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T.~E attempt to apply the results of cytological observation in the 
field of systematics is di~cult  because it involves two unsettled ques- 
tions: first, the relation of cytology to genetics; secondly, the relation 
of genetics to systematics. The former, however, is now a matter of 
specu]ation ~n detail only, for the principle is conceded. In the past 
scepticism, has been justitied, for it has been the misfortlme of thc 
chromosome theory of heredity ~hat the cl~'omosomes were discovered 
before the theory. Converse propositions based on the one hand on 
genetical experiment, and on the other upon cytological observations, 
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have become entangled with some consequent confusion; for errors 
are inherent in each. method, both in observation and inference. I-lad 
genetic~ theory, based on linkage expel'ilnents, advanced to its limits 
without any knowledge of the chl'onmsomcs, the later discovery of 
these actu~ organs of transmission wortld have verified prediction so 
completely that  all objections to the pl'inciple would have been at once 
dissolved. 

Later simdies have supported the original conclusions with remarkable 
consistency. We may bherefol'e assume the general truth of the chromo- 
sonic theory and attack the problem of variation directly from a cyto- 
logical standpoint, not regarding this method as merely ancillary to the 
morphological method in genetics. The basis of m,r method of approach 
mrtst be some such definition as tiffs: lzariation amongst individuals is 
the occurrence of differences in their physiological properties correlated with 
differences in the permanent structure of their cells 1. 

l\lot only are we on safer ground in applying such a method of 
enquiry to-day, but we are also provided with the means of attacldng 
the problem more effectively than hitherto. The study of polyploid 
tlflips and hyacinths has shown that the unit of behaviour up to meta-, 
phase of meiosis is not the whole chromosome but an indefinitely small 
part of it. If parts of chromosomes are really capable of behaving 
independently we have a means of studying theh' genetical structure 
by observation of the behaviom' of their parts. And for the purpose of 
drawing deductions from this behaviour, principles that  have become 
defined by a study of the polyploid tlflips and hyacinths seem again to 
be applicable. These arc, ~'st, that association takes place at prophase 
between homologous pairs of elements, however the nuclear complement 
may be constituted, and, secondly, that association takes .place at meta- 
phase between pairs of chromatigs, two or rnore chromosomes being 
associa~;ed merdy as the resrtlt of exchanges between their constitttent 
chromatids. 

Employing these two principles we have a new means of studying 
the problem of the organisation of the nucleus. Oenothera naturally 
offers itself as the most outstanding examl)le of exceptional organisation, 
and I have for this reason endeavom'ed to show (1929) the conclusions 
to be derived fl'OlU applying to Oenothera the rule of pairing of homo- 
logous parts of chromosomes at meiosis. These are, in short, that  

1 The 1)roposi~ion here implied, n~mely that all v~riatiou is determined by 1)hysieal 
differeuees in the nucleus or other permaneul) bodies, is capable of being tested in ouly 

limited sphere, bu~ this serene no objection to its theoretical v,~lidi~y. 
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]?~ernM ~md mt~tern&l chromosomes do not correspond ~s units, but ~rc 
diffsrendy mt~de up in opposite Lets. Working on ~m ~umlogous hypothesis 
Belling ~rnd Bl~keslee ha.d a.rrived a.t this conclusion in Dcrt.~r~'cr on the 

�9 ~ ~, ca'on&set evidence (19z,i-i). In order to tlnd indirec~ support fi'om 
m~criM cytologic~dly more f~vom'~blc them Oe~mt/~e~'rr the present stady 
of the 15'crdescctngcts was tmdel't~ken. 

This group, for the most p&l't COJlfi]led tO America, embmrces species 
of which some, like T~'ctdesca,~t,t~ct 't;.irg~m2n~a, a,rc exceedingly varia.ble, 
while others, like Rl~,oeo d@cs ~rc rel~/dvely constant. Corresponding 
with dfls we find, firs% th~,t the rdM,ivc import,~uzce of seedq)roducbion 
aml  vegel~/t ive i ) ro [mgut ion in t}les(' sl)ee, ie'~s is very  v~u'ia, ble; secondly, 
t,htl, f die heredit~l,r), me(',ht/,uislu I)h~ys, ~,s ~ i l l  ~,12t:)e;~,l', ;~, very  di f ferent 
I)U, rt: i l~ i)Crlmlmu, t i~g dn~ vtu' ious typc, s; ~u~d, G i rd ly,  Gt~t; dm m<'clmu is]u 
it:s~',l[ is, in the o~e ~:~,se, co~st,~uK ~.n([, iu t;hc othu, r, oxc,<~<~(]indy v;~riMfle. 

A i!ew notes On reh/.tcd st.ttdio~ in /)';';t~itttn';(t a.n(I (Jonl.;no['tln.a ;I,r(', 
iuchtdcd. 

2. ])RI'~VIOUS WORK. 

~/~Y(I,([CUG(I/t~,~,'~I(I, '?)'~l'~'~'Jt,~(I/~(/ hll,s b(3ol! st, u(LM[ %m)logiu~a, l l y  I% lu  nu/,%y 
points  of v iew, I)ut wid~ result:,s t, hat, in t,h(~ l igh t  o[ our pru~ml,  km)]~- 
Mlge seem in~ondusive. .K;~,rm(~r a,m[ ~hov(~ ([905)tin([ t, lm,t itt this 
I)hml~ l.he numb(~r oJ! chromosome, s is nor  (:~ousl.~.nt ([m'i~tg t.lu' h(r162 
([ivision, ~l, nt[ it  cerkdn]y v~lrics bet}weeu lwdve ~,m[ sLxqccn," but} t:hoy 
do not seek ~my r 3[iyt~ke (i[905) ([cscribcs die ~r dons 
o:[ sevcr'd chromosolnes togcdl(-r in t(u'ms -which hu[ic~t:e regret a.t t:l~ci~' 
di/licul[ betm.viom: rasher d~an interest in their cxccpt.iom4 propert.iesL 
S. i%~.w~.schin (191[) finds theft bodies of chroma.tin a.re no|, included in 
the interpha, se nucleus, ~md concludes thM, [,hese a,re lost: chromosomes; 
theft there is in ft~ct "chrom~tin-diminudon."  These bodies m~y be 
either h%gments or lost chromosomes. 1Zecendy Stow h~s described 
a.nd illustrated (1928) the ~ssoci~tion of ~s m~my ~s ten chromosomes 
end to end[ t~.t meiosis in T.rctgescct~bfct vircyiwfct~ct, trod finds differences 
in degree of ~ssocia.tion subject to ch~mges of temper~tm'e. 

The ~.ccotmts of other species in~dte fm'ther enquiry. ~or ex~mplc, 
}I~moe rsm~u'ks on varb~.tion in chromosome number t~t meiosis in 
Zeb'dnrr without offering t~.ny interpret~tion or con~dncing illustr~tion. 
In T,rctgescct'~bfrtjht~)ti2te,~@, Tischler does not venture (1921) "definitiv 
zu entscheidsn" that  the h~ploid chromosome number is 12. In R~oeo,  

"[BoI Tro'de,s'ecntih~ w a r  die U~l~ersuchmlg ~loch schwle~ger well (lie Verklebmlg der 
Ctu 'omosomen liinger d~uerg tlll(], zwar ]JlS Zllr ]3ildung der IKem~p1MAe." 
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Suessenguth remarks, first (]920), tha t  the probable haploid number 
is 6 and, secondly (].92].), tha t  gemini arc not formed at meiosis. :Bcl]ing 
([[927) has recorded and i]lustragcd chain-formation in this species, but  
h.is illustration seems rather to represent a perfect ring in which one 
]?air of chromosomes has been separated by pressure. Belling's material 
was probably identical with that  about to be described. 

3. ~ii,::rH o bs. 

The root-tips exa.mined were :fixed in variolls modified Flemmil~g 
solHtlous el: which tihe one I)rob~.l)ly givil~g t)]le most:, sal:.isfi~.ct/)ry l'c~a]lllis 
w~s o[ t] lc COml)OSJtion (;0 c.c. ] ])o,' cetlt, chromic  acid, 20 c.c. t~ ])c,' tout .  
osmic a.cid, 25 c.c. 5 I)CC cel~L a.cctic ;t.cid. Scct ious o[ t l lc 16'iO:ZZ~'i~, 

o1! 24 :}O/z, tl~e mhf i luun~ no{.cssa.l'y lo scclll'c a. modcl'a.l;e i ) l 'o i)or l ion of 
Hncul; pl;~l)cs, since t,hc chro]uoso]ncs, whose l imbs ;t.~'~, ~zoa.dy 2.0t_c l(mg, 
m<'/  l ic  ~lmost ])~rj)c]~dic~l;wly (:m t l , '  i~h~.ic. The ot)hc~' Sl)(,.ci(,.s wc,'c 

.1!1 c s t , d y  o1! ]pollen moq~e~'--ccll ~m(I I)ollcn-g,'~dn (If vi.qons u'a.s ],a.(Ic 
cnt i r~dy f rom s]ucar I)rCl)a.ra.iio]~s (ct'. aN,u, lo]l and : l)a.dingion, ]!)g!)). 
The on ly  nol)a.h]c ~lisa.{Iva.nl;ag, o[ labia m , l hod  in l;tic i)l:escnl wod~ lm.s 
bccn I;hal;, whi le a. sbd;islsica.1 sl; l ldy ot: xcwiolls abner'real i t ies wol lh l  ha.re 
bccn {Icsi~'~t)lc in scve~'al i~sl;ances, l;l~is has no l  bccn ])ossibl ,  in con- 
noel;ion wil;h l)tle ])olhm motl l ,~ '-ccl l  <livisions, Io~' 1)h{'y ace Ilsllally too 
I ;h icMy crowded on ~ slJclc h) " s c o r e "  re l i ,b ly .  \Viflh l~l~c pol lcn grains, 
si;al;is|;ical sl;mlic.s h,.vc becn possi blc. 

Drawings were made at.l:, bench level with it. LcRz Abl:)d camera h,chla, 
wRh a Zeiss 1.5 ram. objective (n.a. ]..3) for 2'. 'eoi.,2f~,ie~.,~e~ , a Swift 
telangie compensating >( ].5 eye])iecc to give a nm.gniJ~cation of 3200, 
and, for the other species, a LeRz periplanetic 25 "< ]3 eyepiece to give 
a magnification of 5700. ~1  &.awings, except where specially stated, are 
reduced to a magnification of 2800. Wherever necessary for clearness 
unconnected groups of chromosomes in side views of ]pollen mother-cell 
divisions have been illustrated separately. 

Jc OBSE~Ve\R'IONS ON ~O;T-%'II)S. 
In several species, inconstant numbers of disproportionately small 

chromosomes are found. These are referred to, for reasons discussed 
later, as "fragments ,"  " f . "  in the tables. 

R/zOeo discoZo~'. 2n = ].2 (Fig. 1). 

The attachment constrictions are approximately median except in 
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:l!our ch romosomes  where t~he Sln':~ller of ghe two segments  i s  less gl:tan 
h~fll! I;I~e leL~gtlz of tl~e longer. Two prob~bly  dissimilar ch romosomes  h~:~d. 
sma.]l t;~:ab~,nt;s o~ t)he short;er a.rm, and  one ch romosome  w'~s :t!requea[;ly 
s~'~;, 1;o ]~v~  a seemed co,si;ricl;io, very eh)se l;o l;be agga, chme,~, o~;,  
s,b~r~bi.ing, '~s il, were, 'm int;e~:sl~il;b~l trM)~mt, (c:l!. T'ra, desca,~t,/,,ia, ,oS'gi~da,'na, 
wt.rs. 'rod H'l)'i~'<)'ne~z(~ ./)'a,(j.ra~z@ Ol;her subo:l:dill'~l;e consl;ricl;ion;~ were 
less ch~w ~,nd were' ouly occ~bsiom~lly observed.  

Fig, t Soma.tle mo~aph,~so from t~he rool~-I~ip of ~hoeo discolor. 2~ = 12. a ~nd b, figure,s 
shoMng "interstil;i~l trab~ng." 

Fig. 2. Som~tio mot~aphase from the roog-tip of T'rctdcsca*dia crass'{/:olr (Kow)., 
2 ~ =  1 2 +  2ft. 

Z,rad~scrl~t'~a c'rassi/b[~a,. 2n = 12 -I- 2 ~. (Fig. 2). 

The chromosomes closely resemble those of Rhoeo; The form in 
question (fl'om Is h,~s two subsf, m~f, ia] h'agmen~s (c:~. t]:m obserw- 
I;ions ~t: meiosis) wil~h '~]?]m.ren~ly sub-~,erminal co]:Jsl;rict;io:n, and  i~ is 
m)i;ewori, h y  t,l.~a.t, one of t l lem '.~ppe~rs to show a.n ~fll.nity t!or a clironto- 



212 Chromosome Behaviour  a~d Structural  Hybr id i ty  

some which has, relatively to all the rest, a era'tailed arm (cf. 1'. vi,r- 
ginianct, pollen-grain divisions). 

Sl~ironemafraqrans. 2n = 12 (Fig. 3). 

The following chromosome types can be distinguished: 

two long pairs (almos~ identical) with sub-median constriction, 
one shorter pair with two sub-median constrictions (of. Rhoeo aitd 

Tradescantia), 
one long pair with sub-terminal constrictions, 
one shorter pair with sub-terminal constrictions, 
one shorter pair with sub-terminal constrictions and trabants. 

Fig. 8i a on p. 264- shows the trabants lying beldnd the head of the 
chromosome. 

Fig. 3. Somatic met~ph~se h'om the root-tip of Sp~ro~emc~ fl'agrans. 2~ = 12. 

Tradescantia virginiana. 2n = 24., etc. (Figs. 4., 5, 64.-66). 

Most of the forms sfudied have 24- chromosomes varying slightly 
in size with approximately median constrictions. One or two can 
frequently be seen with u trabunk This t rabant  is so small that  its 
behavioltr is probably exceptional, and the illlLstration (Fig. 81) shows 
the difficulties that  are encmmtered in stndying it. This question will 
be referred to later in discussing the structm'e of the chromosomes. 

The "interstit ial t r aban t "  has been observed in a nmnber of forms; 
ig is probably obsmtred in many plates by special conditions of arrange- 
mont. In one form, Medium Blue (No. 4.), one chromosome was found 
with a nearly s11b-terminaI constriction and shorter than any of the other 
chromosomes in this or other forms of T. virginiana (Fig. 4. a,, of. account 
of meiosis, Figs. 4.1 ]c and l). 

Two forms were folmd ~dth 25 chromosomes, and four forms with 
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two, three, four and five fragments respee~ively. These have usually 
sub-terminal eonstrietious in which the small segment is of the size of 
a small trabant. The studies of meiosis and pollen-grain divisions, where 
correlated, show that these fragments are usually constant in the somatic 
cells of the plant. 

Fig. 4. Fig. 5. 

Fig. ,1:. Somatic me~a]?lmse from ~he r o o b ~ p  of ~Tradesca~lla vh'gln~an~t w~r. ,mo~dana. 
flu = 2,1 + 2 ft. a, chromosome wi~h shor t  t~rm from k~{edimn Blue (No. 4). 

Fig. 5. Somatic  metaphaso from the root-~ip of Tr'adescantia vh'glniana, Chelsot~ seedling :B, 
2u = 25. 

Fig. 6. Nom~tic met~phmso from the l'OOt-bip of Tradesvantia vh'glnlana wu'. brevicaul,ls. 
2n = 18. 

A large plan~ of Medium Blue (No. 1) was divided into eight roots, 
of which six gave the following different results in i'espec~ of number 
of fragments: (i) L!:, (iii) 5, (v) 5, (vi) 5, (vii) 6, (viii) 5 (Fig. 69 d-h). 
Since the number of chromosomes was the same in every sample, and 
since the fragments varied about a mean of 5, the most likely con- 
clusion is that 5 is the original number, and that 4 and 6 ]lave appeared[ 
as a result of somatic loss and gain. This possibility is suggested by ~he 
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occasional behaviom' of the fragment at mi~osis in lyil~g to ot~e sid(~ o~ 

Y'radescantia vi'rginiwna vat. b,revic~,ulis. 2n = 1~ (Fig. O). 

The chromosomes of l:.his form resemble /~hose o:1! the l;egi'ap]oi(![ 
1': ei,r/liniana forms i~a ge~eral ch~ract(,r lint a l:e slightly smaller. :It 
has three chromosomes wi/,h trabants. The difl!erenee of chromosome 
~mmber which makes the distinction from the t, etra.ploids possible in 
~flso the one which lm~kes il)s per])e~uation by :~orma, l seed-prod~mtion 
impossilfle, no /:hat ~]~e qrtest~ion of i~s specific rank ma), be con veniently 
p;~ssed over. 

~Fig. 7. Somatic moi~l)hm~e from ~11e rool,~l~ip of T m l e a s i a  brc!vijbli,,. 2~b = 2 t .  

Trdeasia brevifoli~l,. 2n 24 (Fig. 7). 

The chromosomes resemble ~hose of some w~rs. of Tradesc~l, nt~ia 
sirginiana, but there are three or follr with constricl;ions more ne~rly 
terminal them is usual in i~hat species. 

Zebr&a 2)eJ~&&t. 2~ = 24 (Fig. ,~). 

The muuber suggests a tetr~ploid relationship l~o the first /,hree 
species, al~d the numl)eJ's of the different ehrolnOSOlne-ty])es bro~dly 
agree with l)his assumption. These consis~ o2 

4: with media~ constrictions (much t~he longest), 
8 with sub-terminal constrict;ions, 

]2 with ~ermin~fl constrictions (trab~mts). 

Those 02 the second class h~ve dif?!erent sizes o1! dista.1 segme~L 

"l'radescantia 'naeicul~l/ris. 2n = 32 (Fig. 9). 

This speci(~s di:ffers from the t!or%oing in ~o~ ~alling into the six- 
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series, and in all its chromosomes having sub-terminal eonsfrietions. In 
' the b M k  of ,its eh ron loso lnes  i t  see111s [o.appl 'OXil~late t;o J/. v,i,J:g,in~tr 
(2n = 24). (This  species was  r e fe r r ed  ~o ear l ier  (1929) as Yl'. navicol, a.) 

Fig. 8. Fig. 9. 

Fig. 8. Som~bic me~aphase from ~he root4ip of Zebrina l)end~da. 2~b = 24. 
Fig. 9. Somabic mo~l)hase h'om bho l'OOb-fllp o[ ffTradescctntia ~avic'ula~'i~. 2~ = 32. 

Fig. 10. Somalia moi~phaso from ~he roob~ip of g~rade6'cantla gs'Mc'M~tlct. 2'~t = 32. 

ff'radescantia geniculata. 2n = 32 (Fig. 10). 

All/hough bhe chromosome number is bhe same as ~hat~ of f .  navi- 
cularis, ~he chromosomes of ~he t~wo species evidently do no~ correspond. 
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individually. The chromosomes o:t! 1'. geniculata are markedly ,~m~ller, 
and eightl of t l , ;m h~ve media.n or sub-median co:,lS~l'iobions. 

Dicho~gstt, ndra thy,rsiJloret,. 2 n =  38 (Fig. 11 ). 

The complement resembles tha.l~ of 5[,. ,nctvit~ularis, bn~ l~umm'ous 
chromosomes have sub-median co~sa.ictions. Probably as a somatic 
wu'ia~ion a l'OOl>~ip wi~h 36 chromosomes was %und (cL pollcn-gl'ain 
COttlltS). 

Fig. 11. 8omabie mcCgl3haso f rom l~ho roob4ip of Dichoriaan&'a, thyrdJlora. 2n = 38. 

Fig. t2. r~ .  13. 
Fig. i[2. Somali& met;aphaso f,'onl ~ho rool>l~ip of Coleotrype nc&dens~s. 2n = 36. 
Fig. 13. Som;~ic met~phase from Ohe root>Oip of q'raclesca~g~c~ flu,~dnen~is. 2~ = 60. 

Coleotryl)e natalensis. 2n = 36 (Fig. 12). 

The complement) resembles ~h,%I) of ~/'.//enicz;,httcl,, aml eight)chromo- 
somes have sub-meditm cons/a'ictions. 

~l'rades~xl, ntictflwmine~,,~,is, 2~, = 60 (Fig. 13). 

Green and variegal;ed forms Of this species were idenbic~l. As T.ischlcr 
observ~ (1921) in giving the haploid number as 12, or perha.ps more 
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("wel l  m~nehe Pri~])a,r~te mi t  tier In terkinese  :mir eino grSssere Z~hl 
~]s 12 C]~romosomen vor tgusc ]~en" ) ,  ~he size of the  :m~c]e,s is no gre~t~er 
I,h~n in Rhoeo. Fif~y-:i!o~tr of lfl~e 60 chromosomes a,re no bigger lfl~a,n t]~e 
[ra, gmenl~s commonly  [ound in o~her speeies of "d',radesca',,tTa, a,nd have 
[or the most  p~,.rt tile srtb-t~r constr ict ion cha,ract~eristic of theso. 
The rema,ining six are longer ~md ~flso haw,  sub-l~ermin~fl constr ict ions.  

:Fig. 14. SomM, ic met;nphase from the root-til) o[ TTnanldafitgax. 2n = 68. 

l?ig. 15. Fig. ] (;. 
Fig. 15. Sore:trio met;,~pha,se from the root-tip of (Yyanotis somaliensis. 2n 28. 
:Fig. 16. Som,~ticmet,~ph~seffomflloroot;-t)ipofUommeli~abenghalc'l~,sis. 2',,= 1)rob,Mfly68. 

Tin(s, ntia fltqax. 2n---- 68 (Fig. 14). 

The  chromosomes resemble i,hose of the ]~tst species, bNl~ the  six of 
the ]a,rge type  ~re w~ntfi G. 

