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Abstract. Karyotypes of seven Picea species distributed across Eurasia and East Asia were analyzed using fluorescence
in situ hybridization (FISH) and DAPI fluorescent staining. For P. meyeri and P. purpurea, the 55 and 45S rDNA sites were
mapped here for the first time, while karyotypes of P. abies, P. obovata, P. schrenkiana, P. crassifolia, and P. omorika were
examined from new locations. All the species studied had a similar distribution of 55 rDNA loci on both arms of the large
metacentric chromosome Ill: a more intense signal was observed in the middle of the long arm, partially overlapping
with the 45S rDNA signal, and a minor 55 rDNA site was localized terminally on the short arm. The distribution of 55 rDNA
loci varied in the karyotypes of the studied species: from 7 to 9 pairs of chromosomes carried 45S rDNA signals of varying
intensity. Strong (major) signals were localized intercalarily and coincided with persistent secondary constrictions.
Their number per haploid genome was as follows: 8 in P. omorika, 6 in P. abies and P. obovata, and 5 in P. schrenkiana,
P. crassifolia, P. purpurea, and P. meyeri. We also detected several minor 45S rDNA sites on the Picea chromosomes that had
not been previously described in the literature. Supernumerary (B) chromosomes found in some seedlings of P. obovata,
P. meyeri, and P. purpurea did not carry 45S and 5S rDNA loci. Intensely fluorescent DAPI-positive bands were observed
in the intercalary regions of the spruce chromosomes, and the centromere regions of certain chromosomes were also
stained. Several constant DAPI-positive blocks were identified on chromosomes |, lll, and X, with similar locations across
all studied species. Fluorescence in situ hybridization with 45S and 5S rDNA probes in combination with DAPI staining
allowed us to identify virtually all homologous chromosomes and compare karyotypes of different species. The intra- and
interspecific karyotypic diversity in the genus Picea is discussed considering the distribution of 55 and 45S rDNA loci and
DAPI signals.

Key words: chromosome; karyotype; FISH; 45S rDNA; 55 rDNA; DAPI staining; Picea

For citation: Goryachkina O.V., Badaeva E.D., Shcherban A.B., Muratova E.N. Molecular cytogenetic analysis of some Picea
species from Eurasia and East Asia. Vavilovskii Zhurnal Genetiki i Selektsii = Vavilov J Genet Breed. 2026;30(5):735-746. doi
10.18699/vjgb-26-74

Funding. This work was carried out as part of the Program of the V.N. Sukachev Institute of Forest of the Siberian Branch
of the Russian Academy of Sciences, Project No. FWES-2024-0028 “Biodiversity of Siberian Forests: ecological-dynamic,
genetical-breeding, physical-chemical and resource-technological aspects”.

Acknowledgements. The authors thank Prof. E.A. Salina, E.M. Timonova and T.N. Kapko from Institute of Cytology and
Genetics SB RAS for collaboration; N.V. Oreshkova from V.N. Sukachev Institute of Forest SB RAS for Larix sibirica DNA
extraction; A.B. Bezdelev from Primorsky Aquarium FEB RAS, I.V. Tikhonova from V.N. Sukachev Institute of Forest SB RAS,
Y.V.Tkacheva from Donetsk Botanical Garden and O.A. Mochalova from the Institute of Biological Problems of the North
FEB RAS for supplying the seed samples. Isolation and cloning of the 55 rDNA probe were conducted in the Laboratory
of molecular genetics and cytogenetics of plants, Institute of Cytology and Genetics SB RAS.

MoOJIeKYISIPHO-IIUTOTeHEeTUYEeCKNII aHaJIN3
HEeKOTOPbIX BUI0B Picea 3 EBpa3un 1 BocTouHOII A3un

O.B. I'opauknHa 1@, E.A. Bapaesa (923, AB. I[epbansb (24, E.H. Myparoga (!

T MucTuTyT neca um. B.H. CykaueBa Cubupckoro otaeneHns Poccuinckon akagemmi Hayk — 060cobneHHoe noapasgenequve
DepepanbHOro UCCeA0BaTeNIbCKOro LieHTpa «KpacHoAPCKMIn HayuHbli LeHTp Cnbrpckoro otaeneHns Poccuiickon akagemmmn Hayk», KpacHospck, Poccus
2 NHcTuTyT 061wen reHeTukn um. H.W. BaBunosa Poccuiickon akagemun Hayk, Mockea, Poccus
3 VIHCTUTYT MonekynsipHol 6uonorum um. B.A. SHrenbrappta Poccuiickoli akagemun Hayk, Mocksa, Poccus
4 DepepanbHbIil NCCNe[OBATENbCKNI LEHTP VIHCTUTYT uuTtonorm u reHeTkn Cubupckoro otaeneHuns Poccuinckon akagemun Hayk, Hosocnbupck, Poccus

@ kvitko@ksc.krasn.ru

© Goryachkina O.V., Badaeva E.D., Shcherban A.B., Muratova E.N., 2026

This work is licensed under a Creative Commons Attribution 4.0 License


https://orcid.org/0000-0002-8946-4199
https://orcid.org/0000-0001-7101-9639
https://orcid.org/0000-0003-1000-8228
https://orcid.org/0000-0002-5951-4968
https://orcid.org/0000-0002-8946-4199
https://orcid.org/0000-0001-7101-9639
https://orcid.org/0000-0003-1000-8228
https://orcid.org/0000-0002-5951-4968

