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1. THE PROBLEM

Homoroeous chromosomes within a mating group are, we may say,
such as regularly ¢ross over with one another, and such therefore as
can be divided into homologous units of crossing-over, or genes, If
komologous chromosomes exist in two types, X and Y, distinguished by
constant differences in respect of groups of genes, we must suppose that
crossing-over is suppressed within these groups when X and ¥ are brought
together in the same individual. In fact each of the chromosomes mast
consist of two parts, a pairing segment in which crossing-over takes place
freely and a differential seginent in which it iz suppressed.

The most important example of this principle is the sex chromosonie
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pair found in the hybrid sex of dicecious plants and animals. Tn earlier
studies I have tried to show how the restriction of crossing-over works
in different specics. The result is different according to whether the
prime mover in restriction is a structral differentiation of X and ¥
themselves, as appears to be the case in mammals, or a genotypically
controlled mechanism which affects autosomes and sex chromosomes
differentially, as appears to be the case in Drosophile, where crossing-over
1s suppressed entirely between the autosomes and rigidly restricted
between the .X and ¥. In either case, however, the differenfiation Is
irreversible in detail and culminates, as Wilson concluded from com-
parative stucies of insects, in the extinction of a ¥ chromosome which
has become Inert or superflucus.

This climax might be reached in two ways. Bither the pairing and
crossing-over of X and " might be reduced to a small inert segmeunt,
a position closely approached in Drosophile: or pairing and crossing-over
might be entirely suppressed between X and ¥, which is the condition
reached in the Hemiptera-Heteroptera. Here the antosomes continue
to pair by chiasmata in the male, while X and ¥ undergo ne crossing-over
and achieve regular segregation only by momentary “pairing”. We can
then see the ¥ in statu mortendi. Tt is extinet in several families and
highly variable in others. But there is another consequence of this
suppression of crossing-over. The momeutary pairing is achieved hy a
special spindle structure and a special centromere cycle. And these
devices in furn seem to have the effect of preserving systems of un-
foreseen complexity. It is one of these sysbems that T want to take as an
exaimple for the solution of the special problems of the Heteroptera.

The earlier workers were concerned largely in proving the relationship
of chromosome differentiation to sex differentintion. This relationship
they established. What is now to he done is to take apart the genetio
and mechanical elements in the light of recent knowledge and piece them
fogether in an evolutionary inteliigible whole. This T can describe only
in a provisional form, but in describing it I think I can show what gaps
are left and how they may be flled.

2. MATERIAT AND METHODS
I am indebted to Dy (. Johnsen of the Londen School of Hygiene
and Tropical Medicine for providing me with all the material, including
the reciprocal species crosses which he has made. These crosses he has
deseribed elsewhere (1939). The species were derived from the following
SOUICes:



. D. DARLINGTON 103

(. lectularvus:
. Mass cultures: Beckenbham (1927).
Taster Institute (animal house) (1935).
Greenwich, Seamen’s Hospital (1937).
Natural populations: Sheffield, 1938,
(Hasgow, three localities, 1938,
Mitcham and Lambeth, 1939
Cork, three localities, 1939,
(. columbarius : Sehnmeeda, Groningen, pigeon house. Mass cultured
gince 1936.
¢. ratundatus - Uganda (human). Blass cultured since 1922,
0. stadlert : Spessart, Germany (bats). Mass cultured since 1935,

9

L

The late fifth instar, whick lasts from 6 to 11 days, is the most
fruitful stage for spermatogenesis.

I am indebted to Mr L. La Cour for making the excellent prepavations.
The testes were dissected in Ringer’s solution, fized in L Cow’s 2 BD
or 2 BE solutions (1937) or strong Flemming. To avoid over-fimation the
testes were removed from the fixative after 1 hr. and placed in 1 %
chromic acid solution for 18 hr. Gendian-violet-iodine is the hest stain.
The sections were cut at 12u. The method used for upsetting meiosis
will be deseribed later.

In connexion with the methods used the seriation of stages described
is not irrelevant, This has apparently given trouhle to some workers
since Spaul (1922} seems to have been led astray by taking fivst meta~
phase for second in Nepw cinerea. My own interphase (P1. T) corresponds
with Slack’s description (1939) of diakinesis in Cimer. These diffculties
of seriation I would attribute, in part, to the rhythmical control of the
proceases of division, mitofic or meiotic, in each follicle and, part,
to the semi-diffuse staining of the autosomes in the diplotene-diakinesis
stages. As a rule only first metaphase or second metaphass are found in
one follicle, But occasionally they are found together and then there is
no interphase with them, although the frequency of oceurrence of this
stage shows that it is not short. Evidently if cells of a particular group
in a follicle fail to enter metaphase with their neighhours they have to
wait for ‘a second metaphase. Comparatively few follicles even have
mixtures of metaphase and anaphase (Table I).

The greater frequency of second divisions than firsts, even in very
young testes, points to a longer duration of the second metaphase. The

‘greater frequency of follicles with first metaphases and apaphases than
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with the corresponding second division stages together points the same
way. | am inclined to think that the length of second metaphase is due
to the extended time required for distribution on the plate, for I find
whole follicles oceupied by plates that are flat but not finally distributed.
So aceurate is the timing co-ordination that groups of adjoining second
metaphases show the same stage of co-orlentation of sex chromosomes.
This conclusion needs further testing since it hears on the special
properties of the second division spindle to be diseunssed later.

The same data (Table I} reveal a difference between the lectularius-
columbarius crosses and all the other bugs. In the former alone is the
first metaphase as frequent as the second in the fifth instar fixations
used. Presumably the testes of the hybrids'develop later than any others.
Another problem that deserves attention is the great variation in tesbis .
size within the gpecies lectularius (cf. Dobzhansky & Boche, 1933).

TABLE T
Cimex spermatogenesis - timing analysis. Frequency of follicles
with different stages vn different stocks at the fifth instar
MI M-AT AT MIT  M-AIT  AIT

C. rotundatus . . . 1

. columbarius . 1 . 2

O lectularina :
Beckenham 3 i1 2 .
Glasgow 3t 11° . 1
Cork 1 32 1 .
Lambeth 28 1 48 .
Mitcham 4 2 4 1 .
Others b 1 13° 3

. columbarius x 0. lectulnrius 2 1 6 . R

C. lectidarins x C. colymbarins 254 6 254 1 2

1Al of low & type.

® Including one with inferphase also.
3 Including one with both MI and MIL.
* Including five with both MI and MIL

3. Mzrosis w (ruEx
(i) Gengral

The chromosomes of Cimer are bebween 1/20th and 1/60th the size
of those of moat other Hemiptera-Heteroptera that have been deseribed,
and for this reason the prophase of meiosis is not to be satisfactorily
studied in the male. Between diplotene snd frst metaphase the chro-
mosomes, apart from X and ¥, are semi-diffuse. In the female the
diplotene stage shows the formation of from one to three chiasmats per
hivalent (Text-fig. 1), It is therefore comparable with the descriptions
of male meiosis in other species by Wilson, Browne, Reuber and others,
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At first metaphase in the male the chromosomes form a plate which
varies in size and arrangement. Where it is small tlie chromosomes are
evenly distributed. Where 1t is larger ox the chromosomes are fewer they
are peripherally distributed and leave an empty centre. Rarely a plate
is found with a central group distinet from an outer ring, a distinetion
suggestive of the second mefaphase (P1 I).

