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1.B7 

IIo~o~o~o~s chromosomes within a mating group are, we may say,  

such as r e g n l a r l y  cross over  w i th  one ano the r ,  a n d  such  therefore  as 

c an  be d i v i d ed  in to  h o m o i o g o u s  un i t s  of  cross ing-over ,  or genes, I f  

homo]ogous  chromosomes  exis t  i n  two ~ypes, X a n d  I% dis±dnguished b y  

constant differences in respect of g.ro~ips of genes,, we must suppose that 

orossing-ove~ is suppressed wR~in these groups when X and ~" are brought 

together in the same individuM. In fact each of the chromosomes must 

cons is t  of two .parts, a pa.@~zg ~e#m.s~zt in. which  c ross ing-over  t akes  p lace  

.freely and  a &~'srent~ag aey~ns~t in  which  i~ is suppressed .  

The mos~ importa ,  n t  e x a m p l e  of  th i s  p r inc ip le  is t he  sex ch romosome  
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pair found i.n the hybrid sex of dioecious p~ants and ~nimals. In earlier 
studies I have tried to show how the restriction of' crossing-over works 
in different species. The resub is differm% according to whether the 
prime .mover in restriction is a strtzetural differentiation of ~.~ and Y 
themselves, as appears to be the case in mammals, or s gsnotyp.[cally 
eontrollec[ mechanism which affects autosomes and sex chromosomes 
differential!y, as appears to be the case in Droso2]~iI~., where crossing-over 
is stqnpressed entirely between the autosomes and rigidly reshicted 
between the X and Y. In eid~er case, h.owever, the differentia.glen is 
irrevsrsible in detaiI and culminates, as Wilson concluded from com- 
para~.ive studies of insects, in the extinction of a Y chromosome which 
has become inert or superfluous. 

This climax migh~ be reached in two ways. Either the pairing and 
crossing-over of X and Y might be reduced to a small inert segment, 
a position closely approached in D'ro~sophila: or pairing and crossing-over 
might be entirely suppressed between X and Y, which is the condition 
reached in the Hemipter~-Ketereptera. Here the autosomss conSinue 
to pair by chiasmata in the male, while X and Y undergo no crossing-over 
and achieve regNar segregation only by momentary "pairing". We can 
then see the Y i~ stet~r vzo'rie~di. It is extinct in several families and 
highly variable in others. But there is another consequence of this 
suppression of crossing-over. The momentary pairing is achieved by a 
special spindle structure and a special cen~romere cycle. And these 
devices in turn seem to have the effect of preserving systems of an- 
foreseen comp]exity, tS is one of tJ~ese systems that I ~ant  to take ag an 
example for the solution of the special problems of the I{eterop~e:ra. 

The ear~ier workers were concerned largely in proving the relationship 
of chromosome dilre:renda~fo~a ~o sex differentia~ion. This relationship 
6hey established. What is now to be done is to fake apart the genetic 
and meehanicaI elements in the light of recent knowledge and piece them. 
t, ogether in an evolutionary intelligible whole. Th:is I can describe only . 
in a pro~isional :form, but in describing b I thJnk I can. slow what gaps 
are left and how they may be filled. 

2. ]~{iTEI%IAL AND t]£gTI-fOD8 

I am i~deb~ed to Dr {!. Jokns~m of the Londm~ School of IIyglene 
and Tropical 3{edicine for providing me w.[th all the J.naterial, including 
the reciprocal species crosses wJaieh lte has made. These crosses he has 
described elsewhere (1939). The species were derived from the following 
s o u r c e s  : 
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I. l~{ass ~ultures: ]3eekez~ham (].937). 
Lister lust, itute (animal house) (] 935). 
Greenwich, Seamen% ~-][ospRal (1937). 

2. lXraturaI populations: She~i.e]c].~ 1938. 
Glasgow, three localities, ]938. 
~{Roham and Lam})e~].l, ]939. 
Oork, three Iocalil, ies~ 1939. 

C. coh~tbc~rf~s: Sc]imeeda~ Or6n~ngen, pigeon house. ]~ass cuRu.red 
singe 1936. 

C. ~'ot~dat~s: Ugand~ (human). l~'lass c~fltured since 199_,2. 
U, stadleri: Spessa, rt, Germany (ba~s). tVfass cuRurec] since t935. 

Tl~e late fiRE instar, which lasts from 6 to 11 days, is the most 
f~'uitf,J stage for spermatogenesis. 

I am indebted ~o 1%{r L. La Cour ~br making the excel]cut ]?repa,:t'ations. 
The testes were disseo%d in ~ingez"s solution, £xed in La Cour's 2 ]~D 
or 2 BE soNtions (I937) or strong Flemming. To avoid ove~'-~d.io~ t~he 
testes were ~'emoved from the fixative after 1 hr. and placed in 1 ~/o 
ciromic acid soln.tion for 1S hr. @entian-vio!et-iodine is th.e best stain. 
The sections were cut at 12/z. The method used for upsetting meiosis 
will be described later. 

In connexion with the methods used the seriatien of stages described 
is not irreleva.nt. This has apparently given trouble t,o some workers 
since 8paul (1929) seems to have been ted ash'ay by taking firs~ meta~ 
phase for second in Nepec e~ze.~'ea. ~ffy own interphase (i°1. I) corz'esioonds 
with SI~ek's description (1939) of dia.kinesis in O~meaz These dif£stflties 
of seriation I would attribute: in par% to the rhythmical control of the 
processes of d~visio< mitotic or meiotic, in each fotlic]e and, in part, 
to the semi-diffuse stMning of the autosomes in the diplotene-diakinesis 
stages. As a rule only fu's~ mete.phase or second metaphase are found in 
one follicle. But occasionally they are found together and then there is 
no fliterphase with them~ attl~ough ti~e frequency of occnrrenee of this 
stage shows that it is not short. ]~vic]ent,]y ~f cells of a particular group 
in a follicle fai] to enter metaphase with their neighbours they have to 
wait for a second me~:aphase. Comparatively few follicles even have 
mixtures of metaphase and anaphase (Table I). 

The greater fl:eq'~cncy of second division, s than firsts, even in very 
yon_at %sates, points to a longer duration of the second re.eta, phase. The 

'greater frequency of' follic]es with first metaphases and. anapl~.a.ses than 
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~.th the corresponding second divisioa stages together points the same 
way. I am inclined to think that  the tengtk of second[ metaphase is due 
to the extended ~ime required for distribution on the p].ate, for I land 
whole follicles occupied by plates that are flat but not finally distributed. 
So accurate is the riming co-ordination that groups of adjoinihg second 
metaphases show the same stage of co-orientation of sex chromosomes. 
This conclusion needs further testing since it bears on Nxe special 
properties of th.e second division spindle to be discussed later. 

The same data (Table I) reveal a difference between the lecadarh~s- 
coh~.mba~'ius crosses and all the other bugs. Ia  the former alone is the 
first metaphase .as frequent as die second in the fiRh lust.at fixations 
used. Presumably the testes of the hybrids'develop later than any others. 
Another problem that  deserves attention is the great variation in testis . 
size within the species Zectu~m'h~s (of. Dobzhansky & Boche, 19:3,3). 

TABLE "i 

Cimex s,pe,r,matoge~zesis : g.m.i,,n 9 e~..a~ysis. Freque,noy of  foil.ides 
with diffe're~t stages in  d~ere.nt  s~oc;s at the fiftI~ .i,,~.stc~r 

~I I M-A I i I M II ~I-A II A II 

O. rotu.u&~.us I 
C. cd,~.mba~fus i 2 
O' lectulari~a : 

B e c k e n h a m  3 6 .9 
Olasgor¢ 3 ~ 1U i 
@ork I 5 ~- i 
Leombe~k fia i @~ 
}[it, cham 4 2 A 
Others 5 '~ I 19 ~ 

O. cohm~bari'l~,~ x C. Zec~'Mari~s 2 { 6 
O. lesttdar~s x O. coh~mbari~s 28 ~ 6 25 a i :~ 

Atl of low X type. 
Including one with infierphaso also. 
Includfiag one with both glI and ~tII. 

* Ineh~ding five wit~ bo~h ){I and l%IIl. 

3. i~lE~osIs th- C~ME~r 

(i) ge~era~ 

The chromosomes of C.f,me¢ are between 1/20%h and. 1/60%h the size 
of those  of most offset Hemlptera-t[eteroptera that  have been described, 
a~ad for this reason, the prophase o:f:' meiosis is not to be satisfactorily 
studied in the male. Between diplotene and first metaphase the e].~ro- 
mosomes, apart  from X and Y, are semi~diffuse, lu the :re.roMe the 
diplol;ene stage shows the formation of from oae to three ehiasmats, per 
bivalent (Text<fig. 1). Ib is there:Nre comparable with the des;ripdons 
of male rueiods in other speei.cs by Wi.l.soa, Browne, P~eul~er and o@xers, 
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At first metaphase in the male the chromosomes for'm a plate which 
varies in size and arrangement. Where it is small the chromosomes are 
evenly distributed. Where it is larger or the chromosomes are fewer t]~ey 
are peripherally distributed and. leave an empty eenfire. Rarely a plate 
is found with a central group distine~ fl'om an outer ring, a distinction 
suggestive of the second, met aphase (PI. I). 

