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Abstract

Individuals in the population differ from each other on the number, size, location and intensity of fluorescence of
Q-heterochromatin regions (Q-HRs) of chromosomes. It is known that there is Y chromosome in a karyotype of
males, which contains the largest block of Q-heterochromatin in human genome, and for this reason it is taken
for granted that in total there is on average twice more Q-HRs in the genome of male than of female. However,
the question on the existence of differences between the sexes on the quantitative content of chromosomal
Q-HRs in the population still remains open. The fact is that the Y chromosome differs in its broad interindividual
and interpopulation variability on the size of Q-heterochromatin material. A comparative analysis of the amount
of chromosomal Q-HRs in the genome of male and female of different racial, ethnic and age groups showed that
sex differences at the population level is much more complicated than heretofore assumed.

Keywords: chromosomal Q-heterochromatin, human Y chromosome, Q-heterochromatin polymorphism,
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1. Introduction

A fundamental feature of chromosomes of higher eukaryotes, including man, is the presence of two evolutionary
consolidated types of genetic material: euchromatin and heterochromatin. Euchromatin — the conservative
portion of the genome — contains transcribed structural genes, while heterochromatin — the variable portion of the
genome — predominantly consists of nontranscribed repeated DNA sequences (John, 1988; Verma, 1988).

To-date, two types of heterochromatin are known: C- and Q-heterochromatin. There are several significant
differences between them, including the fact that C-heterochromatin is encountered in chromosomes of all higher
eukaryotes, while Q-heterochromatin is only present in man, the chimpanzee and gorilla. In man
C-heterochromatin is present in all his chromosomes, varying mainly in size, while Q-heterochromatin can only
be detected on seven autosomes and the Y-chromosome (Paris Conference, 1971, 1975).

Individuals in a population differ from each other on the number, location, size and intensity of staining
(fluorescence) of chromosomal Q-heterochromatin regions (Q-HRs). It has been shown that certain human
populations differ significantly as concerns this feature (Geraedts & Pearson, 1974; Miiller et al., 1975; Buckton
et al., 1976; Lubs et al., 1977; Yamada & Hasegawa, 1978; Al-Nassar, 1981; Ibraimov & Mirrakhimov, 1982a,
1982b, 1982c; Ibraimov et al., 1982, 1986, 1990, 1991, 2000, 2013; Stanyon et al., 1988; Kalz et al., 2005;
Decsey et al., 2006).

It is known that there is Y chromosome in a karyotype of males, which contains the largest block of Q-
heterochromatin in human genome, and for this reason it is taken for granted that in total there is on average
twice more Q-HRs in the genome of male than of female (Paris Conference, 1971, 1975). However, the question
on the existence of differences between the sexes on the quantitative content of chromosomal Q-HRs on
autosomes in the population still remains open. The fact is that there is a link between the size of
Q-heterochromatin on Y chromosome and the amount of Q-HRs on autosomes (Ibraimov et al., 2000). Moreover,
the Y chromosome differs in its interindividual and interpopulation variability on the size of Q-heterochromatin
material (Paris Conference, 1971, 1975; Verma, 1988). A comparative analysis of the amount of chromosomal
Q-HRs on autosomes in the genome of male and female showed that sex differences at the population level is
much more complicated than heretofore assumed. This fact is very important for understanding the possible
biological role of the broad quantitative variability of human chromosomal Q-HRs.
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2. Materials and Methods
2.1 Sample Characteristics

Using identical methods we studied neonates, as well as students from Kazakh National Medical University in
Almaty. The group of elderly subjects (aged 60 years and over) consisted of individuals living in the Old
People’s Homes of Almaty.

2.2 Cytogenetic Methods

Chromosomal preparations were made using short-term cultures of peripheral blood lymphocytes, with the
exception of newborn infants where umbilical blood was used. The cell cultures were processed according to
slightly modified (Ibraimov, 1983a) conventional methods (Hungerford, 1965). The dye used was quinacrine
mustard. All the chromosomal preparations were analyzed by one and the same cytogeneticist (A.LL) to
investigate chromosomal Q-HR variability. Calculation and registration of chromosomal Q-HRs was performed
using the criteria and methods described in detail elsewhere (Ibraimov et al., 1982, 1990).

