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][. INTP~ODUCTION 

Ev~f~ since the import~lce of X-rays a.s a fruitful source of inducing 
germinal changes in ]lying organisms came to be recognized from ~b.e 
work of ~{uller (1927) on D,-o~oTa.iaa., exf;ensive experiments on the 
appli.caeion.of flus radi~tio~ to plants have been initiated by numerous 
investigators, as @oqdspeed (1929a), Goodspeed & Avery (1930) in 
Nicotiana, klortacher & ~iiltough (19as). in cotton, Kataygm, (1935) 
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m wheat, Navashin (1931) in 6%p£% De i\{ot (1930) in H~,mk~tl~.~s and 
Y.~d'@< LevRsky J% Ar~ratian (1932) in ~'eccde, 17"/,eic~ and. 6~'re?)~,% Oatohesids 
(1935) in Oe'~~oth.er~, and others. 

The genetic~l ancl cytological changes involved were in the main 
identified ~o be gone mutations, t,'an.slocations, inversions, duplications 
and deficiencies followi~g chromosome breakage. ~{uller. (1,92'7) o.btained 
genedoal evidence in his X-ray experiments on D~'osop/gb,, of numerous 
oh~mges of varied kinds in the gene alignmenfi, including transloeation.s. 
Some of th.sse changes were checked ey%!ogicslly (l~iuller, 1998; Painter 
& ~iuller, 1929). From ~he study of pachytens stages iKoOlintoek (1931a) 
was able to demonstrate defidenoies, trsnslooation and an inversion in 
Ze~ l]f£~s. 8~one (1953) and l~{ather (t95~t) found a numbe.~ of metaphases 
and anaphases which shoved a great deal of fragmentation. They think 
that this fYagmen~a~ion leads to inversions and translocations by the 
rea~[,aohmen~of broken parts. Ca%cheside (1935) found that the only 
struetural changes in chromosomes surviving the division after their 
origin were segmen~M interchanges and perhaps small deficiencies. 

15'fosL of the matadons so induced; from the point of view of the plant 
breeder, are rise.test inviable and lethal, bn~ the grea~ advantage lies in 
[he vide range of material offered dae to the possibilities not only of the 
alteration of the gone, b nt also of ~he reshuffling of the gone arrangements, 
both in ttte chromosome and beh.vsen chromosomes. The survival value 
of these changes, however, depends npon the nature of the changes. 
Some of them are eliminated even aRer a few somatic mRosss if the 
vegetative tissues or rodt tips are i.n'adlated. ~Iather & Stone (1933) 
shelved that after irradiation of root tips of O~'ocz~-~ and 7%[.@a, the 
fragments lacking the spindle attachments and chromosomes with ~wo 
a~achments are not perpetuated. The former fail to divide at anaphase 
and lose the power of movement, and the latter; due to five oen~romeres 
~vhieh act independently, are broken in half the number of oases and 
thus are eliminated in half th.s number of cells at each division. Cells 
possessing sttch mechanically unsout?.d chromosomes are eliminated, and 
so make no important contribution to the progeny of irradiated organisms. 
Changes which may surv.i.ve somatic divisions may not all of them escape 
the sexual generation. @aries (19:~0) has suggested ~he application, of 
X-:rays to heterozygons fruie p]an.ts, where ~,he natmrally occurring 
mutations are rare. There is the additional advantage of being able to 
propagate vetoes@rely the soma@e mtttations ind.ttced which are really 
economic. @oodspeed (19.32) and Goodspsed & Avery (197,0) were able to 
ge% new s~able forms in Nicotia.~.m qu:ite different from the control, as a 
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result of chromosome fragmentation. They ocheR:de that such changes as 
fragmentation and fusion are probably productive of i~itial and secondary 
alteration .in the number and morphology of the chromosomes. These, 
together with other changes in reorganization of the chromatin, may 
produce complex unstable s~ructural types, from which, however, s~able 
deriv-a~ives dis@not from the control may be isolated.. 

In addition ~o structaz'aI changes consequent on. the rearrangement of 
chromatin in the chromosome, ~he production of haploid and polyptoid 

• forms has bee~_ claimed by the use of P~on~gen rays. Katayama (I.9~5) 
obtained haploid plants from X-rayed spikes of f#~'itic.~,.m, ~~.o~o~occ~. 
Webber (193.3) described ~hree haploid plants of z¥ieo~ic~a pg~i,~osa,, 
two from X~rayed seed and one apparently of spontaneous origin. 
However, opinion seems to di~er regarding X-rays as a cause of inducing 
haploidy and polyploidy. Stadler (1931), after X-ray treatment of the 
pollen of maize, found no indication of induced polyploidy, and the 
haploids which were observed might equally well have occurred under 
natm'al condRions. A few rice 5.aploids were isolated in Ooimbatore 
]Rice Beseareh Station (unpublished records) from X-rayed progenies of 
rice, b~z~ ~h'e rate of cecum'enos was so low, as no~ed in actual progenies, 
~hat R coa/d not be claimed ~hat X-rays were the causative agent in. 
inducing haploidy. 

i lot of work has been done on the relation between the rate of 
mutations and radiaWion dosage. Stadler (193I) found[ that the 10ss of 
dominant endosperm characters from maize pollen was directly pro- 
portional to dosage. Cateheside's (I9.35) observations on. X-rayed 
Os~o~era are in confo~:migy with other workers (Stubbe, 1.935) in tha~ an 
increased dosage produces an increased effe;t. 

biers recently, X-ray treatment has been utilized to determine the 
time of division of the chromosomes ~.vi~h reference to particular stages of 
cell division. Wh.en ~he chromosoz~es are broken or interchanged under 
X-rays before Shey have divided, the changes produ.ced will be exactly 
paired in the chrom.aeids a~ metaphase and are described as due ~o 
chromosome breaks. When tile cells are treated after the chromosomes 
ha~,e divided., the. e.hanges @~ey undergo are more likely to be independent 
in each of She ehromat[ds and are recogized at metaphase a,s due go 
ehromatid breaks. The results of the various investigators are not 
unanimous, l-fuskins & Hnnger (19,35) found chromatid breaks which 
they consider [proved the second meiotic anaphase chromosomes to be 
doabIe. ~{arshak @9.3.5), White @9..3.5), and Nobel (19~6) f o m i  con- 
figurations to show that chromosomes are at ~east double before synapsis. 
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Riley (i936) and ~father (1937) conclude that chromosomes divide during 
the post<meiotic resting stage. The Dro~.o24~:/~ experiraents of Demer:ec 
(1935) show fhat  X-rays. delete a number of longitudinally adjacent 
saJivary gland chromosome bands. The chromonemata are for the most 
part closely adpressed even though lnultipliei~,y of strands can. be mosfi 
clearly demonstrated. A number of these behave as single nnRs for 
X-rs,ys--so i{t~skins (t937) holds that  while eh~'omatid breaks a~e almost 
decisive evidence of" donbleness at  the ~irne of irradiation, eh~'omosome 
breaks are no evidence of singleness. @ates (i9:38) points out tha t  the 
K-ray evidence is conflicting and ao vaIid inference c~n be drawil from 
it alone. 

As regards the mod~ of action of X-rays, it is suggested float the 
changes induced are clue to the d.kect bombardment of the highly ener- 
gized electrot: (Catcheside, 1936). This may alter the gene oi break the 
chromosome at any locus. White (193'7) found in three species of 
Or~hoptera that the effect of X-rays was to cause chromosomal dis- 
integration, an.d the fact that the chromosomes were not affected during 
the prophase stages when they + were surrounded by the nuclear membrane 
leads him to suggest that  irradiation acts inctirectly on the chromosomes 
through the production of probably enzymatic substance or substances 
in the cytoplasm which act on the chromosomes when the nuclear mem- 
brane disappears. 

The scope of X-radiation in cy~ogenetics is unlimited though the 
results cannot be contro]lect, as the changes are induced, at i 'andom in 
a highly organized system. In ~he hands of a plant bieeder it is a quick 
bu.t speculative method of n.o~, only inducing new variations, bz{ also of 
breaking u.p certain undesirable combinations of characters due to tens 
linkage. 

The present paper deals with the oytogeneties of three mutants  
derived Dora the X a generation. 

2. ORIGIN ely  TI-IE >[ATEP~I-4.L 

Investigations were started at the Rice ~esearch Station, Coimbatore, 
during 1933-4, when the seeds of a pure line of rice were exposed to 
X-rays. T.he seeds were treated under three differen~ conditions: (1) d r y  
state, (2) wet state (soaked in water for 24 ]Jr.), (3) ger:minated state. 
The treatment consisted of unscreened exposure I:mder a water-cooled 
Coolidge tube with copper anti-cathode operated at  53 kY. al:~d a tube 
current of 10-1t mA. at a target d.ist~nce of t7 c.m. The lots were exposed 
for 1, 2 and 3 hr. The percentage of surviving seedlings in the diffeJ:ent 
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cases varied wi.th l)he condition and d.uration of trsatmenes (f{amiah 
e~ cd. 193'~). The wet and germinated seeds were badly affected, while 
in fibs dry seeds bhe ts~hal effse~ inc,:eased with the dose. ~kmongsg the 
surviving plar~ts several types of mn~ations affecting the sta[urs of the 
plant, size of grain, size of leaf and chlorophyll contents of leaves were 
noticed. These ~ypes were only very few, but  pollen s%rilRy, of varying 

NormM Semi-sterile Dwarf 

Tex[-Eg. 1. 

degrees was noticed in nmsfi of the planUs. Seeds from each of ~he plants 
were collected separately and X~ generation was raised. A number of 
mutations, mostly in. chlorophyll content--several  of which ~re quite 
new and neff found as spontaneoas-mutations in r ise--and those a:ffecfling 
plant s~a~tt:~e and grMn ,sfze, s~eritity, sic,, }~rers isolated, and the ge.neficM 
behaviour in f~r[her generations was studied (t{amiak & Parthasara, thy, 
19~s). 

