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Abstract. Information on cytogenetic changes in the seed offspring of old-aged trees is insufficient and inconsistent. In 
our studies, 150–200-year old trees of Picea abies and Pinus pallasiana were used. We analyzed peculiarities of their 
karyotype, nucleus-forming region, and nucleolus in the cells of seedlings of P. abies and P. pallasiana emerged from 
seeds in natural populations and plantations of introduced plants. As a result, age-dependent cytogenetic disorders were 
observed, such as the chromosome bridges, lag, premature segregation, and agglutination. Peculiarities with regard to 
number and structure of secondary chromosome constriction are demonstrated. The identified properties of the cell 
structure of seeds of old-aged trees of P. abies and P. pallasiana indicate that more resources are needed to maintain their 
protein synthesis at a normal level. The increased number of abnormalities indicates a significant impact of accumulated 
intracellular metabolites and cytopathological phenomena in mother plants on the quality of seed offspring.
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Introduction

From the seed germination to aging sub-senile period, 
the plant physiological state changes, and age-related 
and organ-forming processes occur simultaneously. 
Many patterns of age-related changes leading to 
functional rearrangements, especially the molecular 
basis of ontogenesis in higher plants, have not yet been 
elucidated sufficiently. With aging, living organisms 
have both programmed and stochastic changes in their 
macromolecular properties, reflected in the finest 
structures, including the synthesis of nucleic acids and 
cell proteins. Aging is accompanied by the accumulation 
of damage, failure in the body systems and other changes 
leading to the loss of functionality.

Age-related changes occur at different levels of 
organization of a living organism (molecular, cellular, 
tissue, and organ). The aging of the whole plant reflects 
the processes occurring in all its constituent organs and is 
closely related to the slowdown or cessation of the tissue 
and organ growth. Plant aging is usually characterized by 
a decrease in the intensity of photosynthesis, respiration, 
protein synthesis, RNA synthesis, activity of ion transport, 
and other physiological processes (Calderwood et  al., 
2009; Gladyshev, 2016; Anisimova et al., 2018).

In the age-related change process, complexly regulated 
functional systems are involved; in some cells, the aging 
processes develop, while in other ones the adaptive shifts 
occur along with unequal mitotic activity. With age, cell 
"replicative aging" begins, that is, irreversible inhibition 
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of DNA replication appears. Age-related changes 
in the DNA structure are reflected on the organisms 
themselves as well as on their descendants. An increase 
in the occurrence of genetic pathologies in the progeny 
is observed in many species of various forms of life 
(Wojda et al., 2006; Vostrikova, 2007). For this reason, 
seeds collected from generatively mature trees are used 
in afforestation process for the cultivation of planting 
material and they are not harvested from old trees that 
pass into the sub-senile ontogenetic stage. 

Cytogenetically, cell aging is associated with a number 
of significant cellular changes in tissues, including cell 
cycle arrest, increased and/or heterogeneous cell size, their 
higher frequency with different chromosomal aberrations 
and micronuclei. Classical and molecular cytogenetic 
studies of dividing and interphase cells in the elderly 
organisms have shown an increase in the frequency of 
cytogenetic disorders (Bolognesi et  al., 1999; Butorina 
et al., 2000; Gladishev et al., 2016; Janssens, Veenhoff, 
2016; Korshikov et  al., 2019). Numerous monitoring 
cytogenetic studies on plant and animal species have 
shown that this method is highly effective for assessing 
the negative impact of both natural and technogenic 
factors on living organisms (Akinboro et al., 2011; Wang 
et al., 2014; Pekol et al., 2016; Krysanov et al., 2018). 
For such studies, conifers and their seed progeny are 
often used as monitoring objects (Butorina et al., 2008; 
Kvitko, Muratova, 2010).

The plant reproductive system is one of the first to 
respond to climate changes. In the seed progeny (seed 
embryos) of plants exposed to air pollutants (Korshikov 
et  al., 2007), as well as in areas with adverse climatic 
conditions, the proportion of homozygotes can 
significantly increase (Korshikov, Mudrik, 2006) The 
genetic structure of populations can change, as well 
as an increase in the level of pathologies of mitosis, 
chromosomal aberrations, the nucleus-nucleolus ratio is 
shifting (Korshikov et al., 2013). 

