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Karyotype analyses of eight Pinus L. species, five Larix Mill, species, two Picea
A. Dietr species, and one Abies Mill, species were conducted. All species were
found to have the same chromosome number (2n=2x=24), and a similar
chromosome morphology within each genus. The number and localization
patterns of nucleolar regions differed among the investigated species. Vari-
ability in the numbers of the secondary constrictions in metaphase chromo-
somes and nucleoli in the interphase nuclei suggest the existence of a definite
protein biosynthetic level in the different populations in relation with their
adaptive ability.

KEYWORDS: karyotype, chromosome, secondary constriction, Pinus, Picea, La-
rix, Abies, adaptability, nucleolar organization, nucleoli

Pinaceae Lindl. is the largest and the most economically important family in the
gymnosperms. The family Pinaceae includes 1 0 - 1 1 genera and about 250 -
260 species growing in temperate to boreal zones of the northern hemisphere
(KOZUBOV and MURATOVA 1986). The genera with the largest number of species
are: Pinus L. - pine, (100 ± species); Picea A. Dietr. - spruce (35 - 50 species);
Larix Mill. - larch (approximately 20 species); and Abies Mill. - true fir (45 - 60
species).

The absence of polyploid species, a constant chromosome number and si-
milar chromosome morphology are characteristic to most coniferous genera.
Nucleolar polymorphism, however, has been shown in this group of plants.
Early cytogenetic studies demonstrated that nucleolus formation is due to the
function of loci localized in particular chromosome regions, i.e., the nucleolar
organizing regions (NAVASHIN 1912, DERMEN 1933). The occurrence of the sec-
ondary constrictions often can be related to nucleolus organization in the cell.
Localization and number of the secondary constrictions and satellites in the
chromosomes are distinct features of karyotypes.

Nucleolar chromosomes are of great importance in the cell protein me-
tabolism. Direct methods of molecular DNA-rRNA hybridization have estab-
lished that ribosomal RNA genes, as well as ribosome formation genes, are lo-
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calized in the nucleolar organization region (RITOSSA and SPIEGELMANN 1965,
BIANCHE et at. 1980). In the last two decades, cytogenetic investigations have
shown a wide variability of nucleolar regions among different plant species
(DERYAGIN and IORDANSKY 1971, BOUGOURD and PARKER 1976, ANASTASSOVA-KRIS-

TEVA and NICOLOFF 1978, MALAKHOVA 1979, DUBROVA and MALAKHOVA 1980, BON-

DAR et al. 1980). Differences in the number and positions of secondary constric-
tions indicate karyotypic variability within populations. This phenomenon can
be especially useful when determining cytotaxonomic relationships among spe-
cies with constant chromosome number and morphology, such Pinaceae. This
paper addresses karyotypic and nucleolar chromosome variability of selected
Pinus, Picea, Larix and Abies species.

Material and methods

Experimental materials

Seeds of eight pine species (Pinus sylvestris L., P. sibirica Du Tour, P. pumila Re-
gel, P. koraiensis Siebold et Zucc, P. thunbergii Parl., P. funebris Kom., P. densi-
flora Siebold et Zucc, P. eldarica Medw.), five larch species (Larix sibirica Le-
deb., L. sukaczewii Dylis, L. gmelinii Rupr., L. cajanderi Mayr, L. ochontensis
Kolesn.), two spruce species (Picea obovata Ledeb., P. ajanensis Fisch. ex Carr.),
one fir species (Abies sibirica Ledeb.) from different populations were used for
karyological investigations. The seed source for each taxon is shown in Table 1.

The taxonomic system published by LITTLE and CRITCHFIELD (1969), was ac-
cepted for classifying the pine species in the study. These pines belong to two
subsections of the genus Pinus: Cembrae (subgenus Strobus = Haploxylori) and
Sylvestres (subgenus Pinus = Diploxylon). The two spruce species are classified
(cf. BOBROV 1978) in two sections of the genus Picea: P. obovata in section Eupi-
cea (series Obovatae) and P. ajanensis in section Casicta (series Ajanenses). The
five Larix species in the present study belong to two series in the section Pau-
ciseriales (cf. BOBROV 1978). Larix sibirica, L. ochotensis, and L. sukaczewii be-
long to the series Eurasiaticae, and L. gmelinii and L. cajanderi belong to the se-
ries Paucisquamatae. The taxonomic position of L. ochotensis is controversial;
this species is closely related to L. gmelinii and L. cajanderi. The only represen-
tative of the genus Abies in this study, A. sibirica, belongs to the series Sibiricae
of the section Piceaster (MATSENKO 1964).

Chromosome studies

Seeds from each species were germinated on moist filter paper under labora-
tory conditions. The root tips were excised and pretreated in 0.5 percent col-
chicine solution for 6 - 8 hours at room temperature (about 22 °C), fixed in a
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3 : 1 ethanol: acetic acid mixture and then refrigerated. Prior to slide prepara-
tion, the materials were stained with acetohematoxylin. The slides were pre-
pared by the squash technique using root tip meristems.

Table 1 Origin of species examined.

Species

Pinus sibirica Du Tour

Pinus pumila (Pall.) Regel

Pinus koraiensis Siebold et Zucc.

Pinus sylvestris L.

Pinus densiflora Siebold et Zucc.

Pinus funebris Kom.

Origin

Western Sayans, low mountains in
Krasnoyarsk Territory

Western Sayans, high mountains in
Krasnoyarsk Territory

Krasnoyarsk Territory, Turukhansk

Tyumen district, Khanty-Mansyisk

Tyumen district, Urmannii

Tyumen district, Berezovo

Ekaterinburg

Ekaterinburg district, Karpinsk

Buryatia, Barguzin region, Ulyun

North-Western Yakutia, Zhigansk

Magadan district, Tauisk

Magadan district, Orotukan

Central Kamchatka

Northern Kamchatka

Khabarovsk Territory, Obluchje

Primorski Territory, Chuguevka

Buryatia, Kyakhta

Buryatia, Novoselenginsk

Krasnoyarsk Territory, Minusinsk

Central Yakutia, Yakutsk

Tomsk district, Bakchar, oligotrophic
swamp

Tomsk district, Timirjazevka, eutrophic
swamp

Tomsk district, Golovinka, dry valley

Barnaul, Institute of Horticulture of Si-
beria, Arboretum

Primorski Territory, Turii Rog.
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Table 1 cont.