In ~hs progeny of a semi-sterile mu rant obtained.from the line (X-rayed 
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dry seed.--1 hr. exposure) in Xp, a number of dwarf mutants  was found 
to ocotu', besides semi-sterile and normal plants (Text-fig. I). The semi- 
s[erile plants were .iust like normal plants in general features of growth 
and could be identified only after the emergence of the earhead, by the 
examhmtion of pollen and later by seed setting. The dwarf mutants  co uld 
not be recognized in the seedling sSa.ges, bu.t alger two months'  growth 
they could easily be isolated from the nature of theh- short stature. The 
earheads emerged a fortmght later than the normal and semi-sterile 
plants; t]~e spikelets were small and some of tt~em were malformed. The 
pollen ~-as well filled and normal thottgh the flowers did not set seed. 

Two other mutants were isola%d from the X~_ generation; one was 
termed " s t u m p y "  from the nature of the tJ~ick enlms or tillers. The 
number of tillers produced was smalier than  in normal plants and the 
height slightly shorter. The other mutant  was the "beaked sterile", 
which was also characteristically different from the normal in ha~/ng 
the tlowering glu.mes beaked or e~ved,  with sterility ttp to 50 %. These 
~-ere also slightly shorter than the normal plants. These two mutants  
were taken up for cytological study, as they did not breed true, and p[tre 
t)poes could not be isolated in further generations. 

3. ]BREEDING BEHAVIOUP~ OF THE MUTANTS 

(~) The semi,sterile mutant  was isolated in X 2, and gave rise to the 
following progeny: semi-sterile 5/;  dwarfs 16; normals 37. The dwarfs, 
as mentioned before, did not set seed[ and a few plants in each of the 
other two grmtps were carried forward for the next generation. The 
normal plants bred pure, whiie tile semi-sterile gave rise to the three 
groups again in the following proportions (Table I): 

(b) The " s t u m p y "  was derived from the same X~ line which gave 
rise to the above semi~s~erile mutant. Only one such plant was observed 
in X2 generation and seeds 0f this plant when grown gave J.n X~: normal 
69; stumpy 25; and a new type with long narrow grs,in 7. Tbe s~umpy, 
as mentioned before, were slightly shorter in stature and, besides having 
e, tl[ek an.d fewer cu.lms ~13a~ the normal, were ch.araoteristie in possessing 
pa,~ictes or earheadsin which the spiket.e~s were arranged rather closely, 

• and a certain ammmt of sf, e:rili~,y up to 95 % was t:otieeable. Table i I  
gives the behaviour in ¢he next generation. 

(c) The beaked, sterile was isolated in a,nother lJ~e which was eh.arac- 
teristie in havirlg beaked spikel.ets, nearly 50 % of the flowers faili~g to 
set seed. This mccgan~ also did not breed i;rue and appeared only i:n smaller 
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TABLE ! 

.STto'~o'in 9 secj,reyatio,~ of tTze " se,m,i-ste,rile " ,~m~ta,nts 

No. of 
:plants Character of 
chosen ~elecgiotz 

1 Semi~ 
sterile 

] 0 Normal 
19 Semi- 

sterile 

Totd[ 
Expected i : 1 : 2 

Deviagion 

X ~ :  ].54-89 (P =0-01, 

Beh¢,oiom , 
r ~ 

Semi- 
Normals Dwarfs s~eriIe 

37 16 51 

All normals 
33 9 58 
25 2 36 
28 28 46 
29 13 57 
30 15 :54 
25 l I 48 
&l 16 4,1 
2,8 12 73 
25 20 60 
12 7 22 
:38 19 56 
59 ]S 71 
25 9 34 
3"-1: 21 &4 
55 18 5i 

8 3 14 
42 9 65 
41 17 62 
,12 ].5 59 

6.67 273 1002 
485-5 485-5 971 
181.5 212-5 ;i 31 

£-=~.21i: 

TA]SLE °~ II 

S/mw~,~/j ~/~e ,~e.greqation of t/ze ",st~,m'~2y" '~m~tant 

Beha~riom, 

Long and 
n,~rrow 

N O .  O f  

];i~mt.s 
choselz 

.3 
3 

Characf~er of 
selection 
NormM 
S~umpy 

ToBal 246 

Long &~ 
i l a r r o w  

grain 

Gene~ ahon 
-~2,_L 

Normals ~S ~umpy grain 
All ~orraals 

75 36 2 
86 32 5 
85 3& l 

102" 8 

41 

* ]?~rcen~ag~ of s~umpy plan~s 29. 



8 Cytoge'raet4cc~lSterdies i~; O r y z e a e  cr~zd P l r a k t r i d e a e  

proportions in bite .next generation. Table III gives t, he breeding behaviour 
and shows that only two types of ptaut appeared, while in She :' s~,umpy" 
a nea~ type of plant appeared which also did not breed pure. The probable 
clue for tiffs is explained lager from the difference of these :mutants h~ 
their cytological bekaviour. Seeds of the "semi-s~erile', 7stun)py", 
:~beaked sterile", Moug with the normal were sown at the Courtauld 
genetieai Laboratory, Regent's Park, London, during tlae summer of 
1987 for eyhological study. 

TABLE II t  

S'Ao~oi'~ W segreyatio'~ of  the " becalmed, steri~e " ,m~ta~~ 

No. of  
p lan ts  

Generation chosen 
2q a 

X~ 8 
10 

?Seha.viour 

(Sharae~.er of BeM<ed 
se[ec.tien NormMs st.erfle 
BeM<ed 70 13 

s~erHe 66 18 
64= ] 8 

Nomnats Ali  normals  
;Bea.ked • 7,5 13 

s ter i le  98 15 
32 2 

9 6 
96 IS 
:57 13 

117 lg  ' 

.53 12 
87 1@ 

ToeM 89S 1188 

Percenta.ge of beaked, s ter i le  17-4 

{. CTfTOLOGICAL TECHNIQUE 

As the mubants do not~ breed tr[~e, fixation was possible only after 
their character could be recognized. The dwarfs from the :~semi-sterHe" 
mutant could be id.sngified after 2 months' growth, and root tips for 
this were fixed eariy enough. Root dps were fixed in La @our's 2BG for 
24 hr., washed and dehydrated by tile chloroform method. Sections 
were cut 12be thick, bleached for 24-48 hr. in a mixture of 3 parts of' 
aI.cotml and!, 1 part of 9,0 vol. hydrogen peroxide and st.Mned by Newtmfs 
iodine gentian violet techniqae. TEe root tips for o%her m.utants were 
fixed/a~e, afl;er f~he flowers were collected, and unfortuna~ely good pIants 
were not secu.red for study. Attempts to raise roots again from gee 
stubbles failed. For t[\e meiotic stages, the young spikelel)s were clipped 
at the top, exposing the ant;hers, dipped in Semmens' (19:~7) modification 
of Carney (3 pares of abs. alcohol: 1 of' acetic acid[ and I of chloroform) 
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fore  few seconds and then transferred to Navashin's fluid for 24 hr. 
The fixed material was straight away taken to 50 % alcohol and then 
carried on to wax in the same way as the root rips. Sections were cut 
11-I6/~ thick, and all the slides were morda~ted in 1 ~ chromic acid 
solution for about 1,5-20 rain. before staining for better differentiation 
of the chromosomes t!rom tlae cytoplasm. Aeeto-carmine smears were 
made, to determine the righ~ stages for fixation. 

5. @¥ToLoeic_,~r, ~E~AV~O~m 

(i) Ss,mi-ste¢'ile s~tta.~# 

,Stage s earlier than dialdnesis were not studied, as the chromosome 
threads were too delicate for proper ~xation. Instead of the twelve 
bivMents usually observed in normal rice plants (Text-fig. 1), associations 
of four chromosomes and[ ten bivatents were noted. Out of four semi- 
sterile plants examined, o n e  plant showed the p~'esence of one or t~vo 

fragments in addition to the full compIe.ment, and as the genetical 
beha~dour of this plant was the same as that ofthe plant with fragments, 
the descriptions and drawings refer mostly to this plant. 

(a) ztssocia.t.ior~ of fo~" cb'omeso))~es. 
: Occasional quadrivalent formation in rice has been reported by Nandi 
(1936). This would correspond to the occasional bivalents ~hat are formed 
in the haploid rice (Norin.aga & Fukashima, 19:34) and the rare case of 
s~xival.ent formation in the auto-~riploid rice (1Ramanujam, 19.37). 
5{ultivalents are met wRk in diploids which have their related chromo- 
somes i~ the haploid complement. Sakai (193,5) and Nandi (i.936), 
by studying the secondary pairing in rice, have concluded that rice is 
a secondarily balanced allotetraploid derived by hybridization of %re 
five-chromosom.ed species wRk the duplication of two chromosomes due 
to malefic irregularities in the hybrid, followed by the doubling of 
chromosomes; thus giving '~=12 as the fuz~damental number of the 
gemls Oryza. In the normal variety from which this mutant was isolated, 
I have observed the mammum secondary association of two groups of 
three and three groups of ~wo bivalents similar to the obserrations of 
the above investigators as well as of Ramanujam (1938) in O. se~gw 
and O, Ba~'tl~,i,~ (Parthasaratky, re?published). With such a constitution 
a maximum of two sexivalents in tJn.e triploid, two quadrivalents in ~he 
diploid an([ two bivalents ~n tlle haploid is possible, though the probability 
of their ocetm:enee is in the inverse order, the chance being greater ifl 
the haploid, due perhaps to the absence of competRio~ in pairing 
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between the undifferentiated duplications still present in the ancestral 
homologues. 