~4 selfe(] seedli~g h~d i, he s:m:le chromosome mlmber  ~s its pc,rent. 
In i~]~e pol}en mol~her-cel{ clivisions ;~4 biv~llents were formed (see 
Seeiffon 7 (iv)). Connee$ions were someiffmes observed be tween one or 
two t)~drs (Fig. 82). Evi(]en~ly 34 is 1~o be reg~rde(] ~s l)hs hxploid 
number  of l~]~i,s species. 
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Cy~wwkis so.malie.~sis. 2,n = 28 (Fig. 15). 

The cli l 'oli losolil(;s i nd i v i ( h i a l l y  and <~ a whole are smaller (~hau in 
t%lly el;her Sllccies o1! I)hc 'J'v'ad, escft'n, Ha, e lJhal~ I have  cxanl incd.  Six have  
snl)-nlcdi~m (:onsi)ricl)ions; in i i l&] ly  of ghc ot)]lcrs the snl;i,lhyr e, lcnmnl) is 
;~ l;ral)a, ul;. 

TAI3LE I. 

,%mma, ry q/' C, h romosomz Counls. 

T,radescan, lia, virginian, a L. (U.S.A.) voa'iotics a l ld  sl ib-spcoics.  

2n (veer- t ip  iniinller) 

0hroniosol i los 7[?t%glllellt~ 
4, 5 aiid 0~ 

i 

4 

3 
2 

l 

3 

(Jhronlosonle 
l iuinbor 
2~ = 12 
21~ = 12 
2n  = 12 
2n  = 24 
2n  = 24 
2 ~  = 32 
2n = 32 
2n  = 36 
2n = 38 
2n  --. 60 
2n  : 60 
2n  = 68 
2n = 68 
2u = 28 
2~t = 90 
2n = 68 
2it = 56 

Medium Blne (No. 1) 24"1" 
,, (No. ,~*) ~i'~ 

SmM1 l i e d *  24 
T/~plow Crimson 2,1. 
hirsula* 24 
alba (Kew) 24 
l?~flo Blue ? 
alba. (All[enluull) ? 
Cheis(!ir seedl ing (No. I )  24 

,, (No.  2) 25 
brach!aht* 24 
humilis 2,1: 
DIO~ltft~lft 2~ 
co~l(./esht ~l. 
caernh, a (dolll)le) 2,1 
delicata 24 
rq[l<,xa 2,1, 
lilacina 2<1: 
rubra 24 
brcvicauHs* IS 

Species 
Ithoco discolor Hiuloo*, ~, :l: 
Tradescanlia cras,~{fotia Oi~v.*, "~, :l: 
S']Jiro~lc~llft, ,[:l'(tyrft~ls ]Audl.'~ 
Treleasia brcv(folia :lLos(~" l" 
Zebrina 7mndula Schnitzel*,  "1", ~: 
Tradcscanlia navicnlaris Ort.gies*, ]" 
T. gc'nicula.ta Jl~eq." 1" 
Colcolry?m nahtle~#sis C. B. Chu'ko',b 
])iclmrisandra tll!lrs~ihJra Mikar'p, :i: 
Tradescantia fl'l~.min.ensis Voll.'p 
, ,- . ,, ,, w u ' i % ~ t e d  
7 ~n...ntm. f.ga:l:*, "~ 

,, selfed seed l ing  
C qanoti,s soni(di~;n,vis C. B. Chu'lm'~ 
Commelina co<@sli,~ Wilhl.'~ 
G. bcnc.lh.alensis L.'p 
(.,'. n...d'~flor.. L. 

it (pollen-grain nlun])oi.) 

(Jh I'OlilOSOiilOS 17r~guient.q 
10-14"~ 0-5]" 
10-13 (fonnd once) 
11-12 

11-13 (fonnd once) 
11-13 ([Oltiid oilee) 

12 
l 1-12 (fonnd once) 

l i - 1 2  

11-14: 0 -2  
11-13 

7 - l l  ([ound 7 IAnies) 

+ 2ft .  

Distribution 
Mexico 
South Anierie~ 
Mexico 

11 
M.',, 
TropieM Ameriei~ 

]h'~zi] 
1;h'i~zi[ to ArgenlAnn 

Tropical Anioriea 

E. Afi'ioi~ 
t~loxico 
Tropica l  Asia  and  Afl'ie~ 
Trop ic s  

* Polle, u ulothm'-eell  d iv i s imls  cx iuuiucd .  
"l" I l lns t i '~ tcd  in the l,c~• 
:[: l~ollcn-~raiu d iv is ions  cx luuiucd .  
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Uo'm, mdin<~ )t~difio'ra. 2)~ = 56. 
Uo~t)~di)~(< bc'~z#~(dev,.~'f:S. 2~'~ = probably 68 (Fig. 16). 
Uo,m,melina, eodest;s. 2n :: 90 (Fig. 17). 

These  tlhree species resemble 7"i'na'ntia, f u q a x  very Closely in the size 
and shape of their chromosomes. I n  U. be,,gha,/,e~sis, with the same 
number, the chromosom~;s with median constrietflm are more mun~rous. 

Fig. t7. Somatic metap]mso Dora the :root-tip of Co~nmd/na (oe[c~s. 2)~, = 90, 

~. OB,qEI~VAT[ONS ON 1)eLLEN ~{OTFIE]I-OELL DIVfSIONS. 

The following aoeotmt dea,ls more particularly with pairing at roots- 
phase of. the first po]/en mother-cell division in three diploid species, 
~',rac(e, sca, ntia, c,rctss,~i/b(,i~ , f .  b,ract~c~ta, and 1~,/~o~o di,~eo(or, a~]  ~wo ]>oly- 
ploid s])coi~s, Tr(~desec~))~ic~ ~iV/~S/?a,)~(t, a~lcl Zebr~;~t(~ 2~end,~dcc. Other 
r(21a~ed observations are brief)y referred to. 

(i) ~ra4esecz,~#ic~ erc~ss~yofict,. 

This magenta-:flowe, red form from IEew has 12 chromosomes and 
two fragments i~ som~Ltic divisions, and t~aaalry forms six reeognisable 
bivalents at meiosis. The fragments, as mmhi are mliva/ent and may 
either lie free (]!'ig. 18), or one (Fig. 19) or both (Fig. 20) can probably 
be associated with a particular part of one of the bivalents; the one 
interstitially, tlu; othm' terminally. 

The bivalents ta.ke the fo,'m of rods, rings or crosses, tha t  is to s~y, 
speaking in terms of ehiasmata, the el,romosomes may be associated 
by on(; or  two i~terstitiN or more or less " te rmina l"  chiasmata. 

Tim Dagments usually ]?ass to the pole undivided, and split at the 
second division. 13ut three p:resulaaLly half-fl'agments have been s(~en 
in one second d[~ds[on and o:lle in the sister-ceil. They are sometimes 
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lost in the cytoplasm. Three fragments have been seen at ~he fit'st 
metaphase, one presumably a new one resulting fl'om a change at 
prophase. 

Association occurs occasionally between ghc bivalengs (Fig. 19) giving 
an apparently reduced haploid number. 

! "- 

Fig. 18. Fig. 19. 

Fig. 20. 

Figs. 18-20. l~[e~phase of ~he firs~ division ia Tradescantla crasslfolla (Kew). 

Fig. 18. Side view: 6 biv~len~s ~nd 2 univ~len~ fr~gnmn~s. 
Fig. 19. Polar view: 2 blv~Iml~s ~ssoci~ed ~nd one fmgmen~ assooi~od with ~lm middlo 

of o, bivMen(~. 
Fig, 20, Side view: botfll fl'~gmea~s poAred, 

(ii) Tradescantia bracteata 1. 

This form, for the preparation of which I am indebged go Dr O. 
Mcurman, resembles T. crassifolia in its chromosome behaviom' at 
meiosis. Six bivalents are usually found at metaphase, but occasionally 
pairing may fail in one and we find two univalents (Fig. 21). In the 

1 Dr P, gndolph kindly 6ells me ~lm6 ~Ms is g whi6e-flowered form ~hg~ he h~m ob~Mned 
from Nebraska. His descril?~ion agrees with T. bracteata Sm~ll, illns6r~6ed in Brit6on mad 
Brown's  [lluslraled Flora, nr, p. 510 (1808). I lm,ve nog oxrmfined somagie divisions. 
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ca,se illustrated one of those is at tached to one of the bivatents i~lger- 
stir:atty. 

The pNrs ma,y shiny various ldnds of attachments with one an.oCher 
(Fig. 22). These are of two types, genetically considersd: ' the  first 
indicates tha t  the four associated chromosomes contah~ the same 
element repeated, four times (wRh probable inversion of a segment), 
iie. they are tetrasomic (s and e) ~ the second, tha t  all four clu'omosomes 
arc digerently cogstituted, so tha t  no element need be assmned to be 
present more than  twice (a, b and  d); The certain determination of these 
novel and variable forms is naturally, not possible in e~ery instance, and 
I cannot therefore judge in what proportion of. the cells they occur. 
The general impression is tha t  between 5 and 15 per cent. of di~dsions 
have abnormalities of this kind. 

z- b c- d e 

Fig, 21. Fig. 22. 

Figs. 21. and 22. Me~aphase of the firsg dlvision in (I'radesca, nlfa bracteala. 

Fig. 2I.  Side view showing ram' ehrmnosome associated h~gerally wRh one chroma~id of 
a bivalent ,  and it;s follow unpaired. 

Fig. 22. Side views of fi~e types of association of pairs of biwlengs (nee t~ext): 

(iii) Rhoeo discolor'. 

Ill the siml~test case a ring of 12 chromosomes is formed at  recta- 
phase (Figs. 23, 25, 32 and 33). iBu~s, probably as a result of one oi' more 
of the chiasmata between, chromosomes breaking down before metaphase 
(for only complete rings have been seen at diakinesis), a chain (Fig. 25) 
or chains of chromosomes frequently Cake the place of the..ring a t  
metaphase. Of t h e p r o p o r t i o n  of cases in which these se~Teral results 
obtain I can again give only a general impression. I t  is as follows: 
ring, ca. 30 per cent. ; one chain, ca. zt5 per cent. ; two chains, ca. 20 .per 
,cent. ; ' three chains, ca. 5 per cent: These proportions indicate tha t  the 
occm'rence of one break, or f a in t s  of chiasma (as the case may be); 
diminishes rather than increases the chance of a second occurring. 

The 12 chromosomes may b;  divided into the several chains in. any 
proportions; where t~ro chains are p~:esent the combinations 1i + 1 

Journ .  of Gen. xxI  15 
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(Fig. 26), 10 + 2 (]rigs. 27 and 311), 9 + 38, + 4 (]rig. 28), 7 + 5 (Fig. 29) 
have been observed; where three chains, 7 + 3 + 2 and 6 -t- 4: + 2. 

At early metal?base l;he ring or chain of chromosomes begins to 
a,rl:ange itself with ro, fere:nc(:~ to the spin, die and evident;ly all t.he chro- 
mosornes do not establish their re, lationshil) sinlalgarmonsly. ]Ra.gher gSe 
influence of the spindle app~,ars to be fe{t :first in.([e]?e.adenbly al; varioHs 
parts of the ring. A chain of 12 that  is ith:tstrated. (Fig. 30) seems to 
show t<ha.~ in l,hree places the successive chromosomes in the chain arc 
alre~dy orb, ntat(;d so that, alternate mentb(~rs wilt pass to opposite poles. 
I t  is intereating in this eas~, to notice that  the independent behaviour 

i 
Fig. 23. Com]?lel)e ring of ciu'omosomcs at metaphase of the first divbion in Rl~oeo dlscolor; 

aRemmf;e chromosomes orleng~gt~d tow~rds opposite poles, x 5700. 

of different parts of the chain need not be expected to inter:[ere, with 
t, he regular orientatioJ~ a.nd disjnnction of alternate members in the 
interveI~ng parts of the ring. In other words, the three movements 
ago'e< This is not by any means a rule; indeed only in a bare majori ty 
of divisions are all the atterliai,~ members found to b(~ tan~b~g to o])posite 
poles (as in Fig. 23). 

Where we h~vo, ~tberllal, e members turning to the same pole at oJ~e 
point this irregrdaJ: orientat~ion must also occur at some other, whether 
on the same side (Figs. 32, 64) or on the opposRe side (Figs. 24, 36). 
This principle applies for genetieaI pro'poses wh~:~,ther the rh~g is closed 
or open. 

Wh.ere [;we ehah~s are formed the non-disjmtetionai arrangement is 
teas frO, ClUe:a< mrd where fhree chains were fonnd bhc arrangement was 
always regular, an a~:gnmenl5 in favour of believi~g 16 t,h~ result of faihu'c 
of the spin(lb, relationships to agree in cli:ffereng parts o:[ tim long chain. 
The different chains themselves a{so nsnally agree wh~re the nam.bel's 
are odd; where the mm~bers are even each chain has its end members 
]?oi~ting to t~he opposite poles, and ig is there%re impossible to tell in 
the absene~ ~, of a size differe~fia~ion whether fhe fwo chains agree or 



Fig. 24. 

,, %J:% 
L.) 

' . . . . '  

Fig. 25, 

Figs. 26 an.d 25. ]?ol~r views o:1! mC~l)hase of I~he firsl~ divisiou in Rhoeo. 

]~ig. 24-. (Jom]?le~e riug wieh gwo uou-disjmmgiou~l 
Ieig. 25. ~ roken  riug; all pMrs disjunel~ioual. 

Fig. 26. 

Fig. 28. 

~Mrs ~g o]?]?osil;e sides. 

Fig. 27. 

Fig. 29. 

Figs. 26-29. 

Fig. 30. 

Side views of meeaphase of ghe firsg division in .Rhoeo, showiug differeug 
results of glm double brealdug of ~he riug ~fger di~Mnesis. 

Fig. 26. Cmlfigm'agiou of 11 + 1. 
Fig. 27. Conflgm'~eion of 10 + 2. 
Fig. 28. Configm,a~iou of 8 -I- ,1 (nou-disjuuebion in elm four). 
Fig. 29. COoufiguraeiou of 7 -I- 5. 

j 
Ea,rly ntel;n,pltase ill IRhoeo: elu'ee ehrontosomes iu elm ehMu of 12 showing m~rked 

rel~gioushi]) wigh ghe spindle. 
15-2 



~ig. 3]. 

I~ig. 33. 

Fig. 32. 

Fig. 34. 

/~igs. 31-34. Side view of meb~phase o{ bhe first) division m .Rhoeo showing differen~ 
uon-disjtme~ional arr~ugement~s. 

Fig. 31. Col]flgm:at)ion witch 10 + 2; otte chromosome left) on t~he eqtw~t;or (ef. Fig. 35). 
Fig. 32. Double non-disjnnet~ion ol~ t;he same side hi a ring. 
Fig. 33. Quadrnple uon-disjnnet~ion; ghrea eases ou. one side, one ou the ot)her. 
F N. 3~. Double non-disjtmegion on t~he same side fit a chMtt. 

.~ig. 35. Fig. 36. 

Fig. 35. Au~phase of t~he first~ divisioll ill I~ltoeo, t, WO chromosomes lef~ laggiug ou ~he, 
eqnabor. 

Fig. 36. Anaphase of t;he first~ di~dsion in J~hoeo after double uolt-disjuuet;ion on opposite 
sides. 
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are really non<lisjnnetional. The more usual agreement, where the 
nmnbcrs are odd, supports the view that the oeem'renee of chains is due' 
to breaking of l~he ring after diakiuesis. As many as four non-disjunc- 
15onal arrangements may oecm' along a chain of 12 (]rig. 33). " 

Following non-disjunction the associated chromosomes reran, in at- 
tached at anaphase (Fig. 36) and metaphase of the second division 
(Fig. 37); even at the second anaphase half-chromosomes may be seen 
to be attached to different halves passing to the opposite pole after 
they have separated from their sister half-chromosomes. 

Fig. 37. t~'Iet~plmse of t;he second division in 12hoeo followhlg double non-dlsjunetlon on 
the s~me side: indle~ted by ~tt~ehmen~s of h~lf-ehromosomes; 7 + 5. 

In about 40 second divisions in which both plates were examined 
three had  the aberrant nmnbers 7 and 5 (Fig. 37), none had divided 
nnivalents. Where, as frequently happens in the ring or chain (Fig. 31), 
one chromosome has been lying on the equator between two tin'ned to 
opposite poles (of. Oenothe~'cb biennis, COleland, 1926) this chromosome 
may evidently lag at ana]?hasc (Fig. 33), and perhaps occasionally divide 
(as a "univalent") at the first division. 

(iv) Zeb'rina pendulc~. 

The chromosomes are much contracted length wise at meiosis so that 
exceptional associations, apart from those affecting the large chromo- 
seines, are not so easily distinguished as in the other species described. 

A•art from the usual formation of bivalents, inchding two large 
ring or rod pairs, one execptiom~l process is worth recording. In a small 
proportion of divisions these large chromosomes enter into one or two 
ring associations of the type illustrated (Fig. 38 ce and b). These rings, 
Which are identical, each consist of two chromosomes larger than any 
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of the others, and two chromosomes of :appro• half their size. 
The ring m a y  consist of chromosomes united end to end, o1' ~hc larger 
pair may be associated at an interstitial chiasma. Row, if reference is 
made to the som~tic division illustrated (Fig. 8), it will be seen ~hat the 
identi V of the large chromosomes (which have median, attachment at 
meiosis) is unmistakable: t h e y  arc the fern: long chromosomes witch 
median constrictions. They correspm:td morphologically, and form rings 
of four as nfight be expected :from. their tetraploid number. Bwb ~hey 
never :~orm a ring by themselves, that is, Of fern' morphologically similar 

§ 

b 

Fig. 38. a. Side view of me g~l~hass of i~he firsb division in Zebrlna IJendula; 8 1)Mrs and 
2 rings of 4; ~m, minM ehlasma~a only. 

b. Shlgle igug of four from anobher division showing medial ehia,sm~. 

chromosomes. Probably therefore the 7bwo rings and ~heh' cons~ilbuewbs 
have no relationship, and the morphological evidence of ~c~raploidy in 
the somatic chromosomes is en~0irely irrelevant. 

The later com.se of division is generally irregNar, as described by 
I-Iance. The "restifalt, ion" nuclei" of l~osenberg have been obsm'ved. 
A stronger growing form, sgill under investigation, has 24 chromosomes 
at metaphase of the second pollen mother-cell division, and is ghere~ore 
relatively tetraploid. 

(v) " Tradescantia vifginiana and related forms. 

Di~kinesis has been less thoroughly examined because at this slbage, 
although connections between chromosomes are more strongly apparent 
than at metaphase, it is more difficult to know when a connection is 
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significant. The constant reh~tionship of all the chromosomes with the 
spindle at metaphase enables one to teli from their attitude whether 
they are free or attached. 

The assoeia,tion of the chromosomes at diakinesis and metaphase is 
for the most part termit~al or approximately so. Occasionally, however, 
chromosomes are engaged[ in an obvious interstitial chiasma which may 
be snb%erminM (Figs. ~2 e and 4:~f) or median (Fig..4.7). This is perhaps 
a property of the in dividllM pair of chromosomes, notwithstanding the 
fact that a string of four chromosomes may be associated at ehiasmata 
at varying distances from the end[, for such a string may consist of 
dissimilar chromosomes (Fig. ~1 ~). 

Fig. 39. ~7~'radesca~t'ia vi~'gi~d~t(t, hledium Blue (No. 4~): 8 bivMen~s, 2 "grivMents," 2 mxl. 
vMen&s. One uneqnM pair ag ghe left-hand side; the second app~renHy nneqnM p.Mr 
is due go the chromosome net  lying first. One rod bivMeng passes Hlrough t~ mug 
bivMent to which ~ |~lfird chromosome is a~f~aehed laterMly. 

When the association is actually what would be described as "end, 
go-end" its natm'e is shown to be in no way distinct from an ordinary 
chiasma (cf. Newton and Darlington, 1929), first, by the fact that  the 
separate connections of the two pairs of chromatids are usuMly dis- 
tinguishable and, secondly, by the freqlmnt observation of tlhe two 
bodies which arc distal to the chiasma (Fig. ~6). In other words grada- 
tions occur between the theoretical position of the "terminal chiasma" 
~md Chat of the interstitiM chiasma. 

