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1. THE PROBLEM

THE body of supporting evidence is now so large that the corres-
pondence of crossing over and chiasma formation is widely accepted.
In the fields of genetics and cytology, respectively, they are of con-
siderable importance yet much remains unknown of the factors which
govern both the formation and the distribution of chiasmata or points
of crossing over. The mechanism of formation can best be approached
from a cytological standpoint and the torsional theory of Darlington
(i 935a, b) commands acceptance, if sometimes tentatively, by many,
in preference to the alternative possibility of synthetic error or
"copying-choice" (Belling, 1931, 1933, Pritchard, 1960). One
reason for this is the obvious inability of the "copying-choice"
mechanism to account for all the observed modes of chromosome
behaviour. Thus, to explain three and four strand double crossing
over, additional sister-strand crossing over must be invoked, which
must involve some breakage and reunion. Furthermore, "copying-
choice" can provide no explanation of the phenomenon of interference
(see below).

The problem of distribution, however, may be approached from
both the genetical and cytological viewpoints. From the early days
of genetical research careful investigations revealed that cross-overs
were not random in distribution there was a measure of cross-over
interference. One cross-over interfered with the chance of another
taking place in its immediate vicinity and this decreased in intensity
with increasing distance from the original cross-over (Muller, 1916).
Furthermore, overall cross-over maps showed regions of high and
low crossing over along the chromosomes : cross-overs were grouped
in certain regions of high density, while there were intermediate regions
of low cross-over frequency (Mather, 1936).

From the cytological standpoint Haldane (ii) pointed out that
chiasma frequency distribution was non-random and that chiasma
interference must exist, for chiasma frequency data do not fit a Poisson
distribution. But the most complete work undertaken on this problem
is that of Mather (1936, 1937, 1938, 1940). Mainly from a con-
sideration of chiasma frequency/chromosome length relationships, he
defined the chiasma properties of bivalents in terms of two parameters,
the differential (' d ') distance and the interference ('i ') distance.

* Present address Department of Genetics, The University, Cambridge.
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These two variables, acting together, were responsible for determining
both the frequency and position of chiasmata for each bivalent,
depending on its length. The first chiasma formed a certain distance
away from a fixed point on the chromosome, such as the centromere.
This was the 'd' distance and was bivalent specific. Subsequent
chiasmata formed at 'i' distance intervals along the chromosomes
if they were sufficiently long. In view of the commonly observed
linearity of chiasma frequency/chromosome length graphs, it was
suggested that the ' i ' distance was constant for all members of the
complement.

During the past twenty years little or no additional information
has been presented from any source to change or substantiate the
schema suggested by Mather. Furthermore, no extensive measure-
ments of chiasma distribution along chromosomes have ever been
made to clarify these relationships. The only previous attempt at
measuring chiasma positions was made in 1931 by Belling, with little
success. The present investigation was undertaken to see how much
light actual measurements of the positions of chiasmata along bivalents
can throw on this problem. They were also desirable in order to
have an accurate picture of the normal, control distribution of
chiasmata in this species, for comparison with the shift in both chiasma
frequency and position which is obtained at high temperatures
(Henderson, 1962, 1963).

The species used in this investigation was the desert locust Schisto-
cerca gregaria. This was chosen because it is one of the few species
known which possesses all those features desirable, indeed indispensable,
if such an analysis is to be attempted (see John and Henderson, 1962).
These attributes are

i. The chromosomes are large in size, comparatively few in
number and of a wide size range. Furthermore, a consistent
classification of all members of the complement is possible.

2. Diplotene in male meiosis offers an unparalleled opportunity
for the study of both chiasma frequency and position.

3. Chiasma movement during diplotene is not marked.
4. Throughout diplotene the positions of the centromeres in these

acrocentric chromosomes are revealed by precocious procentric
condensation.