The association of four chroraosomes :found in the semi-ste•e plant 
is not rare, but is found in almost all the pollen mother cells examined. 
The configurations are of different types depending on. ohiasma fo4ma- 
tion, and are described later. This sor$ of association in a diploid which 
normMly forms only bivalents was due to interchange of segments between 
non-homologous chromosomes, as first suggested by Belling (1995) to 
explain the partial sterility previously recorded by him (Belling, 19t4) 
in Stizdobiz~,m. Belling and Blakeslee (1926) inferred the occurrence of 
an interchange of segments between non-homologous chromosomes in 
the trisomic forms of D~tu~'ca This hypothesis has been proved to be 
adequate in interpreting chromosome ring formation in plants arising 
from hybridization or irradiation and also in natu~ally occurring forms. 
If two non-homologous chromosomes AB and CD (each chromosome 

• regarded as being composed of two segments) exchange segments /~ 
and D, the restdting chromosomes will be AC and BD. The he, ere- 
zygote derived by this interchange will have the constitution AB, BC, 
CD, DA, while the originM plant will have the constitution AB, AB,CD 
CD. The latter will form two bivalents and ~he former will give a ring of 
four on the ~ceepted promise that homologous portions of chromosomes 
pair. In D~tura (BIakeslee, 1928, 1929), Pisu'~n (Hakansson, 1929, 19.31, 
t93~; Sansome, I929; Pellew & Sansome, 1931) and in Polemoni~m 
(Clausen, I9.31), hybrids with a ring of four have been obtained by crossing 
different homozygous races or species. Hybrids with ring of six or two 
rings of four involving two interchanges have been produced[ either 
by crossing ~wo parents which differed in two interchanges, as in Dc~a,.~-a, 
or by crossing two single interchange ra~ces which have one gametic 
type in common, as in. Oe,nothera (Gates & @atcheside, 193I), in Pisu';n 
(Sansome, I9,39) and in CempanMa (Gairdner & DaK(ng~,on, 1.931). 

Chromosome ring formation was first observed in Oenotherc~ by Gates 
(1908). The existence of naturally occurring forms which show rings at 
meiosis was later observed in Cct~Wa~'¢d,a, P, hoeo, Hu'muh~s, T'radesca,~tic~, 
A,~~tho~anthu,r~.~, etc., and the hypothesis of Belling has given a clue to 
the behaviour o:f chromosomes, though the exact mode of origin of these 
forms in nature is still a matter of co~ajscture. The :i.nterchauge could[ 
have given rise to the heterozygote at one step, or the heterozygote might 
have given ri.se to bmozygoas  races from. the original types and inter- 
change forms, the hybridization of x~hicli em:dd have prodnced the 
heterozygote a, gai~t bat the fact that tb.o homozygous combinations are 



N. ~)Alq,T~-L4.S-¥RAT~IY 1 ]_ 

lethal in Oenotf~e~'(~ favours the direct interchange hypothesis (Darlington, 
1937)- tn X-rayed stock reciprocal interchanges between non-homo~ 
iogous chromosomes have been recorded by prexdous investigaeors: 
~itfller (1930) in Z)~oso'flzi[,c~, ){eCtintock (1931 b) in Zea 2lf<~ys, Katayama 

(1935) ;nd Thompson A Thompso~ (t937) in T,ri6cP~s~,, Catcheside (1935) 
in OenotI~e~'a, and iRamiah et ed. (t93t) in rice. 

tn She X~ generation of X ~'ayed rice seed, a semi-sterile piant was 
fo~md ~o show a ring or chain, of four chromosomes in ciiakdnesis. Random 
orientation of this ring or chain gave half ~he number of inviable gametes. 
For AB, BO, 6'D, D41 may disjoin giving rise to 22?, OD and BC, _DA 
(vJaMe gametes} or ~/B, BO and CD, DA (inviable due to deficiency o f  
D and B segments). ~arther observations in this plan~ or its progeny 
were not made. In the present material, observations at diakinesis 
showed 5hat ou~ of 100 cells examined 16 cells showed rings or chains 
(Text-figs. 3, ~ and Pl. I A, B). The next were of di~erent configurations 
showing inSerstitiaI ohlasmata between either or both the adjacent, 
chromosomes forming the association of fo~r. The most common con- 
figuration is the one with an interstitia,1 ehiasma in one of the pairs 
(Text-fig. 5 and P1. i0). Sansome (193g) calls this the median chiasma. 
The failure at one of the ends where the second pair is al~tached to She 
pair with ~he i~ters~itiat chins:ms, gives rise to the configuration like 
a neelctis (Text-fig. 6). The presence of terminal chiasmata at free ends of 
~he pair with interstitial cki.asma gives a "figure of-eight" configuration 
(Text-fig. 7), qNte different from the "figure-ogeight" described by 
Sansome (19.32), wl~ch is composed of six chromosomes. Text-fig. 8 
represents interstitial chiasma formation, in bo~l; She pairs. The position 
of the attachment constriction could not be identified because of the 
small size of rice chromosomes, but from ~he metaphase eon:figuratio~ 
it could Be said that the inteJ:stitfal chiasma is towards the side of the 
association with the second pair, as ot]xerwise oNy a ring configuration 
could resu]~ at metaphase (P1. ID). (For co~venience the chromosomes 
forming in~erstitiaI c]~.iasmata are considered as pairs, but strictly they 
are not~ homologous for the whole lengths.) Since the ends of the first 
pair associated wit:h ~;he ends of the second pa~r, cannot be homologous 
by virtue of their a, ssooiation wi0h ends of different chromosomes, the 
clnasmata eoc~ld have been. formed only in. the 5.omologo~s regions, as 
the ocdurrence of chiasma implies previous pairing. ~' 
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The reguiar di@mcgJon of gee fear chromosomes in a ring iu most of 
the ard£.cially produced heterozygotes, as in Dat'u.~'a and Zea, only takes 
place by alternate chromosomes going to the same pole and is associated 
with zigzag arrangement of the chromosomes. This is ~;he o ± y  con- 
:figuradozz i~ the ring or chain which will give rise to viable gametes. 
The gum.eros rasalti~.g from such ~ configuration will be of ~he parental 
~ype and if only suck occurred, ~ke offspring of the ring-formation hybrid 
would consist orJy of the parental types and the hybrid type, bu~ ~he 
chances of non-disjunction involving the deficiency of a segment due to 
adjacent chromosomes passmg to the same pole are equal, and hence 
50 ~ of the gametes are aborted. Thus the orientation of the ring of 
four on the spindle in these hybrids is random, but  im the semi-sterile 
mutant  described here, though the orientation on the spindle is random, 
the non-disjunction is brought about in a differen~ way due to crossing- 
over of chromatids ag the interstitial chiasma in the proximal portions 
of the interchanged segments. The resul~ of this in the first megaphase 
gives in half the cases chromatid non-disjunction (see Text-fig. ~3, 
diagram 1). 

Janssens (I909, 19%) was the :fbsg go at tempt to link up genetioal 
crossing-over with chromosome behavioar at meiosis. He believed tha t  
changes of partner 'amongst ohromadds, to which he gave the name 
chiasmata, observable in diplogene to metaphase, were intimataly con- 
nected with genetical crossing-over. His idea of partial chiasmatypy 
has since been adopted by Belling and[ o~hers as tl~e explanation of 
crossing-over. This hypotl~esis assumes changes of partner amol~.gst 
chromatids at dipIotene as a result of previous crossing-over, the chroma- 
title of parental or somatic chromosomes tending to remain ~n association 
on either side of the chiasma. The classical, theory elaborated by Sax 
(1930) assumed that the chromosomes separate out ab diplote~.e without 
breaking, the diplotene loops beitzg due to alternate equational and 
reductional splits and glmt the breaking of chiasmata between dip].otene 
and mel~apkase causes the crossing-over. 

In kh.e present case, the evidence ou the assumption dmt homologous 
portions of dhromosomes pair shows that a ohiasma :is only the result of 
crossing-over and not the cause of it. In Textofig. (~3, diagram 3, it will 
be see~.t on the basis of classical theory, ghaC of the two chromatids of ~t, 
ou,e end B is homologous with ~ihe/3 er~d o[' BU chromoson~e and the same 
end B of bh.e second chromat, id o~ A is homobgous with the D end of the % 

DO chromosome, which is colxtrary to tile ass~tl_llption Of he:moiety and 
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hence proves that  crossing-over has occurred before the fo~:mstion of 
chiasm a. 

The result of this crossing-over at tile chiasma referred to in the 
association of foul: chromosomes brings abo~lt chz'oma~id non-disjanctio~ 
in 50 % of the cases, causing semi-s{erility. This is similar to the case of 
P,ixz~,m, (Sutton, 1985). Tiffs sort of non-disjunction was first observed by 

1 " 2 8 

Texbfig. 4;B. Diagrams 1 an<[ 2 illustrating ~hromaiAd non-dis~unct.ion (i) me~aphase 
configuration showing the interstitial ehiasms in ghe homologous region proximal to 
the interchanged segments h~ She chromosomes A B m~d A, 

Anaphase I An~phase II 

_4B S6' // AB B0 Abortive 

2D }90 < 
Chroms~ld ~ T ~,~ 2D Be Functiorlal 

Constitution .4~JB $ /~ A/9 ]9 0 , ,  
DC < 

_4)9 D6' 
\~ t D ] )C  Abortise 

Diagram 2. 5{eta]ptiase configuration showing the iritersgitiaI chiasmg 
in both the pa.irs of c/u'omosomes (AB, AD) and B0, DO). 