O.V. Goryachkina, E.D. Badaeva
A.B. Shcherban, E.N. Muratova

Molecular cytogenetic analysis
of some Picea species from Eurasia and East Asia

AHHoTauuA. [lpefcTaBneHbl pe3ynbTaTbl MONEKYNAPHO-LMTOreHeTMYeCckoro uccnefoBaHma cemu Bupos  Picea,
pacnpocTpaHeHHbIX Ha TeppuTopun EBpasun n BoctouHoi A3umn, metogom dnyopecueHTHON rmbpuamsaumu in situ
(FISH) n dnyopecueHTHoro okpawwmsaHua DAPIL. Knactepbl pubocomHbix reHoB 45S n 55 pPHK Ha xpomocomax
P. meyeri n P. purpurea kapTupoBaHbl BriepBble, P. abies, P. obovata, P. schrenkiana, P. crassifolia, P. omorika w3y4yanucb
13 HOBbIX MeCTonpou3pacTaHuii. Bce Bugbl nokasanu cxogHoe pacnpepeneHmne nokycos 55 p[HK Ha obowux nneuyax
KPYMHOW MeTaLeHTpUYeCcKol Xpomocomsl lll: 6onee MHTEHCUBHBIN CUrHaN HAbMOAANCA Ha AJIMHHOM MyleYe, YacTUYHO
nepekpbiBaAcb ¢ curHanom 45S pAHK, MuHopHbIn cant 55 pAHK 6b11 ToKkann3oBaH TepMUHaNbHO Ha KOPOTKOM MnJieyve.
CurHanbl 45S pHK pa3Hoi MHTEHCUBHOCTM Obinv BbiIBAEHbI Ha 7-9 Napax XPOMOCOM B KapuoTUMax Uccriesyembix
BMAOB. fApKMe (Ma)KopHble) CUrHanbl JIOKaN30BaHbl MHTEPKANAPHO 1 COBMaAanu ¢ NOCTOAHHbIMY BTOPUYHBIMY Nepe-
TAXKaMu. VX KonmnuyecTBO Ha raniounaHbI reHom coctaBuno: y P.omorika - 8,y P. abies n P. obovata - 6,y P. schrenkiana,
P. crassifolia, P. purpurea vi P. meyeri — 5. BbIBNIEHO TaKXXe HECKONbKO MUHOPHbIX cainToB 45S p[JHK Ha xpomocomax Picea,
He OMMCaHHbIX paHee B IuTepaTtype. [lobaBouHble (B) XpomMocombl, 06HapyKeHHbIE Y HEKOTOPbIX MPOPOCTKOB P. obovata,
P. meyeri w P. purpurea, He Hecny NOKYCOB pPUOGOCOMHbIX reHoB 45S u 55 pPHK. Ha xpomocomax env Habnoganucb
NHTeHCUBHO dnyopecumpytowme DAPI-No3uTBHbIE MOMOCHI B UHTEPKANAPHbIX PalioHax, a Y HEKOTOPbIX XPOMOCOM
OKpaluvBanach Takxe obnactb LeHTpomepbl. Ha xpomocomax |, Il m X nap yaanocb BbIABUTb HECKOSIbKO MOCTOAHHbIX
no3uTrBHbIX DAPI-6/10KOB, MEIOLLMX CXOAHYIO TOKANM3aLMIio Y BCex U3yyeHHbIX BUgoB. FISH ¢ 3oHaamun 45S n 55 pAHK
B COYeTaHMM C okpawwvBaHnem DAPI no3sonseT naeHTMounumnpoBaTb NpakTMYeCcKy BCe FOMOJSIOrMYHbIE Napbl XPOMOCOM
1 NPOBECTU CPaBHEHME KaprOTUMOB pa3Hbix BUAOB enun. O6CYKOaeTca BHYTPU- U MEXBMAOBOE KapuoTMMNMYecKoe

pa3Hoobpasme B pofe Picea Ha ocHOBe pacnpefeneHuns nokycos 55 n 455 pAHK n pucyHka DAPI.
KnioueBbie cnoBa: xpomocoma; kKapuotun; FISH; 45S pAHK; 5S pAHK; okpawwnsaHue DAPI; Picea

Introduction

The genus Picea A. Dietr. (Spruce) consists of 35-50 species;
the number of species discriminated within a genus depends
on the taxonomic system (Sukachev, 1928; Dallimore, Jack-
son, 1966; Bobrov, 1971; Liu T.S., 1982; Farjon, 1990, 2001;
Lockwood et al., 2013). More than half Picea species grow
in Siberia, Russian and foreign Far East, in the Pacific basin.
They are among the main forest formers of the Northern
Hemisphere and are of great practical importance. The spruce
species exhibit significant morphological diversity, which
might be due to their wide geographical range from temperate
to subarctic regions.

Picea karyotypes consist of 12 chromosome pairs (2n = 24):
eight pairs (I-VIII) are long metacentrics, two pairs (X, XI) are
short metacentrics, and two pairs (IX, XII) are short submeta-
centric chromosomes (Liu Y.H., Li, 1985; Hizume, 1988; Li et
al., 2001; Nkongolo, Mehes-Smith, 2012) The chromosomes
of [-VIII pairs are similar in length and arm ratio, so it is not
always possible to define pairs of homologs using traditional
staining methods. Supernumerary B chromosomes, more often
of the metacentric type, have been found in 21 Picea species
(Muratova et al., 2023).

Fluorescence in situ hybridization (FISH) has great pro-
spects in plant karyotype analysis, allowing direct localizing
of various DNA sequences and physical chromosome map-
ping. Ribosomal DNA (rDNA) sequences belong to a family
of conserved, moderately repetitive DNA, and are often used
as cytogenetic markers for chromosome identification. They
are organized into clusters of hundreds or thousands of gene
copies separated by intergenic spacers (Roa, Guerra, 2012).
Their study is used to identify patterns of chromosomal evolu-
tion, species and population differentiation, and evolutionary
relationships (Rossello et al., 2022).

To date, less than half of Picea species have been analyzed
by FISH (Ohri, 2021). 5S and 45S rDNA loci were mapped on
chromosomes of 16 Picea species (Brown et al., 1993; Hizume,
Kuzakawa, 1995; Lubaretz et al., 1996; Brown, Carlson, 1997;

Hizume et al., 1999; Friesen et al., 2001; giljak-YakovleV
et al., 2002; Vischi et al., 2003; Sarri et al., 2008; Shibata,
Hizume, 2008). The Picea-specific Sau3A family of satellite
DNA was mapped on chromosomes of 11 Picea species (Shi-
bata, Hizume, 2008). Most studies have been conducted on
a small number of species from one or two localities, which
is insufficient for plants with such extensive ranges as many
spruce species. Furthermore, there is no unified system for
classifying chromosomes in Picea karyotypes, making com-
parison of data obtained by different teams often problematic.
It should be noted that correct identification of all homologous
chromosomes is very important for comparing karyotypes and
assessing phylogenetic relationships between taxa.

