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Summary. The distribution of the points of breakage and reunion of a series
of 58 Robertsonian translocations, 53 reciprocal translocations, and 10 inversions is
described. An excess of 13/14 and 14/21 rearrangements was found among the
Robertsonian translocations, this excess being independent of the method of ascer-

tainment of the proband. The distribution of break points between chromosome
arms in the reciprocal translocations, with the possible exception ofthe long arms of
chromosome 11, was no different from that expected on the basis of their relative
lengths. However, within arms there appeared to be an excess of breaks in the
terminal regions, an excess of terminal/centromeric translocations where ascertain-
ment was through a balanced carrier and a possible excess ofterminal/median trans-
locations where ascertainment was through an unbalanced carrier. Nine inversions
were analysed and three ofthese involved identical break points on chromosome 8.

Possible reasons for the apparent non-randomness of points of breakage and ex-

change are discussed and it is concluded that the techniques ofpreparation, methods
of observations, and methods of ascertainment all affect the distribution of observed
points of breakage and exchange and must therefore be taken into cognizance in any
study of chromosome rearrangements in man.

The recently developed techniques for banding
chromosomes have enabled every chromosome in
man to be unequivocably identified and, further-
more, because the banding pattern of any particular
segment of a chromosome arm retains its charac-
teristic morphology when transferred to another
part of the complement, structural rearrangements
within and between chromosomes can be identified
with considerable accuracy. Not only can the
chromosome arm involved in the rearrangement be
determined but, in many cases, the position of the
breakpoints can be localized to a single band.
These developments have resulted in two ad-

vances in the study of structural abnormalities of the
chromosomes. Firstly, they have enabled structural
abnormalities previously recognized by simple
staining techniques to be accurately classified.
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Second, they have enabled structural rearrange-
ments to be ascertained which were undetectable
when size and arm ratio were the only criteria by
which to recognize altered chromosomes. Such
aberrations include paracentric inversions, peri-
centric inversions where the break points are equi-
distant from the centromere, and reciprocal
translocations where the exchanged segments are of
approximately equal size. It has been suggested
that as many as 75%b of all structural abnormalities
in man may fall into those categories unrecognizable
on the basis of length and centromere index alone
(Jacobs, Frackiewicz, and Law, 1972). The chro-
mosomes of a large number of randomly selected
individuals will have to be examined with the band-
ing techniques to determine, with any degree of
confidence, the frequencies and significance of pre-
viously undetectable structural abnormalities of the
chromosomes. However, banding techniques can
be utilized immediately to classify with accuracy
many of the structural rearrangements of the chro-
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mosomes previously recognized with simple staining
techniques.

In the MRC Clinical and Population Cytogenetics
Unit in Edinburgh we have, over the past 14 years,
recognized a large number of structural rearrange-
ments of human chromosomes utilizing cells from
cultures of peripheral blood leucocytes stained with
orcein. With the advent of banding techniques we
have, wherever possible, re-examined these re-

arrangements using the fluorescent and/or Giemsa-
banding techniques. In this report we present the
results of our re-examination of those exchanges giv-
ing rise to Robertsonian translocations, reciprocal
translocations, or inversions.

Materials and Methods
Between 1958 and 1972 the chromosomes of peripheral

blood cultures of over 31,000 individuals have been ex-
amined in our laboratory. In all cases the chromosomes
were stained with lactic-acetic-orcein and all counting
and analysis of chromosomes was done by direct micro-
scopical examination. During that time we recognized
122 independently ascertained structural abnormalities
of the autosomes which were shown to be the result of a

Robertsonian translocation, a reciprocal translocation,
or a pericentric inversion. The chromosome constitu-
tion, the method of ascertainment of the 122 probands,
and the chromosome constitution of their parents are

given in the Appendix in Tables A-F. Investigation of
the families of the affected individuals showed on two
occasions that two independently ascertained probands
were related. A further patient was found to have two
translocations, and therefore the total number of re-

arrangements analysed in the present communication is
121. These consist of 58 Robertsonian translocations,
53 reciprocal translocations, and 10 pericentric inver-
sions.

In order to determine the chromosomes involved in the
rearrangements and the position of the break points the
cells were stained with quinacrine dihydrochloride and
viewed on a fluorescent microscope (O'Riordan et al,

1971) and/or stained with Giemsa after treatment with
SSC (ASG technique-Sumner, Evans, and Buckland,
1971). Where appropriate, these techniques were aug-
mented by the centromeric heterochromatin technique
(Sumner et al, 1971). In view of the difficulties of ob-
taining satisfactory ASG-banded preparations from old
slides or from preparations previously stained with acetic-
orcein, fresh blood samples were obtained from the great
majority of individuals with a rearrangement. In the
event we have been able to identify all but 16 of the
original 121 rearrangements. The non-identified re-
arrangements consisted of eight Robertsonian transloca-
tions, seven reciprocal translocations, and one inversion.
In the majority of cases where we failed to obtain a repeat
blood sample it was because the patient had died and no
relatives having the rearrangement were available.
Therefore, the unidentified rearrangements almost cer-

tainly represent a non-random sample of our total
population.