With these four features it is possible to identify both ends of
each chromosome within the complement and to measure the positions
of chiasmata in consistent linear order along each bivalent from a
fixed point of reference such as the centromere, knowing that they
have not undergone considerable movement along the chromosomes.

2. THE APPROACH
The locusts used for this study were derived from a relatively inbred

culture, started in 1946, and supplied by courtesy of the Anti-Locust
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Research Centre, London. A more detailed history of this culture is
provided byJohn and Naylor (1961). Squash preparations were made
of testicular follicles fixed in I : 3 acetic-alcohol, staining with acetic
orcein.

One hundred cells at early and mid-diplotene were selected from
a total of twelve individuals. All cells were photographed and each.
negative enlarged to a magnification of >< 2500 on to a sheet of white
typing paper. The bivalents were drawn to an accuracy of c. i mm.
(== and the position of the centromeric marker indicated.
The 'd' and 'i' distances of each bivalent were then measured to
the nearest i mm. (=o). The ' d' distance was recorded as the
distance from the centromere to the first chiasma and successive 'i
distances ('i1 ', '2 ' 'i3 ') in linear order away from the centromere.
The distance between the last chiasma and the end of the chromosome
was also recorded as the remainder ('r') distance. Each one of the
several thousand measurements so obtained was converted to micra
and percentages of chromosome length and group and overall means
calculated.

3. THE FINDINGS

The mean measurements obtained in the above manner for each
of the eleven bivalents present within the complement, when different
numbers of chiasmata are present, are provided in table i. It can be
seen that the mean 'd', 'i' and ' r' distances shown in this table
differ considerably from bivalent to bivalent, depending both on
chiasma frequency and chromosome length.

The overall mean 'd', 'i' and 'r' values for each bivalent,
irrespective of chiasma frequency, are given in table 2. It is evident
that the final '1' so obtained is not constant throughout the com-
plement but increases with increase of chromosome length, increasing
from 40O a in the case of the Sii to 758 j for the Li. Indeed, the
most similar distances obtained in this manner are the 'd' and
'r' distances, which is the reverse of that expected from initial
hypothesis.

One point is immediately apparent from the values provided in
table i. When more than one chiasma is present, these tend to be
equidistantly spaced along each bivalent. When only one chiasma
is present this tends to be submedian or distal in position, never
strictly proximal. This is shown more clearly in fig. i, where the
mean measurements in j from table i are plotted in "bivalent-
diagram" form. This equidistant spacing of chiasmata along each
bivalent, irrespective of size, results in there being a very close similarity
between the chiasma distributions in all bivalents for each particular
chiasma frequency type. This point is emphasised by considering
the relative distributions shown as percentages in table i and provided
in "bivalent-diagram" form in fig. 2. Conversion to percentages
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removes the differences in chromosome length, thereby facilitating
direct comparisons of relative positions.

There is also a positive correlation between the absolute chromo-
some length of each bivalent and its chiasma frequency. This can

ZZ 4Xta.
—

3Xta 2Xta. iXa.

L1 .

L2 .
L .

M4

M5 -
M5 . . . . :—
M7 . . . .

M8 . . . . -<
S9 . . • :::::: -<

. . . . g::.:.. ><
11 . g:.....•

Fin. i. —Mean positions of chiasmata in each of the ii bivalents of S. gregaria represented
in "bivalent-diagram" form from the values in a provided in table x. Centromeric
positions marked by black circles. (The dotted figures are based on single observations).

.... Xta. 3Xta. 2Xta. iXa. —
L :::;:.=..-=__.=.._<
L2

L3 ••••<
M4 =—_'-

5

M6

M7

M8

S9 .::. ::::: :::::=:::=r.__
. :. :::::::===.—

St .: :...• .::..'.. :

Fin. 2.—Relative positions of chiasma•ta in each of the is bivalents, represented in " hi-
valent-diagram" form from the percentages provided in table i.

be seen from the last column of table i. Thus, when a particular
bivalent possesses four chiasmata it is usually longer than when it
has three or less, when it has three it is generally longer than when
it has one or two, and bivalents possessing two chiasmata are generally
longer than those possessing one. The significance of this correlation
is not easy to explain. It may be that if a chromosome is longer

M
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C

C

+2Xta.