The aim of the present study is the comparative cytogenetic
analysis of seven Picea species growing in Europe and Asia
using FISH with the 5S and 458 ribosomal RNA gene probes.
The intra- and interspecific karyotype diversity in the genus
Picea is discussed considering the distribution of 5S and 45S
rDNA loci and DAPI patterns.

The 58S and 45S rDNA sites on the chromosomes of P. pur-
purea Masters [syn. P. likiangensis var. purpurea (Masters)
Dallim. et A.B. Jacs.] and P. meyeri Rehder et E.H. Wilson
naturally occurring in China were mapped here for the first
time. Another species from China, P. crassifolia Komarov
[syn. P. schrenkiana var. crassifolia (Komarov) Komarov
and P. complanata var. crassifolia (Komarov) Gaussen], was
studied from a new locality. According to E.G. Bobrov (1971)
classification, P. crassifolia and P. meyeri belong to the sec-
tion Picea, series Asperatae, and P. purpurea, to the section
Casicta, series Likiangenses.

The study included two Eurasian species with overlapping
large ranges: Norway spruce P. abies (L.) H. Karst. (section
Picea, series Excelsae) and Siberian spruce P. obovata Ledeb.
(section Picea, series Obovatae). Within a continuous range,
the European and Siberian spruce populations gradually
diverge from one species to the other. At the contact zone,
these two species hybridize, forming the interspecific hybrid
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P x fennica (Regel.) Kom. (Popov, 1999). The material for
the study was collected from the area of “pure” species dis-
tribution.

The study also included P. schrenkiana Fisch. et C.A. Mey.,
section Picea, series Obovatae, which has a fairly extensive
range in the mountains of Central Asia, and Serbian spruce
(P. omorika (Panci¢) Purkine, section Omorika) — an endemic
species with an extremely limited range from Eastern Europe.

Materials and methods

Plant material and primary cytogenetic analysis. Popula-
tion seed mixtures collected from natural stands and artificial
plantation were used for the study (Table 1). The seeds were
germinated in Petri dishes on moist filter paper at room tem-
perature. Root tips with a length of approximately 0.5-1.0 cm
were pretreated with 0.2 % colchicine for 15-18 h at 20 °C,
followed by ice water for 1 h, and then fixed in a mixture of
96 % ethanol and glacial acetic acid (3 : 1) for a minimum
of 3 h.

To count the number of chromosomes, identify chromo-
somal and genomic abnormalities, and analyze the morphol-
ogy of chromosomes, we used standard methods for conifers
with our own modifications (Pravdin et al., 1972). For FISH,
the roots were treated with enzymes to soften the tissue. Ma-
terials were washed in distilled water for 1 h, macerated in
0.6 % Cellulysine (Calbiochem, Switzerland) water solution,
pH ~ 3—4 at 24 °C overnight or in an enzyme mix consisting
of 2 % cellulase Onozuka R-10 (Sigma-Aldrich, USA) and
2 % Pectolyase Y-23 (Fisher Scientific, USA) in citrate buffer
(pH 4.0) at 37 °C for 30 min.

2026
30-5

MoneKkynapHO-LMTOreHeTMYeCKnin aHanms
HeKoTopbIX BUAOB Picea n3 EBpasunn n BoctouHom Asunm

Fluorescent in situ hybridization. Wheat DNA probe,
pTa71 (Gerlach, Bedbrook, 1979), labeled with digoxygenin
by nick translation was used for 45S ribosomal RNA gene
mapping on P. purpurea chromosomes. The probe was de-
tected with antibodies to anti-digoxigenin-rhodamine (Fab
fragments, Sigma-Aldrich, USA). The 5S rDNA probe was
amplified from genomic DNA of Larix sibirica Ledeb. Total
DNA was extracted using a modified CTAB method (Devey
et al., 1996) and used as a template for PCR amplification.
Two primers, P3 (5-GAGTTCTGATGGGATCCGGTG-3')
and P4 (5'-CGCTTGGGCTAGAGCAGTAC-3"), were cho-
sen for amplification of the entire spacer region and partial
amplification of the 5S rRNA gene (Brown, Carlson, 1997,
Trontin et al., 1999).

The following program was used for PCR amplification:
3 min at 96 °C, 30 cycles of (40 s at 94 °C, annealing at 53 °C
for 1 min, and primer extension at 72 °C for 30 s), 10 min
at 72 °C. PCR products were separated on 1 % agarose gel,
stained with ethidium bromide and visualized under UV light.
The fragment sizes of the 5S rDNA PCR product were approx.
250 bp. The corresponding band was excised following elec-
trophoresis and DNA was purified using the QIAquick PCR
purification kit (QIAGEN, Germany). Cloning of the 5S rDNA
fragment was performed using the QTAGEN PCR Cloning Kit
(QIAGEN, USA). Competent Escherichia coli XL-blue cells
were used for transformation.

Recombinant colonies were selected on LB agar medium
with ampicillin and Xgal/IPTG. The presence of inserts was
checked by PCR with the above primers. A recombinant clone
containing an insert of the expected length was selected for

Table 1. Geographic origins and cytogenetic characteristics of Picea samples

Species Locality Number of plants
observed, pcs

P. abies Volyn Oblast, Ukraine 23

P. crassifolia  Washington State, USA 23

(cultivated trees)

P. meyeri Shanxi Province, China 29

P. obovata (a) Krasnoyarsky Krai, Russia 64
(b) Magadan Obilast, Russia 71
(c) Piy-Khemsky District, 23
Tuva Republic, Russia

P.omorika (a) Serbia 54
(b) Washington State, USA 23
(cultivated trees)

P. purpurea Sichuan Province, China 31

P.schrenkiana |ssyk-Kul Region, Kyrgyzstan 31

Chromosome Number of nucleoli, Number

number, 2n (%)*  max (x £ SE) of 455 rDNA signals
major minor

24 9 (5.63 +0.06) 12 4

24 10 (5.42 £ 0.09) 10 4

24;24 + 2B (4.8) 10 (5.48 £ 0.06) 12 4

24;24 +1B(18.7); 12(6.48 +0.08) 12 2

24 +2B(3.1);

24 + 3B (1.6)

24 nd 12 2

24 10 (6.20 £ 0.06) 12 2

24 nd 16 2

24 14 (8.20 £ 0.07) 16 2

24;24 + 1B (6.5) 10 (4.50 + 0.06) 10 4

24 10 (6.29 £ 0.08) 10 4

*The frequency (in %) of plants with B chromosomes is indicated in parentheses.
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use as a probe for FISH. For this purpose, the cloned rDNA
PCR product was labelled with Biotin-16-dUTP (Roche,
Germany) by nick translation, according to the manufacturer’s
protocol. The biotinylated probes were detected using avidin,
conjugated with fluorescein (Fluorescein Avidin D, Vector
Laboratories, USA). The hybridization signal was enhanced
using fluorescein anti-avidin (Fluorescein Anti-Avidin D,
Vector Laboratories, USA).

