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Chromosome Polymorphism and Twin Zygosity
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INTRODUCTION

Since the early 1960s normal variation of human chromosome morphology has been
documented at a prodigious rate. Banding techniques [1, 2] have demonstrated that a
number of chromosome regions are polymorphic and that specific variants differ in
frequency among normal populations [1-15]. Although heteromorphism at these
"variable regions" is not generally believed to have an observable effect on phenotype
[3], differences in the frequency of certain variants between normal and abnormal
groups continue to be reported [4, 16-19]. Even though variants have been employed
as markers for linkage studies, segregation analysis, paternity exclusion, maternal-fetal
comparisons, and for tracing meiotic errors, there is still some uncertainty as to their
stability [20-22].
The present study was designed to evaluate the heritability and stability of the

variable regions and to estimate the frequency of variants in twins. A central goal was
to determine by detailed chromosome studies of monozygotic (MZ) and dizygotic (DZ)
twins whether each person's individuality might be reflected in a unique distribution of
chromosome variants (cf. [23]).

METHODS

Forty like-sexed pairs of Caucasian twins (23 MZ and 17 DZ) were obtained from a panel at
the Indiana University School of Medicine, Department of Medical Genetics. About half were
adolescents and pre-adolescents; the remaining pairs were college students. In addition, a set of
male quadruplets and their parents were studied. Zygosity was determined by genotyping for the
loci of blood groups ABO, Rh, MNS, Fy, P, JK and serum proteins Hp and PGM. The
probability of misclassifying a set of like-sexed DZ twins as MZ was less than .01 [24]. Each DZ
pair was discordant in at least two loci.

Peripheral blood was cultured for chromosome analysis according to standardized procedures.
The method of G-banding was a modification of the technique of Summer et al. [25] and
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Q-banding, the technique of Lin and Uchida [26]. The sequential G- to C-banding method was
modified from Lubs et al. [27], using 12XSSC buffered with pH 7.0 McIlvaine's buffer (50:1).
The destained slide was warmed on a hot plate at 60'C for 18 min, treated in 0.2 N HCl for 15
min, and placed in three distilled water rinses (5 seconds, 1 min, and 5 min). It was then
incubated for 3 hr in 60'C buffered 12XSSC, rinsed again in distilled water, stained in 2:48
Harleco Giemsa in pH 6.8 phosphate buffer, rinsed in pH 6.8 phosphate buffer, and blotted dry.
Scoring of G-band and Q-band heteromorphism was done by microscope and occasionally
confirmed in photographs made with Kodak High Contrast Copy Film.

Q-band variants were scored as recommended by the Paris Conference [1, 2]. Nine variable
regions were scored after Q-banding (the paracentromeric regions of chromosomes 3, 4, 13, and
22; and the short arm/satellite regions of all five pairs of acrocentrics). Variations in
morphology, as well as intensity, were observed. For example, short arms or satellites frequently
differed in size between homologs, and occasionally a short arm plus satellites ("ps") variant
was seen.

Sequentially G- to C-banded chromosomes were compared to see if the C-band variants of
chromosomes 1, 9, and 16, which are common in Caucasians, were distinguishable by both
techniques. Numerical scores of 2-9, from smallest to largest, were assigned to a reference set
of C-band variants used in our laboratories [28]. Three fairly common variants on chromosomes
1, 9, and 16 were observed in this study and were assigned scores of 4, 5, and 6. These are all
within the range of "normal" as defined by Craig-Holmes et al. [29]. From five to 15 pairs of
each of the homologous chromosomes were scored in each individual by an observer (D. V. D.)
who was unaware of the true zygosity.

RESULTS

Comparison of G- to C-Banding for Scoring Paracentromeric Heterochromatin
Variants

Variants for the lqh region were seen in the homozygous and the heterozygous state
(fig. 1). Variant 5 was characterized by a single dark band in the proximal long arm
variable region. Variant 4 had a narrower dark-staining band, and variant 6 had two
narrow bands, separated in most cells by a narrow light-staining band. Two examples
of each lqh variant are shown sequentially G- and C-banded in figure 2. The sequential
technique gives a lqh region which is similar to that seen after NaOH C-banding [28].
Either technique offers fine detail; the C-band regions seem to stain darkest after the
NaOH C-banding method.