Species
Pinus thunbergii Parl.

Pinus eldarica Medw.

Picea obovata Ledeb.

Picea ajanensis (Lindl. et Grod.) Fisch.
ex Carr.

Larix sibirica Ledeb.

Larix sukaczewii Dylis

Origin
Korea, Pyongyang, Botanical Garden

Georgia, Saguram National Park

Western Yakutia, Lensk

Western Yakutia, Suntari

Western Yakutia, Nyurba

South-Western Yakutia, Kochegarovo

Central Yakutia, Yakutsk

Central Yakutia, Sangari

Central Yakutia, Handiga

Southern Yakutia, Aldan

Krasnoyarsk Territory, Turukhansk

South-Eastern Yakutia, Chagda Primor-
ski Territory, Dalnegorsk

Eastern Kazakhstan, Markakol

Eastern Kazakhstan, Zaisan

Khakasia, Sonski

Tuva, Shagonar

Tuva, Balgazin

Tuva, Chagitai

Buryatia, Zakamensk

Mongolia, Tosontsengel

Mongolia, Chuluut

Mongolia, Solgotoin-Daba

Arkhangelsk district, Pinezhski reserve

Ivanov district, Volzhski

Udmurtia, Grakhov

Bashkiria, Uchali

Bashkiria, Tirlyanski

Perm district, Krasnovishersk

Ekaterinburg district, Revda

Ekaterinburg district, Bulanash

Ekaterinburg district, Novaya Lyalya
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Table 1 cont.

Species

Larix gmelinii (Rupr.) Rupr.

Larix cajanderi Mayr

Larix ochotensis Kolesn.

Abies sibirica Ledeb.

Origin

Chita district, Karimskoe

Mongolia, Bayan-Ula

Evenkia, Vivi

Central Yakutia, Kobyai

Southern Yakutia, Ust-Maya

Central Kamchatka

Magadan district, Tauisk

Tomsk district, Chainski

Krasnoyarsk Territory, Emelyanovo

Buryatia, Babushkin

Karyotype analyses

The karyotypes were analyzed according to methods published by PRAVDIN et
al. (1972) with some modifications. The length of long and short arms of each
chromosome were measured on photomicrographs. The following parameters
were determined: absolute length of the chromosome (La, in micrometers); the
total diploid complement chromosome length (SLa, in micrometers); relative
chromosome length (I/, the ratio of absolute length to the total chromosome
length, in percent); centromeric index (Iе, the ratio of the short arm length to
absolute chromosome length, in percent); and the localization of secondary
constriction (sc, in percent). The chromosomes were classified according to
recommendations by GRIF and AGAPOVA (1986). Only localization and frequency
of secondary constrictions were determined for Pinus thunbergii.

Nucleolus studies

The slides for nucleolus counts were prepared according to methods described
by RATTENBURY (1952). Excised root tips from germinating seeds were fixed in
alcohol-formaldehyde (2:1) mixture, hydrolysed in IN HCl during 2 hours at
60 °C and stained with acetohematoxylin. In some cases, the slides were treat-
ed with a 50 percent solution of AgNO3 for 1 - 2 hours at 60 °C (HIZUME et al.
1980). To stain the nucleolar organization regions (NOR) of chromosomes, a
modification of the same method was employed. Concentrations of silver ni-
trate, time of treatment and temperature were different and determined ex-
perimentally for each species.
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Results

Pinaceae family representatives have well stained large chromosomes that ai
clearly differentiated into two arms. Pinaceae species do not produce chrome
somes with satellites of the »classical« form as a small oval body with well d(
fined satellite thread. There are secondary constrictions that look like unstair
ed chromosome sites varying in length.

All examined species were stable diploids, having 24 somatic chromoso
mes (2n=2x=24). The results of karyological investigations have shown tha
many chromosomes of the pine species have the secondary constrictions.

Karyotype analyses of Cembrae species

The karyotypes of three species of the subsection Cembrae (Pinus sibirica, 1
pumila, and P. koraiensis) had 11 pairs of metacentric chromosomes. Karyo
types of P. sibirica and P. koraiensis are shown in Figures 1 and 2. Only one chro
mosome pair (XII), the shortest and most asymmetric in the complement, wa;
distinctly different from the other chromosomes. This chromosome pair hac
the following parameters: P. sibirica La = 9.7 ± 0,12 ц т , I/ = 3.2 ± 0.03 %, I
= 40.4 ± 0.28 %; P. pumila La = 9.6 ± 0.13 ц т , I/ = 3.2 ± 0.03 %, Iе = 40.9
± 0.36 %; P. koraiensis La = 10.3 ± 0.23 ц т , I/ = 3.2 ± 0.07 %, Iе = 40,4 ±
0.37 %.

(ШШ111К1ШШ
I-XI

II
XII

Figure 1 Karyotype ofPinus sibirica. 2n=2x=24. The chromosomes are distributed
into groups according to results of the karyotype analysis. I - XII indicates the numbers
of the chromosomes.
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тою
K(i m

Figure 2 Karyotype of Pinus koraiensis 2n=2x=24. The chromosomes are distributed
into groups according to results of the karyotype analysis. I - XII indicates the numbers
of the chromosomes.

Eleven pairs (I - XI) of P. sibirica chromosomes formed one group: La =
12.8 ± 0.07 um, I/ = 4.1 ± 0.02 %, Iе = 46.9 ± 0.08 %. In P.pumila, chromo-
some pairs 1-Х composed one group with similar parameters: La = 12.8 ±
0.06 um, I/ = 4.3 ± 0.02 %, Iе = 48.3 ± 0.21 %. The eleventh chromosome
pair was distinct in P. pumila: La = 12.0 ± 0.14 um, I/ = 4.0 ± 0.11 %, Iе =
46.6 ± 0.16 %.