:-hla]?hase I Auaphase II 
/ , ,-~ AB B6' -[}9 DO 

A B  B O  
A D  D6' \.,. or 

constitW~ion A B  B C  2.[}9 DO' 
A B  ' 
t D  DO or 

\~ AD pc  AD BC 
abor~i~-e fanc~io~al 

50 % ~0 % 
Diagram 3. Chroalatid oonstRu~ion on ~he basis of crossing-o~er 

according go clas.sicM theory (see text). 

Sausome (19.33), and occurred as s resulb of a c.hiasma in the X~segIaent 
of ~l~e figure-of-eight co~.fignration observed by her in the association of 
six o]lro/nosonles in Pi,s~m.. 

If a ehiasma is formed in a skniIsr region in the o~her pair (~ext-figs, 
].0 and 4,3, diagram Z), ~l~.e consequences will be similar ia the production 
of 50 % non disiuncfioua ] gametes. So tile three main d.itIerel~ types of 
configuration observed in the semi-s~erile plant are simiIar in st[cot in. 

,lour~l. of C4enehes xxxgII 9. 
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giving rise to 50 % non-viable gametes. This is similar to the  artificially 
produced rings of fbar either by hybridization or by X-rays in Zee, 
Pis~,m and Daa~ra, where 50 % of gametes are sterile. In ~he case of 
Oe~othe~'~ (Cabchesides, ].,9.35) and in Tr#. ic~ (Thompson and Thompson, 
1937), the arrangement of the chromosomes forming the association is 
zigzag, with the result, ~hag alternate chromosomes pass to ~he same pole. 
In ff>itic~m bJais sort of disjunction results in fertile progeny and in 
a single case in Dc~a~'a, may be inferred from ~he result (Blakeslee A 
Cleland, 1930). In Oenothe~'a, on the other hand, semi-steriliiy is due lo 
homozygous interchanges being lethal to spores carrying them. Thompson 
& Thompson conclude that the same mechanism which operates in giving 
regular orientation of chromosomes in Oenoths~,'a is present in the genus 

The reciprocal in%erehanges giving rise to 50 }/o sterility are equal 
or nearly equal and involve large segments (Cooper & Brink, 1931). 
Burnham (193:2) found in maize a reciprocal interchange involving a large 
segment and a very small ~erminaI portion of the satellite giving rise 
to a chain-of-four con£garation, due to faikn'e of synapsis at the end 
having the small homologues. In this case only 25 °/o s~erility resulted, 
due to one of the chromosomes having only a very small deficiency and 
therefore befixg functionai. He presumes that all the interchanges may 
be reciprocal and the so called simple translocagions giving rise to chains 
of four (Burnham, 1930) m~y on careful cytological examination reveal 
minute reciprocal interchange. This is important with reference to the 
idea of non-fusibility of the whole ends of chromosomes (Stadler, 1932). 

In addition to the types of non-disjunction involving chromosome. 
or ehromatid segments, there is yet a possibility of numerical non- 
disjunetioz~ inv?hdng whoIe cb.romosomss--ocoasio.a.ally three chromo- 
seines may pass go one pole and one to the other. This type of non 
disjunction was .~rst observed by Gates (1908) in Oe~.ethe~'a and was later 
suggested as the cause of the origin of the trisomic mutants (Gates & 
Thomas, 19I~). Hakansson (1929) suggested tire ocourrence of trisomics 
in the progeny of semi-sterile Pist~z ptants as a result of his observation 
of second metaphase plates. Trisomies were recorded in the progeny of 
semi-sterile plan% in maize (Burnham, 1.930) and in P~s'~)'~z (Sanso.me, 
i93.3). It is quige probable tha~ the examination of a suNcient number 
of :first anaphase or second msh~phase plates may  show this type of 
irregularity, though it is rare in the presenb :material. 
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(c) @e~etica~ consequences. 
The semi-sterile plant produces, as a result of the cytological behaviour 

described, two types of functional game~es in equal proportigns (AB, CD) 
(B0, /)_'4). On selfing, tl~e progeny should give rise to three types of 
plants genotypioally; (1) normal plants wRh ~he original complement 
(ABAB CDCD), (2) heterozygous plants (ABBC CDDA), (3) plants 
homozygous for the interchange (BOBC DA[Di), in the proportions of 
1 : 2 : 1 respectively. In t,,he interchanges studied in maiz% Anderson 
(1935) reports that plants homozygous f%r interchange could not -be 
phenotypically distinguished from the normal plants. 0nly breeding 
tests by hybridization between.the plants could isolate the two types. 

Associated with the interchange is the une.xpeoted linkage of factors 
which are known to be inherited independently as they are carried by 
differen~ chromosomes. In Pis,~,~m, Hammertund (1923) found unexpected 
linkage between factors which were ordinarily independent. Hakansson 
(1929) examined this plant cytologically and found a riag of four chromo- 
somes, proving that this was due to segmental interchange. 

In the progeny of the original semi-sterile ptan~, a certain proportion 
of dwarf mutants appeared, the actual number being much less than 
25 % of the population. The semi sterile pianos like the parent plant 
formed nearly half and the rlormal plants were much more than one-fourth 
of the total population. The pollen formation of the dwarfs was regular 
although the plan§s did not set seed. These dwarfs were examined 
cytologically and were found[ to possess 24 chromosomes (Text-fig. II), 
the same as the normal rice plants, the pollen meiosis was normal, 
showing twelve hivalents (Text-figs. I2 and 13) which segregated regularly 
giving rise to the "normal tetrad of spores. The breeding data for two 
generations indicate that the semi-sterile plants alone give rise to dwarfs 
while the nomnaI plants breed true. The ratio of the normal semi-sterile 
and dwarf plants in the progeny of the heterozygous plant (semi-sterile) 
is roughly in the pro.portion of 1 : 2 : 1 respectively, although ~here is 
a very significant reduction in the number of dwarfs, and a signifioan.t 
excess in. the number of normal plauts. From the data one is ted to 
presume that the d.wart;s represent p]ants homozygous for the interchange, 
]?Iyhridizing these ~Jth normal plants should yield the hegerozygous 
semLsterile pleat. Attempts will be made to confirm this. 

Seed germination tests, which were the same for both llormals and 
semi-sterile, indicate that the significant reduction in dwarfs is not caused 
by lower viabilRy of the zygote, but is due go the fact that ~he pollen 
carrying the inte~ct~.anges may not compete equally well wRh the pollen 

2-2 
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cari'ying uainte.,:'chm~ged chromosomes. This is clearly indicated by 
Table iV. This lower ftmetional activity of pollm: may be due to very 
slight gene deficiency associated with the [nterch.ange. 

TABLE IV 

I~dica~i~ W em2ecter2 proportions oj' ?]~e.notyloe~ f~o,~~ tha ~em,i-sta+i~e 
2k~'~.t o'~'*, the assum2tio~'~ q/' "l)o[le'r~. com2egtio~. 

Functional 'poUsn 
f • 

Normal Dwarf 
{A2.OD) (BO.DA) 

Assuming normal polbn functions| 
bsttm' than 1)ellen with later- ~ ½.+x ~ - ~  
e.hanged segments in fereilization) 

Egg g: .} 
Zygote Normal plant Semi-sterit~ Dwarf 

A B  A B  6'D OD A B B C ' C D D A  BC BC DA DA 

Assumed X = ~ (20 %) 
+ qu 1 .*-<~ _ ..use 

Expected proportions h: ] 
the total popu.k~[ion of [ 679.7 9'71 291.3 
I9t [  plants I 

Actual 667 1002 273 
~eviation 12'7 3i 18'$ 

X-~=2.I73, P between 0,50 ~n6[ 0.30[ 

If there be only simple interchange without any other change in the 
chromosome material, the plant ~dth homozygous interchange should 
have the full oomplement like the normal plants and so should not differ 
phenotypieaIly, as in maize, Datu'r~ and Pisum, where the plants homo- 
zygous for the interchange are not recognizable except by breeding 
tests. 

There are thus two possibilRies regardi~.g the origin of dwarfs: 
(1) A deficiency at the point of inter:change: as the pollen formation 

is ~lorm.M this possibility has to be excluded, since deficiency in chromo~ 
some segme,~ts Ieads ~o imperfect pollen development. ~{arquaz'dt (1937) 
however describes in Oe.~,othe, re, reciprocal deletion in tim interstRial 
segments near {;he translocation regions. These deletions do nob affect 
t[he viabiIity of the plant as they involve only ~l~e beterodu'omadc regions 
which he om~siders to be inert and devoid of genes. This is quRe contrary 
to the view of Darlington (i[936 b), who considers the illberstitia,1 ,segn~ents 
as intimately linked with the potentia.l complex and ao.y d.e.{ioiencO~ in. 
these wotdd be detrimental to the complex. 

