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Nucleoli are the product of the activity of nucleolar organizer regions (NOR) in certain
chromosomes. Their main functions are the formation of ribosomal subunits from ribosomal
protein molecules and the transcription of genes encoding rRNA. The aim of the study was to
determine the shape of nucleoli and analyse methylation in the gene RN28S in the
spermatocytes of male Japanese quail (Coturnix japonica) in two age groups. Nucleoli were
analysed in cells of the first meiotic prophase. Their number and shape were determined and
they were classified as regular, irregular or defragmented. In the cells of the young birds no
defragmented nucleoli were observed, with regular and irregular nucleoli accounting for 97%
and 3%, respectively. In the cells of older birds no regular nucleoli were observed, while
irregular and defragmented nucleoli accounted for 37% and 67%, respectively. MSP
(methylation-specific PCR) showed that the gene RN28S is methylated in both 15-week-old
and 52-week-old quails. In recent years an association has been established between
nucleolus morphology and cellular ageing processes.
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For years animals have served man not only as
companions and a source of food, but also as mo-
dels in medical and genetic research. Laboratory
animals have most often been mammals, but since
the mapping of the genome of Gallus domesticus
(Linnaeus, 1758) increasing attention has been de-
voted to birds as model organisms. The publica-
tion of the complete genome sequence of the
chicken revealed syntenic regions between the hu-
man and avian genome, indicating that despite 300
million years of evolutionary separation of mam-
mals and birds, many DNA sequences have re-
mained conserved. For years the genome of Gallus
domesticus was the only avian genome to be
mapped, and it has been used as a model in com-
parative genetics for at least two reasons. First, the
genome is relatively small, one-third of the size of

the human genome, yet it has orthologues to most
ofthe human genes (GREGORY 2002; ICGSC 2004;
RUBIN et al. 2010).

Gallus domesticus is used as a model organism
in biomedical and evolutionary research, com-
parative genomics, and epigenetic research. It is
also the basic model in studies of embryology and
development and in research on viruses and can-
cer. Another species of bird which is increasingly
serving as a model species, replacing Gallus domes-
ticus, is the Japanese quail (Coturnix japonica), for
which the mitochondrial genome (NISHIBORI ef al.
2002) and nuclear genome (FRESARD et al. 2012)
have been sequenced. Quails are rapidly-maturing
organisms with rapid turnover of generations.
They can be used in cytogenetic, molecular and
epigenetic research on ageing processes and
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changes in cell structures taking place due to age-
ing. Moreover, like chickens they are excellent
models for studies on age-dependent chromatin
stability (WOICIK et al. 2012, 2013).

Nucleoli are the product of the activity of nu-
cleolar organizer regions (NOR) in chromosomes.
Their main function is to form the large and small
ribosomal subunits from ribosomal molecules of
specific proteins. Moreover, transcription of genes
encoding rRNA takes place in the nucleoli (SHAW
& JORDAN 1995; SCHEER & HOCK 1999; RASKA
et al. 2004; HERNANDEZ-VERDUN 2006). The shape
of nucleoli is an indicator of the transcriptional ac-
tivity of rRNA genes (OLSON 2004). Nucleoli in
young cells are regularly shaped, while in the age-
ing cell their shape becomes irregular (SHAW &
JORDAN 1995; KLYSZEJKO-STEFANOWICZ 2002).
The shape of nucleoli is also affected by physio-
logical or pathological states in the organism
(OLSON et al. 2002; DERENZINI et al. 2005; HER-
NANDEZ-VERDUN 2006). Nucleoli are present in
the nuclei of nearly all eukaryotic cells because
they contain housekeeping genes, with the excep-
tion of sperm cells and mature erythrocytes in all
vertebrates (KLYSZEJKO-STEFANOWICZ 2002;
RASKA et al. 2006). The mass of nucleoli is
greater than that of the nucleoplasm in which they
are suspended. Owing to their characteristic den-
sity, compact structure and low water content
(10%), the nucleolus is an organelle that can easily
be isolated. Following fragmentation of the cell
nucleus, the nucleolus remains preserved in saline
solution even after most of the structures of the nu-
cleus have been destroyed, and it can be isolated
after centrifugation. The isolated nucleolus is the
same as in the nucleus of a live cell, and in some
cases even retains its transcriptional activity
(OLSON 2004; HERNANDEZ-VERDUN 2006; RASKA
et al. 2006). The size of the nucleolus in verte-
brates ranges from 1 to 5 um. It varies depending
on the cell’s demand for ribosomes. Cells that do
not carry out intensive protein synthesis, e.g.
skeletal muscle cells, have small nucleoli, while
liver cells, for example, which are characterized by
ahigh level of protein synthesis, have larger nucle-
oli (SHAW & JORDAN 1995).

