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Most chromosomes have an intercalary centromere. They consist, as we, 
say, of two arms whidl are joined by the centromere., or more properly 
a geneostring which passes through it. Regular division of the chromo- 
some depel~ds on a lengthwise splitting of tl~e gene-string followed by a 
lengthwise splitting of the centromere itself, and the explosive separation 
of the two halves. 

Now jnst as the gene-s~ring can be broken crosswise by short, wave 
irradiation, so ihe centromere itself cgn be broken to give a new frag- 
mented oeneromere which is terminal (Ighoades, 1938, in Zea Maya). 
The new telocentric chromosome produced in this way is sube~eient, 
thai  is to say it reproduces and dlvides with less regularigy than igs com- 
plete companions. It can apparently restore the intercalary ioosiCoion of 
its centromere by secondary change, the two sister ohromatids beogming 
ooncnrrenJ, arms. The broken ends within the oentromere can join up like 
the broken ends of other parts of the ol~omosomes. Theaaew chromosome 
with two identical arms may ~hen be described as an iso-chl'omosome. 

TeIocentrie chromosomes may also arise under naturaI conditions: 
and the circumstances of their origin have been made clear i~ a triploid 
2~uli3~a, (Up¢ott, 1937) and a diploid ~vrie~Zgc~ria (Darlington, 1939o.). In 
the two plants the condition of ~he crosswise split{ing or misdivision of 
the centromere is the same, namely, ~he presence on the spindle of uneo- 
oriented chromosomes at  the fn'st ann.phase of meiosis, o~" of nnsplit 
chromosomes at. the second anaphase. In the triptoid ~ulip ~his is a 
consequence of indi~'erent eo-orJenSation of trivalents and non-co- 
orientation of univalents. In t.he diploid fritillary it is a consequence of 
non-co-orientation of bivalents as well as of nnJvalen~s. In both oases, 
however, there must be a specific and exceptional capacity %r ~Jsc-{ivJsjon, 
or incapacity for correct division, inherent either in the centromcres or 
in the o~ga.nization of meiosis. 

in my previons account I have clisoussed both the struettlral and 
genetic implications of this behaviour. It now 1'emains to discover its 
genetic consequences by cytological study. The misdivided chromosomes, 
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so far an they are stable, wilt give the functional telooentries that  I have 
already described at second anaph.ase. It is necessary to see what 
happens at the next mitosis in the pollen grain. 

In the diploid ~,,'i~iZla~'ia ka~'ad, aghe~.~sis (as R is now identified) I 
found misdivision in about 5 ~ of the pollen mother cells. This process 
could give complete and balanced haploid pollen by a complementary 
orientation of two homologous m~sdividing chromosomes. S u c h  an 
orientation I illustrated in Figs. 4 a, b, and in an imperfect form in Figs, 
5 b, e and d of my paper. This special requirement must however reduce 
the frequency of the expected teloeent,rics in the pollen grains. 

Text-t]g. 1. Text-~g. 2. 
Text-figs. 1, 2. Pollen grains o.[ Fr'~gll, aria kc~rc~dafd~er~s.is fixed la La Coar's 2 BE amd 

stagged with gentian rioter. Text-fig. i, normal complement: Text-fig. 2, ~bnormal 
with one M re.placed by two teIecentries. The stippled chromosomes show a broad 
centrio constrictiom :.; 1100. 

Examinh~g thirty-five pollen grain mitoses in metaphase and anaphase 
I found tha t  ~hirty-three had fformM comple:men:ts (Text-fig. 1) and 
two abnormal, One of these had a,u extra chromosome, probably the 
telocentric arm of an S-chromosome. Oue had two long telocentries, 
apparently replacing one of the M-chromosomes (Text-fig. 2). This could 
have arise~, from the com.plelneatary misdivision of two homologues 
already suggested. I t  is il~teresti.ug as showing how a ":fragmentation" 
of all M-chromoso:me such as is often to be inferred in experiment al.J.d 
from natural comparison could have taken place. I~ E~ri~i~h~'ria p~dic(~. 
for example, whose 1,-3 chromosomes su~ggest this process, several S's 
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are di~icnlt to distil~guish from te]ocentric, s (Darlington, 1936). The same 
ldnd of change has been assumed in the Orthoptera to account for the 
differences between the Ste~aobotb'~s and Meoo.stetlc~,s types of comple- 
ment as well as between those of races and species in Hexl)erotettia. 