Results
It must be emphasized that all the rearrangements

were originally recognized by direct microscopical
examination of orcein-stained preparations. In the
great majority of instances the nature of the re-

arrangement was correctly interpreted on the origi-
nal preparation. However, on seven occasions
re-examination of the rearrangement with the band-
ing techniques showed our original interpretation to
be wrong (Table I). Four people were originally
thought to have a deletion which was subsequently
shown to be a reciprocal translocation; two people
were originally thought to have a pericentric inver-
sion which was subsequently shown to be a recipro-
cal translocation, while all that could be said of the
orcein preparation of the remaining patient was
that she was missing a chromosome 1, a chromo-
some 3, and a C-group chromosome and that these
were replaced by three abnormal chromosomes.
Her chromosome constitution was subsequently

TABLE I
KARYOTYPES OF SEVEN INDIVIDUALS WRONGLY INTERPRETED ON ORCEIN

PREPARATIONS

Registry No.* Karyotype on Orcein Preparations Karyotype on Banded Preparations

K171/214/68 46,XX,Ep - 46,XX,t(8;18)'p23;pI 1)

K199/202/70 46,XX,Cp - 46,XX,t(8;15)ppll;q24,25, or 26)

K90/233/70 46,XY,Dq - 46,XX,t(1;14)(q42;q23)

K134/14/71 46,XY,F ? - 46,XY,t(3;20)(q29;pl 1)

K189/267/71 46,XX,inv(Bp + q -) 46,XX,t(4;9)(q28 ;p2)

210/190/71__ 46,XX,inv(2p - q +) 46,XX,t(2;10)(qll ;q22)

K180/48/68 46,XX,- 1,-3,-C, + B, + mar 1, + mar 2 46,XX,t(1;3) 3;9) p32;p25,26 or 27q21;q22)

* All patients are referred to by their number in the MRC Registry of Abnormal Karyotypes.
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interpreted on both fluorescent and ASG prepara-
tions as being the result of two separate reciprocal
translocations involving three chromosomes.

Robertsonian Translocations. A total of 40
Robertsonian translocations, consisting of 29 D/D
and 11 D/G translocations, was ascertained through
a proband with a balanced karyotype (Appendix,
Tables A and B), while 18 Robertsonian transloca-
tions, consisting oftwo D/D, 12 D/G, and four G/G
translocations, were ascertained through a proband
with an unbalanced karyotype (Appendix, Table C).
The results of the analyses of all 58 translocations
are given in Table II.

TABLE II
DISTRIBUTION OF ROBERTSONIAN TRANSLOCATIONS

Number Ascertained Number Ascertained
Type through Balanced through Unbalanced

Proband Proband

13/14 23 _
14/15 1 -
13/15 - -
Unanalysed D/D 5 2
13/21 _ 1
13/22 2 -

14/21 5 10
14/22 1 -

15/21 - 1
15/22 2 -

Unanalysed D/G 1 -

21/21 - 3
21/22 - 1
Unanalysed G/G - -

Total 40 18

All but one of the identified D/D exchanges were

of the 13/14 type while half of the identified D/G
exchanges, ascertained through a balanced proband,
were of the 14/21 type. Two D/D translocations
were ascertained through a proband with 46 chro-
mosomes and the clinical features of trisomy 13 but,
because of the death of both probands, identification
of the translocation was not possible. Twelve D/G

and four G/G translocations were ascertained
through a proband with 46 chromosomes and the
clinical features of Down's syndrome and, as ex-

pected, a chromosome 21 was involved in all these
rearrangements. Ten of the 12 D/G translocations
were of the 14/21 type while three of the four G/G
translocations were between two chromosomes 21.

In man there are 10 possible types of Robert-
sonian translocation involving heterologous chro-
mosomes; three D/D translocations, six D/G trans-
locations, and one G/G translocation. If breakage
and reunion to form Robertsonian translocations
occurred at random, each translocation should arise
with equal frequency. We have compared the
observed and expected distribution of translocations
between the three classes D/D, D/G and G/G
(Table III) and there is clearly a large excess in the
D/D class, and a deficiency in the other two classes.
When the distribution of translocations within the

D/D and D/G classes is examined (Table III) it is
clear that there is a large excess of the 13/14 type in
the D/D class and an excess of the 14/21 type in the
D/G class, this latter excess appearing to be at the
expense of the other two types involving a chromo-
some 21. Among the 12 D/G Robertsonian trans-
locations ascertained through a proband with
Down's syndrome, there is also an excess of the
14/21 class (X2 = 13-50, p < 0 01).
When all these data are considered it appears that

while 13/14 and 14/21 translocations are found
fairly frequently in the population, all other types of
Robertsonian translocation are rather rare.

Reciprocal Translocations. A total of 48
reciprocal translocations was ascertained through a

proband with a balanced complement (Appendix,
Table D), and it has been possible to analyse 42 of
these. The position of the 84 breakpoints is shown
in Fig. 1 and the distribution of the break points by
chromosome arm is shown in Table IV, together
with the distribution expected if the break points had

TABLE III
COMPARISON OF OBSERVED AND EXPECTED FREQUENCIES
OF HETEROLOGOUS ROBERTSONIAN TRANSLOCATIONS

ASCERTAINED THROUGH BALANCED CARRIERS

Class Obs Exp x2 Type Obs Exp X2

D/D 28 12 X2-3*8 13/14 23 8 X2422
D/G 11 24 2 = 33-18 14/15 1 8 2 = 42-25

G/G 0 4 p < 0-001 13/15 0 8 p < 0-001

13/21 0 1-67
13/22 2 1 67
14/21 5 1-67 x2= 12-40
14/22 1 1-67 p < 005
15/21 0 1-67
15/22 2 1 67
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FIG. 1. Position of the 94 break points involved in the 47 reciprocal translocations analysed. Each translocation is identified by the
kindred number in the MRC Registry of Abnormal Karyotypes.
The arrows indicate the band and the bars indicate the areas in which the breaks have occurred.
(Diagrammatic representation of banded chromosomes as in Paris Conference [1971].)