The autosomes consistently form I3 biva,l.enfs. The sex chrontosomes 
( Y and two ~o tburteen X's) remain unpa, ired and seem flo lie indiffeze.n~.ly 
on the plate, being grouped n eJfiher together nor in an), pa~'ticutar 
relationship to the arttosomes. They cannot M] be recognized from one 
point of view. The I1 exist, s in two size forms. In O. leel'~dc~riz~¢ it is 
usua.lly larger than the X's, but in four ]Jugs of the @]asgow and 

l #.;3.7::.;J 

t J 

Text-fig. 1. Mitoses From th2"ee ]Beekenham seeck females, C. ZeoI~deri~.~s, with 37, 40 ~nd 
41 chromosomes, All snpm'numerary X chromosomes in outline. Diplofienc nucleus 
in a.n eg~ showing bivalen%s with one, two and th:'ee chiasmata, x 4000. 

]lecher, ham stocks and in one C. colz¢,~bo, ri~s it is smal!er, and i refer to 
it.as y (Text-figs. 2, 16)] The X chromosomes e~s[  in three forms. First 
there are the two larges% which are not distinguishable in size. Secondly 
there are supernumeracy X;s which are sometimes, perhaps always, 
slightly smaller ~han the first two. Thirdly there are supernumeraries 
which are extremely small, the x chromosomes, which are little more 
~han disembodied cen~romeres, and are distinguishable in polar view as 
well as in side ~de~v. These frequently, and the others occasionally: show 
a lack of eon.gression and orientation, which is no doubt  due to a delay 
relative to the auflosome bivalents. The delay, however, may ha.ve ~he 
serious consequence of lagging in division, or even of both halves of 
the univalent sex chromosome passing to ~he same pole. 

Normally the sex<mivalm~ts cLivide at the first metaphase and the 
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£fXy 

> 2 5 J ~  
29=]3~I+3,,~XX 

Text-fig, ~. Ci.m~x ¢o[~.,,mbari~c~ ~. Above: mitosis wi~h 29-chromosomes; fu's~ men,phase 
" of nmiosis wi~h t6 ~md second m.¢gaphase wit.h g and g~ra X's  co-orienflatmcL ~Belaw: 

s~ges  in distrib~$ion of a~l~osomes and co-orientation of sex ch~'o~uasomes (strewn in 
on~te)  ab second meSa, phase, x 4000. 

• /i> / \  ,(\ 
a ~, ~ '"--- 8 , ' 8  t > ~ . ~ 

\ /  \ /  \,7 \ : /  
Text-fig. 3. 

orienI, M, ions in the middle give stabts ~rral]geltml:tt8 am t,}~e side. 
,~ecend meiotio me'~aphase irl C, rotv, n~lc~e.a: L.I:~IA +XX;~/, Unstable ~'o~ 

× ~:000. 
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halves of the smallest ones can be recognized in the ~nterphase nucleus 
(Text-fig. 4). At the second metaphase the an~osomes gradually form 
a ring on the edge of the spindle while the sex chromosomes move to the 
middle. This arrangemen~ admits of no exception provided tha5 the firsb 
division has been regular and the number of X's is small. When, however, 
~he spindle is small the ring may be re-entrant at one or {we points. 
Or, to put  it anotl~er way, there is a certain minimum dis~a.nse between 
successive chromosomes in the ring which crumples, like a half-open 
umbrella, if the spindle it circumscribes is too sma.1]. 

The arrangement of the sex chromosomes in the m~ddle is also gradual. 
It may be divided into two p a r k  First there is tl, e sorting out of lhe 
sex chromosomes and ~atosomes. NeW comes ~he relative arra:ngement 

TABLE II  

Su~nma,ry of ~'es~dts 

C. lectuh~,rfus (Beckenba.m) 

O. coh,.mba~'iua 
O, oogu'mbc~ri~ea 9 x O. ~ectv, lari.as d 
C. le~iu~arh~s o × O. cd,.u.mbgriua ¢? 
(extremes) 

U. rolund~t, lt~ 
C. ~la.dl~ri 

0 

l~litosis 3iX 9II]P Nig'oais 
30 

- -  33 @x) 
(all is ] '+~x ;(~ (92) 
@2) 19 y + 5x 37 (10x) 
33 20 Y + 6X 39 (12X) 

(33) 20 y+62 ~o (~ 3_~-) 
34 21 y + 7 X  41 (14kX) 
2~a ~6 y + 222 ?30 (4x) 

(29) I6 Y -.2~ 34 (8X) 
(29) ] G Y + 2_5f -- 
(34) 21 y + 72f -- 
(,.%1) (17) y+2x - -  

31 
Numbers in brackets a.re inf%rred, ~" includes s, 

of the 5" and the X's- The ordering which seems to be most zrequent is 
that where the single }" chromosome lies to one side of the plate, co- 

orientated (if w e  may so describe the relationship) ~dth two X's, while 
any extra A"s He in the same plane as their fellows, a].though showing no 
individual reaction to ~he Y. I have also seen both a one-to-one co- 
orientation of Y with one X, ~he other X's remaining unaffected, and 
diamond-shaped configurations (Textdg.  16, PI. .III).  

In 6'. coh~mbarius exceptionally the t,hree sex chromosomes may lie 
in one row. Comparison with C. ~'o~,ndaf~s shows that col,.~,,nbc~'h~" is in 
this most important respect transitional For in rotw~zdatv,.s, of 59 second 
metaphases classified for co orienfiatio~±, eight h.ad the general Reduvioid. 
type of double plate found in lecad, erius, 35 had the Raear form of 

"T@a~zte and Metal)odius ' and t6 were t~;ansitional forms which were 
probably pa, ssing into one or the other sta.b~e arrangement (Text-•.  3, 
PI. III). - 



@ 

10S ge~ze~icaZ a'~zd MecAc~'~ica, Z P~'o~Je'~'~ie~' of Sez C]?~"o,~o.so.me,s 

~g seco~d ~napkase, as a rule, ~he Y chromosmae passes ~;o one pole, 
and all t]i~ X chroinosomes, unless they are re ry  smaierous, ~o Ol~e o~her. 

Tex&fig. 4. G. ;ec~.~dar~w~, Lister eutgure. Top row; mitosis, first meiotic raega~phase, 
fl~terpha.se, seeo~ld meie~fe mogapha.s~. Second row: side views of first metaphase ~ad 
anaph~se. Bo~,gom rows- diEeren~ combiner, ions of supernumerary ~¥'s b~ad x's 
resulting .fi'om non-disjuaoblon a~ firs~ mebaphase. :< .!1:000. 

Abaorm.alieies of meiosis are eol~cerned, only wi~h lshe sex o.Eromosomes 
an.d a,re therefore acee~ua,~ed i.a bugs with a high X-cont~ent. They arise 
from. two causes: aon-disju~cbion of ei~romaeids aI) :firsl aaaph.ase an.d 
irregalt~r co~oriet~#agioI~ on ~.he seoo~ad me~a,j?Ea,se s_Dt~.dle. 
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The first a.bnormality a~ects the sN?ernamerary X's and especially 
the small ,~'s. t~ causes an obvious varia.tion in ~he number of chro- 

\ o . -  ~- 
'.'-.. . . . : f ; ;  .% ® , , -" ,"  / 

19 ~ _ _ _ ~  ~ 

Tex$-fig, 5. O, l~ct.ulc~ri~s, ]3oekenham eul/~ure (excep~ extreme ]ef~, Greenwich). Above: 
first meLaphase w~t,h 7 a,nd @sex ehrom0somes. Below: second me~a]?has~ wit, h 6 X ' s  
showing different ~rrangaments.  One has  a daughter  X outside sph~cUe, x 6000. 

Q • 

yy. 4X  y. 3 X 

y. 4 X  
Text-fig. 6, Glasgow stock ~dth 13hA +y + 4X. Above, first meSa,phase, helow second 

me%a~phase. ~/chromosome m~rked ~dth a. point. × 4:000. 

mosomes withi~ the ring (Text-fig. 9). What  is zem.arkabie about, this 
non-disjunction is ~ha,~ the. two c]~:omadds do in fact disjoin a]though ~]ley 
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p~ss ~o tile same pole, so tI~.a,~ pla.kes wi{h ~oo many as well as too few 
X's are l'otmd. The oeeasi.on.al exceptions to this ru.[e are significan~, ~'or 
rarely an extra chromosome is fouad i.t~ ~ke ring, and whe~ large enoug}x 
it oa,n be see,~ ~o be doable. This oEromosome could always be see~ nog 

13A+Y+13X 
Tex~-gg. 7. N]t.eham stock a~ Rr8~ metaphase ~ncl second mega.pha.s~, x 4000. 

28 

/ \ 
, o~o / 

I %Y " - ~  
*0X 

~ 0 X ~  

0o~ o 0 

122V ~ 
>..__j/ 

lX 
Text-J3.g. 8. C~le, sgow stock, mitosis a~d second me~aph:~se in ~ bug with 11 X's, Number 

of X'e and at.ages o2" dis~ributioa w~.ry. :'. 4000. 

~o be alz au~osome, eibher by its irregular orien.ta~ion o:r am.all size 
(Tex~flg. ,.1-). 