In chromosomes 9 and 16 (fig. 3), the most commonly seen variants were labeled
variant 5, with a smaller variant 4, and a larger variant 6. An "inversion" (inv) was
also seen on chromosome 9 in which the variable region appeared in the short arm. The
light staining 9qh region seen with G-banding was dark-staining after C-banding (fig.
4), but the dark centromere seen after G-banding appeared to be in the C-band positive
region as well. The centromere itself did not vary in size among individuals and was
distinguishable only in the best preparations.

Repeated Q-Band Scoring
The Q-band scoring was repeated on six MZ twin pairs without knowledge of the

original scores; the same slides but different cells were scored to evaluate the precision
of the observer on separate occasions. Two twin pairs had the same score both times,
but in one MZ pair, the 22c region of one homolog was consistently scored as pale, and
the other homolog was first scored as intense fluorescence but subsequently as
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FIG. 1. -Chromosome lqh variants visualized with G-banding. Homologous pairs of chromosome no. 1
are shown. See text for details.

FIG. 2. -Sequential G- to C-banding of lqh variants. Two examples of each variant are given to illustrate
that the two techniques are comparable in extent of material stained in the paracentromeric variable region.
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FIG. 3.- Chromosome 9qh and 16qh variants visualized with G-banding. Homologous pairs are shown.
Homozygotes (5-5) and heterozygotes are illustrated.

medium. In another MZ pair, the scores of both 22c regions were changed from pale to
intense in both siblings. This represented the only case of a two-step change in score.
In the same twins, an intense 4c region had been scored medium on the first scoring.
Other scoring discrepancies involved chromosomes 4, 14, and 15. The scoring of the

FIG. 4. -Sequential G- to C-banding of 9qh variants. Two examples of each variant (5 and 6) are given
to compare the extent of dark-stained material. See text for details.
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22c region showed the greatest variability. Of 216 opportunities for error in scoring
(two subjects in each of six twin sets, nine variable regions, and two homologous
chromosomes), there were two two-step and eight one-step scoring changes.

Frequencies of G- and Q-Banding Variants

The variant frequencies have been estimated using Cotterman's weighting system
for family data on genes without dominance [30]. By his criteria, each MZ twin pair
counted as a single individual, while each member of a DZ pair was assigned a weight
of two-thirds ofone unrelated individual. The parents of the quadruplets were counted as
two unrelated individuals, and the quadruplets themselves were excluded from the
estimate. The total sample size after weighting (i.e., sum of the weights) was 47.67
individuals or a total of 95.33 chromosomes.
The frequency of lqh, 9qh, and 16qh variants scored with G-banding are given in

table 1. The five levels of Q-band fluorescence were pooled to two levels to facilitate
comparison of our data to that in the literature; "light" consisted of negative, pale, and
medium variants, and "bright" included intense and brilliant variants (table 2). The
observed frequency of homozygotes and heterozygotes for each variant was compared
to Hardy-Weinberg expectation, and good agreement was found between observed and
expected phenotype distributions for every marker.

Distinguishing Zygosity in Twins and a Set of Quadruplets
The scores of the male quadruplets and their parents are given in table 3 to

TABLE 1

FREQUENCY ESTIMATES (+ SE) FOR G-BAND VARIANTS

Variable Region 4 5 6 inv

lqh .................... .31 .07 .60 .07 .09 ± .04 ...

9qh .................... .03 .02 .83 .05 .13 ± .05 .01 .01
l6qh .................... .11 .05 .88 .05 .01 ± .01

TABLE 2

FREQUENCY ESTIMATES (± SE) FOR Q-BAND BRIGHTNESS VARIANTS

Variable Region Light Bright

3c ................................. .32 ± .07 .68 .07
4c ................................. .73 ± .06 .27 .06
13c ................................. .12 ± .05 .88 .05
22c ................................. .51 .07 .49 .07
13p ................................. .97 .02 .03 .02
14p ................................. .95 + .03 .05 .03
i5p ................................. .92 .04 .08 .04
21p ................................. .92 .04 .08 .04
22p ................................. .93 .04 .07 .04
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demonstrate how the quadruplets were established as asymmetrically dizygous.
Quadruplets B, C, and D had no discordances among them, whereas quadruplet A was
distinct from B, C, and D on the basis of five karyotypic differences. This agreed with
the genotyping data which indicated that sibs B, C, and D were monozygotic and that
sib A developed from a second zygote.
A comparison of the variant scores among the quadruplets and their parents agreed