p

53

p

q

I :
i

2 ',
7
a

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jm

g.bm
j.com

/
J M

ed G
enet: first published as 10.1136/jm

g.11.1.50 on 1 M
arch 1974. D

ow
nloaded from

 

http://jmg.bmj.com/


Jacobs, Buckton, Cunningham, and Newton

TABLE IV
DISTRIBUTION OF BREAKPOINTS OF RECIPROCAL
TRANSLOCATIONS BY CHROMOSOME ARM

Chromosome Obs Exp* Chromosome Obs Exp |Chromosome| Obs Exp

1 P 4 3-2 6 P 3 18 13 P 0 05
q 7 35 q 1 2i9 q 5 25

2 P 1 265 7 P 0 17- 14 P 1 0°6
q 3 3 9 q 2 26- q 322 3

2 2-6 8p 2 131 1p 0 0-6

3 ~ ~ ~ ~ 1P 2 518P 1 08

q 3 29 q 0 26 q 32l 2

4 14 9P 1 1-3 1 2P 2 11
q 3 3-6 q 1 2-5 q 2 1-6

1 1-4 lop 0 1-2 17 P 0 0.9
q 1 3-4 q 2 2-4 q 4 1-7

ip 2 1-5 18 p 1 08
q 72B2 q 31m6

12 P 0 1-1 19 p 1 1.0
q 2 2-6 q 2 1.1

1 1-6 20 P 1 1.0
q 1 1-5 q 0 1.1

1 105
q 0 101

*Based on length measurements, series 'D' in Paris Conference (1971).

occurred at random. In two instances, where the
translocation was a whole arm exchange, it was not

certain on which side of the centromere the break
had occurred. In both the break points which were

considered to be the most likely have been recorded
in Table IV. As can be seen from Table IV,
the distribution of break points among the chromo-
some arms is little different from that which would
be expected on the basis of their lengths. How-
ever, the data available on any one arm are too small
to make any meaningful statistical comparison. The
long arm of chromosome 11 is the one in which the
observed frequency differs most widely from the
expected, seven breaks being observed while only
2-2 were expected. However, as can be seen from
Fig. 1, the seven break points in 1 lq are distributed
over four bands. There are three breaks located in
band 1 1q13, and this is the only band in the comple-
ment where more than two breaks have been un-

equivocably located in our material. However,
this is a fairly large band and on these limited data
this finding cannot be considered as very convincing
evidence of clustering.
The distribution of the observed breaks with re-

spect to the centromere was then examined. For
this purpose the chromosome arm was divided into
three regions. The centromeric region (consisting
of the band immediately proximal to the centro-

mere), the terminal region (consisting of the most

distal recognizable band), and the remaining
median region. With the ASG and fluorescence
techniques we can recognize 297 bands in an X
haploid complement, which is somewhat fewer than
the total number of bands enumerated in the report

of the Paris Conference (1971) which takes into
account R-banding. Forty-six of the bands we can

recognize are centromeric, 46 are terminal, leaving
205 bands in the median region. If we assume that
there is no important difference in the mean size of
centromeric, terminal, and median bands, we would
expect, if breaks occur at random, that the number
of breaks in each category would be directly pro-

portional to the number of bands in each category.
We classified the 84 break points involved in our

42 translocations as being either terminal, median, or

centromeric. Certain small chromosome arms con-

sist of only one band (eg, 18p). If a break occurred
in such a situation it was scored as 0 5 terminal and
0 5 centromeric breaks. Furthermore, when a break
had been localized to an area of chromosome arm

rather than a single band, and when this area

spanned two differently classified parts of an arm,

the break was scored as 05 in each category involved
(eg, K35 on 18q). The distribution of break points
within chromosome arms is shown in Table V and is
significantly different from that expected on the
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TABLE V
DISTRIBUTION OF BREAK POINTS WITHIN

CHROMOSOME ARMS

Distribution
Type of Total No. of of Contribution

Break Point Bands Break Points to x2

l______ _ _ _ _ _- Obs Exp

Terminal 46 21-5 13-0 5-56

Median 205 46 0 58-0 2-48

Centromeric 46 16-5 13-0 0 94

x2= 8-98; p= < 0-02.

basis of length alone, due largely to an excess of
break points in the terminal regions.
The three possible interarm positions of break

points, as defined above, lead to six possible types of
translocation, depending on the position of the two
break points involved. In Table VI we have com-
pared the observed distribution of translocations
among the six classes with (1) the distribution ex-
pected ifthe 84 break points were distributed accord-
ing to the respective lengths ofchromosome material,
and (2) the distribution expected given the observed
position of the 84 break points. As can be seen the
observed distribution is significantly different from
both expected distributions. In the main this is
due to an excess of translocations with one terminal
and one centromeric break point and a deficit of
translocations with one median and one centromeric
break point.