The question arises as go wiled:her rim>disjunction a~!l:'o&,s fh.e basic tw-o 
X's and V. It is doubgfui whegher the loss o::" reduplication of ~ke ~wo Z ' s  
i~ She prssen.ee o:f supern.umeraries would be recognizable, bu~, bSe same 
accide.qts affecting Oh,: V mig!at) well upset the oo-orienta~i.on system. 
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Of this I have evidence in occasional cells of two kinds. The ~rst have 
no signs of co-orientation and the X's are dispersed at random within 
the ring. These I take to be n.o-Y cells (P1. IiI). The second show, lying 
off the plate on each. side, a single chromosome pointing to its pole in 
the characteristic manner of the I'. These i take to be two-Y cells. 
I believe that the exceptional second anaphases in ~v-h.ich nearly all the 
sex chromosomes are lagging, arise t?:om one or other of these two 
abnormMities (Text~fig. 16, P1. Ill). 

t t  is significant on the .other hand thab ~he co-orientation is a.s 
regular with the sinai1 y as with the large Y. The general size of the 
chromosome is irrelevant in determining the spedat properties of the Y. 

2 l~ 36 

it .) 
6X I0X 

7 X  8 X  
ToxG-fig. 9. Glasgow stock, mitosis and l~'Ii~ in ~ bug wifli 9 X's ,  showkug v~riation in 

number  owing to. non-disjunet.ion ~b Krst me~aphase, x 4000. 

This iv also shown by comparing Si~.ea with the other tgeduviidae 
(Text-fig. 17). 

The most widespread abnormalities arise at second metaphase in t5 e 
high-X bugs. They are important in showing that a tfmit is rea&ed in 
the capacity of the second metaphase spind]e for coping wi~h these 
chromosomes. Ag the fret  division ffhe X's must divide less regularly 
since the second 5aetaphase plates show (as Slack has poin.ted out) 
highIy va.ri~ble nam.bers of X's together with. absolutely invariable 
numbers of the augosomes. At the second metaphase distribution on th.e 
plate takes longer in relatiozl ~o congression than where there are few 

f " ~  " s 1 ' . . ,[ s. t-Ienee many pla.tes are fotmc~ to )e perfeetly flat bu~ w~tll a,utosomes 
inside the ring and X's st.fll on the edge (Text-fig. 8). And the ring itself' 



112 ¢enetical  c~)'~d Mechca~ical Propert ies  of Sex  Chro.mosomes 

may ~ever close up. The exclusion of autosomes l!rom the centre is 
quicker than the exclusion of X's from fihe ring. tn  a ~ord bhe movements 
of the autosomes are more rapid or mo:t'e aclvaaced in ~ime than those of 
the sex chromosomes at the second mefiaphase, just as they are at the 
first. Those X's which lag in co-orientation in the centre also lag in 
anaphase movement and are left behind. Those which were lying on the 
wrong side of the plate may even get pushed leotards the Y's pole by 
the stretching of the spindle, so bha~ X Y  sperm will be formed as well 
as X~ and Y. 

(iii) ~4,rt,ificial brec~Tcdown 

In order to understand the mechanical conditions of the special X Y  
system in t imex it is necessary to break down the ordinary coarse of 
meiosis. The high temperature t reatment  used by White (1934) on a 
locust Schistocerca was therefore applied. Cimez at the fifth baster will 
survive i0 ° for i hr., although t'4[ ° C. is quickly IethM even ~o C. ~'ot~.ndatus. 
Bugs were kept in a damp chamber at ¢0 ° O. for 9 hr. :~feer 13 and 17 Jar. 
at room temperature they were fixed. Controls from the same populations 
(Cork, Lambeth and Beckenham) showed no abnormalities, bu~ it must 
be understood that  in ~/ew of the heterogeneity of ~he material the only 
valid control is the whole body of observations on untreated bugs ~ith 
simitar X-contents. 

Fottr sign.if[cant disturbances were found (Text-fig. 10): 
(1) Mitotic doub~i~z 9. .A. whole follicle, apart from ~wo nuclei, showed 

32 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 te~raploid nuclei the autosomes remained as bivalenfls and the sex 
chromosomes, although each was provided with an identical mate, 
remained unpaired. 

(2) Loss of Y cb'ov~osome. Evidence ofnon-disiunotion of Y was found, 
as iu untreated bugs bug mote frequen@. 

(3) Loss of c~utosomes. At second metaphase a ring of 12 a, uCosom.es 
was found instead of the 13 presen.t without exeeptior~ in all untreated 
wild and crossed individuals. This is presumably the resul~ of Nilure of 
pairing or disjunctiml of the autosomes at the first division. The number 
of X's was time normal 8 Ibr this bug. 

(4) ;5~);~dZe breaZcdow,n, Imperfect spindle develop.meat was seen in. 
the same bug both at first and second divisions (TextNg. 10). At ftrs~ 
metapha,se, suggestions of the double spindle oharacberistic of second 
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meSa, phase were fouad. At £rst anaphase the spindle was undu]y broa, d 
and ~},e direct,ion of separation ~.as irregular, At second metaphase ~he 

/ .o-oo r \ 

Top row: diploids and telraploid pla~s ~djoiuing (of. PL iII), Cork. Second row: 
C, control, and ring of 12 au~osom~s tin6 to non-pah'ing or non-disj~mGf, ion ~ llrs~ 
m~t~ph~se .La.mb~th. Tkird ro~: 9a's~ mct~phase, i[r~t and s~oon£ an~%]?ha.se foklowing 
a defect of ~he spindle, La&0~eth. ]0~o~<rt, h row : ~bnormal distributions of sex cl~'omo- 
somes  at s e c o n d  m e t ~ p h a s e ,  L a m b e t h .  x 4000.  

results are seen in the fomm%ion of something like the restitution nucleus 
commoniy seen in p]an~s. The nmnber of ch.romosomes is too few for all 
the X's to have divided at %he first division. On f]~.e o~her ]m,n.d we see 

gourn, of O~netlcs xxx~x 8 
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~ha~, aI~hongh the rings are fairly well defined, ~here are ~oo many  
chromosomes lying in them. In several separate second .meeaphases in the 
s~me follicle 17 chro~nosomes were lying on eke ring (P1. I I I ) .  i{ seems 
~hat, as in ~he case of ~he x ctaromosomes, the ext, ra numbers are ~n- 
divided sex chromosomes. 

(iv) C~dtu~'es, crosses c~nd 2opufc~tio*~s 

The proof of the distinction between X and Y is given by  the chro- 
mosome numbers of females, and  by the difference between males in the 
reciproeaI species crosses (Table II). The females show a Wider range of 
number ~5an the names in ~he same broods and reach a number  of 39 
when their brothers do no~ exceed 31. T~e extra chromosomes are 
~herefore X chromosomes, and ~he corresponding consli~u~ions can be 
represented as: 

C. cdu,mba.ri~:,~ C. Iec~ul~rh~s 
,x A 

42C (30) Y +2X J.2X (3S) y +6X 
C. cal~r.mbarb.~s x C. lecl~.dc~.ri.~s C. lec~dari~s x C. coh*'mha'ri~ 

? ~ 9 d 
8X (3'4) y + 2X 8X (34) ;~ + 6X 

Thus t.he males :produced by crosses between C. eoh~mbariu.s with only 
two X ' s  and C. leetulc~.ri,~s wigh from ~hree go seven X'a  have the same 
X-constitution as ~keir mo~hers. Cbg~mbariws x ~eet~dc~'ius ~ have fhe 
~ o  X 's  of columbarius ,  lect~dariusxcoh~enba,rius ~ have the large 

O~ Y 3:L,Y 

) 

Text-fig. 11. C. coh~,.mbarhls o x U, Iecf~do, riq~.~ ~. ?'irsg ~ud second me~apkasc i~ the mMe, 
mitosis ha the femMo (2.~- 84, four smatles~ in ou~iine), x 4000. 

namber  of X ' s  derived from the lectuZa,ri~,~s reel.her. In  the progeny of 
both these crosses the autoso~?3.e bcl]aviottr aft meiosis was consiseen~ly 
regular. Wha6 is remarkable aSoue ~hese i'a~ilies is $he wide var ia t ion 
in ~he number  of X 's  coneribu.~ed by  any  one nlogh.er (Table I I I ) .  This 
is 5he o~?e so,tree of evidence we have of sex chromosome behaviour in 
egg formation. Ib see~.s mose likely ~o be due go the irregular segregation 
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of muItivalent X's, associated in the usual way by chiasm.ata, at meiosis 
in the egg. 

• Such behaviour in the egg indicates ~5.at the two X's of the basic 
complemen~ are dissimilar and complementary ra~her than similar and 
supplementary. For if  the extra X's, being similar, fbrm multivalents 
in the female, the four basic X's, being similar, -would do lilcewise and 

t .  :.';: / 

20= I3 n +Y+ 6X 

/ . ' o~o  ",, \ ) 
~. o%,,.// 

7 X ~  

4 x ~  ~ x  

row: first a.nd Becond mBtt~phas~ and second anaphase with 7 2Ua, Second anaphas~ 
ha.s lagging ~ 's .  × 4~000. 

would then be liable to a like irregu/arity which would impair the 
fertility of ~he species or give single-X males. Whether the extra X's are 
derived -from one or both of the basic X's ,  we cannot tell. 

