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I. ][~INI),9 OF CItI~O~'IOSONgS 

all sexually reproducing plants and. animals there are a. certain 
hum[Jet of chromosomes whose regular division at mitosis and segre~ 
gation a~ me%sis is a, condition of regular growth and reproduction, Such 
chromosomes are therefore consta~,t in nm:qber within spec.ies or related 
groups of uniform1 character. ~ow l;hese chron]osoilles, being "necessazy, 
are gssunled to be active, and rightly so, for any chromosome which is 
no~ doing something in @.e stock t,ha,t is carrying i.t will sooner or later 
be lost by thg t  stock. II; will succumb to i;l~e h~za;ds of .uii.osi,s. 

O~her oh.romosomes of a second kind are those whi6h axe va, dable in 
number, or at: tea, st in form, in luckily species of plflnSs slid aD_iJ.llg.ls. Some 
of these are of a, very general "type a~x] well m~d.er,stood, such s,s the sex 
chromo,~omes; others are of a. very speciM type ~z~d little underst;ood, 
like the sexq~mited chxon~osomes of Scia.ra. In plants there is a, vaguely 
defined[ g:roup of chromosomes known by the te.l:.m sw)e'rnu~~~,sr¢~.~y 
frag'ms'~~t. @hromosomes of this kind., if indeed it is ~. kinct.~ have bees 
foun.d in na.turM l~opul~ions of some forf, y species of fJowering ]?[ants 
(Langlet, :[927; Dt~rling~on, 1937, Tah]e 16). 

Observations of these fl'e, gment c~romosomes h~ve been for.[:he mos~ 
p~rt ~oo aeciden~,a.1 for inference of any general 1?re.per[ice in %hem. Their 
origin h.a.s, been ascribed merely to breakage or dale[ion of an ordina.ry 
a.ctive member of  the s'ee. Yet enough common properties may  already 
be inferred.in them to eEcom-age a fr*reher enquiry. 
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In Tradesca~ti~, F~'iti~aria, L i~i~.m, f ~diU.~, and B~.n.unctdus the 
fragmeuts are small. They vary in number somatical!y and are c~pa-Ble 
of ~z~definite reduplication wRhout ar~y definable efl'et~t on the plant, 
They peat' at meiosis by ehiasnlgta, with a frequency proportiona~;e to 
their length and when multi.pie form ntt[l~ivalents. In the [irst three ~;~:- 
ampler they show a relationship with the m.~j or chro.mosomes by pairing 
with ~hem. In 6'ecale the fragments are larger and they are, it seems, a 
constant gyps in the stocks of three continents. They do not paix wRh 
the major chromosomes. They must therefore be regarded as old- 
established accessories of the regNar oomp].ement; so old-established 
indeed that  ~]?.ey have lost. ~heir original relationship wRh it. All these 
±~'agments are what would generally be described as inert aRhough, as 
we shs.ll see, this provisional descriptioa cot~.cealg an analytical error. 

In mMze there are extra chromosomes of which we kl¢ow something 
in all these respects. They are said ~o be of ~wo rscogt~izabl.e types, _1?, 
chromosomes somewhat smaller than the smallest standard or A chromo- 
somes, and C chromosomes smaller s~ill (Randolph, I998 a, b). As many 
as twenty-five ]3 chromosomes have been accnm~J.lated in one plant by 
selection withoutseeming to arm: it in general or parhicNar ways, These 
chromosomes are hetercchromatic in the prophase of meiosis and some- 
times at metaphase of mitosis (NcClintock, 1933). They are present in 
plants of 'about a quarter of commercial varieties and genetic euRures. 
~n each stock they have what appears to be an equilibrium distribution. 
Sapernnmeraries th~s show, as in Secede, a contradiction between mxr fait- 
t~e to detect their genetic ~ctivRy i~. individual plants and our ability go 
infer their genetic function from the popNation as a whole. The same 
situation has arisen wRh the extra X chromosomes of Civ~e:r. Isctular,:us, 
which float in the popfila~ion--here, however, with different eqzfilibria 
in nature and in genetic cadtares. The extra Y chromosomes described 
by Wilson in species of Metc~odi~s seem to be in a like case (Dartington, 
1939 ~). 

The B chromosome of maize therefore offers us the means of attacking 
several problems. Nechanically its indefinite reduplicatio-n allows of 
the exact comparison of crossing-over in bivMents and multivalen~s. 
¢henhcally its nneleic acid activity has to be compared with that  of 
such chromosomes as the g in Drosophila,. Physiologically its indirect 
effects remain to be discovered. Evotationarily the chances of its loss 
have to be equae.ed against the adva~.~ages of its presence nnder different 
kinds of selection equilibrium. We ~dll ~ake the problems in. this order. 



We are indebted to t~rof. G. W. Beadle fb~ seeds of a genetic o i$are  
containing [B eh'omosomss. Their. kthei$ance is s]~own in ou%lhle in 
Table t to illustrate the origin of deficient types: Three plants appeared 
independently with one or two smeller B"s ~vlrdeh we shall designate ]) 
chromosomes. This high frequency of ~dsible change is of general ira- 

Table 1. Or~g.f~, of go chro~m~mnes from, ]2% ~ ~l~fic~¢~~.c~,, sD.ow.b~,g 
,n~t~bers i9~ ec~c]~ 22a~~t. 

Beadl~ 's  S tock  

1 I 

! 
I .@) ]3~b (abe B~b, B,~D~) 

I l I 
B~ ]3a Be ?: (¢) Ba 

! 