It therefore appears that there is an excess of
break points in the terminal regions and an excess
of translocations involving a terminal and centro-

meric break point. There are at least two possible
explanations for these observations. Firstly, it may
be that there is a non-random distribution of breaks
involved in reciprocal translocations, the terminal
and centromeric regions being more liable to break-
age and exchange than the median regions. Second,
it may be that the reciprocal translocations ana-
lysed in this communication form a biased sample of
all reciprocal translocations. This latter possibility
must almost certainly be true as all were recognized
from orcein-stained preparations and involve
changes in chromosome length or arm ratio. Only
a proportion of all reciprocal translocations will be
recognizable on non-banded preparations, the
recognizable translocations being biased towards
those where the difference in length between the two
exchanged parts is maximal. The difference will
tend to be maximized as the two breaks tend to
opposite ends of the chromosome arms, that is, the
centromeric and terminal regions. It may be,
therefore, that much of the apparent non-random-
ness of the distribution of the chromosome breaks
with respect to the centromere is due to an observa-
tional bias rather than true non-randomness of
points of breakage and reunion.
We have identified only five reciprocal transloca-

tions ascertained through an unbalanced proband,
all have been analysed and the 10 break points are
shown in Fig. 1. These data are too few to permit
any valid analysis; however it is of interest that three
of the five translocations involve a chromosome 9
and in two of them the translocation is between a
chromosome 9 and a chromosome 22. Where a
translocation is ascertained through an unbalanced
carrier, there is, in addition to the observational

TABLE VI
DISTRIBUTION OF RECIPROCAL TRANSLOCATIONS BY POSITION OF BREAK POINTS

Type of Translocation
Number of 2Translocations T/T T/C T/M M/M M/C C/C X5

Obs Exp'- Obs Exp Obs Exp Obs Exp Obs Exp Obs Exp
42 1 1101 95 2-02 10 8-98 17 20-01 2 8-98 25 101 -

Contribution to x2 0 00 27-01 1-16 0 45 5-43 2 18 36|23
p<0001

Number of 2
Translocations Obs Expt Obs Exp Obs Exp Obs Exp Obs Exp Obs Exp X6

42 - 1 2-75 95 4-23 10 11-77 17 12-60 2 903 2-5 1-62

Contribution to x2 1 11 6-57 027 1 54 5-47 0C48 15-44
p< 0-01

* Theoretical expectation if 84 breaks were distributed among the three classes in proportion to the length of chromosome material in each
class.
t Expectation based on the observed distribution of 84 breakpoints among the three classes.
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biases mentioned above, a bias introduced because
of selection for viability of the aneuploid segregant.
Viability in general is likely to be maximal when the
duplication deficiency involves a minimal amount of
genetic material. Therefore, viability of un-
balanced carriers will be maximized the nearer the
break points are to the chromosome tips. How-
ever, if both break points are in the terminal regions
of the arms the translocation will be difficult to see,
especially on non-banded preparations. There-
fore, it seems probable that the additional bias
introduced when ascertainment is through an un-
balanced proband will be towards translocations
where one break point is in the terminal region, the
other being in the median region. This will pro-
duce a translocation which has a high probability
of being visible and at the same time one that has a
class of aneuploid segregant with a high probability
of being viable because it has only a very small de-
ficiency-minimal deficiency presumably being
more important for viability than minimal duplica-
tion. In this respect it is of interest that four of
our five translocations ascertained through an un-
balanced carrier are indeed of the terminal/median
type, the remaining one being centromeric/median.
This is in marked contrast to the figures given in
Table VI for the 42 translocations ascertained
through a balanced carrier.

Francke (1972) reported, in a series of transloca-
tions ascertained through unbalanced carriers an
apparent excess of break points in the terminal
regions of the chromosomes. As one explanation
for her observations she suggested that the trans-
locations might not be reciprocal but might be the
result of a single break with joining of the fragment
to the telomere of the recipient chromosome. It
seems to us that a more realistic explanation for her
observation may well be offered by observational
and ascertainment biases towards terminal break-
points.
The distribution of chromosome break points

among individuals carrying a structural rearrange-
ment is affected by the position of the initial points
of breakage arid exchange and by the way selection
has acted on the cell or organism carrying the re-
arrangement. It is impossible, in dealing at the
level of the living organism, to avoid the effects of
selection, but these effects are minimal among indi-
viduals who are mutants for an apparently balanced
rearrangement. It is therefore of some interest to
compare the distribution of break points among the
nine analysed translocations known to be the result
of fresh mutations with the 21 analysed transloca-
tions known to be inherited. On these limited data
there are no obvious differences between the two

groups in the distribution of break points either be-
tween chromosome arms or within them.

Inversions. A total of nine inversions was
ascertained through an apparently balanced pro-
band while one was ascertained through an un-
balanced proband who had inherited an inverted
chromosome 18 and had in addition, as the result of
non-disjunction, an abnormal chromosome which
was interpreted as a recombinant chromosome re-
sulting from crossing over in the inversion loop.
(Appendix, Table F.) It was possible to analyse
nine of the inversions and one was found in each of
chromosomes Nos. 1, 2, 3, 5, 18, and 19. However,
all three of the inversions of a C-group chromosome
which were analysed were found to involve chro-
mosome 8, and furthermore, in all three the break
points appeared to be identical. There are a
number of possible explanations for this finding.
Firstly, it may be that all three are derived from a
common ancestor. We have studied the relatives of
all three probands; in two families we have traced
the inversion back for two generations and in one for
three generations without finding any common
ancestor. However, this by no means excludes the
possibility of a common origin for these three
inversions. Second, bands 8p32 and 8ql 1 may
be particularly prone to breakage and reunion.
Thirdly, it may be that the possession of this in-
version confers some selective advantage on its
carriers, although this is not obvious from an analy-
sis of the affected families (Jacobs et al, 1967).