with the expected Mendelian segregation pattern. All of the quadruplets had a
brilliantly fluorescent 3c, but this variant was not identical by descent for subject A and
his monozygous sibs. Subject A inherited his mother's intense 3c, so his brilliant 3c
was of paternal origin; the other boys had the paternal medium 3c, so their brilliant 3c
must have been of maternal origin.
Twelve variable regions were scored by G- and Q-banding from the metaphase cells

of 40 like-sexed twin sets. Ten chromosome pairs carried the 12 variable regions
(giving a total of 24 scores for each subject); chromosomes 13 and 22 bear both
centromeric and satellite variable regions.

Variant scores of representative MZ and DZ twin sets are given in table 3. There
were no differences in score between the members of MZ twin set 37. However,
between the members of DZ twin set 20 there were discordances at five polymorphic
regions (lqh, 3c, 4c, 13p, and 22p).
From the total of 552 comparisons made between 23 MZ twins (23 twin pairs, 12

variable regions, and two homologous chromosomes), no discordances between MZ
twins were scored at any variable region. Of 17 DZ twin pairs scored, 12 had
discordant chromosome scores. Chromosomal discordances ranged from three
Q-banding (one nonmarginal, two marginal) discordances between the twins of pair
number 3, to two G-banding plus five Q-banding (only one marginal) discordances
between the members of twin pair 39 (table 4). All 12 of the twin pairs with discordant
karyotypes had at least one nonmarginal Q-banding discordance. Nine of the 12 had
one or two G-banding discordances.

Although five DZ twin pairs were scored as having no karyotypic differences, a
possibility of differences was noted in three cases; these questionable differences were
thought to be technical artifacts. For example, both members of DZ twin set 9 were
scored as heterozygous (medium/pale) on chromosome 21 with Q-banding. However,
the pale homolog appeared more pale in subject 9a than in 9b. Furthermore G-banding
scores of satellite morphology and size suggested that in twin 9a, but not in twin 9b,
one chromosome 21 had satellites smaller than those in its homolog (Van Dyke et al.,
unpublished data). Similarly, another DZ twin pair may have been discordant at region
i5p and another at 9qh.

DISCUSSION

Comparison ofScoring Techniques for Chromosomes 1, 9, and 16
Hauge et al. [31 ] demonstrated the applicability of Q-banding for scoring variants of

chromosomes 1, 9, and 16; however, McKenzie and Lubs [5] missed 50% of these
using Q-banding alone. R-banding, especially the acridine-orange fluorescent
R-banding [32-34], is gaining in popularity. Verma and Lubs [33-34] find the
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technique useful because the light-staining variable bands of chromosomes 1, 9, and 16
are bordered by sharply defined bright bands. Although C-banding remains a viable
alternative for polymorphism scoring, not all chromosomes are identifiable by
C-banding alone, and sequential techniques (Q- or G-banding to C-banding) are too
time-consuming for routine use. Craig-Holmes et al. [29] showed that even without
sequential techniques additional polymorphisms were observable within all groups
except C6-8, 10-12.
The advantage of G-banding is that all chromosomes are unambiguously identifiable,

and chromosome 1, 9, and 16 heteromorphism can be detected. Thus, G-banding can
be used to score paracentromeric polymorphism in large clinical populations with little
additional effort.

Precision ofScoring Q-Band Brightness Polymorphism
Replicate analysis in this study illustrated the difficulty in achieving reproducible

scoring of Q-band brightness variants. Marginal discrepancies in score (one-step
changes in score) were not rare, and a nonmarginal discrepancy was encountered once.
These changes were seen mostly in the 22c and 4c regions which are small and difficult
to visualize. Madan and Bobrow [35] and McKenzie and Lubs [5] have experienced
similar problems with other variable regions, emphasizing the need for high quality
preparations and technical expertise.