Two wheat DNA probes, pTa794 (5S rDNA) and pTa71
(45S rDNA), were used for in situ hybridization of other six
Picea species studied (Gerlach, Bedbrook, 1979; Gerlach,
Dyer, 1980). Fluorescent in situ hybridization was conducted
as described in our previous work (Goryachkina et al., 2013).

The preparations were embedded in Vectashield mounting
medium (Vector Laboratories, USA), containing 0.5 pg/mL
DAPI (4',6-diamidino-2-phenylindole dihydrochloride,
Sigma-Aldrich, USA) for chromosome staining. The chro-
mosomes were examined with an Axio Imager D1 (Carl
Zeiss, Germany) microscope and recorded with an AxioCam
CCD camera using the AxioVision v. 4.6 software package.
Images were processed using Adobe Photoshop CS4 (Adobe
Systems, USA).

Karyotype analysis. Chromosomes were measured on 7 to
27 (for different samples) well-spread metaphase plates. The
following parameters were determined for each chromosome:
total length, arm ratio, position of secondary constrictions
(distance from the centromere to the secondary constriction/
length of the arm x100), the presence or absence of TDNA
loci, the presence or absence of DAPI positive and negative
bands, the relative position of the FISH signal and DAPI-
bands (distance from the centromere to the middle of signal/
length of the arm x100). Pairs of homologous chromosomes
were determined on the basis of chromosome morphology, the
size and position of 5S and 45S rDNA loci and DAPI bands,
when available. The chromosomes were numbered in order
of decreasing absolute length. In the group of similar-sized
metacentrics of II-VII pairs, the chromosome pairs were
arranged in the same order as in the work of F. Shibata and
M. Hizume (2008) to simplify the comparison of our results.

Results

Karyotypes of all seven Picea species consist of 24 somatic
chromosomes (2n = 24). Supernumerary (B) chromosomes
were found in several seedlings of P. meyeri and P. purpurea;
in P. obovata they were observed only in the population from
Krasnoyarsky Krai (Table 1). In all species, B chromosomes
were metacentric (arm ratio 1.1-1.3 %), with the length rang-
ing from 4.05 to 4.65 pm without rDNA sites. Morphometric
parameters of P. abies, P. obovata, P. omorika, P. meyeri,
and P. schrenkiana chromosomes are presented in Table 2.
Chromosome morphologies of P. crassifolia and P. purpurea
were not measured, and for these species we provide only the
position of FISH signals.

All species showed similar distribution of 5S rDNA clusters;
two unequal signals were detected on both arms of a single pair
of large metacentric chromosomes III (Fig. 1). A larger signal
of the 5S rDNA probe was always observed in the middle of
the long arm; it partially overlapped with major 45S rDNA

Molecular cytogenetic analysis
of some Picea species from Eurasia and East Asia

site, but was localized closer to the centromere. A smaller,
minor site was located subterminally in the opposite arm. The
pTa794 probe showed more intense hybridization signals than
the probe amplified from the L. sibirica genome. This was a
possible reason why we were unable to identify a minor 5S
rDNA site on the short arm of chromosome 11l in P. purpurea.

45S rDNA signals of varying intensity were detected on
7-9 pairs of chromosomes in the karyotypes of the studied
species. Major signals were always located intercalarily and
coincided with the positions of secondary constrictions. Their
number varied from eight (per haploid genome) in P. omorika,
six in P. abies and P. obovata, to five in P. schrenkiana,
P, crassifolia, P. purpurea, and P. meyeri (Table 3, Fig. 1).

Interspecific differences in the localization and intensity of
45S rDNA signals were identified in chromosome pairs 11, VI,
VIII, IX and X. The remaining pairs of chromosomes in the
studied species did not differ: chromosome pairs [, VII, XI and
XII did not carry clusters of 5S and 45S rRNA ribosomal genes,
and long metacentrics of pairs III, IV and V showed a similar
hybridization pattern with weak variation in signal intensity.

The 45S rDNA site on the short arm of chromosome II was
observed in all species, but several differences in signal loca-
tion and intensity were identified (Fig. 1). As measurements
showed, in P, schrenkiana and P. omorika, the 45S rDNA locus
was located more proximally than in the other studied species
(Table 3); in addition, hybridization signal was weaker. On
chromosome V1, the 45S rDNA site was observed in four of the
seven species studied, but its localization varied: in P. meyeri
and P, purpurea, the signal was detected in a medial position,
while in P, abies and P. omorika, it was closer to the centro-
mere; the signal intensity also varied (Fig. 1). Chromosome
pairs VIII and X carried 45S rDNA loci of similar localization
(Table 3); the studied species differed in the intensity of the
hybridization signal.

A minor 45S rDNA site in pericentromeric regions of large
submetacentric chromosome IX was observed in six Picea
species (except for P. purpurea). The arm location of this site
varied depending on the species: in P. obovata and P. omorika,
it was located on the long arm of chromosome IX, while in
P. abies P. schrenkiana, P. crassifolia, P. meyeri, it was found
on the short arm. In the karyotype of P. omorika, chromo-
some IX also carried a unique major 45S rDNA signal in the
medial region of the long arm, coinciding with the secondary
constriction.

After FISH, several intensely fluorescent DAPI-positive
bands were detected in the intercalary regions of most chro-
mosomes; rarely, the centromere region was also stained
(Fig. 2). DAPI-negative bands most often corresponded to the
localization regions of the ribosomal genes 5S and 45S rRNA
and the centromeres of most chromosomes.