In this way it is usual to see the chromosomes at diakincsis asso- 
ciated in pairs, fours, eights, and even tens, I,o form simple rings or 
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el;ringS (of. Stow, ]928). In. ,uosb v~rietie,% on an avera.gc, d~.ree ring,~ 
oi! I'oHr are formed, ihe rest  of the chromosomes being a.ssociated in 
pai~:~. The number ,)[ fours varies from one t7o ,,ix. One o:i: ~w,) univalm~ts 
are I!requsndy fouud, usually together with tMvalents. ] t  is ~o be not>ed 
}ha, I; where, in a, riag, one o1! I<he connecl;ions of the  ordiuary double 
chia,sma at one cud h~s been broken, the ehromosome,~ a.t this poinl; 
are iIs~tally pul led :[lu'ther a,l~{u't: t:ha.n a t  t,l~e o ther  chia,,~ma where a, 
doHble eonneedo~ is retained (lr 40). The first nzodiiic:~l:ion of the 

"Q ~ . j  :2 
~ig. 40. T. "l;h'gha'ic/~c~, N c d h l m  Blue (No. t:): 2 "octavalel~ls," one a b raud icd  chahl wi th  

quadruple  ohiasma., tim other  a l~l:anchcd s t r ing with two trlplc chhL;tlm.ta, ~ bi- 
valet~ts, m~.e a.ir unequal  i?ed ]:}air, another  a, rhlg wi th  one imperfect  clliasm~ a t  which 
the ohrelnosomes a, re me,:e widely sej?a.i:a.tcd than  ag the lmrfect one. 

ordinary chiasma thaC ~leserves mc,~ihm is the c~se where three of four 
chromosome,% insCeacl o1! two. are ~,ssoci~Ced a,t~..~,zdt~Sc cA/~!.~'mg (see 
Fig. 84, p. 268). In :  these chiasma:t~ one chroma, dd o f  ca, oh of Che 
chromosomes involved is associat~ed terminM]y with a chroma~id of 
~mother chromosome, ~,,~d the seco.d chromdtid with a chroma, tid o f  a 
IMrd chro,~osome. The~e associati,,,~s are somelhnes str clear 
(Figs. 4] a.ml 42, b and d); in other ca.ses the relationship c~l.,~ o:tlly be 
iaferred, owiag ~o ~he ehromosonies con eea,lii~g IJ~.eir own eo,meefdmlG 
one chroma.tid lying over another (Fig.:40). ]?robably faih,,:e of a con~ 
n eetion in doltb]e as well a.S muRiple ch{asmata is d ue to am:)ther chromo- 
some or chr~)mosomes ]m.~ i~zg broke,~ ~.way from ~ .%i11 large,: ~.ssociatiom 
This occnrreuce corroborad;es the sNggesdon ~h~/.t mel-aphaso pa.iring is 
d u.e ~o ~ttrimtion between chromatids ra.dmr than beliween chromosomes. 

l\{Mtiple ehiasnlgta a.r:e the regula.r ~lneans of associa;tion of the 
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~ig. 41. T. w'rqinlana: a -v  a.ud if-l, Medium Bhm; el-./', Sma.ll l~cd. 
et-d. V~rious associations of four by mulbiplo and simple c h i ~ s m ~ .  
e, "A,~soci~bion of four, simple a.nd in~ersti~ia.1 clfiasmatm 
J'. 3~ra,uclmd ring of six wi~h one m~ll~iplo chiasm~. 
,(/, R.ing of four wibh one p~ir a.l~ached by a lal~ra.l chi~sm~. 
h. The same configui'abion as f bug xvigh t, lm ring broken and ghe mltlbiplc chia, sm~ 

imperfec[; (a COlmOCt.ion |~ebween blm ft'oo cl(romabi'dS of bhe two chromosomcs 
marked X hag been broken). 

k. The unoqu~fl ptdr. 
l. Tho uuequM pair ausooit~ed ~d~h l~wo others in a chitin. 

bb 
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]fig. 4:2. T. virginict'mt: ct-e., y-[r va.r. humi l i s ,  f ,  v~r. hirs~tta. 

u,. A dou bit  ring of. fou r, o,n inl;crs/fi/;ia.[ chia,sm~ scpa,rM~iug lib, c I;wo loops. 
b. Au ~ssooiM,ion of fore' M; ~ ])orl!ocl; qna0,ru])le charisma. 
v. The s;~me co~[igura, l;ion ~s el, b, l ;  wibh bol;h loops OpOll. 
d. '.lPri]?lo c[fiasma,, [;crmi,a, lisMfion no~rly COln])h:|;c. 
e. Triple a,ssociaMoll corl.(~.~ponding I;o ~n e,~wlior st;~gc of d ill which olin ])air i~ 

join~,d l,y ,, .%ill i.I;orsl, il;iM chiasm~b; t;~rrni~m, lisa, l, ion inco~n])lcl;(). 
J'. A.~sociaMon o1' cighl; r Of riug OI! fo . r ,  (tim, in o[ I;hre, o a,H([ sing[O (3[).llOll.IOh~OllIO 

joi,w.d ..i; .. q,,~M,.,,plo cl, ia.sm:~. 
b'. ~im])Ic rin#4 o[ cighl; wil;hoIH; H(m disjuncl;ioH. 
h. :Biva, le, nl; iu  w h i c h  a, hilou'ma, l l~ollna, M~()w.~ iH ono  ohu'onH)somo ---])ou'ha,])~ i;ho r(:sldl~ 

o[ ~b sl;rucl;u I:M cha, n#4o M, ])rol)haso. 
/c. ],'ra,gmoHI; wil;h a,n cxco])l;iom~,l mw, qHa, l ])Mr from l;ho sa, mo cell, 
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br~mohecl strings, double rings and o the r  complex configurations (Fig. 
41 f )  so froqllontly found at  me~aphase. 

Stow (1928) h ~  reported tha t  the format ion of compound bodies ab 
meiosis in T~'adesca,~ztia and other plants  is affected "by tllo tomporatm'e.  
In  order to tes t  @is eonchlsion, sept~rate lots of the form hh'suta wore 
kept  (i) in a stove house M a tempera ture  of 20-25 ~ C. and (ii) in an 
ice box a t  a tempera:tlU'e of 8-1.0 ~ CA. for ~wo days and the pollen mo~her- 
cell divisions then examined. I n e a o h  ease, on an average, three qlladri- 
valents were formed with occasional sexivNents ~, tr ivalonts and so on, 
as in the material  growing out of doors (in Jiffy). The only difference 
found was in the Oeelu'renoe of f ragment  s not  ordinarily observed. 

& 

Fig. 43. "d?. virff.iMc~'~r~ v~r. br~,vic~ulis: 6 ~riv~Iongs, one wi~h two interstitial chia,~m~, 
and tin'co wi~h ~riple ohiasm~a. 

In  the form Medium Blue (No. 4) in which one chromosome was fmmd 
shorter than  the rest and with a relatively sffb-terminal constriction, 
sometimes an tmoclual pair (Fig. 41/c) and sometimes a s t r ing  of four 
(Fig. 41 l) oontNning one .shorter than  the others can be seen, Nthough 
the difference is not  great enough to be determined with cer ta inty  in 
all cells. 

In  all the forms examined, while quach'ivNents and bivalents  are 
t]:to ltSnM associations found, univalents,  trivMents and combinations of 
higher numbers  than  iota' are f requent ly  fotmd. As a result  the distri- 
bution of the chromosomes at anaphase is irregttlar. The strings of 
chromosomes do however, as a rule, so arrange themselves tha~ al ternate 
members  ]?ass to opposite poles (as in the diploid Rhoeo and Oenothe~'@ 

1 The t;erm "soxivalong" clo~rly can have no gonoHcN slgaific~tme in ~ form which 
is assmnod 1;o be a l;o~r~ploid. SimiI~rly t;]lO ol;hcl_' cognN)e terms lose ~heir gcnoHcM 
meanhlg in this trod compart~bto ph~nt~. I prefer be.use ~hom here in ~ ]?~Lr0Iy doscripHvo 
sense ~.'t~her tlnul inven~ ~llot;her se~ of ~erms, for Hm timi~Mdons of l;lleir proper use mns~ 
a~ l~reseng remain qui~e undefined. 



[Fig. 44. T. vi'rffiniana vat.  brevic(tulis: ~riwdcnts ((~xeeptj). 
~, ]Tmperf(~c~ triph,' chg~sma,. 
b. 'l~rllp]~ riilg ~/i{~]) r la, iple ~ld~tsnlat~. 
c. In ters t i t ia l  and t(~t'n6nM ehiasmata  (eL ffig. 42 c). 
d. The s~,no with a dosed  ring; the resttlt therefore oJ tt'iple pahb~g Mot G :~t least  

hlb[f OJ! ~ho Oh~*Oi~iO,qOlltO. , �9 
c. "~wo tt'ivalen~s perhap.~ assocb~ted Gtot'Mly. 
fl Aa,~odalio~* of six involvhtg  a~ b41~erfecg lal~cra! chiasma wltich is s of ~ triple 

chiasma. 

Fig. dS. T. ~;irg~;l~ktna va, e. &'~mh:a/dL'. Rcs t l tu t lou  uucbu~ w b h  18 chromoaomea~ mm 
p;~tr atilI aasoeiatod at  a sub-t~rl~itml cldasm~, One e]lr(mmsot]}e shows ~ uew 
altOlllGIOltS l/Iollll~ I ) l '  COII~V[C[JIOII, 
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In brevicaulis, whose chromosome complement is morphologically 
triploid, the formation of trivalents (Figs. 43 and 44) is :much more 
regular than is the formation of quadrivalents in the tetraploid forms of 
2'. virgi'niana. These, as shown in Fig. 84, p. 268, Nos. 12, 13, arc 
probably formed on the same principles as the compound bodies in the 
tetraploids, and, as a mile, arc associated by means of m.ultiple chias- 
mats. Associations of more than three can be formed (Fig. 44f). As 
many as four univalmrb chromosomes have been fmmd at the first 
metapha,se, and divisions are natm'ally very irregular in regard to 
numerical segregation. A restitution nucleus has been found (Fig. 45). 

The first type of abnormality in all these forms is therefore the 
association of chromosomes in greater numbers than the chromosome 
nmnbcr of the plant would suggest as being homologous on an ordinary 
polyploid hypothesis. The second type of abnormality is less freqnmfl/ 
but equally significant. Certain chrom.osomes in various forms have the 
potentiality of pairing with morphologically non-corresponding parts of 
other chromosomes, that is to say, the end of one chromosome is seen 
a0t/aehed, terminally~ nsua,lly by only one chromatid, wi~h an interstitial 
part of a:tml;her (Figs. 39, 41 d, and 4:4:f). We have titus what/must be 
called a Ia, tera, l chia, sma,. In Medium ]31no (No. 4) and in b'revi('aulis, I:or 
cx~m])lo, ore' chromosome is frcqrtcnl/ly s(;(,n atl/ach('d 1/o bh(; middle of 
~mol/her ohromosottm whioh il/sol[ is ttstu~lly ~ssooi~l/(;d lit a biw~l(;nl/ or 
q uadriwl, lonl+ i'ing. 

Tho l/hird l/ypo o[ abliOrlli+~lil/y is whoro l/ho (;lids o[ l,ho l/wo o/n'o- 
in+~l/ids of oiio ohi'omosoin~+ i~l'o p+~irod, l/he t]rsl/wil/h l/ho ond o[ a o/n'o- 
m+~l+id of anol,hor, l/ho sooond wil/l~ an inl/orsl/il/h~l p+u'l/ o[ +~ ohrolm~l/id 
of l/ho sooond ohrolnosomo (Fig. 40, .q and it). This is v i rbua l l y  a l/riplo 
ohh~sim~ whioh m+~y I)o poi'[ool/ or iinpor:[ool/, +rod musl/ rosull/ f roin in- 
vorsion +md roduplio+~i,ion of i~, sool/iott ot7 ono ohl'ol'nOSOmO. Fig. 84, 
p. ?"> +uo, shows how l/his i'osull; (311,11 bo ol)l/:~inod [ rom l/riplo pail' i l lg :Uli(| 
l,orniinali,qal/ion iit T'ra, d,e,s'ca,'ntia, and iit Aucuba,, whot'o ~,g[7ourm~%n /l+~s also 
obserw;d i l /(1020). 

\u rednp]ical, ion ol'. l,his k ind is<supposed bo have occurred irl 
.lJrosol)hiht elm segment/ally tet/rasomie diploid progeny were llon-viab]e.  

This : is not/ t/he case i n  2'ra, descantia, for the pairing in 2'. bractea, ta 
probably indicates segmental tetrasomy. In T. virginiana reduplication 
would not be comparable for, the general condition being tetraploid, it 
WeNd lead merely to segmental pentasomy. 

The bchaviour of the three fragments of T. humilis is subject, 1/o 
interesting variations in this and in other connections: they may all 
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�9 ~ppea,r as ~miva, le:~s a,l~ the :[h'sg mee,a,t~J~se ~ d  dLd(te a~; a, aa, p~ase 
(Ii'ig. 48 b): t:wo el ~hem. tmzy p:zi]: ~oge~bher, t~l.~e th i rd  being tes a,s ~ 
lmiv~,le:i:tt~ (]rig. 48 e): ~he members  o:f l;he pai~: m~,y divide irregula,rly 

Ffg. 46. T. vi~'y~'ni(*n.~ v:tr. h~*milis: dia.kinosis; one associa.biou of /;Oll; otte of six, wil)h 
a. very" cle,~.r sub-lx~rmim~l (;hb~sm~; o~m o1! fotn', wil~h one h~wiug ~ l~or~lly ~ssoci~6ed 
l!rt~gme, ng; oue bi)~ah;ut~; ~wo free fr~gniengs. 

Fig. 47. 2~.w;~gi~da~w~var.~milL~:~mm~.~iaf~i~a~[s~hc~Ivittg~1~e,in~rst'i1.ia.lcbia.sma~; 
t~wo fragmott~,~ p~il'ed la.t.ora.lly, wib/y corr~;sponding p~r~s of ~ p~ired ring; four 
quadrivh.lonbs, one biw~lonb rtng wil~h [mperfecl, ehiasm~l,,~. 

(l!'ig. 48 d), ghis being possibly assooia,~od Ml~h g]_~e 2t~o[~ l~ha, b l,hey llsaa,lly 
divide e:~,rIier ~h.gl,:a ghe ordi)~a~:y chromosomes.  ~t?he ]~omo[ogoL~.s pair  
~ 3 '  be ~'eeognised a,b soma, I)ie divisions (Fig. 48 a). The members  of t~he 
pa, ir may  !l,ssoqia&~" severa,lly, or, w]le~ paired wit>h else a, nother,  wigh 
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dii~erent parts of probably different, or non-corresl)onding , whole Chromo- 
seines. When one has been associated termina,lly with a whole chrom0- 
some, in spite of the extreme disparity in size of the two bodies, they 
may be seen separating to opposite poles, as in the case of the ordinary 
pairing of fragments, r~ther before the other chromosomes (Fig. 49 d). 
In one case (Fig. 49f) the terminal pairing of the fragment has a,ppa- 
rently prevented the ordina,ry pairing of the whole chrolnosomes at one 
point and interrupted the normal formation of a ring of eight. The ]?Mr 
is evidently honlologous with an interstitial portion of a pair of whole 
chromosonles, as well as with the ends of one or more others. Thus they 
may be seen associated at corresponding poinb with the members of a, 
bivalent (Fig. 47), or one may be associated at one end termi~ally with 
one chromosome and at the other end laterally with a second which is 
itself paired terminally with a third (Fig. 49 b). A fragment terminally 

Fig. 48. T. vlrginiana v~r. humilis. 

a. Tln~ee som~ic  fr~gmon~s fl'om ~lle roob~i]?. 
b. Throe fc~gmon~s from ~ shlgle fir,s~ division anaphase, dividing as univaleu~s. 
c,. ~Biv,~len~ fl'~glliOll~ ~ nlOL~l)ll~se of file fils~ cHvision. 
d. Ii'cegul~' di~dslon of biv~loll~ fl'aglnen~ ~ fll's~ division ~n~ph~ae. 
s. Bivglon~ and univa.len~ fragmen~ from ,~ single fil'S~ division lne~gph~se. 

associated may take part in a triple chiasma exactly as a whole chromo- 
some would (Fig. 49 c). It  is possible that the fragments correspond to 
the portion of the chromosome with which they ]?air laterally between 
the point of lateral abtaehment and the nearer end. 

Fragments have frequently been observed at meiosis which are of 
irregular occurrence and do not correspond with any present in the 
somatic tissue (el. Section 6 (i)). In one ease where a large fragment 
was found, apparently degenerating, a markedly unequal chromosome 
1)a~r by ib  side gave a clear indication of its origin by loss (Fig. 42 lc). 
A single observation (Fig. 42 h) seemed to show that a structural change 
had occurred interstitially in a chromosome, for the definite lacuna of 
well-mad~ed bolmdary seen in the middle of this chromosome is entirely 



236 Chromosome Behaviour c~nd Structured Hybridity 

exceptional. Although ordinary constrictions d.o not show a~ meiosis it 
.is .possible tha t  this observation may be correlated wi~h ~ha~ of new 
consf, ricl~ions a~ the pollen-grain divisions, and tha~ ~hese constrictions 
are t~ihcrefore the resulg of sgrucgm:aI changes, granslocation a,nd the like, 
ab meiosis (cf. Sccgion 7 (iii)). 

]~g. 4:9. T. virginiana v,~r. s PMt'ing of fr~gmen[s ~nd exeeption,~l pMring of 
chromosomes. 

a. ]3iv,~len~ h'agmen~" a ssoei,~bed termina.lly with cue ehromosonm of ,% biv~lmlb. 
b. Fr,~gmen~ ~ssoci~t;ed la~er,~ily Wi~h one member of ,~ "trivr~lent," termina.lly with 

g f O t l l ' { ) h  o h l . ' o n l o 8 o i l l o .  " " 

r [Fragment associated in ,~ triple chiasm,~ wigh two whole chromosomes forming 
p~r~ of a "quach'ivMen~." 

d. I~r~gmeut Sel)~,',~hlg from ~ whole chromosome, with which it h,~s been pMred, 
~t ,%nr~phase. 

e; Single fl'a.gmemb p~imd as ill Fig 47: 
Ch,~m of mgll~ wtth ,~ fro,gmmlt l)a.u:ed tm'mm~lly. 

'fg.- "Triva.lent" showing ,~u iml)m:~ect h~ter~l-te, rl{{iual ehiasm~ su]?posed ~o resul~ 
h'om the ~riple ]?Mring of redul?lle~ed segnien~s of one chromosome wi|~h ~he 
corres]?ondh~g segmen~ o~ ,~ second. 

h. = Porfect la~erM-~orminM chiasma in an association of six. 
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6. OBSERVATIONS OF I)OL]SEN-GRAIN DIVISIONS. 

(i) General 

The pollen-grain divisions in many of the forms under consideration 
offer a more favom'able field for the study o:[ the somatic chromosomes 
than do the root-tips, and a more accurate means o{ studying the results 

Fig. 50. Firsg pollen-grain division in Dichorisan~ra lhyrs~flora, anaph~se; ~ ---- 19. 

Fig. 51. Fig. 52. 

Fig, 53, 

Figs. 51-53. First pollen-grMn division in l~hoeo discolor. 
Fig. 51. Mo~phmqo; n =  6. Fig. 52. l~let~phaso; u =  7, _Ng. 53. An~pimse; n =  7. 

of red.notion than the second pollen mother-cell division. It  has usually 
been possible to correlate the observations of pollen-grNn divisions with 
those preceding meiosis (as well as with those of the root-tips), but  ill 
the case of Medium Blue (No. 1) this urffortunately was not possible. The 
root-tips were however examined in all cases, and the results show that 

Jonm. of Gon. xxI  16 
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the behaviour of the chromosomes and fragments at the pollen mother- 
cell divisions in this individual must be in a general way analogous to 
tha t  observed in hu~nilis. 

~ixation gave variable results as is shown by the cons o:[ the 
chromosomes exhibited in some of the illustrations. These differences are 
perhaps responsible :[or the differences in the obviousness of the extra  
constrictions sometimes found. The second constriction next  to the point 
of a t tachment  (~ig. 58) probably corresponds to a constant condition, 
for it  has been observed in the pollen grains of tetraploid and triploid 
forms and in the root-tips of T. vi~yiniana (Fig. ~), Rhoeo discolor 
(Fig. 1, a and b) and S~i~'onema .fragrans (Fig. 3). The form it  was 
observed to take at anaphase in b~'evicaulis is paxticularly remarkable, 

l~ig. 54. I~g. 55. 
l~igs. 54 and 55. l~irst pollen-graln clivision in 9#~'adescant.fa crassf.foEe~. 

.]Fig. 54. :Proph~sc; n = 6 + f. 
a. A now long fragment from another proplmso. 
b. Cln'omosomo from a proplmsc, showing largo trahant not found in parental cells. 

I~ig. 55. Meta]?haso; u = 6 -t- 3 ft. OnE chromosome has ~ largo trabant or newly attached 
fragment (cf. ~g. 45). 

and almost suggests tha t  it  is a side branch of the chromatin thread. 
The possibility tha t  other anomalous constrictions found in other divi- 
sions are the result of particular behaviom: of the chromosomes con- 
cerned at the preceding meiosis Cannot be overlooked, espeeially where 
this behaviour is so abnormal as in these forms. Variations in mlmber 
of the members of the ordinary sporophytic complement, both whole 
chromosomes and fragments, are shown in the tables. Apart  f rom these,  
new chromosome forms appear, sometimes corresponding in size to the 
ordinary fTagments, and sometimes (in four recorded cases) 1 corre- 

In many more cases ~ho chromosomcs may h~vo' sufforcd loss without showing any 
rocognlsablo ~ltoratlon. 
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spending l,o the o:rdinary chron;iosonios, ~llC[ rccogl~isa.bly di/'ITerellf., ot~ly 
in. o:tle a:rm boiug shoi'l;er {,haz~ any in the sporophytic eomple:m.eu.t 
(Fig. 58). Those must~ be considered the product, of :l!ragmcntation a~t 
meiosis. 

I:l~ certain tvpes extra-:lmclear bodies, probably of degeneratillg 
c]n'omat~in material, we:re :l!ound ~t nietap]iase (if.rig. 76), thotigh whe~Jler 
l:hese corrosposld % w]sole elil,m~osomes or 1;o :l!ragments canuot~ be said. 
They are :no dottbt~ the accessory bodies re:[erred to by Nawasclhin (1911 i1) 
as occurrhig noOably at t, lhe >oeo31cl divisio~. 

Fi,:. 5(3. Ffz'st poll(m-gcMu di'vision in T.  vlrgl.n, la'na vat .  alba, Aldenhanl. ~,'Iet~pha.qo; 
n = I1 + f. ]fragment is 1row and po,~slbly (,,ore>trod ~Rh the slmrtenc, d arm of a,n 
adjacent  chromosome. 

