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Abstract 

The eukaryotic genome consists of the two forms of chromatin: euchromatin and heterochromatin. The DNA 

of euchromatin contains the gene portion of the genome, while heterochromatin is represented predominantly 

from non-coding repetitive nucleotide sequences that do not encode proteins or enzymes. In higher eukaryotes, 

some part of the non-coding, highly repetitive nucleotide sequences were transformed into complex forms of 

DNA organization as chromosomal constitutive heterochromatin regions.  There are two types of constitutive 

heterochromatin: C- and Q-heterochromatin. C-heterochromatin is found in the chromosomes of all eukaryotic 

cells, while Q-heterochromatin is found in the karyotype of only three higher primates (Homo sapiens, Gorilla 

gorilla and Pan troglodytes). 

Since the discovery of the position effect variegation phenomenon C-heterochromatin has been attributed to 

gene silencing effects. Dosage compensation of genes is another epigenetic gene silencing mechanism that 

makes it possible to equalize the level of expression of sex-linked genes in males and females. In mammals, this 

is done by inactivating one X chromosome in the cells of females using facultative heterochromatin, which is a 

heterochromatinized euchromatin. However, no epigenetic gene silencing was found in chromosomal Q-

heterochromatin regions (Q-HRs). The question is discussed why human chromosomal Q-HRs does not exhibit 

gene silencing or other epigenetic effects and what their biological role might be. 

Key words: constitutive heterochromatin; chromosomal Q-heterochromatin regions; epigenetics; cell 

thermoregulation; genetic system 

Introduction 

The two forms of chromatin were distinguished by cytological staining of 

cells: heterochromatin and euchromatin. Heterochromatin stained darker 

than euchromatin due to a denser packing and is generally localized to the 

periphery of the nucleus. The DNA of euchromatin contains the gene 

portion of the genome, while heterochromatin is represented 

predominantly from non-coding repetitive nucleotide sequences that do 

not encode proteins or enzymes. In higher eukaryotes, some part of the 

non-coding, highly repetitive nucleotide sequences were transformed into 

complex forms of DNA organization as chromosomal constitutive 

heterochromatin regions (HRs).  There are two types of constitutive 

heterochromatin: C- and Q-heterochromatin. C-heterochromatin is found 

in the chromosomes of all eukaryotic cells, while Q-heterochromatin is 

found in the karyotype of only three higher primates (Homo sapiens, 

Gorilla gorilla and Pan troglodytes). 

Position effect variegation (PEV) causes a gene to be stochastically 

silenced in regions where it should normally be expressed. This occurs 

when the gene becomes juxtaposed to C-heterochromatin in a genome 

translocation or insertion event. An example is variegated eye color in 

Drosophila caused by a translocation of the white gene into the vicinity 

of heterochromatin. 

Dosage compensation of genes is an epigenetic mechanism that makes it 

possible to equalize the level of expression of sex-linked genes in males 

and females of those species in which sex determination is carried out 

using sex chromosomes. In mammals, this is done by inactivating one X 

chromosome in the cells of females, so that in each somatic cell of an 

individual of either sex, there is only one active X chromosome per 

diploid set of chromosomes. 

Chromosomal Q-HRs variability in human 
population. 

It is known that chromosomal C-heterochromatin regions (C-HRs) are 

present on all 46 chromosomes in the human karyotype and their complete 

absence even in one chromosome is extremely rare. It has been 

established that the C-HRs makes up 15-29% of the human genome. 

Unlike C-HRs, chromosomal Q-heterochromatin regions (Q-HRs) may 
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be completely absent in the human genome without any noticeable 

pathological or other phenotypic manifestations for the carrier. According 

to some authors, individuals with a complete absence of Q-HRs make up 

a significant part of human populations [1-8]. There is a huge literature, 

including a number of reviews devoted to the study of morphology, 

molecular biology and methods of identification of chromosomal C- and 

Q-HRs in the human karyotype [6,9-16]. The main morphological 

manifestation of morphological variability of Q-HRs in the human 

karyotype is the presence, degree of fluorescence, size and location of Q-

heterochromatin segments in 12 potentially Q-polymorphic loci of seven 

autosomes (3p11q11, 4p11q11, 13p11, 13p13, 14p11, 14p13, 15p11, 

15p13, 21p11, 21p13, 22p11 and 22p13) and in the q12 segment of the Y 

chromosome. It should be specially emphasized that not a single 

individual was found in the human population in whose karyotype Q-HRs 

was present in all 25 potentially Q-polymorphic loci. In the human 

population, the number of Q-variants usually ranges from 0 to 10 [3-6,17-

20]. 