The I - XI chromosome pairs of P. koraiensis formed three distinct groups.
The first group consisted of seven chromosome pairs: La = 14.1 ± 0.09 um, Lr

= 4.5 ± 0.02 %, Iе = 48.1 ± 0.12 %. The second and the third group included
two pairs of chromosomes, respectively: La =13.3 ± 0.19 um, I/ = 4.3 ± 0.05
%, Iе = 46.5 ± 0.18 % and La = 11.1 ± 0.09 um, I/ = 3.6 ± 0.03 %, Iе = 47.8
± 0.23 %.

The karyotypes of P. sibirica and P. pumila contained up to seven pairs with
secondary constrictions. The karyotype oiP. koraiensis contained up to six pairs
of chromosomes with secondary constrictions. In both species, one pair of sym-
metric chromosomes had as many as four secondary constrictions per chromo-
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some. Two constrictions were localized in one arm in P. pumila: sci = 35.1 ±
0.39 %, sc2 = 59.6 ± 0.90 %, and two constrictions were localized in the other
arm in sc3 = 41.9 ± 0.59 %, sc4 = 68.1 ± 1.32 %. In P. koraiensis, similar pair
of chromosomes had secondary constrictions in one arm: sCi = 36.1 ± 2.07 %,
sc2 = 66.2 ± 1.90 %, and in the other arm: sc3 = 51.7 ± 1.61 %, sc4 = 75.2 ±
1.77 %.

Pinus sibirica had one pair of symmetric chromosomes with three secon-
dary constrictions per chromosome. Two constrictions were observed in one
arm (sci = 38.1 ± 0.56 %, sc2 = 66.1 ± 0.64 %) and one constriction was ob-
served in the other arm (sc3 = 52.1 ± 0.50 %). Pinus pumila had one pair of
chromosomes with two secondary constrictions per chromosome. These con-
strictions were localized in two arms; however, they were not observed in all
investigated populations (sci = 36.9 ± 0.99 %, sc2 = 46.8 ± 1.77 %). One pair
of P. sibirica and P. koraiensis chromosomes had a secondary constriction in the
proximal part of the arm: P. sibirica sc = 41.3 ± 0.47 % and P. koraiensis sc =
36.2 ± 0.92%).

The three subsection Cembrae species had one pair of chromosomes with
the secondary constrictions in the medial part of the arm: P. sibirica sc = 53.4
± 0.20 %, P. pumila sc = 58.3 ± 0.30 %, and P. koraiensis sc = 53.6 ± 0.63 %.
All species had some chromosomes with secondary constrictions in the distal
part of the arm. The karyotype of P. koraiensis had two chromosome pairs
with distal secondary constrictions (sc = 67.6 ± 1.33 % for both pairs). Pinus
pumila's karyotype contained three pairs (sc = 62.4 ± 0.31 % for one pair and
sc = 73.3 ± 0.62 % for two pairs). Distal secondary constrictions were present
in three P. sibirica chromosome pairs: (sc = 62.0 ± 0.22 % for one pair and sc
= 71.9 ± 0.46 % for two pairs). In P. sibirica, one of these chromosomes had
the secondary constriction at a similar location in the second arm.

In addition, secondary constrictions were observed in the asymmetric chro-
mosome pair (XII) of these species. Pinus sibirica had two secondary constric-
tions: in the short arm sc! = 61.4 ± 1.52 % and in the long arm sc2 = 70.3 ±
0.61 %. The XII chromosome in P. pumila and P. koraiensis had three secondary
constrictions. The XII short arm had secondary constrictions in different loca-
tions in P. pumila and P. koraiensis, sca = 52.0 ± 0.98 % and sc! = 54.9 ± 5.32
%, respectively. The XII long arm had two secondary constrictions, again at dif-
ferent locations in each species: sc2 = 71.3 ± 0.80 % (P. pumila) and sc21
67.0 ± 1.61 % (P. koraiensis), and sc3 = 42.6 ± 1.87 % (.P. pumila) and sc3 =
43.1 ± 1.50 % (P. koraiensis). The secondary constrictions in the short arm and
in the distal portion of the long arm occurred infrequently in both species and
were not present in all investigated populations.

Interphase nuclei of P. pumila and P. koraiensis contained 4 - 1 2 nucleoli,
and the interphase nuclei of P. sibirica contained 4 - 1 4 nucleoli. Figure 3
shows nucleoli of P. pumila.
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Figure 3 a - d Interphase nuclei of Pinus pumila with different numbers of nucleoli.

Karyotype analyses of Sylvestres species

The five investigated species belong to the subsection Sylvestres. They are:
Pinus sylvestris, P. densiflora, Pfunebris, P. thunbergii and P. eldarica. In compari-
son with subsection Cembrae pines, subsection Sylvestres pines had two pairs of
short and asymmetric chromosomes. These chromosomes were metacentric or
submetacentric and had the following parameters:

P. sylvestris
Chromosome XI La = 9.8 * 0.10 urn, Lr = 3.5 ± 0.04 %, Iе = 42.4 ± 0.32 %
Chromosome XII La = 8.8 ± 0.10 urn, I/ = 3.1 ± 0.04 %, Iе = 43.1 ± 0.29 %
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P densiflora
Chromosome XI La = 11.3 ± 0.20 um, Lr = 3.4 ± 0.04 %, Iе = 43.7 ± 0.30 %
Chromosome XII La = 9.9 ± 0.20 um, I/ = 3.0 ± 0.10 %, Iе = 42.3 ± 0.50 %

Pfunebris
Chromosome XI La = 11.9 ± 0.15 um, I/ = 3.5 ± 0.04 %, Iе = 40.6 ± 0.44 %
Chromosome XII La = 9.9 ± 0.14 um, Lr = 2.9 ± 0.05 %, Iе = 41.1 ± 0.30 %

£ eldarica
Chromosome XI La = 14.2 ± 0.21 um, I/ = 3.6 ± 0.03 %, Iе = 39.7 ± 0.28 %
Chromosome XII La = 12.6 ± 0.24 um, I/ = 3.1 ± 0.03, Iе • 36.5 ± 0.26 %

Chromosome pair X also could be distinguished in P. sylvestris, P. densiflora
and Pfunebris. The X chromosome pair had the following parameters in each
respective species: P. sylvestris La = 10.8 * 0.04 um, I/ = 3.8 ± 0.04 %, Iе =
46.7 ± 0.26 %; P. densiflora La = 12.8 ± 0.30 urn, I/ = 3.9 ± 0.10 %, Iе = 44.4
± 0.40 %; Pfunebris La = 12.4 ± 0.15 um, Lr = 3.6 ± 0.04 %, Iе = 47.3 ± 0.38 %.