The fragments in the pollen grains o[ N]cdium Blue (]No. ~f), the indL 
vidaal most extensively studied., showed f>ciuen~ly and clearly a peen~ 
liarRy thai, I have also observed in ~?. c,rass~',fo~io,, viz. the te:rmim~l 
association o:[ one of the halves of l,h.e fr~gn:lcnt with oue o[ Lhc halves o[ 
an ordit~ary chromosome (Figs. 60 a.ud 61). This association is so eharae- 
t m ' i s t i c  l ,hat, i t  c a n  hardly be without  s igl l i f i~:anec.  IJ! i t  i s  a n  ~l'ti:t]~ct i t  

is (It/~cult to m~derst~md why only one of l~he halves is a%ached and 
nol~ belch of ~]le:m; whereas if i~, is t,he actual mlion of a fragmeut 
wi~,h o~e of the chromosomes, this resnlg would be cxpeeled, for the two 
sel>.Vl.l.c halves of t]lc divided clxl'omosome ~hrcad might well act inde- 
pendently dm'ing the resting stage or at  least in early prophase. 

(ii) Chromo,ome-Numba" Frequencies. 

Couuts h:~ve been made ot! the numbers of clu'olnosomes and frag- 
mel~ts ]a polle]J-grai~l dh, isio,~s of ~hc various forms ot! T,radescantia 

16-2 
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riry,kzi(~ (i~)el~,ding brevic(~utis), f. cras,~iJ'o~i(~, :rod Rhoeo dis~olor. The 
[r.q~mneies ob~ai>ed ~gt'ee wi~h wha~ the observal;ion of t;he pollen 
mothm'-oe.1] divisions weald hind on(~ I:o expee% provided al]owmm(~ is 
m{tde for special ge.etical  condidon,~ in l,hc pollen grain. ]1~ ghoe% for 
example, tl, c proportion of cells with s(;v,;n ehromosom~;s seen> too high 
to r,'g,~rd {,s direedy de~,'.rmined at meiosis, for. t:tking into considera- 
tion a~ equal number o[ >o>viab]~ poll,m g~'aius wid} five &romosomes,  
it con'(:Sl)onds with a mm~erically um:qual seg~'cgal:io,~ (<< two non- 
disjnnetions on the same side of the plate) in 30 i?er cm~t. of cases. 
This is much too high go a.gree with observations o[ either the firsg ot 
the secor~d division% and would ~ ppe~r 1;o indieal.e a reduced viability o.[ 

Figs. 57-6:k First~ polim>grt~hl division iu 5tbadcsca;~tla dJ'giMalza 51),dinm ]3Ine. 
Figs. 57-tii,  mutapha,~e. Figs. 02 and (~3, mmphu~e. 

.Fig. 57. ;L= I2-1- 2ft. 

the ha@bid six-ekromo~ome po]le1~ gr:d~s reladvely i;o the sow;n- 
chromosome grMi~s. Tkis is no% sarprisi>g, for on 9Le ir~tercha~g,~ 
hypothesis (Darlingi;on, ]9:39), as in Oe*wtfar.ra,, f, his typ~ of non-all,s june- 
don will always give rise i;o genedcM]y com])lete ~ + 1 gametes, wl,ih; 
non-eli@marion o> op])osi~,~ sid,,s will give rise to gem;tically defective 
,~ ga,m:~e.s< ]~ql,h a fmd~er ]?]'o]~ordon of sixes, tb'~rePo]% eorrespouding 

* l)onble non-di:~jnno{ion on oppo>ite sides giviltg genel.ica.lly do[eotivo "h~p lo id"  
gamel.es will be: 

~[f; UD E/,'.  Fg  IdK (n,, L) 2[N (nomvlablo) 
Be' -l)-E~i~S-/~-gzr ~.Z-:]f- - ~1- (~,on-vi~,bl,') 

Donblo ~ton-disjunotion ot~ 611o sa.m~; side gixdn;g ~me viable ,,-b 1 ,~alllOL0, and one (b- 
[octivo '1~,- 1 g~lllO60, will b~: 

A B  UD.D7," b'G fJ [~..f~L 3LV (vhlbl,') 
IAU (no D) El# OlI 0m /C) L M  A~A (non-viaLle) 
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t;o ghe sum of bhe numbers of five (hypoghegical) and seven (observed) 
gypes, included go rel)resen~: genegically defecgive haploid gametes, ~he 
bwo segs of observagions are in agreemenb. 

Fig. 58. n = 12 + ,t. ft. Note one chromosome which has been t runcated  ~nd its resem- 
blance to pr~r~ of the chromosome with the second mer conslMc~ion. 

Fig. 59. n =  1 2 +  ~-ff. 

The observations by Winge on Vallisneria (1927) and Belling on 
Uvularia (1925) of the division o[ pollen-grain mmlei with less than the 
sllpposed haploid nnmber of the plan~ in qnestion is iml)ortan~ as indi- 
cabing a different type of chromosome organisation. Belling is inclined 
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to think his proportion of ~ - 1 : ~ : ~ + 1 gametes (namely 1 : 96 : 6 
or 7) indicates mm'ely that the ~ - I gametes are slower in devdopment  
than  the others. This argmnent seems t;o be rMed out in Uwdc~'ia, by 
his obserwtion of n + 1 and n -: 1 grains dividing side by side; nor is 
it  sutlicient in Rhoeo, for both late and early pollen grains were examflmd 
and, although (see Section 6 (if)) the proportion of n + 1 pollen grains 
varied according to the period, none was found with n -  1. The most 
reasonable conclusion seems to be that  (i) in Uwdaria the viM~ility of 
~ -  1 gametes is greatly reduced, and (if) in Rhoeo it  is still nmre re- 
duced, perhaps to zero. I t  must  be remembered tha t  in pollen-grMn 
frequencies at  the primary division we have the mildest test o~ genetic 
competence tha t  can be applied. I t  seems none the less significant of 
either a low degree of di/~eren~iation or of a polysomie condition when 
.gametes, short of a considerable proportion of their complement, can live 
to divide. 

The chromosome nand~er frequencies in the pollen grains of tetra- 
ploids evidently vary about 12 as a mean. Similar variation in gamete 
production has been found in the tetraploid cherries (Darlington, 1928). 
The pentasomic form mo,nta~za has a slightly higher mean, as would be 
expected. The frequency in Nedium Blue (No. ~) B (a single preparation) 
has a lower mean, although, the root-tips had the tetraploid number of 
chromosomes. This is therefore either the r e s i t  of the loss of a chromo- 
some in the somatic tissue, or of t~king an exceptionally early or late 
sample of the population. The fragment frecltleneies , which as far as 
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'with exi, va-nnclcar bodies 
wit,hour cxtramuclcat ,  bodios 

Slide 3) : 
wibh oxbrt>nncloar bodies 
withoub oxtwa-tmdo~r bodios 

TAI;I /E Ill. 

NllI /II)( ' , I"  (1[" (~lll 'OlltO:gl)lllt~i4 

l 0  l I. 12 13  1 4  'i':,t,tul 

- -  5 17 . . . .  2 2  
- -  - -  4 2  . . . . .  12 
- -  L* 12  . . . .  13  
- -  4: bt. 5 - -  2 3  
- -  3 * j  12  t - -  It3 

- -  a .q 1]-. - -  t3  
1 l (~ - -  - -  7 

1 
1 4  1 - -  

a a~l- t 

* Ono had  a,n oxta'a,-nnclc~r body.  

1 h.t~gmont 
2 frt~gmenbs 

TotM:  

( 
11 

2 

]" One had  a fr~gmcnt.  

TABLE IV. 

'mo,.tana. (2'n = 25 + 2 ft.) 

N n m b o r  of chromosomes  
& 

12 13 14 ~ Tota l  
2 2 8 

2 3 - -  7 

2 6 5 2 1 5  

63 

TABLE V. 

brevicaulis. (2n = 18 0 

Numbor of ohromosomos 

r 7 8 9 10 11 Tota l  
Smea r  181 (a) 3 5 24 10 - -  ,~2 

,, 181 (~) i i 2 I ~ 5 
,, 183 (b) .--- 6 3 3 - -  i 2  
,, 184 (a) --- [ 1 7 4 13 

'.l!o tM: 4 l 3 30 2 L 4: 72 

(])isi, i'ibnt, ed ~b ra,..donl 7 ho, d fm~gmon[;,~ a,nd 8 had cxt,I'~qumk~av b ~d[e.~,) 

1A b l A ~  V I .  

Rh, oeo d'i,scoh.'. 

[NIHIIIbOF r O[lI 'r162 
t 

5 6 7 (l'oI,a| 
--- 3 7  8 *  ,15 

:1: 0 , o  wil;h t~ I'm~gmon(;. 
~ : b l ' [ l l ,  t t  'pt;lld,'ld,(t" It  ~ l~ , ;  :{ (:ol l l l{,!g. 
I ) ich,  or i ,Tamlr~t  Ih, y r , ~ [ l o r ( t :  , = 1!) (Fig. 50); 2 ~mmI,~. 
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TABLE VII. 

T,radescantia crassifolia. 

N n m b e r  of p~rou~a,1 f r~gmouks  
: N u m b e r  of ~- ---~ 

o h r o m o s o m ~ s  CO 1 2 3 4 

6 5 *  2 0  3 1 1 
7 - -  1 ~ - -  - -  

* One h~d  ~ n e w  ~ypo of f r~gmen~  (Fig.  5,t a) .  

TeCtal 

30 
I 

TABLE VIII. 

,S'umma~'y of ~l'elraTloid Tradesc~ntig. 

~,Ttlttlbor of o h r o m o s o m e s  
A 

I 0  ll 19, 13 14 To~M 

h ' Iodimn B lue  (No.  1) - -  10 50  10 1 71 
,, ( N o .  4 )  B - -  3 3 4  1 - -  3 8  

Sm~l l  R e d  - -  5 17 - -  - -  22  
P a l e  B h t e  - -  - -  4 2  ~ - -  4 2  

alba ( A l d e u h ~ m )  - -  i 6 - -  - -  7 
alba (.Kew) - -  3 9 1 - -  13 
hirsula - -  5 12 2 - -  19 
bracteala - -  1 12 - -  - -  13 
congestct - -  4 14 5 - -  23 

Toi~gl - -  32 196 19 1 248 

M o d i n m  ]31no (No.  4) ] 3  1 22  2 ~ ~ 25 

possible are intended to exchlde the fragments not already present in 
the parent plant, show a similar random variation, But in one o1' two 
details the reslflts are lmexpected. First, in T~'adescantia c~'assifolia a 
munber greater than that in the parent was twice fmmd. This wotdd 
occm' ,~s a restttt of what we may call "double reduction," where both 
the chromatids of one chromosome pass into the same nuctet~s at the 
second telophase 1. The possibility of stxch an occxu'rence in qxxach'ivalents 
of a tetraploid Dahlia has been considered by Lawrence (1929). This 
might well restdt from the small size of the lmivalent fragment in the 
one case, and h'om the normal com'se of ql~drivalent pairing and sepa- 
ration in the other, 

The second point is that an apparent inverse correlation is noticeable 
between chromosome number and fragment mmlber, both in Medimn 
Blue (No. 1) andin the variety montana. From the observation of meiosis 
where fragmengs occm' (in humilis) I can find no mechanical explanation 

1 L o n g l o y  (1927) dcsot~bes ~he p roduo~ ion  of ~ -F 2 ft. b y  2~  + 1 f. p~reu~s as  ~he r e s u l t  

o~ " n o n - d i s j n n o ~ i o n , "  bn~ ~he ~ppl ioa~ion of ~his ~erm ~o t;he / a i lm 'e  of ~n equ,~i~iomfl 

d i v i s i o u - - g  divis ion,  Chg~ is, of  e l e m e n t s  ~ h ~  h a v e  n e v e r  b e e n  s e p a r a t e - - s e e m s  a. l i ~ l o  

omlfusf l tg  
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o1' bhis a, ssooi~l,ion, buls ~ gm, obio~d {;xtd;uu~l;ion is nols l%r Iso seek. A g ive .  
l'nl, gmc.ls m~y ca, t ry  m~dscria, l bh:d; is :~,l]'e~(ly rc[n'cscnlsed ['otLr lsimes, ~s 

Fig. 60. ~ = 13 (no fragment;s); no ts  ~noma~lous dissimilarity o.~ ~wo half-chromosomes ~t 
5 o ' c l o c k .  

a. Chromosome t'rom ~not;her mct, a~phaso in which onc-h~lf of ~ fr~gmcnl~ is ~pp~ron~ly 
joined ~o ono-h~lf of the chromosome. 

F i g .  61 .  n = 1,1 -I- 2 ft. Nol,o cln'omo,~om() a~ in .Fit~. 6 0  a.  

a. Third oxample of tmeq m~lly t~i,l,t~eh(,d [ra.gmeni~. 

mosl; o1' l;hc nn~i;cri~d in l,he or(l.im~ry chromosomes o1: l;he l;cl,r~q~loid 
mus~ be. Bu.l~ il~ i~ more likely, e~ped~lly il ~ ~my o[ l~hc fn~gmetl~s ~,r~ 
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bivalent (as wi~h the pair in humilis), that the same mater~al is only 
r~prCsented again two or three times in the ]argo chromosomes ; in other 
words that the chromosomes which have act,ua]]y ~ufferecl fr,lgme~lt,a- 
tion ':~re still ]?resent, d.efi.citmt in the maOerJ,d which is c,~rrJed by the 
h';~gmen.ts. 

:Fig. 62. n ~ 11 + 2 K. Nol,o I,ho dlfforcnco [1l ,~[zc uf l,ralmnt. [tt tho lwo i'ragmoah~. 

Fig. 63. n -~  12 + 2 ft. New fragments ,  two k%rger t h a n  normal ,  l wo smaller, are 
f~fling to dividm 

In this case a set of six chromosomes in this plant need not be 
supposed to be a full complement in the absence' of particular h'agments. 
Therefore in certain pollen grains where the complement is short of 12 
the presence of some of the fragments will be necessary to viability, and 
from these pollen cmmts a class will be eliminated with few fragments 
and less than 12 chromosomes. I~ follows that there is no simple inverse 



C. i). I)AI%LINGTON 247 

correlat:ion, but  that we probably have here three separate factors 
operating : (i) an original higher proportion of pollen grains with chromo- 
some numbers below the mean, owing to loss at meiosis, (ii) au original 
higher proportion of pollen grains with fragment numbers below the 
~mean for the same reason, (iii) the elimination of pollen grains with 
certain fragments missing and wi~h less than the diploid number of 
chromosomes. A deficiency in certain of the haploid combinations from 
b~'evicau~is would similarly accmmt fro' the excess of its 10-chromosome 
pollen grains. 

In. T. cq'assifdia variations occm'red that could only be attributed 
to changes at meiosis. Large tra'bants not occm'ring in the parental 
cells or in other pollen grains appeared i:n several divisions (Figs. 5~ b 
and 55). In one cell a fragment with a sub-terminal constriction was 
fmmd (Fig. 5~i a), longer than those fmmd in the parent. One pollen 
grain, with seven chromosomes and a normal fragment, was evidently 
the result of non-disjunction. Occasionally attached[ to the end of a 
chromosome at prophase is a small mass of nucleolar material that 
might be mistaken for a trabant. 

7. C~EN]~I%AL 0J3SEI%VATIONS. 

(i) F~'acjmentation in Tradescantia and Fritillaria. 

From the present studies of fragmentation in T~'adesca~ztia the 
following conclusions can be derived[ : 

(i) Fragments arise at the prophase of meiosis, and not, as in 
Uvula~'ia (Bdling, 1925), at anaphase. 

(ii) Fragments arise as a result of the splitting of a chromosome at 
any point along its length, so that in size the new fragments may bear 
any proportion to the whole chromosomes (Figs. 63, 71 and 74-). 

(iii) New fragments sometimes develop attachment constrictions 
which are evident at the first post-meiotic division. All those which 
do so bear a certain relationship in size to the whole chromosomes. 
Those which do not are larger or smaller and can be seen degenerating 
at meiosis or at the fu'st post-meiotic division. 

(iv) All fragments found in the population of varieties and seedlings 
studi'ed agree in size with those new ones which are found to develop 
attachment constrictions (Figs. 6~i-66). 

(v) The pairing of fra,gments at meiosis is irregNar but shows that 
they" may be hoinologous either with terminal or with interstitial por- 
tions o:f whole chromosomes, as well as with one another. 
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Smmnarising these conclusions, we find that while fragments (as is 
t;he case ~dth polyploids) can al~se almost without restriction, ~hey can 
only be perpetuated subject t;o ewe important; restrictions, the one 
mi~otic, the other meio~;ic. Other cases where fragments have been 
s~adied extensively, even more extensively than here, yield tess decisive 
results in regard to the holnology of the fragments and the conditions 
of their sm'vivM. In @'epis, for example, Nawaschin (1926) has found 
fraglnen~s and corresponding losses of parts of chromosomes, buC the 
classification of types of chromosome change based on these discoveries 

Figs. 64-66. Som~tio men,phases from 0he roo~-~ip of Trcule~cc~ntla vlrgln{ana. 

Fig. 64. Vat. caerMect fl .  pl. 2~ -- 24 + 1 f. 

seems to some extent empirical, for such Stl'UCtltral changes as probably 
occm' in C~'e2)is express themselves at meiosis (Nawaschin, 1927), not in 
exceptional types of association but in a failure of pairing altogether x. 
Similarly in Zec~ the material has no~ been favom'able for the geneticgl 
identification of ~he fragment;s, and the remarkable abnorlnMities found 
by Kuwada (1915, 1919) and I%andolph (1928) remain to some extent; 
unexpl~ned. For example, Randolph has found four snpernume~'arics 

i This in doubtless connected w[~h ~he f~c~ ~lt~ even 1ruder ~he mos~ f~vom'~ble eon- 
all,ions--of p~iriag be6weou idon~ioM chromosomes--only t~ single chh~sm~ in established. 



C. ]D. ])AI%LINGTON 2 4 9  

which m a y  fo rm a quadldvalent  or any  smaller association. Yet  i t  is  
scarcely credible tha t ,  in  addi t ion  to the  diploid eoml)lement  , there 

Fig. 65. V~r. Tal?low Crimson, 2n = 24 + 4: ft. ; fr~gmengs numbered. 

Fig. 66. Vm'. ]%'[cdium Blue (No. 1). 2n -- 24 + 5 it.; fragments numbered. 

should be  foltr homologous elements corresponding to one 1)art of the  
diploid set. I t  seems more likely t h a t  these observations,  and  those of 
Kuwada ,  who found  v ~ i a t i o n s  in the  munber  of bodies at  meiosis, are 
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comparable with those of Tradescantia bracteata and T. erassifolia, where 
five bodies are often formed instead of six. The behaviour of the Zea, 
fragments therefore points to the ocmm'enee of segmental interchange 
(see Section 7 (vii)). 

The development of an attachment constriction in a new chromosome, 
as found by Nawaschin in C'~Wis (1926), is seemingly an essential con- 
dition of mitotic life, and we therefore have bhc new types of chromosome 
in Tmdescantia limited to (i) those wNch have suffered loss bug retain 
thcb: old attachment constriction, (ii) those fragments which develop 
a new attachment cmlstriction, and these have a certain limited range 
of size. The effect of this size restriction is seen in the species of Trades- 
can~ia with higher numbers and smaller chromosomes than Tradescantia, 
virginiana, a question I will retalrn to later. 

It  is interesting to find from a study of the somatic chromosomes in 
the genus Erigllaria conditions rather similar to those suggested in 
Tradescct, ntia. In a variety of 2~. im2)erialis , the permanent complement 
of which has already been studied and described by Taylor (1926), six 
small fragments have been found (Fig. 69, a-c). Thase are of a limited 
size range and bear the same proportion to the major chromosomes as 
do the fragments in Tradescantia. When we consider the permanent 
complement however we do not find in either genus the extreme dis- 
parity of size that exists between the major chromosomes and the sN?cr- 
numeraries or fragments of ~'rctdesca,ntia or Fritillaria. For example, in 
F. im~)erialis (Fig. 67), F. Meleagris and F. latifoga (Fig. 68 a) ~here 
are 12 pairs of chromosomes, 2 with sub-median constrictions, and 10, 
about half the length, ~dth sub-terminal constrictions. In the related 
species, P. ruthenica, there are only 9 pairs of chromosomes (Fig. 68 b) 
but  the types are represented in dit~el"ent proportions, 5 sub-median, 
long, ~- sub-terminal, short, l~eference to the ilhmtrations will show that 
the two species correspond closely if we assume that three of the sub- 
terminal pairs of F. ruthenica have broken in the middle to give six short 
sub-terminals. The analogy between this case an([ that of the relation- 
ship of T~'adesca, ntia virginicma an/[ T. navicuIaris is fNrly close, and 
shows that similar processes are at work in the two genera. 

The second type of restriction, imposed by cond itiona at meiosis, is 
probably not applicable to these two genera alone. Work on tIyacinthus 
(Darlington, 1929) showed that the number of chiasmata, on which the 
pairing at metaphase seemed to depend, was proportional to the size of 
the chromosomes, so that  although the long type of chromosome nsuMly 
had tiu:ee or four ehia, smata the short ones rarely had more than  one. 
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(l~he same type of va,ria5io~ size a,~ld chia sma frectueney apparenSly occurs 
in U.~da~'2a, (Boiling, ]925). I5 seemed 50 follow from ~his 5ha5 ghe 

Fig. OT. Somatic metapLase fyOlli l.}lC root-t ip of f r l t i / l r tHr t  M~,l~eri~tlls; ~ = 2~  + 6 if. 
Four  cLromosomes with sub-median,  20 wish s~}>te.rminal constricfiions. 