Old-growth trees are of great interest to humans. 
Previously, they were considered as a source of raw 
materials for various types of production. Currently, such 
plants are designated as objects that need to be protected 
and comprehensively studied. There is little information 
on how cytogenetic indicators change in components 
of plant populations of different ages, and especially 
in areas with adverse climatic conditions, and they are 
contradictory (Cherkashina, 2007; Butorina et al., 2008; 
Mashkina et al., 2012). It is known that the population 
seed pool is formed primarily by middle-aged generative 
trees and, to a lesser extent, young and old plants (Isajev 
et al., 2013). 

The purpose of the work is to elucidate the 
peculiarities of cytogenetic changes in the middle- and 
old-aged tree seed progeny of Picea abies (L.) Н.Karst. 
and Pinus pallasiana D.Don. in natural populations and 
introduction plantations.

Materials and Methods

Currently, old trees are found only in the territories of 
ancient parks, as well as in places difficult to access for 
economic and recreational human activities.

For the present research, we used the seeds of old-
aged Crimean pine (Pinus pallasiana) and Norway 
spruce (Picea abies) trees from plantations of the 
Sofiivka National Arboretum of the National Academy 
of Sciences of Ukraine (Uman town, Cherkasy Region, 
Ukraine). The age of the studied plants of P. pallasiana 
was about 130–150 years, and that of trees of P. abies 
was about 180–200 years. In addition, individual plants 
of P.  abies had a morphological abnormality called 
witches' brooms. The seeds from middle-aged trees were 
collected in natural populations. For P. pallasiana, this 
was the Crimean Mountains (Nikita settlement), the trees 
aged 80–100 years; for P.  abies  – Ukrainian Polissia 
(Rostansk Forestry, Volyn Region), the trees aged 65–75 
years. Each sample plot consisted of 30 trees, with at 
least 200 mitoses analyzed per one tree. In total, about 
25 000 cells were analyzed.

The analysis of cytogenetic parameters was carried 
out on temporary preparations of the seedling root 
meristematic tissues. Seeds were germinated in Petri 
dishes on wet filter paper in a thermostat at temperatures 
of 23–25 °C. The first wave of mitoses was analyzed 
on the 3rd–5th-day seedlings with 5–8 mm in length 
roots. Subsequent mitoses were determined on 1.0–1.5 
mm in length roots. The roots were fixed with acetic 
alcohol (1:3). To analyze the mitosis pathologies and 
chromosomal aberrations, the material was stained with 
2% solution of aceto-orcein, and thermal maceration was 
performed. The identified abnormalities were classified 
based on the research of Bochkov et  al. (1972) and 
Glińska et al. (2007).

For karyological analysis, the sprouted roots were 
treated with 1% aqueous colchicine before fixation. 
We used 1% acetohematoxylin solution for staining 
chromosomes. Metaphase plates with chromosomes in 
the same plane were photographed under immersion (at a 
magnification of 100×10).
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For staining of nucleoli, the commonly accepted 
technique was used (Muratova, 1995). The roots were left 
in 50% silver nitrate solution for 3 hours at 60 °C. After 
staining, the material was washed and squash preparations 
were made according to conventional cytology protocols 
(Singh, 2017). For each sample, nucleoli were counted in 
1000 interphase nuclei. 

Finished preparations were analyzed using a Carl 
Zeiss Primostar microscope at a magnification of 
40×10, photographed with a Canon Power Shot A620 
digital camera. AxioVisionRel 4.7 software was used 
to determine the chromosome, nuclei and nucleoli size. 
Quantitative data were presented as mean ± standard 
error (SE). Statistical significance was checked using the 
Student's t-test and was considered significant if the P 
value was less than 0.05.