The autosowes consistently form 13 bivalents. The sex chromosomes
(¥ and two to fourteen X’s) remain unpaired and seem to lie indifferently
on the plate, being grouped neither fogether nor in any particular
relationship to the autosomes. They cannot all be recognized from one
point of view. The ) exists in two size forms. In C. lectularius itis
usually lazger than the A’s, but in four bugs of the (lasgow aund

Text-fig. 1. Mitoses from three Beckenham stock females, . lectularius, with 37, 40 and
41 chromosomes. All snpetnumerary X chromosomes in outline. Diplotene nucleus
in an egg showing hivalents with one, two and three chiasmata, 4000,

Beckenham stocks and in one C. colwmborius it is smaller, and I refer to
it-as y (Text-figs. 2, 16). The X chromosomes exishin three forms. First
there are the two largest, which are not distinguishable in size. Secondly
there are supernumerary X’s which are sometimes, perhaps always,
slightly smaller than the first #wo. Thirdly there are supernumeraries
which are extremely small, the # chromosomes, which are Httle more
than disembodied centromeres, and are distinguishable in polar view as
well as In side view. These frequently, and the others oceasionally, show
a lack of congression and orientation, which is no doubt due to & delay
relative to the autosome hivalents. The delay, however, may have the
serious consequence of lagging in division, or even of both halves of
the univalent sex chromosome passing to the same pole.

Normally the sex-univalents divide at the firsi metaphase and the
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29: 1311‘{'}!“}'1‘{;{

Text-fig. 2. Clmex columbarius @. Above: mitosis with 20 chromosomes; Brab metaphase

" of meiosis with 16 and second metaphase with y and two s co-orientated. Below:

stages in distribution of autosomes and co-orientation of sex chromocsomes (shown in
outline) at second metaphase. 3 4000.

/ ‘\ /\ 8/,\ /N
-— ‘
) { \ °/ y
. ..
Text-fig. 3. Second meiobic metaphase in O rotundalus: 1474 + XXy, Unstable so-
orientations in the middle give stable arrangements ab the side.  x 4000.
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halves of the smallest ones can be recognized in the interphase nucleug
(Text-fig, 4). At the secoud metaphase the autosomes gradually form
a ring on the edge of the spindle while the sex F;hrm.nosonlc.as mave to the
middle. This arrangement admits of no exception provided that the firgt
division hag been regulax and the number of X’s is small, When, however,
the spindle is small the ring may be re-entrant at one or two poinss.
Or, to put it ancther way, there is a cerfain minimum distance between
successive chromosomes in the ring which crumples, like a half-open
ambrella, if the spindle it circamseribes is too small.

The arrangement of the sex chromosomes in the middle is also gradual.
It may be divided into two parts. Hirst there is the sorting out of the
sex chromosomes and autosomes. Next comes the relative arrangement

TABLE IT
Summary of resulis
6‘
p — . o
Mitosis M MIF Mitosis
C. lectularius {Beckenbam) 30 — — 33 (6X)
(31) 18 ¥ aX 36 (93]
(32) 19 Y 45X 37 (10.Y)
33 20 F6X 39 (12X}
(33) 20 y+6X 40 {(13%)
34 21 y+7.X 41 (143
C. columbarius 29 16 y+2X 730 (4X)
C. columbarius § x O lectulerius & 28} 16 Y 428 34 {8.X)
O lectularius © x O, columbariug & (29} 16 ¥ +3X e
(extremes) (34} 21 F+7X —
C. rotundatios (31} {17} y+2X —_
. stadlert 31 — —

Numbers in brackets are inferved, X includes .

of the ¥ and the X’s: The ordering which seems to be most requent is
that where the single ¥ chromosome lies o one side of the plate, co-
orientated (if we may so describe the relationship) with two X's, while
any extra X’s lie in the same plane as their fellows, although showing no
individual reaction to the Y. T have also seen both & one-to-one co-
orientation of ¥ with one X, the other X’s remaining unaffected, and
diamond -shaped configurations {Text-fig. 16, P1. III).

Tn C. columbarius exceptionally the three sex chromosomes may lie
mn one row. Comparison with (. rotundatus shows that columbarius is n
this most important respect transitional, For in rolundaius, of 59 second
metaphases classified for co-orientation, elght had the general Reduvioid
't}’pe of double plate found in lectulgrius, 35 had the linear form of
Thyanta and Meiapodius, and 16 were transitional forms which were
probably passing into one or the other stable arrangement (Text-fig. 2,

P1. 1I0),
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At second anaphase, as a rule, the ¥ chromosome passes to one pole,
and all the X chromosomes, unless they are very numerous, to the other,

Toxt-fig. £ . lectularius, Lister culbuge. Top row: mitosis, first meiotic metaphase,
intarphase, second meiotic metaphass, Second row: side views of first metaphase and
anaphese. Boffom vows: different combinabions of supernumerary X's and s
resuibing [rom non-disjunction a% first metaphase. 4000,

(i) Abnormal behaviour
Abnormalities of ineiosis are concerned only with the sex chromosomes
and arve thervefore accentuated in bugs with a bigh X-content. They arise
from two causes: non-disjunction of chromatids at first anaphase and
irregular co-orientation on the second mefaphase spindle.
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The first abnormality affects the supernumerary X's and especially
the small z's. It causes an obvious variation in the number of chro-

bX

Test-fig. 5. €. lectularius, Beckenham eulbure (except extreme lsft, Greenwich). Above:
first metaphase with 7 and 6 sex chromosomes. Below: second metaphase with 6 X’s
showing different arrangements. One has a danghter X outside spincle.  x 4000,

Test-fig. 6. Glaggow stock with 1374 +y+4X. Above, first metaphase, below second
metaphase. y chromosome marked with a point.  x 4000.

mosomes within the ring (Text-fig. 9). What is remarkable about this
non-disjunction is that the two chromatids do in fact disjoin although they
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pass to the same pole, so that plates with too mauny as well as too fow
X’s are found. The occasional exceptions to this rmle are significant, for
rarely an extra chromosome is found in the ring, and when large enough
it can he =een to he double. This chromosome could always be seen nob

[13A4+V+13X

Text-fig. 7. Mitcham stock ab first metaphase and second metaphase. x4000.

Text-fig. 8. Glasgow stock, mitosis and second metaphase n o bug with 11 X's. Number
of X's and stages of distribution vary, 4000,

to be an auboseme, either by ibs 1rregular omientation or small size

(Text-fig. 4).

The question arises as to whether non-disjunction affocts the hasic two
X'sand T. Itis doubtind whether the loss or reduplication of the two X's
in the presence of supernumeraries would be recognizable, bub the same
accidents affecting the ¥ might well upset the co-orientadion system.
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Of this T have evidence in occasional cells of two kinds, The first have
no signs of co-orientabion and the X's are dispersed at random within
the ring. These T take to be no-1" cells (PL 11T). The second show, lying
off the plate on each side, 2 single chromosome pointing to its pole in
the characteristic manner of the 1. These I take to be two-¥ cells,
I helieve that the exceptional second anapliases in which nearly all the
sex chromosomes are lagging, arise from one or other of these two
abnormalities (Text-fig. 16, PL IIT).

It is significant on the other hand that the co-orientation is as
regular with the small y as with the large Y. The general size of the
chromosome is irrelevant in determining the special properties of the Y,

Text-fig. 8. Glasgow stock, mitosis and My in a bug with § X's, showing variation in
number owing to non-disjunction ab frst metaphase, » 4000,

This is also shown by comparing Sinea with the other Reduviidas

{Text-fig. 17).