Fi/. /18 a. 

ol~he.rwi~, r.hia~n/o,-form~.I~icm i l l  1/~/~c.i~/t.t~.s' is /iOBe.d I~o seenro ~;cgul~r 



"Fig. 68. $omr nLebo~])hases fl'om tile root-tips, a0 of Yrit i t la,r ia lat~foIir (2~ = 24 i t~nd 
b, of IJ ~. 'rl~,lhe~ictt (2~ = 18). Indixddlta.I chromosomes picked oti~ frolu a complet~o 
side view. Types marked (snb-nledia.n, ~lt) o1' l:mmbcroc[: 1-5 "wit,h snb-n~,edi~lt, 6-8 with 
sttb- termint~! r 



C. -i ). ])A]~.I?,IN(I'~'() N 2 5 3  

pt~irillg in I,lle dil)loid ot! I,he V;~l'imts I,ypes o[ (dlrolnos~m~e,q bel~ween 
which 6hCl'C is a gl'ca6 (liS(~l:Cl~a11(:5~ o1! size, bc(~au,~(~ 6110 longer om~s lltWC 
iiItllle, rolt,'-I (dliasmaga; bug i6 is iio1,/il,6cd 6o ,~cmu'c 6110 regular t!ol'nlagion 
~t' (dli;~sm;~6~, and regul~r a,ssocia,6io~l, bol~WOOll t~lm~e (~hrOll~OSOm(~s of' 
l;he shorl, 6ype. 

]i'ig. 69. ~Smm~bie fr,~gmeubs t'rom roo~-t,il~ meSa,phases drt~wn sela~u'ai;ely. 

d ~. ~P~'c~d~,~,~a.~lr vb'(/b~,,ic~,~,cc v~m l~'lodimn .Bhm, No. 1 (vii), 6 fr,'~gm~nl~,~. 
J; Mcdhm~ Blue, No, 1 (viii), 5 l'r~k~mont~s. 
,q. M~dhim Bhm, No. 1 (vi), 5 fr~gmonl,s. 
It,. Medimu Bhm, No. ] (i), d. ]'r~gnwul,s. 
/c. T:rplow (~rhusoi~, ,I t 'ragmmd,s. 
[. J|/oM~t'~tt, 2 fra,gm~ml, s. 

This covv(;lusion is in a(~(~ov'(l;m(~e wilJ~ I,he observ;~t)ions ol' Clol,oh (2192,'1) 
:~ml ]:felling (21925) on ,%ca,/(~, and [~ougley (21927) ~md I~,an<lolph (21928) m~ 
Ze(t .  ]11 (~,[/,(Ill ot! [;}10st ~, (li/,Sos NIIII/,II I'l';~,gll~Clll~ed (~]lronlosmnes I'a,i[ h~ pair 

, h mrn ,  of (hm.  xx .  17 
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regularly with presumably homologous partners : their ehiasma-frequency 
is too low. The bel~aviour of the fragments in T~'adescantga is still stronger 
evidence in favom' of the same conclusion, for the size difference between 
fragments al~ld whole chromosomes is still more pronounced. Pairing 
of t/he homologous fragments is a relative rarity. It  is therefore a 
working co~'ollary of the principle that metaphase pairing is determined 
by ~l.~e random formation of ehiasma~a a~ diplotene, that gross changes 
in the size of chromosomes will interfere with the regularity of their 
pairing at meiosis. 

This means tha~, in so far as sexual reproduction is important in 
maintaining the species, fragmentation will be restricted so that only 
such of i~s products will survive as can pair regnlarly at meiosis. The 
faeb that we have forms of ~g~'adescantia vi~yiniana with fragments tha~ 
do not answer to the reqtfirements of meiosis merely emphasises the 
unimportance of sexual reproduction in preserving t, his species. We may 
remark, parenthetically, that the same conclusion is to be drawn from 
the relatively au~-polyploid condition of is. vi~'giniana. Its chromosome 
sets, although of eollrse differentiated (more struetm'ally than genetically 
perhaps), may be said ~o be more or less ind~fe~'ently d~ffe~'e~ztiatcd. It 
does not affect the question of the conditions' under which its relatives 
have probably varied, and such species as T. nayicula~'is and T. flumi- 
nensis have developed their characteristic chromosome forms. These 
species are probably derived from ancestors reproducing by seed-pro- 
duction, while T. vi~yiniana itself has drifted into an evolutionary back- 
water in which vegetative i~opa~ation h as become excessively impm~ant. 
In a seedq?rodueing specieS,% .~Ign as Rhoeo, chromosome sgruetnre eoald 
change effectively only a~-'~.~r~hanged in tf~'itilla~'ia, by the breaking 
of chromosomes into two almost equal halves. It  could not change by 
production of the mitotically satisfactory small fragments because these 
are incapable of regular ]?airing at meiosis. It  is for this reason no doubt 
that the related species with 2~i to 38 chromosomes (Zeb~'ina pendula, 
Dicho~'isan&'a thy~'siflo~'a and T. navicula~'is) show two types of change 
relative to Rhoeo and 2". vi~'ginia~na, namely, loss of smM1 parts, and 
bisection of the whole chromosome: but they do not show the survival 
of the fragments fOllnd in f .  vi~'giniana,. Such species as T~'adescantia 
fiuminensis and Tinantia fugax (most of whose chromosomes closely 
resemble the fragments of 2~. vi~'giniana) have arisen probably through 
such intermediate types as T. na~icula~is, and not directly by the survival 
of small fragments. For each chromosome type there are two possible 
types of fragmentation that we m~tst distinguish : effective and ine:ffective. 
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~'Ve ~l.o ,tot; know how fro' fr:~gmenl~ttion of ehro~nos~,mcs occurs al, 
,'~mdom in otbe, r grollp8, })ui, it  is evident l:haf, the re,~trietious t~ whieh 
if is suhjeot at'i;er the moment of origin must serioasly limit its in> 
port,~noc. I ]l[;Rrt? e{zililiel ' remarked, Ja e.asJderiag gibes (1.929), I;hal, 
I 'ragme.tation, when eff~etive, is t,~, ~ gr~l,t ~:xtcat iaeomlm,t~ib[e witJ~ 
freedom of hybridisa, tiou.. This is in~lie~t,t:ed by Seiler's t'<sltll;s ~t[1 
i%'.g,..~,t, obia and Louglcy's wil~h Zea, whore irrsgula,rities b~ the s~.gre- 
Xalion . f  l'~'agme~ts follow I~heir pairbtg, iu I,he one. ease, wil, h whole 
e, hromosonles, in IJ~e other, with Jel'~glitenl,s like thoulselves. ]{~ J,~ nol~ 
l;hel'efore .qnrprisil~g @a,t: i> re:my gr(~t pl~u.i goncl:a, such ~ts .l,',os.,, 
Rub'us, P'rmvus, R, ibes, Arena and T'r'itic'~mt where hybridisalion and 
seed-prodlmtion [)lay a ,  important  i)arl,, cffecl;iw~ fr~tgn~enl,:tt:ion is 
;tb>ml. k'lcunaa~?s critie, is~n (]928) o1: the remark Lhai; frg~gmcntatiou 
w,~s of [itt~]e .phylogcueti(; c, mscqm:uec in the,~e groups, on the ground 
I;hal, he had act, ua, lly [ouud fragments in I?,ibe,~, d~es ~ol, meet t;he ease. 
I t  is not~ thai; fragmeats do nol; oocur. It, is I;ha,t, occurring, the)" will 
t,end to be elJmin:~te~l in the eom'sc of sexual rein'eduction hy t,he con- 
ditions of meiosis: fi';~gmcni,~tio,t is therefore ine:ffeel;ive. 

it is not cle~,' how .l'a,r gross ell;rages ~f sl,l.'11cd,uro are distinct t:l'Olrl 
gm~otic~d cha.,~es or "mut~,f,io>s," but it see~ns cTidcnl; theft, whatever 
effect muk~tious ,nay have on limiting hyl~ddisation, tho et~bet of ,~i.ruc- 
Land cha~ge,~, fr:~gment~ation ~s well as obbers, must be at  lea,.~t :~s 
dr~tsgir :1t: is ou[y wh(:re snell changes have dev(:loI)ed uuder ,strict 
genetical contwo], ~s in Oe.ot/wra :rod Rh, oeo, tlu~t l;hey are compatible 
wit;h nlodcrate regularity o[ segregatfio,~. Whe,'e, a,s i]~ B]:~ke4ee's b(~at~a 
hybrids or in J~Iglca~sson's (/od,'tia c .noen.-g.  Whit~.,y,i e]'c,>s, the seipa,- 
ral,cd l)ro~[uel,s of sl,ructm:al eha~ge are brought I~ogcbher agab~, the 
result is im'egulaHty in ~,mi(,,~is or eve.  complete sterility. 

(ii) Ohromosom,, ,Size aug (.Jell, Size. 

Variation in size of corresponding chromosonms iu nu;teda] from the 
same iudixddual ean as a rule be pug down be vm'ial,ion in the efficiency 
or flx~lJou, L,t' ~,he shapes of the: el~romosomes in &ese cases ~shcmsclw:s 
indiea, te such va, dation. I1, is, for example, t'a~i~'ly oh:at I~hat; fix:~tion i ,  
tbc polle, grMn,q of 2',r.de.,r is not r wii, h tha t  obt~ined 
in the root-tips. There is eonbraeLion in the hmgLh of tll~ e]~l'o>~osomes, 
aml the three tr~tba,~ts char,~ebcrislde of the t;Hploid, ~md the four o1' the 
totrgploid, l'~,ob-t~i]?s (alt;houg]~ nol~ always visible on :meonnl; of the 
ehronmsomes l,viag in the line of vJ.~ion) are 1.~t often ]'ouml in tlle 
polle]~ grains; although they shmdd ~dw~y,~ bc clea,r. In Hyc~c/~Lth,s 

17 2 
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TABLE IX. 

M e a s u r e m e n t s  o f  Longes t  Chromosomes .  

:P~oo'~-'~ips Pollen grMns 
(lb'deasla, brevifolia (4n) 10'6~ - -  
Rhoeo discolor (2"~) 10'6/~ 7.3/.~ 
S'ph'onema, ,frag'rans (2"~ 0 13' 1/~ - -  
Zebrina pendula (4n,) 14,0 i.t - -  
Tradesaantia c,rass~ folla (2n,) 14,41.t 7.41.t* 
T. virglniana fomns (4n) 18.8 tt 1.5'6 i.t 
T. brevicazdis (3n) i4'61~ (a) 13.Ot.t']' 

(b) 7.6~'1 
Hyacinthus orienlalls - -  21/~ 21 i.t 

* Ilfferior llxgCiml; shgpo of chromosomes no t  ~t~ M1 compgrM)lc wi~h root.Lip m,~CeriM. 
1' CL T~ble V. 

Fig. 70. Fig. 71. 

Figs. 70-76. 13~o~]?h~sos of ~ho first pollon-gra~in division in Tradescantia 
virglniana v~r. brevicaulis, 

Fig. 70 Smear  184; n = 10. 
Fig. 71. Smear  181; n = 9, l~rge new f ragment  dcgencr~ing.  

orientalis, on the o~her hand, I have found root-~ip fixations and chromo- 
some sizes in ~he pollen grain closely comparable. There seems no reason 
~o doub~ ~hat the size of ghe chromosomes is really the same in roo~-gips 
and pollen grains, and t)hat) diiterences between them are incidengal go 
fixation. 

In 2~'adescantia brevicaulis, however, one prepara,tion of pollen gra,ins 1 

1 Smear 183. 
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proved ~o be quite dis~inc~ lrom ~he o~hers bo~h ot:. 13ollen grains and 
of roo~-bips from ~his individml,]. In this preparabion 12 divisions were 

Fig. 72. Smear  181; n = 9. New constrictions in scver~l chromosomes.  

Fig. 73. ]Fig. 74. 

Fig. 75, :Fig. 76, 

Figs. 73-76. Smear  183; small  r [l~t th0 same m~gnifio~tion 
as the ogher illustr~tions (• 2800). 

:Fig. 73. n = 8. 
:Fig. 7<1, n = 8 + f. (now f ragment  o[ normal  size, no t  degenera.ting). 
Fig. 75.' n = 8~-, one chromosome has sut~ered f ragmenta t ion  a t  the 13oiltt of at tachmenla 
Fig. 76. n =  10 + b. Extra-nuclear  body of degenerating chromat in  material.  Olle 

chromosome shows a second constriction of a type  occasionally seen. -Two chromosomes 
have  similar traballt8 not  Seell elsewhere in pollen grahts or root-tips. 

examined, four of which are illustrated (Figs. 78-76). They show ~he 
same ~ype of segrega~im3, as is formd in ~he o~her smears (see Table I) 



258 Chromosome Behaviour and Struclural Hybridity 

and the pollen grains are of the same size, allowing for slight differences 
between individual grains. Moreover, the same di~crcnccs in the qllality 
Of the fixation occurred in this slide as in the others. Smears 183 and 18& 
were both fixed in Benda's solation. 

The only possible explanation of this dit~ercnce seems to be a somatic 
mutation governing the size of the nucleus as a whole. I t  is the more 
interesting in this individaN which must, it would seem, be regarded 
as a hybrid between a diploid[ and a tetraploid (see Section 7 (vi)), for 
the size of its chromosomes is actllally intermediate between that of its 
diploid[ and tetraploid relatives. 

The change considered here is essentially one of bNk and has no 
relation to the change in shape at meiosis described in Matthiola (Lesley 
and Frost, 1927) where change in balk is not involved. It  is never- 

Fig. 77. An~phase group from the first pollen.gr~fll division in the vsrle~y 
brevioaul~s; n = 9. Note "interstiti~l trsb~n~." 

theless possible that the chromosomes of this mlltant form might be 
more than proportionately shorter at meiosis. Some sllch change in the 
mass of the chromosomes as a whole midst have played a part in the 
evolution of chromosome form in the fradescantiae, to judge by the 
comparative size of the chromosomes in species of this grmlp. For 
example, although chromosome form in Rhoeo is strictly comparable with 
that in T~'adescantia vi,rginiana, the chromosomes as a whole are de- 
finitely smaller, and in Cyanotis somaliensis we seem to have an extreme 
example of the same type of change. Variations of this ldnd are sllggested 
by tIeilborn in Oarex (192~I), hilt it is not clear from the simple stlldy of 
�9 the pollen mother-cell divisions what part fragmentation may have 
played in prodhming changes of chromosome size in this genus. 

In order to test whether this difference of chromosome size was 
associated ~dth change in cell size, pollen grains of both types in which 
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mebal~lta.se divisions ha.d been counted were ch'a.wl~ in outflino, wif.h gho 
restfl~s shown (]~ig. 78). The  size of t~he gra.il~s is of a. regtfla.ri~y l;h~t 
could sca.rcdy ha.re been expect~ed. Of ghc seven pollen grcdns of 
smea.r 183 illust~ra.t~ed, five a.re nol~ m a r k e d l y  sma.ller t~ha.n ~he polien 
graitts f rom ghe etcher slides t)hat~ were compa.ra.ble in rega.rd go chromo-  
some number ,  bhe one witch nine ch romosomes  and  a fra.gme~g c~nnog be 

8 "181 -18"1 181 / ~ ' . '  ' ~ /  

!8L~ 182 

11 18t 
184 

li'ig. 78. Plarn oub[iuc,~ of pollen /v:dus :~,b bhc I,imc of fir,% migosis wibh 
bho, 11|1111])1~1',~ ()[ b]l(;il" t~]IFOIIIOS(I]I/O, (~Ollll)](~,]l/(~,llbS. 

'/'rm/rv;CO'r~ZErt, vh'~/L, dU'r~,~rt v;u'. brcv;C~rrMi,'~; ~'~, : 7-1 I. No. cff :did. ( 18 I-.1) i.,~.rL,~xl ou u, uh 
pollen /r:fi.. 
b. An  c xbr;Hmch~:u' body ]n'c~cnb. 
J'. A fr:~gmonb, e. Eizo oxecpbionaJ. 'i. (Jhronlo,~oine, t:omph;mcllb ilhtsLr:~[,ed, 

s,q,id be ha.re a.nogher com]m.ra.ble wigh ib, zmd only bhe seven gh, l;he one 
wif, h bml chromosomes ,  shows an a.ppa.renbly reduced  size. I coltclttdc 
bha.t~ t~he ch.a.nge in ch romosome  size is independent~ of a.~_ty general  
genet~ic change,  a.nd'ghe observa.t~ions su.pport~ t~he view t~ha.l~ ig is due ~o 
a single fa.ct~or muba.bion. 
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Taking the observations as a whole, insufllcient bhough they are for 
any final conclusions, we may consider the variation in pollen-grain 
size in relation to chromosome number. The chromosomes of brevicaulis 
being of approximately equal size we should expect, other things being 
equal, increase in pollen-grain size from 7 to 11 chromosomes. Such 
observations of pollen-grain size as have been carried out in relation to 
chromosome number indicate a very close connection between the two. 
Belling folmd in U'vulm',ia (1925) that diploid[ pollen grains were 1.25 
(i.e. approximately ~ / ~  times the diameter of haploid. De Mol's (1928) 
single ilhtstrations of haploid[, diploid[ and tetraploid ttdip pollen grains 
show a propm~ion in diameter of 1 : 1"38 : 1"6 respectively. Thus, al- 
though the diploid is larger than the expectation, the haploid and tetra- 
ploid are approximately in the volume proportion of 1 : 4. This is the 
case so far as the extremetypes are concerned[, but  M1 five pollen grains 
with 8 chromosomes arc smaller than any of the three with 7 chromo- 
somes, while those with 9 chromosomes are not significantly larger. 
Thus, lmlike the results of cross-fertilisation in fishes and[ echinoderms, 
the variation here shows the immediate effect of a change in the nucleus 
on the metabolism of the cell (cf. Loeb, The O,rga~ism as a Whole), 

This "sag"  in the cell-size curve seems to be in accordance ~dth the 
view that growth depends on the balance :between chromatin elements. 
We are here dealing with the simplest type of variation in genetic 
balance, in which different proportions of the ehromatin material are 
merely reduplicated. For the purpose of comparing the degrees of im- 
balance a satisfactory method in this case seems to be to consider the 
balance of every possible pair of chromosomes, and to take the relation- 
ships of every pair as of equivalent importance (for the chromosomes of 
b~'evicc~ulis do not vary in length more than one-fifth). Th,~s between 
A, B, C, D, E and F there are 15 different rdationships of pairs; in the 
7-chromosome individual (pollen grain) of the constitution, for example 
AABCDEF, five of these relationships are abnormal, ten normal; in the 
S-chromosome AABBCDEF indivdual the one relationship between 
A and B is normal and also the six between C, D, E and F, while eight are 
abnormal. In this way the scale of unbalance of the pollen grains varying 
in number from 6 to 12 will be: 0/15, 5/15, 8/15, 9/15, 5/15, 0/]5. 

If the degree of unbalance follows any scale of variation such as this 
the drop in cell size between the 7- and S-chromosome types is explained. 

Fm'ther, it will be seen that a fragment may increase imbalance or 
diminish it. If, in this example, the fragment is a triplication then the 
unbalance will be sharply increased, especially with the lower chromo- 
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some lmmbers. If it is only a duplication it will slightly increase the 
unbalance with chromosome numbers of 6, 7 and 8 and reduce it with 
chromosome numbers of 9, 10 and 11. Hence the difference of size 
between the two "9 + s  pollen grains in opposite directions may mean 
merely the difference between duplication and triplication. 

Fig. 79 a. 

l~ig. 79 b. 

]?ig. 79. Ptan ou~tlnes of pollen gr~in8 ag ghe ~ime of firs~ mNosis wiN1 ~he numbers  
of flmh' chromosome eomplemcngs. 

a: T. vlrgi~b~a~a va t .  eongesta; n = 11-13. 
b. T.  v~rgb~ana, Medium -Blue, No. 1; n =  11-14. • 620. 

The obvious we~kness of the simple scale of unbalance is that it 
does not allow for the importance of the relationships of the fractions 
of the chromatin material that have been reduplicated, being probably 
greater than the relationships of those that have not. The complement 
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with 11 is shown to be as "embalanced as thaC with 7, whereas it  probably 
is not. This does not affect the question of the sag between 7 and[9 in 
the cm'vc o.[ size, berg, whe~ we come go consider gh.e pollen grains of the 
l;el:.ral?loi.ds , wc have this and another complication, for some ha,re ~.o3~.- 
rt~duplicrsbed (shromosomc, s (l,hosc wil;h ] 1.) ~~,nd ot;hcrs Im, vc l,dplical~cd 
chromoaolncs (Idmsc wil, h ] :$). Morcow;r l>he san~ph',s o1: tshc polh,,n gr~~ins 
~ti t,hc l)cl)raploi~ls cx;m~in(',~l, I'mm l, hc numl~cr-I'l:cqm;~mics aml cm'rcl~- 
[)i~ms ~liscussc~l alrca~ly, ~rc cvi~lcnl;ly very sch;cl,ivc. ]1; is nol, I,h~;rcl'orc 
SUrl~rising thai, l, hc polh;~l gr:~ins o[ co'~,9c, s/,rl, (l~'ig. 79 a,) show uo signilicanl; 

(/)!h(.) ) 

Fig. 80. Plan ouglhm of d r ~ d n g s  of pollen grt~hls of Rhoeo dfscolor. The gop %we rm),s 
arc from a slide h~ving 6 and 7 chromosome pollen gr~ins in She proporglon of 11 : 6. 
The bogtom Swo rows ~re from gwo slldes in which ghe In'oporgion was 12 �9 1 and 
6 �9 1. The number of chromosomes is given in each ougllne. 

difference between the number-types and those of l\{edium Blue (No. 1) 
(Fig. 79 b) hut  a slight advantage to the diploid pollen, grains (with two 
fragments). 