The other nine pairs (I - IX) of P. sylvestris, P. densiflora and Pfunebris chro-
mosomes comprised one group. These chromosome pairs were characterized
by the following parameters: P. sylvestris La = 14.0 ± 0.14 цт , Lr = 4.1 ± 0.12
%, Iе = 48.1 ± 0.11 %; P. densiflora La = 14.8 ± 0.32 um, Lr = 4.4 ± 0.09 %,
Iе = 47.5 ± 0.39 %; Pfunebris La - 15.3 ± 0.20 um, V = 4.5 ± 0.05 %, Iе =
47.5 ± 0.29 %. In P. eldarica, ten pairs of chromosomes (I - X) formed one
group with the following parameters: La = 17.2 ± 0.19 um, Lr = 4.0 ± 0.02
%, Iе = 48.0 ± 0.15 %. A karyotype of P. sylvestris is shown in Figure 4.

Figure 4 Karyotype of Pinus sylvestris. 2n=2x=24. The chromosomes are distributed
into groups according to results of the karyotype analysis. I - XII indicates the numbers
of the chromosomes.
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A karyotype of P. sylvestris, growing in optimum conditions, contained eight
pairs of the chromosomes with the secondary constrictions. One pair of chro-
mosomes from the I - IX group had two secondary constrictions located in the
one arm (sci = 36.7 ± 1.36 %, sc2 = 64.3 ± 1.43 %), two pairs had constric-
tions in the distal part of the arm (sc = 63.3 ± 0.71 % ) , one pair had constric-
tions in the medial part of the arm (sc = 54.6 ± 0.83 %) and one pair of chro-
mosomes had constrictions in the proximal part (sc = 39.2 ± 1.07 % ) . The
chromosomes of the X pair were characterized by the secondary constriction in
the medial portion of the arm sc = 57.7 ± 1.36 %. Asymetric chromosomes XI
and XII had secondary constrictions sc = 37.9 ± 3.26 % and sc = 60.5 ± 1.43
% respectively, but the constrictions were infrequent in occurrence.

Karyotypes of P. densiflora and P. funebris contained seven chromosome
pairs with secondary constrictions. One pair of symmetric chromosomes of these
species had three secondary constrictions, two constrictions were located in
the one arm, sc! = 36.9 ±1.15 % and sc2 = 65.3 ± 1.54 % (P. densiflora) and
sci = 38.1 ± 0.98 % and sc2 = 67.1 ± 1.38 % (P. funebris), and one constric-
tion was located in the other arm, sc = 42.4 ± 1.30 % and 41.2 ± 1.39 %
(both species). Each species had one pair of chromosomes with a secondary
constriction proximal to the centromere sc = 39.8 ± 0.71 % (P. densiflora) and
sc = 40.6 ± 1.00 % (P. funebris), one pair of chromosomes with the secondary
constriction in the medial region sc = 54.5 ± 0.84 % and sc = 53.6 ± 0.52 %
(in both species), and two pairs of chromosomes with the secondary constric-
tions in the distal region sc = 62.1 ± 0.57 % and sc = 63.6 ± 0.48 % (in both
species).

In P. funebris, secondary constrictions were observed in the X chromosome
pair, sc = 67.5 ± 1.08 % and in the short arm of the XII chromosome pair, sc =
54.5 ± 3.86 %. The XI chromosome pair in P. densiflora had a secondary con-
striction in the short arm.

The karyotype of P. thunbergii had six pairs of chromosomes with the sec-
ondary constrictions. Two constrictions were observed in an arm of one long
symmetric chromosome (sci = 39.3 ± 2.04 %, sc2 = 65.9 ± 1.64 %). Two pairs
of symmetric chromosomes had secondary constrictions in the proximal part
an arm (sc = 40.2 ± 0.76 %), one pair had a secondary constriction in a me-
dial region (sc = 54.1 ± 2.71 %), and one pair had a secondary constriction in
the distal region (sc = 67.6 ± 2.28 % ) . A secondary constriction was observed
in the long arm of the XI chromosomes pair (sc = 58.8 ± 1.85 % ) .

The karyotype of Я eldarica included seven pairs of chromosomes with sec-
ondary constrictions. One pair of symmetric chromosomes had two constric-
tions in one arm (sca = 37.5 ± 1.01 %, sc2 = 64.7 ± 0.83 % ) , another pair
had constrictions in both arms (sci = 38.9 ± 0.56 %, sc2 = 46.5 ± 1.13 % ) .
Secondary constrictions were observed in the distal regions of two pairs (sc =
60.6 ± 0.45 %) and in region proximal to the centromere of one pair of chro-

55



Borzan, Z. and S. E. Schlarbaum (eds.): Cytogenetic studies of forest trees and shrub species

mosomes (sc = 40.9 ± 0.88 % ) . The asymmetric chromosomes had secondary
constrictions in the long arms, sc = 41.7 ± 1.31 % and 63.4 ± 2.37 %, respec-
tively.

Karyotype analyses of Picea species

The two investigated spruce species had 10 pairs of metacentric and 2 pairs of
submetacentric chromosomes. Four chromosome pairs (IX, X, XI, XII) could be
identified in the complement of P. obovata. They have the following parameters:
chromosome IX La = 12.3 ± 0.13 urn, I/ = 3.5 ± 0.01 %, Iе = 36.8 ± 0.25 %;
chromosome X La = 11.9 ± 0.20 um, Lr = 3.3 ± 0.04 %, Iе = 42.2 ± 0.49 %;
chromosome XI La = 10.7 ± 0.11 um, I/ = 3.1 ± 0.02 %, Iе = 44.0 ± 0.29 %
and chromosome XII La = 9.5 ± 0.13 um, I/ = 2.6 ± 0.01 %, Iе = 33.7 ± 0.30
%. The other eight chromosome pairs (I - VIII) comprised one group: La -
15.0 ± 0.24 um, I/ = 4.4 ± 0.13 %, Iе = 46.9 ± 0.63 %. The karyotype of P.
obovata is shown in Figure 5.