@VaS) (~a~la8) 

portance for the population genetics of B chromosomes, l%r the mm~lent, 
however, it warns us that the olassiflcatJ.on of ]3 and b chromosomes by 
.their ~isib!e strneture, wMoh we necessarily use, is generic rather than 
specific. Otu" b chromosomes are prestumably of three types end our ]3 
chromosomes m~y be equally diverse. We can, bemeyer, for ou~: ]?resent 
purposes ~reat them a.s two groaps. 

b 

Text-f lg .  t .  i]'Etoses h'l root  ~ips. 8/36 : La  Cent ' s  _ BIB aud ~ .ni.isut violet .  ~ l  -'-sO + d,~ -I- ~'b. 
iq', nuc leo la r  chromosome. No. 6, w i th  t r aban t .  Note  precot.Jtv of  ceu~,roviere in some 
-]]%. ;< aooo. 

3. T ~  CO~.>UCT or_ ~ITOSIS 

The differential stainh~g of B chromosomes has been des6rlbec[ a,t 
v a i o u s  s%a, ges, a,t metaphase of mi:tosis by Darli:ng~on (19,37, :fig. 102), 
at paehy~ene b.y ~icClintoe]~ (1 fJ33), at diakJnesis and. :[R'st meta,ph%se by 
Randolp]~ (1928 a.). Now La (fotlr (unpublished) inds  th,.q,t they show the 
differentia] IPeulgen reaction cluying fJ~e mitotic resting stage which is 
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eh~r~cteris~;ic of he~eroch.rom~tin. Ds,rl:-s~aiaing m~sses ar~ seen i.n the 
m~eleus eqaM in nurffl)er ~o the B 'chromosomes seen ab ~:tae5%?hase. 
Now, if B ehromosonms ~re to be regarded a.s hetexocM'omatie, i~ is 
of interest to reca.t~ ~ha~ .~IoClint, ock fmmd a va:daMe sts.ining c~pacity of 
.13 chromos,)mes st pschyeenc iuse, as w£th. varia, bl.e temperatm:es there 
is a variable nucleic add  content in. the matgphase hel;erochromatin of 

~4 

3 

- , ,  • 

I 

Tex~-~g. 2. Di~kinesis in plar4.s ~ t h  3, =i and 6 ~3's. showing the eSffasm~ distribntioa of 
A a.nd 2~ cl~'omosomes and sticking of two unpaired B's. Acetic alcohol and iron 
acegocarmine preparagion (as a, ls~ following ffgares), x 2000. 

T~'i]~.~Jum (of. Da~Iington & La @our, ]940). These observations relate ~he 
B chromosomes of mMzs w':tk an extr~ chromosome desc.~fhed by 
Fern~ndes (i939) in Naxcissus juv, dfdiu.s. 

The difference in n:Icleic add charge must not be c,onft:sed with a 

difference in spiralization. As in f'ril~ium this. is ~h.e same for ghe two 
sorts of chromosome. _&~ me~aphase of mitosis bo~h are con.tracted to 

shoat one fiftem~h of their pachy~ene lengbh. 
Correlgged with the excessive nucleic acid charge of B's is their 

s~ickiness and more even outline during prophase of meiosis (Tex~o£g. 2). 
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This property they share; ~s Longley (1937) points ou< with t]ae knobs 
scattered o1~. the larger A chromosomes. 

There is a seooncl abnormality of mitosis which B chromosomes share 
in a lower degree with the extra fragments of T~liT~ 9al, c~g'Xoa, (Darlington, 
1937, fig. i7). That  is the common habit of lying at the edge of the 
plate and of di~dding at the oentromere either before or after the major 

. chromosomes (Text-fig. 1). These properties we are inclined to put  down 
to the B chromosome haxdng a ~ea]~er centromere than the rest, a 
centromere which, although usually suffleient for its smaller size, some- 
times fails to work in eoneer~ with the larger ones. The same evidence of 
weakness has been found in the Secede supernumerary (Hasegawa, t93&) 
and in Uvu~a'~'~a. (Barber, 19~[0). 

I-Ienee we find occasional mitotic l~pses in the B chromosome. From 
one of these we obtained material for a use%] experiment. Plant  3/36 
had some. flowers wide. four and others with £ve g chromosomes in 
addition to one small b, as well as root~tips with two b's (Table 1). 

Eo~h B arid b chromosomes in our 21ants are seen to h~ve sub- 
terminal i~og terminal eentromeres like those described by ZcOlintock a,nd 
AvdNo~-. We are inclined to suppose that  this again means variation in 
the structure of the B chromosomes in the population, rat]aer than 
misinterpretation on one side or the other. 

The terminal centromeres, as well as the errors of nJ.i~os~s shown by 
some I3's in common with maI~y other supernumeraries, they may well 
owe to their origin. N.isdivision of the cei~tromere is a common means 
of i'ragmentatioll and gives rise to terminal eentromeres themselves 
fragmented and of weaker ~ctivity in. various degrees (D aJ.9.agton, 19~0 (~). 
On this view i t  is significant tha t  the sma].les~- f.ragments are liable to 
show the mgst :[z'equen~s errors, while proportionately larger fragments 
like the B's seem. to be relatively stable. 

{. (]HIASg'[A FOtlNATIOlg IN B c~rIgON_OSO]g]]~S 

We already know :[~'om NcOli~ltoek's work (19.33) tha t  ]3 chromosomes 
pair at mid-prophase of meiosis but  freqNeng[y fall apart, at  diplotene 
a.nd are then u.npa.ired at metapllase. Or, as we shoNd say, aft, er havi:r~g 
paired at paehytene they do not always cross over and f'orm chiasmata. 

The ehiasma formation of B's has be be considered in the light of the 
tkree respects in which they differ i¥om the te.a A's: shorter length, 
nearness of ~l~e centromere to one end, and heteroehroma,ti.e propereies. 