We may conclude therefore that  the evidence from b~'evicaulis shows 
a sharp differentiation between the members of ~he chromosome com- 
plement ia T~'adesca~t'ia, but  tha t  the variation in size of the pollen 
grains with nmnbers from 8 to 10 shows tha t  ghe degree of dil}erentiation 
of the several chromosome types is not equivalent. 

Two more sets of observations on pollen-grain size may be noted, 
alt, h.ough the conclusions to be derived from them are more or less 
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negabive. In Rhoeo bhere was 11o signifieanb diff.ermme bebween pollen 
grains wibh six a]ld bhose wibh seven chromosomes, nor were bhere bwo 
disbineb hypes wibh six, as might have been expeebed on t~he analogy of 
bhe genebie eondibions in some ring-forming Oe,r~othe~'a species. Size was 
f,'~irly eonsbanb in parbimflar smears bnb varied much bebween differenb 
smears (Fig. 80). This can be abbribnbed go bhe difference in bite el]araeber 
of bhe sample because the slide wibh large pollen grains had a higher 
proporbion wibh seven ehromosom.es. Ib is plausible bhab bhe average 
period of developmenb should be dif~erenb in bhe bwo classes :t. Early 
and lal;e s~mples would l~l:ten give differenb proporbions of bhe gwo ehtsses : 
they wmtld also give {~ diil'erenI~ range o.[' sizes. 

A l~u'ge mtmbm' o1: drawings el ~ polh:, gr~ins of tl:il)lohl layaeinl;hs 
(t,he ehroHmsome (~.nsbil,ul;iol! ot: whi(dl h~ts been ~th'<tdy desm'ib&l, 
:l)~trli.gton, :192(;) ~tls<)g~tv~; incomdttsive resttll,s. .l'~trl, ictthtr IIHIIII)(H'- 
I;ypes wm'e exl;rc:lm;ly v~,'i~tbh; in size;, ~tlthottgh ~t diploid i)olh;n gl'~tin 
w~ts dellnil,dy htrger them ~u~y with il~tm'lm;dhtte llttlllbcr8. (}onshler~d)h; 
di[l:erelmes wm'e ]mti(~e~tbh; bebweell I;he wtriel,ies sl, tulied in genm'~tl size. 

I I I  COll l l (~,(~[; iOl l  wil;h bile, O(~(~ttl ' l '(ql(~( ~, o f  a IdLysi<dogi(:~tl dill:e.r<d;i~tl, i<m 
bol;weml the l)rOl)m'l, ies <)I: I;he cltr<)u~<)s<)mes i t  is worl;h whi le (~<msidm'ilig 
I,h~tl, v~trhtbhms in I, ho degree <)I! I;his ditt!m:mlbhtbhm i.  ditfm'ent Sl)eeh;s 
lusty be due to vCt,'htbh,,s i ,  I, he Idml o1: strttel,ul:al (HlCu~ge I;:tking plCme. 
l~'m' e~r , row;rsCtl wil;h rer162 will inm'eCtse I;he dill're'else 
bel,ween (Hn'<Hn<)somes; tr~msl<m~tthm wil,h redttlHh~:tthm will redtt(~ethem. 

(i i i) s ~J' She (lh,r,mzos,m~,ex (~,,z.d, T,r(d)a,,,z./.s. 

.AI, bite first mel;aphase of meiosis in 2/'. vbrgb, z/c~,~zr~, I f.otmd an al)l)arenl; 
sj.)iral S[)l 'nel;nl 'e 81l(311 Its ha,q been t:requenbly s e e n  hc l ' e  and elsewhere. 
Ib is seen, as Belling has observed, in chromosomes thab have been 
pressed h~ smearing. A study o1:. bhe somatic dn.'omosomes suggests bhat, 
in accordance wibh bhe eoneepbion of a spiral sbrnebnre, they appear go 
be cylindrical ab the ends. This is parbieNarly dear in early mebaphase. 
This inberprebabion is in agreement with the freclnenb al?pearanee of 
division at the ends of:the ehl'omosomes ab anaphase--the appearance 
of anal?hase dnaliby so ofben re~erred go (Darlingbon, 1.926). For if a 
hollow branslneenb cylinder is examined in the plane of ibs axis ib appears 
as bhongh in seebion, that is, like two parallel rods. The traba,nb generally 
found in 59_. vi,rgi~zianct appears go be boo small go a:f~eeb the normal shape 
of bhe e]~d, and the ilh~sbrabion (Fig. 81) shows how ib may arise from a 
definibe poinb in bite cylinder wall., nob corresponding in bite bwo half- 

Of. Seot~ion 6 (i). 
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chromosomes. The explanation of the appeaz.ance that seems most 
n atnral in this case is that the point to which the trabant is attached is 
the, point at which the spiral thread ends Rs coil. Where the tra bant is 
larger the connection that it has with the rest of the ohromosome becomes 
physically anMogous to an ordinary constriction. 

Other illustrations (Fig. 81) show variations in their al)pearanoe 
which may make the determination of small trabants difficult. 

The attachmenb of fl'agments to chromosomes, o1' rather half-frag- 
ments to half-chromosomes, at the first division of the pollen grain, and 
the similarity in appearance between this attachment and an ordinary 

:D'iV. 8J. Ifm'ms o[ Lrt~l)a,nl,s a,tid ,qt~tdlitc< 
a,, I4 d. ]11 'l'r~tde,~ca,~ttZa, vir(Ibt'htna,, c. I n  s ,l)'{qlrU~,g :, 5700.  

oonsl)]'iolsion, sttggosl)s I;hal; oonsl,]'iolsions may ,%rise t'r+ml struclm'a] 
ohll, ngos o]! I;his kind. Now M)bq, ohnloi!l, coit,ql:.l']ol;h)ns at>l+Oa.ri]l g a.lil.cr 
frq, gnlonbq, bJoit oq, ni!ob I)o SUpl)osod I;o have sttoh <~,l~_ I)]+i~i]], lntt  l,h<' 
sttbordJl!M$o OOl!SbrJolsJol!s ll'tJ~,]ll)+ g+l, lld I,]lo oootlr]'olIOO o[ is]lose i] l lnioll iai:t, lv 
i!oxl, I)o I;ho gi, I)btl, olllliOlll; OOl!sl)rJol)JOl! 11! ]ti,/'7o('o, jTlj/,,+'<Jj/f',+fl,(l ~+t,]ll] tho i,rip]oi~l 
,<l,i!cl l+ol;raph)id 5("ra, d,e,sco,'~+l,.P:(t variol;ios is l;horeforo o[ ]m.rbi<Du]ar ii,[.oro+t. 
111 oo1111ool)JOll ',vibh bho ,<l, BB t t l l l p l ) ]O I1  of +~ogn+onl,,<d inf+oroh<~,itgo ~m0do it[ 
sOlilO o1: I;ho,~o }!orlil+. 

(iv) Ck,'ro',~o.~o',~c P(d'r'b W (l,~td UD'&,.~';,a, F<)r~n(~Li(J,. 

The nlaborial has nob provod sabist'acl;ory [or bho ~tu~ly of lhc st,a~c,~ 
o1! l)rophaso bobwoon dip]obono and dialdnosis and tho st~l] earlier sta<os 
o1! l)airiug have nob been l),~u'l;imdarly o~,ca.n~ine~l. A d~aractcq'i,%h: 
zygol;ene was however found i l l  ~"r(t,([c,~c(t'lU.[(t ,l~[.17/.i;~.[(t~(t bHc[ (ll)[cldYffT;u 
'~a,t(x,/e~,s.[.~. 'P]aJs iul;m:l)rel;M, ion is corrobor,(~ted by the al)peara]mc in [he 
tel;l'al)loid of pairs of 1)Mred l;hre~ds, as in totrasondo II:!lC~Ci~d.lt~.~ 
( ] )ar l ington, 1929), and in  Dim l;]:iploid 0T. ,,.D'TDU(~;tu w~r. b;'e{,icc~u/i.s') of 
double and single threads lying ,side by side. Thus the obse]'vat, iol> by 
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Miyake (1905) and I-Lnce (in Zeb~ri,~a, 1915), of parasynapsis in this 
group, are confirmed. B61a~ (1928) is also in agreement with ttfis con- 
clusion, for he shows microphotographs of the normM bouquet  stage in 
T. vi~'giniana, and this he regards ~s ~he clearest sign of parasynapsis. 

The behaviour of all species at metaphase is also in agreement with 
the ~5ew that  parasynapsis is general in the group. Thus in T.rad.escc~.~;c~ 
e~'ass~fobia, (I~igs. 18-22), I'. ,~zct.~ie.~dc~.ris (Fig. 83) and T.i.~a.~tia f~ya,:c 
(Fig. 82) the metaphase bivalents are commonly of the cross and ring 
shapes typically following the mMntenance of interstitial chiasmata 
established at a parasynaptic diplotene. The position in l'.rc~desea,.~ia, 
virginq;ana and Rhoeo discolo,;' is, from the theoretical point of view, less 
simple. Association at metaphase ix, in the former species, largely, and in 

]fig. 82. Pig. $3. 

I,'ig. 82. ])i,,kinc,~is in "fi'.~,~ti~ ,/'.f/..~:. 31 bi,,ah'nt~: o11c po,~,~iblo a~oci;~tion ot a pail' 
or' biv,,lcnI,~. 

Fig. 83. ])it~,kincM,q in 7'rml,:,,~c, fr.,l'ia mtci~'~d~'i,~. Eix ,~,~p:trr hiv:d,ml,~ t,o i11dieale forma,- 
I,ion of ini;crafil,iM chiasma, l,a,. 

),he h~ttcr Sl,ccics entirely terminal, ~o that  the, twiHcil,h-~ of i~,etapha.~c 
I,~firing found in Hfad'r~,/h~t,,s', T',U?a, ]~robably Li//lr (l~dli~lg, 1927), 
and m~my other gcm~ra o[ iAant~ by the ramlolH for~llatioll of chiasttlata 
~t dil,lotcnc c~mnoI~ dirccMy ~H,l,ly. 'lM'milml as~oc'.iati~m i~1 7',Ii2,~ aml 
HMa, e,i,~d,h~.t,,s' w a s ,  h o w e w ~ r ,  s h o w n  to  an,~\v~'r t o  t h c  ~a ,~c  l h c o r e l J c a ,  J re -  

quit'emerita ~s intcrstiti~d a.ssociation. 1~ the: ]att~w this wa.~ by a .  ex- 

ch:mgc of i,artncrs among,% the ckartmut,~id,% a, c, hht,,~ma; il, tilt, I'oHm:r 
the segment dist~d I,o the chia.~ma i.~ r,-dac,~.l to the: II~ili imlll l l ;  \re ]lave 
:~ [(';PHt,'t)ft, a,[ (~]t'~;CC, S'Ht,r162 D i r o o t  o b s t : r v a t i o l l  as  wt']] a,~ f h  t,oroti(',~t,] :t,l'~lllt tOIl|~ 

~u:c in t'~vour of the sm.~: conchL~ion i~ Trad~,~'cu'~di~a ]~ the lh'st [,lac~: 
the associal~ion oF I~hc chromo,~omt'~ caI~ n~aally be SCCII tO })t' doltbit;. 
consisting ol! o n e  cmmcclfion ])o]]w(~oll CLbG]I [)fli F ol' chronu~ti~l,% a~td t, hesc 
commotions m:ky be m o r e ,  or le,~s ~hicl<m:d iu the middle (lfig. <iS d), 
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as thot@~ the distal segments were not, in /hese cases, reduced to the 
minimmn. Occasionally (always where the attachment is lateral-- 
Fig. 41 g) a ehiasma can be seen to be single o1: "imperfect." In these 
cases, a,s has been pointed out, the chromosomes are often definitely 
further pulled apart at this end than at a perfect chiasma at the other 
clld (Figs. d:0, 41 a,). At anal?hase the d oubleness el:. the normal al;tach- 
men/ i s  again dearly visible, one pair o~ ehromatids often separating 
be:lore the other. The same Observations apply where more /ban two 
chromosomes are associated, at one point, a phenomenon which will be 
discussed in greater detail lager. 

In T~'adescantia vi~'qiniana,, although the terminal chiasma is the 
most usual form of association, every gradation ac/ually occurs between 
this and an ordinary interstitial chiasma. The mos~ obvious explana,- 
tion therefore of the greater fl'eqaeney of terminal chiasmata is offered 
bit the possibility o:[ a, movement of chiasmata after diplotene, such as 
has been described in Ph~'ynotetti, (Wenrich, 1916), and is suggested by 
many observations of meiosis in both plants 1 and animals. This move- 
ment in 2'~'adescantia must always be towa~'ds/he end of the chromosome 
or perhaps more properly azoayf~'o~, the attachment constriction. Obser- 
vations (m~published) on slides, of the late W. C. F. Newton, of t]m 
very ~avom'able material of F~'itillaria M.eleag~'is (anlmblished) have 
shown that the post-diplotene stages in/his species are characterised by 
a regular movement of chiasmata towa~'ds the attachment constriction. 
The opposite movement, which I will call "terminalisation," affords a 
sufficient and indeed the only explanation of the exceptional metaphase 
emxfigurations folmd in T,radescantia. 

The movement of terminalisation is analogous ~ no other process 
at division except that by which the two halves of ~ ca~v~,mosome come 
together at the metaphase of mitosis, their m o v e n ~  !~i ~n~ion passing 
away 'from the at/aehment constriction. The analogy is perhaps not 
without value, for, on the view that chromosomes are associated at 
metaphase of meiosis merely by the changes in association of their hMves, 
the condition at metaphase of meiosis is essentially the same as /ha t  in 
metaphase of mitosis; the attraction is between hal:f.-ehromosomes in 
each case. The ditTerenee results f~:om the different eonditio~ at pro- 
phase. 

_The simplest of the exceptional attachments resultil~g from terminali- 
sa,tion is the ,mu/t@/e chiasma. I-Iere, following pairiug of/hree or ~om' 
chromosomes as observed in Hyacinthus and 1'ul@a, ehiasmata formed 

1 As, for ex~mlple, gosonborg 's  illnslx,~l~ions of .Droscru, (1905); ot". :Bgla5 (1928). 
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at random wmdd be terminalised so that the chromosomes a,rc all united 
at one point (el. Fig. 84-, 11, 13, p. 268), and instead of each chromosome 
being associated by a single ehiasma with another, by a double change of 
palSners, that is, so that n eltromosomes arc trotted by 2n - 2 changes, 
the mtmber of changes is reduced to n. I t  has been obsm:vcd that 
trivMen.ts are formed much more regttlm:ly in triptoid T~'adesca~ztia than 
quadrivMents in the tetraploid. The ~:everse is the ease in. the long 
chromosomes of tIyacinthus (in which there is no e:ffeetive terminalisa- 
rich), and the ditterenee is explained by this terminalisation of several 
ehiasmata, for it will be seen (Fig. 84-) that tenninMisation in one direc- 
t;ion of fern: symmeta'icM chiasmata between Iota' chromosomes (the mosg 
frequent arrangement in tlyacintNts) will give ~wo bivalents ; only when 
~he ehiasmata are formed asymmetrieMly (as ~hey 1rAtLgt always be with 
three eh.romosonles) will a quadrivalent or trivalent restflt. Thus the 
quadrivMents in T~'adescantia are lmtlally of a different type from the 
trivMents. They restflt h'om ~he ~erminMisation of ehi~raata in opposi~;c 
directions to give a ring of chromosomes which are probably no~ all 
corresponding at both ends. I t  is by ~he separation of one or two 
chromosomes from a mtfltiple-ehiasma association that the imperfect 
chiasmata joining bivMents probably arise (eI. Fig. 4-1 h where chromo- 
seines marked X have tma~taehed ehroma~ids, 4-7). 

Approximately median in~emti~iM ehiasmata, observed occasionally 
in T. v6"giniana , are presttmably ~he sign of a faihtre of ~his terminMisa- 
rich. A possible explanation of ~his faihtre is n o~ far Co seek. The middles 
of some chromosomes aye known t~o correspond with t~he ends of ochers 
(see below), and changes in the correspondence of awe chromosomes, 
segments of which are pairing, may occur: the homology may change 
(or cease) as a rastflt of transloeation at a point between the segments 
t~hat~ are associated and t~he ends of tbhe chromnsomes. TerminMisa~;ion 
from ehiasmata formed in such segments would therefore be impossible, 
for it wmfld r e @ r e  association of non-honmlogous ehromatids. But, 
it may be remarked parenthetically, if the movement of terminMisation 
has normMly to overcome any resistance, it may in these cases be strong 
enough to break the crossing ehromatids and cause crossing over between 
them. This explanation of approximately median e.hiasma,ta, is sup- 
pmq~ed by the observation of the group of six (Fig. 4.7) in which an end 
on one side of the chiasma is homologot~s with the end of a second pair, 
while the ends on the other side are homologm~s with the ends el a th.ird 
pair. Unless the plant is segmentally hexasomie there is probaMy a, 
change of homology in the eottrse of the middle pail' of chromosomes. 
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i~i~. 8~. Diagram illu,~Lra~ing ln'obM~le chi~sm~ b~h~x4our in T.ra, desac~tla, result,lng from 
l;ermirmlis~t~ion dowuw~rds. 

1-4, Pairing of two similar chromosomes. 
1. Diploteue: iut~rst~il~ial ehiasma. 
2. ~Ie~aphase: me~phase  wil~houI~ l, ermluMisaAfiou. 
3. ~[e~aphase: sub-Lerminal ehiasm~. 
4, Me~aphase: ~evmiualisal~iou eomplet~o. 
5-7. Pairing of ~ fragmeul: or uou-~hromosome wil~h the middle of a whole ehvomo- 

SOnl@. 

5. Diplo~eue: iugerst~igial chiasma. 
6. ~\[e~aph,ase: lateral ehiasma, per[eel;. 
7. H('taphasa: lal,erM ehiasm.% imper[eel, (ouc al,l,~ehme, nl, broken). 

(D 
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Probable mnltiple ehiasmata have been illustrated in Datura by 
Belling (without comment), bnt the second abnormal form of association 
is apparently new. The end of one chromosome (or fragment) is asso- 
ciated with the middle of another by a laterag chiasma. Obviously 
terminalisation is here only possible in so far as one partner is concerned. 

Thirdly, we have the mixed lateral-terminal chiasma found in Aucuba 
by Mere'man (1.929) as well as here in Tradescant,ia. This very excep- 
tional configuration is also intelligible without any additional assmuption 
other than that already advalmed with evidence in Droso~hila by 
Morgan1, Stm:tevant and Bridges (3927). They have indicated tha~ 
crossing-over at their coincident median loci between normal and in- 
verted portions of a chromosome leads to rednplication. Now if such a 
reduplicated segment is long enough it will follow from. our hypothesis 
that triple pairing will take plhce and give rise to chiasmata such as 
those found in the tulips and hyacinths, where chromatids of one chromo- 
some, or in this ease segments of a chromosome, exchange partners with 
chromatids of both the others. TerminMisation in such a case will resnlt 
in association of the chromatids of one chromosome with different points 
in the chromatids of the o~her (Fig. 49, 9 and h). 

Igwill be observed that in these cases, as in ordinary lateral chiasmata, 
the association is usually "imperfect," that is only one of the two pairs 
of chromatids remains in union (Fig. 49 9). This is no doubt due to the 
fact ~hat ~he spindle force will in these cases exert an unequal strain on 
the two sides of ~he chiasma, owing to the two chromosomes not lying 
parallel. In these cases the ehromatids of the interstitially associated 

Fig. 84 (co~t;~ued). 
8-11. Pairi~lg of four similar clu'omosomes. 
8. DiploLeue: symmett~cM format~on of four chiasmata. 
9. Me~aphase: tenuiuMisatiou complete, two bivalcnts formed. 

1'{.]3. If  tormiun, lisatiou of (8) takes place in bo~h dircctious a ring results. 
10. Diploteno: formation of tin'co chiasmata between the fern. clu'omosonles. 
I1. Metapba~e: telaninalisa~ion complete;  formation of a quadruple chiasma. 
12-13. PMrhlg of three similar clu'omosomes. 
12. Diplo~eue: tht~o chiasmal~. 
13. Metaphase: termlnalisation complete: fol'mation of triple chiasma~a. 

N.B. If  termhlalisatlon of 10 or 12 t;akes place in both dirccLiOllS a string of four 
chromosomes remll~s. 

1,t--15. I 'ah'ing of one chronlosomc with a segmcut of auothcr l'edu])lle~tcd as a I'csalt 
of inversion. 

I~L Pachytouo: clu'oulatids of two paired segments have exchauged pal'~llers and ouc 
pair of chromatids is palling w~t;h the  third segment. 

] 5. DiploMue: formation of ~wo chiasmata ])etween the three scgmen~,~. 
16. Metaphaso: tol'minalisation compleSe; formation of an imperfect lateral-tcrulinal 

chiamDa. 

J o u m .  of Gem xxI  18 
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chromosome are usually seen to be pulled apart by the strain of the 
connection of one of them with a chromatid of the other chromosome. 

Terminalisation, where one of the pairing chromosomes is shoi't~cr 
than the other (q;.e. where the end of one corresponds with the middle 
of the other), must lead to the formation of the lateral chiasinata ob- 
served in fl'~'adescantia. Where this occurs we may properly conclude 
(see Introduction) that ~he portions of the two chrolnOSOlnCS, or of the 
chromosolne and fragment concerned, are homologous, and that in these 
cases there has been a loss or reversM of a pol%ion of one of the chromo- 
semis leading sometimes to other changes of structure. 