Such imprecision can lead to two kinds of error that are analogous to type I and type
II errors in statistical analysis [36]. In a twin study, qualitative scoring could and
probably has led to a failure to identify differences which were in fact present (type II
error) because of a conservative approach to the scoring. If a difference between twins
was not striking, then it might have been scored as "no difference"; conversely, in a
study where one actively seeks differences between subjects or has an a priori
expectation of their existence, differences could be scored where no inherited
differences existed (type I error). For example, differences are sought to identify fetal
cells in amniotic cultures. Using Q-banding, Hauge et al. [31] scored karyotypic
variants on 10 chromosomes in 50 mother-fetus pairs and observed six or more
differences between mother and fetus in 28 pairs (56%), with no pair scoring fewer
than two differences. In contrast, we observed six or more differences between twins in
only two of seventeen DZ twin pairs (12%). In the case of fetal-maternal comparisons,
any suggestion of karyotypic differences might be too readily accepted, since one
rather expects the maternal lymphocyte karyotype to differ from the presumed fetal
karyotype, whereas the converse is true in twin comparisons.

Population Frequencies of Variants

Although we recognize the difficulties in comparing our results with those of other
investigations, the estimated frequencies of variants seen in the present study were
similar to those obtained in other Caucasian populations. Estimates of lqh+ frequen-
cies range from .01 to .08 in the literature (table 5). The frequency of variant 6 here for
lqh (.09 ± .04) is similar to the frequency (.08) of "large" variants (1% times the
length of 21q) reported by Muller et al. [6], suggesting that possible inclusion of our
variant 6 in their "large" classification may explain their comparatively higher
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estimate. The variants scored 4 and 5 here may represent two levels of a continuous
distribution in the quantity of heterochromatin, whereas the variant scored 6 may be a
discontinuous variant arising from a simple duplication of the heterochromatin of
variant 4 (cf.[39]).
The observed frequencies of 9qh- and 9qh+ (scored here as variant 4 and 6,

respectively) agree with many of the estimates given in the literature (table 5). The
frequency of inv(9) seen here agrees with the data of McKenzie and Lubs [5]; the
higher estimate obtained by Muller et al. [6] may be a result of the large number of
non-Caucasians (33%) in their sample. Even a few Orientals could have increased their
proportion of 9qh inversions, since Park and Antley [38, 40] found "position" variants
in a larger proportion of the no. 9 chromosomes in Orientals.
Frequency estimates for 16qh - in the literature cover a wide range (table 5); our

results fall between the extremes and agree with those of McKenzie and Lubs [5]. The
frequency of 16qh + variants is somewhat lower here than many of the estimates given
in the literature. Only Muller et al. [6] have observed the rare inv(16) variant.

For the fluorescence intensity variants of 3c, 4c, 13c, and 22c, the estimates
obtained here agree with the literature (table 6) except for 22c, where we observed a
somewhat higher frequency. The 22c variable region is probably the smallest being
scored; consequently, it is not too surprising that estimates of bright variant frequency
are so divergent. Estimates for the frequency of bright variants at 3c and 13c are quite
similar among most laboratories, but frequency estimates for bright 4c variants range
widely, probably again reflecting the difficulty of scoring fluorescence in the smaller
variable regions.
The frequencies of bright satellites and short arm variants found here are difficult to

compare with those of other studies because different criteria were used to define the
precise region to be scored and whether size and morphology were to be scored
separately from fluorescence intensity. The criteria used in the studies by McKenzie
and Lubs [5] and Muller et al. [6] are the most readily comparable to ours (table 7).
The frequencies given here for McKenzie and Lubs were obtained by pooling their
"intensity variants" and "borderline intensity variants." These pooled frequencies are
very similar to ours, as are Muller and Klinger's estimates for D group chromosomes.
However, Muller and Klinger reported a much higher frequency of bright variants on
both chromosome 21 and 22. In their Caucasian sample, two to three times as many
bright 21p variants and over three times as many bright 22p variants were found.
McKenzie and Lubs [5] found 2.9 bright Q-band variants per person, whereas we
found 3.4. Much of this difference can be accounted for by differences between the 22c
region variant frequencies.

The frequency of heterozygotes and homozygotes was not significantly different
from Hardy-Weinberg expectations at any variable region, nor did males and females
differ in their frequency of variants or distribution of heterozygotes and homozygotes,
a finding which contrasts with reports from Mikelsaar et al. [4, 9] and Muller et al. [6].
Decreased heterozygosity of 3c variants in males [9] might have been related to the use
of the Y chromosome as a landmark for comparison of brightness levels; because the
comparison is unavailable in female metaphases, subtle differences in scoring criteria
between the sexes could exist. This may be an important criticism of the Paris
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Conference [1] which recommends the use of the brilliant Yq band as a standard of
brightness for the identification of other brilliant bands.