(2) The seooi~d, possibility is gene mutation ~t or,near the point of 
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interchange, which is indis~inguishabb from "position effect". It is 
found, in D,rosopTd~c~ tllat tra.nsboations are usuMly accompanied by 
mutations. A transloeation which occurred spontaneously (Burkart, 
1931) was found to be associated with a mutadon to tight body colour. 
In the X ray induced chromosomal aberrations, the coincidence of the 
loci of mutations with those of chromosome breakages strongly suggests 
that these bye phenomena are interrelated. O]iwer's (1932) data justifies 
the Gonchsion that the rearrangement of chromosomal materials ~ends 
to be accompanied by mut, a~ions, and various hypotheses were suggested 
to .explain this fact. The whole problem is adequately reviewed by 
Dobzhansky (1936). The best explanation for ~he phenomenon is that 
~fforded by the posRion effec~ hypothesis. In ~he words of Mnller 
&.;Mtenbnrg (1930) ':The alteration in intermoleeular surroundings of 
the genes directly adjacent to the points of breakage and re-attachment, 
in other words, the aReration in in%rgenic contiguities, has in itself 
brought about a change in the quantity or quality of the physico- 
ehemicM action of these genes upon the protoplasm, so as to make them 
somewhat different genes, ks though gone mutation bus ~aken place in 
~he genes on either side of the breakage and attachment points". To 
put R in a simpler way, the shifting of a portion of a chromosome, or 
a group of genes from one place to another, in the same or in different 
chromosomes, tends to influence the action of adjacent genes, producing 
in effect the result of gone aReration or mutation. This position effect 
hypo3hesis was arrived at by Sturtevant (1925) on the basis of his studies 
of the unequal crossing-over at the bar locus in Drosopb, iga mela~zogasaer. 
Normally the homologous chromosomes are broken at the same level 
between the loci of the same two genes, with the recur that the exchange 
of segments does not involve the loss or gain of a single gone to either 

• chromosome. It was found in tl~s bar locus in D¢o.soyohige~ ~hat mutations 
occurred which were Mways accompanied by crossing-over in the im- 
mediate vicinity of blaal? bona in the chromosome. The chromosomes 
carrying ~he bar may be broken one to the right and the other to the leR 
of the bar locus, and thus by crossing-over, one of the resultant cbronao- 
seines will have two bar genes and in the other there wi]l be no bar tens. 
The :l?henotypic e:ffect of these changes sl~owed daat two bar genes located 
adjacently in the same chromosome produce a stronger effect on the eye 
size that: when each of these are situated in separate chromosomes. That 
Jaar eye is Rself' a duplication of certain discs in the salivary chromosomes 
has been d.emons{rated by Bridges (19.36). This Js one of the many illu.s- 
trat:lons of position e:ffect given by various investigators. 
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i!~Iost of these cases m~y stil l be explained without assuming position 
effect. The phenotypic change may be due to gene Mteration or rental:ion 
at the point of break. The crucial test of the position effect hypothesis 
would be the reversibility of the change with the restoration of the original 
phsnotype. That is, it[ a gene changes its behavionr due fie the disruption 
of its original ~ssoeiation, will it revive its normal expression if its originM 
associations are restored? If R does, then it means that  no permanent 
M~eration has taken place in the gene material, and the phenotypic effect 
of this change would really be due to position effect. Such a proof was 
obtained by Gr[ineberg (1937). In a stock homozygous for a long 
inversion of the X-chromosome, and inseparably associated with a gene 
for very rough eye surface, animals appeared in which ~he " rough"  
gene has reverted to the nol'mal. Associated with this back mutation 
was a reinversion. I t  was found that  the breakage points leading to 
reinversfon were. identical with those of the. original inversion, the normal 
order of genes being restored precisely. This has also been confirmed 
cytologically by ]~mmens (1937) by a study of the salivary chromosomes 
in the same material. Since ~t~e phenotypie effect appeared simuRaneonsly 
with the inversion and disappeared with reinversion, this case furnished 
crucial evidence of position effect. 

}IuIler el ~. (193.5) have shown that  most of the apparent mutations 
produced by X~rays are due to gross and minute iutergenic rearrange- 
ments (position dffee~s) so that  the latter being of such a nature, a genetic 
discrimination between them and true int, ragmlic change (gene mutation) 
would be difficult or impossible, l%ecently, C~oldschmidt (I937, 19:38) 
has doubted the very existence of "genes",  and according to h.im all 
mutations are the result of chromagin rearrangements. TEe probl.em 
of the "gene"  is more complex and uncertain than ever, but the fact 
remains that  a "gene mutation '7 is the phenotypic expression of a change 
in the chromosome thread atad this change, whatever it is, denotes 
a "difference" which has  arisen at eertaiti loci in the thread and is 
perpetua, bed. T[Ms ~dew was put forward by C}ates (1915, 1933), who 
considered genes as differentiations of many killd.s and sizes which have 
arisen in the core of the chromosomes during their evolution, making them 
a taest of catalytic substances. 

It remains to be considered whether the dwarf mutants occurring 
in tJa.e semi-sterile progeny are the :result of position effect due to seg- 
mental interehat~ge. On a comparison with homozygous interchange 
races derived from experimenbally evoIved s%mental interchange hetero- 
zygotes, as in D~,~,ra, maize and Pi~z~m,, where not) a single case of position 
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effect has been reported, it may not be different in rice, Fur~.her, there 
is practically no difference hx appea.rgnee between the normal plants 
and[ the heterozygotc, ~n which there is one set of interchanged chromo- 
somes, as ie Drosophgaa., where the mutations accompanying breaks in 
~he chromosomes occurred in heterozygoas stage as most of the homo- 
zygous translocations were lethal, and so {,he probability of position effect 
is yery dotzbtfd. The origir~ of the dwarfs may therefore be due eo minute 
deffcisnc.y or gene m ata[,ion at or near ghe poin~ of interchange of s%ments 
in one of the chromosmnss. 

(e} Inte.r~oc~i~,cj of a 8ivaae'~t i~ tar ~-i~ w of four i'~, the semg sterile mutmnt. 
In two cells ~t di~kinesis configurations, composed of six chromo- 

somes, were observed in semi-stsriles (Text-figs. 1¢ and t5). Evidently 
this condition represents interlocking of a bivMen8 in the ring or associa- 
tion of foz~r. This interlocking does not persist at  metaphase, ~s a namber 
of the plates examined did not show rids phenomenon. The occurrence 
of interlocking is due to the distribution of threads at zygoeene. When 
~wo chromosomes pair, a third chromosome of another pMr may remain 
between the pMring threads, and the formation.of chiasm~ on either side 
in both the chromosome pairs wilt bring about interlocking of bivMents 
observed a,t di.Mdnesis ~nd met~phass. Interlocking has been observed 
to take place in zygo~sne in Dsr<~.~'ocoegu.m (Gelei, 1921), Yivi~arus 
(Belar, 192.8) and in. A.11ium (Levan, 1933). Int?rloeking between 
bivalsnts has hot been so far reported in normal diploid rice ~nd its 
occt~rrence in segmentM interchange hybrids is significant, which perhaps 
indicates ~hat the chances of ~t chromosome intervening between ~he 
four pairing arms of the ~ssoci~tJ.on of four are g~ea~,sr them in the simpls 
s~raigh~ pa.iring bivMent threads. 

(f) Bshavio.~r of frwmen~s. 
As mentioned Mready, one semi-sterile plant out of four exs,minsd 

has fragments of chromosomes in addition to the full complement. These 
had no visible effect on the phsnotype. In addition to the ten b i w b n t s  
and the assodatio:a of i'our chromosomes, fragments, the number of 
which varied from one to three, even in the same plan% were observed 
to be presen~ from digkinesis. One was more h'eq~mnt ~han two, and three 
was rare. They were usaMly found free or associated ~dth one ~nother 
or with individuM bivalents: At :first division, most of the plates showed 
only one fragment. Two cells showed two in each (Texl;-figs. I6 sad 30), 
in one of which be& were ~sowards one pole, while in the other ~hey were 
opposi{s one on each ,side of the eqtts, torial plate, Saving evidently 
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separated before the other bivalents. The single fragm.ent seen in most 
of the celIs behgved irregularly. The inclusion o f t h e  ~ragment in the 
dattgh{;er cells seemed ~o depend upon its position dn.riug metaphase I. 
If  it is nearer ~;o one poIe it may be iucluded in one of the daughter cells 
and divide at division II. Second division plates showed the fragment 
mostly only in one of the daughter cells (Text-fig. 23), or R may divide 
late on the spindle and only one of the halves is then inelu.ded in. the 
telophase nucleus, the other half being leR out in the cytoplasm (Text-fig. 
21.). When the frsgment is situated in the equatorial pIa)e~ it divides 
ahv-ays later than the bivalents (Text-•s, 1S, 19). If  its division is during 
early anaphase, each of ~he halves is included in the daughter cells 
(Text~fig. 22), whileif it is during late anaphsse; after the chromosomes 
have moved t.o the poles, the chances of ~heir inclusion in the dat~ghter 
cells are remoee (Text-fig, 20). Second division plates also sho;~ ehe same 
~ype of irregutariey, so the chances of the elimination of the fragment 
are great, which is quite obvious from the fact that only one plant out 
of four contained these fragments, although all the plants were derived 
from the same ancestor. The fragments must have originate d as a result 
of X-rad.iahion, and their persistence for two generations indicates that  
they have autonot.nous movemen% which is possible only ff ff~ey have 
the spindle attachment region, Navashin (1932). Nath.er & Stone (1933) 
have demonstrated that  fragments without at tachment region (ace~ltric 
fragments) are passive and are lost during cell division. Such fragmenhs 
arisi.ng out of crossing-over in. relatively ~nverted segme~lts in inv-ersi.on 
heterozygotes are similarly not perpetuated, owing to the absence of 
spindle attachment. 

Gates & Thomas (1914) found that o~le of the fif%een chromosomes 
of OenotMrct, ~ata may solestimes fragment and[ degenerate during meiosis, 
but  occasionally male gametes may be formed with one or more frag- 
ments in addition to the ihaploid complement. This condRion was surmised. 
to be the cause of the origin of plants with an extra fragment from the 
progeny of Oeno~he~'a [,aga crossed, with O. Lem~r]da~.~a (Lutz, t916). 
Fragments have been reported ir~. other genera a1~d their behaviour was 
irregnlar~ resnlt:ing in their elimination in the progeny. Goodspeed 
(1929 b) reports the occurre~ce of fragments in. :five plants in X I generation 
of irradiated Yicot,@~zc~. In. one of the pl.ants the presence of an. extra, 
fragment hsd no effect on the external morphology of the plant, as it 
resembled the control, and. ~his instance is similar to the case reported 
here iu rice. Probably ~hese fragments represent in.er~ material situated 
near the  spindle a~taehment. 



kx'/. PAP~T]LASAI%ATJ6fV_ 2,5 

Cases of persistent, fragments noted to occur in Yf~ and X~ progenies 
are mentioned by @oodspeed & Avery (1930). Their appearance at 
metaphase I is ascribed[ to ebher pri:mary or secondary origin, but in 

.either case they have not suffered somatic eliminatlom In rice the fact 
that several pollen mother cells show on]y one fragment stlggests that 
the other fragment or fragments get eliminated in the prem eiotic divisions, 
so the chances of snrvival of such fragments are reduced in every 
• generation and t[ley tend to be completely elininated in the coarse of 
a few generations. 