Using methods of molecular biology it is possi-
ble to analyse methylation of the entire genome
and of individual genes. These methods are classi-
fied according to whether 5-methylcytosine is de-
termined quantitatively or qualitatively. The MSP
(methylation-specific PCR) technique used in the
present study is a qualitative technique. It is based
on the reaction of sodium hydrogen with nucleic
acid (COLLEMAN & RIVENBARK 2006; HERMAN
et al. 1996), deaminating cytosine to uracil in
single-stranded DNA, whereas 5-methyl cytosine
is unaffected (AZHIKINA & SVERDLOV 2005).
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Modified DNA serves as a template in the MSP
reaction. DNA amplification is carried out using
two primer pairs designed to differentiate methy-
lated and unmethylated bases in DNA. The first
primer pair (methylated specific) recognizes
5-methylcytosine as cytosine and thus is comple-
mentary to and binds with the unconverted DNA
fragment. The second primer pair (unmethylated
specific) is complementary to the sequence in
which cytosine has been converted into uracil. The
advantages of this method are the short time re-
quired for the analysis, the possibility of obtaining
results from small quantities of DNA, specificity,
and sensitivity (methylation can be detected even
when 0.1% of alleles are methylated) (GRYZIN-
SKA et al. 2013a, 2013b, 2014).

Epigenetic mechanisms acting at the level of
DNA methylation affect the morphology of nucle-
oli. Genes encoding rRNA occur in two forms.
Their ‘open’ conformation is transcriptionally ac-
tive, while their ‘closed’ conformation is tran-
scriptionally refractive. Entire NOR regions or
only certain genes may be silenced. This is directly
linked to the progressing methylation process as-
sociated with the age of the organism (WEISEN-
BERGER & SCHEER 1995; GRUMMT & PIKAARD
2003; RASKA et al. 2006).

The aim of the study was to determine the shape
of nucleoli and analyse DNA methylation in the
gene RNA28S in the spermatocytes of male Japa-
nese quail (Coturnix japonica) belonging to two
age groups, using MSP (methylation-specific
PCR) and BSSCP (bisulphite single-strand con-
formation polymorphism).

Material and Methods

The study was conducted on male Japanese
quails, Coturnix japonica (Temminck and Schlegel,
1849) in two age groups, 15 and 52 weeks. Each
group was represented by 20 individuals. The
birds came from flocks belonging to the Depart-
ment of Biological Basis of Animal Production of
the University of Life Sciences in Lublin. The ma-
terial was collected in accordance with the 2nd
Lublin Local Ethical Commission for Animal Ex-
periments Resolution 8/11 of 15/03/2011.

Identification of nucleoli

Meiotic chromosomes were isolated using the
POLLOCK & FECHHEIMER (1978) method. The
nucleoli were identified by means of nucleolar or-
ganiser region silver staining in mitotic chromo-
somes (HOWELL & BLACK 1980). A 50% AgNO;
solution and a colloidal gelatine solution were ap-
plied to 1-week-old preparations. The prepara-
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tions were covered with a cover glass and
incubated for 15-20 minutes at 60°C, in complete
humidity. After the preparations turned brown in
colour, the chemical reaction was interrupted and
the preparations were rinsed several times with
distilled water. The preparations were analysed
with an OLYMPUS BX 50 microscope, using the
Multiscan system. For each animal, 50 plates with
chromosomes in the first stage of the meiotic pro-
phase were analysed. The number and size of nu-
cleoli in the cell were identified and the mean and
standard error were calculated. The shape of the
nucleoli at different ages was evaluated using the
Mann-Whitney U test (P<0.05).