Chiasmata are :formed b.a. three ]}osifiions: S, short aJm; P, proximally 
Jn long arm. and usually very dose ~o the c.en~romere; and D, near the 



(i) 

\ 

) 

t 

(ii) 

Text-ag.  3 . .Firsg meea.phases ha p[ant.s with several B and 5 ehrmnosomes, showiag ~he 
poai~io~ ~md orient.agion of nnivMents a~d mult . i~lents ,  x 2000. 

2SXta 

b" 
B' 

_6X~ 
Text-fig. 6. ]Yirs'~ me~aj?}~ases. Abo~-e with 29 A chiasmat~a, a rh~[ quacirivateat of  ]3's. 

]3elow with :28 and  26 cKi~sm~ta,, ~wo diff~re~b arrangements  of B's  in ]$';/38 wi~h 
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distal end of {he long ~rm (Text-fig. 5 and Table 2). The forma,don of gl~e 
S a,nd P chiasmata disginguishes bobh 13 and b e.hromosomes i'rom %he a. 

"ittl 0 

85"mbols 

bb 
]3},:~ 

* ,9~ SP. 
J: Illusbraged, hal, ttog rec6rded in 5]tis sample.  
$ A I ]  iltust~'a,ted "rod 5"ore 13r'/88. 

Text-f ig .  ,5, J~ivc, le~t  nard m~fltiva,]e~t ¢ypes o1°7[; showing %]~e, dJs~ribn[,Jon of cilia,stadia, in 
S, "[? a.nd 20 segmengs and r.[iff?erent, er~-nrien{:aSJons. :': £0(}0 

TnYle 2. Posgt{o~s q[ ¢]dc,.s,,aa~o, (Xto.) (9~. ]3B, bb ¢~,d Bb biuabe~ts 
X~,,./ 

S [P* D P]2 SD SPD Bivaleu~s Xt.a bivalen~ 
10~  010 00 l  0]_1 101 111. 

}. 46 1.:] 0 j  8 ]. 69  79 1-15 
0 0" ,5 3 4 0 12 19 15] 

- -~ ]. 2 . . . .  6 6 1.00 

~7.I'k ,g~unpLe of ]~b a.nd bb is selected, sht~e t, hese oo~'_M)ina.~.io~ts do u~.  occur  w~l.hc*u~ 
e×t.r~ iB's as we]/. In  all groups  b]va.teni,~ ~dm~c ~l.re considered,  w.ith~a~t, rea~rd t.o t,h¢ 
f,.'eqne~le F (~.f m~iw,I.m~l~s, " "- 

o h I ' o m o s o n m s ,  f 'or  i n  ~lte, s e  :t~o c, l t i a s m a . . i . s  e v e r  : f o r m e d  s o  c l o s e  ~,c) ~ h e  

o e n L r o m s r e  .a,s i s  possible a . n d  i~l i'~c,l: :mos/~ :freqL~m.fl: :in t, t m  ]3 t,y]?e. I t  
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seems mos~ likely tha~ Bhis ch~nge in position is du.e to the pairing 
being regularly protermh~al, or beginning ~t the ends, in maize and ~o the 
centa'omere of the B being near to o~e end, so t.hat i~ lies in the region of 
the hlghes~ crossing-over pol~en~ial (Darl.ingBon, 194_0c@ Whatever the 
mechanism, the ]3% show what; is n~.e~n.~ by ~he posigion de~e,:mina~ion of 
chiasmata (B{[a[ker, 1940). 

b b  D P pD s D  5 D  

Bb B b b B"IB' 

Bb ebb [~"b b 13" b 
Text-fig. 6. ~Bivalent b chromosomes ~ncl pairing of b with B to give ~Bb bivalents ~d~h ,S, 

.P ~nd D c~asma~a as well as multiva]ent,s. Cf. Tex~-fig. 7 ~br a diagcamm~ic repre- 
sentation. :4 2000, 

These chiasm~a nea~ to the centromer% together with the stickiness 

of the heteroehromatin, lea4 to an unusual problem of interpretation. 
All biv~Im%ts ~dth P-ohiasmata appear also to have S-chiasmatG 
although simple S-chias~a bivaleuts are rare. Evidently the Pochiasrna 
is so close to the centromere a,s to pull back t]je short arm on the other 

side of the centromere in the same way as happens in' the separation of 
first division, inversion bridges (Darlington, 1939@ That there is not 
necessarily an S-ehiasma is shown by [nultivalents of the ]3Bb type of 
Text-fig. 6 (lowe~ left-.hand figure} where one ]3 has an S-chiasma with a 
fikird chromosome, the b : t h e  short arm withoat a chiasma is still con~ 
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cealed behind the P cb.iasma, We ]lave therefore made t]ae minimum 
assnzaption tllat, in the absence of eontrazy evidence, })ivalents wilh th.e 
P-chiasma have no.S-ehiasma. 

]3 and. b chromosomes pair with one another and form chjasmata, 
in the ~h.ree positions comparable to those shown by simple ]~B and bb 
bivalents (Text-figs. 3, -'i and 6). TNs means that  the difference between 
%he ~wo types of chromosome lies in the lo~ger segment between the P 
and D ehiasmata : it  consists in an intercalary deletion. Such a deletion 

-'~ e D 5 P D 
'0 - O- 

X 

-----<)--~Q~- <> 
,.~,, O X  x OF x × y~ b 

C A F" O .,"~ O S O ~'t ~.5 ciZ rg ~-f 

Tex~-fig, 7, 
coLJd take p]acs through c~'qssing--over between duplicated ]?arks of two 
identical ]3 ch~:omosomes. If  i6 did ,so there wotdd also be prodaced a 
.]3 + ohro~uoso~.~]e wjl;]-~ ,3"ei: a,]zot[ler duplieal;[on such n,s we have no~ yel; 
ident, ified (TexO-6g, 7). 