I XI III

10um

Figure 5 Karyotype of Picea obovata. 2n=2x=24. The chromosomes are distributed
into groups according to results of the karyotype analysis. I - XII indicates the numbers
of the chromosomes.

Only two chromosome pairs, IX and XII, had distinct morphology in the
complement of P. ajanensis. The parameters of these chromosomes were: chro-
mosome IX La = 12.8 ± 0.21 um, I/ = 3.9 ± 0.06 %, Iе = 37.8 ± 0.67 % and
chromosome XII La = 9.4 ± 0.16 um, I/ = 2.8 ± 0.04 %, Iе = 33.0 ± 0.43 %.
Eight pairs of chromosomes (I - VIII) formed one group, (La = 15.5 ± 0.37
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urn, I/ = 4.6 ± 0.08 %, Iе = 47.2 ± 0.37 %) and two pairs (X - XI) formed the
second group, (La = 11.1 ± 0.15 urn, I/ = 3.4 ± 0.05 %, Iе = 42.0 ± 0.46 % ) .

Many chromosomes in both species had secondary constrictions. In the P.
obovata karyotype, two pairs from chromosome group I—VIII had secondary
constrictions in the medial region of an arm, sc = 57.1 ± 0.38 %. Two other
pairs of the chromosomes had secondary constrictions in the distal region, sc -
67.1 ± 0.57 % and sc = 76.7 ± 0.53 %. Furthermore, secondary constrictions
were found near the centromeric region for two chromosome pairs, sc = 48.3
± 0.20 % and sc = 34.1 ± 0.37 %. In P. ajanensis, two chromosome pairs from
group I -VIII had two secondary constrictions located in both arms, SC! = 38.5
± 0.94 %, sc2 = 43.5 ± 2.90 % and sci = 53.8 ± 0.43 %, sc2 = 63.5 ± 0.75
%). Secondary constrictions in the medial region were observed for two chro-
mosomes pairs, sc = 50.3 ± 0.46 %, and distal secondary constrictions in the
distal part were observed for one chromosome pair, sc = 63.5 ± 0.75 %.

The two spruce species had secondary constrictions in the IX and X chro-
mosome pairs. Two secondary constrictions, located in both arms, were ob-
served in the IX pair of P. obovata, sca for the long arm = 41.2 ± 0.39 and sc2

for the short arm = 55.0 ± 0.45 %. One constriction was found in the long
arm in the IX chromosome pair in P. ajanensis. In both species, the X chromo-
some pair of chromosomes was with one secondary constriction located in the
short arm, sc = 57.5 ± 0.74 % (P obovata) and sc = 52.6 ± 1.71 % (P. ajanensis).

Supernumerary chromosomes were detected among the populations of these
two species. Metacentric B-chromosomes was observed in P. obovata, and two
meta- and submetacentric B-chromosomes were found in certain P. ajanensis
seedlings. Figure 6 shows the B-chromosome of P. ajanensis.

Figure 6 The chromosome complement of Picea ajanensis with a supernumerary chro-
mosome. Arrow poiajs to the B-chromosome.
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Karyotype analyses of Larix species

All of the examined larch species had six pairs of symmetric (metacentric) and
six pairs of asymmetric (submeta- or intercentric) chromosomes. Two chromo-
some groups could be distinguished in the karyotypes of I. sibirica, L. gmelinii,
L. cajanderi and L. ochotensis. A third chromosome group could be identified in
these species by due consistent secondary constrictions.

The chromosome complement of L. sibirica had the following parameters: I
- VI La = 14.7 ± 0.14 ц т , I/ = 4.6 ± 0.03 %, Iе = 47.0 ± 0.24 %; VII - XII La

= 10.1 ± 0.08 цт , I/ = 3.1 ± 0.02 %, Iе = 32.3 ± 0.26 %.

Chromosome parameters of L. sukaczewii were: I - VI La = 11.3 ± 0.12
ц т , I/ = 5.0 ± 0.04 %, Iе = 46.9 ± 0.24 %; VII - IX La = 7.6 ± 0.10 ц т , Lr =
3.3 ± 0.05 %, Iе = 27.1 ± 0.24 %; X - XII La = 7.3 ± 0.09 цт , I/ = 3.1 ± 0.03
%, Iе = 33.1 ± 1.17%.

The karyotype of L. sukaczewii is shown in Figure 7. Two pairs of metacen-
tric chromosomes in these species had secondary constrictions located in the
distal region of an arm (I. sibirica sc = 62.8 ± 0.41 %; L. sukaczewii sc = 63.3
± 0.55 % ) .

I-VI

10[xm
VII-ix x-xn

Figure 7 Karyotype of Larix sukaczewii. 2n=2x=24. The chromosomes are distrib-
uted into groups according to results of the karyotype analysis. I - XII indicates the
numbers of the chromosomes.
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The chromosome parameters of L. gmelinii and L. ochotensis karyotypes
were: I - VI La = 15.1 ± 0.21 urn, V = 4.8 ± 0.05 %, Iе = 46.5 ± 0.37 % and
La = 13.3 ± 0.14 urn, I/ = 4.5 ± 0.03 %, Iе = 47.0 ± 0.22 %; VII La = 12.1 ±
0.29 urn, Lr = 3.9 ± 0.07 %, Iе = 30.6 ± 1.14 % and La = 9.7 ± 0.16 um, V =
3.7 ± 0.07 %, Iе = 28.9 ± 0.83 %; VII - XII La = 10.1 ± 0.10 um, Lr = 3.3 ±
0.03 %, Iе = 33.0 ± 0.27 % and La = 8.8 ± 0.07 ц т , Lr = 3.2 ± 0.02 %, Iе =
31.7 ± 0.21%.