Discussion
Robertsonian Translocations. The non-

randomness of chromosomes involved in Robert-
sonian translocations described here confirms the
findings of a number of previous reports in which
the D-group chromosomes were identified by auto-
radiography (for review see Cohen, 1971). The
excess of 13/14 translocations among D/D trans-
locations has been found previously both among
patients ascertained independently of their pheno-
type and among patients ascertained by reason of a
child with a clinical feature of trisomy 13. The
excess of 14/21 translocations among D/G re-
arrangements ascertained through patients with
Down's syndrome has been reported by many
groups, but our data shows that an excess of 14/21
translocations is also found among D/G transloca-
tions ascertained independently of the phenotype
of their carriers.
A number of hypotheses can be advanced to

account for the non-randomness of chromosomes
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involved in Robertsonian translocations. However
they all fall into one of two general categories which
themselves are not mutually exclusive. Firstly,
there are those hypotheses which suggest that the
different types of Robertsonian translocation arise
with very different frequencies (eg, De Grouchy,
Crippa, and German, 1970; Hecht and Kimberling,
1971). Second, there are those hypotheses which
suggest that the observed differences in frequencies
are the result of selection (eg, Rowley and Perga-
ment, 1969; Hamerton, 1970). As more data be-
come available it should be possible to test both
hypotheses directly by calculating the mutation rate
for every type of Robertsonian translocation.

In this respect it is of some interest to examine the
distribution of the karyotypes of Robertsonian
translocation among the probands who are known
to be mutants. In our material, among the 20 pro-
bands ascertained through a balanced carrier where
the chromosomes have been identified, and where
the karyotypes of both parents have been examined,
only three are mutants. However, two of these
belong to rare classes; one is the only 14/15 trans-
location in the D/D group and is at the same time
the only mutant, while the other has a 15/22
constitution. In contrast, in the data reported by
Cohen (1971) there are three mutant heterologous
D/D translocations where the ascertainment is
through a balanced proband, and all three belong
to the 13/14 class. These data are clearly too
limited to allow us to draw any conclusions.

Reciprocal Translocations. With the pos-
sible exception of the long arm of chromosome 11,
the distribution of break points by chromosome arm
appears to be in agreement with the number ex-
pected on the basis of length. The excess of break
points and the excess of translocations involving
one break point in the terminal and one in the
centromeric region may reflect a real excess of
points of exchange in these regions or it may be the
result of observational bias.

In this respect it is of interest to compare the
distribution of break points in reciprocal transloca-
tions ascertained through a balanced carrier with
that found in aberrations caused by ionizing irradi-
ations. Caspersson and his colleagues (1972) in a
preliminary report of the break points produced in
vitro by irradiation of human peripheral blood
claimed evidence for 'different sensitivity of dif-
ferent parts of one and the same chromosome'.
Judging from their figure it appears that in many
chromosomes the terminal and centromeric regions
show more breaks than the remainder of the chro-
mosome. Seabright (1973) has also published

evidence on the distribution of breakpoints in cul-
tures of human peripheral blood irradiated in vitro.
She suggests that the number of autosomal breaks
is proportional to the length of interband material on
trypsin treated preparations but that there is an
absolute deficit of breaks in both the X and Y chro-
mosomes. Furthermore, she finds a marked
paucity of breaks in the distal (or terminal) region of
the arms, this deficit applying both to simple breaks
and to exchange events. San Roman and Bobrow
(1973) studied the distribution of breaks induced
both in vivo and in vitro by ionizing radiations. As
the results did not differ in the two types of observa-
tions they were pooled for analysis. The number
of breaks was found to be proportional to chromo-
some length with the exception of chromosome 3,
in which there was an excess of breaks, and chromo-
some 16 in which there was a deficit. When the
position of breaks within the chromosome arms was
analysed there was an excess in the telomeric (or
terminal) regions.
An attempt to draw general conclusions on breaks

induced by ionizing irradiations from these three
papers is difficult, but it does seem that the number
of autosomal breaks may well be proportional to
chromosome length, and two of the three papers
appear to find an excess of breaks in the terminal
regions. In both respects these observations are
similar to our findings for congenital translocations.
As the initial observations on radiation induced re-
arrangements were made on banded preparations
they are free of some, but not all, of the biases
which are inherent in our material. The results
therefore suggest that there may well be a real non-
random distribution of the points of breakage and
exchange in human chromosome aberrations.

Inversions. The data on pericentric inversions
are too few to permit any conclusions to be drawn.
However, if our observations with respect to chro-
mosome 8 are confirmed in other populations it will
suggest that this particular inversion is fairly wide-
spread in the population.