The ohiasma frequency of ]3 o]~romosomes io 913 p]al~s diverges 
sSarply I}o~.n dta.t of the A chromosome series (Da.:dJngton, ].934). B 
chroraosomes a~re two-thbds of the ]engda of the shorOest A chromosome 
(:so. 10] and should have s, c]flasma frequency greater than malty ~;o be 
in proportion. The frequency dbsorved Js 0-5. 
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A second divergence from the A type of pairing is shown by the 
vari£nce which in all classes of B plants (with one exception., 3 B (ii')) is 
far higher : there is a more freq~ent failure of pairing, than would arise 
with ~ similar ehiasma frecf~mney in A chromosomes (TM)Ie 3). The 
obvious explanation of this excessive vari~noe as wdI as of the lower 
aggregate frequency would be a partial, failure of pschytene pMring. 
~icOlintock (1933) states, however, that  B chromosomes pai:r fairly 
regularly. It follows that  they pa.ir differently from the A chromosomes, 
and indeed less effect[vely from the point of view of crossing-over 
potentiM. Suc:h a ,ti:fferenee ha,s been described by NcOlin~ock as due to 
non-homologous pairing; b .is favoured by the hete:oc~hromatio character 
of 5he B's. This kind of pMring we assume to take piece by torsion insSead 

Table 3. D?,strib,~.io,n of chinsmete, to AA and BB oh.ro~os'o~nes, 
slm.tdgzg abse,r,..ee of 2osith,'e or °,.~egath~e corre[.at.io'~, ,with.in so4)~.pies 

frmn si.~.gle flo,we>'s of s.i.)@e 2)7,a.~ts 
C h i a a m a t a  o f  ]3B 0 t ~ 3 4: 

2 ]3]3 Cel/s (II) 6 4 1 -- -- 

sS{ean chi&sm~ta  o f  .~-k 23.1@ 23.75 :~8-0 - -  - -  
3 :BD (i) Cells {9} [ 1 3 .  4= - -  

3'le~ chiasma.ta of A_~k 21.0 21.0 22.3 22.8 -- 

3 B~B (ii) Cells (12) i 7 5 -- 

g[e~u ebdasma ta  of  A A  -- 25.7  25"6 - -  - -  
4 B B  6) CMls (10} I. 4: 5 --- -- 

~Ie~n ch iaam~t~  o f  A A  23 " 24~.5 23-2 - -  - -  
4~ B B  (ii) Cells (1.5) t 6 5 2 I 

3 ' lean ch ia sm~t~  of  A A  24..0 25.8 26.0~ 95.5 22 
5 73]3, bb Cells (20) 1 5 4 ~l 6 

~[ea,n chJasm~te,  o f  A A  23-0 26-0 g6-0 27-0 25-3 

of attraction. I f  the paired threads do not correspond they will never 
cross-over, And even the correctly paired parts, if very short, will not 
Mways eros>over. OeeasionM torsion pairing will therefore reclnee the 
aggregate freq~len.ey of crossing-over and increase its variance. 

The importance of torsion pairing in relation to crossing-over may be 
estimated in another indirect way. A ehrom.osomes in our stocks show 
inversion erossing-ove:e in 3 or.4°/~ of cells (Text-~ig. 8 A, ]3), and in one 
cetI we have seen two bridges. A B chromosome bridge with fragment 
was found only m~ce (Text-fig, 8 @). To judge from the freqaenoy of 
deletions we have seen in B's, inversions should also be frequent. From 
the frequency of zip-pairing, which 3{oClintoek has fo~md to override 
homology, inversion crossing-over should however be ]argely suppressed, 
for the correct pairing of an inversion loop ~s not always effeoted even 
in ordinary chromosomes. I t  is therefore worth recording that our single 
instance of inversion crossing-over was i.n a bivMent 213 in a plant with 
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oniy these two B's (Text~fig. 8 C). We found none in all the plants with 
mnltiple B's which Ne01intock has shown to have such freqnent non- 
homologous ~orsion pairing at pachytene. We conclude tha t  our single 
bridge results from homologous pairing of a genuine inversion and ~ha~ 
~he in,:erred non-homologous pMring does not lead to crossing-over. 

k third divergence of ]3 chromosomes from orthodox rules is shown by 
the absence of competition for chiasmata between k and B chromosomes- 
such ts Nather (19.39) has found between A chromosomes alone 
(Table 3). Again we see that  in the B chromosomes we are evident.ly 

b 

 JJl' i i 

A C 

T~x~-fi..g. 8. ]!'irsf, aria.phases. A, A c h ro m o s o me  ~rJdge ~nd <~eeutrio~ fra,~men b ~,nd l~ggh~g P 
gm~drivMen'e. 73, A chroJ)msmne bridge a.~ad ~,cent, ric 5"agment,. C!. jg bi~,aleni~ brideo 

a n d  fr~gmmJ.t, x 2000. " "- 

dealing with a violently dispa,rate system, one which owes J~s properl~ies 
to its heterochromatic ehar,~,eter. 

The series of observa~iofls on 2 ~, 3 ]3~ ~ 13, 5 B and 6 13 cells, o:t~ the 
other hand, shows a eonqordancc of a kind ~rhich nq previous material 
has offered the o:pportulfity of discovering, and a, concordance, too, 
which does not seem to depend on the heberoohronaa~inin their co,n- 
position. 