Distinguishing Zygosity with Chromosome Polymorphism
Twin zygosity determination by scoring polymorphism on chromosomes 1, 9, and

16 with G-banding and on 3, 4, and the acrocentric chromosomes with Q-banding met
with good success. In complete agreement with the genotyping data, chromosome
variant scores of a set of quadruplets showed them to be asymmetrically dizygotic. The
scoring results of the quadruplets and their parents were consistent with simple
Mendelian segregation of the Q-banding and G-banding variants. A few cases of
asymmetrically dizygotic quadruplets have been reported [43-45], but this appears to
be the first documentation of like-sexed asymmetrical dizygotic quadruplets.
Of seventeen pairs of DZ twins, 12 pairs had karyotypic discordances, and five pairs

were scored as having identical karyotypes. Each of the pairs scored with different
karyotypes had at least three karyotypic discordances (table 4). This suggests that some
of the five identical scores may have had less striking differences that were overlooked
due to conservatism in scoring.

Within each of the 23 MZ twin pairs there was complete concordance, indicating
that chromosome variants are stable and highly heritable. This contrasts with the
findings of Craig-Holmes et al. [20] and Sekhon and Sly [22] that alterations in
morphology of C-band positive regions occur with some regularity. Thus, it will be of
considerable interest to examine further the dynamics of change in variable regions.
Variation among somatic cells resulting from age, sexual maturation, or senescence,
for example, might not lead to differences between MZ twins.

The Uniqueness of One's Karyotype
To evaluate the uniqueness of the karyotypes encountered, the variant scores of each

genetically distinct individual (MZ twin pairs being genetically indistinguishable) were
compared to those of every other individual in the study. Among the 61 genetic
individuals (23 MZ pairs, 17 DZ pairs, two distinct karyotypes among the quadruplets,
and two parents of the quadruplets), there were 56 different karyotypes. The five pairs
of individuals with similar karyotypes were the five DZ twin pairs who were scored as
having no karyotypic differences. These five DZ twin pairs were the only exceptions to
the generalization that every distinct genotype in the study exhibited a different
karyotype.

Although five DZ twin pairs were scored as indistinguishable, three of them, as
noted previously, may not have had identical karyotypes. A goodness-of-fit chi-square
test showed that it would not be surprising to find two of seventeen DZ pairs with truly
indistinguishable karyotypes (X2 = 2.669; P > .05).
The probability that two people taken at random have identical karyotypes was

calculated from the variant frequency estimates to be approximately .001. This
probability was increased to .04 in the case of sib pairs (or DZ twins).

SUMMARY

To demonstrate the heritability, stability, and frequency of chromosome polymorph-
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ism and to assess the value of chromosome studies in the determination of twin
zygosity, Q- and G-band chromosome studies were performed on blood samples from
MZ and like-sexed DZ twin pairs, and one set of male quadruplets. All of the
karyotypic examinations were performed without knowledge of true zygosity.
The quadruplets were shown to be asymmetrically dizygotic. The scoring results of

the quadruplets and their parents were consistent with simple Mendelian segregation of
the variants. There were 46 sib-sib comparisons available: 23 MZ twin pairs, 17 DZ
twin pairs, and among the quadruplets, three MZ and three DZ comparisons. No
differences were found between any of the 26 MZ pairs at any of 12 variable regions.
Between the pairs shown to be dizygous on genotyping, 15 of 20 had three or more
karyotypic discordances. Thus about 90% of the twin and quadruplet pairs were
assigned their correct zygosity solely by comparisons of chromosome variant scores,
with complete concordance of the MZ pairs' scores.
The karyotype of a genetically distinct individual is virtually unique to himself. Two

people taken at random have about one chance in 1,000 of sharing identical karyotypes
using scoring criteria of this study. Furthermore, only one pair of sibs in 25 would be
expected to have identical karyotypes.
Chromosome variants scored here included lqh, 9qh, and 16qh scored with

G-banding; and variable regions of 3, 4, 13, and 22 and the acrocentric satellites scored
with Q-banding. Variants seen at these regions are heritable and stable, since
differences were found between DZ twins only, with complete concordance between
MZ twins.
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