Permanent intercalary DAPI-positive bands with bright
fluorescence appeared on chromosomes I, III and X (Fig. 2);
their distribution was conservative across the species and
facilitated the identification of homologous chromosomes in
karyotypes. One can observe proximal positive DAPI bands
on both arms of chromosome I; a double proximal and distal
band on the short arm of chromosome III; and a distal band
on the long arm of chromosome X.
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P. obovata P.abies  P.omorika P.schrenkiana P.meyeri P purpurea P.crassifolia

<Qopl_ )

Fig. 1. FISH mapping of the 45S rDNA (red) and 5S rDNA (green) probes on metaphase chromosomes of seven Picea
species.

Chromosomes of different species carrying polymorphic pTa71 signals in similar position are boxed. The chromosomes possessing
unique signals or lacking any marker signals are outlined by an oval.

Other DAPI-positive bands were observed irregularly on remaining studied species, an intercalary DAPI band was
chromosomes, in some cases, only in one homologue in a also observed on the short arm of chromosome II, but it was
pair. The intercalary DAPI bands on the short arm of chromo-  weaker, located closer to the centromere and did not coincide
some II, corresponding to the 45S rDNA sites in P. obovata, with the 45S rDNA sites. Chromosome IV in most species
P abies, and P. meyeri, were one of the brightest. In the showed numerous thin intercalary DAPI bands on both arms.
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Table 2. Morphometric data of the chromosome pairs of different Picea species and localities: total length /arm ratio

Chromosome
pair

\

Vil

Vil

Xl

Xl

P. abies
(28%)

13.60+0.24/
1.06 £0.01

12.64+032/
1.07 £0.01

12.51+0.18/
1.14+0.02

1206 £0.17/
1.11+£0.01

11.95+0.26/
1.11+£0.02

11.74£0.22/
1.13+0.01

11.28+0.17/
1.09+0.01

11.00+0.18/
1.33+£0.02

9.83+0.14/
1.79+0.03

9.75+£0.15/
1.36+0.03

8.84+0.16/
1.26 +£0.02

834+0.14/
1.96 £ 0.03

P. meyeri
(30)

15.76 +£0.32/
1.06 £0.01

1478 +£0.31/
1.08 +0.01

14.62+0.35/
1.15+0.02

13.13£0.33/
1.12+0.01

13.85+0.36/
1.09 £ 0.02

13.55+0.34/
1.08 £ 0.01

13.23+031/
1.10+£0.01

12.35+0.32/
1.20+0.01

11.23+0.24/
1.80+0.02

10.59+0.20/
1.56 +0.02

9.89+0.24/
1.23+0.02

891+0.20/
1.91+0.03

4.15+0.11/
1.32+0.03

P. obovata
a(15)

19.30+0.49/
1.06 £ 0.02

17.27 +£0.40/
1.09 +0.02

16.78 £0.43/
1.08 +0.01

16.02 045/
1.11+£0.02

16.66 = 0.41/
1.12+0.02

16.13+0.28/
1.06 +0.02

16.06 +0.51/
1.06 +£0.01

15.83+0.35/
1.34+0.02

13.93+0.27/
1.75+0.03

1346 £0.27/
1.32+0.02

1241+0.21/
1.23+£0.02

10.87 £0.20/
1.97 £ 0.04

4.65+0.22/
1.13+£0.02

b (7)

19.09+0.53/
1.05+0.02

17.06 +0.28/
1.13+0.03

17.52+0.34/
1.08 +0.02

16.42+0.20/
1.08 +0.02

17.03+041/
1.08 £0.03

16.37+£0.33/
1.08 +0.02

16.16 +0.34/
1.08 £0.02

16.08 +0.47 /
1.34+0.05

1446 +0.21/
1.70 £ 0.06

13.72+0.23/
144 +0.03

1257 +£0.24/
1.26 £0.02

11.04£0.20/
1.90 £ 0.05

c(27)

14.37+£0.19/
1.07 £ 0.01

13.27+0.20/
1.08 +0.01

1244 +0.15/
1.06 +0.01

11.82+0.12/
1.10+0.01

1276 £0.19/
1.09 £0.01

1226 £0.17/
1.06 +0.01

12.01+0.13/
1.05 +0.01

11.66+0.19/
1.27 +£0.02

10.56 +0.14/
1.72+0.03

10.34+0.11/
1.29+0.01

9.07 +£0.09/
1.16 £0.01

8.14+0.09/
1.79+£0.02

P.omorika
a(13)

18.00+0.24/
1.06 +£0.01

16.18 +0.23/
1.06 +0.02

15.50+0.20/
1.06 +0.01

14.95+0.17/
1.09 +0.01

1541021/
1.15+0.02

14.82£0.29/
1.08 £ 0.04

15.10+0.20/
1.03£0.01

14.76 £0.29/
1.28 +£0.02

13.25+0.16/
1.69 +0.01

13.07 £0.21/
1.27 +£0.02

11.75+0.14/
1.22+0.02

10.49+0.11/
1.86 +0.04

b (18)

14.82+0.35/
1.08 £ 0.01

12.95+0.34/
1.05 +0.01

13.12+0.27/
1.04 +0.01

12.69+0.34/
1.11 +£0.01

1258 +0.29/
1.17 £0.02

1216 +£0.23/
1.06 +0.02

13.05+0.36/
1.03£0.01

12.33+£0.29/
1.29+0.02

11.37+£0.35/
1.71+£0.03

10.21+£0.24/
1.22+0.01

9.52+0.18/
1.20£0.02

8.42+0.14/
2.00+0.03

P. schrenkiana
(50)

16.33+0.44/
1.07 £0.01

14.83 +0.38/
1.07 £0.01

1442 +0.34/
1.03+£0.01

14.27 £0.39/
1.03+£0.01

1453 +0.39/
1.15+0.01

1413 +£0.39/
1.07 £0.01

13.49+041/
1.06 +0.01

13.74+0.34/
1.28 +£0.01

1227 £0.31/
1.72+£0.02

11.21£0.25/
1.36 +£0.01

10.84+0.31/
1.27 £0.01

9.70+0.22/
2.01+£0.02

Note. The total length is indicated as x + SE (um), arm ratio is indicated as x = SE (%); x - means, SE — standard errors; # — number of metaphases

measured.