I t  will be seen tha.t the high a, ssocia[ions shown in Text<figs. 5 a~:~d (; 
are scarcely eo:mpa~ible with the low eh:ia, s:ma :[~_equenc.y of B's in 2 ]~ 
plants, and this is in fact. t:rue (Ta])le 4. and Text-flg. 9). The higher 

Jo~ual. of CJenet, ics 4: I 19 
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aumSer of B's have a higher ohi~sma freq.ue.v_cy. ?3ut ghis simple dis- 
~i~cgio~ is ao~ enough. T~te evet~_-~mmbered sys~ems slxow a eegttlar 

Table ¢. Ch, ia~'ma frequencie~ ~ of B a~d b c]~.rom.oso'mes present in, 

Clfia.sma, t~.'equency of BJ3 C!hiasma 
, frequen.cy 

IN'o. c0f No. of -~ X~ per  o[" AA per  
.elal~.t .ceils B 's  Per  ceil ct~romosome bivalen~ 
2'~/37 l0 2 0-50 0.50 2"38 
1/36 9 3 1"90 1.27 2.00 
2~/37 If~ 3 t .-1:2 0.95 2.57 
2L~/37 l0  ~. 1÷~0 0"70 2'37 
2~/37 15 -~1, 1"73 &ST 2-55 
13';/3S 20 5 (2b) 2-4~5 .0"98 2"58 
3/3,] 10 5 (~ b) 2"60 I'O~ 2.42 

:tO 5 (lb) 2.60 0,~7 "2,4,5 

/.11 

a 7 

0-4 

ODD C H  R!O/VI OS OP]£.., ¢ 

)~ 

E. V E / V  CHRO/WOSO/ ' f f f . 5  
_ I J 

2 ~  3~8 4£15 51515 65B 
Texbfig .  9. C h i a s m a  frequencies  of  ]3 ch romosomes  i~1 pie.riLe of  different  valencies 

(from Table  4). 

increase, while the odd-numbered systems sllow aza ir~cre~se according to 
l)he proportion of odd c.hromosomes. 
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These two sources of increase--totality and oddness--can be under- 
stood in terms of their one common consequence, increase in the number 
of points of contact in pairing. In regard to oddness, these points are 
show~ by changes of partner which are known to be more numerous in 
trisomics tha.n in. tetrasomics. In regard to togaJJty, where the chromo- 
scenes are small, the points of contact ~re bound to be more numerous 
in tetrasomics ~han in ~he disomics, provided that the wl, ole naeleus is 
not correspondingly naultiplied (Darlington, 1%0 b). 

Whml active chromosomes are concerned a similar comparison can 
be made only ~-ith a balanced multiplication of the whold complement. 
The increase in the size of the nucleus then introduces a ~hird factor, the 
reduction fa.ctqr (Upcott, 19:39), owing ~o the' general slowing down of 
pMrJ.ng. The inert B chromosomes therefore provide a test of a principle 
~hat can be tested in no other way and the result seems to depend on 
general mechanica] principles and ~ot on the special properties of hetero- 
chromatin. 

5. 33 tEach, escaPES .aNn T~E SVI~D~, 

Nultivalent B chromosomes assume the linear, convergent and 
parallel forms of co-orientation proper to muRiple figures at ih'st recta- 
phase (Text-figs. ~-6). The J~rst of ~hese is not found in A chromosomes 

'for the simple re~son that  the large A's never kave chiasmata near their 
centromeres so tb.at their trivalents take up too muo}a room on t]~e 

: 

spindle to allow of a linear co-orientation. 
Univalent B's usually ]ie well reJ:ooved from the equator, and they 

then take up a form not apparently found in A univate.o~;s.or hldeed in any 
m~.]?aired chromosomes at meiosis (DarlJngton, 193,1). The.;centrom.ere is 
stretched Jn ~be axis of the spindle jus~ as we saw in paired chromosomes 
wit].~.P-c/~ias.ms.ta and, i~i the same way too, the short arm i.s concealed so 
that  t].~.; chromosome appears telocentric. Fig. 3 (i) illnstra.tes a single 
exception to this rule. 

The stretcbJ.ng of the spi.gd].c al, ann.phase pllshes ai~ unpaired 1~ far 
beyond the paired chromosomes, so that  a.t She second division :it often 
forms a separa.te spindle..The si;ructnre of this spi].{dle becomes clear 
~vhe~ the 'materia,1 is ]?reserved i.u 70 % alcokol for some molaths. Suc- 
cessive stages tlJ.e~.~, reveM, its property of cohesion...The s~parate 13 spindle 
is too small to eoa.lesce symme.trieally with tbe main spi.adle, but t]~e 
poles fuse (Texe-~g. 10 C!, D). Suela a.rrange:msnts no dou])t reduce the 
fi'eqaency of loss of.the ]3 bhromosome from the gamete nuclei. 

.This observation helps to explain the series of stages sometimes 
10-2 
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found in the development of the first division spindle. Here a ;usim~ of 
sepa, rat.e chromosome spindles probM)ly ~akes place with some rapidity. 
Sometimes, however, it gi~es rise to ~ tripol~r s]?il~dle which is more 

Textnfig. I0. 3_ and B, tripel,~r spkud2es at first metaphase. C and D, catty kudeper~d.ence 
and I~ker eohesim~, of ~ 13 eha'omosome spindle ,~t second met.aphase, x 1000. 

persistent (Text-fig. 10 A). And, rardy,  the spindle seems to reach 
eqtlilibrium, ila this position, so that  an irregular anapha,se will follow. 