The karyotype of L. gmelinii is shown in Figure 8. Some preparations of L.
gmelinii showed a meta- or submetacentric B-chromosome (Figure 9).

VII-XII

Figure 8 Karyotype of Larix gmelinii. 2n=2x=24. The chromosomes are distributed
into groups according to results of the karyotype analysis. I - XII indicates the numbers
of the chromosomes.

The chromosomes I - VI of L. cajanderi had following parameters: La =
12.0 ± 0.13 urn, I/ = 4.4 ± 0.02 %, Iе = 47.5 ± 0.31 %; VII -VIII La = 9.2 ±
0.18 urn, Lr = 3.8 ± 0.06 %, Iе = 28.5 ± 0.61 %; IX-XII La = 9.1 ± 0.10 urn,
I/ =3.7 ± 0.02 %, Iе =32.9 ± 0.33 %.

In I. gmelinii and L. ochotensis, two pairs of metacentric chromosomes had
a secondary constrictions in the distal part of the arm: sc = 60.9 ± 0.71 % and
sc = 64 ±0.64 %. Additionally, one pair of asymmetric chromosomes in these
species contained a secondary constriction in the long arm (sc = 62.0 ± 0.88
% and sc = 66.4 ± 1.26 % ) . Larix cajanderi had two pairs of metacentric chro-
mosomes with one secondary constriction (sc = 61.6 ± 0.67 %), and one chro-
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Figure 9 The chromosome complement of Larix gmelinii with supernumerary chro-
mosome. Arrow points to B-chromosome.

Figure 10 Metaphase chromosomes from acetohematoxylin preparations of root tip
meristem of Abies sibirica. 2n=2x=24.
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mosome with two constrictions (sci = 44.7 ± 1.57 %, sc2 = 61.6 ± 0.67 % ) .
A secondary constriction was observed in this species in one of the asymmetric
chromosomes (sc = 63.5 ± 0.58 % ) .

^rary chro-

of root tip

Karyotype analysis of Abies sibirica

The karyotype of Siberian fir had seven pairs (I - VII) of metacentric chromoso-
mes: La = 13.7 ± 0.21 um, U = 4.6 ± 0.09 %, Iе = 46.3 ± 0.56 %; four pairs
(VIII, IX-XI) of submetacentric chromosomes: La = 10.2 ± 0.15 um, Lr = 3.2
± 0.05 %, Iе = 37.9 ± 0.33 % (VIII) and IX-XI pairs: La = 9.5 ± 0.30 um, I/
= 3.1 ± 0.07 %, Iе = 33.8 ± 0.45 %. One pair (XII) of intercentric chromo-
somes had parameters: La = 9.5 ± 0.11 цт , Lr = 3.1 ± 0.04 %, Iе = 30.0 ±
0.42 %. The metaphase chromosomes of A. sibirica are shown in Figure 10.

A pair of chromosomes from the chromosome group I - VII was character-
ized by two secondary constrictions in one arm (sci = 36.1 ± 1.61 % and sc2

= 68.9 ± 1.06 %). Another chromosome pair had secondary constrictions in
both arms (sca = 51.6 ± 1.67 % and sc2 = 64.6 ± 2.69 % ) . Distal secondary
constrictions were observed in two pairs, (sc = 68.9 ± 0.50 % ) , and another
constriction was inconsistently observed in the medial region in the arm of one
chromosome pair (sc = 58.4 ± 0.48 % ) . In addition, a pair of submetacentric
chromosomes had two secondary constrictions in the long arm (sci = 51.4 ±
2.24 % and sc2 = 66.2 ± 1.95 % ) .

Studies on somatic nucleoli

The number of somatic nucleoli in the Pinus species of the subsection Sylvestres
ranged from 1 to 12 per cell at interphase. The number of nucleoli observed in
each species was as follows: 3 to 10 in P. sylvestris, 2 to 8 in P.funebris, 3 to 12 in
P. densiflora, 1 to 8 in P. thunbergii and 3 to 12 nucleoli in P. eldarica. The inter-
phase nuclei the two spruce species had a wide range of somatic nucleoli. Picea
obovata cells contained 1 - 1 4 nucleoli (Figure 11), and cells of P. ajanensis
contained 1-12 nucleoli. The interphase nuclei of the Larix species generally
contained the lowest numbers of somatic nucleoli in the study. Larbc sibirica
and L. sukaczewii cells contained 1-4 nucleoli. Interphase nuclei of L. gmelinii,
L. cajanderi and L. ochotensis contained 1 - 6 nucleoli (Figure 12). The inter-
phase nuclei of Abies sibirica was found to contain 1-8 nucleoli (Figure 13).

Nucleolar organization region staining in Larix

The metaphase chromosomes of five Larix species were specifically stained to
show the nucleolar organization regions (NORs). The species had similar pat-
terns of NORs localization (Figures 14 - 16). The NORs were localized at the
secondary constrictions and at the telomere regions in some chromosomes.
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Figure 11 a - g Interphase nuclei of Picea obovata with different numbers of nucleoli.
Material stained with silver nitrate.

a

:f'

i

\ •

Figure 12 a - d Interphase nuclei of Larix gmelinii with different number of nucleoli.
Material stained with silver nitrate.
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; of nucleoli.

e

r of nucleoli.

Figure 13 a - f Interphase nuclei of Abies sibirica with different numbers of nucleoli.
Material stained with silver nitrate.

There was a NOR in the same region in the chromosomes of L. gmelinii, L. ca-
janderi and L. ochotensis. In the asymmetric chromosomes of L. sibirica and L.
sukaczewii, the secondary constrictions occurred infrequently and an NOR
was observed at this location. Silver-staining revealed a nucleolar organizer
region at the telomere of the short arm of asymmetric chromosome in all spe-
cies.

63



Borzan, Z. and S. E. Schlarbaum (eds.): Cytogenetic studies of forest trees and shrub species

Figure 14 a - b Metaphase chromosomes of Larix sibirica stained with silver nitrate
Arrows point to the NORs.