Table 3. Relative position of the 45S rDNA loci (x + SE), % on chromosomes of Picea species

Species

11 (s)

and provenances

P. abies
P. crassifolia
P. meyeri

P. obovata:
a
b
C

P. omorika:
a
b

P. purpurea
P. schrenkiana
P. glauca*

P. sitchensis*

Note. Minor 45s rDNA sites are given in italics and underlined. *According to (Brown, Carlson, 1997).

()

66.5+0.9 549+1.0
533+09 55.1+2.2
559+0.6 54.1+0.6
55.0+0.6 544+04
549+0.7 542+0.8
528+04 55.1+0.6
38.9+0.9 54.1+05
41.0+0.7 55.0+0.6
554+04 542+14
40.0+0.9 552+04
574+24 525+28
56.3+2.2 548 +4.2

IV (s)

73.0+£05
724+1.2
73.0+0.5

741 +£04
729+0.9
73.0+04

739+0.6
743 £0.7

726+04
73.1+£0.2
728+3.6
736%20

V()

53.6+0.6
520+13
50.0+0.7

49.6 £0.6
50.0+0.5
489+0.5

547 £0.7
549+0.8

51.0+0.6
51.1+04
51.6+2.7
52.7+46

VI (s) ViIE()
42.0+2.2 484+04
- 49.1+£0.5
54.7+0.6 47.3+£0.4
- 46.2 +0.5
- 475+19
- 48.4+0.7
443+1.0 46.6 + 0.5
434+1.2 48.4+0.9
54.1+1.3 48.5+0.5
- 49.6 +0.2
358+13 498+ 1.1
358+23 -
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36.5+0.7
38705

X (s)

549+0.2
548+1.2
549+0.2

546+0.5
548+ 0.6
545+0.3

55.0+0.2
55.0+04

549+04
548 +04
54.6 3.1
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Fig. 2. DAPI staining of metaphase chromosomes of the studied Picea species.

In P. obovata, P. omorika, P. meyeri and P. purpurea, bright
DAPI-positive blocks were observed in the proximal region
of the short arm of chromosome V. In P. omorika, P. meyeri
and P. purpurea, positive DAPI bands were observed in the
middle of the long arm of chromosome XII.

Molecular cytogenetic methods coupled with traditional
karyological analysis based on chromosome morphologies
allowed us to define pairs of homologous chromosomes in
karyotypes of seven Picea species. Eight chromosome pairs,
namely I, IIL, TV, VIIL, IX, X, XI, XII, were easily identified in
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Molecular cytogenetic analysis
of some Picea species from Eurasia and East Asia
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Fig. 3. Comparative idiogram of the Picea chromosomes showing the variation of chromosomal locations of 45S rDNA.

Major loci are shown as red bands, minor loci are shown as shaded red bands. 55 rDNA sites are shown as green circles; DAPI bands - as blue bands.
Scale bar is 10 um. I-XIl - chromosome numbers. Chromosome Il types (a) — P. abies; (b) - P. crassifolia, P. meyeri, P. obovata, P. purpurea; (c) - P. omorika;
(d) - P. schrenkiana. Chromosome VI types (a) - P. schrenkiana, P. crassifolia, P. obovata; (b) - P. abies; (c) — P. omorika; (d) — P. purpurea; (e) — P. meyeri.
Chromosome Vlll types (a) — P. crassifolia, P. purpurea, P. meyeri; (b) — P. omorika, P. schrenkiana, P. obovata, P. abies. Chromosome IX types (a) - P. crassifolia,

P. schrenkiana, P. meyeri, P. obovata, P. abies; (b) — P. omorika.

all species studied. Owing to similar morphological parameters
of chromosomes II and V, VI and VII, it was more difficult
to find their homologous pairs. Chromosomes II and V of
P. obovata, P. meyeri, P. purpurea, and P. crassifolia all carried
major intercalary 45S rDNA sites on short arms with similar
localization (Table 3), but homologous chromosome pairs can
be discriminated based on morphology and DAPI-banding.
Chromosomes VI and VII of P. obovata, P. schrenkiana,
P, crassifolia were difficult to distinguish because they lacked
any FISH signals and had similar DAPI-patterns.

The diversity of spruce species with respect to the distribu-
tion of 5S and 45S rDNA loci and DAPI staining is reflected
on a generalized idiogram of the Picea chromosomes shown
on Figure 3. As can be seen, variability between species in
the presence, intensity and localization of 45S rDNA signals
exists for chromosomes II, VI, VIII, IX. These FISH patterns
have been used to trace the relationships between Picea spe-
cies, the basic premise being that more closely related species
will have more similar karyotypes than distantly related ones.

Discussion
The genes encoding the 5S and 45S ribosomal RNA are widely
used as molecular-cytogenetic markers in evolutionary and
genomic studies of forest trees because of their highly con-
served structure and tandem organization (Ribeiro et al., 2008).
Within a species, the number of rDNA loci is generally stable,
making them a convenient tool for chromosome identification.
However, the number and location of sites varies between taxa,
due to karyotype transformations during evolution.
Gymnosperms are known to possess one or four 5S rDNA
loci per haploid genome, these sites can have both terminal
and interstitial localization on the chromosome (Ribeiro et al.,
2008; Garcia et al., 2017; Ohri, 2021). Much more diversity

742

is observed in the number of 45S rDNA loci: from 2 (in most
Podocarpus and Juniperus species) to 38 in Pinus taeda (Ohri,
2021). The position of 45S rDNA sites on the chromosomes of
Picea and other gymnosperms is usually interstitial, whereas
in angiosperms, the sites are mostly terminal (Roa, Guerra,
2012; Garcia et al., 2017).

In the Pinaceae, both ribosomal RNA gene families fre-
quently appear on the same chromosome; many of these have
both sites on the same chromosome arm. Partially overlapping
5S and 45S FISH signals are observed on Picea, Pinus and
Abies chromosomes, but the Southern blot hybridization did
not reveal significant cohybridization of the 26S (18S) and 5S
rDNA probes in any of these. The most likely interpretation
of colocalized signals is the juxtaposition of independent 5S
and 458 arrays (Garcia, Kovarik, 2013). The arrangement of
these signal sites was different; in some Abies species, the
5S rDNA signal is localized closer to the telomere (Shibata
et al., 2004; Puizina et al., 2008), while in Picea species, the
5S rDNA signals were localized closer to the centromere.
Both these 45S and 5S rDNA patterns could be recognized in
different Pinus species (Liu Z. et al., 2003; Cai et al., 20006).