The natural populations of lec~zda,,ri¢~.s reinforce the evidence of the 
crosses j~ showh:.g that  the X-constitution is again variable within each 
locality and even family. The appearance of the small .v chromosome 
from different sources nlight suggest that  it has maintained i~self over 
considerable periods, since ~he bed-bug is a species of local tenacity, 

8-2 
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endemic and not mobile. Its origin, however, apparently de hove in 
three families of the L. × 6'. crosses, makes rather for the opposite ex 
planation of a frequent parallel origin by fragmentation of a larger X, 

Of these natural poptdMions the most aberrant is that from @ork, 
individuals of which range from ten extra X's down. t,o none at all. From 
the same house in Glasgow came one with lg X's and another with only 
tbur. The sporadic appearance of individuals which have suddenly shed, 
as it were, most of their extra X's agrees ~vi~h ~he observation of occasionM 
second anaphases i~ which most of the X's seem to be lagging. It is 
these abnormalities which account for the subordinate part of the curve 
of X distribution between two and six in the natural popNations. 

The Glasgow population included some wi~h the usual large 2- and 
some with the smM1 y like those seen in C. cofumbc~rius and C. rotu,n&~tus, 
and as supernumeraries in Metapodius. Again the Y must be largely- 
inert or indifferent to be able to suffer ~his loss without physiological 
disadvantage to the organism. 

(V) SEX DETE~SIINk.TION 

These observations establish the general agreement of the sex 
mechanism in Cimex with the X , Y  type described in ofher families of 
tIeteroptere#, e,g. by Payne in the Reduviidae and galgldidae, by Wilson " 
in the cryptic " B "  form of Tlzyante~ custator (Pentatomidae) and by 
Steopoe in Nepa cinerea (Nepidae). On the gene}ieal side, however, the 
problem has been complicated by Cimex rather than simplified. In all 
pre~dous eases the mtdtiple X system has been stable, or at least has. 
seemed to be stable, tlere it is obviously unstable. This instability runs{ 
depend on the special genetic character of tim sex chromosomes and 
t~ eir mechanical properties at meiosis. More specifically it must depend 
on a eontradietion between what is mechanicMly feasible and what is 
genetically desirable. The operation of meiosis favours a low X-content. 
The selection of individuals musttherefore favour a high X-content. 

When we compare the cultures with the natural populations we see 
a remarkable a~ad unexpected difference in ~his respect, tn the popula- 
tions selec~ion is somehow forcing up the X-content which is maintained, 
with occasional exceptions, close ~o ~he limit of the mechanical capacity 
of segregation. In the cultures this selection, pressure ~s apparenl, l.y 
reduced and the X-conCenl, has dropped to a leveJ, a~ which very lit, tie 
loss takes place at meiosi% to the level at which we in :fac~ see it in the 
occasionM low-X bugs of the nagu.rat populal)ion. Wh.e~,her this difference 
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is due ~o lit-breeding, to sex-ratio selection, or to other cultural conditions 
remains to be seen. 

Whatever the detailed solution of this problem, the conclusion stands 
thafi the high-X bugs would not exist if the extra X's were no~ doing 

M I 19 = 13 A+ Y + X ~ X , X ~ X ~ x  

(. : ' L : .  - h 
I "o"*  . I 

X, X~ X2 X2 X~ XIX2 X, X ,X  z X2 xx 

Text-fig. 13. O. ~cl.~darius × O, coZ~.~Lbc~'fus wR.h three recogmizable types  of D~ showLu~ 
~neqna~ assor~mea~ of extra. ~]7's and m% a~ second metaphase,  Bo t tom %we rows, a~ 
fl'om sa.me locuhs ,  show ~he al~tosome positions a.s polygons. × 4000. 

some work. I~ is worth considering f.br a nioment wha~ this work may 
be, for i~ is evidently outside the range of our previous gene~ic expeience. 

The argumen~ is as re]lows. There seem to be no males wiflh two Y's. 
There can therefore be no females with one Y. Let us label ~he primary 
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and necessary X's, -¥1 and X~, and the extras ~-Y~, _¥,~ and so on. Then 
2(X~X2) and 2(X~X~X~X,~) are equally female while XIX~Y slid 
X~X~X~X~ ;g are equally male. Eenee we must suppose that  X S and X~ 
are much less impor~an~ in sex determination than X~ and Xs since Y can 
scarcely be much more ilnportank 

Similarly the great-variation in number of extra -Y's with out apparent 
effect on viability or fertility points to their relative inertness. Bug this 

TABLE III 

Numbers of X c/zro.moso,mes in .males of different cultu~'es, 
crosses and populations of Cimex leetalarius 

Number of X's . . . . . .  2 3 4 5 6 7 
~iimtic number . . . . . .  29 30 31 82 33 34 

Cultures: 
Beokenham (t927) (y) 1" 1 1 3 1 
Lister (1935) (x) 2 4 
Green,v'ieh {1937) i 2 1 "i i 

TerMs (19) ~fean 4-3 1 5 6 2 4 1 

Crosses : 

]3eekent~am × coh~mbarius f~mily: 
I (.~) 2, 

4 (:~) " I 

Totals (21) ~[ean 4.3 l 6 

Pol)ul~tions : 
Cork i 
Glasgow (y) 
Lambeth (.~) 
Mi~eh~m 
Sheffield 

Totals (25} Mean 9"0 1 
Slack% data? (35) Mean 8.7 

To~al cultures ~nd crosses (40) 2 11 
To~:al populations (60} I I 

* Counted from mitosis o~xly. 

8 9 10 11 t2 13 14 
35 36 37 38 39 40 41 

1 2 

i i 
3 i i 
1 1 i 
6 3 3 2 

1 2 ), 
1. i 1 i i i 
2 i i i i i 

i i i 

2 1 6 1 1 5 2 2 2 2 
1 ~ 3 6 4 7 1 1 6 g £ 

12 5 7 3 
3 2 ~ 12. 5 8 6 3 8 4: 3 

Some bugs h~d z chromosomes which are included in the X's. 
y Some bugs had y cln'omos0mss instead of Y. 
? Edinburgh, Glasgow ~md London popuh~gions, eMoulated from "modal  number  of 

~mivdonts" at NJ H less erie. 

assumption r~,ises other di~cnlties. These extra X's are little if a[ all 
smMler than X 1 and X~. Moreover, as we have seen, the exSra X's are 
so frequently lost, sad their number is consequently so variable withia 
families, that  they would certainly disappear aRogether from the species 
if they were entirety inerk 

The same principle applies to fl~e M-ehrom.osomes which I sh.alI refer 
to later. These chromosomes are oRen vgriabIe in size, indicating tha~ 
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large paras of them are dispensable, ~Ulg nevertl~eless 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 instabiligy in the X-Y  moth&his.m, viz. in Meto,'podius where 
males without any i" and with seven I:'s were Zound by Wilson. The 
toss of Y is consistent with its inertness; its indefinite redlllOlie~tion is 
not. E~ddexitIy a chromosome, or a, .[orgio~'i a gone, that is superfluous 
need not be inert. 

,5O 

C t M E X  LECTULARI U S 

, , , . . - /  ......... T . . . . . .  \ . . . . . .  . .... 
2. 3 4 5 6 7 8 9 t o  1t I2 i5  14 

N u m b e r  o t X C~ronnosomes 

Texgifig. 14. Graph 8hO'~'~lg the  effects of clift~rent k_hads of selection on tI?.e numbers  of  
X chromosomes ha males of O. lee~g~r~:~s (from Table III).  

The exp]ana~ion that I would suggest fur all tlaese conditions is that 
such o]~romosomes are not strictly inert but contain material whose 
action is so adjusted g}lalg relative dosage is almost, and in some autosome 

I combinations quite, immaterial. This implies an extension of the principle 
of dosage~eompensation inferred by Muller (1932 b) in the X chromosome 
of Drosop7~i~c,. It  would be expected float such a condition of dosage- 
igZdI?~eJ'e~(,'e would arise in large related grol~ps by an orthogene~ie 
process and would itself, by parallel changes, give rise to a parallel 
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maI~iplieation of ehe X, such as is to tJe inferred from systematic 
comparison (Text-fig. 18). 

Bug there are other examples of parallel evolutionary changes in the 
sex chromosomes of ~J~e Heteroptera. AII of them depend on a second 
land of condition, the mechanism of segregation. Any system of sex 
determination must rest equally or~ the availability of t]./e genetic 
materials and of Uhe special mechanical resources for distributing th.ese 
materials conveniently. We will now return go ~he mechanical part of 
the problem. 

,i. SP~cLar. s~zsr~;_~rs z~ T ~  t-IEq:E~oP'r~aa 

(i) ~1%eJ~od of co'gz~ze)z~ 
In inferring tl~e mechameaI properties of chromosomes from. the 

comparative study of a large group one special precaution mast  be taken 
and is perhaps worth mentioning: i{, is that we must distinguish in 
considering any particular action of a chromosome between what, is 
spontaneous and mechanically inherent in its special observable con- 
ditions on the one hand, and wha~ is heredi+~ary and therefore adaptively 
inherent in its special observable consequences on 5he other hand. 

To understand the use of eels distinction, take the condition of 
unpaired chromosomes a'G meiosis. When this condition arises in a new 
species-cross or in a triploid alt of whose chromosomes were paired in its 
parents we have -~2)o.t~e~eo~.s .~o~,ivcde~,gs. Their behaviour will depend on 
the conditions inherent in their mechanically abnorm.al state. As we 
know, the result may be regular or irregular, although it is always 
characteristic of the particular hybrid individual under given conditions. 
Ies variations enable us ~o say that  the movements of ~,he nm[valents 
depend on the Netors of time and space: ~he time of polarization of its 
centromere relative to ~,he separation of ~he bivalents and ~he size of tJa.e 
chromosomes relative to the space available in the dividing celI 
(Upcott & Philp, 19:39).. 