These observations show no{hint of the origin of ~so-bkromosomes. 
Better evidence may be obtained, however, in two ways. Fi~:s~, a more 
sa~isNe~ory technique than ~he Ftemming-gentian violet smears used for 
F~'.itiZZa.~'#~ ;a,.rcdc~#he~si~ is the maceration and removM of pollen grain 
walls followed by Feulgen sha.iniag (cf. legend to P1. VI). Secondly, 

> 

Tex~.fig. 3. F. gafffoli~, ~,~ajor, 3z=36. Copy of micror)hotograph in Plate Vsflowflag that 
~he six ~-ehromosomes are none of them equalfarraed, and that  the 30 S-chromo- 
somes all have a considerable short arm. × t200. 

misdivision is to be expected at ei~her first or second division in the 
obligagory univMents of ~rip]oid forms. And in the pollen grains there 
should be no differen~ial elimination of those carrying the produe~s of 
misdivision, since all pollen grains bu~ one in 2048 (where ~ = 12) should 
be unbalanced from normal binonfial segregation, of the extra set. 

Satisfactory material is provided by F. lc~t~fo~ic~ ~o..~jo.r (3z = .36). The 
processes of misdi~dsion at meiosis are less clear than i n t h e  diploid 
owing to the crowding of the ce.l! and the high number of ordinary 
laggards. Its resul~s can, however, be seen a.t firs~ telophase a,nd second 
raetaphase (Text-fig. ~). No inversion bridges were found in this form by 
Frankel (193~) ~,nd I have confirmed his observation on the new material. 
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Tex~-fig. 4. 

T]~e Origi,7~ of I.so-C]~'~"o,r,'~oso.mes 

Tea%fig..5, Tex~-~g. 6. 

~ 1 2 +  7' 
Tex~,,l~g. 9. 



Text-fig. i0. 

1 
Text.fig. 1].. 

Text-fig. 12. Text-fig, la. 
Text-figs, 4-t3. F. laflfoZ.~ ~r~zgov. Text-fig. 4, pollen mo~her eel] a~ second metaphase 

showin_~ the consequences of misdivJsion ~nd ethel' irregul~ri~ies. Text-figs. 5-9. 
l?Jrst pollen grain migoses ,.%~ metaph~se extra.eted by m~eer~tJon from pollen grMn 
wall. J]l-chromosomes are stipple<] a,nd new teloeentrics hi,ok (2,9, T:~ I and. TL). 
E.W.E. extranuelear body, either teloeenhrJe or laggard chromosome, l'~ot~ bll.e non- 
orientation of mos~ ~eloeenttic$ and the veritable spil'Miz~Jon in ~he dif[eren~ pollen 
grains characteristic of triploids (of. Upeott  & PhJlp, 19:39). Text-figs, 10-18. A~laph.ase 
lagging of short and long te]oeentries in the po[|en grain. In  Tex~-iqg. 12 one has  
been ou.&sjde the nucleus. In Text-flgs, l~ and 13 one has divided a.nd one elu'omst[d 
has rea.ched a pole successfully, %.he o~her is late in Text-fig, 1~; it will ]3ot divide at 
aH but will become a,n iso.chromosome in Text-fig, l:J. × 900. 
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The chromosomes were counted in 111 pollen gi'ains in seven smea.~s. 
They show the usaaI slight differences in distriloution which are to be 
attributed to the different zates of development of differently balanced 
individuals. 