Methylation analysis

DNA was isolated from the cell suspension used
for isolation and identification of nucleoli with the
Genomic Midi AX kit (A&A Biotechnology). Cy-
tosine was converted to uracil with sodium hydro-
gen sulfate using an Imprint® DNA Modification
Kit (Sigma-AldrichTM). The primers used for the
reaction were designed so that one pair would bind
at the site of methylation where methylcytosine re-
mained as cytosine and the other pair at the point
where unmethylated cytosine deaminated to ura-
cil. The primers (Table 1) were designed using the
software MethPrimer®, based on a sequence of the
gene RN28S encoding 28S ribosomal RNA (Gallus
gallus) (NCBI, ID 100861559).

The melting temperature for the primers was de-
termined using the software Tm Calculator (Ap-
plied Biosystems). The reactions (25 ul total vol-
ume) contained 5 xl of DNA after conversion and
1.0 U Taq polymerase (Ampli Taq Gold 360 DNA
Polymerase, Applied Biosystems) in the manufac-
turer’s buffer, adjusted to a final concentration of
2.5 mM MgCl,, 0.2 mM of each dNTP and 0.1 mM
of each primer. A Thermal Cycler (MJ Research)
was programmed for an initial incubation at 94°C
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for 5 min, 35 cycles each with denaturing at 94°C
for 30 sec, annealing at 55°C/56°C for 30 sec, ex-
tension at 72°C for 30 sec and a final cycle at 72°C
for 5 min.

Methylation analysis was performed using MSP
(methylation-specific PCR) and BSSCP (bisul-
phite single-strand conformation polymorphism).
In the PCR the amplification products were size-
separated by electrophoresis in 1.8 % agarose gel
and visualized by ultraviolet illumination after
staining with ethidium bromide. In BSSCP, the
amplification product (single-stranded DNA) was
separated in a non-denaturing 8 % polyacrylamide
gel. Bands were visualized using a DNA Silver
Stain kit without access to light.

Results

Table 2 presents the results of the analysis of the
shape of the nucleoli in two age groups of quails.
The percentage of nucleoli of each shape varied
depending on the age of the birds. A comparison of
the shape of the nucleoli at different ages, evalu-
ated using the Mann-Whitney U test, is presented
in Table 3.

In the cells of 15-week-old quails, mainly nucle-
oli with a regular, oval shape were observed. Over
96% of the total 1128 nucleoli were regularly
shaped. The average number of regular nucleoli in
the 15-week-old quails was 54.5 (+3.65). Of the
total 1128 nucleoli in this age group 38 irregular
nucleoli were identified — on average 1.9 (+1.86).
Irregular nucleoli accounted for slightly over 3%
of all nucleoli, while no defragmented nucleoli
were observed in this group. In the cells of the
52-week-old quails no regular nucleoli were ob-
served. Irregular nucleoli accounted for over 37%
(415 nucleoli) of all the 1110 nucleoli identified.
The average number of irregular nucleoli in the
52-week-old quails was 20.75 (+3.86). In this age

Table 1
Description of primers for MSP
No Primer Sequence 5 - 3’ Product size Tm %GC
1 28RRNA_LM TAAGCGATTTCGGAGAAGTC 91 bp 55.70 45
2 28RRNA RM CTCGAAACGAACCCGTT 55.50 53
3 28RRNA1 LU TAAGTGATTTCGGAGAAGTCGG 94 bp 59.19 45
4 28RRNA RU TCTCTCAAAACAAACCCATT 53.24 35