Results

According to our observations, the middle-aged plant 
seed progeny of the population of P. abies have a rather 
low level of cytogenetic disorders (0.32  ±  0.06%). 
Among them, pathologies of mitosis and aberrations 
associated with the chromosome structure were noted. 
Of all chromosomal abnormalities, 71.4% accounted 
for single bridges, 10.7% for lagging and 10.7% for 
premature segregation, 3.57% for multiple bridges, and 
3.57% for chromosome agglutination. For the old-aged 
P. abies tree progeny from the Sofiivka arboretum, it was 
7.8 times higher and amounted to 2.5 ± 0.05%. Moreover, 
the spectrum of anomalies was represented by only two 
types: chromatid and chromosome bridges – 71.43%, and 
lagging chromosomes – 28.57%.

All types of chromosomal aberrations are considered 
as a single phenomenon, as they have a common basis 
as DNA break. However, various types of chromosomal 
aberrations arise due to a different number of molecular 
genetic events, involving dissimilar chromosome 
morphological regions that vary significantly in their 
structural and functional features. In addition, individual 
chromosomes of the same karyotype can significantly 
differ from each other in the frequency of participation 
in chromosomal aberrations (Richardson et  al., 1998). 
Some non-mutagenic chemical compounds cause 
chromosomal aberrations, as well as metabolic poisons 
that inhibit DNA synthesis and induce double DNA 
breaks (Nakamura et  al., 2021). Only cells carrying 
chromosomal or chromatid exchanges can be maintained 
during cytogenetic changes, throughout which there was 

no loss of genetic material, and if damaged, they can 
be transmitted to the next generation of cells (Bryant, 
1997). In our previous studies, we established the level of 
cytogenetic disturbances for young trees of P. abies (35–
40 years old, from plantations in the industrial region, 
Donetsk) (Korshikov et al., 2012). It amounted to 0.40 
± 0.06%, which is practically consistent with the results 
obtained for middle-aged plants of natural populations. In 
all likelihood, young and middle-aged trees preserve the 
high efficiency of their DNA repair system, which allows 
them to produce their seed progeny with significantly 
fewer genetic disorders. Apparently, the accumulation 
of unrepaired disorders in an old-aged organism affects 
genetic characteristics of its progeny.

A similar trend  – an increase in the number of 
pathologies with increasing age – is also observed for other 
coniferous species. For example, in Pinus sylvestris  L. 
seed embryos, the level of anomalies was almost twice 
as high in plants from the natural population whose age 
was 61–67 years than in young plants (35–38 years old) 
in artificial planting (Pimenov, Sedelnikova, 2006). The 
same differences in the level of mitosis pathologies have 
been shown for seed progeny of P. sylvestris populations 
of 70 and 100 years old, and a difference in the level 
of the mitotic index was noted (Cherkashina, 2007). 
However, the opposite trend was revealed by Butorina 
et  al. (2008). The highest level of mitosis pathology 
(7%) was observed in the seed progeny of P. sylvestris 
40–50-year-old trees plantings in the aluminum smelter 
emission area, and the lowest (0.7%) – in 120–140-year-
old trees from the natural population in an unpolluted 
area. Probably in this case the aerotechnogenic pollution 
factors have a greater impact on the cytogenetic process 
than physiological and age-related features of trees.

Like in many coniferous species, in the chromosomes 
of seed progeny of P.  abies and P.  pallasiana, a large 
number of secondary constrictions are observed. In the 
P.  abies karyotype we noted from 3 to 5 pairs with a 
nucleolar region (in I–III pairs are constant, in IV and VI 
are not constant), the nucleoli number in the interphase 
nucleus varied from 2 to 10. It is generally accepted that 
permanent secondary constrictions correspond to strong 
nucleolar organizers, and are not constant and those that 
appear periodically correspond to the weak and latent 
ones (Shafikova, Kalashnik, 2000). In the P. pallasiana 
karyotype, three constants (I–III pairs) and three non-
constants (IV–VI pairs) constrictions were detected. The 
nucleoli number in the nucleus ranged from 1 to 11. The 
mismatch of the chromosome number with the nucleolar 
organizer and the nucleoli number in the interphase 
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nucleus may indicate that not all secondary constrictions 
in the chromosomes of these species are nucleolar. In 
addition, it was noted that not only the quantity but also 
the width of the secondary constriction region varies. This 
can be explained by the different functional activities of 
ribosomal genes concentrated in this chromosome region, 
and is reflected in the nucleoli formation in the nucleus 
with different morphometric parameters. The nucleoli 
themselves in the process of functioning also tend to 
merge (Mosgoeller, 2004; Zharskaya, Zatsepina, 2007).