Quite o~herwise is the position of the )e~ero-cl~romosomes, as ~hey 
used to be called, in the Heteropbera and elsewhere. These chromosomes 
are descended f~'om a long line of ancestors which have dispensed wieh 
the ordinary processes of pachytene pairing and chJasma formation and 
have secured a more or less regular segregation by the adoptiou of special 
devices. Here ~-e are concerned with tze~'ed.it.ery ~,~{vaZe~,gs. Iu studying 
them therefore we are not s~udying mechanisms inhere.at i.n, mdosis ])at 
modifications o.f these mechanisms wt~ich have proved adapgively feasible 
in ~he group we are discussi~g. 
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(ii) ix.o,mdo~!,s v~echa,~ds.ms 

The special types of segu:egation found at meiosis in male IIe~eroptera 
may be classified as follows: 

(1) X l" and XO systems of ihereditaa'y univa]ents with co or.[matation 
ag second me~aphase or not at all. 

(a) X-Y segregation (Ne~a,'re, N.]wdnh~s nnpubl.). 
(b) Supernumerary Y chain-segregation (MeZaTodi~s.). 
(oh Solitary X segregation (Mega2)odi~,a, P,)'o~e')zo% A'rd~@l.e~'.~s). 
(el) Supernumerary X chain- or doable-plate-segregation (6'inzes). 
(2) ~fiero-ehromosome (M) system of pairing or co-orientation at 

first metaphase (Ooreidae, etc.). 
(8) "I-Ieterotropic" system by which spon6aneo~as univalents (un- 

paired atttosomes) pass to one pole at first anaphase (Ba~za,scO. 
These systems have to be considered in relation to font mechanical 

and two genetieal properNes of the chromosomes concerned: 
(1) Time of division of the chromosome thread. 
(2) Potential and ~ctual pairing at paehytene in the propkase of 

meiosis. 
(8) The occurrence of erossinpover. 
(4) Congression and distribution on the metaphase plate and ~he 

consequent shape of ~he plate. 
(5) Time of dixdsion of the centromere. 
(6) Genetic activity or inertness and consequent stability or in- 

stability of size and number. 

The time of division of @~e three %Tpes of chromosome has been 
described by P,,euter in _4Zy@,s. The X chromosome divides first: 
"Zien~oh frith, ehe noch die I{onjugation der .@utosomen eingeleitet 
worden war, wnrde es l~ngsgespal%t" (p. ~5). The M-chromosomes 
di~dde next: "'in lebendem ~aterial erwiesen sic sich sehon in der 
'Pachyphase' ale l£ngsgespalten" (p. 53). As Table IV shows, this order 
is correlated bot-h with ~,)e caps.city for pairing at pachytel~e and with 
the capacity for division of the eentromere at metaphase. The earlier 
division of the X chromosome prevents its paling even when in a 
tetraploid cell of Ci~.ea; or Ev, sehistv~s a.n identical partner is provided 
for it. It  a&o goes with an earlier dividon of the centromere--£t £ne 
£rst instead of the second metaphase. The ~ntermediate timing of the 
M-chromosomes lea.de to a partial suppression of pachytene, a possibility 
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of co-ori:entatior~ at first, meSa,phase and of ~he division of the eentromere 
being lef~ to second me~aphase. 

The pairing of the sex chromosomes h~s been suppressed therefore 
not by their s~ruc~aral divergence but by ~he imposition of differential 
precocity which has restored them to a mi~o~ic cycle in the firs~ meiotic 
division. 

The special properties of the sex chromosomes in the Heteroptera 
~hus arise no~ by a change in the timing of me~aphase for %he whole cell 

TABLE IV 

Related 2ropertfes of the tb'ee ch,romosome ty:pes iv, the Heteropter~ 

Cm. division Plate  

Type (Hvision a Paehytene ~'Z~ ~I[ n -~{i hi m Funct ion 

Autosomes Diplotetle Complete. - -  X Lfl~g or PJ~g or Active 
bivalent (or Crossing- solid solid 
spontaneous over 
univalent) ~ 

2]£ chromosomes Pa.ehytene Variable. N'~ Centre of  Indifferea~ P~rtly 
No cross- rh: g (solid) ~cbive, 
ing-over p~rt.ty 

inert  
X ha X O  a ? - -  - -  X Off plate P~ing Do. 

X in X O  5 Zygotene - -  X - -  Indifferent, Edge of Do. 
plate (no 
rhlg) 

X and Y ia  X Y  ? Non.~2 No X - -  Cerl~a.t if Ce~trM s Do. 
gnd _'r. Y erosshig- sma-ll 7 

OVer 

i Alydus (P~eu~;er, 1930). 
" Banasa  (Wilson, 1907). 
3 A.rzh'i~nerus (Wilson,  1905b). 

A thh'd M-chromosome, probably non-orientated,  occasionMly divides a t  M I ill 
Metapod ius  (Wi].son, 1910). 

s General type. 
Shoml  in 4x,  Gi.mex and Nu~cIdst~ts (]lewes, 1992). 
E.g. je- in .~¥ezgl'a, vb'id~dc~ (Wilson, 191I). 
But  edge af  pla~o if 2- is last  iu Metr~podfus (Wilson, 1909b). 

(such a.s is commonly found in plants) but by a change in the liming 
cycle of the sex chromosomes themsdves. This change applies ~o alI the 
successive stages of meiosis. It  begins by a change in precocity which 
suppresses pachy~ene pairing. T.his entails suppression of crossing-over 
and. hence structural divergence of the genetically isolated mates. That 
such a system survives the supf)ression, of the ordinary mechanism of' 
pairing and segregation by chiasma~a is due to the development in ~he 
He~eroptera of the special spi~n.dle meohan.is,n which we mus~ next 
consider. 
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The firs6 and obvious evidence of speciM spindle mechanisms in ~his 
group is seen in the shapes of the first ~nd second meta.pl~ase plates. In 
genes;a,1 it seems thaf the "l~ollow spindle" arrangement follows tb e rule 
obtaining in C@~sex: all the ohromosom.es lie on the edge of' the plate 
provided that there is eno~g'h room for them to lie a,t a certain d.istanee 

Au 
.$ o,rn e 5 

P D Mz 
--~. 4, 

/7 

® 

X 
an cY 

Y 

<__ 

Tex~-ilg, I5, Diagram showing fhe ~imfilg relationships of antosomes a.nd sc.x chromosomes 
~h~ Heraipt,zl'a~]i[~teropt, er~ in respect of (i} pairing at zygotene (p°) and at firs[ ana 

,seeon~ m e ~ p ~ s e  o± m~loszs in t.h¢ spermg~ocytes {/~' and p"),  (ii) the spli~ting of 
~ne eta'omosomes (~) ~nd 5he division of the eentromeres (d). ,~ and 3 are correleted. 
while po is conditioned by s not coming early enough to in~erfere with it. T}Je auto-" 
seines are h~id %oge~her by ehiasma~a bstween diplot~ne (D) and ~l'sfl met.a]?hase 
(1V.~). 0f, T~hle I3L (-~-fter ~Tilson, 1912 a,nd R.e~fer, 1930.) 

apart. 14ollow spindles therefore appear at both £rst and second, recta- 
phases for no other reason ~han that the spindle is ]arge enough fie allow 
fol' it. B~t there are certain groups in which the spindle is rsgula~:ly 
large enough for a more or less regular ring to be developed. This is 
pa.rtienlarly ~rue of ~he first me~aphase in the Coreidae and in Noto~eeta., 
and of %he second metaphase in the Bednviic]ae and Cimisidae. And jt 
is with equa~ regularity in ~hese groups and af these stages that we find 
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particuIar chromosomes distinguished from 311 the rest by no5 lying in 
the peripheral ring. The M-cha'omosomes at :~rst me~;aphase in. the 
Coreidae and the sex eh.romosomes a~ second metaphase in ~he P~eduviidae 
lie i~ the cen.~re. The significance of ~his central positiBn at metaphase is 
shown by the fac~ that there az~.d ~hen alone are these chromosomes 
capable of the momentary approximation which allows of their regular 
segregation. 

~%at makes this toneh-and-go pMrin.g or co-orientation possible~ 
Three factors seem ~o be concerned: first the dixh'ib,z~io~ of the other 
chromosomes, secondly the vale~cy of the af~%cted chromosomes, and 
lea.fly their s{ze. 

The r~ng-distfibution of the autosomes is clearly necessary for a 
central positio~ of the special chromosomes ~o be seen. But it re~y also 
be necessary in a more primary sense, viz. for restricting {,he space in 
wh.ich the special chromosomes can lie. I i  LetT~ocer~.~s three antosomes 
are enough to do this (@hiekeri~_g, 1927). The priority of ~,he aatosomes 
is indicated by the fact that, where there are many X chromosomes in 
C.f'mes, the autosomes make the ring before ~he X chromosomes s,re 
forced out of it. The autosomes are .~tro'~..ger. This ]?rings us to the second. 
fan%r, valency. On my ~iew of th~ eengromere, the autosomes have 
polarized centromeres at second metaphase a~d the X's have >lot. 
Bivalents in the same way are stronger than univMents at first metaphase 
and, even in Ci.mea, the univalent sex chromosomesare slower in con- 
gression and therefore more likely ~o suffer irregularity than the bivalen~ 
autosomes. 

