
of the nucleolar organizer regions in the Bos taurus species, some breeds presented six
pairs of NORs in chromosomes 2, 3, 4, 11, 25 and 28, whereas others presented 5
pairs in chromosomes 2, 3, 4, 11 and 25 respectively (Melo 2009).

The seven nucleolus organizing regions (NORs) were located on the autosomal
chromosomes of cattle Nelore. The four animals that made up the sample group in this
study presented the NORs in the same chromosomal pairs, which are the autosomal
pairs 2, 3,4, 11, 22, 25 and 28 shown in figure 3. In contrast, Mayr and Gruber (1986)
indicated that NOR:s of the cattle BIN appear on eight positions of the long arm of the
pair autosomes 2, 3, 4 and 28.

Jantarat and colleagues (2009) performed the banding in C, G and NOR Thai’s
native cattle (Bos taurus indicus) and the results were compared to our study. There
was a difference in the result of the NOR technique, the Thai’s native cattle presented
NOR in three pairs of autosomal chromosomes whereas for the studied Nelore breed,
seven pairs of chromosomes presented the silver placement in the telomeric region.
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Figure 3. The nucleolus organizer regions on the long arm of the pairs of autosomal chromosomes 2, 3, 4,

11, 22,25, and 28 by NOR-banding technique in female and male respectively. A female (XX) B male (XY).

Conclusion

About 80% of the Brazilian herd is composed of zebu breeds (Bos z. indicus), animals
with more rusticity and easy adaptation to the predominant environment in the coun-
try (Amaral et al. 2012). Among these breeds, Nelore stands out the beef cattle with
the greatest expansion in the central-west region. Therefore, it is important to study
the cytogenetics of this group, being the most used chromosome banding techniques
(CRPBZ 2015).

There was no cytogenetic characterization by banding techniques (C-, GTG- and
NOR) for the Nelore Brazilian breed. For the animals of this study, the C banding
made possible an exact identification of the acrocentric chromosomes. The technique
GTG-banding provided the correct characterization of the pairs homologues, espe-
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cially the autosomal chromosomes of cattle that are all acrocentric. In particular, the
in this study it was possible to identify nucleolus organizing regions in other chromo-
somes, different from what was already known for subspecies Bos ¢. indicus.

The variation in the composition of the chromosomes that make up the national
herds, especially those in this study, can be explained by the many preceding intersec-
tions and inbreeding. This management practice is commonly used to increase the herd
of animals with favorable traits. Therefore, our observation can be in correspondence
to the work of Carneiro et al. (2007) which refers to genetic diversity and genealogical
control of the Nelore breed.

In addition to the banding techniques excellent for studies of morphology and
chromosome classification, instead of new cytogenetic methodologies, such as Fluo-
rescent In Situ Hybridization (FISH) and High Resolution Banding, can be used to
understand chromosomal rearrangements and to clarify phenomena that may be re-
lated to the integrity of bovine genetic material (Luna 2012, De Lorenzi et al. 2017).
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Abstract

Two species of Cassidinae have been chromosomally analyzed, Cassida humeralis Kraatz, 1874 from
France, with 2n = 18, 8 + Xyp meioformula and Anacassis fuscata (Klug, 1829) from Uruguay, with
2n = 30, 14 + Xy meioformula. The karyotype of the former is composed of similar meta/submetacentric
autosomes, a small X-chromosome and a tiny y-chromosome, as many other Cassida and tribe Cassidini
species, whereas that of the latter has four pairs of acro/telocentric autosomes at least and the remaining
meta/submetacentrics including the X-chromosome and a tiny y-chromosome, which points out to its

probable apomorphic origin by centric fissions, as found in some other species of the tribe Mesomphaliini.

Keywords
Coleoptera, Chrysomelidae, Cassidinae, Cassida humeralis, Anacassis fuscata, karyotypes

Introduction

The leaf beetles of subfamily Cassidinae are a very large group with some 6,000 species
distributed in 43 tribes (Chaboo 2007). Nearly 130 species have been chromosomally
analysed mostly from the Palaearctic, Neotropical and Oriental regions (Petitpierre
et al. 1988, Petitpierre et al. 1998; De Julio et al. 2010; Lopes et al. 2015; Lopes et al.
2017). Although the range of chromosome numbers is very large, from 2n = 12 to 2n
(@) = 51, roughly 40% of their species show 2n = 18 chromosomes (De Julio et al.
2010). Moreover, the sex-chromosome system in males is the “parachute type” Xy , as

Copyright Eduard Petitpierre. 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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found in nearly 95% of Cassidinae (De Julio et al. 2010) and in most beetles of the
suborder Polyphaga (Smith and Virkki 1978). The present paper is a small contribution
to the cytogenetics of Cassidinae and a brief discussion on its chromosomal evolution.

Material and methods

Two species of Cassidinae, each from two individuals, have been chromosomally sur-
veyed: Cassida humeralis Kraatz, 1874, from Revens (Gard, France) and Anacassis fus-
cata (Klug, 1829) from Sauce (Canelones, Uruguay). The male adult individuals were
anaesthetized with ethyl acetate before dissecting their testes with insect pins and using
then the methods of chromosome treatments reported by Petitpierre et al. (1998), for
obtaining chromosome spreads which were conventionally stained with Giemsa. Final-
ly, the slides were examined and photographed with a Zeiss Axioskop photomicroscope.

Results

Cassida humeralis provided spermatogonial metaphases with 2n = 18 chromosomes,
all the autosomes showing similar sizes and metacentric shapes except one pair of sub-
metacentrics, whereas the X sex-chromosome was a clearly smaller metacentric with

Figures 1-4. Cassida humeralis: | spermatogonial metaphase with 2n = 18 meta/submetacentric chro-
mosomes, the small X-chromosome is arrowheaded and the tiny y-chromosome pointed by an arrow
2 meiotic diakinesis with a 8 + Xyp meioformula, the Xyp is arrowheaded 3 meiotic metaphase II of
X-chromosome (arrowheaded) class with nine chromosomes 4 meiotic metaphase II of y-chromosome
(arrowed) class with nine chromosomes.
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Figures 5-8. Anacassis fuscata. 5 spermatogonial metaphase with 2n = 30 chromosomes 6 spermatogonial

metaphase showing at least four acro/telocentric autosome pairs indicated by arrows 7 meiotic metaphase
I with a 14 + Xy meioformula 8 meiotic metaphase II of X-chromosome class with fifteen chromosomes.

regard to all autosomes and the y-chromosome a tiny element (Fig. 1). The meiotic
metaphase I displayed an 8 + Xy formula, with rings of two chiasmata, cross and
rod-shaped one-chiasma autosomal bivalents in variable numbers and the Xy sex-
chromosome system (Fig. 2). The meiotic metaphases II showed as expected the two
classes, with 8 + X and 8 + y haploid chromosome numbers, respectively (Figs 3, 4).

Anacassis fuscata had spermatogonial metaphases with 2n = 30 chromosomes of
mostly medium and small sizes (Fig. 5), at least four pairs of them acro/telocentrics
and the remaining meta- or submetacentrics including the X-chromosome, and a tiny
y-chromosome (Fig. 6). The meiotic metaphase I displayed a 14 + Xy meiformula
(Fig. 7), and a metaphase II showed 14 + X haploid chromosomes (Fig. 8).

Discussion and conclusions

The karyotype of Cassida humeralis has 2n = 18 chromosomes as in 23 (69.7%)
of the 33 cytogenetically known species of the genus Cassida, and in 40 (65.6%)
among the total of 61 checked species of the tribe Cassidini, including species of
further fourteen genera (Petitpierre et al. 1998; De Julio et al. 2010; Lopes et al.
2016, 2017). The prevalent metacentric shape of most autosomes in C. humeralis
is also in agreement with those found in five other species of the same genus and
in other genera of Cassidini tribe as well as a small metacentric X-chromosome
and a tiny Y-chromosome (Petitpierre 1977; Petitpierre et al. 1998; De Julio et al.
2010). De Julio et al. (2010) assumed that a meioformula of 9 + Xyp (2n = 20), the
probable most ancestral for coleopterans of the suborder Polyphaga (Smith and Virkki
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1978; Dutrillaux and Dutrillaux 2009), might also be the ancestral for the subfamily
Cassidinae, but although this is present in three species of Cassida and in three further
ones of different genera in the tribe Cassidini too (De Julio et al. 2010), it seems clear
that it could not be the basal one. Moreover, the range of diploid numbers in the tribe
Cassidini is quite large from 2n = 16 in Glyphocassis trilineata (Hope, 1831) to 2n
= 42 in Agroiconota inedita (Boheman, 1855), but all out of one checked species in
this tribe show the Xy sex chromosome system in males, although a few of them are
polymorphic for an additional y. chromosome (De Julio et al. 2010).