The disappearance of the nuelear membrane, ~erminafiing dialdnesis, 
(Text-£g. 25) leads to the grouping together of bivalents due to the loss 
of surface charges, the presence of which was inferred by Gates (1909) 

in diakinBsis from the mutual repulsion exhibited by chromosomes 
at that time. A later stage shows the chromosomes spread out and 
orientated in various directions (Text fig. 26). Some of them are foun.d 
to have developed thin tapering fibres at both the attachment, regions, 
indicating tha~ each chromosom.e is surrounded by its own spindle. 
Text-figs. 2{~, 5, represen6 tripolar spindles in both tirst and second 
divisions similar to the observations of K~Lwada (I910) and Selim (1930) 
in rice. Successive stages from tripolar spindle in first dRdsion .~o the 
normal bipolar spindle are represented in Text-figs. 27, 28. 

In this connexion it would be worth mentioning the occnrrenee of a 
compound spindle in the homotypic division in kaploid rice (Text-£g. 29). 
Narked secondary asseciation was prevalent, and it was fou~.d t]?~at 
some of the secondarily associated chromosomes kad spindles with 
distinctly separate poles. A.nother cell in anaph.ase i f.~l the semi-sterile 
rice showed a bivalen% which was off ~he plate, having a separate 
spindle (Text-fig..30). These observations support Gates' (t9:32) opinion 
that the spindle is a compound structure. 

Evidence of }Iughes-Sehrader (192~1), If.. Schrader (i[932), and Davie 
(1933), tends to show that the central spindle is intranuctear in origin. 
The reguIar bipolar orientation of the spindle indicates the operation of 
an external age~t or agenes situated on either side of the equator. The 
existence of this external agent is also inferred from the %rmation of 
cell walls in portions of cells devoid, of clzromosomes, as in eereain grass 
hybrids and haploids (Kagawa & Ohizaki, 193~; O}aizald, 1,93~). The 
oceurren.ce of unattached spindles (Darlington & Thomas, 1937), in 
Loti'wm-Pesa~ca hybrid, where die spindle passes completely round the 
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chromosomes as though avoiding the:m, is further evidence for the 
inference of an outside influence. The compound spindle observed in 
rice is fonnd to occur in various stages in the above grass hybrid, from 
the compact bipolar spind!e down to irregalarities where each chromosome 
has a spindle ofi[s own. The authors attribute the cause of'this ~bnormality 
to fills lack of co-ordination in the timing relationships between the 
pole~direcdng or determining agents (external agents) and the eentromsre 
spindles. According to thm:a the multipol~r condition in higher plants 
must probably be due to the f~ct that  the external pole-determining 
agents exist as diffused particles instead of congregating or suiting as 
they perhaps normMIy do when the regular hipo!a.r spindle is formed.. 
All these observations point to the conclusion that some agent outside 
the nucleus is responsible for organizing the spindles. I t  is quite probable 
that these agents perform the function of ccntrosomes, thongh at times 
they fail to co-ordinate, rssuffting in the conditions outlined ~bove. 

(ii) TI~e sb.m~lo~ J cv'M be~ke3 steriZe ~.~ta~ats 
(a) ~:I.ssodc~tio~ oy'jfve d~,.o~,~osomes. 

The examination of diakinesis and metaphase in the ~bove two mat.ant 
plan~s showed t.hat th@ are trisomies. Their cytological behaviour, 
however, is different. In the stumpy, the extr~ chromosome is associated 
i~ a chain of three (Text~flg. :31) or five (Text-fig. 3~) or may co car as an 
unpaired Dee univalent. Sometimes the chain ~ five m~y break ttp,, 
giving a eha.in of four and a univalent. The different associations are 
as foltows: 

Ctn'omosome asso ei~ttiou 
- -  a 

.Four and Three ~md Free uniwlsn~ 
~'ive one 1 bivalen~ and 2 bivaten~;s 

2,[0. of cells I.O $ 9 4. 

The multivalents are alwa.ys in the form of chains and are u.cver found 
united at the ends to .give a ring configuration. I f  tim additional chromo- 
some were only a simple extra duplication, not more than an association 
of three could be possibl% except in very rsre cases where associations. 
of five could be :tbrmsd similar to the rare occurrence of a quadrivalent 
in diploid at~d sexivalent in ~ triploid, reported in rice snC[ mentioned 
in the early part of t]~is paper. The regular behavJoctr giving rise to 
associations of five indicates st.ructural change in the extra chromosome. 
If _/1.8, O.D, EF, etc., represet~t the haploid complement of bwe]ve 
chromosomes, each ch.romosome being represe~ted as composed of two 
segments, l;he extra, chromosome in. " s t u m p y "  is represented as BO. 
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On the basis of pairing of homologous segments, the maximLm~ of five 
chromosomes could be formed as B~, AB, BC, C~D, DC. Smaller 
associations might re,suit ~k~om competition in pairing, where m ors than 
~wo homologous sets are involved. ][ could not make out the associatio:as 
of tire and fern: in. metaphase, though diakinesis showed them very ctearly. 
Assdciations of ~hree could easily be recognized, at metaphase and these 
were eRher in the form of a chain (Text-fig..:33) or a Y. The Y trivalent 
was characterise.ie in .ndt being in ~he equatorial plane along with other 
bivalents (Text-fig..35). The lack of proper orientation of the trivalen~ 
is perhaps due to its asymmetrical nature, having the centromeres not 
in a line ~dth the axis of the spifldle (Dar!ington, 1936@ 

The homologues of the thvalent  separate at anaphase without any 
apparent irregularity, two going to one pole and one to t h e  other 
(Text-fig. :36). The behaviour of 6he univalent, however, is rather varied. 
When it happens to be at or near %he equator, it  may split simultaneously 
with the bivalents (of. Text-fig. ~2) or lag behind until all the bivalents 
have completely disjoined, after which it may divide, with the probability 
tha~ the splR halves wit1 not be ~ncluded in the daughter nuclei. I f  the 
~mivalent is nearer one pole it may be included in the telophase nucleus 
and divide in the next di~-ision, or it may divide at late ana phase and one 
of ~he halves only be included in the daughter nucleus (Text-figs. 4,0, 41). 
So the theoretical chance of half the spores cone.aining the extra chromo- 
some is not ft~lled.~ JFrom the breeding results, it is semi that  the extra 
chromosome is not functional on both pollen and ovule aide, as otherwise 
we should expect tetrasomics (2~~. + 2), which are ~dable in rice (Ramanu- 
jam, 19.37). Nest probably ¢~+J.) potte.u is not function.a1. R, eciprocal 
crosses between diploids and erisomics will indicate the extent ~o which 
pelion and ovules are responsible for the transmission of the extra 
elm'omosome. 

(b) Disjunction. 

From the multivalen~ associations it is probable that  the extra 
chromosome in. the variotls gametes may not be the same. In a chain of 
five the probable functional :form of disjunction will be 

BA BC DC 
" \ /  \ /  
AB CD 

so that the extra chromosome w~ll be the i:].~erehange chromosome, while 
in the association of three it may be either 

BA BC BA AN 
(t) AB or (2) BC 
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In the h~tter case one of the gametes will be deficient and the o~her will 
get an extra chromosome similar to one of ~he chromosomes of the h~ploid 
complement. It is thus possible to get in the progeny a type of trisomic 
different from the parental form. A new type of mutant, "long and 
narrow grain '% has actually been found. It occurred in a small proportion 
in the progeny of the stumpy mutant  (vide Tabie II). T]~is ptant has not 
yet been examined cytologically° but from the breeding behaviour it also 
resembles a trisomio. 

Cytological examination of the beaked sterile showed tha~ it was 
different from stumpy in not having higher associations than three 
chromosomes. Out of 50 cells examined at dialdnesis and metaphase, 
in 45 ceils the extra c]]romosome, -w~s unpaired and free (Text-figs. 37, 38). 
The univalent was at the equator in 15 cells and in the rest of the cells 
nearer one pole or the other (Text-fig..39). UnivMent behaviour as 
rega.rds division and inclusion in the daughter lmclei was similar to tha~ 
described for " Stumpy'% but due to the greater proportion of cells ha%ng 
~he free univalent the chances of the inclusion of the extra chromosomes 
are much less, which accounts for the smMler proport.ion of t.risomies in 
the progeny. This trisomie is evidently one of the primary types, as 
associations of more than three were not met with. The origin of trisomios 
in general is due to non-disjunction. The failure of the chromosomes to 
disjoin may rarely occur in the diploids during meiosis, giving rise to 
daughter cells, one with ('n+ 1) and the other with ( ,n-1)  chromosomes. 
In Dat~'a, Belling & Blakestee (192~1.) observed eight cases in t i37 
sporoeytes. Numerous other cases have been reported by @oodspeed 
(1923), ~ut t le  (1927), etc. Non-disjunction may occur in somatic divisions 
as welt. Hedayetullah (1939) inferred pro-meiotic non-disjunction iz~ 
Oe'~zot/~era from his observations of groups of trlsomio sells in diahinesis. 