Before it can be said with certainty whether or
not break points associated with structural re-
arrangements of the chromosome in man are dis-
tributed at random, both within and between the
chromosomes, many more data are needed. Ideally,
if the effects of selection are to be minimal these
data should be obtained from an unselected series of
newborns carrying balanced rearrangements recog-
nized on banded preparations and who are known
to be the result of fresh mutations. As yet, we are a
long way from having available adequate data of
this type.
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Appendix
TABLE A

t(DqDq) ROBERTSONIAN TRANSLOCATIONS ASCERTAINED THROUGH BALANCED CARRIER

Method of Parental Chromosomes
Registry No. Chromosome. Ascertainment Examined CommentsConstitution of Proband

Father Mother

K183/209/71 45,XX,t(13ql4q) Newborn survey t(13ql4q) N(ormal) -
K204/151/72 45,XX,t(13ql4q) Newborn survey t(13ql4q) N
K196/47/72 45,XY,t(13ql4q) Newborn survey t(13ql4q) N
K206/158/72 45,XX,t(13ql4q) Survey of 14 year t(13ql4q) N

olds in a general
practice

K32/13/67 45,XY,t(13ql4q) Spouse of Has sibs with same trans-
individual with
chromosome location

abnormality

K16/99/65 45,XY,t(13ql4q) Study of workers t(13ql4q)
exposed to
ionizing
radiations

K37/205/67 45,XY,t(13ql4q) Twin of patient - N 8 normal sibs
with spondylitis

K29/167/66 45,XX,t(13ql4q) Brittle bones and 4 normal sibs
blue sclera

K13/86/64 45,XY,t(13ql4q) Patient with N t(13ql4q)
ankylosing
spondylitis

K93/277/69 45,XX,t(13ql4q) Survey of patients N
with cancer

continued
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TABLE A-Continued

59

*Chromosome Method of Parental Chromosomes
Registry No. Constitution Ascertainment Examined Comments

of Proband Fathe Moher
Father Mother

45,XX,t(13ql4q)

45,XX,t(13ql4q)

45,XY,t(13ql4q)

45,XY,t(13ql4q)

45,XY,t(13ql4q)

45,XY,t(13ql4q)

45,XY,t(13ql4q)

45,XY,t(13ql4q)

46,XY,+21,t(13ql4q)

45,XY,t(13ql4q)

45,XX,t(13ql4q)

45,XX,t(13ql4q)

45,XX,t(13ql4q)
45,XY,t(14ql5q)

45,XY,t(DqDq)
45,XY,t(DqDq)
45,XY,t(DqDq)

45,XY,t(DqDq)

45,XY,tdic(DqDq)

Survey of patients
with cancer

Survey of patients
with cancer

Survey of
prisoners

Survey of patients
in a self-
poisoning unit

Survey of tall men
in psychiatric
hospital

N

t(13ql4q)

Survey of tall men
in psychiatric
hospital

Survey of men in N
maximum
security hospital

Survey of men in
maximum
security hospital

Survey of patients
in a mental
subnormality
hospital

Survey of patients t(13ql4q)
at a sub-fertility
clinic

Survey of patients N
at a sub-fertility
clinic

Survey of patients t(13ql4q)
at a sub-fertility
clinic

Recurrent abortions N
Son of mother with N
chromosome
abnormality

Newborn survey
Newborn survey
Study of workers

exposed to
ionizing
radiations

Survey of patients
with cancer

Newborn survey

t(13ql4q)

N

t(13ql4q)

N

t(13ql4q)

N

t(13ql4q)
46,XX,t(6pl4p;

6ql4q)

Father must have
had translocation as
there are affected
paternal relatives

Sib with same
translocation

Mother must have
had translocation as
there are affected
maternal relatives

Mutant

K52/226/68

K46/105/68

K41/243/67

K139/247/70

K44/7/68

K123/131/68

K49/162/65

K18/121/65

K67/209/66

K75/58/70

K132/270/70

K56/42/69

K7/80/62
K217/228/72

K122/77/68
K125/148/69
K151/70/68

K136/166/69

K113/178/70
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TABLE B
(DqGq) ROBERTSONIAN TRANSLOCATIONS ASCERTAINED THROUGH BALANCED CARRIER

Method of Parental Chromosomes
Registry No. Chromosome Constitution Ascertainment Examined Comments

of Proband
Father Mother

K185/229/71 45,XX,t(13q22q) Newborn survey t(13q22q) N
K190/281/71 45,XY,t(13q22q) Survey of patients N

in a maximum
security hospital

K61/96/69 45,XY,t(14q21q) Newborn survey t(14q21q) N
K159/173/71 45,XX,t(14q21q) Newborn survey N N Mutant
K107/10/71 45,XX,t(14q21q) Survey of patients _

in general
practice

K71/197/68 45,XX,t(14q21q) Survey of patients N t(14q21q)
in a mental
subnormality
hospital

K130/92/68 45,XX,t(14q21q) Survey of patients -
at a sub-fertility
clinic

K141/107/71 45,XY,t(14q22q) Newborn survey t(14q22q) N
K38/204/67 45,XY,t(15q22q) Survey of N t(15q22q)

prisoners
K142/384/67 45,XY,t(15q22q) Survey of patients N N Mutant

in a mental
subnormality
hospital

K94/103/69 45,XX,t(DqGq) Survey of patients
with cancer

TABLE C
(DqDq), (DqGq), AND (GqGq) ROBERTSONIAN TRANSLOCATIONS ASCERTAINED THROUGH

UNBALANCED CARRIER

Method of Parental Chromosomes
Registry No. Chromosome Constitution Ascertainment Examined Comments

of Proband
Father Mother

K117/108/69 46,XY,-D,+t(DqDq) Newborn survey N
K173/97/66 46,XY,-D, + t(DqDq) Congenital N N Mutant