2.3 Quantitative Characteristics of Q-HR Variability and Methods Used for Comparisons

Chromosomal Q-HR variability in populations is usually described in the form of five main quantitative
characteristics:

1) The distribution of the number of Q-HRs in a population, i.e., distribution of individuals having different
numbers of Q-HRs in the karyotype regardless of their location on seven Q-polymorphic autosomes, which also
reflected the range of Q-HRs variability in the population genome;

2) The derivative of this distribution, an important population characteristic, is the mean number of Q-HRs per
individual;

3) The frequency of Q-HRs on seven Q-polymorphic autosomes (3, 4, 13-15, 21 and 22) in the population.
Despite the fact that in human autosomes there are twelve loci in which Q-HRs can be detected (3 cen, 4 cen, 13
pll, 13 p13, 14 pl1, 14 p13, 15 p11, 15 p13, 21 pll, 21 p13, 22 pl1, 22 p13), individuals with 24 Q-HRs in
their genome could exist, but such cases have not as yet been reported. In individuals of a population the

number of Q-HRs on the autosomes usually ranges from zero to ten (Yamada & Hasegawa, 1978; Al-Nassar et
al., 1981; Ibraimov & Mirrakhimov, 1985; Ibraimov, 2010).

4) The distribution of Q-HRs on autosomes according to their size and intensity of fluorescence (type of
Q-variants), estimated as described by Paris Conference (1971, 1975).

5) The size of the Y chromosome, being (a) large (Y > F); (b) medium (F>Y>G); and (c) small (Y < G)
according to (Ibraimov & Mirrakhimov, 1985).

The distribution of the numbers and mean number of Q-HR per individual in samples were compared using the
Student 7 — test.

3. Results

It should be emphasized that in comparative population cytogenetic studies only autosomal Q-HRs are
considered. Nevertheless, variability of the largest Q-heterochromatin band in the human genome, localized on
the q12 segment of the Y chromosome, has been mainly considered separately from the quantitative variability
of autosomal Q-HRs (Geraedts & Pearson, 1974; Miiller et al., 1975; Buckton et al., 1976; Lubs et al., 1977;
Yamada & Hasegawa, 1978; Al-Nassar, 1981; Ibraimov & Mirrakhimov, 1982 a, b, c; Ibraimov et al., 1982;
1986; 1990; 1991; 2000; 2013). Table 1 shows the distribution of the numbers and mean number of Q-HRs on
autosomes in males and females in two age groups of Kazakh nationality.
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Table 1. Distribution of the numbers and mean number of Q-HRs on autosomes in males and females in
newborns and 18 - 25 years individuals of Kazakh nationality

Newborns Newborns Males Females
Boys Girls 18 -25 years 18 - 25 years
Number of Q-HRs
(n=207) (n=182) (n=49) (n=190)
I I 1 v
0 3 1
1 5 4 9 7
2 39 21 12 24
3 47 38 13 45
4 51 46 11 49
5 37 39 4 40
6 18 20 17
7 7 13 7
Total 770 750 136 745

Mean number 3.72+£0.102 4.12+0.111 2.78+0.176 3.92+0.104
tn=2.649; df=387, P=0.008*
tom=5.775; df=229; P=<0.001*
Statistics tv=95.119; df =237, P =<0.001*
tm=4.137; df=254; P=<0.001*
tmv=1.313; df=370; P=0.190

* - these differences are statistically significant.

As can be seen from this Table, in every case females are characterized by the highest mean number value, and
by a broad range of variability in the distribution of the numbers of chromosomal Q-HRs as compared to males.
These differences are statistically significant. Such regularities as in Kazakhs was also found in Russian samples
(data not shown).