Of these 111 complements a proportion show the first abnormality 
at metaphase : the presence of telocentrie chromosomes. These are of two 
clear types: short fragments derived from the short arms of S-chromo- 
somes and logger fragments derived from the long arms of S- or perhaps 
from M-chromosomes. It is significant that the short fragments are 
disproporgiona%ly frequent, since the Iong telocentrios lag most freqhently 
at meiosis. They are evidently most often lost. 

_i high proportion of grains have extra-nuclear bodie~. Some of 
these may be lagging whole chromosomes from meiosis. Others seem 
to be dm products of misdivision. Some remai~ outside the spindle 
(Text-figs. 5, 6). Others come on to the spiadle, but continue to show 
signs of their extraneous origin in their corrugated outline (Text-fig. I2). 

Table II indicates in fact that the extranucIear bodies correspond in. 
frequency to the deficiency of long fragments. Some Iong telocentrios 
may in addition be overlooked at metaphase since they are less dis- 
similar from~the normal S-chromosomes than are the short-arm frag- 
ments. 

The most striking consequence of misdivision is seen in a pollen grain 
~contakning the two complementary products o{ breakage at the centre- 
mere of an S-chromosome. Lagging on the anaphase spindle side by 
side are the long telocentric and the tdocentrie (Plate Vt, fig..5). This 
combination I have found only twice (Table III), but the lagging is 
characteristic. 

Both types of telocentrie are frequently distinguished by their lying 
a little off the plage as though their coagression were slower than usual 
(Text-fig. 8 and Pt. VI). At anaphase this delay becomes even more 
obvious. Short teloeentries may be seen lagging and lying crosswise in 
the spindh (Text-fig. 10). Long ones may divide after the n~rmal 
chromosomes and their ]mlves may nevertheless reach the poies success- 
fully (Text-fig, 12), but their delay may be more serious. Both halves 
still attached to the eentromere may then be carried to one pole (Text- 
figs. I4, 1;5, and PI. VI). 

In considering these ~l.gures it is important to recognize the means of 
distinction between a secondarily misdiqding tel.ocentrie and a no:,'ma,1 
dauglr~,er M-chromosome. The six M-chromosomes of 2e. bgijbgie v aq,ior 
are illustrated in. Text-fig..3 and in P[. V, as welI as in the pollen grains. 
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It  wilt be seen that  their arms are unequal. The arms of the teloeentric, 
on the other hand, being sis{or ehrolnatids, are equal and at ~n earl}" 
stage can be seen to lie parallel. The second distinction consists in ghs 
two anaplmse groups being equal and symmetrical apart from the lag- 
gard (Text-fig. 1,1). 

Text.fig. 14. Text-fig. 15. 

Texbfigs. 14, 15. P. k~tijblia v~ajor. Delayed division of telocenti'~es leading to asymmetry 
on the spfl~d]e and ~he h~elusion of an unddvided iso-ct='omosome-in one daugh~aer 
nucJeus, x 1100. 

There is no doulM, therefore that delayed telocentric olh'omosomes can 
pass whole to one daughtea- nucleus at mitosis and in doing so provide 
the necessary condition for ~he origin of ice-chromosomes. 

TABLE I 

6'hromosom~ ,n~vm, be.rs (12-22) e l l  11 To~[e~t grai~.s oj' ~ridlla.ria lahifolia 
3~, om.it/,iW/ teZoce~z.g..r.ic .frag~,e~gs ( seve~z sl, ide.s. ) 

Class 12 13 1¢ 15 16 
Observed 1 0 15 18 9 
Percentage o-96 - -  14.3 17-1 8-5 
BinomiM 0.09 0'33 1.6 5.t i].I 

Class 18 19 20 ~i 22 
Observed I3 16 9 3 l 
Pe.reentag¢ 12.4 1.5-2 8.5 2,8 0'90 
BhiomiM 2,9-5 19' 3 12.1 5'4 1.6 

17 
20 
t9-0 
19-3 

(Jo~ CL USIo~ 

In the ortginaJ, n.iJsdivision we saw how senti'onleres would split or 
explode be:fore they had divided or reproduced, t-Isre ~he process is 
reversed, for they divide but do not split, And the result is also a reverse.1 
of form, for ~he one-armed telocentric returns to the. two-armed s~ruc~nre 

,/omul. of Genetics xx~ix Z3 
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from which it arose with the genetically important cliffere~ce th~,t the two 
arms are identical. 