abnormalities
K70/212/68 46,XX,-,13, +t(13q21q) Down's syndrome N t(13q21q)
K157/221/70 46,XY, -14, + t(14q21q) Down's syndrome N N Mutant
K168/279/70 46,XY,-14,+t(14q21q) Down's syndrome N N Mutant
K152/86/61 46,XY, -14, + t(14q21q) Down's syndrome N N Mutant
K2/85/61 46,XX,-14,+t(14q21q) Down's syndrome t(14q21q) N
K165/175/69 46,XX,- 14,+t(14q21q) Down's syndrome N N Mutant
K169/213/68 46,XX,-14,+t(14q21q) Down's syndrome N N Mutant
K33/52/67 46,XY,- 14,+t(14q21q) Down's syndrome t(14q21q)
K6/73/62 46,XY,-14,+ t(14q21q) Down's syndrome N t(14q21q)

in 2 sibs
K1/84/61 46,XY,- 14,+t(14q21q) Down's syndrome N t(14q21q)

in 3 sibs

continued
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TABLE C-Continued

Method of Parental Chromosomes
Registry No. Chromosome Constitution Ascertainment Examined Comments
i ~~~~~~ofProbandof Proband

Father Mother

K11/-/63 [46,XX,-14,+t(14q21q)] Down's syndrome N t(14q21q)
presumed; not examined

K22/1/66 46,XX, - 15, + t(15q21q) Down's syndrome N t(15q21q)
K147/191/69 46,XX,-21,+t(21q21q) Down's syndrome - N Must be

mutant as
has one
normal
sib

K143/94/66 46,XY, -21, + t(21q21q) Down's syndrome N N Mutant
K133/79/62 46,XX, -21, + t(21q21q) Down's syndrome N N Mutant
K223/255/72 46,XY, -22, + t(21q22q) Down's syndrome N t(21q22q)

TABLE D
RECIPROCAL TRANSLOCATIONS ASCERTAINED THROUGH BALANCED CARRIER

Method of Parental Chromosomes
Registry No. Chromosome Constitution Ascertainment Examined Comments

of Proband
Father Mother

Kl 11/47/69 46,X,t(X;2)(q2;q2) Survey of patients - N 4 normal
at a sub-fertility sibs
clinic

K24/60/66 46,X,t(X;14)(p 1 ;q32) Survey of patients Sibs with
with cancer same

transloca-
tion

K180/48/68 46,XX,t(1;3)(3;9)(p32;p25 or Survey of patients N N Mutant
26 or 27q21 ;q22) in a mental

subnormality
hospital

K3/135/61 46,XX,t(l;1 1)(q21;q13) Survey of patients -
with cancer

K26/82/66 46,XY,t(l;11)(q43;q21) Survey of t(1;11) N
prisoners

K137/18/67 46,XY,t(1;13)(p13;q22) Survey of patients N
in a mental
subnormality
hospital

K90/233/70 46,XY,t(1 ;14)(q42;q23) Newbom survey N t(1 ;14)
K216/231/72 46,XX,t(1;15)(q2;ql5 or 21 or Newborn survey N N Mutant

22)
K42/352/67 46,XY,t(1 ;16)(p32;q22) Survey of N t(1 ;16)

prisoners
K91/135/65 46,XY,t(1;16)(q21;pl3) Survey of patients N _

in a maximum
security hospital

K118/119/68 46,XY,t(1;16)(p32;q24) Survey of patients -
in psychiatric
hospitals

K51/158/68 46,XY,t(1;17)(ql2;q21) Survey of patients t(1;17)
in a mental
subnormality
hospital

continued
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TABLE D-Continued

Method of Parental Chromosomes
Registry No. Chromosome Constitution Ascertainment Examined IComments

of Proband Father Mother

46,XX,t(1 ;18)(q32;q21)

46,XX,t(2p7q;2q7p)jt

46,XX,t(2;10)(ql 1 ;q22)
46,XY,t(2;15)(q23;q21)

46,XX,t(3;13)(ql2 or 13;q31)
46,XY,t(3;19)(pl 1 ;p13)

46,XY,t(3;20)(q29;pl l)

46,XY,t(4;6)(pl6;pl 1)

46,XX,t(4;9)(q28;p2)

46,XY,t(4;10)(ql or 21 ;q22, 23,
24, 25 or 26)

46,XX,t(4;13)(pl4;ql4)

46,XX,t(4;17)(q2;q2)

46,XY,t(4;18)(pl2 or 13 or 14;q2)

46,XY,t(4;18)(p14;ql 1)
46,XY,t(5;11)(pll ;pl5)
46,XY,t(5;16)(q2;p13)

46,XY,t(6;12)(ql ;q24)

46,XX,t(6;13)(pl1 ;ql2)

Survey of patients
at a sub-fertility
clinic

Survey of patients
with cancer

Newborn survey
Survey of patients

in a mental
subnormality
hospital

Newborn survey
Survey of patients

at a sub-fertility
clinic

Survey of workers
exposed to
ionizing
radiation

Survey of patients
in general
practice

Survey of patients
in general
practice

Survey of patients
in a mental
subnormality
hospital

Survey of patients
in general
practice

Spouse of brother
of translocation
carrier

Congenital
abnormalities

Survey of prisoners
Newborn survey
Survey of male

hospital patients

Survey of patients
in a mental
subnormality
hospital

Survey of patients
at a sub-fertility
clinic

t(1 ;18)

N

N
t(3;19)

N

N

t(4;18)

t(4;18)
N

N
N

t(3;13)
N

N

t(4;6)

N

N

N
N

t(6;13)