The high chromosome number, 2n = 30, of Anacassis fuscata, is in agreement with
others found in the Neotropical tribe Mesomphaliini (= Stolaini), whose range in num-
bers goes from 2n = 22 to 2n(d) = 51, in 24 checked species of six genera, where ten
species of them had diploid numbers > 30 chromosomes (De Julio et al. 2010; Lopes
etal. 2016, 2017). Anacassis fuscata shows at least four acro/telocentric autosome pairs
which points out to their possible origin from meta- or submetacentric autosomes by
centric fissions, as it is found in other species of the tribe Mesomphaliini (De Julio
etal. 2010), and a tiny y-chromosome, but the X-chromosome was not distinguished.
Nevertheless, Anacassis fuscara displays a simple sex-chromosome system Xy (probably
Xy,) in males, as occurs in species of other genera of this tribe, namely of Chelymorpha
Chevrolat, 1837 , Cyrtonota Chevrolat, 1837, Mesomphalia Hope, 1839, Paraselenis
Spaeth, 1913 and Srolas Billberg, 1820 (De Julio et al. 2010; Lopes et al. 2016, 2017),
contrary to the highly complex sex-chromosome systems described in most species and
chromosomal races of Botanochara, which are undoubtedly derived from the former
simple one Xy by chromosomal rearrangements (De Julio et al. 2010; Lopes et al.
2017). 'Thus, the tribe Mesomphaliini is strikingly apomorphous from cytogenetic
grounds, both due to the high diploid chromosome numbers and the highly complex
sex-chromosome systems of a fair number of its species.

Eventually, the possible most ancestral karyotype for the whole Cassidinae s. lat.
subfamily, that is including the ancient subfamilies of Cassidinae s. str. (tortoise bee-
tles) and Hispinae (leaf-mining beetles), may be that of 2n = 18 (Xyp) chromosomes,
because it is prevalent in two of the three tribes with at least five or more examined
species of Cassidinae s. str., and in three of the six so far checked tribes belonging to
the ancient subfamily Hispinae. However, in order to secure the basal karyotype of
Cassidinae s. lat., many more species, most of all in this latter group of the ancient
subfamily Hispinae, would be necessary to confirm this point of view.
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Abstract

Male karyotype and meiosis in four true bug species belonging to the families Reduviidae, Nabidae, and
Miridae (Cimicomorpha) were studied for the first time using Giemsa staining and FISH with 18S ribo-
somal DNA and telomeric (I'TAGG), probes. We found that Rhynocoris punctiventris (Herrich-Schiffer,
1846) and R. iracundus (Poda, 1761) (Reduviidae: Harpactorinae) had 2n = 28 (24 + X]XZXBY), whereas
Nabis sareptanus Dohrn, 1862 (Nabidae) and Horistus orientalis (Gmelin, 1790) (Miridae) had 2n = 34
(32 + XY) and 2n = 32 (30 + XY), respectively. FISH for 18S rDNA revealed hybridization signals on a
sex chromosome, the X or the Y, in H. orientalis, on both X and Y chromosomes in V. sareptanus, and on
two of the four sex chromosomes, Y and one of the Xs, in both species of Rhynocoris Hahn, 1834. The
results of FISH with telomeric probes support with confidence the absence of the “insect” telomere motif
(TTAGG), in the families Nabidae and Miridae and its presence in both species of genus Rhynocoris of the
Reduviidae, considered as a basal family of Cimicomorpha. Increasing evidence reinforces the hypothesis
of the loss of the canonical “insect” telomere motif (TTAGG), by at least four cimicomorphan families,
Nabidae, Miridae, Tingidae, and Cimicidae, for which data are currently available.
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Introduction

The true bugs (Hemiptera: Heteroptera), with almost 45,000 described species dis-
tributed into 91 families and seven infraorders (Henry 2017), are one of the largest
and most diverse groups of non-holometabolous insects. Overall, 40 species, 27 gen-
era and 10 families have been studied in respect to the telomere structure (Okazaki
et al. 1993, Sahara et al. 1999, Grozeva et al. 2011, Golub et al. 2015, 2017, 2018,
Pita et al. 2016, Chirino et al. 2017, Angus et al. 2017). The species studied belong
to three largest infraorders, including a more basal infraorder Nepomorpha and the
evolutionary derived sister infraorders Pentatomomorpha and Cimicomorpha. The
“insect” telomere motif (TTAGG)_ was found in all studied species of the families
Belostomatidae (Kuznetsova et al. 2012, Chirino et al. 2017) and Nepidae (Angus et
al. 2017) from the Nepomorpha. Likewise, this motif was reported for the suborder
Coleorrhyncha, a sister group to the Heteroptera (Kuznetsova et al. 2015). These facts
indicate that it is most likely the ancestral telomeric repeat sequence of the Heterop-
tera in general. In contrast, all studied species of the families Lygacidae s.1., Pentato-
midae, and Pyrrhocoridae from the Pentatomomorpha, as well as those of the families
Nabidae, Tingidae, Cimicidae, and Miridae from the Cimicomorpha were shown to
lack this motif (Okazaki et al. 1993, Sahara et al. 1999, Grozeva et al. 2011, Golub
etal. 2015, 2017, 2018). Based on this evidence, a hypothesis was advanced that the
ancestral telomeric repeat TTAGG was lost at the base of the clade Pentatomomor-
pha + Cimicomorpha (= the Geocorisae sensu Schuh et al. 2009) being secondarily
replaced by another yet unknown motif or an alternative telomerase-independent
mechanism of telomere maintenance (Frydrychova et al. 2004, Mason et al. 2016).
However, a recent research of Pita et al. (2016) discovered the putative ancestral “in-
sect” motif in the cimicomorphan family Reduviidae (the assassin bugs), namely in
the comparatively young (24-38 Ma, after Hwang and Weirauch 2012) hematopha-
gous subfamily Triatominae. Due to this finding, the validity of the above hypothesis
was questioned. Moreover, the postulated lack of the (TTAGG) detection, at least in
the families of Cimicomorpha, was suggested to be “due to a methodological problem
of the telomeric probe rather than a loss process during their evolution” (Pita et al.
2016).

Primarily to address this issue, we did a (TTAGG)_ FISH experiment involving
four species of the Cimicomorpha, which have not previously been studied in respect
to telomere composition. These are Nabis (Halonabis) sareptanus Dohrn, 1862 from the
family Nabidae; Horistus orientalis (Gmelin, 1790) from the family Miridae; Rhynocoris
punctiventris (Herrich-Schiffer, 1846) and R. iracundus (Poda, 1761) from the family
Reduviidae, the subfamily Harpactorinae. Specifically, we looked for a strong evidence
of the absence of the (TTAGG)  telomere motif in Nabidae and Miridae as well as an
additional evidence of the presence of this motif in the family Reduviidae.

In addition, we aimed to detect the 18S rDNA loci in the above species. Finally, we
characterized, for the first time, the karyotype and meiotic pattern of spermatogenesis
in each of the species under study.
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Material and methods

Taxon sampling, fixation and slide preparation

The true bug specimens were collected in May-June 2018, in Bulgaria. The localities
from which the bugs were collected and the number of males and mitotic/meiotic
preparations studied are given in Table 1. The insects were brought to the lab and fixed
alive in a fixative consisting of 3 parts of 95% ethanol and 1 part of glacial acetic acid.
Chromosome preparations were made from the male gonads. The testes were extracted
from the abdomen, placed on a slide in a drop of 45% acetic acid, and squashed. The
coverslips were removed with a razor blade after freezing with dry ice, and the slides
were, then, dehydrated in fresh fixative (3 : 1) and air dried.

Routine staining

For this staining, we followed the Schiff-Giemsa method described by Grozeva and
Nokkala (1996).

Fluorescence in situ hybridization (FISH)

Probes for 185 rDNA and (TTAGG), were prepared and FISH was performed according
to Grozeva et al. (2015) with some modifications. For primer information, see Grozeva
et al. (2011). The telomere probe (TTAGG)_ was amplified by PCR and labelled with
thodamine-5-dUTP (GeneCraft, Kéln, Germany). An initial denaturation period 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 18S rDNA
probe was amplified by PCR and labelled with biotin-11-dUTP (Fermentas, Vilnius,
Lithuania) using genomic DNA of the true bug Pyrrhocoris apterus (Linnaeus, 1758). An
initial denaturation period of 3 min at 94 °C was followed by 33 cycles of 30 s at 94 °C,
annealing for 30 s at 50 °C and extension for 1.5 min 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 18S rDNA and (TTAGG),
probes (80—100 ng per slide) with an addition of salmon sperm blocking reagent and then
hybridized for 42 h at 37 °C. 18S rDNA probes were detected with NeutrAvidin-Fluores-
cein conjugate (Invitrogen, Karlsbad, CA, USA). The chromosomes were mounted in an
antifade medium (ProLong Gold antifade reagent with DAPI, Invitrogen) and covered
with a glass coverslip. The number of males involved in the study ranged from three to
one (Table 1), and the number of preparations examined ranged from one (Horistus ori-
entalis) to 11 (Rhynocoris iracundus) and the number of prophase/metaphase plates exam-
ined ranged from a few (H. orientalis) to several dozen (V. sareptanus and Rhynocoris spp).
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Table |. Material studied.