Several mechanical questions arise from these observations. There is 
delay in the congression, o~ientation and splitting of the new terminal 
centromeres, ts this delay due to their ~erminal posRion, and oh.a> 
aeteristic of it, or is it dae to their being only fractional centromeres 
lacking some of their centrogenes~. Or, a third possibility, is R due to 
the bl'oken ends witl~in the cenfiromere retmiting before metaphase ~. 
Has the termiaal oentromere the same property of reunion float the. 
broken ends of chromosomes possess, or is it potentially stable? ;4md is i t  
possible fo~ two broken eerrtrome~ss to fuse to give new/]:/-type chromo- 
somes? 

TABLE II  

F,recf~te~eie.~ of shoq't and mediu~n, tdocentrics and cR'rt'r~Yb%~G/eCb?" bodies 
in different slides of Fritillaria latifolia 8~ at metaphase 

]~xt.ra- chromo-  
T o t a l  Shor t  Long  ~uc.lm~r some ~[?~n f f  

~]ide nuc le i  f f  f f  bodies  no, no. 
2 58 25 ,5 2 16'5 0"5 
6 1S 3 3 8 1%1 0-3 

3, 5, 7 14 5 1 9 17.4 0.4 
4"  23 - -  - -  8 "18,3 0,0 
5 g i - -  2 - -  - -  

ToM1 111 34 9 29 16-9 0,4 

* Te locen~ics  in  ~naphase  ceils only.  

TABLE III 

F re~tsnaie~ of [o~g and medium (L) c~nd +~ho~'t (S) te~ocent,riss showing 
delay in about 100 pollen grain c~n,c~2ha~'es i,~ Fritiltaria latifolia 3x 
( abo~t c~n effucd ~umber with S only behaved ,~wrmcdIff ) 

18 2SS IL  2LL L + ~ Tota ]  f f  
5 I 8 ,i 2 27 

The answers to these qttestions are indicated by Tex~-figs. l l  and 15. 
We see that  when division, although, delayed, is suecessfuI, a thread. 
joins the products just as it does in the firs~ misdivision. This suggests 
that the originM bJ:eakage has been followed by fu.sion whirl1 will lead 
to repeated breakage. The structure of the ire-chromosome is a[re.ady 
~eprssented by the apparent tdocentrie at metaphase. In fact we, seem 
to have th.e same situation as that  described by McO[intock (1,939) for 
ordinary broken, ends which,can remxite (under eertMn conditions) to 
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give an endless repetition of breal(age and reunion, a repetition from 
which. the  passage of the whole iso-chromosome to one pole will of 
course provide an eseal~e. 

The evidence that  iso-chromosomes, arising as they do in F~-i~i~gc~'ia, 
are, or can be, functional depends on the observation of such chromo- 
somes in the regular life cycles of maize, Dean.re. and other plants. I~ is 
not  however necessary that  all iso-chromosomes should be fnnetional, 
for this reason : If a eentromere contains ¢ centroge~es it can be broken 
into fragments having any number of centrogenes less than x just as 
the nucleolar organizer can be broken into different-sized fl~agments, 
according {o Nc@lintock (193¢). The iso-chromosome a~:ising secondarily 
can then have any number from 2 to 2.(~-1) or even :2m cen~rogenes. 
The larger fragments may fail to double; the smaller ones may fail to 
divide; but  various results are likely to be produced from those of about 
half the proper size. I t  thu,~ seems that misdivision is ~ meaa]s and, 
in f a c t  the only means we know. of adaptation in the size and functions 
of the centromez.e. 

