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Patterns of NOR activity in 640 metaphase spreads from twelve monozygotic (MZ) and
eight dizygotic (DZ) twin pairs were studied to evaluate the heritability of this chromo-
somal heteromorphism. NORs were stained by a modification of the Ag-AS technique
and counterstained with quinacrine mustard dihydrochloride to facilitate chromosome
identification and assess their value in zygosity determination. In this study, all karyo-
types were read blind with respect to zygosity and pair membership.

A discriminant function analysis of pair score differences in MZ and DZ twins revealed
that, in our sample, the probability of accurately determining zygosity with NOR scores
was 0.93 and with QFQ scores was 0.99. We conclude that NOR and QFQ scores are
highly heritable and of great value in zygosity determination.

Data were collected from 687 metaphase spreads on the frequency with which an acro-
centric chromosome was found in a satellite association. A significant correlation was
found between this frequency and the degree of Ag-AS stain of the NOR. This study,
therefore, confirms previous results showing that a high degree of NOR activity is found
in those chromosomes most often involved in satellite associations.

Key words: Nucleolar organizer regions (NOR), Chromosome heteromorphism, Q-banding, Satellite
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INTRODUCTION

The usefulness of human chromosome heteromorphisms in twin zygosity determination
has been demonstrated previously for those regions visible by Q (quinacrine mustard di-
hydrochloride)- and C (centromeric heterochromatin)-banding [12, 23]. The develop-
ment of the ammoniacal-silver (Ag-AS) stain has made possible the observation of yet an-
other group of heteromorphic regions, the loci for rRNA, known as the nucleolar organizer
regions (NOR).

Previous studies [3, 14] employing mouse-human somatic cell hybrids have shown that
the staining of the NOR depends not only on the presence of tDNA but also on the cellu-
lar production of 188 and 28S rRNA. This physiologic activity has been implicated as a
contributory factor in the associative tendency of the human acrocentric chromosomes
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observed at metaphase. Data presented by Miller et al {157 and subsequent investigators
(4,7, 21] have shown that chromosomes that had even a small amount of Ag-AS stain

were more frequently in association than chromosomes that lacked Ag-AS staining. Further-
more, Warburton et al {25] reported a positive correlation between the frequency of par-
ticipation of a given chromosome in satellite association and its IDNA content. Evans et al
[5], however, reported that the frequency with which a chromosome was involved in an
association was not a simple function of its rDNA content and that other factors should

be considered.

Subsequent research in this area has been directed toward an understanding of the
heritability and regulation of the NOR. In a study of six Down syndrome children and
their parents, Markovic et al [11] noted a constant number and distribution of NORs on
specific chromosomes within an individual, but no report of the applicability of NOR
activity patterns to twin zygosity determination has been made. If the number and dis-
tribution of NORs is an inherited property, a high correlation among monozygotic twin
pairs for NOR scores should be observed.

This study investigates the extent to which differences in the heteromorphic NOR are
heritable and useful in zygosity analyses; reassesses previously published findings employing
QFQ heteromorphisms for zygosity determination; and further evaluates the relationship
between Ag-AS staining of the NOR and satellite association.

METHODS

Forty peripheral blood samples were obtained from 12 monozygotic (MZ) and eight dizygotic (DZ)
twin pairs seen in the Medical College of Virginia twin clinic. The population ranged in age from three
to 76 years. There were 21 females and 19 males in a total sample of three black and 17 white twin
pairs. Blood samples were coded by a nonparticipant and cultured by a modification of the procedure
of Moorehead et al [17]. Slides were prepared and analyzed with the observer blinded to both zygosity
and pair membership.

Metaphase chromosomes were stained by a modification of the ammoniacal-silver technique of
Bloom and Goodpasture [1] and counterstained with quinacrine mustard dihydrochloride for unequiv-
ocal identification. The slides were examined using a Leitz Ortholox II fluorescence microscope with a
combination of incident ultraviolet and transmitted visible light.

The NOR score for each acrocentric chromosome was based on visual estimation of the size of the
stained region, following the system of Markovic et al [11]. Each chromosome was thus assigned a value
of zero (no NOR stain visible) to four. Approximately 15 cells were scored for each member of a twin
pair. Many of the same cells in which the size of the NOR was determined were also evaluated for satel-
lite association. A chromosome was considered to be in association if Ag-AS stain was present and con-
tiguous with the secondary constriction of another acrocentric chromosome. The total number of
chromosomes participating in associations in each individual was divided by the number of cells scored
to obtain a mean number of associations per cell.

QFQ heteromorphisms were scored for 14 variable regions (the centromeric regions of chromosomes
3, 4, 13, and 22 and the short arm and satellite regions of all ten acrocentric chromosomes) in approxi-
mately seven cells per twin pair member. Each chromosome was assigned a QFQ score ranging from one
(negative for fluorescence) to four (brilliant) (Fig. 1).

After all analyses were completed, the code was broken and the twin zygosity determined based
upon genotyping results for the loci of blood groups ABO, Rh, Sec, MNSs, Fy, P, K, and Jk?; the en-
zymes Hp, PGM, AP, G6PD, Cat, LDH, and 6PGD; and Hb.