The observed rarity of this exceptional lateral pairing may be sup- 
posed to depend Oll two circumstances. Fix'st, each chi'omosome in 
fl'. virginiana, Oll a tetraploid hypothesis, is represented four timesL 
Where four eor.responding segments are present the association of a 
particular 13air can be expected only in one case in three, and the other 
associations may be normal in that corresponding parts of chromo- 
seines will associate. Secondly, portions of chromosomes which thus 
corresl?ond anomalously as a result of reversal and interchange may be 
ve~ T short, and, as was shown in IIyac6~thus, the frequency of" ehiasma- 
.formation, and hence, in short trivalents or very short bivalents, of 
metaphase pairing, is proportional to the length paired at pachytene. 
Thirdly, a small fragment has a disproportionately small chance of 
finding its partner at zygotene, for pairing at one end of a chromosome 
leads to ]?airing thronghout its length. We may therefore conclude thaf, 
the principles adduced from the bchaviom' of the tulips and hyacinths 
arc by no means incompatible with different behaviom' in T,radescantia. 

(v) The Hy~)othesis of Structural Hybridity. 

Belling h ~  concluded :[1'oln his important work on Datu~'a (1924-7) 
that, on the assumption that the two ends of a chromosome have specific 
attractions, interchange of segments between non-homologous chromo- 
seines must have taken place. The premises on which Belling has ad- 
vanced this hypothesis are considerably strengthened by the observa- 
tions on polyploid T~tl@a and IIyacintltus, for here it is evident tha~ the 
attraction of every particle of a chromosoiue is specific. I have therefore 
felt justified in extending this hy]?oth~si.s to Oenothera where it seems 
to afford an adequate explanation, directly of the cytological behaviour 
in this group, and indirectly of the genetical behaviour. It was in order 

a Act~ually ~llis simple tmsump~ion e,~n be only approximately ~rue; some segment0s 
are proba.bly represented olfly ~wice or ~hree times, o~hers perhaps more ~han four ~imes. 
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to test the possibility oi the fm'ther application of this method to 
Tq'adescantia tha t  the present s tudywas  ll.nd.ertal~en. But  .Belling himself 
lags in another connection expressed what seems a rather different view 
from tha t  on which h.e has based his conclusions in Dagura. For example: 
"I17. T. vi~'giniana," he says, "the 2~ univalents are in one plan.t examined 
united, more or lessinto rings of :fo~l.r but  the presence of a continuous 
chain is not excluded. Such junctions of non-homologous chromosomes 
postulate d.itterent attractions for one end of each of the ~wo homologues, 
which at t ract  certain non-homologous chromosomes at this end." 

Since pairing at  metaphase is the final criterion ot! the homology of 
chromosomes this seems to involve a contradiction in terms. If on the 
oth.er hand we assume, as Belling has assumed elsewhere (and there is 
nothing in these observations to interfere ~dth ~he assumption), that  
the pairing of chromatin material at meiosis is the sole criterion of its 
homology, so tha t  in fact all elements pairing at meiosis are regarded 
as h.omologous in so far as they pair, and, conversely, all bodies tha t  are 
homologous are regarded[ as capable of pairing, in so far as they  are 
homologous, then the anomalous forms of association must be taken to 
show an exceptional organisation of the chromosomes relative to one 
another. 

Summarisiug, we find the following typcs of association tha t  are not 
intelligible directly in terms of diploid or polyploid pairing of homol.ogous 
whole chromosomes : 

(i) The end-to-end association iu one ring of all the members of the 
chromosome complement (ring-formation in Rhoeo) or association of 
chromosomes in smaller groups but still involving a greater number than  
can be supposed to be homologous on a polyploid hypothesis (Trades- 
cantia vi~'giniana ). 

(if) The association of morphologically dissimilar pNrs of chromo- 
somes (ring-formation in Zebrina). 

(iii) The association of the end of one chromosome or fl'aglnent with 
the middle of another (pairing by lateral ehiasmata in T. vi'rgi~gana and 
T. crassifdia). 

(iv) The association of a fragment with different parts, interstitial 
or terminal, of different whole chromosomes (T. vS"giniana var. humilis). 

(v) The paMng of the same end of one chromosome simultaneously 
wigh two different points on another ehromosomc (lateral-terminal 
ehiasmata in 2". vi~'giniana). 

(vi) The associations of fore' chromosomes at one point iu a diploid 
( T. bractcala). 

1.8-2 
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These observagious show, first,, t;hat; bhe dil]'x_'.rent, pa,rt;s of a chromo- 
some behave independmlt~ly ia pairing el; prolfhase, t-h.us eorroborai.illg 
~he conclusion derived from t:he polyploid hdips a~ld hyacia{:hs. They 
show, further, dlag {he chromosomes in bhese species do aog corresl?o~ad 
as wholes, ba~ ~hag ~he separa{e elements {hat go ~;o make up ~heir 
chromosome complemen{s are dif~erengly arranged in t.he opposige se~s 
of ghe same individual. These plan~s are, in facg, str'~et,zo'al, hFbrids. 

The dif[erences ~hag cons~igu~e ~heir hybridi~;y can be classified 
according to ~heir probable mode of origin. The simples~ case (from ~Ile 
observa{ionN algh0ugh not from ghe evolugionary point; of view) is gha{ 
of Rhoeo in which ghe condition is evidently {he same as in Oe~olhera, 
already described in de{all as ghe resnl{ of segmengal in~;e~'change be- 
gween non-homologous chromosomes (Darlinggon, 1929). 

The al~alogy in chromosome behaviour begween Rhoeo and Oe~othera 
is remarkably close. In Rhoeo irregNari~ies such as non-disjunction are 
parallel in every way wigh ~hose described by Oleland in Oe~o~hera 
(199,26).' They are however more frequent, and {his is perhaps due ~o 
ghe posigion of ghe aggachmeng constriction in some chromosomes being 
more nearly germinal in Rhoeo ghan in Oe~mthe'ra. In Oe. ,La.marcl~'ia~e 
and Oe. m~r~eata * I found {hag all {he chromosomes were eo>~s~ricled 
approxima~dy medianly. Aparg from ~he a~gachmeag consgric{ion, 
subordinage ones and one pair wi~h large {rabangs were feared ia each 
species. 

The only clea{' difference in behaviom' of ~he ~wo species is in the 
breakage of ghe ring alger diakinesis in Rhoeo, and ghis is probably clue 
go {he enormously grea~er bulk of ghe chromosomes in Rhoeo, for {hey 
mus~ nevertheless be supposed ~o be joined by connect;ions, chiasma~a, 
of ghe same sgreng~h as in Oe~mthera. 

The general behaviom' of T~'adesea~Ha v6'gi~a%a can clearly be pug 
under ghc same head, ~hc dif[erences being due go ~wo circumsg,%aces: 
[i rst~, sel[-:[erbilisaf, ion has very probably reduced rite degree o~" skruc_.gm'al 
hybridif, y;  secondly, being a polyploid, wil)hout, sharp genel:ical cli f]'c~'e~a- 
l~ial,ion o1: i l,,~ set;s o[: chromosome, s, no a~ssocial~io.n o[ parl;icul,~r l~a.lrs ca~? 
l)e, consl, anl~. Under t, hcse condit;ions it~ is nob pos.~ibh: t.(~ dimlia~uiah 
bct,wecn aim pie t, ranalocat:ion antl ~:cci procal ln'aaslocat:ion o r [i,l,~.,rc hal~g~,. 
rP]/o o(~,(~,urrt',nc, t ', 01:I , t ' , l~rasolni(3 I~a i l ' ing  i n  [;lit', " d i p l o i d  " T .  t,'(~r is 
however twide, nct' of .~hnl~h' t;ranslocal, ion Icacling 1~o l:t,~lul~lh?.nth~l~. The, 
formaf,lon of a lal;t',ral-f,t',rminal chia.~ma ha.~ a, lrt',ady b~-'n r~d',:rred t:~ a,,~ 
[,hc na, l,m'al rc.~nll, of rcclnl>lical, lon following inw, r.~ion. Tht, f,,rmai:i,~t~ 

t II,M.~d from s ~ ( l  kindly im~vhh~d by Ih'~ffc.~tstw ll:~,Hm~r. 
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or laLcrai chiasinal~a in gcm~rai in<lical~os siml>}C i.v~rsiol l  oE tA~ s,~;m~:t~I, 
bcl;w~',on l,ho c[hiasi]m, and l~ho end el l;ho chromosoim~. 

The b~,haviom ' el! Zdmi'.,a, 'l~e~~,cl,,u,/a coHhl be Had~rsl;~.d a~ t,ha,l~ o1' a, 
I,ol~ral~loid sogmonl,a, lly inl;orcha,ng~;d I~yl~o , bill: ~l, sinlt~M' ~zt~l~m~,l,h:m is 
I~hal~ l;hc l'oHr long chromosonios c~msisl; or. l,wo i~on-hoinologoH~ l>~h,~, 
~"1..Jl and B-lJ, liald l, hal, lille [o11[' shorl, chl'olilOSOH/(;s wil;h which t~hc',~c 
arc c~l, pahlo oil [orlliillg Oho rhlgs arc liho prodliCl;~ <j[ hiss, t;[tkls: 
(~l..-.:,J) (s~lii-:,J) [.~,1~1 (~Ji ; , / ) (Sj i I ; ,S) I 

A'u,(J'u, ba, ,ja, TJo,rdca. , acoordi ng 0o Mo irL' titan's d.etaik;d acco m~t o17 pa.irillg 
(1929), appears to be closely analogous to [l'l'a,d, esc, co~.kicl 'vi~'gi)zia.,.a. ]3o0h 
are tetraploids showing evidenoe of the pairing of ohron]osonl_es tll_&];, are 
not homologous as wholes. ]3u~ sI~c~bc~ shows this phenomenon more 
strikil~gly becat~se the ]?airing chromosome types as in Zsb~'D~,a are 
distinct in form. Thins chromosomes struotm'ally dissimik~r <~re, in part, 
gene~ioally identical., and it is possible to show that,  although the plant. 
is tetraploid, rings os four do not always consist o~ identical chromo- 
sonms. In ~'c~desccmtic~ there is no direct morphological evidence. ]3at 
where a ring of fern' chromosomes can teem' in a diploid no ~wo 02 
these can be wholly identical. In the same way, where a ring of eight 
chromosomes can occur in a tetraploid, it follows tha~ no ~mtr o~ these 
can be wholly identical. Interchange mt~% have occurred. There is a 
fitrther analogy between the two species in the evidence of another type 
of chromosome change. The pairing of one chromosome wi~h the middle 
of another by a lateral o.hiasma in Ti'c~desea, iztic~ indicates inversion. In- 
version fol lowed by crossing over should lead to reduplication, and the 
observation of the terminal pairing of the two chroma~:ids of one chromo- 
some with differeizt points in a second (in both zl~e~ba and T)'adesca)~tia) 
indicates inversion followed by reduplication. 

Pairing in the tetraploid A~c~bc~ and ~rctdescc~ztia eD<'gi~zic~.~za, afTords 
a different type of test of the interchange hypothesis from ~hat ~fTorded 
by the diploids, Rltoeo and Oenothei'a. For here we <~re dealing with 
chromosomes every element of which has three possible mates, while in 
the diploids ther(~ is only one. Pairing is subjoce to a limi-eod degree of 
[roedom insl, ead of being absoliitely determined. [13n-e of ehc:sc ehrec 
l)ossi.blo associations only one is calm,bit of boil~g mail~i;aim:d t;[troligl_tolll, 
t;ho chroniosonm. We cal/l/O[J, and do hog, have t;rivah~l~.s aml ctlladri- 
vahJl/i,s Ilia" I~[loso' described by ]}olliug in norlilal l.ril~loid al/d t.,'gr~ll>loid. 
.Da,~'o,'ra, whore  bol;h ol]di4 e l  all l,|lroo or [oiH' chl'OlliOSol]l~s al'i~ asscMa.l~,<l 
i n  wl la l ;  arc i)rosumli ,bly l,riph" or q i ladr i i l ) lo  l~orll~ilm, l chi.,sin~l,t,<% 

117 in .lTiuJ(>.o wc laavo l;hc ($Xl~l'OllnJ l;yl>o o17., sl;rllCl,lll'~l,l hybrid in a, 
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fertile diploid, strictly comparable With Oenothe~'a, at the other elld of 
the scale we h~ve struct~u:ally homozygous types like Tinant~a, and 
possibly some forms of LPradescant'i,a vi'rginiana, resulting from eontimted 
self-fertilisation (such as, perhaps, Pale Blue which produced only 
diploid pollen grains). Between the two, every possible type of structural 
variation seems to occm'. These Observations therefore provide us with 
a bridge between Oenothera and the rest of obse~'ved material. They 
enable us to see the accepted normal and abnormal in trner proportion, 
so that the one appears, more extraordinary, the other perhaps less so, 
them is commonly imagined. 

Three possible methods arc indicated by which interchange, the most 
complicated modification of str~tcture suggested, could[ take place in 
this group. The first is by the loss of fragments, such as those observed[, 
from non-homologous ghromosomes, their preservation at cell division, 
and their Ntimate reunion with the remainders oJJ dilterent chromosomes. 
This seems to be taking place in the pollen grains of l'~'adescantia. The 
second is by translocation of an interstitial element from one chromo- 
some to a corresponding part of one not hom01ogo~ts with it. This, leading 
to reduplication in the next generation, wend  render possible the pairing 
of homologous elements intercalated in non-homologous chromosomes. 
Crossing-over would then give segmental interchange. The third is by 
double translation such as that referred to by h{Nler in Droso~)hila 
(1928). ttere, 70 cases of translocation were detected in the progeny of 
rayed individuals. In two instanCeS, which 5~u]ler considers a chance 
frequency, double translocation occurred simultaneously. If this hap- 
pened to be reciprocal, and the chance occurrence of these phenomena 
would lead one to expect this in a small proportion of cases, we should 
have segmental interchange. 

The possibility that the first (observed cytologically) is the actual 
method of the third (inferred genetically) cannot be ignored, since 
Nuller has evidence that  the change is not always effected, or com- 
pletely effected, at the prophase of meiosis. ]from sporadic somatic 
reunions such as  those described sectorials would result if the free 
segments were iucapable of regular division at mitosis. This is perhaps 
preferable to considering the change as aitecting oNy a fraction of a 
chromiole. 

The hypothesis of structltral hybridity that I have put forward in 
regard to Oenothe~'a was based on the principle, adduced particularly 
from work on the polyploid hyacinths and tulips, that parasyuapsis of 
homologmzs parts of chxomosomes followed by ehiasma-formation is in 
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gener,~l ~ oondition of meiosis 1. The hypothesis was supported by o bser~ 
vations on Datu~'a, Drosophih~, and probably Rumex. It  is now supported 
by Hie following new observations: 

(i) As in the Onagraceae, parasynapsis, on which the hypothesis 
depencls, is general in this group, and the resulti~ig chiasmata arc the 
means of metaphase pairing and ring-forniatioil. 

(ii) As in the  Onagraceae, irregtd~Lr types of ring-formation occm' in 
some forms (of. Ks Godetia hybrids) and perfect ring-form~ion 
in others. 

(iii) The occurrence of fragm.ents, their method of pairing and that 
of Hie whole chromosomes indicate every COllCeiwble rearrangeinen~ of 
chromosome structure in these species. The only one of these rearrange- 
merits which is compatible with high fertility in a diploid is evidently 
segmental interchange. For the res~Llting ring-formation is the only 

1 Aeeel)l;~uee of Hm view bh~b bhe general phenomenon of p~iriug of chromosomes ~ 
I)he uml)~pha~ue of meiosis is eoudil)ioned by ~ physical rel~tiolmhip of Hm p~ii.s--~he 
fomur~l)iou of ~ ehi~sma~--musl; ueeesm~rily depeud ou wlml; elm regards ~s evidence of ~ 
physieM rel~tiouship. I n  I)his regr~rd I;lm exeepl~ious ~o tlm rule of p~iriug by  e h i ~ s m ~  
r~re perh~l)S uot  so m~uy  ~s eerl)~in more or less ~coepl)ed in t e rp re~Hons  of meioHe 
pheuomem~ direel)ly suggesl). 

I h~vo ~lre~dy ~l)~eml)bed I)o show I;h~l) cud-to-end assoei~Hon e~n ~lw~ys be in,or- 
probed in I~l~is w~y. The oeeurreuee of " imperfeel ;"  ~md "mult ip l~ . . . .  ~ermiu~l e h i ~ s m ~ "  
in T.radescantia sh~ngbhens I~his iuterprel)~tiou, for il) is itmoulp~tible will1 ~uy ~l~ei'u~Hve 
hypoHmsis. Similarly "secondary  p~ir iug" (D~rliugl)ou, 1928), ~lHlough no~ usual ly  ( ~  
leasl% h~ 1)olaf views) osl;al)lished by ~ visible physie~l eottueetion, e~n be seen in ~he mos~ 
favo~rahle observa~ious I;o be merely au exl;ensiou of Hm umHlod ~o more ~ltmt ~wo 
elu~)mos0mes. II;s eoul;iuuauce iu I;he seeoud division is only m~rked where Hie hlterph~se 
is shor t  (el. ~Ieurm~u, 1929; L~wreuce, 1929). B 6 I ~  has suggested (1928, footnote,  p. I98) 
tha t  tile wide separal;iou a~ the prophmse of meiosis in cert~iu Dipter~ is perhaps  com- 
p~l'able wiHi the  separat iou of the halves of chromosomes ~ i~tel'kinesis. In  ee~eh ease 
we m a y  Sllppeso tha t  a permanent  physical  connection is maillt~ined, m~ ill ~ho ease of 
the  bermillal elliasma, a l though gho OOlldi~.ions are ultfaVollr~l)lo to ills demOllS~r~uHOll. 
Kel lneke 's  obscrw~tious on Tephrites (1924) are pedl~ups eompal'~ble ~o m y  OWll Oil Pru~n~s, 
where seeolldary pairiug appeared strollger a t  metaphase  ~haa ~ diakilleSis owing be the 
physical eOlllleetiOll being usual ly obliterated a t  t lm l a~ l "  stooge. 

])'inally it  will be seen tha t  the behaviolll ' of the f r agmen t s  in humilis (which ~grees 
b o t h  ill the  lneHlod and frequency of pail'illg wi th  Hm chiaslu~ hypoHlesis) is s tr ikingly 
like theft worked out  by Wilson (1905) in some I{elnip~ora for lnicrochromosomos ~lld 
idioehromosomes. Ill regard to these differellt workers have had differell~ reslll~s (Wilsou, 
1907) in the  S~llle spceies ( ~  might  well Oeelll" in Tradescautia). The bulk  of ~he phenomoua 
observed by Wilsoll would se6m to agree ms well with the aSSmllpHou ~h~t the p~irillg of 
tile m-ehroulosomes was i~ffmqneut and  eOlltimlOllS, mS will1 the  m~SllUlp~ion ~ll~ ~ wa.s 
r~gnlar bu t  ulOmelltary; it is tllell possible to snppose it the r~mllt of olliasma forma~iOll. 
Admit l~dly  Slleh allOlllalons paidllg of pavtic, ular chromosomea" is well a,lltllell~iOa~ed ill 
m a n y  species of allimals ms leadillg be more or l~u  regular segregation, bu t  ~llis ab l lo f  
reali ty does no t  extcud to Hm whole eoml)lemellb. 
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all,ornai;ivc [;o ordina, ry pairing as a recalls or rc~ttlar so~l'oga[;ioll of 
( " r l  " ali;ortl~l; ivo oh~]ilotti;s. \'Vht;ro oLhor i l ' l ] O g L I l a l ] i i ; i O S  O0  ~,LII ' a s  I l l  .~')'(I,([,(JS(J(I/tlJ/b(I, 

c'r(/,ssvl/'d,,i(/, mid T .  bra, ct('~(I,t(i,--l;ho OonsOqLLOlIO(; I))LLSt })0 all iliqJai,'o(I [or- 
I;ilil;y. (]OIt~eqttOJ]lAy il' [;hey .[t~bVo OOOtLrrcd ill ltJ,]tOr [;ho rcstlll;s havii  
]l 0 g bee.tl j) L'escrvcd. 

(iv) ~J;r;mslocalfion, of which Lhe,'e is evidence, ;rod fragmcntaLion, 
ghe occm'rence and rcsnlts of whioh have been observed, are shown to 
provide alternative means by which segmental interchange cmfld ~ake 
t~lace. ~oreover ]~'Iallcr's observations have shown a correlation between 
the various types of chromosome change. Where all the observable types 
have been seen we may therefore expect to find evidence o:[ those such 
as intel:change which cannot, ]?erhalgS, be directly observed. 

(v) The ]?rinci]?le on which the al3]?lication of the theory of seg- 
mental interchange to ring-formation most directly depends, namely 
that of the independent ]?airing of chromosome-parts, is abnndantly 
confirmed by the behaviom' of fragments as well as of whole chromo- 
somes in the T~'adescantiae. 

(vi) Observations on Aztcztba, Cctml)ctnzda and Pisztm (see later) 
comparable with these on the T~'adescantiae show that structural. 
hybridity is not an isolated ]?henomenon, and that therefore observa- 
tions of behavioar in widely ditYerent groups such as have been brought 
under consideration are relevant go the Oenothe~'a problem. 

(vi) Pa~'ctsyna~)sis and Tdosyna~)sis. 

The practical diflicNties in the way of regarding ring-formation as 
the resNt of structm'al hybridity in a parasynat]?ic plant are not there- 
fore very considerable. The theoretical ditlicNties have already been 
distressed in some detail (])arlington, 1928) but the alternative hypothesis 
of telosynai?sis (a hypothesis, for its statement involves many assump- 
tions) bus not been examined closely cnottgh. 