These exa,:mples of irregtllar cohesion showy us the opposite side of the 
piet~u'e to ghat givel~ by failure of cohesion as a ]?artimdar genetic 
abnormality in grasses (])arlington & Thomas, 19.37). 
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6. T~:z S~r,~CTZON ~evmiBaIv.~: 

The effects of failure of pairing and loss of 13 chromosomes at meiosis 
are tirst seen in the ensuing pollen ~a i~  mitosis (Text-fig. 11). There is in 
the firs} place a wide range in the mlraber of B's, a range which may besl: 
be l~easurecl by the coefficient of variation (t~/M). This value is 0,3.3 
for th.e plant with four B's. I t  is evidently exaggerated by donl)le 
redaction, or differential segregation at both meiotic divisions. This is 
shown by one haploid pollen grain which has more B chromosomes than 

Text-f ig.  11. Pollma grain mitioses w i t h  one, ~wo or ~hree. B chrolnogomes fxom 
a 4 B pi ing.  >: 2000. 

Table 5. Loss a~d va~'ia~zce of 28 chro~osoq~e8 beavee~ meiosis a'~d~ 

PG, 1 0 + o  +13 + 2 ] 3  + 3 B  +~L13 +523 T 2g's M 

No.  l 13 30 6 - -  1 51 96 1.9 
Tota l  ]~'s exI)eeted wRhouI, loss:  102. 
Cha.nee of loss:  60/0. 
V~rJanee (I;~): 0.6:~. 
(Joeflicie, ng of varia.tion (V/Iif) :  0"33, 

2 
~,ts zygoN.e parenC~. Sue.J] do~bte reductio.a occurs in fragments of Trades~ 
cc~Na (Darlingto~, 1929) and must be due t,o the pa,ssa.ge of whole 
u~dv-:~lents wit:.itou~ d.ivJ.s,ion into .parbicular d.a,ug].7.ter nuclei of the te trade, 

a not iml?robab]e event. • 
In the second place, the freqe.eney of 13's in the pollen grains has a. 

lo~er mean tha:~..half Cl].e pareneM zygotic number and the redRctien in 
mean may be taken as a :measnre of the chance of loss of each B, in ~his 
case a chance of loss at n~eiosis. This valu.e is 6 % in i;he plane With four 
B"s (Table 5). I t  of courserepresents a fraction of ~he unpaired 13 chremo~ 
somes, a t?action grea~er than 6 °//o~ 
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These estimates are useful when we come re the next  seage, the 
progeny of 13 plan~s. ReciproeM crosses show a higher loss on the femal.e 
~han on ~,he male side (Table 6). Where the number of B chromosomes is 
odd rather than eve:u, we expect, and we find, a higher coefficient of 
variat, ioa. We also find that  the coefficient of variation is higher ,wit!t B's 
coming from the rome side ~han ii'om the female side. And finally ~he 
coefficient of variation is lower with high-B than with ].ow-B plarJ.g% a 
result attributable to the increase in ehiasma formation, and t~he con- 
sequent grea~er regularity of pairing, tha t  we have found with more B's, 

(Due ial)erestiug co.uibinatiou of gh.e results of 0 ~',: B and B ,'.: 0 has 
been pointed ~mt to us by Dr Nather:  B x]3 should have the sums of 
the means and variances of the first two crosses and thesame K/M value. 
--~greemeut between the expected and observed distributions may be 

Table 6. Loss c~nd reticence oj' B c/zro.moso~ss i~ Zrans.missio.n to .proge',zy 

( 0 ~  13 p a r e n t s  c a l c u l a t e d  f r o m  L o n g l e y  (1927); 3 6 I3 p a r e n t s  f r o m  

P a r e n t s . . .  0 B 2 13 
713 × 0 i09 58 3 
0 x 13 7g ~2 15 
B x B  

Obs, 105 91 ,55 
E x p .  t1~-3 93.9 '~3"3 

2 1 3 x 2 B  6 19 13 
? 3 B × 6 B  - -  - -  1 
4 B  >:5 t?, - -  - -  ?2 
5 ]~ self  --- -- I 

313 

I4  
12"9 0,5" 
30 5 

5 5 
2 2 2 1 
1 5 2 2 

p r e se n t  resul ts )  
/ loss 

Ii B 5 ]2 6 13 Pla_ugs i t ' s  To z~/ V I '73I  
170 64: 2 g ' 7  0"38 0..27 0"72 
113 52 St0 0"46 0%2 i ' 1 8  

965 243 S'3 0"92 0-81 0-88 
265 221-7 I6"3 0 . S t  0-?'9 0.94 
va 155 0 ~'12 I--17 0"69 
1I  37 - - -  3"36 0,45 0-13 

9 34 26-0 3-78 1-95 0-5!  
11 47 .tg-O 4:.27 t -42  0-33 

)ested by the calculation of y.': if we group 3 B and ~ B classes: 
:o.F. = Z, P = 0.~0:0.20, showing good agreement (Table 6). 

X ~ =4"016, 

So far we have taken the transmission of B's as resulting directly and 
without selection from their behaviour at nSeiosis, and our analysis does 
not allow us to contradict this shuple assumption. Select!on, as we shall 
see, might very well have modified the results, but  there is no evidence 
of it in the experiments. 

Now, however, with the knowledge of what happens wit]lin families of 
uniform parentage, we can tvrn fie the populations. ~andolph 's  deter- 
rainatim~s (1928 a) were made on two classes, genetic cultures and com- 
mercial varieties (Table 7). Four of the cultures are Fo and F s families 
and these show the lowest eoeNcients of variation. The fifth, perhaps Iess 
inbred, shows th.e highes~ value. The varieties, which must  be less inbred 
than the cultures but  perhaps more selec~ed, show intermediate values. 
But  what is remarkable is ~hat the values of both cultures aa([ varieties 
are so little higher than in the single families with corresponding means. 
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They ha.re for d~e most p~r~ the same unimodal distribtttion with a 
scarcely increased V/M value. Such a situation can be maintained only 
by selection in favour of an optimum nmnher of ]3 chromosomes in eseh 
stock. 