In our previous studies we observed in the progeny of 
P. pallasiana and P. abies the characteristic differences 
in the level of chromosome nucleolar organizer activity, 
depending on the growing conditions and the effect of 
different-quality factors of the technogenic polluted 
environment (Tkachova et  al., 2012; Korshikov et  al., 
2013). The age of the trees used in these studies was 

35 to 45 years. For old-aged trees of these two species, 
features of the nucleoli functioning in the nucleus have 
also been established. The average number of nucleoli in 
the interphase nucleus in middle-aged P. pallasiana trees 
was 5.2  ±  0.05. A significant increase in this indicator 
(6.3 ± 0.05) was revealed in the seedling cells of old-aged 
plant seeds. At the same time, 76 % of all interphase cells 
contained nuclei with 5–8 nucleoli, while in middle-aged 
70.6% of cells had 4–6 nucleoli (Fig. 1).

We revealed some differences in the size of individual 
nucleoli in the nucleus (Table 1). In the interphase cells 
of one seedling, nucleoli of similar size and those of 
significantly variable size were observed.

When comparing the size of nuclear structures for 
seed progeny of old plants of P. pallasiana, a decrease in 
the nucleus area and an increase in the nucleoli area were 
revealed (Table 2).
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Fig. 1. The nuclei frequency with different nucleoli numbers in interphase seedling cells of different age groups of Pinus pallasiana (A) 
and Picea abies (B)

Table 1. Morphological polymorphism of the nucleolus in the seedling root meristem cells of trees of Pinus pallasiana and 
Picea abies of different age 

Plant species and age
Nucleolus area, μm2

СV (%)
min max mean

Pinus pallasiana
80–100 0.88±0.02 25.64±1.95 6.47±0.26 60.52
130–150 0.96±0.03** 34.82±2.13*** 6.07±0.22 64.48

Picea
abies

65–70 0.74±0.03 27.28±2.08 4.10±0.22 76.20
180–200 0.56±0.03*** 45.32±3.05*** 4.31±0.30 84.08

Differences are significant at * – p ≤ 0.05; ** – p ≤ 0.01; *** – p ≤ 0.001

Table 2. The nucleus and nucleoli area, the nucleus-nucleolus ratio in the seedling cells of Pinus pallasiana and Picea abies

Plant species and age
The average area 1 nucleus, μm2 The average area of nucleoli in 

nucleus 1, μm2

Nucleus-nucleolus
ratio

х±SE CV (%) х±SE CV (%) x±SE CV (%)

Pinus pallasiana
80–100 192.6±10.2 37.5 28.6±1.4 33.7 7.24±0.4 42.1
130–150 141.5±5.2*** 26.3 30.3±0.7 16.7 4.27±0.6*** 23.3

Picea
abies

65–70 199.52±13.61 15.3 22.08±5.28 23.2 12.72±0.73 14.1
180–200 101.61±4.35*** 32.6 19.07±1.38 52.5 6.77±0.32*** 27.7

Differences are significant at* – p ≤ 0.05; *** – p ≤ 0.001. SE – standard error 
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Variations in the size of the nucleus in the seeds 
of P.  pallasiana is a result of nuclear-cytoplasmic 
interactions, and a decrease in the nucleus volume is 
obviously associated with changes in the non-histone 
protein-nuclear matrix (Olson et  al., 2002; Hein et  al., 
2012). Since the studied plants of P. pallasiana are not 
damaged, in general, nucleus morphometric changes in 
their seed cells can be considered adaptive. However, 
programmatic changes at the DNA level are unlikely to 
occur in seed cells, although deviations in the expression 
of individual genes are not excluded.