\

)\X№ in
Figure 15 Nucleolar organizer regions of Larix sibirica stained with silver nitrati
staining: a metacentric chromosomes with silver-stained NORs at the telomere regions
b metacentric chromosomes with NORs at the secondary constrictions, с submeta
centirc chromosomes with NORs at the secondary constrictions, d, e submetacentri
chromosomes with NORs at the telomere regions.
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*

I-II III-IV V-VI VII-XII

Figure 16 Idiogram of Larix sibirica.

h silver nitrate.

I I I
th silver nitrate
domere regions,
ans, с submeta-
i submetacentric

Discussion

The above results have shown that secondary constrictions can be located on
virtually any chromosome arm throughout the genome of the studied species.
These results concur with previous studies of Pinaceae species (SAYLOR 1964,
1972, BORZAN 1977, HIZUME 1988). The secondary constrictions appeared as
acromatic regions, and the resulting satellite's morphology generally was the
same as the adjoining chromosome arm. Similar secondary constrictions and
satellites have been observed in some angiospermous genera including Polygo-
natum, Lilium, Fritillaria, and individual species of Allium (TERMAN-SUOMALAI-

NEN 1949, KUDRIASHOVA 1969, VERMA and MITTAL 1978, BARANOVA and ZAKHARYE-

VA 1981). Infrequently, «classical» satellites were observed in the chromosome
complements of P. funebris, P. sylvestris, L. sukaczewii and L. sibirica, but these
instances are atypical for conifers.

The secondary constrictions of the studied species occurred in a region
from 30 to 80 percent of the arm length from the centromere (Table 2). There
were differences among the genera in distribution of the secondary constric-
tions within a chromosome arm. Virtually all Pinus and Picea species had the
majority of secondary constrictions located 50 - 60 percent in distance from
the centromere. The majority of secondary constrictions in Larix species and
Abies sibirica occurred further from the centromere (60 - 70 percent) than the
previous two genera.
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Table 2 Frequency and localization of the secondary constrictions for Pinaceae fam
representatives as a percent of the total number of chromosomes containing second;
constrictions.

Origin
Ratio of the distance between centromere and secoi

dary constriction to total length of the arm (%)

<31 31-40 41-50 51-60 61-70 71-80

The Pinus

P. sibirica,
Western Sayans,
Low mountains

P. sibirca,
Western Sayans,
high mountains

P. sibirica,
Turukhansk

P. sibirica,
Khanty-
Mansiyisk

P. sibirica,
Ekaterinburg

P. sibirica,
Karpinsk

P. pumila, Tauisk

P. pumila,
Orotukan

P. pumila, Cen-
tral Kamchatka

P. pumila, North-
ern Kamchatka

P. koraiensis,
Obluchje

P. koraiensis,
Chuguevka

P. sylvestris,
Kyakhta

P. sylvestris,
Novoselenginsk

P. sylvestris,
Minusinsk

P. sylvestris,
Yakutsk

0.6

1.4

2.0

1.5

2.1

-

13.1

1.8

2.0

0.8

3.5

3.4

2.5

3.9

2.1

1.7

9.0

9.0

8.8

9.3

6.8

6.7

20.0

12.0

12.7

9.4

17.6

12.9

16.2

10.8

17.7

15.7

15.7

13.8

23.5

12.8

17.3

14.4

26.9

18.5

25.0

8.5

13.1

9.5

18.2

10.1

20.8

15.7

33.3

38.1

24.5

24.1

33.0

31.7

28.3

31.5

27.5

34.5

19.6

30.2

37.8

47.3

32.3

38.7

25.0

24.1

24.5

29.5

22.5

26.0

11.7

22.2

24.5

20.0

23.6

28.4

22.4

25.6

26.0

25.9

14.9

18.6

16.7

21.2

18.3

20.2

-

13.0

7.1

24.2

21.5

13.8

2.5

2.3

1.0

2.2

1.

-

-

1.

-

1.

-

o:

l.i

2.!

1.!

i.:

0.'

-

-

-
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naceae family
ng secondary

ind secon-
rm (%)

Table 2 cont.

- 8 0 >81

L4.9

18.6

16.7

21.2

18.3

20.2

13.0

7.1

24.2

21.5

13.8

2.5

2.3

1.0

2.2

1.5

-

-

1.5

-

1.0

0.9

1.0

2.5

1.5

1.7

0.4

-

-

-

Origin
Ratio of the distance between centromere and secon-

dary constriction to total length of the arm (%)

<31 31-40 41-50 51-60 61-70 71-80 >81

A. sibirica,
Emelyanovo

The Pinus

P. sylvestris,
Tomsk, oligo-
trophic swamp

P. sylvestris,
Tomsk,
eutrophic
swamp
P. sylvestris,
Tomsk,
dry valley

P. densiflora,
Barnaul

P.funebris,
Chanka

P. eldarica,
Georgia

4.0

0.7

1.3

1.3

0.6

-

22.4

13.0

6.5

26.6

12.8

32.5

24.3

21.9

16.9

15.8

17.9

22.2

23.7

39.7

55.8

32.9

39.7

22.7

21.3

21.9

15.6

19.6

25.7

22.2

3.8

2.0

4.0

3.8

2.8

0.5

0.5

0.7

—

-

0.6

-

The Picea

P. obovata,
Kochegarovo

P. obovata,
Yakutsk

P. ajanensis,
Dalnegorsk

1.7

1.5

1.4

3.4

6.1

13.9

17.3

13.0

33.6

44.3

47.3

31.4

15.2

13.7

16.8

16.4

18.7

2.9

1.7

-

-

The Larix

L. sibirica,
Zaisan

L. sukaczewii,
Uchali

L. gmelinii,
Karimskoe

L. cajanderi,
Kamchatka

L. ochotensis,
Tauisk

-

1.1

-

1.4

-

-

0.9

2.8

4.4

-

9.4

10.7

27.9

29.3

39.6

30.7

64.7

59.8

44.3

52.1

2.9

9.8

5.7

2.1

-

-

-

-

The Abies

1.6 6.9 9.1 26.7 37.4 18.2
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According to the concept of the chromosome architecture (LIMA-DE-FARIA

1976), genes for 28S and 18S ribosomal RNA in the eukaryotic chromosomes
have specific position with respect to the centromere and the telomere. The ri-
bosomal genes occupy definite loci within the chromosome arm. The distribu-
tion of these genes can be divided into four main regions. According to LIMA-

-DE-FARIA (1976), the optimal region represents the zone of maximum frequency
with about 80 percent of ribosomal genes. On the both sides of this region,
there are zones where ribosomal genes may occur with less frequency. A region
exists near the centromere where ribosomal genes rarely occur, having a prob-
ability of 0.2 percent. The blocked region is where the probability of occur-
rence is slightly higher.