Numb
Number of males/ wmber
) of males/
Speci Locali Date of preparations "
ecies ocali reparations
P R collection  analysed by Shiff- prep
Giemsa stainin analysed by
§  FIsH
Rhynocoris punctiventris (Herrich-Schiffer, 1846) X 23 May 2018 1/6 1/3
L Bulgaria, Kresna Gorge
Rhynocoris iracundus (Poda, 1761) 41.762378N. 23.169228E 23 May 2018 3/11 2/5
Horistus orientalis (Gmelin, 1790) : T 23 May 2018 1/1 1/2
Bulgaria, P ie Lak
Nabis (Halonabis) sareptanus Dohrn, 1862 tweana, fomorte Lake 07 June 2018 3/5 1/1

42.565609N, 27.630627E

As a control for the efficacy of our (I'TAGG)_ FISH experiments, we used chro-
mosome preparations from Scarlupella discolor (Germar, 1821) (Hemiptera: Auchen-
orrhyncha) known to be (TTAGG), -positive (Maryariska-Nadachowska et al. 2016).

Microscopy and imaging

The routinely stained preparations were analysed under a light microscope (Axio Scope
Al — Carl Zeiss Microscope) at 100x magnification and documented with a ProgRes
MF Cool, Jenoptic (Jena, Germany). FISH images were taken using a Leica DM 6000
B microscope with a 100x objective, Leica DFC 345 FX camera, and Leica Applica-
tion Suite 3.7 software with an Image Overlay module (Leica Microsystems, Wetzlar,
Germany). The filter sets applied were A, L5 and N21 (Leica Microsystems). The speci-
mens from which the chromosome preparations have been obtained are stored at the
Institute of Biodiversity and Ecosystem Research, BAS (Sofia, Bulgaria).

Results and discussion

Family Reduviidae
Subfamily Harpactorinae
Tribe Harpactorini

Rhynocoris punctiventris, 2n 3 =28 (24A + X1X2X3Y), Figs 1, 3, 4, 6b, 7
R iracundus, 2n & = 28 (24A + X1X2X3Y)’ Figs 2, 5, 6a

Both species were found to have 28 chromosomes at spermatogonial metaphases (Figs
1, 5), and 12 autosomal bivalents and 4 univalent sex chromosomes at spermatocyte
metaphases I (MI) (Figs 3, 6a, b). Such a chromosomal complement has been reported
for all so far studied species of the genus Rhynocoris Hahn, 1834 and also for half the
studied species of the tribe Harpactorini (see for review: Tiepo et al. 2016). The auto-
somes of spermatogonial metaphases and in turn both bivalents (MI) and univalent
autosomes (MII) in meiosis are of a more or less similar size. Among the four sex
chromosomes, the largest is considered as the Y and the others as X, X,, and X that
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Figures 1=7. Rhynocoris punctiventris (1, 3, 4, 6b, 7) and R. iracundus (2, 5, 6a), 2n (&) = 28 (24A
+ X X, X,Y). Routine staining (1-4), FISH with 185 rDNA (green) and telomeric (TTAGG), (pink)
probes (5=7). I, 5 spermatogonial metaphase 2 early condensation stage with four sex chromosome
bodies 3, 6a, b metaphase I (MI) 4, 7 metaphase IT (MII) with four sex chromosomes located in the center
of the ring formed by autosomes. Hybridization signals of the (TTAGG)_ probe are seen at the ends of
chromosomes, and the signals of 18S rDNA FISH are seen on the Y chromosome and on one of the X

chromosomes in both species (5=7). Scale bars: 10 um.

could have originated through the fission processes of the original X chromosome of
an ancestor with a simple system XY. Although we studied no females and have thus
no direct confirmation of such interpretation of sex chromosome system in these two
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8b

Figure 8. Scarlupella discolor. FISH with 185 rDNA (green) and telomeric (ITAGG), (pink) probes.
Hybridization signals of the (I'TAGG)_ probe are seen at the ends of chromosomes. Scale bar: 10 um.

species, it is likely, as it represents the prevalent pattern reported for their close relatives
(Tiepo et al. 2016). Three X chromosomes are of similar size and the smallest chromo-
somes of the complement. At condensation stage of meiosis, the four sex chromosome
bodies were observed (Fig. 2). The analysis of MI and MII plates confirmed that the
sex chromosomes followed the conventional in the Heteroptera (Ueshima 1979) post-
reductional mode of separation of the sex chromosomes, i.e., they divide in the first
division and segregate in the second division. As with other reduviid species (see e.g.
Poggio 2007, Tiepo et al. 2016), at MII the autosomes are arranged to form a ring,
with sex chromosomes being positioned inside the ring as a pseudo-tetravalent without
having a visible connection between them (Figs 4, 7).

Figures 5 to 7 present the results of the application of FISH with (TTAGG)
and 18S rDNA probes to mitotic and meiotic chromosomes of R. iracundus (Figs 5,
6a) and R. punctiventris (Figs 6b, 7). Hybridization signals of the telomeric probe are
clearly seen on the ends of chromosomes of both species indicating that their telom-
eres contain the canonical insect telomeric TTAGG tandem repeat. However not all
chromosome ends show bright hybridization signals. The same variation in both the
number and/or the intensity of signals has repeatedly been described in other true bug
species (Pita et al. 2016, Angus et al. 2017, Chirino et al. 2017). Moreover, it was also
observed at MI plates from Scarlupella discolor (Auchenorrhyncha) used here as a posi-
tive control for the (I'TTAGG)_probe in all our FISH experiments (Fig. 8a, b). Such
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variation may be due to differences in the length of target TTAGG sequences (Chirino
et al. 2017) or uneven access of the probe to the chromosomes (Pita et al. 2016).
In all the figures presented, 18S rDNA FISH signals are seen on sex chromosomes,
the Y and one of the X chromosomes. The condensation of sex chromosomes at MI
made it impossible to determine the precise location of rDNA sites on them. At M1,
these chromosomes are split into the sister chromatids and consequently show each
twin hybridization signals of both telomeric and rDNA probes (Figs 6a, b). A similar
pattern of the rDNA distribution was previously reported for Cosmoclopius nigroan-
nulatus (Stal, 1860), another Harpactorini species with the same karyotype 2n = 24A
+ X X, X)Y (Bardella et al. 2014).

Family Nabidae
Subfamily Nabinae
Tribe Nabini

Nabis (Halonabis) sareptanus, 2n & = 34 (32A + XY), Figs 9-14

The chromosome complement of males studied here agrees with that reported earlier
for males of this species originating from the Republic of Kazakhstan (Kuznetsova
and Maryariska-Nadachowska 2000). However, the cited paper provided neither de-
scriptions nor illustrations of karyotype and meiosis. According to our observations
of different stages of meiosis, the autosomes of this species more or less gradually
decrease in size; the X far exceeds in size the largest autosome, whereas the Y is one
of the medium-sized elements of the complement (Figs 9-14). At the condensation
stage, there are 16 autosomal bivalents and 2 univalent sex chromosomes, which are
positively heteropycnotic and associate to one another via a nucleolus (Fig. 9). The
first division is reductional for the autosomes and equational for the sex chromosomes
(sex chromosome post-reduction). Figures 9 and 14 present late condensation stages
with 16 autosomal bivalents and univalent chromosomes X and Y, which split into
the sister chromatids each. As in other nabid species (Nokkala and Nokkala 1984,
Kuznetsova and Maryariska-Nadachowska 2000), the homologues of every bivalent
align in parallel without chiasmata between them (Figs 10, 14), i.e. meiosis is achias-
mate of the so-called alignment type (Nokkala and Nokkala 1984). During the second
division, sex chromosomes show “distance pairing” at MII (Fig. 11) and move to dif-
ferent poles at anaphase II (Fig. 12).

FISH with the (TTAGG)_ probe revealed no signals on chromosomal spreads of
N. sareptanus (Figs 13, 14) suggesting thus that its telomeres lack the “insect” telomere
motif (TTAGG) . The hybridization signals of the 18S rDNA probe, as expected be-
cause of the association of the nucleolus with the sex chromosomes (see above), were
present on both X and Y sex chromosomes (Figs 13, 14). This is the first evidence of
the rDNA location in the family Nabidae.
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Figures 9-14. Nabis (Halonabis) sareptanus, 2n (3) = 34 (32A + XY). Routine staining (9—12), FISH
with 185 rDNA (green) and telomeric (TTAGG)_ (pink) probes. (13, 14); 9, 14 condensation stage (9 at

the early condensation stage, 2 univalent sex chromosomes are positively heteropycnotic and associate to

one another via a nucleolus; arrowed) 10 MI I'l MII 12 anaphase II (AIl) 13 spermatogonial metaphase.
There are no hybridization signals of the (I'TAGG)_ probe; the signals of the 185 rDNA probe are seen
on both X and Y chromosomes (13, 14). Scale bars: 10 um.