The most widespread abnormalities arise at second metaphase in the
high-X bugs. They are important in showing that a Hmit is reached in
the capacity of the second metaphase spindle for coping with these
chromosomes. At the first division the X’s must divide less regularly
since the second metaphase plates show (as Slack has pointed out)
highly variable nwmnbers of X's together with absolutely invariable
numbers of the autosomes. At the second metaphase distribution on the
Plate takes longer in relation to congression than where there are fow
A’s. Hence many plates are found to e perfectly flat but with aubosomes
inside the ring and X’s still on the edge (Text-fig. 8). And the ring itself
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may never close up. The exclusion of antosomes from the centre is
quicker than the exclusion of X's frem the ring. Ina word the movements
of the autosomes are more rapid or more advanced in time than those of
the sex chroleosomes at the second metaphase, just as they are at the
first, Those X’s which lag in co-orientation in the cenfre also lag in
anaphase movement and are left behind. Those which were lying on the
wrong side of the plate may even get pushed towards the ¥’s pole by
the stretching of the spindle, so that XY sperm will be formed as well
as X, and Y.

(i) Artificial dreakdown

In crder to understand the mechanical conditions of the special XY
system in Cumes 1% s necessary to break down the ordinary course of
meiosis. The high temperature treatment used by White (1954) on s
locust Schistocerca was therefore applied. Cimex at the fifth instar will
survive 40° for 4 hr., although 44° C. is quickly lethal even to C. rotundatus.
Bugs were kept in a damp chamber at 40° C. for 2 hr. After 13 and 17 hr.
at room temperature they were fixed. Controls from the same populations
(Cozk, Lambeth and Beckenham) showed no abnormalities, but it must
be understood that in view of the heterogeneity of the material the only
valid control is the whole body of observations on untreated hugs with
stmitar X-contents.

Four significant disturbances were found (Text-fig. 10):

(1) Mitotic doubling. A whole follicle, apart from two nuclei, showed
33 chromosomes instead of 16 at first metaphase. The plates were concave,
a consequence evidently of the spindle being only double the normal
volume, and therefore less than double the area of cross-section. In
these tetraploid nuclei the antosomes remained as bivalents and the sex
chromosomes, although each was provided with an identical mate,
remained nnpaired.

(3) Lossof ¥ chromosome. Bividence of con-disjunction of ¥ was found,
as in untreated bugs but more frequently.

(3) Loss of autosomes. At second metaphase a ring of 12 autosomes
was found instead of the 13 present without exception in all untreated
wild and crossed individuals. This is presumably the result of failure of
pairing or digjunction of the autosomes at the firgé division. The number
ot X’s was the normal 8 for this bug.

(4) Spindle breakdown. Imperfect spindle development was seen in
the same bug both at first and second divisions {Text-fg. 10). Ab fizsb
mebaphase, suggestions of the double spindle characteristic of second
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metaphase were found. At first anaphase the spindle was unduly broad
and the direction of separation was irregular. At second metaphase the

Text-fig. 10. Effects of 2 hir. at 40° (. 13 Lr. Jater {except top row, which is 17 hr.-later),
Top row: diploids and tetraploid plates adjoining (ef. PL IMI), Cork. Second row:
¢, control, and ring of 12 autosomes due to non-pairing or non-disjunction at first
metaphase Lambeth, Third row: firss metaphase, first and second anaphase following
a defect of the spindle, Lambeth. Fourth row; abnormal distributions of sex chromo-
semes ab second metaphase, Lambeth. x 4000,

results are seen in the formation of something like the restitution nucleus

comimonly seen in plants. The number of ehromosomes is 00 few for all

the X’s to have divided at the first division. On the other hand we see
Journ. of Genstics xxxTX 8
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that, although the rings arve fairly well defined, there are too many
chromosomes lying in them. Inseveral separate second metaphases in the
same follicle 17 chromosemes were lying on the ring (PL III). It seems
that, as in the case of the x chromosorues, the extra numbers are un-
divided sex chromosomes.

{iv) Cudtures, crosses and populations

The proof of the distinetion between X and Y is given by the chro-
mosome numbers of females, and hy the difference hetween males in the
reciprocal species crosses {Table I1). The females show a wider range of
number than the males in the same broods and reach a number of 39
when their brothers do not exceed 34. The extra chromosomes are
therefore X chromosomes, and the corresponding constitutions can be
represented as:

&, columbarius 7 . lectularins
~ Al 4 A ™
= g Q &
4X (30 ¥+2X 12X (38) y+6X
C. columbarius x C'. lectularius C. lectularius x C. columbarius
4 - 3 r & ——y
2 7 g &)
3.5 (34} y+32X 8X {34) ¥+6X

Thus the males produced by crosses between C. columbarius with only
two X’s and €. lectulurius with from three to seven X’s have the same
X-constitution as their mothers. Columbarius x lectulerius 34 have the
two X's of columbarius, lectularius x columbarius 33 have the large

Text-fg. 11. C. columbarius 2 » O, lechularivs 3. Tirst aud second metaphase in the male,
mibosis in the female (2n= 34, four smallest in oufline). 4000,
number of X’s derived from the leciularius mother. In the progeny of
hoth these crosses the autosome behaviour ab meiosis was consistently
regular. What is remarkable about these families is the wide variation
in the nwnber of A’s contributed by any one motber (Table ITI). This
is the one source of evidence we have of sex chromosome behaviour in
egg formation. Itseems most likely to be due to the irregular segregation
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of multivalent X’s, associated iz the usual way by chiasmata, at meiosis
in the egg. ‘ -

. Such behaviour in the egg indicates that the two X’s of the bagic
complement are dissimilar and Gompiementar}_r rfa,ther than simi.lar and
supplementary. For if the extra X7s, being similar, form multivalents
in the female, the four basic X's, being similar, would do likewise and

Text-fig. 12. C. lectularius @ x C. columbarius &. Top row: first metaphase and interphase
with 20 chromosomes (¥ +86X). Second row: first anaphase showing lagging of X’s
and second metaphase showing consequent unegual assortment of the 6 X’s. Bottom
row: first and second metaphase pnd second anaphase with 7 X's. Second anaphass
has lagging X5, = 4000.

would then be Liable to a like irregularity which would impair the

fertility of the species or give single-X males. Whether the extra X’s are

derived Trom one or hoth of the basic X 's, we caunot tell.

The natural populations of lectularius reinforce the evidence of the
crosses in showing that the X-constitution is again variable within each
locality and even family. The appearance of the small # chromosome
frem different sources might suggest that it has maintaived itself over
considerable periods, since the bed-bug is a species of local tenacity,

8-2
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endemic and not mobile. Its origin, however, apparently de novo in
three families of the L. » (. crogses, makes rather for the opposite ex
planation of a frequent parallel origin by fragmentation of a larger X.

Of these natural populations the most aberrant is that from Cork,
individuals of which range from ten extra X’s down to none at all. From
the same house in (lasgow came one with 13 X’s and another with only
four. The sporadic appearance of individuals which have suddenly shed,
ag it were, most of their extra X’s agrees with the observation of oceasional
second anaphases in which wmost of the X’s seem to be lagging. It is
these abnormalities which account for the subordinate part of the curve
of X distribution bebween two and six in the natural populations.

The (Hasgow population included some with the usual large ¥ and
some with the small i like those seen in €. columbarius and C. rotundabus,

and as supernumeraries in Mefapodius. Again the ¥ must be largely -
irert or indifferent to be able to suffer this loss withont physiological’

disadvantage to the oxganism.