Apparently, changes in the structures responsible for 
the synthetic process activity occur in the seed progeny 
cells of P. abies and P. pallasiana of different ages.

Discussion

It is well known that aging process develops gradually, 
and young and dying cells and organs in an adult plant, due 
to the activity of the meristems, function simultaneously. 
On the plant level, the growth continues, but its rate 
gradually slows down. An increase in pathological 
changes in plant seeds with an increase in their age can 
be explained by disorders in metabolic processes, and as 
a result of this by the action of intracellular metabolites. 
Moreover, with aging, the error accumulation in the DNA 
structure is observed in the organism cells, which in turn 
influences the physiological processes throughout the 
whole organism (Wojda et al., 2006; Vostrikova, 2007).

Aging is the result of a genetically programmed 
process combined with the influence of environmental 
factors (both exogenous and endogenous ones) (Wojda 
et  al., 2006). Both classical and molecular cytogenetic 
studies suggest that cell aging is associated with 
decreased genome stability (Bolognesi et al., 1999).

Every living cell has a proteome consisting of 
thousands of different proteins. In order for the cells 
to work well and smoothly, they need to maintain 
proteostasis, a balance of the processes of protein 
synthesis and breakdown. With age, the proteome 
reflects all the errors that accumulate on the path to the 
realization of genetic information. "Spoiled" proteins can 
be collected in insoluble aggregates and interfere with 
normal cell functioning. An aging organism suppresses 
translation so that cells are not overloaded with new 
proteins to save energy (Anisimova et al., 2018).

It is known that specific nucleolus proteins also 
take part in the regulation of the cell cycle, aging, and 
apoptosis (Olson et  al., 2002; Zharskaya, Zatsepina, 

2007; Lempiainen, Shore, 2009; Severine et  al., 2010; 
Hein et al., 2012). These functions are performed by the 
nucleolus mainly at the interphase stage and are blocked 
during mitotic cell division when the nucleolus decays. 
The nucleoli formation and their number in the nucleus 
depend on the nucleolar region functional activity 
of the chromosomes (NOR), and is associated with 
physiological and molecular genetic processes in the cell 
(Schwazzacher, Wachtler, 1993; Severine et al., 2010).

Changes in the size of the nucleolar nucleoli index are 
considered an objective, sensitive and highly informative 
criterion for assessing the protein biosynthesis intensity 
in different species (Arkhipchuk, 1995; Khaidarova, 
Kalashnik, 1999; Stepinski, 2014). For old plants of 
P. pallasiana, the nucleus-nucleolus ratio was 4.27 ± 0.6, 
while for plants aged 80–100 years this ratio was 
7.24  ±  0.4. A decrease in the nucleus-nucleolus ratio 
indicates an increase in synthetic processes in the cell. 
However, taking into account the characteristics of the 
studied plants, it would be more reasonable to talk about 
maintaining the protein biosynthesis processes at a level 
sufficient to maintain the normal life of the progeny. 

Similar trends were revealed in the quantitative 
characteristics of the seed progeny of old plants of 
P.  abies (see Tables 1 and 2). In addition to reducing 
the nucleus size in the germinated seed cell of these 
plants, a decrease in the nucleoli area and, accordingly, 
the nucleus-nucleolus ratio was also established. Such 
results, as in the case of P. pallasiana, may indicate the 
need for the body to spend more resources to maintain its 
homeostasis and proteostasis. We noted earlier a similar 
phenomenon (a decrease in the nucleus size) in P. abies 
plants that had a weakened vital potential (Tkachova, 
Korshikov, 2012). 