There is a second a.~d entirely independent source of evidence of 
selection pressure acting on the occua'renee of 13 chromosomes. At every 
meiosis, ~s we have seen, ~here is a certain chance of loss r a r i n g  as 
be%ween m~le and female and as between high and low, and odd end 
even 13 plants. ~urbhermore, ¢he B:s suffer a continual cha.sce of loss 
of par~s as we have seen in the or ion of the defident b's. Nevertheless, 
the B chromosomes continue in the population and have continued for 
a long period. This is shown (as in ,%ode) equ~.lly by their present lack 

Table 7. 6'oe:~,c,ie,~'t, gs of ,wrrfatio~, ¢~ the ,~,umbv~" of B chromosomes 
i~. cz,,Ztiva~ed l)opidatio ~s (@s~' Ra~~dol'2]~, 1928 c~) 

No. of t3's ... I 9 3 4 5 6 7 8 9 n M l ;  F / M  

Cul~m.'e 
21  s'u. T u  t ¢  4 5 - -  1 --~ - 1 0  0-80 0"84 1.05 
15 (1~2] N, ~.~ x T.s,fis,_. 1 ¢ 5 1 I f  1"55 0-67 0"~3 
~6 (F~)5'g l 'u~u 2 5 6 7 2 0  1,90 1-04 0.55 
11 ( : P . j a C ' ~ P r B u l g  1 l 5 2 4 1 1~ 2"7I 1-92 0,71 

1 (~'~)AORPrNu $ 2 4 I 10 3"~,0 1-12 0"35 

V~rie~-y 
t~. O. N u g g e t  6 8 0"28 0'21 0-84, 
O. ]3s,ntaro. iO 6 . 3 19 0"63 0"58 0.92 
A ~,T- ~ .  S. l'71fl~t 2 2 4. 2 70 1+60  1.04 0.65 
:El. ~ iex ican  2 6 8 JZ 5 4 4 I 1. ,~3 , 3 - 2  3'30 1-03 

of  apparent, relationship with tl~e normal d~romosomes a.nd by ~hsir 
wide distribution i:u unrelated stocks, There must therefore be a selection 
pressure acting on  whole pls,nts ~,o i~crea.se the number,;of B's in the 
population sxs,ctly equal to ~he selection pressure acting on the chrome- 
stress in the ce!]s to reduce their ~rumbeL We thus have two selective 
forces act, h i t  at different levels of int%ration and. ]?reducing in different 
stocks different equilibria. Indeed the mea,mtrement of the known 
mechs,nical loss is a measurement of t:h.e unknown populationM gMn, 

There is t, hus not. merely an op,dmum number of B's in sash po]p- 
]atffon but that opl~Jmuln number  is greater i:han the mean number 
observed. 

A measurable selection in favour of']g's usa,us tha~ these supposedly 
inactive d~romosomes have a.n activity a,nd a ~neasarabte activity. That 
activity would seem: from Eheir heteroehronmdo prol?ert~ies, to depend 
o.u %heir speoJ.al nuclMe ~eid .metabolism. This view is supported by 
Longley's observations (I9.38) [ha, f, in thirby-dt:ree primitive maize stocks 
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in the U.S.A., th i r teenhave  B chromosomes ~nd these ~,re more frecluel.~t 
where gee A chromosomes have [ewer h.eterochromatic knobs. And this 
combinagio~ in. turn is more fl:eque~g in regions more remote from 
Nexicu. B eh.rolaosomes oceu,' in EuehZam~c~ ~t~e~riee'~.e but their presence 
is go be a t t r ibu ted  to contamination with maize and not to their inde- 
pendea~ origin in this species (Longley, I937). Thus it seems th.a.t, as ~he 
cultivation of maize has progressed, the B chromosomes have taken over 
,~ad enlarged ehe fanc~ion of the knobs; and in doing this they have 
provided a more elastic means o.f regulating the nucleic sei,:[ mel;abolism 
of the nucleus as a whole. 

Whatever tf~e ae~ivi.ty of the B chromosomes may be, it is evidently 
of a di:fferen~ kind ±'rum ~h~t of t;ke z~ chromosomes, and should therefore 
be sghject to di.fi'erent laws of evolutionary change. That  this is so we see 
in two ways. The appearance of k, he deleted b chromosome three khues in 
our experiments shows that  original and spo.utaneous changes are more 
frequent than in ~he A chromosomes. And, further, since the B chromo- 
somes as wholes are 'not  indispensable, the lose of their par}s cannot be 
immediately aixd seriously deleterious. Nevertheless, we see tha6 the B 
chromosomes are preserved at abou.t the same size in all eukttres and at 
all times, since tttey were farst fotmd by IKuwada in 1.9II~ and the gain in 
size which we might expec~ as ~he reciprocal of loss does not  seem ~o 
occur. There are therefore conditions Emiting the effective variability 
of the B chromosomes, conditions which are, mechanically, more s~riugent 
than ~hose that  apply to the larger active chromosomes. We would 
suggest that three such conditions can already be specified: 

(i) That  reduction in size leads to too frequen~ loss at meiosis for the 
small b's to sur~dve as alternatives to large B's, although the B's may 
themselves have begun as even smaller bodies. 

(ii) That  increase in size leads to too frequent loss at mitosis for 
similar survival. The large B already has a sub-efficient oeneromere, as 
shown by its irregularity a~ mitosis. Its eentromere will not ce)r~j a 
greater load. 