{v) SEX DETERMINATION

These observations establish the general agreement of the sex
mechanism in Comez with the &, Y type described in other families of
Heteroptera, e.g. by Payne in the Reduviidae and Galgulidae, by Wilson
in the cryptic “B” form of Thyania custator (Pentatomidae} and by
Steopoe in Nepa cineren (Nepidae). On the genetical side, however, the
preblem has been complicated by Cimex rather than simplified. In all

previous cases the multiple X system has been stable, or at least has.

seemed to be stable. Here it is obviously unstable. This instability must
depend on the special genetic character of the sex chromosomes and
their mechanical properties at meiosis. More specifically 15 must depend
on & confradiction between what is mechanically feasible and what is
genetically desirable. The operation of meiosis favours a low X-content.
The selection of individuals must therefore favour a high X-content.
When we compare the cultwres with the natural populations we see
a remarkable and uwnexpected difference in this respect. In the popula-
tions selection is somehow foreing up the X-content which is maintained,
with occasional exceptions, close to the limit of the mechanical capacity
of segregation. In the cultures this selection pressure is apparently
reduced and the X-content has dropped to a level at which very little
loss tales place at meiocsis, to the level at which we in fact see it in the
aceasional low-X bugs of the natural populabion. Whether this difference

z
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is due to in-breeding, to sex-ratio selection, or to other enltural conditions

remains to be seen, .
Whatever the detailed solution of this problem, the conelusion sta,l'zds
that the high-X bugs would not exist if the extra X's wers not doing

MI I9213*4+}’+X(X1,X'2.X’2x

X X, X Xy
.
* 90, ep o
L/
OOQ’ “o 0 @ :ga
o )
& LI =T
og‘ .‘

Text-fig. 13. C. leciularius » C. columbarius with three recoguizable types of X showing
unequal assortment of extra X’s and a's at second metaphase, Bobtom two rows, all
from same loculus, show the antosome positions as polygons.  x4000.

some work. It is worth considering for a moment what this work may

be, for it is evidently outside the range of our previous genetic experience.
The argument is as follows. There seem 0 be na males with two Ys.

There can therefore be no females with one ¥. Let us label the primary
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and necessary X’s, X, and X,, and the extras X;, X and so on. Then
2N X)) and X X, X, X)) are equally female while XX, ¥ and
A XX, XL, Y are equally male. Hence we must suppose that X, and X,
are much less important in sex determination than X, and X, since ¥ can

scarcely be much more important.
Similarly the great-variation in number of sxtra X's without apparent
effect on viability or fertility points to their relative inertness. Butb this

TABLE III

Numbers of X chromosomes in males of different cultures,
crasses and populairons of Cimex lectularius

Number of X5 ... 2 8 4 a 6 7 8 9 10 11 12 13 14
Mitotic number ... .. 29 30 31 32 33 34 35 36 37 38 3% 40 41
Cultures:
Beckenham (1327) (i} = 1 1 3 1
Lister (1935) (x) 2 4 A
Greenwich {1937} 2 1 1
Totals {19) Mean 4-3 1 5 6 2 4 1
Crosses:
Beckenham » eolumbarius family:
1 (%} T
2 {x I
4 () A P |
6 12 3 1 2 .
7 (x) .. 1 . 11
Totals {21) Mean £5 1 6 8 3 3 2
Populations:
Cork 1 . . . 1 2 . 2
Glasgow (1) . e T e | 1
Lowmbeth {z) . 2 . 1 1 1 1 .
Mitcham . . . . 1 .11
Sheffield . ; | S . e
Totals (25) Mean 9-0 1 . 32 . 16 1 1 5 2 2 2 2
Mlack's datat (35) Meom &7 . 1 1 2 3 8 4 7 1 1 6 2 1
Total eultures and crogses (40 2 11 12 5 7 3
Total populations (60} i1 3 2 412 5 8 6 3 8§ 4 3

* Counted from mitosis only.

2 Some bugs had x chromosomes which are included in the Xs.

¥ Sowe buga had y chromosomes instead of ¥.

T Edinburgh, Glasgow and Loundon populations, caleulated from “modal number of

univalents™ at My loss one.

assumption raises other difficulties. These extra X’s are little if at all
smaller than X, and X,. Moreover, as we have seen, the extra X's are
so frequently lost, and their number is consequently so variable within
families, that they would certainly disappear altogether from the species
if they were entirely inert.

The same principle applies to the M-chromosomes which I shall vefer
to later. These chromosomes are often variable in size, indicating that
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large parts of them are dispensable, but nevertheless they persist
throughout the Coreidae and are found in three other families (Text-
fig. 18). A similar situation is perhaps to be inferred in the single other
example of ingtability in the X-¥ mechanism, viz. in Metapodius where
males without any Y and with seven ¥’s were found by Wilson. The
loss of ¥ is consistent with ils Inertness; its indefinite reduplication is
not. Evidently a chromosome, or a fortiori a gene, that is superfiuous
need not be inert.
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Text-fg. 14. Graph showing the effects of different kinds of selection on the numbers of
X chromosomes in males of &, legtularing (from Table I1I).

The explanation that I would suggest for all these conditions is that
such chromosomes are not strietly Inert but contain material whose
action is so adjusted that relative dosage is almost, and in some autosome
.combinations quite, immaterial. This implies an extension of the principle
of dosage-compensation inferred by Muller (19320} ir the X chromosome
of Drosophile. It would be expected that such a condition of dosage-
indifference would arise in large related groups by an orthogenetic
process and would tself, by paralle]l changes, give rise to a parallel
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muitiplication of the X, such as is to be inferred from systematic
comparison (Text-fig. 18).

But there are other examples of parallel evolutionary changes in the
sex chromosomes of the Heteroptera. All of them depend on a second
lind of condition, the mechanism of segregation. Any system of sex
determination must rest equally on the availability of the genetic
materials and of the special mechanical rescurces for distributing these
materials conveniently. We will now refurn to the reechanical part of
the problem.

4. SPECIAL SYSTEMS IN THE HETEROPTERA
(1) Method of argumens

In inferring the mechanical properties of chromosomes from the
comparative study of a large group one special precaution must be talken
and is perhaps worth mentioning: it is that we must distinguish in
considering any particular action of a chromoscme between whab s
gpontaneons and mechanically inherent in its special chservable con-
ditions on the one hand, and what is hereditary and therefore adaptively
inherent in its special ohservable consequences on the other hand.

To understand the use of this distinction, take the condition of
unpaired chromosomes at msiosis. When this condition arises in a new
species-cross ot in a triploid all of whose chromosomes were paired in its
parents we have sponianeous univalents. Their behaviour will depend on
the conditions inherent in their mechanically abnormal state. As we
know, the result may he regular or irregular, although it is always
characteristic of the particular hybrid individual under given condifions.
Its variations enable us to say that the movements of the univalents
depend on the factors of time and space: the time of polarization of its
cenfromere relative to the separation of the bivalents and the size of the
chromosomes relative to the space available in the dividing ceil
(Upcott & Philp, 1939). -

Quite otherwise 1s the position of the hetero-chromosomes, as they
used. to be called, in the Heteroptera and elsewhere. These chromosomes
are descended from a fong line of ancestors which have dispensed with
the ovdinary processes of pachytene pairing and chiasma formation and
liave secured a4 more or less regular segregation hy the adoption of special
devices. Here we are concerned with herediiary wiavelents. To studying
them therefore we are not studying mechantsms inhevent in meiosis but
modifications of these mechanisms which have proved adanptively feasible
in the group we are discussing.
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(it) dAnomalous mechanisms
The special types of segregation found ab meiosis in male Heteroptera

may be classified as follows:

(1) XY and X0 systems of hereditary univalents with co-orientation
at second mebaphase or not at all. .