CI
+2Xta.

C.

— — —

Fios. 3-4.—-Chiasma distributions for the Li and L2 bivalents. In addition to the dis-
tributions for each chiasma frequency type, a composite histogram is provided to
show the overall chiasma distribution (C = centromere, T = telomere).
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FIG. 5-6.—Chiasma distributions for the L3 and M4 bivalents.
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and more despiralised at zygotene and pachytene it can form more
chiasmata, the same interference distance operating over an effectively
longer chromosome. But this, of course, is the complete inverse of
what one expects on a torsional theory of chiasma formation. An
alternative explanation is that a chiasma produces some relaxation
of chromosome coiling (despiralisation) or that it partly inhibits coiling
at diplotene. In this case, greater despiralisation or coiling retardation
would be found in bivalents possessing high chiasma frequencies than
in those in which the number of chiasmata present was low.

Thus far then, the findings complicate rather than clarify the issue
of chiasma distribution and are apparently contrary to previous ideas
in this field. Further information on what is taking place however,
is obtained if the original 'd', 'i' and 'r' measurements, expressed
as percentages, are plotted in histogram form, for each bivalent at
each chiasma frequency found. In addition, a composite histogram
may be prepared showing the overall chiasma distribution for that
bivalent. The histograms so obtained are provided in figs. 3-13.
Percentages must necessarily be used for this purpose in order to
eliminate the effects of chromosomes in different cells being at different
degrees of contraction.

These figures show that chiasma formation takes place along the
entire length of most chromosomes, but clustered distributions are
present around the positions where most chiasmata form. These are
roughly symmetrical for interstitial chiasmata, while the distributions
of the most proximal chiasmata are somewhat more variable. The
most conspicuous distribution on each bivalent, however, is that of
the distal chiasma. In almost every bivalent this shows a markedly
skew distribution of considerable magnitude.

According to the theory of chiasma distribution suggested by
Mather, one would expect the position and distribution of the first-
formed chiasma to be bivalent-specific, while the distributions of
subsequent chiasmata should be similar and comparable 'i' distances
apart in all chromosome classes. Now if a linear chiasma frequency!
chromosome length relationship is to be obtained on rising from the
minimum chiasma frequency level of one per bivalent, both 'd'
and ' i' distances must be constant for all members of the complement.
If either the 'd' or 'i' distance alone or both were variable, a non-
linear relationship would be obtained. If either varied in an un-
correlated manner, the line would zig-zag, while if the variation was
correlated and progressively increased or decreased with chromosome
length, the regression would be curvilinear. It would be concave if
a decrease was involved and convex if an increase was involved
(fig. 14).

Assuming a linear relationship one could therefore construct a
diagram, to scale, incorporating the ' d' and 'i' distances, indicate
below it the lengths of the different members of the complement
and then be able to see from the guiding distributions above, both the
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L

FIGS. 7-8.—Chiasma distributions for the M5 and M6 bivalents.
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Fins. g-io.—Chiasma distributions for the M7 and M8 bivalents.
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>-
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0w

(f}I0

CHROMOSOME LENGTH

Fio. i4.—Theoretical chiasma frequency Jchromosome length relationships for various
combinations of' d' and 'i'. On rising from the minimum chiasma frequency level
of one per bivalent a linear relationship (i) would be obtained if both 'd' and 'i'
remained constant throughout the complement. If there was a progressive increase
or decrease of either distance with increase of chromosonie length the result would
be curvilinear. It would be concave (a) if there was a progressive decrease of either
distance individually or if both decreased together. It would be convet (3) if either,
or both, increased. It would zig-zag if variation in either distance was uncorrelated.

chiasma frequency for that length of chromosome and the approximate
shape of the chiasma distributions it should possess (fig. is). The
first-formed distribution ought to be comparable in all bivalents,
while the relative position and completeness of the last-formed dis-
tribution would depend on the length of the bivalent in question.
Furthermore, bivalents of similar length should clearly possess similar
distributions.