At first sight it might have seemed abm~rd flm.t a rare and r>thless 
s t r ident  like misdivis%n should have any value in evolution. We now 
see tha t  it may act in two ways. The first is in its effect on the genetic 
s~rucfure of chromosomes. The indications of fragmentation and fusion 
at the centromere already referred to in the Orthoptera, and in Y~'gt{~/e~r{¢ 
itself, have been di~cult  to understand on the basis of random structural 
changes. Oentric fragmentation now becomes merely misdivisi_on and 
centric fusion a not improbable conseflnence of i~. 

The second effect of misdivision is on the mechanical properties of 
the cen~romere. We may particnlarly look for signs of this effect, in the 
sex chromosomes of animals whose special methods of eo-orien[ahon, 
segregation or elimination at meiosis may often reqtfire special properties 
in theft' centromeres (e.g. in ,%is.re or Ci.m~m, Darlington, 1939 b). }~nere 
the mechanical evidence is lacking we may ~urn to %he structure of the 
c~'omosomes. For example, it now appears tha t  the two arms of tl]e 
Y-chromosome in D~'osopld[a. m&~Wc~ate.~" contain homologous aeries of 
genes in tile two segments next  to the eentromere (Neuhaus, 1937). 
Since these segments a]'e of necessity the most conservative of all, their 
similarity is an indic~,~ion that  the Y is derived from an iso-chromosomc. 
That  sz~c~ a ohz'omoso.me should afterwards shed the greater part of one 
arm is further an indication that  ~he effect of its origin, on the centre- 
mere was the pro£table one. 

~Iisdivision, therefore, is likely to owe its importance in evolution 
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Iess to its more obvious effect in modi fy ing  the genetic s t r t t c t a re  of gJae 

chromosome,  for which  i t  p rov ides  an a w kw a rd  a l t e rna t ive ,  th~ ~o i ts  
less obvious effect in modi fy ing  the  mechanica l  p roper t ies  of t he  cent re-  

mere, for which it seems to be indispensable .  

~UMi~,f ARY 

Fol lowing  misdivis ion of the cen t romere  a t  meiosis in  d ip lo id  and 
t r ip lo id  ff 'dtilla~i~ new telocentr io  chromosomes are  fo rmed  whose 

b roken  ends rejoin withir~ the  eent romere .  TMs t y p e  of ch romosome  is 
d d a y e d  a t  me te#base  and anaphase  in the  pol len-gra in  mRosis.  I t  m a y  

then,  e i ther  b reak  again  at the  centromere ,  or pass withoub s e p a r a t i o n  

~o the  pole as a new iso-chromosome.  
The misdivis ion and  the  origin of the i so-ehromosome are  each 

l ikely to be impor~ant  as affecting the  genet ic  s t rucbare  of the  chromo-  

some and  the mechanica l  p roper t ies  of the  centromere .  
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E X P L A N A T I O N  OF PLATES V A N D  Vl 

PLATE V 
Ovariaa mitoses iz~ F. h~tgfolia ~ajor (3x=86) at metapha.se and beg[nMng of aaa.phase, 

showing the positions of the centromeres h~ l] i- and 8-chromosomes (a£ 92ext-fig. 3). 
Lecgtk range: 15-29ff. Average proportionate lm~gth of %f to S: 1,0-0.71. Smear 
preparation a.f~er I'eu]ge~ hydrolysis, x ] 800. 

PLATE -VI 

PoHon grMns of ~Y, lah:jbl'f'rz re@or in sfde view of metaphaae (Fig, 3) and suceesMve st.¢ges 
'of angpha.se showing delQ, in congression, orientation and divlsion of long and .sl~Ol'L 
~etooentries, :Fig. 6 shows both in the same eel.  t>repa.ra¢ion from ~nther m[~cerated 
i~ equM pa.rts of 95% Meohol a.nd concentrated ]~IC] for 10 m~n, beibre Feulgen 
hyda'olysis. × t 600. 

Prep~l'a.gions by L. La, Cour, microphotographs by K. C. Os~erst.ozk. 