(@) X-Y segregation (Nesara, R]w(ifoz-*%xus unpubl.). ‘

{(b) Supernumerary ¥ chain-segregat_}on {Meiapodz-us). ‘
{¢) Solitary X segregation (Metagyodws, Protenor, fi‘)‘c.]lwi}!-eij%s).

(d) Supernumerary X chain- ox double~131§t§~segregat:ion (Cimex).

(2) Micro-chromosome (1) system_ of paiving or co-orientation ab
first metaphase {Coreidae, etc.).

(3) “Heterotropic” system by which spoutaneons univalents {un-
paired autosomes) pass to one pole at first anaphase (Banasa),

These systems have to be considered in relation 4o four mechanical
and two genetical properties of the chromosomes concerned :

(1) Time of division of the chromoscme thread.

(2) Potential and actual pairing at pachytene in the prophase of
meiosis.

{3) The ocourrence of crossing-over.

(4) Congression and distzibution on the metaphase plate and the
consequent shape of the plate.

(8) Time of division of the centromere.

(6) Genetic activity or inertness and comsequent stability or in-
stability of size and number.

(i) Patring and time co-ordination

The time of division of the three types of chromosome has been
described by Reuter in Alydus. The X chromosome divides first:
“Ziewmlich frith, ehe noch die Konjugation der Autosomen eingeleitet
worden war, wurde es lingsgespaltet” (p. 55). The M-chromosomes
divide mext: “in lebendem Material erwiesen sie sich schon in der
‘Pachyphase’ als langsgespalten” (p. 63). As Table IV shows, this order
is correlated both with the capacity for pairing at pachytene and with
the capacity for division of the centromere at meataphase. The earlier
division of the X chromosome prevents its pairing even when in a
tetraploid cell of Cimex or Buschistus an identical partner is provided
for it. It also goes with an easlier division of the centromere—at the
first instead of the second metaphase. The intermediate tiraing of the
M -ckromosomes leads to a partial suppression of pachytene, a possibility
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of co-orientation at frst metaphase and of the division of the centromere
being left to second metaphase.

The pairing of the sex chromosomes has been suppressed therefore
not hy their structural divergence but by the imposition of differential
precocity which has restored them to a mitotic cycle in the first meiotic
divigion.

The special properties of the sex chromosorees in the Heteroptera
thus arise not by a change in the timing of metaphase for the whole cell

TABLE TV
Related properties of the three chromosome types wn the Heteroptera
Crm., division Plate
Chr. e A A
Type division® Pachytene M; My My Mo Function
Autosomes Diplotens  Complete, — X Ringor Ring or Active
bivalent (or Crossing- solid solid
spontaneous over
univalent)?

M chromosomes Pachytene  Variahle. — X4 Centre of Indifferent Partly
No cross- : ring (solid) active,
ing-over partly

ineth

X in XO? ? —— —— X  Of plate Ring De.

X in XO3 Zygotene — X ~  Indifferent Edge of Do.

plate (no
ring)

Xand Yin IY ? None® No X —  Cenfral if  Central®* Do,

and X, ¥ crossing- small?
over
> 4lydus (Reuter, 1930).

Banasa (Wilson, 1907).
Arohimerus {Wilson, 19058).
¢ A third M -chromosome, probably non-orientated, oceasionally divides ab My in
Metapodins {Wilson, 1910},
5 General type.
Shown in 4w, Cimex and Buschistus (Bowen, 1923},
H.g. ¥ in Vezara viridule {Wilson, 1011).
But edge of plate if ¥ is lost in Metapodius (Wilson, 18095},

©

@ oo

(such as is commonly found in plants) but by a change in the timing
cycle of the sex chromosomes themselves. This change applies to all the
successive stages of meiosis. It begins by a change in precocity which
suppresses pachytens pairing. This entails suppression of crossing-over
and henge structural divergence of the genetically isolated mates. That
such a sysbem survives the suppression of the ordinary mechanism of
pairing and segregation by chiasmata is due to the development in the
Heteroptera of the special spindle mechanism which we must next
consider.
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(iv) Spindle action and centromere vulency

The frst and obvious evidence of special spindle mechanizams in this
eroup is seen in the shapes of the first and second metaphase plates, In
Zeneml it seems that the “holiow spindle” arrangement fellows the rule
:b’minincr in Cimex: all the ehromosomes lie on the edge of the plate

C &5 ] ) : :
provided that there is enough room for $hem to He at a certain distance
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Text-fig. 15, Diagram showing the timing relationships of antosomes and sex chromosomes
in Hemiptera-Heteroptera in respect of (i} pairing ab zygotens ( #°) and at first and
sacond metaphase of meiosis in the spermatocytes (p” and p'), {il) the splifting of
the chromosomes (s) and the division of the centromeres (d). & and d are correlated,
while ° is conditioned by ¢ not coming early enough to interfere with it. The auto-
somes are held together by chiasmata between diplotene (D) and first metaphase
(My). Cf Table TV, {After Wilson, 1812 and Reuter, 1939.)

apart. Hollow spindles therefore appear at both first and second meta-
phases for no other reason than that the spindle is large enough to allow
for it. But there are certain groups in which the spindle is regularly
large enough for a more or less regular Ting to be developed. This is
particnlarly true of the first metaphase in the Coreidae and in N olonecta,
and of the second metaphase in the Reduviidae and Cimicidae. And it
18 with equal regularity in these groups and af these stages that we find
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particular chromosomes distinguished from all the rest by not lying in
the peripheral ring. The M-chromosomes at first metaphase in the
Coreidae and the sex chromosomes at gsecond metaphase in the Reduviidae
lie in the centre. The significance of this central positibn at metaphase is
shown hy the fact that there and then alone are these chromosomes
capable of the momentary approximation which allows of their regular
segregatbion,

What malkes this touch-and-go pairing or co-orientation possible?
Three factors seem to be concerned: first the disbribuiton of the other
chromosomes, secondly the walency of the affected chromosomes, and
lastly their size.

The ring-distribution of the autosomes is clearly necessary for a
central position of the special chromoesomes to be geen. But it may also
be necessary in a more primary sense, viz. for restricting the space in
which the special chromosomes can le. In Lethocerus three autosomes
are enonugh to do this (Chickering, 1927). The priority of fhe autosomes
is indjcated by the fact that, where there are many X chromosomes in
Cimex, the autosomes make the ring before the X chromosomes are
forced out of it. The autosomes ave stronger. This brings us o the second
factor, valency. On my view of the centromere, the autosomes have
polarized centromerss at second metaphase and the X’s have not.
Bivalents in the same way are stronger than univalents at first metaphase
and, even in (imer, the univalent sex chromosomes are slower in con-
gression and therefore more likely to suffer izregularity than the bivalent
autosomes.

It would seem therefore that a difference in the valency of the
centromere—unpolarized in the daughter univalent X's and polarized in
the daughter bivalent autosomes—is responsible for the distinction
between central and peripheral chromosomes at the second metaphase.
This conclusion is borne out by the daughter #’s being able o lie in the
ring in C. lectularius although they are the smallest chromosome in the
set. Presumably they had passed without division to one pole at ficst
anaphase and therefore had the valency of a daughter bivalent. This
conelusion obviously needs testing with material in which some failure
of autosome pairing followed by pre-division has been induced by
hyhridity or abnornmal temperature.