Currently, the following quantitative characteristics of the variability of 

Q-heterochromatin polymorphism are used to estimate the amount of 

chromosomal Q-HRs in the genome of a human population: 1) the 

frequency of Q-HRs in 12 potentially polymorphic loci of seven 

autosomes, which are usually expressed as a percentage from the number 

of analyzed chromosomes; 2) the distribution of the numbers of Q-HRs 

in the population, i.e. the distribution of individuals with a different 

amount of Q-HRs regardless of their localization in the karyotype, which 

also reflects the magnitude of the variability of the amount of Q-HRs in 

the sample; 3) the mean number of chromosomal Q-HRs per individual 

in the population (m), which is determined by dividing the total amount 

of Q-HRs found in this sample by the number of studied chromosomes; 

and 4) the size of the Y chromosome, which is conventionally divided 

into three groups: (a) large (Y = F), (b) medium (F > Y > G) and (c) small 

(Y = G)  [15,21]. 

Suggestions on the possible biological role of the 

constitutive heterochromatin. 

There are many hypotheses regarding the possible biological role of 

constitutive C-heterochromatin [9-15]. However, apart from the PEV 

phenomenon, almost all of the hypotheses put forward have not yet been 

experimentally confirmed. Once again, we specifically note that PEV was 

found in animals that lack chromosomal Q-HRs in the genome. In species 

with chromosomal Q-HRs - Homo sapiens, Pan troglodytes and Gorilla 

gorilla - phenomena directly or indirectly resembling PEV phenomenon 

have not been described. 

There is still no consensus on the nature of the variability of chromosomal 

Q-HRs in the human genome, although all hypotheses adhere to the 

"selectionist" approach. Only one of these hypotheses implies that for Q-

HRs, “the dose, and not the localization of Q-HRs on a particular 

chromosome, is of paramount importance” [8,21]. Here the term “dose" 

refers to the total amount of Q-heterochromatin material in an individual's 

genome. In other words, this hypothesis is based on the assumption that 

chromosomal Q-HRs do not possess locus specificity. 

All other hypotheses hold the point of view that "localization is important 

for an individual, not the amount of Q-HRs”, that is, they are supporters 

of a locus-specific approach. Proponents of this approach believe that, for 

example, deviations from the theoretically expected Q-HRs frequencies 

at the population level reflect some structural and functional features of 

these loci and are due to either selection or non-random segregation of 

chromosomes carrying Q-HRs [22-24]. They suggest that Q-HRs 

localized on different chromosomes in the human karyotype differ in 

structure and biological effects. This, they believe, is evidenced by 

deviations in the observed frequencies of homo (+/+ or -/-) and 

heterozygotes (-/+) of chromosomal Q-HRs from those theoretically 

expected when they are checked for compliance with the Hardy-Weinberg 

law (for more details see [15]). 

On this occasion, Ginzburg et al. [25] specially studied the statistical side 

of this controversial issue. Leaving aside the question of the validity of 

the interpretation of the violation of the Hardy-Weinberg rule, the authors 

focused on the statistical procedure by which this violation can be 

detected. The authors showed that if the χ2 criterion is used for small 

samples (often the volumes did not exceed 25-200 observations), and the 

Hardy-Weinberg distribution hypothesis is respected, the researcher, 

nevertheless, will reject it more often, and, in some cases, the error of the 

first kind reaches a value that makes the study itself incorrect. 

Thus, it can be assumed that the use of non-correspondence of the 

observed frequencies of homo- and heterozygotes to those theoretically 

expected in some samples as an argument in favor of the hypothesis of 

locus specificity of chromosomal Q-HRs is not justified. This method, 

being formal in nature, did not advance in understanding the biological 

role of the wide variability of Q-HRs in human populations. This idea was 

most clearly expressed by Jacobs [26], who noted that it is premature to 

assess the correspondence of the observed and expected frequencies of 

homo- and heterozygotes to the Hardy-Weinberg law, since existing 

methods for quantifying chromosomal Q-variants are far from perfect due 

to the continuous nature of the distribution of Q-HRs in size in human 

populations. Mayr [27] specifically studied this question and came to the 

conclusion: “They expressed this as a mathematical formula, which is a 

reapplication of a mathematical law, the binomial expansion. Being a 

strictly mathematical solution, it is not a biological law”. 