And the question arises of why still comparative population cytogenetic studies did not show statistically
significant differences in the number of autosomal Q-HRs between the sexes, where such attempts have been
made (Geraedts & Pearson, 1974; Miiller et al., 1975; Kalz et al., 2005; Decsey et al., 2006). The answer to this
question could perhaps be drawn from the data we have obtained in the previous study (Tables 2 and 3)
(Ibraimov et al., 2013, 2014).
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Table 2. Distribution of the numbers and mean number of chromosomal Q-HRs per individual in Kazakh
samples

Newborns 18 - 25 years 60 years and older
Number of Q-HRs (n=389) (n=239) (n=33)
| 11 11T
0 4 (1.0%) 2 (6.0%)
1 9(2.3%) 16 (6.7%) 5 (15.1%)
2 60 (15.4%) 36 (15.1%) 7 (21.2%)
3 85 (21.9%) 58 (24.3%) 12 (36.4%)
4 97 (24.9%) 60 (25.1%) 6 (18.2%)
5 76 (19.5%) 44 (18.4%) 1 (3.0%)
6 38 (9.8%) 17 (7.1%)
7 20 (5.1%) 7 (2.9%)
8 1 (0.4%)
Total 1520 (99.9%) 881 (100.0%) 84 (99.9%)
Mealg_ll‘;ﬁ:er of 3.91+0.07 3.69 % 0.09 2.55+0.213
tn=1.808; df = 626; P=0.071;
Statistics tym=5.068; df = 420; P=<0.001;*
t i m=4.259; df=270; P =<0.001;*

* - these differences are statistically significant.

Table 3. Distribution of the numbers and mean number of chromosomal Q-HRs per individual in Russian
samples

Newborns 18 - 25 years 60 years and older
Number of Q-HRs (n=283) (n=60) (n=80)
I I 111
0 1(1.2%) 4 (5.0%)
1 4 (4.8%) 4 (6.6%) 6 (7.5%)
2 9 (10.8%) 7 (11.7%) 28 (35.0%)
3 14 (16.9%) 14 (23.3%) 23 (28.7%)
4 30 (36.1%) 17 (28.3%) 14 (17.5%)
5 16 (19.3%) 13 (21.6%) 5(6.2%)
6 6 (7.2%) 4 (6.6%)
7 3 (3.6%) 1 (1.6%)
Total 321 (99.9%) 224 (99.9%) 212 (99.9%)
Mean number of Q-HRs 3.87+£0.156 3.73+£0.177 2.65+0.133
tn=0.502; df = 141; P=0.575
Statistics t m=5.895; df=161; P=<0.001%*
t o, m=4.980; df=138; P=<0.001*

* - these differences are statistically significant.
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So, judging by the data presented in Tables 2 and 3, there are no statistically significant differences between
newborns and samples of young adults (18-25 year olds) that contradict existing observations (Ibraimov et al.,
1986, 1990, 1991, 2000). It was found that the main reasons for the lack of differences between the two age
groups were: a) the combination of individuals of both sexes in the same group, and b) the predominance of girls
in samples of young adults (49 & and 190 Q Kazakhs and 12 & and 48 @ Russian, see Table 1).

It has long been noted that at the population level, due to the largest block of Q-heterochromatin on Y
chromosome in males, amount of Q-HRs on autosomes is less than in females (Ibraimov et al., 1986, 2000). This
fact prompted us return to the problem of sex differences in the number of chromosomal Q-HRs at the level of
human populations to get an answer to the question: why the number of Q-HRs on autosomes in female
individuals more than in males?

First we show the results of all our previous observations on the populations of Eurasia and Africa, which, in
general, indicate that there is some connection between the mean number of Q-HRs and sizes of
Q-heterochromatin bands on Y chromosome (Table 4).

Table 4. Frequency of the Y chromosome of various sizes and mean number of autosomal Q-HRS in certain
populations of Eurasia and Africa

. Y>F F>Y>G Y<G
Populations n m .
Large Medium Small
. 20 (13.5%) 109 (73.6%) 19 (12.8%)
Mozambique Negroes 148 4.72
m=4.40 m=4.69 m=5.26
. 4 (11.8%) 27 (79.4%) 3 (8.8%)
Zimbabwe Negroes 34 4.65
m=2.75 m=4.93 m = 4.67
6(4.5%) 111 (84.1%) 15(11.4%)
Angola Negroes 132 4.64

m=4.00 m=4.61 m=>5.21
) ) 12 (29.3%) 29 (70.7%)
Northern India Indians 41 311 0 (0.0%)
m=191 m=4.31
L 4(23.5%) 13 (76.5%)
Ethiopians 17 3.06 0 (0.0)%)
m=2.00 m = 3.40
16 (13.4%) 84 (70.6%) 19 (16.0%)
m=2.31 m=3.02 m=3.21