Family Miridae
Subfamily Mirinae
Tribe Mirini

Horistus orientalis, 2n & = 32 (30A + XY), Fig. 15

Fifteen bivalents of autosomes and a pseudo-bivalent composed of the X and Y sex
chromosomes are present at early MI (Fig. 15a, b). No chiasmata are present in the
bivalents; however, one or occasionally two tenacious threads, the so-called collochores,
hold the homologues together. This pattern, known as the collochore type of achiasmate
meiosis (Nokkala and Nokkala 1986) was described in all hitherto studied representa-
tives of the family Miridae (for references see Kuznetsova et al. 2011).

FISH with the (TTAGG), probe revealed no signals on chromosomal spreads of
H. orientalis suggesting thus that its telomeres lack, as in N. sareptanus, the “insect” tel-
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Figure 5. Horistus orientalis, 2n (3) = 32 (30A + XY). FISH with 18S rDNA (green) and telomeric
(TTAGG), (pink) probes. Early MI — bivalents with one or occasionally two tenacious threads, the so-

called collochores (arrowed). There are no hybridization signals of the (TTAGG)_ probe; the signals of the
18S rDNA probe are seen on the XY sex chromosome pseudo-bivalent. Scale bar: 10 pm.

omere motif (I'TAGG)_ . The twin hybridization signals of the 185 rDNA probe were
seen on the XY sex chromosome pseudo-bivalent; however, we failed to understand
whether they were present on the X or on the Y chromosome. In two another species
of the family Miridae studied previously in this respect, Deraeocoris rutilus (Herrich-
Schaeffer, 1838) and D. ruber Linnaeus, 1758, both with an XY sex chromosome
system, rDNA clusters were shown to be located on the X chromosome and on both X
and Y chromosomes, respectively (Grozeva et al. 2011).

Conclusion

The major result of our work is a compelling support for the absence of the canoni-
cal “insect” telomeric TTAGG tandem repeat in the families Nabidae and Miridae
(Table 2). It now seems clear that prior notions of these families as groups lacking
the insect telomere motif (TTAGG) (Frydrychovd et al. 2004, Grozeva et al. 2011)
are correct. As mentioned in the Introduction, this motif was also not discovered in
two another cimicomorphan families, namely, Cimicidae and Tingidae (Grozeva et
al. 2004, Golub et al. 2015, 2017, 2018) and in all so far studied species of the sister
to the Cimicomorpha infraorder Pentatomomorpha (in the families Lygaeidae s.l.,
Pyrrhocoridae, and Pentatomidae) (Frydrychovd et al. 2004, Grozeva et al. 2011).
Mason et al. (2016) have suggested a single loss event of the TTAGG telomeric
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Table 2. Karyotypes and results of FISH mapping of telomere (I'TAGG)  motif and 18S rDNA loci.

Presence / absence of

Taxon 2n (TTAGG), motif Location of 18S rDNA loci
Family Reduviidae
Rhynocoris punctiventris 28 (24A + X X X.Y) Present Y and one of the X chromosomes
Rhynocoris iracundus 28 (24A + X X XY) Present Y and one of the X chromosomes
Family Miridae
Horistus orientalis 32 (30A + XY) Absent One of the sex chromosomes

(unidentified)

Family Nabidae
Nabis (Halonabis) sareptanus 34 (32A + XY) Absent Both X and Y chromosomes

repeat before the Cimicomorpha and Pentatomomorpha divergence, and after their
separation from the Nepomorpha. The discovery of this motif in the supposedly
monophyletic family Reduviidae, both in the second largest subfamily Triatominae
(Pita et al. 2016) and in the largest subfamily Harpactorinae (present study), allows
diverse speculations.

With approximately 6,800 described species in 25 subfamilies, the assassin bugs
represent one of the largest families within the order Hemiptera. Phylogeny and
relationships within and between subfamilies of the Reduviidae are far from being
resolved (Hwang and Weirauch 2012). According to most available phylogenies,
Reduvioidea (Reduviidae + Pachynomidae) are monophyletic and a sister group to
the rest Cimicomorpha (Schuh et al. 2009, Weirauch and Schuh 2011). We can
therefore assume a scenario where an ancestor of Cimicomorpha + Pentatomomor-
pha possessed the ancestral in Insecta (Frydrychovd et al. 2004) and most likely
initial in the Heteroptera (Kuznetsova et al. 2012) motif (TTAGG) , that retained
in the Reduviidae but was then repeatedly lost by other families of the Geocori-
sae. Similarly, the huge insect orders Coleoptera and Hymenoptera include both
TTAGG-positive and TTAGG-negative species, which was interpreted as the mul-
tiple loss of the initial telomeric sequence during their evolution (Frydrychovéd and
Marec 2002, Gokhman et al. 2014, Menezes et al. 2017). To be sure, there remains
much work toward elucidating the problem and testing the above hypothesis. Future
telomere TTAGG-FISH analyses should focus on including additional species and
higher-level taxa of the Heteroptera.
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Abstract

Pipidae is a clade of Anura that diverged relatively early from other frogs in the phylogeny of the group.
Pipids have a unique combination of morphological features, some of which appear to represent a mix of
adaptations to aquatic life and plesiomorphic characters of Anura. The present study describes the karyo-
type of Pipa carvalhoi Miranda-Ribeiro, 1937, including morphology, heterochromatin distribution, and
location of the NOR site. The diploid number of P carvalhoi is 2n=20, including three metacentric pairs
(1, 4, 8), two submetacentric (2 and 7), three subtelocentric (3, 5, 6), and two telocentric pairs (9 and 10).
C-banding detected centromeric blocks of heterochromatin in all chromosome pairs and the NOR detected
in chromosome pair 9, as confirmed by FISH using the rDNA 28S probe. The telomeric probes indicated
the presence of interstitial telomeric sequences (ITSs), primarily in the centromeric region of the chromo-
somes, frequently associated with heterochromatin, suggesting that these repeats are a significant component
of this region. The findings of the present study provide important insights for the understanding of the
mechanisms of chromosomal evolution in the genus Pipa, and the diversification of the Pipidae as a whole.

Copyright Michelle Louise Zattera 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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Introduction

Chromosome studies provide important insights into the diversification of karyotypes
and represent an effective approach for the identification of homologies among spe-
cies (Targueta et al. 2018). This approach provides a systematic understanding of the
rearrangements of the genome that have occurred during the evolutionary history of
the target group.

Pipids are a clade of anurans that diverged relatively early from other frogs in the
phylogeny of the group (Pyron and Wiens 2011). Pipids have a unique combination
of morphological features, some of which appear to represent a mix of adaptations
to aquatic life and plesiomorphic characters of Anura (Cannatella and Trueb 1988,
Cannatella 2015, Aratjo et al. 2017). The frogs of the family Pipidae dwell in fresh-
water environments and have behavioral and physiological features that are unique in
anuran amphibians, making this group an excellent model for evolutionary studies
(Cannatella and Trueb 1988, Cannatella and De S4 1993, Pough et al. 2001). The
family currently includes four genera: Hymenochirus Boulenger, 1896 (4 species), Pseu-
dohymenochirus Chabanaud, 1920 (1 species), Xenopus Wagler, 1827 (29 species), and
Pipa Laurenti, 1768 (7 species), which are distributed in sub-Saharan Africa and South
America (Frost 2019).

However, based on molecular phylogenetic inferences and presumed ancestral dip-
loid numbers, some authors have distinguished a fifth lineage, Si/urana, which includes
all the species derived from an ancestor with 2n = 20 (Evans et al. 2004, Pyron and
Wiens 2011), from Xenopus, which has an ancestral diploid number of 2n = 18. Ev-
ans et al. (2015) suggested that Xenopus should be divided into two subgenera, Xeno-
pus and Silurana. Other authors consider Xenopus and Silurana a monophyletic clade,
without the necessity of separation of subfamilies or genera between them (e.g., De S4
and Hillis 1990, Cannatella and De S4 1993, Graf et al. 1996), in this work we will
consider them as a single group, Xenopus tropicalis group (Frost 2019).

Pipa is the only non-African representative of the Pipidae, and evidences from a
number of different sources indicates that this South American lineage is derived from
an ancestor closely related to the extant members of the genus Hymenochirus. Pipidae
was widely distributed in Gondwana and after its splintering, those lineages had dis-
tributions associated with the Afro-Tropical (Hymenochirus, Pseudhymenochirus and
Xenopus) and Neotropical Regions (Pipa). The historical isolation resulted in the diver-
sification of the ancestral lineage of the genus Pipa, which is found in South America,
as far north as Panama (Trueb et al. 2005, Frost 2019).