Tm — melting temperature

28RRNA LM - complementary primer for the leading strand at the methylation site;
28RRNA RM - complementary primer for the delayed strand at the methylation site;
28RRNA1 LU - complementary primer for the leading strand at the non-methylated site;
28RRNA RU - complementary primer for the delayed strand at the non-methylated site.
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Table 2
Number and shape of nucleoli depending on the age of the quail
Age of quail (weeks)
Quail 15 52
regular irregular | fragmented total regular irregular | fragmented total
1 51 4 0 55 0 21 34 55
2 54 0 0 54 0 23 31 54
3 47 5 0 52 0 19 35 54
4 53 1 0 54 0 23 32 55
5 58 4 0 62 0 26 31 57
6 63 0 0 63 0 24 37 61
7 58 0 0 58 0 18 40 58
8 55 2 0 57 0 19 38 57
9 55 4 0 59 0 26 34 60
10 52 4 0 56 0 29 29 58
11 54 0 0 54 0 18 33 51
12 53 0 0 53 0 17 35 52
13 54 1 0 55 0 17 38 55
14 52 5 0 57 0 13 44 57
15 59 2 0 61 0 24 35 59
16 55 0 0 55 0 21 33 54
17 56 1 0 57 0 19 33 52
18 59 0 0 59 0 22 30 52
19 52 2 0 54 0 18 38 56
20 50 3 0 53 0 18 35 53
Total 1090 38 0 1128 0 415 695 1110
X 54.5 1.9 0 56.4 0 20.75 34.75 55.5
SD+ 3.65 1.86 0.00 3.12 0.00 3.86 3.64 2.84
% 96.63 3.37 0 100 0 37.39 62.61 100

Table 3

Comparison of the shape of nucleoli
at different ages (Mann-Whitney U test)

Shape Z value P
regular 5.46* 0.000
irregular 5.033%* 0.000
fragmented 5.203* 0.000

* significant at P<0.05

group defragmented nucleoli constituted the larg-
est proportion, accounting for 62% — 695 nucleoli,
on average 34.75 (+3.64). In the present study nu-
cleoli of different shapes were identified in pri-
mary spermatocytes of quails of different ages.
From 1 to 2 nucleoli were observed in the cell. The

nucleoli were classified as regular (Fig. 1), irregu-
lar (Fig. 2), and defragmented (Fig. 3).

The MSP reaction showed that the gene RN28S
is methylated in both 15-week-old and 52-week-
old quails. In the electrophoresis gel (Fig. 4) only
MSP products indicating the presence of methy-
lated RN28S are visible in the case of both age
groups. BSSCP confirmed the result obtained in
MSP. The analysis showed that the 28S rRNA
gene is methylated and silenced in both 15- and
52-week-old quails. Conclusions regarding differ-
ences in the methylation level of the gene RN28S
were based on the intensity of the band in the elec-
trophoresis gel (Fig. 4). The more intense band in
the 15-week-old quails indicates a higher level of
methylation.

The morphology of the nucleolus depends on the
organism. The nucleoli have a regular shape in the
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Fig. 1. Cell nuclei of first-order spermatocytes in a 15-week-old
quail. Arrows indicate regularly shaped nucleoli.

Fig. 2. Cell nucleus of a first-order spermatocyte in a 52-week-old
quail. The arrow indicates an irregularly shaped nucleolus.
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Fig. 3. Cell nucleus of a first-order spermatocyte in a 52-week-old
quail. The arrow indicates a defragmented nucleolus.
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Fig. 4. Results of the MSP reaction for the RN28S gene in (A)
15- and (B) 52-week-old quails. L — Ladder (100 bp ladder);
M — methylated cytosine; U — unmethylated cytosine; 1-9 —
the number of the individual; top row (A) —15 week-old
quails; bottom row (B) — 52 week-old quails

cells of young individuals. Ageing causes a change
in the shape of the nucleolus; it takes on an irregu-
lar shape. The gene RN28S undergoes methylation
in both young and old individuals. A higher level
of methylation was observed in the older birds. Be-
cause RN genes occur in open and closed confor-
mation, at this stage of research it cannot be
definitively stated whether methylation of these
genes is associated only with age or with the cell
cycle as well. Analysis of methylation of all genes
located in the nucleolar organizer region (NOR) is
needed.

Discussion

A standard technique for isolating meiotic chro-
mosomes (POLLOCK & FECHHEIMER 1978) in
combination with a modified procedure for identi-
fying nucleolar organizing regions (HOWELL &
BLACK 1980) could be used successfully to iso-
late, observe and identify nucleoli in spermato-
cytes during the first meiotic prophase (ANDRA-
SZEK & SMALEC 2007; ANDRASZEK et al. 2009;
ANDRASZEK & SMALEC 2012; ANDRASZEK et al.
2012).