It would seem therefore that a difference in the valency of the 
ce~atromere--unpolarized in the daughter univale~ X's and polarized in 
the daughter bivalent au~osomes--ois responsible for the disth~ction 
between central and peripheral chromosomes a~ ~he second metaphase. 
This eon.oh~sion is borne out by f, he daughter a~'s being abie to he in the 
ri~g in C. leet~deri~.~s although they are the smallest chromosome in ~he 
se-e. Presumably ~hey had passed withou~ division to one pole at first 
anaphase and therefore had ~he valency of a d a @ t e r  bivalent. This 
eoncIusion obviously needs testing with me%riM in whiclh some faiI.ure 
of auhosome pairing :followed by pre-division has been induced by 
hybridity or abner.me[ temperature. 

On these views ehe behaviour of the M-chromosomes becomes 
intelligible. They pass ~o the middle of the spin.die because they have 
unpolari.zed cenbromeres like bhe second meta, pha.se chromosomes, and 
{his movement is assisted further by their smM1 size, since, o~her things 
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being equal, small chromosomes with the smallest body repulsions 
aI~-ays pass to ~he middle of the plate. The exceptionally small y passes 
to the middle of the plate in Mem])odi~. and sometimes the large~ $, 
which is however smaJler ~han any of ~he autosomes, may ].is jt~sb inside 
~he ring, while the very large i f  ahvays lies ou%ic] e She ring of autosomes. 

) 

, Ue~ t% 

TCxt-ilg, t6.  Co-orientation and  segregation of sex chromosomes a t  second m~fiapha.se 
and second ~naphase in g'imcx with differen~ numbers of X's. Top row; XXXF, 
Glasgow; fourth X no~ sho~n~. Second row; segregation of four and five X% from J~. 
Greenwich {second metaphase  shows excei}tienai 6 X%). ]~oGom row: iefS, ~chd~r~u~ 
x ceh~mbg.rii~.s X X X Z  showh~g hypetheticM central region of spindle within which 

co-orientation can occur, centre co orientation of one and two Y's ~dth 6 X% (IMiteh~nl] ; 
right., consequen~ re[lure of so.grogs.rich a% second anap]~ase (Glasgow). x ~000. 

Thus the polarized cen~romeres of the X and ~: univalsn~s a~ firs~ 
metaphase arrange themselves almost in the same way as ~he co- 
oriented centromeres of ~he bivalent, a~ltosomes. The half~univaleJlfi (or 
semi-relent} f f  and ~: at second lnetaphase do not arrange fhe].nselves 
iik~ the hal~bivalent au~osomes. This is to be relaied to {he facg that 
.~he X and Y eentromeres cannot divide again while tLe antosonle 
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eeutromeres can do so, In shor~, when allowance is made in ~?ar~icular 
c~ses fez' the rules governing distribution of chromosomes ot:' different 
sizes the principle is established that the special distribution of chro- 
mosomes in the geteroptera is governed by the-three valency conditions 
tbund i£ their oeaSromeres--co-oriented, polarized, and unpolarized, 

We ]save now to consider ~ha~ the touch-and-go pairing had ~o do 
Meh 8he special position of She chromosomes oo£eerned, tr~ She first 
piece it might seem that a co-orients ion  or appr6ximatioa of the chromo- 
seines was requisite for their movement. The X, in exceptional XO indi- 
viduals of Metayod.iu~. , may remain outside the ring a~ second metaphase. 
This, however, is not usually ~he case. Bo~h M-chromosomes in Anasa 
and X and 2" in Ci,mex may .move towards the middb withou~ any 
previous relationship. On the eonh'ary i~ is their movement to  the  

middle which makes this possible. This is very well shown in Cimec~, 
wlsere the series of stages in arrangement are prolonged by the presence 
of so many X's. And ye~ ultimately a regular arrangement in'a doable 
plate cs~ be achieved. 

t~ order ~o understand ~his co-orientation of ether M's or X's in the 
centre of the pla~e two further properties must be home in mind--first 
its non-specificity in all cases, and secondiy bs differen~iM possibilities 
with the doub]e-plate arrangement. Both ~hese properties differentiate 
teach-and-go pairing from the continuous pairing established by 
chiasm.ata or secondary a~raetion. 

What I mesa by non-specificity may be ilh~stra~ed by two examples. 
In 2Je~aysodi~e s ~  X, Y and 9 group may lie end-eo-e~d equally well in. 
the orders X y Y  and ~X] (Text-fig. 17). Such a system is of eodrse 
nnstable in evolution, as Witson found. In Cimecc similarly the position 
of the small x chromosome in the configuration is variable, although 
usualIy fur~hes~ £rom ~he Y. The result however is less unstable on 
aeeoun~ of another peculiarity wt£ch distinguishes all ~he stable X,~ forms 
from the unstable Y.,~ ~orms of Metcff~odius. In Metayodius the XY 
configuration forms a single or double chain., t~ the P~eduviidae, and in 
C';me:v ~oo, a double pIage is formed. ~[n Me$c(?)odi~s the posi io£ of the 
Y is indi:ffere£< in G'im, e~c. ~ectular,iss it, is opposed ~o all She X's. This 
system may break down where ~here are more than a dozen X's, bu~ 
such a break-down does not abet the sigMfieance of the rule for lower 
numbers. Furgher, Y 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 bl~e spiJJ_dle is an indispensable condition, the centromere 
must be due effective agent acing through the spindle and a~ a dis~anee. 
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The view that the "~'pMring" of M-chromosomes st  first metaphase 
and of sex ~hromosomes aS second n.iefia.phase are both conditioned by 
eentromere-spindle relationships is reinforced by a comparison of the 
arrangements of new or spontaneotts extra chromosomes of the two 
ldnds. Where a third M-chromosome is present in Me~a2)od~s (Wilson, 
1910) or an extra X in Thff~zta (Wilson,)91I) the eent,~:omei'es are as 
we may say, eg~d2o~enZ and the three chromosomes are of equal size; 
the chain configurationformed is therefore symmetrical. In the two 

o o o o ~  °o o °o ~o < 

0 

O ~ ~ ~,~. 

~oe~o~ot'a G¢la~toc~ori~ A choline_ x~ 

0 0 
~ Coo 

Conorhinu~ 5inea 

o p% 

~X, X2 

:.~. ~ - - - - - - >  C.~. i 

,% ,, • "t~f~t. 

(@ 
Y X,X~ ~ rX,X2X~"- 

Cimex l e c V u | a d u s  

Textfig. 17. Diagram showing t h~ ~el¢$ionsh[p of size and position ~ second me~ghase 
of the sex chromosomes in Y[emiptera*~etei'op~era. Above, ~he chain a.rrangement; 
below, ~he double-plate arrangement. X, solid, Y, stippled. (A/let Wilson, 1909; 
~Pa.yne, 1910 a.nd present s~udy.) 

cases we then find that the middle member of the group commonly 
]ags on the equator. I t  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 eentromere. 

The deve.lopment of the double-plate system from a chMn system is 
shown by the transition in beha.~iour between 6'. q'o~,~dcffu~ w/th pre- 
dominantly chain formation and C. {ed~d,~r~.s with an ahnosfi consistent 
double .plate--which has obviously been the. condition of extensive 
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reduplication of X's. This transRion helps us ~o understand the develop- 
ment of the ~ectul~'.fus system. An increase in the differential character 
in coh~mhc~rius and led,~da.ri.~.~s would increase the f2equency of the dou.ble 
plate as opposed to the simpIe chain found with equi;potent centromeres. 
This increase would permit the survival of the high-multiple X type of 
segregafiiog which has actually developed in 2ect~d~'ius. 

The crux of the problem is therefore the nature of the differentia1 
character of X and Y. That many are repelled from one leaves no doubt 
that ~he difference is quantitative, not qualitative. That  the size of 
the t: is irrelevant leaves no doub~ tha~ the body of the chromosome is 
act concerned. We are leR with Lhe conclusion that  the difference is a 
quantitative difference between the eentromeres. We may say ~hat in 
a bipolar spindle the easiest arrangement will then be for ~he stronger 
centromere of the single Y to oppose the weaker centromeres of the 
many X's. 

The material basis of suck a differentiation of centromeres is pro~d.ded 
by the observation that  a centromere can divide longRudinally to give 
two Nnctional halves, each bound to be weaker than the parent cent,re- 
mere (Darlington, t939b). Such misdivision would pro%de for the 
evolution of the ..-E,~Y system in the Heteroptera. Whether R has done 
so can readily be tested by repeating the present observations and 
experiments ok a ~ype with larger chromosomes. 

Seeapit~flating, four assumptions seem to be required[ by the double~ 
p/ate system of multiple X segregation : 

(i) That the relationship between X's and 2" can be estabIished only 
in the centre of the spindle. 

(ii) That they are driven to these positions by their csntromeres 
being unpolarized, and not by any specific affinities. 

{fli) That  the Y opposes all the X's because its centromere is stronger 
than ttleirs. 

(iv) That doable-plate formation as opposed to eb.ain formation is 
favoured by an. increase in the strength of the odd chromosome's 
cent.remote. 