11 (22,4%) 29 (59.2%) 9 (18,4%)

Southern Kazakhstan Kazakhs 119 2.95

Southern Siberia Khakass 49 243
m=2,18 m =228 m =322
o 9 (15,0%) 47 (78.3%) 4 (6,7%)
Western Siberia Nenets 60 2.30
m=1,30 m=2,40 m=2,50
) 20 (36.4%) 32 (58.2%) 3 (5.5%)
Far North Chukchi 55 2.09
m=1.30 m=2.59 m=2.00
, 56 (15.6%) 280 (77.8%) 24 (6.6%)
Russians 360 2.09

m=1.53 m=2.18 m=2.58
) 8 (29.6%) 19 (70.4%)
Chinese 27 2.07 0 (0.00%)
m=1.38 m=2.37
16 (10.5%) 125(82.2%) 11 (7.3%)
m=1.43 m=2.13 m=2.18

122%)  42(913%) 3 (6.5%)

Kyrgyz of Pamir and Tien-Shan 152 1.91

Western Siberia Yakuts 46  1.69
m = 1.00 m=1.71 m=1.67
o 13 (19.7%) 48 (72.7%) 5(7.6%)

Western Siberia Selkups 66 1.56
m=1.77 m=1.52 m=1.40
. 2 (9.1%) 17(77.3%) 3 (13.6%)

Western Siberia Khanty 22 1.50

m = 1.00 m = 1.50 m=1.30
n - sample size; m - mean number of Q-HRs per individual in the population.

14



www.ccsenet.org/jmbr Journal of Molecular Biology Research Vol. 4, No. 1; 2014

These data gave us reason to believe that: 1) Q-heterochromatin on the Y chromosome, being the largest in the
human genome, somehow “restricts” the total content of Q- HR on the autosomes in males and 2) Q-HRs on
human chromosomes appears to have a common nature, regardless of the characteristics of their localization in
the karyotype. The legitimacy of such an assumption is confirmed by our new data.

Thus, Table 5 presents the distribution of the numbers and mean number of autosomal Q-HRs in males with Y
chromosomes of various sizes in Kazakh newborns. If until now the existence of a close connection between the
number of Q-HRs on autosomes and the size of Q-heterochromatin on the Y chromosome at the population level
were showed by only adult individuals (Table 4), this time we found the same pattern in newborns. The same
patterns were found in Russian samples (data not shown).

Table 5. Distribution of the numbers and mean number of autosomal Q-HRs in males with Y chromosomes of
various sizes in Kazakh newborns

Large Medium Small
Y>F F>Y>G Y<G
Number of Q-HRs
(n=53) (n=102) (n=132)
I I I
0 3
| 5 1
2 21 12 2
3 11 26 1
4 6 28 10
5 22 13
6 10 4
7 3 2
Total 139 406 150
Mean number of Q-HRs 2.62+£0.185 3.98+£0.129; 4.69+0.203
tL I1=6.077; df=153 P=<0.001 *
Statistics tIL 11=2.748;, df=132; P=0.007 *
tL, Il =7.223; df = 83; P=<0.001 *

* - these differences are statistically significant.

The amount of chromosomal Q-HRs in the human genome can be additionally evaluated according to their size
and intensity of fluorescence on a five-point degree (Paris Conference, 1971, 1975). Later, recommendations of
the Paris Conference on this issue have been further developed in a number of papers (Muller et al., 1975;
Buckton et al., 1976; Lubs et al., 1976; Yamada & Hasegawa, 1978) and comparative population studies began to
consider Q-bands with only 4 and 5 degrees of fluorescence intensity. In estimating the size of Q-HRs we
adhered to the recommendations of Yamada and Hasegawa (1978) according to which the sizes of Q-bands were
divided into five degrees, comparing them with the short arm of chromosome 18. However, mostly Q-HRs of
medium (> 0,5 — 0,75 x 18p) and large (> 0,75 - 1,0 x 18p) sizes are found in a population. Abbreviation “QFQ”
stands for “Q-bands by fluorescence using quinacrine” (Paris Conference, 1970, 1975). For example, “QFQ 15”
indicates that the given Q-band has the medium size with very bright fluorescence. For clarity, Figure 1 shows an
example of a karyotype with 3 chromosomal Q-HRs.