Non-d~sjunetion is more likely in polyvalent associations than in 
purely bivalent associations. Trisomios arise regularly in the progeny of 
triploids. In rice they have been found[ to occur in the progeny of an 
auto-triploid rice (Ramanujam, I937). The occurrence of trisomies in 
the progeny of s t ru~ural  heterozygotes as a resu.R of chromosome non- 
di@mction 5as been recorded in maize in the progeny of semLsheriles 
(Burnham, 1930). These were the ter t iary trisomies in which the extra 
chromosome w[~s composed of parts of two difi!erent members of the 
haploid set, and these form chains of five chronmsomes as .in s tumpy 
mutant  in rice: t}~e fact that the s~umpy mutant  was isolated from the 
same line as the semLsterile may be a confirmation of the natu.re of the 
extra chromosome. Hakanssan (1929) sLtggested the possibility tha t  



N, PA]~Tf-IASARATI:IY 29 

trfsomics may occur in P.f.sv,.,~., as a resRR of his observations of second 
metaphase plates. S~nsome (193a) fou, d ~,~o trisomic plants in the 
offspring of a pta.nt with associations of six ehz'omosomes in P@*'u.~. 

The mzmber of trisomics involving differen~ chromosomes will corre- 
spond to ~he number of chromosomes in the haploid comp].ement i.~ 

simple diploid. The isolation of these different types of trisomics is 
importan~ from a gen~,M point of view, to determine the characters 
associated with partictJ~r chromosomes. In maize, the occurrence of 
a triploid plant in I925 was the starting' point for the determination of 
linkage groups (MeOlintock, i929; ~andolph & Mo@lintook, 1926). In 
Oe~m~.e~% the number of trisomics is much more ~han ~he number of 
chromosomes in the haploid complement, due to difi[eren~ typ~s of son- 
disjunction peculiar $o ring forms{ion and combinations with the two 
c]~erent complexes (Catohesid% 19365; Ford, t9~6). Another peet@ar 
featm'e in Oe,~mataera is that some of these t.risomics are true breeding. 
Gates & Nandi (19:35) reporfi a case of a ~rtte breec[[ng trisomie. The 
reasons for tt~eir extraofdim~ W behaviour are given by Ca~ohesicle (19-3.3, 
19365). 

G. ~)Is@usSIoN 

SegmentM interchange has been inferrecl as a result of hybridization 
in geogra.pkicM races and species, as in Dah~,r~ and P~z,m~. In mMz% 
Nicotian:% whea~ m~.d ice i~ arose clot of X-radiation. Navashin & 
Gerassimova (1936) have found that exactly similar changes to those 
.produced by irradiation are ch.arac%eristic of seeds germinated-after 
a long period of dormancy. In the naturMly occurring genus Oe~mtkerc~ 

this interchange is mMnts,ined in a l~eterozygous s~ate by special le~hM 
mechanisms associated with b.omozygosity, while in some ring formhlg 
plants, such as Raoeo, 6%m,pa.md~, etc., it is evident gEar some such 
mechanisms are in the process of evolution, as evidenced by tI~e per~ 
sistence of the ring forms. From a]l these it can be surmised that among 
the many strttctnra] changes that are characteristic of species evolution, 
segmental interchange occupbs a prominent position, as it has not only 
a suradvM w].ue, bttb trader eerOMn conditions it has been sped.ally 
fhvortred by nature. 

The existence of this s~rtteh~rM change in nahtre leads one to infer 
the special mechanisms involve{[ in favouring this than.go, Segmen~M 
interchange between homologous chromosomes is obviously the resu.l~ 
of t~e pairing of homologous threads aeoomp~nied by breaks in the 
identical loci, a~d ~'em:ion of {it  pm:entM ~]~react% known, as "crossing- 
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over".  He~:e speciM conditions of pairing beI~ween homologous chromo- 
so:ross during n~eiosis bring abe ~lt the inferred cha%'e. No such pre-existing 
conditions are known, to account fmr segmental interchange l)etween 
non-homologous chromosomes, which we find ~o be one of the factors 
determining species evolution. Irradiation experiments have shown that  
the primary change induced by X-rays is fcagment, ation. Fragmentation 
followed by reunion of the f:ragmengs with bro)en ends of o~oher chromo- 
somes brings about translocabion. The evidence so far indicates that 

fragments are never known ~o unite with whole ends of chromosomes. 
S~adler (1932) has pointed out that  simple translocagion.s and terminM 
inversions have never been shown to follow irradiation. St~pposed simple 
tcansIocations (Burnham, 1930) have been later shown to be reciprocal 
transloca~ions where one of the segments was very small. There thus 
seems to be a fundamental difference between whole and broken ends, 
Pe~o (i9.35) found in heat4reated barley that  the broken, ends of 
chromgtids have art unsaf.isfied attraction which makes ~hem unite at 
random with any other broken, end located in the vicinity. 

Stadler (1932) considers that  the mechanism of reciprocal transloca- 
tion involves random breakage and the subsequent reat tachment  of 
broken ends with an unlimited time interval between the two events, 
extending even to numerous ceil generations, bat as the aeen~ric frag- 
ments are known to be lost at mitosis, a delay before reunion could flake 
place is improbable. The most probable view is that  of @atcheside (1935), 
who considers that  when breaks occur at the overlap of two e.hromosome 
ehrcads, the broken ends immediately rejoin at random. In this mam~er, 
Text-~g, 44 explains how an i.llversion, segmentMinterchange and deletiQn, 
etc.. could take place as a result of the impingement of the ray  at the 
crossing points. The type of rearrangements :from. such breaks and 
reunions will depend[ upon which of the ~wo broken ends unite. For 
instance, the end in i uniting wifih the end in C wilt give an acentrie 
fragment and. a dicentric thread which are not mechanically sound and 
are eliminated, so the eNei.enfi combinations are the originM combination 
and the new ones giving reciprocal franslooations. I t  can be seen from 
~he diagram how two interchanges can ~a.ke place to give a rilag of six 
by the overlap of three ehronaosomes in t~vo different ways, (."3) or (4). 
The cha, nces of three threads passing at the same poing are more remote 
than the probabiligy 3, so ig is clear how rings involving more than :four 
chromosomes can occur d:[reebly as a result of the bombardntent  of 
X-:rays in Oenotherc~, (Cagcheside, 1935), and in maize (Anderson, 1.935). 
This hypothesis of' breakage alad direct reunion seems .go be a more 
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probable expl~natioa of reciprocal ~ranstoc~5ons foand i:a nagare, as 
well as under the influence of' X-rays. These changes may occur ag a n y  
s~age in the life cycle of the pian,~ organism. ,Seeds when fireaged to 
X-rays show the result of interchange ia the meiotic divisions of _.Y~ 
generation. Similarly when pollen is ~rea~ed snd pollinal~ed asin Oenoth.era 

\ 
A ~  

A 

I 
Different. kinds of reattaclament 

(I) AB CD (origin~l) 
(~} .4o 2)a 
Dicen~ric aeen~rie 
(3) A.D BC (reeiproeM interchange) 
(4) AXD,  and C'X (delef-ion of X B  segment} 

J 

c 3 

Iaterehanged funetioaM du'omosomes 
AB 6'D E F  (original) 
A ~  BaY CT) o " _ ( ~ze m~ereha~e~ 

BC haY (one m{evehange) 

AE B6' .Day (two interchanges) 

A B g D (0righaM) 
A U N 2) (Inversion} 

A B C! Delelion of 
A C B) ~ .D segmen~ 

F 

~4 
/c' 4 

A ~  CD El? 
f A D  BC 1~,t~' 

(CD B E  A I~ 
BE CF A D  
DE BC A,g 

Text-fig. ~L Illusfr~,ting the recombinations at'tar breakage at 
the overh~p o:f tb.e chromosome t~hre~ds. 

The ~rrow indie~ees fb.e poi.ut of breM~age of chromosomes. 
Biaek doff indieM;es f, he position o{" fhe emm'omere. 

~he/~, plants may show rings at meiosis. Such changes al:e also known 
to OCcur spontaneously in the ]?re-meiotic divisions, as in Secede ee'*'eele 
!Darlington, 19,35) where a group of eight cells showed evidence of 
mgerehaage. 

])arlington (192.c)b) considers anogher possibJligy of ghe occurrence of 
Segmental intercl~ange be~;ween, non-homologous chromosomes, in an 
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orga.nJsm sabjeot to structural cha.nges in the process of evolution, there 
is the probability of a translocation of an interstitial segment [rein one 
chromosome l;o a oo:c:a~sponding part of one act  homologoas ~,hth it. 
The steps leading to this involve a series of interchanges. Thus if 
a chromosome is considered to be differentiated into three segments as 
A X B, and if A an& B get interchanged wRh different segments from 
two different chromosomes, we can have a chromosome of the make-up 
C X g leading to the reduplieatiota of X segments, and ~he pairing of 
these two different cffromosomss in the X seg,aent will be the basis :[or 
a new interohange--Bg and A E  chromosomes. This is an indirect way, 
bat may represent an infrequent method by which such changes are 
brought about. ~n P'D~'m,, in a ring of six chromosomes (Sansome, 1932), 
crossing-over in the homologous in~,erstitial segment in an otherwise 
non-homologous chromosome as illustrated above, was the cause of 
a new segmental interchange. Darlington (19:31) has stressed the 
import.ante of this phenomenon and has explained the origin of the 
bait-mutants in Oe~otherc~ on the basis of st~ch crossing-over (Sweet, 
1038). 

~{organ et cd. (1925) have suggested ~hat translocations may be caused 
b y t h e  interlocldng of non-homologous chr6mosomes during the process 
of synapsis as described by Gelei (192I), Sax (1930) and Catcheside (1932), 
consider that  this phenomenon may be responsible for segmental inter 
cha~xge. If  lhe interlocking between bivate.nts is not released at. later 
stages, any strain may involve breaks of the chromatids at the point 
of contact, so that a section of one chromosome might become attached 
to ~nothsr non-homologous chromosome. ]2hey consider the prevalence 
of interlocking observed, in Oe~zotke.rct, (C]eland, ].922) as significant in 
this connexion. 