Our attitude to this issue is as follows: until evidence is obtained that Q-

HRs localized in 12 potentially polymorphic loci of seven pairs of 

autosomes and on the human Y chromosome are fundamentally different 

structures in molecular and/or genetic terms, the use of the Hardy-

Weinberg rule remains mainly an exercise in solving some problems of 

applied mathematics without significant biological content. On the whole, 

it can be assumed that observations of supposedly deviations in the 

segregation of Q variants in families or a discrepancy between the 

observed and theoretically expected frequencies of homo- and 

heterozygotes in some samples do not yet require a special biological 

interpretation [15,28]. 

Our assumption about the absence of locus specificity of human 

chromosomal Q-HRs is based on numerous observations that with an 

increase or decrease in the mean number of Q-variants per individual in 

the population, a proportional increase or decrease in the frequency of Q-

variants occurs for all Q-polymorphic loci [15,18,29]. In particular, if we 

arrange the studied samples according to the value of the mean number of 

Q-HRs per individual and perform the same operation with the 

frequencies of Q-variants on seven Q-polymorphic autosomes, then the 

distribution of populations by the frequencies of Q-variants in these 

autosomes will correspond to their distribution by the value of the mean 

numbers of Q-HRs calculated per person in the population (Table 1). A 

similar result was obtained by us after analyzing the data of other 

researchers [30-32], which revealed the existence of inter-population 

differences in the values of the mean number of Q-HRs [15,29,33]. 
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Location 

of Q-HRs 

I             

(n = 520)                    

II 

(n = 1122)          

III     

(n = 449)         

IV 

(n = 297)          

V   

(n = 48)          

VI 

(n = 327) 

3 358 (0.344) *      759 (0.354)       378 (0.420)       236 (0.397)       53 (0.552)      425 (0.649) 

 34.3**                31.0                   34.4                   22.6                  29.8 27.8 

4 32 (0.031)        130 (0.058)         29 (0.022)         16 (0.027)         5 (0.052)        18 (0.027) 

 3.1                      5.0                     1.8                    1.5                    2.8                    1.2              

13 332 (0.319) 769 (0.343)        379 (0.422)       309 (0.520)       55 (0.573)      573 (0.821) 

 31.8                    30.0                    34.4                  29.6                  29.6    35.1    

14 63 (0.060) 113 (0.059)          69 (0.077)         93 (0.156)       10 (0.104)      112 (0.171) 

 6.0                       5.2                      6.3                    8.9                    5.6                   7.3      

15    86 (0.083)        262 (0.117)          86 (0.094)        140 (0.235)      140 (0.235)      147 (0.224) 

 8.2                      10.2                     7.7   13.4                  13.5                  9.6       

21   125 (0.120)       260 (0.116)        105 (0.116 135 (0.230)      18 (0.188)      155 (0.237) 

 12.0                     10.1 9.5                   13.1                  10.1                 10.1 

22 48 (0.046)       214 (0.095)          214 (0.095)          113 (0.190)       13 (0.135)     136 (0.207) 

 4.6                      8.3 5.8                   10.8                   7.3                   8.9      

Total   1044                2563   1100 1044 178 1530 

Mean number    

of Q-HRs          

2.1                2.28                    2.45                  3.52 3.71                4.68                    

n = sample size; * Q-HR frequency of the chromosomes analyzed; ** Q-HR frequency as a percentage of the overall number of chromosomal Q-HRs. 

I – northern Mongoloids of Siberia; II – highland Mongoloids of the Pamir and Tien-Shan; II – steppe Mongoloids of Central Asia; IV – Russians; V 

– Indians of northern India; VI – lowland Negroids of subequatorial Africa. 

Table 1: The frequency and the mean numbers of chromosomal Q-HRs in seven Q-polymorphic autosomes in native human populations living in 

Eurasia and Africa [15]. 