Life expectancy and, consequently, the death of each 
plant are genetically determined. The age of trees often 
correlates with the level of their genetic polymorphism 
(López-Almansa, Gil, 2003; Zalapa et al., 2010). When 
analyzing allelic and genotypic heterogeneity for samples 
of P. pallasiana of different age groups (14–16, 70–80 
and 120–150 years) in populations from the Crimean 
Mountains, some differences in the genetic structure 
were detected (Korshikov, 2010). Of the three analyzed 
samples of P.  pallasiana, the smallest proportion of 
polymorphic loci and the average number of alleles per 
locus were found in old-aged plants. These trees are 
characterized by a markedly lower level of observed 
and expected heterozygosity in comparison with young 
plants.
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An important index of the population genetic status, 
as it is known, is the level of heterozygosity. One of the 
heterozygosity population indices is germinal death: 
a fairly variable reproductive trait that indicates the 
percentage of seeds with the absent, underdeveloped, 
or lost (aborted) embryo due to infertility. Indeed, in 
wind-pollinated plants, the embryos are often aborted 
after self-pollination due to the transition of loci with 
heterozygosity ensured by natural selection to the 
homozygous state, which may be accompanied by an 
increase in the expression of harmful recessive, lethal or 
sublethal genes (López-Almansa, Gil, 2003).

High heterozygosity for one of the four studied loci was 
found in two populations of P. abies when comparing adult 
trees – embryos – annual seedlings – 8–10-year-olds and 
30–40-year-old plants (Konnert, 1991). While changes in 
the genetic structure of the population of Picea glauca 
(Moench) Voss, depending on the plant age, were not 
detected (Tremblay, Simon, 1989), we previously found a 
significantly lower level of heterozygosity in old-growth 
trees compared to young trees in an isolated population 
of Pinus fominii subsp. cretacea (Kalen.) L.V.Orlova in 
Donetsk Region (Korshikov, Mudrik, 2006). At the same 
time, when comparing the genetic variation of 250-year-
old trees of the Polish larch population (Larix polonica 
Racib.) and its daughter generation, the average observed 
heterozygosity was practically the same (Lewandowski 
et  al., 1991). An increased level of heterozygosity was 
established for a 300–400-year-old stand of P. sylvestris 
in comparison with a group of plants 80–100-year-
old. The higher heterozygosity of an older age plants 
is explained by the natural selection action, which acts 
as a regulator that inhibits the process of inbreeding 
and genetic degradation of a species (Tigerstedt et  al., 
1982). Obviously, age-related changes in the population 
genetic structure will also be reflected in the cytogenetic 
characteristics of their seed progeny.

Thus, in seed embryos of the old plants of P. pallasiana 
and P. abies, changes in a number of cytogenetic indices 
were noted. They are associated with an increase in 
the number of pathologies, a decrease in the nucleus-
nucleolus ratio and the size of the nucleoli. Older 
organisms need to spend more of their body resources 
to maintain protein synthesis at the level necessary 
for their normal life. An increase in the number of 
pathologies in the seed offspring indicates a significant 
effect of accumulated intracellular metabolites, as well 
as cytopathological phenomena in mother plants on the 
quality of their seed offspring.
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Реферат. Відомостей про цитогенетичні зміни, які відбуваються в насінному потомстві середньо- і старовікових 
дерев вкрай мало і вони носять суперечливий характер. У дослідженні використовували дерева Picea abies і Pinus 
pallasiana віком 150–200 років. У клітинах проростків насінин P. abies та P. pallasiana з природних популяцій 
та інтродуційних насаджень проаналізовані особливості каріотипу, ядерцеутворюючого регіону та ядерця; 
виявлені цитогенетичні порушення, пов'язані із віком материнської рослини. У спектрі патологій спостерігались 
мости, відставання та забігання хромосом, а також аглютинація. Показано особливості в кількості та структурі 
вторинної перетяжки хромосом. Виявлені властивості клітинної будови насінин старовікових рослин P. abies 
та P. pallasiana вказують на необхідність витрачати більшу кількість ресурсів організму для підтримки синтезу 
білків на рівні, необхідному для нормальної життєдіяльності. Збільшення кількості патологій свідчить про 
значний вплив накопичених внутрішньоклітинних метаболітів та цітопатологічних явищ у материнських рослин 
на якість насіннєвого потомства.
Ключові слова: особливості ядра та ядерця, старовікові дерева, хромосомні порушення, Picea abies, Pinus 
pallasiana
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