The number of nucleoli in a normal cell nucleus
is equal to or less than the number of nucleolar or-
ganizer regions of mitotic chromosomes. Nucleoli
lying close to each other may become fused to-
gether (RASKA et al. 2006), or satellite chromo-
somes may become associated with active NOR
(ANDRASZEK et al. 2009). Moreover, genes located
in different NOR-chromosomes are involved in
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the formation of one nucleolus. Literature data
show that at most four active NOR, associated
with one pair of macrochromosomes and one pair
of microchromosomes, are present in the quail
karyotype (MCNALLY 2004). The maximum
number of nucleoli identified in the present study
was two, confirming that the number of nucleoli is
equal to or less than the number of active NOR.

Variation in the number and size of nucleoli in
the cell, both at the individual and species levels, is
unquestionably influenced by changes in the acti-
vity of nucleolar organizing regions. Cytogenetic
studies indicate that polymorphism of the number
and size of NOR can occur within a species. This
variability may be determined by breed or indi-
viduals. Furthermore, it may be influenced by the
production purpose, age and physiological state of
the animal (RAO & MOHANTY 2005; RASKA et al.
2006; ANDRASZEK ef al. 2010).

In the present study methylation of the gene
RN28S was analysed by MSP in quails belonging
to two age groups. The gene was observed to have
been methylated in both age groups. BSSCP con-
firmed the result obtained in MSP. The 28S rRNA
gene in these developmental periods is silenced,
indicating that gene methylation may be associated
not only with age but with the cell cycle. Analysis
of all genes located in the NOR is needed to con-
firm the relationship between methylation and
lack of expression and an association with the cell
cycle.

The relationship between age and increased
methylation in the 18S and 28S rRNA genes has
been studied in mice. The results showed that the
methailation process of these genes began between
the 6™ and 8" month of life in the brain, liver and
spleen of the individuals (SWISSHELM et al. 1990).
Another study analysed the number of nucleolar
organizing regions stained with silver depending
on age in skin fibroblasts from people in two age
groups. The results showed that the average
number of Ag-NOR per cell decreased substan-
tially with the age of the individual (THOMAS &
MUKHERJEE 1996). In another study the quantita-
tive method RT-PCR was used to analyse the ex-
pression of six housekeeping genes, including the
18S rRNA gene in the NOR, in blood samples be-
longing to 8 groups of healthy volunteers aged
35-74 years. Reduced expression of the 18S rRNA
gene was observed in individuals aged 70-74 in
comparison with the other groups, which was
linked to hypermethylation progressing with age
(ZAMPIERI et al. 2010). This result is consistent
with a study that analysed housekeeping genes
during brain maturation. A low level of expression
of the 18S rRNA gene was also observed in the
brain of adult mice in comparison with young indi-
viduals (BODA et al. 2009). In the case of rRNA
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genes, further analysis is needed to precisely
determine the level of methylation of these genes
depending on age. It is known that NOR activity is
not identical for all NOR-chromosomes. The
number of stained NOR in mitosis is believed to be
dependent on the activity of transcriptional rDNA.
It is assumed that stained NOR include those in
which transcription will take place in the next cell
cycle; not all nucleolar organizing regions are ac-
tive at the time of staining and not all potential
NOR are stained at the same time (OLSON 2004;
RASKA et al. 2006). This selective activity of genes
may be determined by epigenetic mechanisms.

In addition to its direct association with ribo-
some biogenesis, the nucleolus is also associated
with or involved in other cell processes such as
ageing, cancerogenesis, regulation of telomerase
function and stabilization of the protein p53 (PED-
ERSON 1998; SANTORO & GRUMMT 2001; OLSON
etal 2002; GERBI ef al. 2003; RASKA et al. 2006).
There is also a direct relationship between the ac-
tivity of nucleolar organizer regions and cell divi-
sion (DERENZINI 1990; RASKA et al. 2006). It is
currently uncertain whether these unconventional
roles are the main functions of the nucleolus or ad-
aptations in individual species or groups of species.