On these views the behaviour of the M-chromosomes becoles
intelligible. They pass to the middie of the spindie because they have
unpelarized centromeres like the second metaphase chromosomes, and
this movement is assisted further by their small size, since, other things
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being equal, small chromosomes with the smalilest body repulsions
always pass to the middie of the plate. 'The exceptmn_aﬂy small y passes
to the middle of the plate in Metapodius and sometirnes ?he larger T,
which is however smaller than any of the autosomes, may lie just inside
the ring, while the very large X always lies outside the ring of autosomes.
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Text-fig. 16. Co-orientation and segregation of sex chromosomes ab second metaphase
and second anaphase in Cémes with different numbors of X's. Top row: XXXy,
Glasgow; fourth X not shown. Second row: segregation of four and five X's from T,
Greenwich (second metaphase shows exceptional & X’s). Bottom row: left, lectulurins
» columbarive XXX Y showing hypothetical central region of spindle within which
so-orientation can oceur; centre, oo orientation of one and two Iswith 6 X5 (Mitcham);
Tight. consequent failure of segregation at second anaphase (Glasgow). x4000.

Thus the polarized centromeres of the X and ¥ univalents at first
metaphase arrange themselves almost in the same way as the co-
oriented centromeres of the bivalent anfosomes. The half-univalent (or
semi-valent) X and ¥ at second metaphase do not arrange theinselves
like the half-bivalent autosomes. This is to be related to the fact that
the X and ¥ cenfromeres cannot divide again while the autosome
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centromeres can do so. In short, when allowance is made in particular
cases for the rules governing distribution of chromosomes of different
sizes the principle is established that the special distribution of chro-
mosomes in the Heteroptera is governed by the three valency conditions
found in their centroineres—co-orientad, polarized, and unpolarized.

We have now to consider what the touch-and-go pairing has to do
with the special position of the chromosomes concerned. In the firsé
place it might seem that a co-orientation or approximation of the chromo-
somes was requisite for their movement. The X, in exceptional X0 indi-
viduals of Metapodius, may remain outside the ring at second metaphase.
This, however, is not usually the case. Both M-chromosomes in Anasa
and X and Y in Ohmer may move towards the middle without any
previous relationship. On the contrary it is their movement to the
middle which makes this possible. This is very well shown in Cimes,
where the series of stages in arrangement are prolonged by the presence
of so many X’s. And yet ultimately a regular arrangement in a double
plate can be achieved.

In order o understand this co-orientation of either M’s or X’s in the
centre of the plate two further properties must be horne in mind—frst
its non-specificiby in all cases, and secondly its differential possibilities
with the double-plate arrangement. Both these properties differentiate
touch-and-go pairing from the continucus pairing established by
chiasmata or secondary atfraction.

Wkat I mean by non-specificity may be illustrated by two examples.
In Metapodius an X, ¥ and y group may lie end-to-end equally well in-
the orders XyY and yXy (Text-fig. 17). Such a system is of course
unstable in evolution, as Wilson found. In Cmex similarly the position
of the small = chromosome in the configuration is variable, although
usually furthest from the ¥. The result however is less unstable on
account of another peculiarity which distinguishes all the stable X, forms
from the unstable Y, forms of Metepedius. In Meiapodius the XY
confignration forms a single or double chain. In the Reduviidae, and in
Cimex too, a double plate is formed. In Metapodius the position of the
Y is indifferent, in Cimer lectularius 1t is opposed to all the X’s. This
system. may break down where there arve more than a doren X's, but
such a breal-down does not alter the significance of the rule for lower
numbers. Furbher, ¥ can cope with many X’s even when it is smaller
than any of them. The body of the chromosome is irrelevant; and, since
the position on the spindle is an indispensable condition, the ceutromere
mugt be the effective agent acting through the spindle and at 2 distance. .



C. D. DARLINGTON 1927

The view that the “paiving” of M-chromosomes at first metaphase
and of sex chromosomes at second mefaphase are both conditioned by
centromere-spindle relationships is reinforced by a comparison of the
arrangements of new or spontanecus extra chromesomes of the two
Iinds. Where a third 3/-chromosome is present in Metapodius {Wilson,
1910) or an extra X in Thyante (Wilson, 1911) the centromeres are as
we may say, equipotent and the three chromosomes are of equal size;
the chain configuration formed is therefores symmetrical. Tn the #wo
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Text-fig. 17. Diagram showing the relationship of size and position at second metaphase
of the sex chromosomes in Hemiptera- Heteroptera. Above, the chain arrangement;
below, the double-plate arrangement. X, solid, ¥, stippled. {After Wilson, 1809;
Payne, 1010 and present study.)

cases we then find that the middle member of the group commonly
lags on the eguator. Tt is only by a difference in properties of one
chromosome from all the others that it can regularly segregate from all
the others in a multiple group. And this difference could reside only in
the centromere.

The development of the double-plate system from a chain systen is
shown by the transition in behaviour hetween C. rotundaius with pre-
dominantly chain formation and €. lectularius with an almost congisbent
double plate—which has obviously been the condition of extensive
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reduplication of X’s. This transition helps us to understand the develop-
meat of the lectularius system. An increase in the differentinl character
in columbariws and lectulorius would increase the frequency of the dounble
plate as opposed to the simple chain found with equipotent centromeres.
This increase would permit the survival of the high-multiple X type of
segregation which has actually developed in lectudarius.

The crux of the problem is therefore the nature of the differential
character of X and Y. That many are repelled from one leaves no doubt
that the difference is guantitative, not qualitative. That the size of
the Y is irrelevant leaves no doubt that the body of the chromosome is
not concerned. We are left with the conclusion that the difference is a
quantifative difference hetween the centromeres. We may say that in
a bipolar spindle the easiest arvangement will then be for the stronger
cenfromere of the single ¥ to oppose the weaker centromeres of the
many A’z

The material basis of such a differentiation of cenfromeres is provided
by the observation that a centromere can divide longitudinally to give
two functional halves, each hound to be weaker than the parent centro-
mere {Darlington, 19398). Such misdivision would provide for the
evolution of the XY system in the Heteroptera. Whether it has done
so can reacdily be tested by repeating the present observations and
experiments on a type with larger chromosomes.

Recapitulating, four assumptions seem te be required by the double-
plate system of multiple X segregation:

(i) That the relationship between X’s and ¥ can be established only
in the centre of the spindle.

{ii) That they are driven to these posifions by their centromeres
being unpolarized, and not by any specific atfinities.

(1ii) That the ¥ opposes all the X’s because its centromere is stronger
than theirs.

(iv) That double-plate formation as cpposed to chain formation is
favoured by an increase in the strength of the odd chromosome’s
centromere.

5. THE EVIDENCE OF EVOLUTIONARY CHANGE

In most groups of insects as well as vertebrates the corresponding
sex chromosomes, X and ¥, have not merely a relationship of ancestry,
hut an exact correspondence of genes in parts of their length between
which crossing-over regularly takes place. These interchangeable parts
oT pairing segments must have existed in the ancestors of the Heteropbera.
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They have now disappeared throughout the group and they must
therefore have disappeared long ago. Indeed there is no rteason o
suppose that any relationship now exists between the linear sequences
of genes in X and Y. The two chromozonmes are Lhomologous only ag
chromosomes. Their historical relationship however still expresses itself
in two entirely different vways: their common adaptation, on the one
hand, to the genotypic requirements of the two sexes and, on the other
Land, to the mechanical requirements of their own segregation. They
have the same time co-ordination of chromosome splitting and centro-
mere division, which distinguishes them from the autosomes. How this
has arisen we need not consider for the moment. Its evolationary
coﬁsequences however are clear.