NOR and QFQ scores for the cells examined were averaged individually, providing a mean score for
a homologous chromosome pair in an individual. It was necessary to calculate the mean score for a
homologous pair because it was not always possible to identify, unequivocally, individual homologs. .

An adjustment was made for the nonindependence of the karyotypes by using Cotterman’s weight-
ing system for the estimation of frequencies of genes without dominance from family data (2]. This
adjustment involved multiplying each twin score by the reciprocal of (1 +r), where r is equal to the
coefficient of relationship for the twin pair. Thus, each MZ score was halved and each DZ score multi-
plied by 2/3. These adjusted data were employed in further analyses.
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Fig. 1. Chromosome heteromorphisms as seen after staining with quinacrine mustard dihydrochloride.
Key to scores: 1, negative; 2, pale; 3, bright; 4, brilliant.

RESULTS

Zygosity Determination Using NOR Heteromorphisms

The overall distribution of NOR scores for each homologous chromosome pair in the total
population is presented in Figure 2. The most frequently observed NOR score was 2, ac-
counting for approximately 29% of all scores, and the least frequently observed NOR
score was 4, representing approximately 14% of all scores.
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Fig. 2. Distribution of NOR scores in all acrocentric chromosomes.

A chi-square analysis of the frequency of NOR scores was performed on the data ad-
justed for nonindependence of the karyotypes, and revealed a highly significant difference
(x? = 105.4, 16 df) among chromosome pairs in the distribution of scores (Fig. 3). Chrom-
osome 22 was noted to have the largest percentage of NORs with a score of zero, an obser-
vation in agreement with that reported by Mikelsaar et al [13]. This result was reflected in
an analysis of the 6,336 acrocentric chromosomes examined in which the smallest mean
score was found for chromosome 22, 1.88 £ 0.05 (Table 1). In this population, chromo-
some 13 had the largest mean score, 2.48 + 0.05.

The data were plotted to compare for MZ and DZ twins the relationship between twins
in their overall mean NOR scores (Fig. 4). A double entry point plot was generated in
order to avoid bias in the selection of twin vs co-twin. The scatter of points around the
line of identity for MZ twins is markedly different from the pattern seen in the DZ pairs.
The intraclass correlation for the overall mean NOR score in MZ twins was 0.86 £ 0.03,
and that of the DZ twins was 0.19 £ 0.16. The intraclass correlation for individual chromo-
some pair scores ranged from 0.80 in MZ twins for chromosome 13 to 0.92 for chromo-
somes 14 and 22 (Table 2). All correlations of homologous chromosome pairs in MZ twins
were significantly different from the corresponding correlations in DZ twins.

A discriminant function analysis of mean pair score differences in MZ and DZ twins re-
sulted in the misclassification of only one DZ pair with regard to zygosity by NOR scoring
alone. In this sample, the probability of accurately determining zygosity with NOR scores
was 0.93.

2ygosity Determination Using QFQ Heteromorphisms

The overall distribution of QFQ scores in this population is shown in Figure 5. Distribu-
tions for several heteromorphisms were quite heterogeneous, whereas others demonstrated
the rarity, as well as the difficulty in precise discrimination, of certain variants, notably
those of the short arm and satellite regions. A significant difference between blacks and
whites was found in the distribution of the following heteromorphic regions: 3¢, 13p, 13s,
15p, 155, 21s, and 22s (Fig. 6). Similar significant differences have been reported previously
[10, 18, 19], and deviations in our study sample may be attributed to sample size.
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Fig. 3. Distribution of NOR scores in each acrocentric chromosome.
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NOR SCORE

Chromosome number n Mean + SE
13 1,280 2.48 + 0.05
14 1,248 2.24 + 0.05
15 1,280 2.33£0.04
21 1,248 2.30 £ 0.05
22 1,280 1.88 + 0.05

TABLE 2. Intraclass Correlations for Homologous Acrocentric Pairs

Twin type
Chromosome number Monozygotic Dizygotic
13 0.80 = 0.11 0.15 £ 0.37
14 0.92 £ 0.05 0.47 £0.30
15 0.90 + 0.06 0.08 + 0.38
21 0.83 + 0.09 -0.29 + 0.35
22 0.92 + 0.05 0.31 + 0.34
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Fig. 4. Double entry point plot demonstrating the relationship between the mean NOR scores of all
dizygotic (upper) and monozygotic (lower) twins with their co-twins.

To compare these data to several other published studies, the negative and dull scores
were combined into a negative (—) classification, and the bright and brilliant scores were
combined for a positive (+) classification. The estimates obtained in this study for the
centromeric fluorescent variants were somewhat lower than other studies, with the excep-
tion of 3¢ in the black Virginia population. It was not possible to make direct comparisons
of the frequencies of short arm and satellite variants from the present study, as these re-
gions were combined in reports published previously. However, overall the estimates appear
to agree quite well.