The morphology of the nucleolus has been one
of the key factors used in cancer staging. The mor-
phometric parameters of nucleoli are number, size
and distance from the nuclear membrane (NAFE &
SCHLOTE 2004; SMETANA et al. 2005, 2006;
RASKA et al. 2006). Taking into account previous
observations by MONTGOMERY (1895), biologists
researching tumours quickly created a link be-
tween stained AgNOR and cell proliferation (DE-
RENZINI 1990; RASKA et al. 2006). In cancer cells
nucleoli are of the compact type. Nucleoli of this
type are characterized by a dense granular compo-
nent filling their interior. Their dimensions are not
uniform, owing to several fibrous centres. Because
rRNA transcription proceeds faster in them, the
nucleoli are much larger than properly functioning
nucleoli of normal structure (HORKY et al. 2002).

Numerous studies have been published concern-
ing the promotion and suppression of forming tu-
mours by mechanisms based on cytogenetic
diagnosis of nucleoli. The c-Myc proteins (the
product of the protooncogene c-myc) are localized
in the nucleolus and control synthesis of rRNA
(OSKARSSON & TRUMPP 2005; RASKA ef al.
2006). It has also been demonstrated that c-Myc is
capable of regulating the activity of all three po-
lymerases in mammalian cells and coordinating ri-
bosome synthesis and cell growth (ARABI et al.
2005). These observations indicate that c-Myc
plays a key role in the development of tumour-
promoting activity by regulating ribosome bio-
genesis.



Age-Dependent Change of Genes of NOR in Japanese Quail

The proteins pRb (retinoblastoma protein) and p53
play an important role in controlling the progress
of'the cell cycle and also ensure normal cell growth
in daughter cells. These are onco-suppressor proteins,
concentrated in the nucleolus (RYAN et al. 2001;
TRERE et al. 2004). The gene encoding ARF/p16INK4a
is the second most frequently occurring inactive
gene of tumours in humans (RUAS & PETERS 1998).
ARF is located near the nucleolus, where it inter-
acts with p53 (KASHUBA et al. 2003). A direct
functional link between the nucleolus and p53 has
been established as well (RYAN et al. 2001; OLSON
2004; RUBBI & MILNER 2003). Most stress-inducing
treatments that activate p53 also lead to the break-
down of the structure of the nucleolus.

A substantial proportion of somatic cells do not
have active telomerase, which limits the number of
cell division cycles, suggesting that this is a factor
in ageing and cancerogenesis (MASER & DEPINHO
2002; KHURTS ef al. 2004). Telomerase has been
found to be present in the nucleolus. Its function is
associated with regulation of nucleolus activity
(TEIXEIRA et al. 2002). hTERT, i.e. reverse trans-
criptase of the catalytic subunit of human telo-
merase, is also located in the nucleolus (MITCHELL
& COLLINS 2000; KHURTS ef al. 2004). Evidence
supporting a functional relationship between te-
lomerase and nucleoli was provided by a study on
human cell lines (WONG et al. 2002). In tumours
and transformed cell lines hTERT was found to be
inactive in the nucleolus (WONG et al. 2002). The
nucleolar phosphoprotein nucleolin interacts with
hTERT, and this interaction is also dependent on
RNA telomerase. The interaction is probably in-
volved in the dynamic localization of telomerase.
Telomere binding factor TRF2 is associated with
the nucleolus during the entire cell cycle (KHURTS
et al. 2004; RASKA et al. 2006).

In recent years a link has been established be-
tween nucleolar morphology and cellular ageing
processes. Research conducted on yeast cells has
confirmed that damage to rRNA genes causes nu-
cleoli to disintegrate, which is one of the symp-
toms of ageing in the organism.

A pilot study on the age-dependent structure of
nucleoli in domestic horses confirmed that disinte-
gration of nucleoli was associated with the age of
the individuals studied (ANDRASZEK et al. 2010).
The morphology of nucleoli is also influenced by
epigenetic mechanisms acting at the level of DNA
methylation.

Methylation is an extremely dynamic process
that changes continually depending on the age of
the organism. It is also characterized by specificity
within particular tissues, organelles and species
(VANYUSHIN 2005). BOCKLANDT et al. (2011) also
found that the methylation level in individual
genes substantially increased with the age of the
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organism. Cytosine methylation is a very good marker
in research on age-dependent gene expression. Nu-
cleoli can be successfully used in cytogenetic research
on ageing processes and changes in cell structures
taking place due to ageing in the organism.
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