The genus currently contains seven species: £ arrabali 1zecksohn, 1976, P aspera
Mueller, 1924, P carvalhoi Miranda-Ribeiro, 1937, P myersi Trueb, 1984, P parva
Ruthven & Gaige, 1923, P pipa (Linnaeus, 1758), and P snethlageae Muller, 1914
(Frost 2019). In most cases, the only cytogenetic information available for the pipid
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species is the diploid number. The Xenopus + Silurana lineages (sensu Evans et al. 2015),
the sister group of Pipa, have the largest number of karyotyped species, including re-
current cases of polyploidy, with the chromosomal number being used as a criterion
for the description of new species (Evans et al. 2015). The karyotypes of Hymenochirus
boetrgeri (Tornier, 1896) and Pseudohymenochirus merlini Chabanaud, 1920 (a mono-
typic genus) were described recently, filling gaps in the chromosomal history of the
Pipidae (Mezzasalma et al. 2015). In the case of Pipa the available cytogenetic data
are limited to the diploid numbers for 2 parva (2n = 30) and P, pipa, with 2n = 22
(Wickbom 1950, Morescalchi 1968, Morescalchi et al. 1970). Pipa carvalhoi present a
diploid number of 20 chromosomes; however, this information was only determined
based on an ideogram published by Mezzasalma et al. (2015), which was inferred based
on the data of an unpublished degree thesis (Pfeuffer-Friederich 1980).

As no data whatsoever are available for the other five Pipa species, further stud-
ies will be essential for the understanding of the genomic rearrangements that have
occurred during the adaptive radiation of this lineage in South America. Here, we
describe the karyotype of P carvalhoi, including the position of the NORs and the dis-
tribution pattern of the heterochromatin. We also documented the intrachromosomal
spread of the telomeric (I'TAGGG)n motifs and discuss these findings in the context
of the phylogenetic scenario of the family Pipidae.

Material and methods

Samples

We analyzed three specimens of Pipa carvalhoi collected in Buerarema (three male),
Bahia state, Brazil, and three from Buique (two male + one juvenile), Pernambuco
state, Brazil. The collection of specimens was authorized by SISBIO/Instituto Chico
Mendes de Conservagio da Biodiversidade through protocol number 55481-1. The
specimens were deposited in the “Célio Fernando Baptista Haddad” Amphibian Col-
lection (CFBH), on the Rio Claro campus of Sio Paulo State University (UNESP)
and in Natural History Museum in Universidade Federal de Alagoas (MHN-UFAL).

Staining procedures

The chromosomal preparations were obtained from intestinal and testicular cells treat-
ed with 2% colchicine for 4 hours, using techniques modified from King and Rofe
(1976) and Schmid (1978). The mitotic metaphases were stained with 10% Giemsa
for karyotyping. The heterochromatic regions were identified by C-banding, using
the technique described by Sumner (1972) and C-banding + DAPI. We detected the
NORs using the Ag-NOR method (Howell and Black 1980). The chromosomes were
ranked and classified according to the scheme of Green and Sessions (1991).
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Fluorescence in situ hybridization

Loci of 28S rDNA were detected fluorescence in sizu hybridization (FISH). We used
the 28S fragment isolated by Bruschi et al. (2012) to detect the rDNA genes. This
probe was PCR-labeled with digoxigenin and hybridized following the protocol of
Viegas-Péquignot (1992). Finally, the vertebrate telomeric (TTAGGG)n sequence
probe was obtained by PCR amplification and labeling, based on Ijdo et al. (1991).

Results

The diploid number of the 2 carvalhoi karyotype was 2n = 20 chromosomes (Fig. 1).
The karyotype contains three metacentric pairs (1, 3, 8), two submetacentric (2 and
7), three subtelocentric (4, 5, 6), and two telocentric pairs, 9 and 10 (Fig. 1). The same
karyotype was recorded in both populations.

The C-banding technique detected centromeric blocks of heterochromatin in all
chromosome pairs. Interstitial heterochromatin blocks were also detected in the long
arms of pair 5 (Fig. 1B). Pericentromeric C-positive banding was observed in the long
arm of pair 3, and in the short arm of the submetacentric pair 7 (Fig. 1B). The centro-
meric blocks of heterochromatin presented DAPI-positive signals in all the chromo-
somes, in addition to pericentromeric heterochromatin in pair 3 (Fig. 1C). The DAPI
staining also revealed a conspicuous bright signal in the pericentromeric regions of
both arms of pair 3 and 8. Neither of these features were revealed by the C-banding
(Fig. 1C).

Under conventional Giemsa staining, a secondary constriction was observed in
the subterminal regions of the homologs of pair 9, which coincides with the NOR
site (in both populations), detected by the Ag-NOR method and confirmed by FISH
using the rDNA 28S probe (Fig. 2A), and this region was DAPI-negative (Fig. 2B).
The telomeric probe hybridized all the telomeres in the chromosomes of P carvalhoi.
Conspicuous signals of Interstitial Telomeric Sequences (ITSs) can be observed in the
centromeric/pericentromeric region of the homologs of pairs 1, 2, 4, 5, 6, 7, and 8, and
in the interstitial region of the long arm of chromosome pair 9. A secondary constric-
tion was also observed in chromosome pair 8 (Fig. 2A, C).

Discussion

The chromosomal evolution of the pipids appears to have involved complex rearrange-
ments, including recurrent polyploidization events and associated shifts in the diploid
number (Table 1). In the present study, we redescribed the karyotype of P carvalhoi, in-
cluding the distribution of the heterochromatin and the NOR site. In the phylogenetic
reconstructions of the superfamily Pipoidea proposed by Pyron and Wiens (2011) and
Irisarri (2011), the 2n = 22 diploid number was identified as the plesiomorphic condi-
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Figure 1. Karyotype of P carvalhoi. a Prepared by conventional Giemsa staining b C-banding and
c DAPI staining. The arrow indicates the NOR site.

tion, based on the karyotype of Rhinophrynus dorsalis Duméril & Bibron, 1841 (Bogart
and Nelson 1976), the only member of the Rhinophrynidae.

Subsequently, Mezzasalma et al. (2015) proposed that the ancestral karyotype of
Pipidae had a diploid number of 2n = 20, based on the conserved diploid numbers
observed in Xenopus (= Silurana) tropicalis and Hymenochirus boettgeri + Pseudhymeno-
chirus merlini. The phylogenetic inferences of Evans et al. (2004) and Irisarri (2011) in-
dicated the existence of two clades in the clawed frogs (Xenopus), with a well-supported
synapomorphy of the diploid number, which divides the species of this genus into two
separate lineages: the subgenus Silurana (2n = 20) and the subgenus Xenopus, which
has the primitive diploid number (2n = 18). The diploid number (2n = 20) found in
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Figure 2. Fluorescence in situ hybridization in P carvalhoi karyotype. a Hybridized with the 28S rDNA
probe b the NOR-bearing chromosome highlighted by DAPI-staining, the Ag-NOR method, and FISH
with 28S rDNA ¢ /n situ hybridization with the telomeric probe in the karyotype of P carvalhoi from
Pernambuco, Brazil. The arrows in ¢ indicate the interstitial telomeric sequences (ITSs) and the constric-

tion in chromosome 8 are indicates by asterisk.

Xenopus (= Silurana) tropicalis (Gray, 1864) and the polyploidy of the species derived
from this form [2n = 4x = 40: Xenopus (= Silurana) calcaratus Peters, 1877; Xenopus
(= Silurana) epitropicalis Fischberg, Colombelli and Picard 1982; Xenopus (= Silurana)
mellotropicalis Evans et al. 2015] correspond to a retention of the plesiomorphic condi-
tion of the pipids (Mezzasalma et al. 2015).
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Table I. Detailed cytogenetic data available for species of the Pipidae family. NOR: Nucleolar Organizer

Region; M= metacentric; SM= submetacentric; ST=subtelocentric; T=telocentric; p= short arm; g=long

arm; (-) no data.