S10

I
C
—9

C — I

14
11

c.—J
Fios. u-i3.—Chiasma distributions for the S9, Si o and Sis bivalents. Only a composite

histogram is provided.
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Comparing each of the composite histograms obtained for Schisto-
cerca gregaria (figs. 3-15) it is seen that there is no clear correspondence
of distributions if the first chiasma is considered to form near the
centromeric end of the chromosome. If, on the other hand, one
assumes that chiasma formation in this species does not start near
the centromere but at the distal end and proceeds along the chromo-
some towards the centromere, the distributions look much more
promising.

If the first chiasma forms at, or near, the distal tip of the chromo-
some, with a 'd' distance near, or equal to, zero, this immediately

CHasmorhismaForrnatjon

Xa.Frequency: 10 20 3•0

Fio. 15.—Diagram to illustrate the theoretical distribution of chiasmata along chromosomes
of different lengths (A, B, C) under the operation of a constant differential ('d')
and interference (' i ') distance. Black circles mark centronleric position.

clarifies the skew distribution of great height exhibited by this chiasma
in each bivalent, for a distally located chiasma is almost invariably
present in all but the S-bivalents (which tend to fall in a class of their
own). Furthermore, when only one chiasma forms, in this species,
it is usually confined to the distal half of the chromosome, not the
proximal. Subsequent chiasmata should fall a mean of ' i' distances
apart and, depending on chromosome length, one should obtain all
or part of a symmetrical chiasma distribution at the centromeric end
(i.e. the reverse of fig. 15).

If, in fact, this is the situation obtaining in this species, it should
be possible to construct a diagram similar to fig. 15 using the operative
'i' distance and a 'd' distance of zero. On placing the chromosome
lengths for all members of the complement below this figure one
ought to be able to read off, according to chromosome length, both
chiasma frequency and the kind of chiasma distribution one should
obtain.
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Care must, however, be exercised in selecting the overall '1'
distance. This will be made evident on consulting fig. 15 once more.
Thus, a small chromosome which usually forms only one chiasma
may rarely form two if it is long enough to reach the tail of the 'i'
distance distribution. However, the mean 'i' distance obtained
from such a bivalent will clearly not be a valid estimate of the operative
'1' distance as such : it will be a gross underestimate. Indeed, the
'1' obtained from any bivalent with a chiasma frequency of less
than two per bivalent will be too small. This explains at least one
of the causes of the considerable variation obtained in the mean
distances shown in tables x and 2 *

TABLE 2

Overall mean 'd', '' and'' measurements in micra, for each of the ii bivalents of
Schistocerca gregaria, irrespective ofc/ziasmafrequencj

Mean length
Chromo ________

some

vx v
-

. v v
Li 316 0052 758 0-027 o-88 0-017 1837 0212
L2 2-61 0032 708 0038 1-26 0017 1499 0109
L3 283 0035 7-23 0053 0-64 0012 12-31 0095
M4 298 0058 6-12 0-042 1-01 0-022 10-36 0-058
M5 2-42 0-034 562 0041 0-85 0-019 8o6 0034
MG 2-01 0035 539 0-025 o8o ooi6 7-07 0027
M7 2-07 oo38 5-13 0-029 0-78 0-013 6-29 0-021
MB 285 0-034 4-71 0024 o96 0012 5-57 ooi6
Sg 260 0-012 (6-00) ... P35 0-009 406 0011
Sio 2-09 ooo8 (600) .. P19 ooo6 336 ooo6
Sii 2-25 0-005 (4-00) ... o-6 0-005 2-94 0004

The first accurate estimate of the overall '1' distance should thus,
theoretically, be obtained from a chromosome with a consistent mean
chiasma frequency of, or just over, two chiasmata per bivalent. In
this complement the M4 falls into this category and its '1' distance
is 6-12 j at diplotene. However, this too is an underestimate for a
different reason, which will be explained more fully in a moment (see
p. 189). The best estimate of the '1' distance is provided by the
L-chromosomes, which have mean chiasma frequencies of well over
two per bivalent. These chromosomes avoid both sources of error
present in '1 estimates provided by smaller members of the com-
plement. The 'i' obtained from these three chromosomes is 7-3 s
at diplotene.