Though segmental inSerchange between non-homologmzs chromosomes 
occurs in nature in plants like P'faztm, and Dc~t,~rc~, and chromosome rings 
arise as a result of hybridization between the di:fferent races involving 
the interchan.ge, the heterozygous state is not advantageoas to the ]?lants 
as it produces sterility. This is due, as we have seen, to the random orien- 
tation of the ring on the spindle. Artificially produced interchange 
heterozygotes in make, :rice and N'ieogc~'n,e, give the same result, so here 
we find no fl.zrther evidence of the evolutionary stages whJ.cb, lead to the 
highly evolved complex heterozygote in Oe';,~otde'rc~. 

In the case of T.ritie'~t~'~ and a solitary case in Dat.~'ra (Blakeslee & 
Cleland, I930), fertile hybrids are produced due to the zigzag arrange- 
meat of the ring on the spindle. Segregation leads again to ~;he prod.notion 
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o{ .homozygous and heterozygotls types.. This condition may represent 
the tmssibte initial stages of the ring forms in naLtre. Rhoeo, Campa~tuh~, 
Anthoa:anthv~m and Aueube are stilI further advanced as they skew the 
incipient stage of evolution dtte to the persistence of ring forms in nature. 

The elimination of homozygotes occurs to some extent in Ca~ral)a'~zuk~ 
(Gairdner & Dartington, 193I), and this condition is the beginning of the 
perfect meehaziisn:s involved in the elimination of homozygote8 in 
Oe,not/ae'~'e. 

1. The genetical and cytological behaviour of three mutants derived 
from Xa generations of irradiated i ce  seed are described. 

2. The semi-sterile in Stunt was heterozygous and gave rise to plants 
like the parent, besides normal fertile plants and dwarfs roughly in the 
proportions 2, : 1 : 1, Sen:i-sterility was found to be due to the association 
of four chromosomes during meiosis. The oon:monest configuration 
involved a chiasma in the homologous regions pro~mal to the interchange 
in a pair of chromosomes. This indicates crossing-over of the interchanged 
segments resulting in ohromatid non-disjunction and .50 % gametophytic 
abortion. 

3. Oat of the semi-sterile plants exhibited the presence of two frag- 
ments which had no visible effect on the phenotype. The behaviour of 
the fragments indicated, that they suffer rapid elimination during the 
fomlation of gametes. 

4. The dwarf plants arose only in the progeny of semi-sterile plan.is 
while the normal fertile plants bred[ true. Cytological examination showed 
tha.t the dwarfs contained the normal complement of chro,~osomes and 
the meiosis was regular, resulting in the formation of fertile pollen, 
although the plant did n.ot set seed. The origin of this mutant is discussed; 
it is probably due either to a small deficiency or a gene mutatio,~ at or 
near She point of interchange. 

5. The two other mutants, ' :stumpy" and "beaked sterile", did 
act breed true to type, and were found to be (2,n + I) types. I.tl the case 
of "stun:py" a chain of five chromosomes was of frequent occurrence 
and indicated ~hat the extra chromosome was composed of segments 
derived fron: the two no~>homoIogous chromosomes of the haploid set. 
~?he o~her trison:io was ofthe primary type, the extra chromosome repre~ 
senting tlie duplication of o~ae of die chromosomes of the haploid set. 

6. The cytological basis of reciprocal translocations and its i m p e l  
tahoe in the evolution of species in plants is discussed. 
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LEGENDS TO TEXT&~IGS. 2-42. 

Text-~g. 2. Dia -idnesis in normal rice showing 12 bivalents. 
Text-fi~s '2-8 Diakk'~esis in seuK-sterile mu*~ant showialg association of four chromosomes 

,~nd ten l~ivalents and fragments. 
Text-fig. 3. A rmg of four and two free fragments. 
Text-fig. "4, A chain of four and a single free £n:agmeng. 
Tex%fg. ~. gssoeia~bxt of fottr with a ehiasma im one pair--one fi'ee fragment. 
Text-•. 6. Association of fo~r givh~.g a necktie eomqg~u-atiom T~v'o fi'agments, one 
• associated wi~h a bivalent. 

Text-fig. 7. '=~igtu'e of eight"--two free fragments. 
Tex~-fg. 8. Association of four wi~h a ehiasma in each of the I~abs, Two fragments 

associated wi~h different bivalemes. 
Text-~g. 9. Twelve bivaten~.s with ~wo fi'agmeuts paired. 
Text-fig. 10. "Semi-sterile mutants" polar view of metaphase I, 
Text,fig. 11, "Dwarf mutant" somatic me~aphase (2~ × :24:), 
Tex%fig. 12. "Dwarf mutant" diakfllesis. 
Tex%fig, 13. "Dwarf mutant". Polar view of metaphase I. 
Text-its. 14 and LS, ~'Semi-sterilef' InterIoeking of a bivalent in the ring of four. 
TextdSg. I6. SemLsteriIe. Side view of metaphase I showing fl'agmen~s disjoined be:[bre 

the bivalent. 

Text-fig. ],7. "8emi~sterfle" side view of metal)hast I. Single fragment associa.ted with a 
bivalent. 

Text-fig. 18. "Semi-sgerile" anaphase I. The fragmen~ is u~?di~-ided e& the equator. 
Text-fig. 1.9. ~°Seml-sterib. The fra,gmengs dividing ]~er than the bivaIeats, 
Text-fig. 20, "Semi.sterile.,, Fre, gmeng dividing ag very late an~pln~;se I. 
Text-fig 21. ~Semi.sterite.,, P r~gmemt nol~ included ia a d~ugheer nucleus. 
Text-fig. 22. '~Semi-sgedle." Side view of metaphase 1[I with a :fragment in each of the 

d~{~ghter oeHa. 

Text-fig. 23. ~' Semi-s~e He " Polar ~iew ofrnet-~pha.se II, ~ fragment ir~ one of Lhe dangh~er 
ee~g, '" ' 

Text.fig. 24a, "~emi-sterile mutantf '  Tripolar spindle, division I, 
Tex~4~g. 24[. %%mi-sl~eriIe mu[aaL" TripoIar spindle, division IL 
Tex~,.fig. 2& :'Semi-s~erile mutant"  Prome~aphase I. 
Text-t~g. 2(1. ~Semi.s~erile mutant/ '  A sligh~Jy la~er stage. 
Text,fig, 27. "Semi.s~eriie mutant." Convergence of tripolar spindle. 
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'l?ext-/ig, 28. "Semi-sgerile mu~a.nt?' Convergence of bipola.r si£ndIe. 
Text-fig. 29. "I-[aploid mubanC ~ am~phase lI ,  Showing die compound spindle. 
Tcx*,-fig..30. "Semi-sterile mutan~"  compound spindle, Two fragments  towards one pole. 
Texbfig. 31. Stumpy mutan t  (2n + 1). Diakinesis. A chain of three~ehremosomes~ 
Tex~ fig. 32. S tumpy mubang (2n F 1). Diakinesis. A chain of five cln'ornosomes. 
Texbfig.  33. S tumpy mutan t  (2~ + 1). Side view of recta.phase I eha.in grivaleng. 
Text-fig. 34. S~umpy rnutan~ (2n 4-1), Point  view of recta.phase I. 
Tex~ fig. 85. S~umpy mutan t  (2n + 1). Side view of metaphase  I. Y ~rivMent not  oriented 

ag equator.  
Texbfig.  36. S tumpy mutant ,  Anaphase  I showing lS and 12 chromosomes oR either side 

of the equator. 
Tcxbfig. :~7. "Beaked sterile, '~ Diakinesis showing awe bivMenbs and the  unpaired unb-Ment 

ou the nueleolas, 
Text-fig, 38. "~BeM~ed ste-dle." PoN,r view of metapha.se I unlvaIeng no~ in ~he equa~oi'hd 

plane, 
Text-fig. 39. "Beaked  s~erile," Side view of met:s@hase I showing ~he u n i w l e n t  off the 

plate. 
Text  fig. 40. "Beaked s~erile." Divided u a i w l e n t  near one pole ag late an,~phase, 
Tex t - tg ,  41. "Beaked  sterile" one-hal f of%he divided univaten~s no~includedin bhe daughter  

Text-fig, 49. ' :Beaked s~erilef' PoIar view of met~ph~se II,  ea.eh daughter  eelI havhzg 
one-half of the d2vided univalent,  

E X P L A N A T I O N  OF P L A T E  I 

.-ill drawings were made a,~ bench level with the Md of a camel's taeida. An achromat ic  
ohjeGive ~.A. I-3 was used in con.~unetion with Zeiss eyepiece K 2,5, giving a.pproxim~te 
magni~eations of 4000 diameters. These were reduced to h~]f size in reproduction. 

A. "Semi-sterile mutan t . "  A ring of four chromosomes at  dialdneMs (oK Texbfig.  3). 
( x 2000.) 

B. "Se,ni-s~erile mat~%nt." A chMn of fouz chromosomes a t  diakh~eais (of. Tex~-fig. 4). 
( × 2000÷) 

C. "Semi-s~erile toucan6," Association of four chromosomes wi~h a chiasm~ [n nne of 5he 
pairs ag dia,kinesis (el. Text  fig. 5). ( x 3000.) 

1), "SemLsteri te  mu tanK"  Side view of met~ph.ase I, showing ~he confignral~ion of four 
chromosomes and  ~ free t 'ragment. ( x ,3000.) 

E " S t u m p y  inutanC'  ( 2 n + l ) .  A chain of five chromosomes at di~kh~esis. The fif~:h 
chromosome is one of focus (ef. Texbfig.  32). ( x 3000.) 
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