 

The totality of the data presented below shows the validity of the 

assumption that there is no locus specificity of chromosomal Q-HRs: a) 

despite the fact that there are 25 loci in the human karyotype in which 

may be chromosomal Q-HRs, in fact, the maximum number of Q-variants 

does not exceed ten [1,2,6]; b) in human populations, the number of Q-

HRs usually ranges from 0 to 10 without visible pathological or other 

phenotypic manifestations [6]; c) the distribution of Q-variants in the 

samples has always been close to the normal distribution [18,21,34 ]; d) 

at the population level, the distribution of Q-HRs on seven Q-

polymorphic autosomes is uneven: the largest number of Q-variants was 

found on chromosomes 3 and 13 (more than 50%), the remaining Q-HRs 

were more or less evenly distributed on the remaining five autosomes 

[29,34] (see Table 1); e) human populations do not differ from each other 

in the relative content (“portion”) of Q-HRs on seven autosomes: the 

portion of Q-variants on autosomes 3, 4, 13, 14, 15, 21, and 22 were on 

average, 25.5 %, 3.5 %, 30.7 %, 8.6 %, 12 %, 10.6 %, and 9.1%, 

respectively [29,33] (see Table 1); f) the quantitative content of Q-HRs in 

the genome of a human population is best determined by the mean number 

of Q-variants per individual (m) in the sample [1-6,8,21,34]; g) significant 

differences were found between the samples in the quantitative content of 

chromosomal Q-HRs, and it turned out that these differences are related 

to the climatic and geographical features of the place of permanent 

residence of the studied populations, and not to their racial and ethnic 

composition [3-6,18-21,34]; h) changes in the mean number of Q-HRs in 

the genome of populations tend to decrease from low to high geographical 

latitudes and from low to high altitudes [3-6,15]; i) both a decrease and 

an increase in the value of m is accompanied by a narrowing or expansion 

of the range of variability of Q-variants [29,33]; j) in different age groups, 

the values of m differ — the largest number of Q-variants are present in 

the genome of newborns, and the smallest in individuals from older age 

groups [30,36]; k) individuals who adapted to hypoxic hypoxia at high 

altitudes (mountaineers) and the extreme climate of the Far North of 

Siberia had an extremely low amount of chromosomal Q-HRs in the 

karyotype [3-6,18-21,34]; l) Q-HR on the Y chromosome, being the 

largest block of Q-heterochromatin in the human karyotype "restricts" the 

amount of Q-HRs on autosomes, namely, in samples of men with large 

Q-HR sizes on the Y chromosome, the m value is significantly lower and 

vice versa [37]; m) there is some evolutionarily fixed mechanism that 

compensates for the low content of Q-heterochromatin in the female 

genome due to the absence of a Y chromosome in their karyotype by 

increasing the amount of Q-HRs on their autosomes [38]; and, finally, n) 

individuals in the human population differ from each other in the level of 

thermal conductivity of their bodies, and these differences are related to 

the amount of chromosomal Q-HRs in their genome [39]. 

Thus, more than half a century of experience in studying chromosomal Q-

HRs shows that this type of constitutive heterochromatin has not 

demonstrated effects even remotely resembling PEV, gene silencing or 

other known epigenetic processes. This is directly evidenced, at least, by 

the fact that even the complete absence or maximum amount of Q-

heterochromatin in the human karyotype has no visible phenotypic 

manifestation, so that they could be used to judge the effect of Q-HRs on 

the functioning of genes. On the other hand, chromosomal Q-HRs at the 

level of human populations behave so regularly that their behavior can be 

predicted. 

Human chromosomal Q-HRs as a system. 

Now let's consider an approach in which human chromosomal Q-HRs are 

considered as a single structural and functional system, where their total 

amount (dosage) in the genome is of primary importance, and not 

localization on one or another chromosome in the karyotype. If it concerns 

a concrete person, then an important criterion for assessing the variability 

of Q-variants should be their total number (from 0 to 10) in the karyotype; 

when it comes to a population, then the mean number of Q-HRs per 

individual in the population is crucial [15,18]. 

Usually, by "system” it is customary to mean a certain totality, which in 

some way can be distinguished from real or imaginary elements of the 

surrounding world [40]. In biology, consider a particular set as a system 

if: 1) each of its elements is indivisible (not in the physical sense, but 

conditionally); 2) it interacts with the surrounding world as a whole; and 

3) quantitative relations are established between the elements of the 
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selected set, and in its evolution, correspondences are preserved between 

the elements, that is, there is some ordering. 