The sex chromosome mechanism has reached an exireme of differantia-
tion. A comparative study of the less extreme cases in Drosophila species
indicates that such systers are liable to be replaced by, or combined
with, new systems derived from she auntosomes. In the Heteroptera we
find an instability of the sex chromosomes, but it is & highly standardized
instability. The reasen is evident, The sex chromoszomes have developed
a special mechamism of segregation that renders their replacement
impossible. It is easy enough, as is seen in mammals, hirds and fishes
as well as in Drosoplile, to switch the differential sex mechanism from
one chromosome o another, provided that the ordinary method of
pairing and segregation is retained; bub where the segregation depends
on special properties of the centromere itself, which cannot he lost, and
is not readily susceptible to genotypic control and adaptation, the
system  becomes inevitably rigid—hence its mechanical constancy
thronghout the Heteroptera. This evolutionary deadlock .seems to have
resulted in the resiriction of the active differentials of the sex ¢hromo-
somes to a very small part, leaving them, X as well as Y, for the greater
part inert, whence arises their variability in size and number, a variability
whose common condition is revealed by the parallel changes in different
families where independently the X has been wmultiplied or the ¥ lost
(Text-fig. 18). ‘

The raost obvious aspect of this instahility is the breaking up of the X.
Tn most families where the ¥ has already been lost this has not happened.
Whezre it has happened the Y has always been retained. It has been
retained not, I suggest, on account of its genstio activity but on account
of its mechanical function in the segregation of the multiple X’s. Where
the 3" has recently beeun lost, as in the: Coreidae, the X usually lags on
the second anaphase spindle. Its movement leaves no margin of safety

Journ. of Genetios xxx1% 9
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in segregation, and two X's wibthout a ¥ would scarcely pass regularly
to one pole. Tn this vespect the position of Syromastes with an X0
system 18 exceptional and interesting, for the break-up of the X has here

 Sex Sysrems of Hererorrera ~3'S f
CRYFTOCERATA I GYMNOCERATA I
XY XY 2O
" BELOSTOMATIDAE Corszioas fix CorsroAce ff @
Befostoma Pletapodius (X1, "—%’ Metasodins
.{_eﬁéccerus(-’f?‘%S) i Frofenor
LYGAEIDAE Alvdus
NOTONECTIDAE () Oncabelids A 4
Nolfonecrfa W ReouvirDAs § ﬂa_m"
. Archimerus (R])
CORIXIDAE @ Diplocodus ., )
i . FYDROMETRIDAE
Sigara PENTATOMIDAE [
) ) Lymnof?ocf;us
Cymafia Nezara,
i PYRRH O CORIDAE.
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Text-fig. 18. Notes on Heleroptera dingram (after Imms, 1025}, There are two well-known
methods of dividing the Heteroptera. The division by anfennae info Gymnocerata
and Cryptocerata followed here agrees with the distinction hetween dry and web
habitats. Ths division by genitalia inte Reduvioid and Pentatomoid groups (cf.
Ching, 1933) cuts clean across the Arst one, aa will be seen from the names. It will be
noticed however that on either system the distinction bebween single X's and
multiples, and equally the distinction between T and no ¥, must have arisen inde-
pendently, ie. by parallel change. The third possibility of course is that this distinction
hy X and T chromosome types is the natural one. This possibilify can, it seems, be
set aside in view of the independent changes within families and even genera as shown
in the table by arrows.

Notonectidue. 1 do nob regord the incipient “ fragmentaticn™ of the X in I, indica
{Browne, 1916) as anything more than & sympiom of unequal spiralization like that
described by Woller (1938) in the hawmster. {m); family with 3/ chromosomes.

Archimerus, with Arab division reduction of X (BRI}, shosws xeversion to the centro-
mere timing gystem of the autosomes.

come after, not before, the loss of the Y. The two X's adhere and lie to
one side of the plate. Preceding the anfosomes to the poles, they avoid
dispersal by a method entirely different from that of the double plate.
The mechanical stabiliby required by the spindle mechanism has
entailed a further mechanicsl stability of the wihole chromosome system.
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This secondary stability is shown by the limited variation in chromosome
number in the Heteroptera. We might ascribe such a property, as
Prokofyeva has suggested, to “tiefergreifende innere Verschiedenheiten
der, Chromosomen ™ but we find in fact that the two forms of Thyanta
calceala with 7 and 12 bivalents, and many other examples, show that
the capacity for variation is present in this group as much as in others.
The limitation 1s due to the fact that a hollow spindle at first mebaphase
is necessary for the pairing of the H/-chromosomes and equally & hollow
spindle at second metaphase is necessary for the segregation of the sex
chromosormes. As we have seen in Cmez, the chromosomes need not
foru: a good ring for this purpose, aud in Lethocerus they cannot do so.
The highest number of antosomes, 25 pairs, is fonnd in Nawuceris, where
the chromosomes are small enough to form a ring leaving a hollow spindle
at first metaphase and where the absence of the 1" makes 2 ring un-
necessary at second mefaphase. Where the chromosomes are suddenly
increased in size as in Maecrocoryze as compared with Coryza they are
no longer confined to & ring at first metaphase, and the smal M-chro-
mosome has disappeared. Similarly the second metaphase ring loses
its regularity in the X0 Coreidae where the co-orientation of X and ¥
is no longer necessary.

The parallel changes of X and ¥ within the Heteroptera are symptoms
of what I have expressed in the most general terms as the evolutionary
disequilibrium of all XT systems of sex-determination {19394). A per-
manent adaptive balance is impossible between sex chromosomes whose
crossing-over frequencies and mutation requirements are all necessarily
different from those of the autosomes in the same nucleus. Hence the
continual reconstruction of the system within the limits that are
mechanically feasible. The importance of Cimer leciudarius is in showing
this reconstruction taking place under conditions of exceptional
evolutionary stress.

6. Summary

A, Cimex
1. O. columburius bas in the male the chromosome formula
1BUA+ X, Y. O leotularius has 0-13 extra X's,
the average number of X’s being higher in natural populations ($:0) than
in mass cultures (4-3).
2. A variable number of extra 3’5 pass to the female-producing

spermn in kigh X males owing to loss at meiosis.
0-2
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3. Males of Cimex columbarius ¢ x C. leetularius & have no extra X’s.
A variable number of X’s pass into the egg-nuclel of C. lectularius 29
since full brothers from the reciprocal eross C. lectularius @ x C. colum-
barius & vary in number of X’s.

4. The size of the ¥ chromosome varies within both species; the
smaller type, v, agrees with that in C. rofundatus.

5. Some of the extra X’s in certain populations have also suffered
lozs to give a smaller z,

6. The chain co-orientation of X’s and Y at second metaphase is
commoner in . rotundatus, the double plate in C. lectulorius; C. colum-
barius 1s intermediate.

B. The Heteroptera

1. The cycles of chromosome and centromere division are correlated
in three types of differentially precocious chromosomes recognizabie in
the group: autosomes, }-chromosomes and sex chromosomes (Table IV).

2. The “pairing”™ of the sex chromosomes depends not on specific
attractions of genes in the nucleus but on balanced reactions of centro-
meres in the spindle. These act by determining co-orientation without
chiasma formation, a condition which depends on the chromosomes
oooupying a central position in a hollow spindle.