15



www.ccsenet.org/jmbr Journal of Molecular Biology Research Vol. 4, No. 1; 2014

Figure 1. Q-HRs of large sizes and 5th degree intensity of fluorescence on the short arms of both chromosomes
13 and Q-HR of medium size and 5th degree of fluorescence intensity in the pericentric region of chromosome 3

Table 6 presents data on the size and intensity of fluorescence of chromosomal Q-HRs in newborns and young
adults (18-25 year-olds) of the Kazakh nationality. In the examined samples of individuals QFQ points ranged
from 15 to 112. Here QFQ 15 indicates that the genome of a given individual has one Q-HR of medium size with
the intensity of fluorescence equal to 5 degrees. While, QFQ 98 means that the karyotype of this individual has
seven Q-HRs of medium size with the fluorescence intensity of 5 degrees. For statistical analysis types of Q-HRs
we divided into 7 groups: Group 1 (14, 15 points); Group 2 (28, 29 points), Group 3 (40 to 45 points); Group 4
(53 to 58 points); Group 5 (from 67 to 73 points), Group 6 (80 to 86 points); Group 7 (98 to 112 points). In other
words, Group 1 included individuals the karyotype of which had only one Q-HR, Group 2 with two, and the
remaining groups with three or more Q-bands with intensity of fluorescence of 5 degrees.

Table 6. Types of Q-HRs on autosomes in males and females in newborns and 18 - 25 years individuals of
Kazakh nationality

Newborns Newborns Males Females
Boys Girls 18- 25 years 18 - 25 years
Types of Q-HRs
(n=180) (n=159) (n=43) (n=120)
1 11 I v
0 2
1 6 4 8 7
2 34 15 7 14
3 40 33 13 28
4 42 36 12 30
5 36 40 2 26
6 14 14 1 11
7 5 13 4
8 4
Total 661 668 125 463
Mean number 3.67£0.110 420+£0.668 291+£0.193 3.83+0.132
Statistics tL 11=3.164; df=337; P=0.002*
t 111, IV = 3.807; df=161; P=<0.001%

* - these differences are statistically significant.
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As shown in this Table, in the genome of females the amount of chromosomal Q-HRs significant more not only
in number but also in size and intensity of fluorescence. Similar data were obtained in Russian samples (data not
shown).

The literature shows the absence of statistically significant differences between the sexes in frequencies of
chromosomal Q-HRs in Q-polymorphic loci of seven autosomes (Geraedts & Pearson, 1974; Buckton et al.,
1976; Lin et al., 1976; Schwinger, 1976; Yamada & Hasegawa, 1978). However, the quantitative variability of
chromosomal Q-HRs can be assessed, in addition to their frequency on seven Q-polymorphic autosomes,
through their mean numbers, size and intensity of fluorescence (Paris Conference, 1971, 1975). Unfortunately,
not all authors provide primary quantitative data indicating the number, size and intensity of fluorescence of
chromosomal Q-HRs, to allow additional comparative statistical analysis.

It is generally known that the size of the Q-heterochromatin on the long arm of a Y chromosome of even medium
size is greater than that of the Q-HRs on any of seven Q-polymorphic autosomes in the human karyotype,
especially as the morphological variability of the Y chromosome (large, medium, small) is mainly determined by
the size of the Q-heterochromatin segment on its long arm. Based on the data presented above, we assume, that
the Q-heterochromatin band on the Y chromosome, being the largest Q-heterochromatin segment in the human
genome, somehow ‘restricts’ the overall number of Q-HRs on autosomes in males. Apparently, for the same
reason, amount of autosomal Q-HRs increases in females compared to males within each individual population
(Ibraimov, 1983b). In addition, human chromosomal Q-HRs may have a basically similar role regardless of their
location in the karyotype (Ibraimov, 2010).