The indivisibility of chromosomal Q-HRs located in 12 polymorphic loci 

of seven pairs of autosomes and Y chromosomes is evidenced by the 

specificity of cytochemical staining methods (Q-staining) used to detect 

them [41]. The second requirement meets such facts: an increase or 

decrease in the frequency of human chromosomal Q-HRs occurs 

simultaneously across all Q-polymorphic loci in proportion to their initial 

frequencies in the population, regardless of gender, age, racial and ethnic 

characteristics or climatic and geographical features of their places of 

permanent residence. If the elements of the proposed system should 

interact with the surrounding world as a whole, then a proportional 

decrease or increase in the number of Q-variants for all Q-polymorphic 

autosomes in the genome of a population, depending on the characteristics 

of the ecological environment of their habitat, may indicate in favor of 

considering chromosomal Q-HRs as a single structural and functional 

system (see also Table 1) [15,18,33]. 

Regarding the third requirement, it should be noted that: a) the proportion 

of Q-HRs variants in 12 Q-polymorphic loci of seven pairs of autosomes 

in human populations, expressed as a percentage of the number of Q-

variants are always comparable, regardless of the average values of the 

number of Q-HRs in the samples [15,29,33]; b) even in those populations 

where the value of the average number of Q-HRs is very low, Q-

heterochromatin does not disappear on autosomes that differ with low 

frequency, and moreover, the contribution of Q-highly polymorphic and 

Q-low polymorphic chromosomes in the total pool of Q-HRs in the 

samples remains comparable [3-6,18-21,34]; c) the distribution of Q-

variants in the population is always close to the normal distribution 

[15,29]. All this testifies in favor of the point of view that chromosomal 

Q-HRs behaves at the level of human populations as a single self-

sustaining structural and functional system [15,21,29]. 

When asked why chromosomal Q-HRs behave as a single genetic system 

and, contrary to theoretical expectations, do not show any signs of 

epigenetic effects, we would answer as follows. The consistency in the 

behavior of human chromosomal Q-HRs at the population level is due to 

their special biological role. We believe that chromosomal Q-HRs, 

together with C-HRs, are involved in thermoregulation at the cell level, 

the essence of which is that they, as part of a dense layer of condensed 

chromatin (CC), contribute to the dissipation of excess heat from the 

interphase nucleus. 

DNAs of human chromosomal constitutive HRs are not involved in the 

production of proteins, enzymes, or RNAs, and their main biological 

effect is the dense packing (compactization) of the CC layer around the 

interphase nucleus. This CC layer, being the densest structure in the 

interphase cell, must have a high thermal conductivity in order to facilitate 

more efficient removal of excess heat from the nucleus. 

The phenotypic manifestation of the biological effect of constitutive 

chromosomal HRs is the level of thermal conductivity of the human body, 

which has received experimental confirmation. In particular, our studies 

indicate that the phenotypic effect (the level of heat conductivity of the 

human body) of Q-HRs depends on their amount in the individual's 

genome, and not on the peculiarity of their localization on one or another 

chromosome in its karyotype. Apparently, the total number of human 

chromosomal Q-HRs in the genome of populations is under the control of 

natural selection, the pressure of which is determined by the climatic and 

geographical features of the environment where the population 

permanently lives (for details see [15,39,41]). 

Conclusion. 

The eukaryotic genome consists of the two forms of chromatin: 

euchromatin and heterochromatin. The DNA of euchromatin contains the 

gene portion of the genome, while heterochromatin is represented 

predominantly from non-coding repetitive nucleotide sequences. There 

are two types of constitutive heterochromatin: C- and Q-heterochromatin. 

C-heterochromatin is found in the chromosomes of all eukaryotic cells, 

while Q-heterochromatin is found in the karyotype of only three higher 

primates (Homo sapiens, Gorilla gorilla and Pan troglodytes). 

Since the discovery of the position effect variegation phenomenon C-

heterochromatin has been attributed to gene silencing effects. Dosage 

compensation of genes is another epigenetic gene silencing mechanism 

that makes it possible to equalize the level of expression of sex-linked 

genes in males and females. However, no epigenetic gene silencing was 

found in chromosomal Q-heterochromatin regions (Q-HRs). 

Our studies indicate that chromosomal Q-HRs behave as a single genetic 

system and do not show any signs of epigenetic processes. We believe 

that the systemic nature in the behavior of human chromosomal Q-HRs at 

the population level is associated with their special biological role. 

Apparently, chromosomal Q-HRs together with C-HRs are involved in 

thermoregulation at the cell level, the essence of which is that they, as part 

of a dense layer of condensed chromatin, contribute to the dissipation of 

excess heat from the interphase nucleus with all the ensuing 

consequences. 
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