For Pinus and Picea, respectively, zones for ribosomal genes were localized
on the left and on the right optimal zone (40 - 50 and 60 - 70 percent). The
zones were at 50 - 60 and 70 - 80 percent of the optimal zone in Abies sibirica.
Species of the genus Larix have only one zone located at the distance of 50 - 60
percent (of arm length) from the centromere. In all genera, sites from 25 - 35
percent and from 75 - 85 percent are »blocked« regions. Secondary constric-
tions never occur less than 25 percent and more than 85 percent from the cen-
tromere.

LIMA-DE-FARIA (1976) has analyzed information on the structural organiza-
tion of the chromosomes for more than 500 plant species from different sys-
tematic groups. He concluded that the ribosomal cistrons occur in the short
arm in 86.6 percent of the species analyzed. In contrast, many species exam-
ined for the family Pinaceae have secondary constrictions in the long arm of
asymmetric chromosomes that stain positively for NORs. LIMA-DE-FARIA (1976)
suggest two explanations for this phenomenon: 1) the kinetochores, the telo-

Figure 17 a - i Morphology of the secondary constrictions of Pinaceae family repre-
sentatives (horizontal lines point to location of the centromere): a the secondary con-
strictions of symetric chromosomes of Pinus sibirica, b the secondary constrictions of
asymmetric chromosomes of Pinus sibirica, с the chromosomes of Pinus sibirica with
two secondary constrictions in one arm and with constrictions in two arms (arrows
point to the secondary constrictions), d two types of the secondary constrictions in
chromosome pair XII of Pinus pumila chromosomes, e the secondary constrictions of
Pinus koraiensis chromosomes, f the secondary constrictions of Pinus sylvestris chro-
mosomes, g the secondary constrictions of Larix sibirica chromosomes (metacentric
chromosomes with one secondary constriction; metacentric chromosome with two con-
strictions in one arm; metacentric chromosome with constrictions in two arms; metacen-
tric chromosome with two secondary constrictions in one arm and with one constric-
tion in the other arm; submetacentric chromosomes with secondary constriction in the
long arm), h secondary constrictions of Larix sukaczewii chromosomes, i secondary
constrictions of Picea obovata chromosomes.
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meres or the nucleolar organizers have other properties, or 2) structural rear-
rangement has recently occurred and the chromosome has not yet attained ge-
netic equilibrium.

The above listed maximum numbers of the secondary constrictions in the
conifer chromosomes do not occur in every cell. These data suggest that all ri-
bosomal genes do not function simultaneously. Investigated populations of pi-
ne, spruce, larch and fir species differ in the localization patterns and numbers
of the secondary constrictions in the metaphase chromosomes and in the num-
bers of nucleoli in the interphase nuclei. The phenotypic variability of the sec-
ondary constrictions, ranging from prominent ones to weak achromatic zones,
further support this hypothesis (Figure 17).

The occurrence of the constrictions is greater in populations from areas
with severe or marginal climatic conditions. This increase was noticed in popu-
lations of Pinus sibirica in the north of western and eastern Siberia and in the
high mountains of the West Sayans, for P. sylvestris in Yakutia and Southern Za-
baikalje, for Picea obovata in Yakutia, for Larix sibirica in Kazakhstan and Tuva
Furthermore, the chromosomes of conifers growing severe or marginal condi
tions have a wider zone of active nucleolar organizers (for example pine frorc
swamp populations).

A great variety in numbers, distributions and frequencies of the secondary
constrictions has been described in many other plants both conifers and angio
sperms (DERYAGIN and IORDANSKY 1971, KRUKLIS 1974, BOUGOURD and PARKEI

1976, MURAYA et al. 1976, ANASTASSOVA-KRISTEVA and NICOLOFF 1978, MALAKHOV/

1979, DUBROVA and MALAKHOVA 1980, BONDAR et al. 1987). The biological sig
nificance of the nucleolar chromosomes in natural populations has not beer
explained until recently. However, the peculiarities of these regions and vari
able appearance indicates a definite level of protein metabolism in differen
populations in relation with their adaptive ability.

There is not a high correlation between the numbers of secondary con
strictions and nucleolus in the interphase nuclei. Several explanations can b<
offered for this apparent inconsistency. Some chromosome pairs without sec
ondary constrictions may have nucleolus organization capacity. Alternately, se
veral chromosomes can take part in the organization of one nucleolus. It is als(
possible that not all secondary constrictions are related to the nucleolus forma
tion.

The existence of the large numbers of the secondary constrictions and theii
variability is a typical feature of conifer chromosome structure, especially fo:
pine and spruce chromosomes. This effect is due to both the large variety of th<
nucleolar organizing regions in the chromosomes and to the functional state о
the chromosomes. Larch chromosomes usually have far fewer of constriction:
per metaphase plate and nucleoli in the interphase nuclei.
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Staining with silver nitrate reveals a more complex picture of larch chro-
mosomal NORs. The NORs can be selectively stained dark brown by silver solu-
tions, leaving the chromosome arms weak-stained (GOODPASTURE and BLOOM

1975). In situ hybridization experiments have demonstrated that the chromo-
somal locations of genes coding for 18S + 28S ribosomal RNA are identical to
sites revealing with silver staining technique (SABANEYEVA 1989).

In conclusion, studies on the karyotypes of Pinaceae representatives has
shown many nucleolar regions in all investigated species. The large number of
NORs may be a feature of the chromosomal evolution in conifers.
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