In the karyotypes of all studied species of Larix, and Pseu-
dotsuga menziesii, the 5S and 45S rDNA loci were also located
on the same chromosome, but on different arms (Hizume et
al., 1996; Liu B. et al., 2006, 2007; Zhang et al., 2010; Gory-
achkina et al., 2013). Interspecific variability in the number
and localization of 5S rDNA sites has been described in Pinus
and Abies species (Liu Z. et al., 2003; Shibata et al., 2004; Cai
et al., 2006; Puizina et al., 2008; Nkongolo, Mehes-Smith,
2012; Ohri, 2021). In the Picea and Larix species studied to
date, the number of 5S rDNA loci is constant.

The chromosome carrying clusters of both 45S and 5S
rDNA was found in all Picea species studied to date and

Vavilovskii Zhurnal Genetiki i Selektsii / Vavilov Journal of Genetics and Breeding - 2026 - 30 - 5



0O.B. TopaukunHa, E.I. bapaesa
A.B. Wep6aHb, E.H. MypaToBa

therefore can be used as cytogenetic marker of spruce karyo-
type (Brown et al., 1993; Hizume, Kuzukawa, 1995; Brown,
Carlson, 1997; Hizume et al., 1999; giljak-YakovleV et al.,
2002; Shibata, Hizume, 2008). A similar pattern of clustering
of 5S and 45S rDNA loci on one of the long metacentrics
was observed in the karyotypes of Larix species: a single
5S rDNA locus is localized terminally on the short arm of
chromosome III, which also carries a major 45S rDNA site on
the other arm (Liu B. et al., 2006, 2007; Zhang et al., 2010;
Goryachkina et al., 2013).

The number of 45S rDNA loci on chromosomes of different
Picea species has been shown to vary from § to 26; American
and Eurasian species possess more loci than East Asian ones
(Ohri, 2021). Two chromosomes, namely I and XI, did not
carry clusters of 45S rDNA ribosomal genes in any spruce
species studied to date. Interspecific differences were observed
in the number of 45S rDNA sites and their localization on the
remaining chromosomes in the karyotype. Major 45S rDNA
signals coincided with the permanent secondary constrictions,
indicating the functional activity of the corresponding loci,
as shown in previous studies (Siljak-Yakovlev et al., 2002).

Two loci of 45S rDNA genes were characterized by high
constancy and were detected in the karyotypes of all studied
Picea species: there was a medial site on the long arm of
chromosome III and a subterminal site on the short arm of
chromosome IV. These loci facilitated the identification of
homologous chromosomes in the group of long metacentrics
of pairs [I-VII. The distal 45S rDNA site on the short arm of
chromosome V was also quite stable; it has not been identified
at present only in the North American species P. breweriana
(Shibata, Hizume, 2008). In the karyotype of P. breweriana,
unique major 45S rDNA sites have been found on the short
arm of chromosome III and in the pericentromeric region of
chromosome X; these sites have not been observed on the
chromosomes of other spruce species (Shibata, Hizume, 2008).
Brewer spruce has been considered to occupy an isolated
position in the Omorika section of the genus Picea, and its
closeness to some Asian spruce species has been confirmed
by studying the nucleotide sequences of the nuclear, mito-
chondrial and chloroplast genomes (Ran et al., 2006, 2015;
Lockwood et al., 2013).

Interesting data have been obtained by comparing the
localization of polymorphic sites of 45S rDNA on chromo-
some pairs II, VI and VIIL. These results can be considered
preliminary, since to date, the 5S and 45S rRNA genes have
been mapped on the chromosomes of only half of the Picea
species (Brown et al., 1993; Lubaretz et al., 1996; Brown,
Carlson, 1997; Hizume et al., 1999; giljak-YakovleV et al.,
2002; Vischi et al., 2003; Sarri et al., 2008; Shibata, Hizume,
2008). However, certain regularities that may indicate the
relationship or common origin of species should be noted.

Earlier, F. Shibata and M. Hizume (2008) described two
putative positions of the major 45S rDNA signal on the short
arm of chromosome II: subterminal (P. abies, P. sitchensis,
P. glauca) and median (P, asperata, P. crassifolia, P. jezoensis
var. hondoensis, P. koraiensis, P. obovata, P. pungens var.
glauca). These locations are shown in the idiogram (Fig. 3).
However, G.R. Brown et al. (1993) in their original work indi-
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cated the medial localization of this signal in P, sitchensis and
P. glauca (Table 3), which allows us to classify these species
into the second group. So, the 45S rDNA site on chromo-
some II of P. abies has a unique position in the subterminal
part of the short arm (Fig. 3, Table 3). According to our results,
the 45S rDNA cluster on chromosome I of P. schrenkiana and
P. omorika was located more proximally compared to other
species, and therefore these species can be assigned to the
third group (Fig. 3). Thus, the 45S rDNA locus on the short
arm of chromosome II can have three variants of location in
different Picea species and appears to be the most polymorphic
in localization on the chromosome arm.

We found that chromosome VI could exhibit several 45S
rDNA patterns, but it is present in only half of the Picea spe-
cies studied to date. Among the species studied, this site had a
proximal localization in P. omorika (major locus) and P. abies
(minor locus). In the North American species P. glauca and
P, sitchensis, major 45S rDNA loci were noted on chromo-
some VI, also with a proximal localization of 35.8 % (Brown,
Carlson, 1997). F. Shibata and M. Hizume (2008) showed
that in the karyotype of P. engelmannii, chromosome VI has
a 45S rDNA signal in the proximal part of the short arm,
whereas in P. koraiensis, it has a signal in the medial part of
the long arm. Morphometric data showed that in P. purpurea
and P. meyeri, the 45S rDNA signal on chromosome VI was
located medially on the short arm, although in metacentrics,
it is sometimes difficult to identify the short and long arms
(Table 3). Chromosome VI in all other studied spruce species
(Eurasian P. schrenkiana and P. obovata, East Asian P, crassi-
folia, P. asperata, P. jezoensis var. hondoensis and P. koyamai,
North American P. breweriana, P. mariana and P. rubens) did
not have 45S rDNA signals.