A diagram may now be constructed using the '1' distance so
obtained and a 'd' distance of zero, assuming the chiasma formation
starts at the distal end and proceeds along each bivalent towards the
centromere (fig. 6). A very close fit to the expected pattern is
obtained, but there are a few differences. The proximal chiasma
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does not always show the distribution one would expect from fig. i6.
Furthermore, the M-chromosomes have a slightly higher chiasma
frequency than they should. Clearly the situation is somewhat more
complex than provided in our initial hypothesis.

The regression of chiasma frequency per bivalent on chromosome
length supports this contention. On rising from the minimum chiasma
frequency level of one per bivalent, the relationship is not linear
throughout, but possesses a median flexure near the 2O chiasmata
per bivalent level (fig. i7). Though the curve is linear above the two
chiasmata level, the M5, 6, 7 and 8 bivalents consistently possess
higher chiasma frequencies than they should if an overall linear
relationship is to be obtained. In this figure the chromosome lengths
used are those obtained from the diplotene cells measured in this

TABLE 3

Chiasma frequencies at diplotene in Schistocerca gregaria

(Based on the scoring of 25 cells at diplotene from each of ten individuals.)

investigation, in preference to mitotic lengths. These are used for
two reasons. First the chromosomes are very much longer at diplotene
and can therefore be measured with greater accuracy. Secondly,
the regression of diplotene length on mitotic length is not linear,
but curvilinear there is not an exact correspondence between the
lengths of different members of the complement at mitotic metaphase
and at meiotic prophase (fig. i8). Chromosome length is a very
difficult character to fix unambiguously, for it is influenced by a
number of variables. Because measurement and identification is more
accurate at diplotene and because the diplotene lengths fit the chiasma
frequency expectations best these are considered to be the most reliable
to use at the moment.

How then are we to explain the non-linear middle segment of the
curve? Why do the M-chromosomes possess higher chiasma frequencies
than they should and why, once we pass the point where a minimum
of two chiasma per bivalent are consistently formed, should the effect
almost disappear and a linear relationship obtain? There are three
possible explanations which could, in theory, produce such effects

(i) That the 'd' distance is of lower magnitude in the M-chromo-
somes than in the L-'s and that there is a sudden shift in its magnitude
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in chromosomes capable of exceeding the level of two chiasmata per
bivalent. This possibility, difficult to conceive in mechanism, is ruled
out by the close approximation of the 'd' distance, in all chromo-
somes, to zero.

L1'-
L2T

MI

Cl4ASMA
FREQUENCY: — p4 LflC".
OB5ERVED 9

EXPECTED: 30 25 20 15 10

Fiø. i6.—Diagram to illustrate the distribution of chiasmata along the eleven bivalents
(LI -S ii) of S. gregaria, assuming that chiasma formation starts at the distal end of all
bivalents, with a 'd' distance of near zero and an 'i distance of 73 (diplotene
length). The chiasma frequencies observed at diplotene for each bivalcnt are provided
for direct comparison with those expected. In addition, the diplotene length of each
chromosome is provided in j. The centromeric positions are again marked by black
circles.

(ii) That the 'i' distance varies in the manner specified above
for the ' d ' distance. This is, of course, a possibility, but an unlikely
one. Why, or how, the interference distance should be bivalent-
specific at the M-chromosome level and then for no apparent reason
change, once the length of io i (diplotene length) is exceeded, becom-
ing both larger and similar for all longer chromosomes, is difficult to
understand. The most likely explanation is the third possibility.