5. T~E EVID]~NCE OF ~]VOLUT[OlXT±\Rk ~ (JI-I[Aif~E 

In most groups of insects as well as vertebrates [ib_e corresponding 
sex chromosomes, _Y a, nd Y, ha,ve not m~rely a relationship of ancestry, 
but an exact col:respondenee of genes i.n parts of their length betwesu 
which, crossing~over regularly takes place. These [nt.erchangea,ble parts 
or pairing segments must have existed, in the ancestors of the ]~Ieterop~eca. 
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They have now disappeared throughout the group and they must 
therefore have disappeared long ago. Indeed there is no reaso.a be 
suppose that any relationship now exists between the linear sequences 
of genes in X and Y. The two chromosomes are homologous only as 
chromosomes. Their historical relationship however still expresses itself 
in two entirely different ways: their common adaptation, on the one 
hand, to the genot ypic requirements of the two sexes and, on the other 
hand, to the mechanical reqtfirements of ~heir own segregation, They 
have fihe same time co-ordination of chromosome splitting and centre- 
mere division, which, distinguishes ~hem from the autosomes. How this 
has arisen we need no~ consider :for the moment. I~s evohttionary 
consequences however are clear. 

The sex chromosome mechanism has reached an extreme of diff'eren tie- 
rich. A comparative study of~he less extreme cases in Droaolfl]z,/,ga species 
indicates ~hat saeh systems are liable to be replaced by, or combined 
with, new systems derived from the autosomes, tn the I-teterop~era we 
find an instability of the sex chromosomes, but it is a highly standardized 
instability. The reason is esddent. The sex clJromosomes have developed 
a special mechanism of segregation that renders their replacement 
impossible. It is easy enough, as is seen in mammals, birds and fisJaes 
as well as in D'~'osophiga,, to switch the differential sex meehafism from 
one chromosome to another, provided that the ordinary method of 
pairing and segregafiion is retained; but where the segregation depends 
on special properties of the eentromere itsel.f, which cannot be lost, and 
is no~. readily susceptible to genotypic control and adaptation, the 

system becomes inevitably rigid--hence its mechanical constancy 
throughout the Heteroptera. T]Es evolutionary .deadlock.seems to have 
resulted in the restriction of ~he active differentia]s of the sex chromo- 
somes to a very small part, leaving them, X as we~l as Y: for the greater 
part inert, whence arises their variability in size and number, a. variability 
whose common condition is revealed by the para!/el changes in different 
families where independently the X has been multiplied or ~he Y lost 
(Text-fig. 18). 

The most obvious aspee~ of this instability is the breaking up of the X. 
In most fa~dlies where the }~ has already been lost this ]~.as not happened. 
Where it has happened the Y has always been retained. It  has been 
retained not, I suggest, on account of its genetic activity but on account 
of its mechanical function in the segregation of the multiple X's. Where 
~he Y has recently been lost, as in the" Coreidae, the X nsuMly lags on 
t/in second, anapbase spindte. Its movement leaves n.o margin of safety 

l e a r n ,  of Genetics xxx~x  9 



130 Ge%eticcd c~nd Meelza)~ieal P~'ope~'ties of Sex Ch,i,o,~noso,~?~88 

in segregation, and ~wo X's withott~ a }" wortld scarcely p~ss regularly 
~o one pole. In this respec¢ the posi~ior~ of ,Sy'romestes wig  an Z~O 
sys#em is exceptional and interesting, for the break-up o:f the _,X has here 
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Tex~-fig. 18- ~'¢otas on Heterop~ra diaqra~ (after Imms ,  ].925). There ~re t~vo weli-Imowu 
methods of' dividing ~he Iffeterop~er~. The df~s ion  by a.n~ermae into Gymnoeer~ta 
and Crypt/)cerat,~ fotIowed here a.grees with the  distinction between dry ~.nd we[ 
habitats.  The division by geni~alia into ~eduvio id  an<[ Pen~atomoid grm~ps (oK 
China, 19:33) cuts clean across the first, one, as wi~ be seen from the names.  I t  will be 
no~ieed however tha~ on ei~her system the distinction between single X ' s  and  
matt, iples, and  eqaally the distinction between Y a.nd no Y, torts% have arisen ind.e~ 
pendenbl)-, i.e. by para.ilel change. The thJ_rd ]?osslbiJd.gy of course ~s t l lat  t;llis dief, incgio~z 
by X and 1; chromosome gyj2es is ~he n~tu, 'al one. This posslbiliey can, it  seems, be 
sea aside lit view of the ik~depend.ent eho.nges wif, hin families and even genera as shown 
hi ~he table by arrows. 

Notonectidcm I d.o not  regard ~he incipient ~Dagment .a t iou" of the X in N. indio~ 
(Browne.. [916) as an.y~hing raore thaa a s y m p t o m  of lmequal  spb:aJizaeion like ehaC 
described by Xoller (1938} in the hamster .  (m): NmEy  wi~h M chzoraosomss. 

Archiraerus, wi~h l'ra~ division reduc~iea of 32 (g I ) ,  sho~'s reversion ~o ~he cent,re- 
mere elming sys tem of ~he autoseraes. 

come after, noe before, ~he Ices of bS.e Y. T~e ~wo X's adhere and lie 5o 
one side of ehe platm. Preceding Chs atttoso.mes to ~he_ poles, ~hey avoid 
dispersal by a me,hod enCirdy dii%rent from ~hat of ~Ee double pla~e. 

The mechanical sgabiti~y rscFdred by ~he spindle mechanism, has 
eat;ailed a fur~h.er .mechanical st, abilit, y of the whole chromosome system. 
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This secondary stability is shown by the limited} variation in chromosome 
number in the I-Ie~eroptera. We might ascribe sue5 a prope~y, as 
Prokofyeva has suggested, to '%iefeNreifende innere VerschiedenheRen 
der Chromosomen" bat we find in fac~ that ~he two forms of 2"hyr~.~l.~ 
cEdeea, Zc~ with 7 and 12 bivalents, and many other examples, show that 
the capacity for variagon is present in this group as much as in others. 
The linfitation, is due to the fact that a hollow spinNe at £rst metap]~ase 
is necessary for the pairing of the M-d~romosomes and eqlmlly a hollow 
spindle a~ second mehaphase is necessary for the segregation of the sex 
dn'omosomss. As we have seen in Citizen, the chromosomes need not 
form a good ring for this purpose, and in Let/~.ocer,~ they cannot do so. 
The kighest nnmber of antosomes, 25 pairs, is found in Ne~co~'is, wl~ere 
the chromosomes are smalI enough to form a ring leaving a hollow spindle 
at firsI~ metaphase and where the absence of the 1~ makes a ring tin- 
necessary at second me~aphase. -Where the chromosomes arc suddenly 
increased in size as in Mcmrocorg~sc~ as compared ~dth Corg~ they are 
no longer combined to a ring at firs~ metaphase, and tI~e small M-chro- 
mosome kas disappeared. Similarly the second metaphase ring loses 
its regularRy in fhe XO 0oreidae where the co-orientation of X and Y 
is no longer necessary. 

T/ze parallel changes of X and 1" within the tIegeroptera are symptoms 
of wha~ I 5ave expressed in the most general terms as the evolutionary 
disequ~briam of all XY systems of sex-deter~zination (1939@ A per- 
manent adaptive balance is impossible between sex chromosoanes whose 
crossing-over frequencies and mutation requiremenl~s are nil necessaa'ily 
different from those of tl~e autoscmes in the same nucleus. Hence the 
continual reconstruction of the system within the limits that are 
mee~a~dcally feasible. The importance of Cime~_: ~ed,~.~c~r.h~s is in showing 
this reconstruction taking place under conditions of exceptional 
evolutionary stress. 

t. O. coZ~mbarh~6' has in the male the chromosome formula 

]3r<'&+A~Y, C. lec~arh~s has 0-]2 extra X;s, 

the average number of X's being higher in natural populations (9.0) ~han 
in mass cultures ({-3). 

2. A variable num])er of extra X's pass to the female-producing 
sperm in high X males owing to loss a.t meiosis, 

9-2  
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3. ~'Iales of Ci,me:~ coht;nba,ri~s 9 x 6'. ~ectulariu.~ c~ have no extra X's. 
A variable number of X's pass into the egg~nnetei of O, Ieet,de~.r.i~s 90 
since fN1 brothers from. the reciprocal cross 6'. leeada'~'gux o x C!. coh~.m- 
bc~,r.i.~ ~ vary :in number of X's. 

4. The size of the Y chromosome varies wRhin both spegies; the 
smaller type, y, agrees wRh that  in 6'. rotu.ndaa~s. 

5. Some of the extra X's in certain populations have also suffered 
loss to give a smaller ~. 

6. The chain co-orientation of X's and Y at second metaphase is 
commoner in. U. rotz~ndat~, ~he donbIe plafe in C. ~ect~da,riz~s; C. ~o~z~,m- 
bar,iz~,s is intermecliate. 

B. f ke  Hegeroptera 

1. The cycles of chromosome and cenbromere division are correlated 
in three types of differen~.ially precocious ckromosomes recognizable in 
the group : autosomes, M-chromosomes arid sex chromosomes (Table IV). 

2. The "pai r ing"  of ~he sex chromosomes depends n_ot on specific 
attractions of genes in ~he nucleus but on balanced reactions of centre- 
meres ~n the spindle. These act by determining co-orientation withou~ 
chiasma formation, a condition which depends on the chromosomes 
occupying a central position in a. hollow spindIe. 