(Hi) That  internal rearrangements not leading to change in size are 
largely indifferent, since the parts of the 13 are  scareeIy differentiated im 
function. We must therefore expect considerable rearrangements, such 
as are in~[ieated by  l~IcClin~ock"s de[ermination of a ~erminal eentromere 
in her stocks and our determination of an intercalary one in ours, without 
any great change of size. Their ldnd and frequency will repay study in 
crosses of different B stocks such s,s seem in the pas~ to have been some- 
what miraculously avoided. 
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I t  is worth while kno~ying something of [hese principles, for the ~B 
chromosomes of maize are just. one example of a~ evolutionary pro- 
gression of which we are beginning to see the steps. In many s]?ecies we 
see new fragment chromosomes appearh~g from time to time. Nest of 
these probably come to nothing. In F,r,iti~laria, Trcdesea~,tia and. Ram~n- 
cuA~s we see them reduplicated to such an extent tha t  they must, be 
taken to have acquired a use in the species, the race or the done. In 
Secage they are so widespread as to have maintained ~his use for a tong 
time. In Zea Mats  they have established special eqmlibria in special 
varieties. These different ecpdlibria are a symptom of the rapid adjust- 
ment  of this rapidly evolving species, or germs as we may say, since Zea 
as a genus owes its existence to hltma~ selection of E~chZc~e~. 1 Whether 
in fact the re'gent selection practised by ]nan in favour of bigger and 
better corn, demanding as it has done the reconstruction of cell activity 
on a new level, is responsible for the spread of ]3 chromosomes in certain 
stocks, even when transplanted back to/?u&~e~za., we cannot yet say. 
But  i t  is a question to which maize breeders can supply ~he answer. 

Training to anima.ls, we see in the Heteroptera an even more advanced 
condition of the snbinerg supernumerary. In some species, like Ne2)a. 
d~aerea,, i t  has acquired eonsta.ncy of reproduction, while in others, like 
Cime~ and Meta'3)odius', it vasies in n~mber. I t  is indispensab].e for the 
population although not yet  for the individual. In this group parts of 
the sex chromosomes have been ~7.sed as a basis for the supernumerary 
system, s,:n.d it fits them well. mechanically on a.oeount of tlieir special 
trick of s.egregation. BuS the physiological implications are the same as 
in plm~ts, where ordinary dm'onlosomes are used as the basis of super- 
llumeraries: they provide a new supply of heterochromatin which is 
readily adjustable to a changing ecmlomy. 

Our con.clusiot~ is therefore clear. Some species are conveniently 
organized wil)t.x their hereditary materials in one type of chromosome. 
Others ari'itm at a. division of labour. The physiology of this division and 
its meel~anica,1 and evoh~tionary stabitRy are prolqems tha t  oa~.~, be 
handled by Uihe eomparisoil of other species ~]is.t are undergoing a re~ 
rouse, ruction of their cell life. 

1. ]3, chromosomes of Zea M)~,ys are shor~ he~erochromatic chromo- 
seines hitherto supposed to he iner~ but  esisting io equilibrium in. many 
gee.eric ct~Jtnres and varieties. 

A ~,iew we m u s t  eol~dnue 'go hold.  JJ~ spite of ~it~,ngdsdorf & Reeves  (1939). 
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2. Their frequency of crossing-over is less than proportionate to their 
length by the A. chromosome sl;aadard, and ies dkstriba~ion is different. 
]3 chromosomes regularly form chiasmata closer to the cei~tromere Shs,n 
is possible .in A chromosomes. This is dote to the position of the centre- 
mere which is nearer one end ~:han in t.he i type. 

3. Their unlimited reduplication makes it Fossible to show that  their 
cross~,ng-over frecl~e~.~ioy is increase4 by odd numbers. This effec$ is cl.cte 
to more freciaent changes of partner ~t pachyt, ene, on the anch.orage 
pr[nciple. 

,L B's are lialile to irregularity :i~.t J:aitosis (owing to detieieut centre- 
meres) a.nd loss a~ meiosis (owing to non-pairing). They are also specially 
liable to deletion (owing to hetero,ihroma~in c, oatent) and fihen give 
smaller b chromosomes. 

5. A double selection pressure thus acts to reduce their size and 
frequency in the population and must be compensgted by an equal and 
opposRe selection in their favour. 

6. The equilibrium i,hat is reached implies ~hat mechanical loss in the 
population of cells is equal to the physiological gain in the population of 
organisms. 

7. Thins the cell observations measure the fio~ai opposRe selection 
pressttre and reveal a population, such as we miglz~ expeo~ in Zec~ x]Jays, 
under high selectio,naf stress. 

8. Longley's observations may be taken to indicate tha t  under 
artificial seleegion B chromosomes are replacing the he~eroehromatic 
regions of A citromo.somes in the nucleic acid metabolism of the cell. 

9. Similar subincrt supernumeraries in other organisms fall in~.o an 
evolutionary progression, inclica~ing division of labour in a hitherto dis- 
regarded t rac t ion of the chromosomes: the mai.ntenance of ~heir own 
mitotic economy. 
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E X P L A N A T I O N  OF P L A T E  9 

:~igs. ]--L ]firsL me~ph~aes ia pot]m1 mothor edls of Ze~ -~]1,~:~7a wi~h ]3 ehL'omosome~< 
:.: ~ ,000.  

.gigs. 5 ~c l  6. Second metapkases, × 1000, 

I?ig. 1, TrivMent ]3 (third in ',~exbfig. ;5). 
:Fig. 2, ETnivai.e=~ ]3 a,nd b chromosom~,~, 
:Fig. 3, :Bb bivalent with 8 0hia.sm~ (third in Tex>tig. 6) and univMe~l~ b ohromosome, 
fgig. 4. bb bivalent.wibh D ohia.sma {(I)ext-I~g. 6) and B zmDMents off the pla'¢e, 
~ig..5. B chromosmn~ loa~ in ehe cytoplasm. 
Fig, 6. 13 chromosome with spindle cohering go ~he main spindle (!text-fig. 10 D). 
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