Species Ploidy Karyotype formula NOR Reference
level site

Xenopus tropicalis group
X tropicalis 2n =20 2M+14SM +4 A 5q Tymowska and Fischberg 1973; Uehara et al. 2002
X. epitropicalis 4n = 40 4M + 28 SM+ 8 A 5q Tymowska and Fischberg 1982; Tymowska 1991
X new tetraploid 1 4n =40 4M + 28 SM+ 8 A 5q Tymowska 1991; Evans et al. 2004
X new tetraploid 2 4n =40 4M + 28 SM+ 8 A 5q Evans et al. 2004
Xenopus laevis group
X. borealis 4n=36 6M+14SM+2ST+ 14T 4p Tymowska and Fischberg 1973; Tymowska 1991
X clivii 4n =36 6M+14SM+2ST + 14T 4p Tymowska and Fischberg 1973; Tymowska 1991
X. fraseri 4n=36 O6M+14SM+2ST+ 14T 6q ‘Tymowska and Fischberg 1973; Tymowska 1991
X. gilli 4n =36 6M+ 14 SM+2ST + 14T 12p Tymowska and Fischberg 1973; Tymowska 1991
X. laevis laevis 4n=36 6M+14SM+2ST+ 14T 12p Tymowska 1991
X. laevis bunyoniensis 4n =36 6M+14SM+2 ST + 14T - Tymowska 1991
X laevis petersi 4n = 36 6M+ 14 SM+2ST + 14T - Tymowska and Fischberg 1973; Tymowska 1991
X. laevis poweri 4n=36  O6M+14SM+2ST+ 14T - Tymowska 1991
X. laevis sudanensis 4n=36 6M+14SM+2ST+ 14T - Tymowska 1991
X. laevis victorianus ~ 4n =36 6M+14SM+2ST + 14T - Tymowska and Fischberg 1973; Tymowska 1991
X. largeni 4n=36 6M+14SM+2ST +14T - Tymowska 1991
X muelleri 4n =36 6M+ 14 SM+2ST + 14T 4p ‘Tymowska and Fischberg 1973; Tymowska 1991
X pygmaeus 4n =36 6M+14SM+2ST+ 14T 6q Loumont 1986
X sp. nov. VI 4n=36 O6M+14SM+2ST+ 14T 4p Tymowska 1991
X sp. nov. IX 4n=36 O6M+14SM+2ST+ 14T 12p Tymowska 1991
X amieti 8n=72 12M+28SM+4ST+28T 5q Kobel et al. 1980
X andprei 8n=72 12M+28SM+4ST+28T 18q Loumont 1983
X boumbaensis 8n=72 12M+28SM+4ST+28T Op+4p Loumont 1983
X itombwensis 8n=72 12M+28SM +4ST +28T - Evans et al. 2008
X lenduensis 8n=72 12M+28SM +4ST +28T - Evans etal. 2011
X vestitus 8n=72 12M+28SM+4ST+28T 12p Tymowska 1991
X wittei 8n=72 12M+28SM+4ST+28T  12p Tymowska 1991
X sp. nov. X 8n=72 12M+28SM+4ST+28T 18q Tymowska 1991
X longipes 12n =108 18 M +42SM +6ST +42T 7p Loumont and Kobel 1991
X ruwenzoriensis 12n=108 18M+42SM+6ST+42T 11q  Tymowska and Fischberg 1973; Tymowska 1991
X cf. boumbaensis 12n =108 18 M +42SM +6ST +42T 7p Evans 2007
X sp. nov. VIIla 12n=108 18M+42SM+6ST +42T  7p Tymowska 1991
Genus Pseudbhymenochirus
D merlini 2n =20 8M+4SM+6ST+2T 10q Mezzasalma et al. 2015
Genus Hymenochirus
H. boetrgeri 2n =20 14M+2SM +4ST 4p Mezzasalma et al. 2015
Genus Pipa
P carvalhoi 2n=20 6M+4SM+6ST +4T 9q Present study

8M+8SM+4T" Mezzasalma et al. 2015
P pipa 2n =22 8M+ 14 A - Wickbom 1950

6M + 2ST + 14A Morescalchi et al. 1970

P parva 2n =30 30T - Morescalchi 1981

‘Chromosomal formula shown by Mezzasalma et al. 2015 was based in Pfeuffer-Friederich 1980 and Sachsse 1980.
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The diploid number (2n = 20) recorded here in P carvalhoi also corresponds to
a retention of the plesiomorphic condition of the pipids, and an overview of all the
known karyotypes of pipid species indicates that the morphology of pairs 1, 2, 3, and
4 is highly conserved, as it is in the outgroup, Rhinophrynus dorsalis (Mezzasalma et
al. 2015). Despite the conservative karyology of the principal pipid clades, the known
diploid numbers of Pipa species vary considerably. The two other species for which
data are available are 2 parva, which has a karyotype (2n = 30) composed entirely of
telocentric pairs (Wickbom 1950, Morescalchi 1968), and P, pipa, which has a diploid
number of 2n = 22 (Morescalchi et al. 1970).

The comparison of the karyotypes of P carvalhoi and P pipa (Wickbom 1950,
Morescalchi et al. 1970) indicates interspecific chromosomal homologies of the
metacentric and submetacentric pairs 1, 2, 3, and 4. The minor differences between
the P pipa karyotypes published by Wickbom (1950) and Morescalchi et al. (1970)
are derived from variation in the chromosomal nomenclature adopted in the two
studies, rather than any real karyotype differences among the P pipa populations.
As the P parva karyotype contains only telocentric pairs, the recognition of chro-
mosome homologies with other Pipa species are currently restricted by the lack of
appropriate markers.

The pericentromeric heterochromatin block in the homologs of pair 3 of 2 carval-
hoi could be a common feature of pipid karyotypes. Interestingly, this heterochromatin
block, is also present in Xenopus (= Silurana) tropicalis (Tymowska & Fischberg, 1982),
Hymenochirus boettgeri, and Pseudhymenochirus merlini karyotype (Mezzasalma et al.
2015), which all have a diploid number of 2n = 20 chromosomes. As the configura-
tion of the heterochromatin is a valuable marker for the interspecific comparison of
karyotypes, the unique non-centromeric heterochromatin blocks found in some of the
chromosomes of P carvalhoi constitute an important diagnostic trait for the analysis of
the interspecific variation in the pipids, based on C-banding.

We detected interstitial telomeric sequences (ITSs) in the centromeric/peri-
centromeric region of the metacentric and submetacentric chromosomes of the 2
carvalhoi karyotype. Based in Mezzasalma et al. (2015) hypothesis, the P carvalhoi
karyotype have been diversification from primitive Pipidae karyotype mainly by peri-
centromeric inversion involved pairs 3, 6, 8-10. In our data, the pericentromeric ITS
detected in homologues of pairs 6, 8 and 9 validated this hypothesis, highlights the
role of the intrachromosomal rearrangements shaping karyotype diversification in
Pipidae. The pericentromeric inversion involved pair 3 occurred without repositioned
telomeric repeats that justify absence of the I'TS in this metacentric pair. Canonical
telomeric repeats are located in the terminal regions of the chromosomes, but several
vertebrate species have blocks of (TTAGGG)n repeats in non-terminal regions of
their chromosomes (Meyne et al. 1990, Bolzdn 2017). Non-telomeric (TTAGGG)
n repeats have been described frequently in anuran species see (Bruschi et al. 2014,
Schmid and Steinlein 2016, Schmid et al. 2018). For example, Nanda et al. (2008)
reported the presence of ITSs in pipid chromosomes for the first time, detecting a
wealth of non-telomeric (TTAGG)n repeats in the chromosomes of Xenopus clivii
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Peracca, 1898, in pair 17 of the Xenopus Laevis (Daudin, 1802) karyotype, and as-
sociated with the NOR in X. borealis and X. muelleri (Peters, 1844). Interestingly, the
ITS markers were fundamental to the discrimination of the karyotypes of these four
species, which all share the same diploid number (2n = 36) and have highly uniform
chromosome morphology, when analyzed using a classical cytogenetic approach. The
ITSs distinguish X. c/ivii, which has much more numerous I'TSs in comparison with
the other Xenopus karyotypes.

Despite being an unusual feature of vertebrate genomes, we found ITS sites in
euchromatic regions (in pair 9, for example), as found in some other anuran species.
Schmid and Steinlein (2016) proposed ‘large ITSs in restricted euchromatic regions
(restricted eu-ITSs)” as a new category of I'TS in anuran karyotypes. These euchromatic
ITSs have already been documented in chromosome pairs 2 and 9 of Hypsiboas boans
(Linnaeus, 1758) (Schmid and Steinlein 2016), which is consistent with the presence
of these markers in pair 9 of P carvalhoi.

Adopting the parsimony criterion, we rejected the hypothesis that the ITSs detect-
ed in the P carvalhoi karyotype are remnants of centric (Robertsonian) fusions, given
that P carvalhoi has the plesiomorphic pipid diploid number. However, for some chro-
mosomes (pairs 6, 8 and 9) theses I'TS to confirm occurrence of the intrachromosomal
rearrangements during evolution of this karyotype. Already, for others ITS signals,
our data support the conclusion that the presence of the intrachromosomal telomeric
motif (TTAGGG)n represents a component of the repetitive DNA sequences spread
throughout these chromosomes. Furthermore, the ITSs found in the P carvalhoi chro-
mosomes coincide with the heterochromatic blocks detected by C-banding in chromo-
somes 1, 2, 4, 5 and 7. The role of telomeric repeats as repetitive motifs of part of the
satellite DNA has already been described in a number of rodent genera, with a unique
signal being found in the pericentromeric heterochromatin together with Msat-160 or
in telomeric probes, in experiments with co-located het-ITSs and the Msat-160 satel-
lite DNA (Rovatsos et al. 2011).