Mutant

Mutant

Mother
must have
had
transloca-
tion as
there are
affected
maternal
relatives
Mutant

5 normal
sibs

Mutant
Sib with
same
transloca-
tion
Mother
must have
had trans-
location
because
there are
affected
maternal
relatives

continued
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K187/238/71

K128/227/68

K210/190/72
Kl 19/109/71

K83/209/70
K87/200/ 70

K134/14/71

K184/225/71

K189/267/71

K105/176/69

K192/297/71

K17/107/65

K35/116/67

K57/210/68
K149/177/69
K73/283/69

K47/78/68

K55/137/68
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TABLE D-Continued

63

IMethod of Parental Chromosomes
Registry No. Chromosome Constitution Ascertainment Examined Comments

of Proband
Father Mother

46,XX,t(6pl4p;6ql4q)t

46,XX,t(7;1 1)(ql 1 ;q25)

46,XX,t(8;15)(pll;q24 or 25 or
26)

46,XX,t(8;18)(p23;pl 1)

46,XY,t(11 ;12)(q25;ql3)
46,XY,t(11; 13)(q13;q21)
46,XX,t(l 1 ,13)(q13;q21)
46,XX,t(l 11 17)(p15;ql 1)

46,XX,t(l 1;17)(ql3;q21)

46,XY,t(ll ;19)(q14;q13)
46,XX,t(14;21)(p11 ;pl)

46,XY,t(19;22)(ql3;ql3)

46,XX,t(l ;B)( ? - ;q +)

46,XY,t(l;C)( ? + ;q-)

46,XY,t(B;B)(q - ;q +)

46,XY,t(C;C)(q - ;q +)

46,XY,t(C;C)(q + ;p -)
46,XY,t(F;G)(q + ;q-)

Survey of patients
at a sub-fertility
clinic

Survey of patients
in general
practice

Survey of patients
at a sub-fertility
clinic

Survey of patients
in a mental
subnormality
hospital

Newborn survey
Newborn survey
Newborn survey
Survey of patients

in general
practice

Daughter of
45,X/47,XXX
female

Newborn survey
Congenital

abnormalities
Survey of patients

in a mental
subnormality
hospital

Spouse of 46,XY/
47,XXY male

Survey of patients
with cancer

Survey of patients
with cancer

Survey of patients
in a mental
subnormality
hospital

Newborn survey
Survey of

prisoners

t(6;14)

N

N
N
N

N
N

N

N

N

* Sibs.
t Describes a whole arm exchange.

N

t(l1;12)
t(l 1 ;13)
t( 1; 13)

45,X/47,XXX

t(l l;19)
t(14;21)

N

N

t(C;C)

N

iSib with
isame
transloca-
tion

IMutant

Mutant

3 normal
sibs

3 normal
Jsibs

.Mutant

K138/3/71

K78/153/70

K199/202/70

K171/214/68

K186/237/71
K72/22/70*
K72/178/71*
K203/146/72

K205/152/72

K126/60/71
K20/138/65

K175/17/67

K116/73/63

K101/240/70

K127/263/69

K39/181/67

K140/26/69
K131/157/68

-
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TABLE E
RECIPROCAL TRANSLOCATIONS ASCERTAINED THROUGH UNBALANCED CARRIER

Method of Parental Chromosomes
Registry No. Chromosome Constitution Ascertainment Examined Comments

of Proband
Father Mother

K15/12/65 46,XX,der(4),t(4;10)(q35 ;q23) Congenital N t(4;10)
abnormalities

K43/279/67 46,XX,der(19),t(7;19)(q32;ql3) Survey of patients N t(7;19)
in a mental
subnormality
hospital

K200/103/72 46,XX,der(9),t(9;16)(p24;qll) Congenital t(9;16) N
abnormalities

K19/55/66 46,XY,der(22),t(9;22)(q21;ql 1) Congenital N t(9;22)
abnormalities -

K68/178/69 47,XY,+der(9),t(9;22)(ql2;pl) Survey of patients N t(9;22)
in a mental
subnormality
hospital

TABLE F
PERICENTRIC INVERSIONS ASCERTAINED THROUGH BALANCED OR UNBALANCED

CARRIER

C Method of Parental Chromosomes
Registry No. Chromosome Constitution Ascertainment Examined Comments

of Proband
Father Mother

K212/171/72 46,XX,inv(1)(p32q42) Newborn survey N inv (1)
K207/161/72 46,XX,inv(2)(pllql3) Newborn survey inv(2) N
K66/201/69 46,XY,inv(3)(p14q27) Survey of male Affected

hospital patients sib
K96/82/69 46,XY,inv(5)(p13q13) Survey of patients - -

in a mental
subnormality
hospital

K4/155/61 46,XX,inv(8)(p23ql1) Secondary N inv(8) -
amenorrhoea

K12/92/64* 46,XY,inv(8)(p23ql 1) Congenital N inv(8)
abnormalities -

K12/77/66* 46,XY,inv(8)(p23qll) Survey of prisoners inv(8) N -
K14/14/65 46,XX,inv(8)(p23ql1) Congenital N inv(8)

abnormalities
K82/54/70 46,XY,inv(19)(pl3ql2 or 13) Delayed pubertal inv(19) N

onset
K80/162/70 47,XX,inv(18)(plq2l), Newborn survey N inv(18) -

+rec(18)dup p
K120/10/69 46,XY,inv(C)(p - q+) Survey of patients -

with cancer

* Members of the same family.
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