3. The double-plate system is a condRion of the regular segregation 
of numerous X's from one Y and itself demands quan~Rative differences 
betmee~ eentromeres, a strong I z and weak X's. 

4. The similarity of X and ~g chromosomes is a similarRy of mechanical 
behavionr and gene ancestry but not necessarily of gene con%nt. 

C. Ne~v yob/~e~ns 

1. The central spindle-co-orientation of M~chromosomes at firs~ 
metaphase and sex chromosomes at second metaphase seems to depend 
on two feel;ors, the state or valency of the cen~romere and ~b.e retative 
size of 5he chromosome. This can be tested by s t n @ n g  the behaviour of 
unpaired chromosomes produced by temperattcce shocks in a hollow 
second metaphase spindle. 

2. Th.e extra X's of 6( lect~&~'rius are presumably active, s[.uee they  
are preserved by selection, but relatively dosage-indiff%ren~ since they 
can be reduplicated indefinRely. Variations in body size, ~estis size 
and ~im.e of m.at~trigy occur wi2hin and between naf, ural populations. 
These are possibly related to X~content. A closer s tady of the sex-ratio 
and of the e_ffec~s of inbreeding are n.ecessary to tesb t, hese possibilMes. 
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APPENDIX I 

~LOSSAI%Y FOI% TKE ]~IE-~{IPTEI~A-]TIETE~OPT]~I%A 

A. O~d term'inology 

1. Hetero-&~'omosom,es : a~y other than a normally pairing autosome, 
i.e. M, X, or X a.nd ]7 or an autosome univalent. 

2. Idio-of~,romoso~nes or differential chromosomes: members of an 
X- t "  pair. 

3. Accessor~ c]zro~noso'me: ul~pabed X in an XO male. 
g. Heta,rotypic ch:romoso~.e: usually as (3) but in Ya,nct~.a, an zmpaired 

autosome. 
5. ~]~icro- or mi%,~,~te c]~romosome: M-chromosome. 
6.. Nupernumerm'9 ch~'o~nosomes: extra Y or y chromosomes ia 

Meta2odius species. 
7. Co'm2Joue~d oh,ro~msomc: a group of ckromosomes independent at 

mitosis but  segregating as a unit at second meiotic anaphase and 
functioning as an X chromosome, 

B. P,resent te~'~ni,r~dogy 

X and I: : chromosomes whose segregation determines sex (as opposed 
~o autosomes). 

M:  other chromosomes which do ~o~ pair and form ch~asma~a a~ 
pachytene. 

m, y a~d m: een~rio fl'agments arising by loss from X, Y and M. 
n~: haploid number of aa~osomes. 

APPENDIX II 

ON PI~EFEIgENTIAL SEGREGATION 

The segregation of multiple X's from Y in Ci~ncx may be described 
as preferential segregation, being preferential in an ex~re.me degree, 
100 % for ghe first three or tbur X's and 70 or 80 % for the fomCeenth. 
This makes one suspect that  the same kind of assumptioa wo~fld account 
-for other cases of preferential segregation, notably in the case of the 
~triptoid fot~rth chromosomes in. DrosophiZ~ melanoga.~ter so precisely 
recorded and analysed by Sturtevan~ (1936). This suspicion is strengthened 
by the fact tha t  here, as in Cimex, similar chromosomes are less likely 
to .go to the same pole. I say, as in Ciome~, for it would be absurd to 
suppose, in Cimex, tha~ twelve chromosomes go to the same po]e because 
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they are all more lJbe a tJ~.i.rtee~t]~ than they are like one a~o~he.r. Now 

SOur~evan[. has suggested that i~ may be the relative distances apart of 

the three cenh'omeres of ~he fourbh chromosomes t int  determine ~heir 
fixed preferences of segregation. This view ~grees with the observation 
in plants ~hat trivalents arrange themselves most fi'equen~ly so that the 
pairs of centromeres which have been closest ~,t dialdnesis lie on an axis 
of the spindle, i.e. the pairs between which Lhere is the greatest repulsion. 
TJae same scalene conditions tha~ arise in ordinary trivalen~s owing to 
asymmetrical 10ositJons of chiasmata or a~trac~ions betwee~ chromatids 
migh~ equally wee arise from asymmetrical strengths of the cen~romeres. 
This view, however, is lmtenable in ~he D~'ose2)hiIa case for ~wo reasons: 
(i) the eentromeres of differe~dy behaving chromosomes are often of 
closely feinted origin, and (ii) the inert regions at bo~h ends of the 
chromosomes play a part in determining preferences. This effect of the 
distal inert regions of ghe chromosomes indicates ~hat the ordinary 
conditions of trivalent co~orientation appIy to the fourgh chromosome 
in D. melanogr~xte~'. The preferences are de~ertNned, in the female, by 
the chances of ehiasma formation which is probably con{ned to the 
dis~M inert regions and, in ~he male, by the rela%ive attractions of the 
~hree chromosomes for which these regions again are largely responsible. 
The reduction of preferences in the rome is due to an aggregate attraction 
having a less determinate effect in the absence of the a]I-or-nothing 
difference of cbiasma formation. The means of co-orientation is of course 
always the confrere.ere repulsion, but i~s variable effect is due ~o variations 
in ~he chromosome attractions. Sturtevane's observations make ig nil ~he 
easier to suppose that the regular segregation. X~X~Y in Droso.phi~a 
mircmdc~ is in fact due ~o the convergent co-orientation of three chromo- 
somes associated by ehiasmata as found in comparable eases in plants. 

Known systems of 'apparently controlled segregation may therefore 
be prbvisionally classified in the following manner: 

1. ,5%lec~ive j'~'~'tiZizetio'n. 
(a) Habrobraco~ ~n.d other ha,plo dipIoids. 
(b) Self-sterility syseem.s. 

2. ,~eleetive viebigty. 
All 3 (c~) systems in par~. 

3. Directed seq.reqa~io~. 
(~,) Convergen.t cooor~e~t~ti.on of mul~ivalents, s.g. X~.X, J." se~ 

systems, Oeno~h.e.rcr and probably D. ,m.dane~c~.xt, e'r triple J_V 
and 'mifa'~,dc~. 
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(b) Special  sp indle  m e c h m f i s m :  

(i) 5'ciar~. 
(ii) B~l)s, Asca,ris. 
(fii) Achogaa, Nepa, Cimex. 
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E X P L A N A T I O N  OF P L A T E S  I - - I I I  

Mierol)ho%ogralA~S by I-l. C, 0sterstoek and L, La COl]l'. 

PLATE I 

"Fig. i. 5iltosis iu ovary, 0, lecbu~arius, Oreenwich. 2~ =34. 
Fig. ~. l~fiflosis in ~esbis, O. ~ect~darius, Lister [ns~ibute. 2.n-30. 
Figs. 3-I], ] 3 and 14. Fii's$ metaphase of meiosis in spermatocyge. Figs. 3 and 4. O./~d,~- 

Zar'ius x 65 cohl.mba.ri.u.s, ~=].7. Figs. 8 and 0. Lister, ~ - 1 7  "-rod 13, :Figs. 7 and 8. 
Beekenha.m, ~ =  ] 9. ]Figs. 9, 10 and I4. Ledv, k~.rius :.: coZv,'mbarius, ~=20,  21 and 21. 
Figs. t l  a.nd 12. Firs~ me,at]base, 7~=28, and second metal)has% 13 X%, Mi~eha.m. 
Fig, 13, n =2.6, La.mbath. ]fig. 15. Int, erphase (ls~ulr~.ri'~ts x col.v:~nhari~s, ~=21).  

Note, Hollow spindt¢ in Fig. 4, double spindle in Fig. ]8. Non-orlenta.t, ion of X ' s  
in Figs. 6, 13 and of x in :Fig, I4. x ca. 3000. 

PLATE II 

Second meta.ph,~ses, 

Fig, I. C. coluv~.~arh~s, 13hA + Z Z y .  
Fig. 2. C. Iect.~dari~G ]~eekenham culture, t 3 n A  + Z Z X Y .  
Fig. 3. C. colu.mbaril~s >:~ectula.r~s, ] 3 n A  +2(-YY. 
Fig. 4. 6'. leet~da~.h~s x coh!mbari.us, 13n , i  +~t~ Y, 
f igs .  5 and 6. Greenwich culture 2C, 3". Fig. 6 shows extra x carbide ring, found in patches 

in one ~esgis, 
~'igs. 7 and 8. Lister culture, Z~ xY, shoving .~' inside (7) or on (8) ~ho rh:g. xca, 3000. 

PLATE III 

Fig. i, .Diploid and tetraploid 5rat me~aph~se, after he~tiug; Cork (Text-fig. 10). 
:Figs. 2~11. Second me~aphases. Figs. 2 and 3. l l  a.nd 14 X's (Glasgow). ]Figs. 4 and 5. 

Dispersed X's,  a~er hea~ing (La.mbeth}, 7.i'jg, 6. C, ~'ofu~gat~s, linear eo-orientat.ion. 
Fig, 7. Triple pinto, probabty with two F 's  (Nitch~m). Fig, 8. C. eoA~v~berfus, double 
plate. XXy. Fig. 9. Same, ~YXI: (Lister), ×ca. 2000, Fig. 10. 2gXxY (Lister), 
x ca. 3000, Fig. 11, Double p l ~ e  X~ 1' (Greenwich), x ca. 2000. 