3. The double-plate system is a condition of the regular segregation
of numerous X’s from one ¥ and itself demands quantitative differences
between. centromeres, a strong ¥ and weak Xs.

4. Thesimilarity of X and ¥ chromosomesis a similarity of mechmmcal
behaviour and gene ancestry bub not necessarily of gene content.

. New problems

1. The central spindle-co-orientation of M-chromosomes at first
metaphase and sex chromosomes at second metaphase seems to depend
on two facbors, the state or valency of the centromere and the relative
size of the chromosome, This can be tested by studying the behaviour of
unpaired chromosomes produced by temperature shocks in a hollow
second metaphase spindle.

2. The extra X's of €. leciularius ave presumably active, siuce they
are preserved by selection, but relatively dosage-indifferent since they
can he reduplicated indefinitely. Variations in body size, bestis size
and bime of maturity occur within and between natural populations.
These are possibly refated to X-content. A closer study of the sex-zatio
and of the effects of inbreeding are necessary to test those possibilifies,
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APPENDIX T
GrosgAry FOR THE HEMIPTERA-HETEROPTERA
A, Old terminology
1. Hetero-chromosomes: any other than a normally pairing sutosome,

ie M, X, or X and ¥ or an antosome univalent.
- -3 3 X
9. Idio-chromosomes or differential chromoesomes: members of an

X-Y pair.
'y chy e ived X 1 A0 male
3. Aceessory chromosome: unpaived X in an A0 male.

4. Heterotypic chromosome: usnally as (3) but in Bonasa, an unpaired
auntosoine. -

5. Micro- or minute chromosome: M-chromosome.

6.. Supernumerary ohromosomes: extra ¥ or y chromoesomes in
Metapodius species.

7. Compound chromesome: & group of chromosomes independent at
mitosis butb segregating as a unit at second meiotic anaphase and
functioning as an X chromosome.

B. Present terminology
& and ¥': chromosomes whose segregation determines sex (as opposed
to autosomes).
M other chromosomes which de mot pair and form chiasmata at
pachytene,
¥, y and m: centric fragments arising by loss from X, T and M.
7“1 haploid number of autosomes,

APPENDIX IT
ON PREFERENTIAL SEGREGATION

The segregation of multiple X’s from ¥ in Cimer may be described
as preferential segregation, being preferential in an extrems degree,
100 %, for the first three or four X’s and 70 or 80 %, for the fonrteenth.
This makes one suspect that the same kind of assumption would account
dor other cases of preferential segregation, notably in the case of the
triploid fourth chromosomes in Drosoplila melanogaster so precisely
recorded and analysed by Sturtevant (1956). This suspicion is strengthened
by the fact that here, as in Cimes, similar chromosemes are less Lkely
to.go to the same pole. T say, as in Cdmen, for it would be absurd to
suppose, in Cirmezr, that twelve chromosomes go to the same pole because
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they are all more Like a thirteenth than they are like one another. Now
Sturtevant has suggested that it may be the relative distances apart of
the three centromeres of the fourth chromosomes that determine their
fixed preferences of segregation. This view agrees with the observation
in plants that trivalents arrange themseives most frequently so that the
pairs of centromeres which have heen closest at diakinesis lie on an axis
of the spindle, i.e. the pairs between which there is the greatest repulsion.
The same scalene conditions that arise in ordinary trivalents owing to
asymmetrical posibions of chissmata or attractions between chromatids
might equally well arise from asymmetrical strengths of the centromeres.
This view, however, is untenahbie in the Dvosophile cass for two reasons:
(i) the centromeres of differently behaving chromosomes dre often of
closely related origin, and (i) the inert vegions at both ends of the
chromosomes play a part in determining preferences. This effect of the
distal inert regious of the chromosomes indicates that the ordinary
conditions of trivalent co-orientation apply to the fourth chromosome
in D. melanogasier. The preferences are determined, in the female, by
the chances of chiasma formation which Is probably confined to the
distal inert regions and, in the male, by the relative attractions of the
three chromoesomes for which these regions again are largely responsible.
The reduction of preferences in the male is due to ar aggregate attraction
having a less determinate effect in the absence of the all-or-nothing
difference of chiasma formasion. The means of co-orientation is of course
always the centromere repulsion, but its variable effect is due to variations
in the chromosome attractions. Sturtevant’s observations make it all the
easier to suppose that the regular segregation X;X,-Y in Drosoplila
marands 13 in fact due to the convergent co-orientation of three chromo-
somes associated by chiasmaba as found in comparable cases in plants.
Known systems of apparently controlled segregation may therefore
be provisionally classified in the following manner:
1. Selecivve feridlization.
(@) Habrobracon and other haplo-diploids.
{(b) Belf-sterility systems.
2. Selective viability.
All 3 (@) systems in paré.
3. Darected segregation.
{a) Convergent co-orvientation of multivalents, eg. X, X, Y sex
systems, Oenothera and probably D. melanogaster triplo IV
and meranda.
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() Special spindle mechanism:
(i} Sciara.
(i) Blaps, Ascaris.
(i} Acholla, Nepa, Cimex.
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EXPLANATION OF PLATES [—I1II
Microphotographs by H. C. Osterstock and I.. La Cour.

PLATE T

1. Mitosis in ovary, C. lectularins, Greenwich, 2n =34
9, Mitosis in testis, €. lectularius, Lister Tostitute. 22 =30,

Tigs. 3-11, 13 and 14. First metaphase of meiosis in spermatocyte. Figs. 3 and 4. C. lectu-

Fig.
Tig.

5}

Fig.

Fig.

Tariue » . columbarius, n=17. Figs. 5 and 6. Lister, n =17 and 18, Tigs. 7 and 8.
Beckepham, n=19. Figs. 9, 10 and 14. Lectularius > columbarius, n=20, 21 and 21.
Figs. 11 and 13, First metaphase, n=28, and second metaphase, 13 X's, Mitcham.
Rig. 18, #=20, Lambeth. JFig. 15. Tuterphase {feciularius « columbarius, n=_391),
Note. Hollow spindle in Tig. 4. double spindle in Fig. 13, Non-orientation of X's
in Figs. 6, 13 and of « In Fig. 14. xca. 3000.
PLATE I
BSecond metaphases.

. O columbarius, 1314 + X Xy,

. leetuiarivs, Beckenham culture, 13704 + X XXX
C. eolumbarius > lectularius, 1304 + XX T,

O lectulorius x columbarius, 13774 + X ¥,

B o

Figs. § and 6. Greenwich culture X, 1. Fig. C shows extra x ontside ring, found in patches

Tigs. 7

Fig.

in one testis.
7 and 8. Lister culture, X, « ¥, showing » inside {7} or on (B} the ring. »xew. 3000.

PLATE I1I
1. Dipleid and tetraploid first metaphase, after heating; Cork (Text-fig, 10).

Figs. 2-11. Seeond metaphases. Figs. 2 and 3. 11 and 14 X's (Glasgow). Tigs. 4 and 5.

Dispersed X's, after heating (Lambeth). Fig. 6. C. rofundatus, linear co-orientafion.
Fig. 7. Triple plafe, probably with two F's (Mitcham). Fig. 8. (. columbarius, douhle
plate, XXy. Fig. 8. Bame, XY (Lister), =ca. 2000. Fig, 10. X Xa¥ (Lister),
xca. 3000. Fig. 11. Double plate Xy I {Greenwich), xca. 2000.