The 45S rDNA site on chromosome VIII was observed
in the middle of the long arm in all studied species, but the
signal intensity varied among the species. Most East Asian
species (P. meyeri, P. crassifolia, P. purpurea) showed weak
hybridization signals, while European and Eurasian species
(P. abies, P. omorika, P. schrenkiana, P. obovata) had major
45S rDNA loci. Among the species from East Asia studied
by other authors, the 45S rDNA site of similar localization
on chromosome VIII was observed only in P. jezoensis var.
hondoensis and was absent in P. asperata, P. koraiensis, and
P. koyamai (Hizume et al., 1999; Shibata, Hizume, 2008).
However, in the last three species, fluorescent staining revealed
intercalary CMA* bands on the long arm of chromosome VIII;
among the East Asian species, they were not observed only
in P. maximowiszii var. senanensis and P. wilsonii (Hizume,
2017). As is known, intercalary SMA" bands can correspond
to the localization regions of 45S rRNA genes.

In the species we studied, except for P. purpurea, a minor
45S rDNA site was identified in the pericentromeric region
of chromosome IX. This locus was previously detected in
P. abies by hybridization with the PAF1 probe containing the
45S rDNA intergenic spacer (Vischi et al., 2003). Fluorescent
staining showed similar results: spruce species from North
America and Eurasia contained CMA™* bands on chromo-
some X, while a number of East Asian species (P. wilsonii,
P. koyamae, P. maximowiczii var. senanensis, P. likiangensis)
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lacked these bands (Hizume, 2017). P. wilsonii, P. likiangen-
sis and P. purpurea are shown to be phylogenetically related
as can be seen from the results of recent molecular genetic
analyses of the nuclear, chloroplast and mitochondrial genes
(Sunetal., 2014). P. purpurea and P. likiangensis also exhibit
similar morphological traits: the shape and structure of seed
scales, buds and needles, color, and pubescence of their shoots
(LiuT.S., 1982).

Some minor 45S rDNA sites can represent low-copy-num-
ber sites of 45S rDNA that may have been active in ancestral
forms of gymnosperms and then moved to distal regions of
chromosomes as a result of structural rearrangements or the
activity of mobile elements (Garcia, Kovatik, 2013; Garcia et
al., 2017). This phenomenon known as amphiplasty frequently
occurs in allopolyploid plants (Pikaard, 2000); however, the
function of “latent” loci can be restored if the existing active
nucleolus organizer regions (NORs) have been lost. Thus, the
minor NOR on chromosome 1R of tetraploid 7riticale become
functional in genotypes lucking wheat chromosomes 1B and
6B (Badaev et al., 1992). Most minor NORs do not possess
true rDNA genes, but pseudogenes (Pedersen, Linde-Laursen,
1994), and they may occur due to the action of mobile elements
(Dubkovsky, Dvorak, 1995; Raskina et al., 2004).

Minor pericentromeric 45S rDNA sites were common in
pines; their 2n number varied from 2 to 18 in different species
(Liu Z. et al., 2003; Islam-Faridi et al., 2007; Boguni¢ et al.,
2011; Shibata et al., 2016). M. Hizume et al. (2001) isolated
the 18S and 26S rDNA sequences using microdissection of
pericentromeric regions of P. densiflora chromosomes and
proposed that these sequences are nonfunctional because the
number of nucleoli in the interphase nuclei was lesser than
the number of major NORs. The minor pericentromeric 45S
rDNA sites were also observed in several Larix species (Go-
ryachkina et al., 2013).

The FISH pattern has been used to suggest relationships
between the species. From this point, signal locations on chro-
mosomes II, VI, VII, VIII, and X seem to be most informative.
Close location 0f 45S rDNA sites had been recorded for species
belonging to the same sections (or subgenera in some scien-
tist’s opinion), established by different authors based on simi-
larities in morphological and anatomical features (Sukachev,
1928; Dallimore, Jackson, 1966; Bobrov, 1971; Liu T.S., 1982;
Schmidt, 1989; Ledig et al., 2004; Farjon, 1990).

It should be noted that intrasectional classification of the
genus remains quite controversial. Furthermore, many Picea
species cross readily with each other in contact ranges; cross ex-
periments also showed hybridization between many geographi-
cally isolated spruce species, even from different continents
(Wright, 1955; Mikkola, 1969). Our FISH results are largely
consistent with the data of molecular phylogenetic study of
the genus (Sigurgeirsson, Szmidt, 1993; Nkongolo, 1999; Ran
et al., 2006, 2015; Lockwood et al., 2013).

On the other hand, similar location of 45S rDNA sites has
been recorded for species from different groups of the genus
Picea: P. omorika vs P. schrenkiana (the proximal 45S rDNA
locus is on the short arm of chromosome II); P. omorika vs
P. abies (the medial 45S rDNA is on the short arm of chromo-
some VI); P. meyeri vs P. purpurea (the proximal 45S rDNA
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is on the short arm of chromosome VI); P. omorika vs
P. pungens var. glauca (the 45S rDNA is on the long arm of
chromosome IX). Therefore, many aspects of taxonomic and
phylogenetic relationships of Picea species are still awaiting
their clarification by means of a broad range of molecular
cytogenetic and genetic approaches.

Conclusion

The combination of molecular cytogenetic methods with
traditional methods of karyological analysis based on the
study of chromosome morphology allows the identification
of pairs of homologous chromosomes in Picea karyotypes.
It was established that karyotypes of Picea species differ in
number, position, and intensity of 45S rDNA signals. Similar
localization of signals is usually observed in species belong-
ing to the same sections. In some cases, similar localization of
45S rDNA sites was noted in species from different series; it
requires new comparative cytogenetics and molecular genetic
studies. Therefore, the method of fluorescence in situ hybridi-
zation can provide valuable information on the relationship
between species and gives a new possibility for analysis of
genetic diversity, evolution, intra- and interspecific variability
of the genus Picea.
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