The theory of telosynal?sis, that iS, 0f the pairing o[ chromosomes 
cml-l;o-end to I'ol'lll, according 1;o some w,'itc,'s, a "continttotts sph'o]nc" 
o[ all;trim.rely nlatcrnal and lJ:~tcvn:fl chi'onlosonles, rests on I,wo ldmls 
oF obsc,'v;~tio,,: first,, o1' t}lO Stt~)iJos0d rormation or SLLC}I a spi,'cnlc ;~t 
IJrolJhaso; socondly, ot! IJio [oi ; inat ion o1! rings at  rliol;alJhase clorivod ]'roli i 
IJiis slJil'olno. 'l?hc fll:sl; o17 IJicsc is fo lu ldod Otl unl;riisl;Vr ovidollOl',, as 
aclinitl;od by  li/ll, n y o1" t l ioso wl io oarlior ulJliold IJio I;olosyila, pbio inf0or- 
iJrcl;a, t ion.  ]]l; has ilOVOr booli siilJlJol'l;ocl by  obsorval; ions o17 [aVOtll'abh~ 
nial;m'ial, ai id IJio obsorvat io i is  IJionisolvos i i i  SOlllO ca, sos contradioi;  t;}i~ 

1929 inl;orlJrol,a,l;ion IJul, l; is ostons ib ly  dcr ivod [rol l l  I;}ioni ( ] )ar l i i ig l ;on,  , , ,  ). 
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The second is, in the light of the hypothesis of structural hybridity, 
compatible with parasynapsis and terminNisation. 

I t  would seem that the weakness of telosynapsis, from the theoretical 
aswell as the observational point of view, is partly realised by those who 
still maintain its strength. For example, Gates (1928) has dec]ared that: 
"The distinctions between these two methods of chromagid-formation 
and separation (telosynapsis and[ parasynapsis) are not so fundamental 
as is generally supposed." Let us examine what these distinctions are: 

Parasynal)sis (universM) 

Pairing at melaphase results from the 
specific attraction and association of the 
homologous elements of the chromosomes 
ag proph~o. 

li'ormalio~ of bivMenls is the result of the 
association of ehromatids in different pairs 
~t different points along theh' length, i.e. of 
the development of ehia,gmata observed to 
be formed ~t diplotmm rind maintained 
ttntfl metr~phase. 

Ring-formalio~ is the result of the pNr- 
ing of homologous elements in a particular 
ldnd of struetarM hybrid that  has r~risen 
by segmental interchange between non- 
homologo,m ehronmsomes. The processes by 
which segmentalinterchange can be effected 
have been determined by both genetical 
and cytological observation. Its results 
in both di]ploids and polyploids verify 
genetieal and cytological expectations. 

I submit that these distinctions, 

Telosynal)sis (occasional) 

Pairing at racial)base resalts f.rom ~n un- 
defined attraction which ~ffects sometimes 
homologous p'~irs and sometimes non-homo- 
logoas pairs of chromosomes, accordhlg to 
talcs ~ventcd  ad hoe, which raqairc the 
assumption, amongst others, of two kinds 
of non-homologous chromosomes, those 
which will pMr ~nd those which will not. 

Formation of blvMenls is (sometimes) the 
result of segmentation of a continuous 
spireme, which takes phme sometimes com- 
pletely, sometimes incompletely, rbeeording 
to no tmderstood rrLles. 

l~ing.formatio~ is l)erltaps the result of 
"lrmk of rbttr~etion between homologaes re- 
salting from hybridity" (Gates, 1927), or 
"fr~ilare of the sIfireme to complete its seg- 
mcnt~tlon" (Gates, 1927), or it is determined 
by "a  genetic ch~racter inherited according 
to B~[endclian laws" (Cleland, 1927), or i t  is 

sign that  " the  eha'omosomcs iu the rings 
~ro relatively roach more hoterozygoas than 
those which are pMred" (Oleland, 1927). 

in so fat' as telosynapsis can be said 
to have any form, are fundamental cytologically and genetically. They 
are also immediately important, for the attempt go apply this self- 
regulating hypothesis of gelosynapsis go genetics has resulted in serious 
confusion. For example, Shull (1.928) has justly pointed out the weak- 
ness'of the Gabes-Oleland assumption " that  the chromosomes are not 
only arranged in pairs but have a defillite position within the pairs," 
or, as Shull says, "that chromosomes of maternal and paternal origin 
alternate with each other in the ch'cle in a definitely fixed order." Shull 
shows that this assumption, embracing as it does the era'rent view 



2 7 8  Ufi'ro'm,~,~'om,~.; I.~@uv';o,n,,r a/n,d, ~%"n, cl,~.~,'r~l, H! /h , r i ,  d,,il,!t 

(~11 film h(mmh~gy (ff w h d e  dl l : (mmsonms, s~l, isfi~;,~ ~mrfl~dn ,~mmfiMd ]-~,,-- 

~]]hi~ w(mld s~;mn (,(> s lmw (,hal, l,I]~s a,smUnl>i,i(m (>1] fld~>nynn, l>sis is un-  
war ran  fl~d>ht. ]]uls k~hull, s~sd ng n(~ alt,~srnafli ve assn in I>l,i(~ n, jura l>S l,(~ l,lm 
~s(;ndusi~;n i,ha(, n(;(, im; l 'dy  ],~u Blm u, us'u,'m,'t~t'b'~, I~sd bul, i,h~; obuu,';'.~u, tio'r~,u 
flhe;msdv~',s im,\e; n(; vu ry  l[undameml, ai signiliu~mue;." ,~i~nii has fll]ns 
]nvd~nlsa l : i ]y  d~;sflr(Ly~,d hy .rud,,u, ctio a,d u, bs',~,.rd,,u,.m, di ,hcr  l,N(;sy]usl>sis (n: 
flh~' ~shmm(~s(mlc; i,hc;(~ry (~t] h~;r~;dil,y. ']]h~s I'(n:mer, in flhe pr~,s~;ms~,, (d a, 
,~al,isl[~suis(n:y ali,~,,rnai,i v~;, wi II b~; m(n:u I'~;~sdily sauriliu~;d. 

l~,ug~ml]ug (,his ~dl, t;rmsfiivt; (~1! parasy]~Sl>sis as (,ht; m~ivt;rsal m(~dt; (~t' 
~,(n~]ugal,i(m, wt; u~m n(~w app ly  1~1]~ ~, samu ruh's fi(~ l, hu d>sm'wd,i(m (~1! 
m~i~sis h~ ~dl a, nhmds and planl;s, it, is s imihsr ly  l>(~ssibh �9 Is(~ s~d~ (,hu 
same e~n:r~;labi(ms bct;wc~;~ e.yt;olugiual and gc~ml, h~ l  bd~av i (mr  un i -  
versa l ly .  

(vii.) ~S't'r~ct'~u'(d (;'lurr~pe a'~uZ ,S',pee'ies-F o~'.ma, tio.~'~,. 

The relationship ot ~ the varimss kinds ot! strncbm'al change of the 
nuclmss in the di:fferent species studied can be usefully considered in 
relation to their method of reproduction. For it is el ear that these pro- 
ceases must affect segregation and seed-fertility profmmdly. The Iour 
different species studied represent Iota. di~erent types in this respect. 
The diploid Rhoeo is perfectly adapted, like the ring-forming Oe~othe'ra 
species, to producing a high proportion of seed of its own hybrid con- 
stitution. In both species hybridity is probably maintained by a l ind 
of balanced lethal system. In T~'adesca~stia c~'ass,ifolia and T. bracteata, 
however, the various abnormalities mt~st reduce seed-production to 
negligible proportions if they reprochtce themselves normally. Zeb~'i~aa, 
though apparently tetraploid is completely sterile (Hance, 1915), and is 
reproduced vcgetabively. In a polyploid, however, much grosset irregn- 
laribies may occur than in a diploid without tinning fertility. To take 
a crude example, in T. gi~'pi,,~iema (triploid and tetraploid) pollen grains 
have been fmmd, x~iable enmtgh to divide, with c]='omosomc numbers 
o~ from 7 to 14-. In Rhoeo on the other hand only those aberra~ts with 
an excess o~ chromatin material arc viable. A single deficiency is, so far 
as the pollen-grain studies show, immediately fatal; variation is re- 
stricted. It is partly to its lack of this control and partly to its generNly 
vegetative method of reproduction that I wmdd attribute the oocm:renoe 
in 2'. virpi~ia,~sa o{ every kind of struotm'al variation in the nuclmss, 
StlCh as fra.gmcntagion, reversal and translocatimb associated wibh 
�9 varying l'er(~ility. In  bhe diploid Rhoc'o seleel~ion in sccd-l?rod~:mt;io.~thas 
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imposed a rule. The plant under investigation" proved to be fe.r~ilc and 
sclf-compatible. Six selfed seedlings were raised from it. 

The nuclear instability of T. ~)i.rgi.~ic~.~ is associated with. the greatest 
morphological diversity. Early systematists hate colweniengly included 
markedly diseinct forms under this name. More recently Bush (1904), 
for example, has distingmshcd 18 different species from Texas alone; 
these w e n d  probably all resemble ehe typos described cytologically and 
wend  be interfcrtile in so far as they were fm:eilc at all. I t  need hardly 
be said that none of them would be consistently true-brcediltg, and some 
of them, such as l'. b.re'v'icc~lis .gal., it" the same as my triploid form, wend  
be entirely incapable of reproducing themselves as such. 

Thus seed-production fills an cutirely differmat %10 in .Rhoeo and in 
T~r(desca,J~tia, ~)iwi~ic~za. Both are hybrids, but in one seed-formation 
is a means of exact perpetuation of the hybrid type; in the other it is 
merely an insez'ument for secm'ing variation in that type, which is exactly 
reproduced by vegetative means alone. 

These studies do not lead to any definite eonch~sion with regard to 
the systematic relations of the tctraploid l',radesca~t'i,c~ ~)i,rgi'J~ia,'~za and 
its diploid (1'. brc~ctec~tc~) and triploid relatives. Doubling of chromosome 
nmnbcr in a form very much like T. brc~ctec~ta (which I have uufortu- 
natcly not been able to examine as to its somatic chromosomes) wmdd 
yield a form resemblhlg I'. ~)h'9,i'J~,ic~c~ except in having smaller chromo- 
somes. In tkis connection the supposed somatic mutation in the 
triploid b'reviec~dis is important, for this ~riploid is approximately 
intermediate in chromosome size betwecn its probable diploid and 
tetraploid parents. The sport is in the dh'ection of the diploid 
parent and its occurrence shows that we need not attach too much 
importance to the size difference between the chromosomes of two 
parental '~ypes. The tetraploid could actually be s~tppose d to be derived 
from a ring-forming type like Rlweo, although the reduction in ring- 
formalion and the appearance of new ]finds of behaviom' indicate that 
the structm'al changes we now see going on have been taking place 
freely for some "eime since any such doubling took place. 

I t  is not very diitictdt to see (cf. Section ? (i)) how the continuance 
of fragmentation in a tetraploid like T. ~)i,rgi~r~i~t'~a, might give rise, by a 
process very much akin to "mtpacking," go a new form no longer having 
any of the characteristics of ~he tetraploid, either in the number or the 
behaviom' of the chromosomes. The direction and method of the change 
must depend largely on ehc mechanical conditions of fragmentation and 
fragment survival. Such a process can take effect without the aid of 
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hybridisation in any special sense , for the change will depend on irregu- 
larities at meiosis whose remtlts can be perpetuated owing to the plant 
being polyploid, and do not depend on any original hybridisation. 

We have ah'eady referred to the mntnally exclusive effect of hybrid- 
isation and sbruc~m'al change. I~ is only where, either zm~m'ally or arti- 
ficially, the two come to overlap that  we can expect to find evidence of 
stz'nctul'al hybridity. This evidence can only be obtained, where changes 
of bldk are not involved, by observation of behavionr at meiosis. Present 
knowledge can therefore only very vagnely indicate the ilnporbanee of 
structxa'al changes in species-formation. Recent wol'k however has 1)re - 
duced striking advances in this dh'ection. 

Consider first the examples already known or suggested. They occm' 
in eight orders of Angiosperms, as follows: 

(i) Onagraceae: Oenothera and Godetia, Gates (1908), Schwemmle 
(1924), Cleland (1927) and Its (1925). 

(ii). Solanaceae: Dat~'a 8t~'c~nonium, Belling and Blakeslee (1924-8). 
(iii) Commehnaceae: Tvadesom~tia, Rhoeo and Zeb~'incb, 1Kiy~ke 

(1905), Belling (1927) and in the present stndy. 
(iv) Polygonaceae: Rumex acetosella, KJhara (1927). 
(:v) Cornaceae: Aucuba japonica, lYlem'man (1929). 
(vi) Hydi'ochm'itaceae: Vallisne~'ia spi~'alis, Winge (1927). 
(vii) Legmninosae: Piston sativum, I-ts (1929). 
(viii) Campamflaceae: Oam,pm~uk~ ~e~'sicifolia, A .  E. Gairdner 

(lmpubli~shed). 
Miss Gairdner tells me that  in a double white variety of Campanula 
pe~'sicifolia, a diploid, she found a ring of fern' cln'omos0mes which usually 
resembles the ring ilhtstrated us the first stage of z, ing-formation in 
O#nothe~'a on the interchange hypothesis (Dea'lington, 1929). 

Winge's observation of the occasional occttrrence of ~ double chromo- 
some in a premunably diploid species el Vallisne~'ia points to the forma- 
tion of a diploid association of fern' oiu'omosomes. 

Kihara's observations on R~nex acetosella on the other hand admit 
of and even compel a hexaploid interpretation in so far us pairing is 
between similar chromosomes associated to ~he number el six only. 
I t  is only the occasional occm'rence of larger associations that req~fires 
an interchange ini~rpre~ation. 

To this list shotfld perhaps be added: Zea (see Section 7 (i)) where 
Kuwada (1915, 1919) and Randolph (1.928) have /erred variatio~ in 
pairing analogo~m to those remfl~ing fi'om segmental interchange in a 
polyploid; Lebistes where Demerec (1928) has suggesSed an  analogy be- 
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tween Winge's results and the bchavio~ of Oe~othe~'a; D~'osol)hil, ct where 
genetical.obscrvations SUpl?orting the assuml?tion have been made, par- 
ti.cularly as a result o:[ X-ray treatment (~lorgan, Stm'tcvant, and ]3ridges, 
].925, and MNlcr, 1928). 

Th.csc observations are not likely to reprasent the o~m'rcncc of 
strnctm'M change in true proportion. First, on accomlt of such change 
not favmkring hybridisation. Secondly, the observations here referred 
to are the resNt of prolonged and detailed, study, or of the study of 
particNarly furore'able material. For example, abnorinNities of the kind 
observed in T~'adesca~tia wend  for the most part pass unnoticed were 
the chromosomes of the size most frequently fmmd in the Dicotyledons, 
and the occasional observation of such associations as those found in 
2. m'ass,/,fo~ia trader less favoured conditions t e n d  scarcdy be under- 
stood unless anticipated. Fragments of a size proportional to those fmmd 
in T~'adesca~tia would be hardly visible in P , m ~ s  where the chromo- 
somes are no more th.an one-hundredth as lm:ge. Thirdly, observation is 
amplified in 1'~'adesca~tia by the fairly regNar process o:f. the terminalisa- 
tion of the ch.iasmata. And finally, most plants studied cytologically 
arc the product of the 1mien of germ-cells of closely related individuals 
or even of the same individual. Observation of such plants can throw 
little light on the di~erences that distingldsh incipient species except in 
eases where structm'al hybridity is maintained by a genetical mechanism 
of elimination. When, however, systematic cytological study of inter- 
racial hybrids has been mldertaken, as in the remarkable work of 
]31akcslee and Belling (]31akeslee, 1927), the result has been to show a 
close correlation between racial differentiation and structm'al change in 
the chromosomes. Particular races are identifiable by their structm'c 
relative to that of other races. We may therefore take it that inter- 
change and other fornls of structm'al variation are much more wide- 
spread than cytological observations at present indicate. These varia- 
tions will usually be associated with, and directly or indh'ectly the means 
of, genetical variation. 

The frequency with which structm'al change seems to occm' in 
T~'adesca~tict si~'gi~ia~a and the important part it seems to have played 
in tee devd.opment in certain, forms--as fragmentation in Ti~a~tia and 
segmental interchange in Rttoeo--do not enable us to decide whether 
structm'al change is responsible for hybridity or hybridity for structm'al 
change. But the distinction bebwcen evolution by hybridisation and 
evolution by deficiency, reduplication, 'and othm: apparently spontancmm 
oh anges in chromosome sbuctm, e, although perhaps possible on gcnetical 
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grounds, has no physiological sig~fificance. For both mean change by a 
rearrangement of materials, by an. alteration of balance; both are opposed 
in principle to the q.nalifative change suggested by the word "mutation." 

8. Su~,rA~Y. 

The primary object ha,s been the study of structure and variation 
in the chromosome complenien~, particularly by observation of chromo- 
some behaviour at meiosis and it,s results in tlhe gametophyte. As in 
Oenothera, the principles of behaviour worked out in polyploid TuI@a 
and Ityacinthus are made to provide the basis of a strnctm'al hypo- 
thesis. These principles, viz. that pairing of chromosomes at meiosis is 
determined by the forlnation of chiasmata between them at diplotene 
and that this follows the side by side association in pairs of their homo- 
logous parts, are corroborated by t/he observations of ]?airing at recta- 
phase. 

From a study of the somatic chromosomes in a nmnber of specias of 
the ff'radescantiae (see Summary, p. 218) it appears that two typas of 
change arc taking place independently in this group: reduplication of 
the whole chromosome set (polyploidy) on the one hand, and breaking 
up of a whole or part of it (fragmentation) on the other. 

Pollen mother-cell divisions were studied in three diploid species, 
Rhoeo discolor, Tradescantia crassifolia and T. bracteata, two tetraploid 
species, T. vi~'giniana and Zebrina pendula, and one triploid T. vi~yiniana 
vat. brevicaulis. In these, various anomalous types of association occur, 
such as (i) the association of two ends of one chromosome with ends of 
two chromosomes which then~selves will not associate (ring-formation 
in Rhoeo); (ii) the association of the end of one chromosome ~ith the 
middle of another (lateral pairing in T~'adescantia virginiana); (iii) the 
association of a fragment with different parts, interstitial or terminal, 
of different chromosomes (T. virginiana var. humilis); (iv) the associa- 
tion of moi'phologically dissimilar chromosomes (ring-formation in 
Zeb~'ina and pairing in T. vb'giniana); (v) the pairing of the same end 
of one chromosome silnultaneonsly with two different points on another 
chromosome (T. vb'giniana vat. humilis). 

These various associations are shown to be compatible with the 
method of pairing found in polyploid Tulipa and Hyacinthus if we 
assume, apart from polyploidy and fragmentation, (i) translocation of 
segments from. one chromosome to another, (ii) segmental interchange 
between non-homologous chromosomes, as first suggested by Belling; 
(iii) inversion of segments of chrolnosomes followed by red.npliea~ion of 
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]?a,l'tS of. them; (iv) a process of tcrminalisation, o:f chi,'~smata between 
diplo~ene a,nd diakinesis which gives rise to the multiple a,nd lateral 

_1. ~g. 8,i-). ehiixsmata described and explained in detail (dia.gram, ? '  
The wr ions  ~ypes of ~bnormal chromosome beha,vionr observed a,t 

meiosis oeenr as a result of a condition of strlle~1u'al hybridity wMch 
may l)6 eonVcllieu~ly dist, inguished by i|.s sym]?toms (eytologie~.*l and 
genetieal) from otb er l~li.enomena, seen in zygotes prodn.ced by tlle nnion 
of dissilnita,r gametes. 

The possibilities of ssgrega, tion were examined at melee:is in some 
f.orlns (particlflal'ly in Rhoeo, which is a11alogo118 in this as in every other 
respect to the ring-forming Oenothera species); bnt a fnller s tndy of this 
l?roblem was possible fi'om. the f~rst division in the pollen grain, of which. 
chl'on,osome eo~tl~CS were tab111ated :l!rom severe,1 species and varieties 
(p. 2<12). These show r'l, lldon/ fl.'e(]lleFlcie~s abollt [;l?g hM[-nmuber a,s a. 
nlean. The ge,ctical conditions ill the life of the gametophyte a:[t!ecting 
these l'esutts are discnssed, especially in regard to the behavionr of 
fra,gments. The mechanical eondilffons affecting the origin, sln'vival and 
beha~dOllr of fi'agllmnts at niitosis and nleiosi8 are ate0 examined in the 
light of the observations (2'radescantia, a,nd fritillaria). Althongh frag- 
melltaCion l~ay OCClU' very generally, mechanical as welt as physiological 
conditions are shown to tinlit) its importance as an agent of' variation. 

The Soma~ic rennion o:i fragments With chromosonles is described as 
a possible means of tl'anstocagion and intsrcl~allge. Other changes of 
ehl'onmsome strnctlu'e observed at, and following meiosis, may ]laVe a 
similar significance, l~easo11 ~s shown f.or snpposing that  i11terchal~ge is 
bu t  one Special form (answering to certain genctical reqlfiremcuts) of 
st, rnetm'al changes in chromosomes, and that  Sllcll changes arc of Wide- 
sprea, d oeelu'renee in association with genetic variation and, in a certain 
sense, the means of it. 

Other observations are inclnded bearing on the origin of constrictions, 
changes in chrolnOSOlne size, the relation of chromosome balance to cell 
Size ifi the pollen grain, and the strnctm'e of the chromosome. 

As already stated, I an1 obliged to D3.' O. ~JIeltrn.lan for permission 
to nsc his preparations of 2radesca, ntia bracteata,, and to Professor 
O. l~enner for kindly providing seeds of Oenothera species. I 8111 also 
indebted to the Director of the ~oyal  Botanic Gardens, Kew, an.d to 
abe Cm.'atoi,s Of the Cambridge Botanic C~m'den and the Chelsea Physiek 
C-l-8,rdell for the  118e Of nlat, el'ial provided by the111. 
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