Chasma Formation

L3
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(iii) That chiasma formation may, on occasion at least, start
simultaneously at both ends of a chromosome and proceed towards
the middle. Clearly, two such chiasmata cannot invariably form at
the same time, otherwise all bivalents would possess chiasma frequencies
of over two per bivalent. But all of the observed deviations can be
explained if this takes place 30-40 per cent. of the time for all bivalents
(the smalls excepted). This would raise the chiasma frequencies of
the M5-8 bivalents to their present levels, from that expected on a
linear relationship. However, once the length of a chromosome was

30
I I I

S11S10S9 M8M7M6 M5 M4 L3

/w S

0
Lu

S

L.
.--

if)

U

0 5 10 15 20
CHROMOSOME LENGTH IN MICRA

Fin. i7.—Chromosome length/chiasma frequency relationship for S. gregaria. A median
flexure is present near the 2'O chiasmata per bivalent level, above which the regression
is linear. The chiasma frequency values used in this fig. were obtained from 10
individuals, from each of which 25 cells were scored,

sufficiently in excess of the interference distance for it consistently to
form two chiasmata, then the effect should be lost. For whether the
two chiasmata form in a linear sequence under the operation of the
interference distance, or whether they form simultaneously, the
magnitude of their interference then usually excluding the formation
of a third between them, the end result should be similar. However,
the elevating effect of this process is not completely absent from the
M4, nor even from the L3 and L2, for their chiasma frequencies are
very slightly in excess of expectation (figs. i 6 and i7). This is presum-
ably due to the occasio1 rmation of a third chiasma in the median
chromosome segment, where interference from the two terminal
chiasma will be minimal (fig. ig). This, when it took place, would
produce an equidistant spacing of chiasmata and accentuate, to the
level found in practice, the equidistant spacing which would normally
be expected on a linear sequence of chiasma formation.
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This near simultaneous formation of two chiasmata, one at either
end of a chromosome, is therefore responsible for the two confusing
issues mentioned earlier. First, it produces the anomalous distribu-
tions of chiasma position obtained at the centromeric end of some
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FIG. 18.—Regression of diplotene length on niitotic length for the eleven chromosome
pairs of S. gregaria. The diplotene lengths are those obtained in this investigation
(table 2). The mitotic lengths are those of John and Naylor (1961).

FIG. 1g.—Diagram to illustrate the restriction of a third chiasma to the median region
of a chromosome arm under the combined interference of two terminally formed
chiasmata. Equidistant spacing results. Black circles again indicate centromeric
position.

chromosomes (e.g. the M5 and M6) and secondly, it results in an
apparently smaller interference distance being present between the
two so-formed terminal chiasmata of an M-bivalent. This then is
the second source of error in the '1' distance values obtained for
M-chromosomes.

4. CONCLUSION AND SUMMARY

In conclusion, the information obtained in this diplotene in-
vestigation on the locust Scizistocerca gregaria supports the contention
that chiasma formation usually takes place in a linear sequence,

Xa.3



190 S. A. HENDERSON

starting from a fixed point, and that the interference ('i') distance
along paired homologues is approximately constant throughout the
complement. In this species chiasma formation usually begins at the
distal end of each acrocentric chromosome, with a constant differential
('d ') distance equal to or near zero. The overall interference distance,
as measured at diplotene, is c. 73 . An additional complicating
factor is present in this species, however, which confuses interpretation
sometimes chiasma formation apparently begins at both ends of a
chromosome and proceeds towards the middle. This must take place
at a frequency of 30-40 per cent. to explain the observed deviations.
However, even in these cases, the same overall interference distance
would appear to be in operation. This complication results in the
chiasma frequency/chromosome length relationship being non-linear
for M-chromosomes, though linear above the level of two chiasmata
per bivalent.
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