Ruiz-Herrera et al. (2008) proposed a model to account for the presence of
short ITSs in the genome of vertebrates, in which the sequences originate from
the insertion of telomeric repeats during the repair of double-strand breaks (DBSs)
in the DNA, which may occur either with or without the intervention of telom-
erase, with the telomerase-mediated repair of the DSBs possibly leading to the
appearance of ITSs. Bolzdn and Bianchi (2006) concluded that the amplification
of these sequences may be related to (i) the insertion of telomeric repeats dur-
ing the repair of double-strand breaks or (ii) transposable elements. In the former
case (i), the telomerase may catalyze the addition of telomeric sequences directly
to non-terminal regions through the direct addition of (TTAGGG)n repeats to
the ends of broken chromosomes (chromosome healing). The amplification of the
ITSs may also occur through unequal crossing over between the repeats of sister
chromatid breakage-fusion-bridge cycles, replication slippage (Lin and Yan 2008),
gene conversion, and excision and reintegration events through the ‘rolling circle’
mechanism (Bolzdn 2017).
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Conclusion

Overall, then, the results of the present study indicate that 2 carvalboi has a karyo-
type of 2n = 20 chromosomes, supporting that this chromosome formula represents
the pleiomorphic condition of the pipids, with interspecific chromosomal homologies
indicating a highly conserved karyotype configuration. The presence of ITSs in some
chromosomes may have originated independently during the chromosomal evolution
of this species which in others pairs correspond to evidences of the pericentromeric in-
versions occurred during Pipidae karyotype diversification. The findings of the present
study provide important insights into the mechanisms of chromosomal evolution in
the genus Pipa and the diversification of the family Pipidae as a whole.
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Abstract

The karyotype of the blue butterflies from the Angarskiy Pass (Crimea), previously attributed to Polyorn-
matus (Agrodiaetus) poseidon (Herrich-Schiffer, 1851), was re-examined. In all 19 studied individuals,
we found the haploid chromosome number n = 26, including 7 pairs of relatively large and 19 pairs of
relatively small chromosomes. According to the chromosome number and karyotype structure, the stud-
ied population does not differ from P (A.) damocles krymaeus (Sheljuzhko, 1928) from the eastern part of
the Crimean Mountains. This result does not confirm the previously formulated hypotheses, according
to which (1) two morphologically similar but karyologically different species, R (A.) poseidon and P (A.)
damocles krymaeus, occur sympatrically in the Crimea and (2) there is hybridization between these taxa
on the Angarskiy Pass. Thus, only three species of the subgenus Agrodiaetus Hiibner, 1822 have been reli-
ably established for the Crimea: P (A.) damone pljushtchi Lukhtanov & Budashkin, 1993, P (A.) damocles
krymaeus (Sheljuzhko, 1928) and P (A.) ripartii budashkini Kolev & de Prins, 1995.
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Introduction

The subgenus Agrodiaetus Hiibner, 1822 of the genus Polyommatus Latreille, 1804
is a diverse and taxonomically difficult group of blue butterflies of the subtribe Pol-
yommatina (Talavera et al. 2013), consisting of a large number of species weakly
differentiated in morphology (Eckweiler and Bozano 2016). At the same time, the
subgenus demonstrates a high level of karyotypic differentiation with respect to the
chromosome number (Przybylowicz et al. 2014, Lukhtanov 2015, Vershinina and
Lukhtanov 2017), chromosome size (Lukhtanov and Dantchenko 2002) and number
of chromosomes bearing ribosomal DNA clusters (Vershinina et al. 2015). There-
fore, cytogenetic studies are an absolutely necessary (although not always sufficient)
approach for solving many problems of the taxonomy in the subgenus Agrodiaetus
(de Lesse 1960, Lukhtanov and Dantchenko 2017, Lukhtanov and Shapoval 2017,
Vishnevskaya et al. 2018).

Karyotypes of the Crimean Agrodiaetus were studied by Kandul (1997) who indi-
cated three species for this territory: P (A.) damone pljushtchi Lukhtanov & Budash-
kin, 1993 (with the haploid chromosome number, n = 67), P (A.) ripartii budashkini
Kolev & de Prins, 1995 (n = 90) and P (A.) poseidon (Herrich-Schiffer, 1851). The
latter species, according to Kandul, is represented by two karyomorphs in the Crimea.
One of them, determined by Kandul as 2 (A.) poseidon krymaeus (Sheljuzhko, 1928)
[currently known as P (A.) damocles krymaeus (Sheljuzhko, 1928), see Eckweiler and
Bozano 2016], has n = 26. It is quite widespread in the southern Crimea from the An-
garskiy Pass in the west to the village of Kurortnoye in the east. Another karyomorph,
determined by Kandul (1997) as P (A.) poseidon poseidon (Herrich-Schiffer, [1851]),
has n = 19. According to Kandul, the latter karyomorph was found in four individuals
collected by K. A. Efetov on the Angarskiy Pass in 1992 (see the Discussion section for
the alternative possible origin of these specimens). In addition, abnormal meiotic meta-
phase plates were found in the specimens from the Angarskiy Pass presumably indicat-
ing hybridization between P (A.) damocles krymaeus and P (A.) poseidon (Kandul 1997).

Since these chromosomal morphs (n = 26 and n = 19) were reported to inhabit in
sympatry, it could be assumed that they belong to different species. This is a plausible
assumption given that (1) the distribution areas of 2 (A.) damocles and P (A.) poseidon
overlap in Turkey (Eckweiler and Bozano 2016), (2) P (A.) poseidon is distributed more
widely and represented on its northern edge by extremely local populations which
remain unknown until now even on the well-studied territories (Lukhtanov and Tik-
honov 2015), and (3) the larval foodplant of 2 (A.) poseidon also belongs to the genus
Hedysarum Linnaeus, 1753 (Fabaceae) as it was reported before for P (A.) damocles kry-
maeus (Budashkin 1990, Dantchenko 1995, 1997, Dantchenko, unpubl.). The pres-
ence of hybrid individuals does not preclude this assumption, since their meiosis was
reported to be abnormal (Kandul 1997).

To test the hypotheses about the two karyomorphs and interspecific hybridization,
we re-examined the karyotypes of the blues from the same population (Crimea, the
Angarskiy Pass) that was previously studied by Kandul (1997).
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Material and methods

Adult males were collected by K. A. Efetov on the Angarskiy Pass of the Crimean
Mountains exactly in the same place where in 1993 (erroneously cited by Kandul as
"1992") the Kandul’s material (Kandul 1997) was collected. The collection of the new
material was carried out during two summer seasons: in 1997 and in 1998.

Testes were extracted from the butterfly abdomens and fixed in a mixture of glacial
acetic acid and 96% ethyl alcohol (1 : 3). The fixed material was stored at + 4°C for
5—6 months. The testes were stained with 2% orcein acetic acid for 8-30 days as pre-
viously described (Lukhtanov 2017, Efetov et al. 2004, 2015 and references therein).
The stained material was placed in a drop of 40% lactic acid on a glass slide. The testes
were macerated with thin pins. The slide was covered with a coverslip and the macer-
ated testes were squashed between the two glasses. Excess lactic acid was removed with
filter paper. Karyotypes were studied in 19 individuals. For determination of karyotype
parameters, 175 metaphase plates of the highest quality and 2 cells at the stage of dia-
kinesis were selected. Cells in which the chromosomes were not located on the same
plane, as well as cells with overlapping or touching chromosomes and/or bivalents,
were rejected and not used for analysis. Haploid chromosome number (n) was counted
at metaphase I (MI), metaphase IT (MII) and diakinetic cells. In some cases, diploid
chromosome number (2n) was counted in spermatogonial mitotic metaphase plates
and atypical meioses (see: Lorkovi¢ 1990, Lukhtanov and Dantchenko 2017 for an
explanation and illustration of atypical meiosis in Lepidoptera).

Results and discussion

Butterflies of the P (A.) damocles species complex have a single generation in the
Crimea (Budashkin 1990), and therefore the adults can be encountered there from the
first to the last days of July. In 1997, only the karyomorph n = 26 was found among
the butterflies collected at the end of July (i.e. at the end of the flying period). Since it
was impossible to exclude that the karyomorph n = 19 has a different phenology, and
butterflies with this karyotype fly earlier, then in 1998, individuals were collected in
all parts of the flying period: from the first to the last days of July. However, the karyo-
morph n = 19 was never detected.