4. Discussion

Why the detection of the existence of significant differences between the sexes in the number of Q-HRs on
autosomes is not so simple? We believe that this is due to following facts: 1) so far all authors compared males
and females only on frequencies of Q-HRs in twenty Q-polymorphic loci of seven autosomes, leaving aside such
important quantitative characteristics as the distribution of the numbers, size and intensity of fluorescence of
chromosomal Q-HRs in population; 2) it is taken for granted that in total there is on average twice more Q-HRs
in the genome of males than of females, for the reason that there is Y chromosome in karyotype of males, which
contains the largest block of Q- heterochromatin in human genome; 3) compared samples of male and female
individuals were of different age groups; 4) extremely wide variability of sizes of Q-heterochromatin on Y
chromosomes in human populations were not taken into account. In other words, the possible existence of a
close connection between the quantitative content of Q-HRs on autosomes and the size of Q- heterochromatin of
the Y chromosome at the population level were not expected. Specifically, no one tried to assess the possible
impact of a large Q-heterochromatin material of the Y chromosome on the amount of Q-HRs on autosomes in the
human genome.

So far it seems correct to us to explain the increasing number of chromosomal Q-HRs on autosomes in females
at the population level by the existence of some evolutionary established mechanism that “compensates” the
difference in the “dose” of Q-heterochromatin material in the female genome due to the lack of chromosomes in
their karyotype, which carries largest Q-HR, as Y chromosome (Ibraimov, 1983b, 2010). Apparently, there is
some mechanism that limits the “dose” of chromosomal Q-HRs in the human genome to a certain level. Indeed,
the human karyotype has 25 loci (3 cen, 4 cen, 13 pl1, 13 p13, 14 pl1, 14 p13, 15 pl1, 15 p13, 21 pl1, 21 p13,
22 pll, 22, p13 and Yql2), where Q-heterochromatin can potentially be detected. However, as yet no one could
found 25 chromosomal Q-HRs in the human karyotype; usually their number varies from 0 to 10 (Yamada &
Hasegawa, 1978; Al-Nassar et al., 1981; Ibraimov & Mirrakhimov, 1985; Ibraimov, 2010).

The existence of significant sex differences at the population level raises the question of the revision of the
published literature data on the mean number of Q-HRs per individual in population. Let’s just take one example
from our own experience. Earlier, after examining the children aged 13-16 years we reported that the mean
number for the Kazakhs of Kazakhstan is 3.56 + 0.168 (Ibraimov et al., 1982). We obtained similar data 30 years
later, examining the students of the Kazakh nationality in Almaty (Ibraimov et al., 2013). Now, after studying the
amount of chromosomal Q-HRs in newborns and elderly Kazakhs, we realized that our conclusion does not
correspond to the reality (see Table 2). Therefore, while presenting and discussing the data on the amount of
chromosomal Q-HRs in the genome of a given population we should show the mean number values separately
for male and female samples with the mandatory indication of their age.

In conclusion, as expected, in general, the total amount of chromosomal Q-HRs in the male genome is greater
than that of female. Indeed, the size of Q-HRs of Y chromosome of even medium size is so large that it is equal
to two-three average autosomal Q-HRs in human karyotype. However, this does not mean that the total amount
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of chromosomal Q-HRs in the males’ genome at the population level on average is twice greater than of females
(Paris Conference, 1971, 1975). Our previous observations (Ibraimov, 1983b; Ibraimov et al., 1986, 1990, 1991,
2000, 2014) as well as the results of this study show that, apparently, there is some mechanism that compensates
for the deficiency of Q-heterochromatin material in the female genome due to the lack of Y chromosome in their
karyotype by increasing the amount of Q-HRs on autosomes. This pattern persists regardless of age and
racial-ethnic characteristics of human populations. Therefore, a preponderance of the total amount of Q-HRs in
the genome of the male on the level of human populations still persists.
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