An analysis of the range of differences in QFQ scores in MZ and DZ twins revealed a
larger spread in the scores in DZ twins for 11 of the 14 heteromorphic regions. A total of
83.5% of MZ twins had differences less than one, whereas 60.6% of DZ twins fell in this
range. The intraclass correlation for the pooled chromosomes of the MZ twins was 0.67
0.04, and that for the DZ twins was 0.36 * 0.09. Intraclass correlations for individual
chromosome pair scores ranged from 0.0 % 0.30 for 22¢ to 0.96 + 0.03 for 3¢ in MZ twins.
Corresponding correlations in DZ twins were 0.0 £ 0.38 and 0.25 £ 0.36, respectively.

A discriminant function analysis of pair score differences resulted in the correct classi-
fication of zygosity by QFQ scoring for all 20 twin pairs. Thus, the probability of
accurately determining zygosity with QFQ scores alone in this sample was 0.99.
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Fig. 5. Distribution of QFQ scores for heteromorphic regions in total twin pair sample.

NOR Activity and Satellite Association

The mean number of satellite associations per cell was 1.5 + 0.13, with a range of 0.0-3.75
and a median value of 1.33. The frequency with which a particular acrocentric chromo-
some was found to be involved in satellite associations ranged from 16.6% for chromosome
22 to 21.9% for chromosome 14. A test for the differences between two proportions [24]
showed that chromosome 22 was involved in associations significantly less often than were
chromosomes 14, 15, and 21. Analyses of the relationship between the mean number of
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satellite associations per cell for each acrocentric chromosome and the mean NOR score
for the respective chromosome revealed a significant positive correlation for all five acro-
centric pairs, as shown in Table 3.
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Fig. 6. Distribution of QFQ scores for heteromorphic regions in black (n = 6) and white (n = 34) twins

in twin pair sample. *, **Indicate distributions significantly different at p < 0.05 and p < 0.01, re-
spectively.
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TABLE 3. Pearson Correlations for Mean Number
of Satellite Associations and Mean NOR Score

Chromosome number R

13 0.353*
14 0.550%*
15 0.369*
21 0.542%%
22 0.393%*

* ** Indicates correlation significantly different from
zero at p < 0.05 and p < 0.01, respectively.

DISCUSSION

The results of this study have shown that there is a high degree of heritability in the dif-
ferential staining of the nucleolar organizing region, and have established the value of these
genetic variants for zygosity determination. The usefulness of QFQ heteromorphisms in
such an analysis has been confirmed. Unlike previous work [12, 23], the use of QFQ
heteromorphisms in this study permitted correct zygosity assignments even though the
observer was blinded to pair membership as well as zygosity.

Our results show that the frequency with which a particular acrocentric chromosome
was found in satellite association was positively correlated with the size of the Ag-staining
region at the NOR. These results are in agreement with those reported by several investi-
gators [4, 7, 15, 22] and suggest that NOR activity may in some way influence the fre-
quency with which an acrocentric chromosome participates in the organization of a nucle-
olus.

The high correlation for size of Ag-staining region and satellite association in both
chromosome 14 and chromosome 21 may be related to the frequency of the 14/21 Robert-
sonian translocation in man [8]. Fusion of nucleolar organizing regions brings certain
chromosomes into proximity, and Ohno et al [20] suggested that this process might pre-
dispose chromosomes with NORs to centric fusion, producing Robertsonian translocations,
and thus account for the rather common occurrence of these translocations in man. How-
ever, Miller et al {16] investigated this theory in the mouse and proposed that, although
the nucleolus plays an important role in Robertsonian translocations, because NOR-bearing
chromosomes are overrepresented among chromosomes involved in these translocations,
nucleolar fusion is relatively unimportant in the origin of Robertsonian translocations in
this system.

Our finding that chromosome 22 had a large percentage of NORs with a score of zero
agrees with the results of Mikelsaar et al [13] in a study of 51 karyotypically normal Cau-
casian individuals from Vienna and Ulm. The small size of the NOR on this chromosome
is consistent with the possibility that there are few ribosomal cistrons on chromosome 22
[9, 13]. The fact that this chromosome is infrequently involved in satellite associations is
also of interest in view of the infrequent occurrence of trisomy 22 compared to trisomy
21. Satellite associations involving chromosome 21 have been shown to occur with in-
creased frequency in the mothers of patients with Down syndrome [6], and it is possible
that the tendency for nondisjunction by acrocentric chromosomes is correlated in some
way with NOR staining intensity, possibly mediated by their predisposition to form satel-
lite associations.
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Because of the heterogeneity of certain heteromorphisms in the population, some may

prove to be singularly valuable in making zygosity determinations. From this sample, a sur-
vey of the intraclass correlations of NOR and QFQ mean scores in MZ and DZ twins indi-
cated that the heteromorphisms of chromosomes 21 and 3c, respectively, are very useful in
making these determinations.

Furthermore, NOR heteromorphisms may be used in conjunction with other chromo-

somal heteromorphisms in the identification of the origin of chromosomal aneuploidy, the
prenatal determination of twin zygosity, paternity testing, and the exclusion of maternal
contamination in antenatal studies.
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