Summing up the analysis of the samples collected on the Angarskiy Pass, 26 biva-
lents were found in all studied individuals in all cells at the stages of MI and diakinesis,
and 26 chromosomes at the stage of MII. The karyotype at these stages is sharply
asymmetric and includes 7 relatively large and 19 relatively small bivalents. Diploid
chromosome number 2n = 52 was found in spermatogonial mitosis and atypical meio-
sis. No variation in the chromosome number was observed. Therefore, we do not con-
firm the numbers n = 25 and n = 27 reported for this population by Kandul (1997)
along with the modal number n = 26. The information obtained is summarized in the
Table 1. Photos of karyotypes are shown in the Figures 1—4.
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Figures 1-4. Karyotype in male mitosis and meiosis of Polyommatus (Agrodiaetus) damocles krymaeus
from the Angarskiy Pass (Crimea). Numbers from 1 to 7 show the largest chromosome pairs in mitosis
and the largest bivalents in meiosis. | metaphase of spermatogonial mitosis, 2n = 52 2 early anaphase of
spermatogonial mitosis, 2n = 52 3 diakinesis, n = 26 4 MI, n = 26. Scale bar: 10 pm.
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Tablel. Chromosome numbers found in P (A.) damocles krymaeus (Crimea, the Angarskiy Pass).

Code of specimen Dates of collection =~ Chromosome number  Quantity and type of studied cells
1997-A 25.07.1997 n=26 27 MI
1997-B 26.07.1997 n=26 1 MI
1997-C 26.07.1997 n=26 2MI
1997-D 31.07.1997 n=26 1 MI
1998-1 2.07.1998 n=26 4 MI
1998-2 2.07.1998 n=26 1 MI
1998-4 12.07.1998 n=26 7 MI
1998-4 12.07.1998 n=26 2 MII
1998-4 12.07.1998 2n =52 2 atypical divisions
1998-4 12.07.1998 2n =52 2 mitotic metaphases
1998-5 14.07.1998 n=26 13 MI
1998-6 14.07.1998 n=26 20 MI
1998-6 14.07.1998 n=26 20 MII
1998-7 15.07.1998 n=26 2 MI
1998-8 15.07.1998 n=26 9 MI
1998-9 15.07.1998 n=26 16 MI
1998-11 15.07.1998 n=26 8 MI
1998-11 15.07.1998 n=26 2 diakinetic cells
1998-12 15.07.1998 n=26 7 MI
1998-13 15.07.1998 n=26 4 MI
1998-14 21.07.1998 n=26 4 MI
1998-51 23.07.1998 n=26 5 MI
1998-54 23.07.1998 n=26 7 MI
1998-55 23.07.1998 n=26 9 MI
1998-55 23.07.1998 n=26 4 MII

Analyzing the information at our disposal, as well as butterflies collected by K. A.
Efetov on the Angarskiy Pass in 1993 (Kandul’s material, cited by him as “1992”) and
1997-1998 (our material), we conclude that, most likely, there are no blue butterflies
of the subgenus Agrodiaetus with the karyotype n = 19 in the Crimea. Our conclusion
is based on the following:

1) the presence of the karyomorph n = 19 is not confirmed by several studies, all 19
individuals studied from the Angarskiy Pass have n = 26;

2) males of P (A.) poseidon and P (A.) damocles are not identical in their appearance.
Males of P (A.) damocles have a darker blue coloration, and their veins on the wing
upperside possess black scales (Eckweiler and Bozano 2016). If these two species are
present on the Angarskiy pass, we expect to find both phenotypes here. However, this
is not the case. The individuals E92003, E92012, E92014 and E92015, for which the
karyotype n = 19 was reported (Kandul 1997), are identical in their external morphol-
ogy to all other individuals from the Angarskiy Pass, for which n = 26 was established.
All these individuals have the phenotype of P (A.) damocles krymaeus (Figs 5-8).

Additionally, our data do not confirm the conclusion (Kandul 1997) about
chromosome number variation in P (A.) damocles krymaeus from n = 25 to n = 27.
We found the number n = 26 to be stable;
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3) the conclusion about hybridization between the two putative chromosomal races
was based on the analysis of the metaphase plates of insufficient quality (see:
Kandul 1997: fig. 6). In the given micrographs, it is impossible to distinguish
between bivalents and multivalents; we therefore conclude that the assumption
of the presence of multivalents on these metaphase plates remains unsupported
by the data.

In the end, we assume that the karyomorph n = 19 from the Angarskiy Pass
does not actually exist and is an artifact, although it is rather difficult to explain the
possible origin of this error. It cannot be excluded that it resulted from an acciden-
tal mix-up between the chromosomal preparations (but not between the butterfly
samples) of P (A.) poseidon from Turkey (n = 19) and R (A.) damocles krymaeus
from the Crimea (n = 26), since they were processed in parallel (see Kandul and
Lukhtanov 1997).

In terms of the chromosome number and karyotype structure, the studied popula-
tion found on the Angarskiy Pass is the same as that from the eastern Crimea (Sudak
region) (Figs 5-8), although the wings of males of the Angarskiy Pass population are

Figures 5-8. Polyommatus (Agrodiaetus) damocles krymaeus, Crimea, Karadagh, Legener Mt. 5 male, up-

perside 6 male, underside 7 female, upperside 8 female, underside.
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somewhat darker. We assign both these populations to the taxon originally described
as “Lycaena damone Ev. krymaea (subsp. nov.) Sheljuzhko, 1928” (type locality: Agar-
mysh mountain near Stary Krym town, see Dantchenko 1997). In turn, this taxon
is a subspecies of P (A.) damocles to which it is most similar in terms of morphology
(Dantchenko 1997), karyotype structure (Lukhtanov et al. 1997) and molecular char-
acters (Kandul et al. 2007).
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On October 26", 2017, the Cytogenetic Science suffered a stunning loss:
Dr. Sergey V. Zhirov, geneticist and cytogeneticist,
passed away at the age of fifty-one.

Dr. Sergey V. Zhirov, the researcher of the Department of Karyosystematics of the Zoo-
logical Institute, Russian Academy of Sciences in St. Petersburg, died of a heart attack,
on his way to the Institute. This was a sudden death, and we were shocked to learn it.
Sergey was born on June 8%, 1966 in the city of Starodub, Bryansk region, Russia, as
a son of a schoolteacher and an engineer. His childhood passed in an ancient Russian city
of Pskov, where Sergey graduated from a secondary school with a Gold Medal. At school,
he enthusiastically studied biology, chemistry, physics, and mathematics. However, Ser-
gey finally chose biology and, after graduating from the school, he entered the Pskov
State Pedagogical Institute, the Faculty of Biology and Chemistry, and the Department
of Natural Geography. After the first course, he was called up for the military service.
He was doing this service at the Finnish border until 1986 and then he returned to his
alma mater. Sergey’s friends and tutors from the Institute recall him as a very capable,
conscientious and active student. He participated in various activities of the student sci-

Copyright Kuznetsova V 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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entific society, carrying out research projects and
participating in student conferences. His Gradu-
ate Thesis entitled “The influence of electromag-
netic fields on the embryogenesis of the Chudsky
lake whitefish” represented an exemplary student
work.

After graduating, Sergey remained at the De-
partment of Zoology of the Institute. Being an
associate professor, he organized and conducted
field training of the students and supervised
their research work. He wrote several manuals
and used to teach at the Ecological and Biologi-
cal Center. Simultaneously with the teaching
activity, Sergey continued his scientific studies.

In 1989, Sergey married his classmate Diana,
and in 1990, their daughter Uljana was born.

Sergey lived with a passion for science. His
distinguished research career focused on study-
ing giant polytene chromosomes of chironomid
midges (Diptera, Chironomidae), including polymorphisms related to the environmen-
tal conditions. In 1991-1994, Sergey was pursuing postgraduate studies at the Herzen
State Pedagogical University (St. Petersburg) and the Zoological Institute RAS. He re-
ceived a PhD degree in Genetics at St. Petersburg State University with the thesis “Chro-
mosomal and genomic polymorphism in chironomid populations of the Pskov region”.

From 2008, Sergey continued his research in cytogenetics and karyosystematics of
chironomids at the Department of Karyosystematics of the Zoological Institute RAS.
Sergey was a talented researcher. He put forward interesting hypotheses and carefully
and precisely conducted experiments to prove those hypotheses. Sergey had “golden
hands” and created accurate and reliable research tools for his experiments. He pub-
lished more than 20 articles in several peer-reviewed journals.

Among Sergey’s many distinctions, we would like to note another two. He was a
member of the Editorial Team of Comparative Cytogenetics. As a Subject Editor man-
aging submissions on chironomid cytogenetics, he was strict but very helpful and
friendly to the authors. In addition, he was a highly respected guide at the Zoological
Museum of the Zoological Institute. He took his guide mission very seriously and was
able to explain complex issues in a perfectly clear way. Sergey was therefore one of the
most admired guides at the Museum.

Apart from Sergey’s teaching and academic careers, he also was a talented person.
He enjoyed literature and wrote a number of verses.

We were very fortunate to work and study together with Sergey. He will be sin-
cerely missed by his friends and colleagues. Unfortunately, his wife outlasted Sergey
for only two years; Diana passed away in October 2019. We send our heartfelt condo-
lences to their daughter Uljana.

Figure 1. Dr. Sergey V. Zhirov
(8.VI.1966 — 26.X.2017).
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