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INTgODUCTION. 

LINI,:A(a~ has so far been ahnost exclusively studied in diploids and 
a.llopolyploids such as wheat. I1l the latter the phenomenml is not 
essentially different from that in diploids, as each chromosome, save for 
rare exceptions, has a defitdte mate. The mdy case of trne polyploid 
linkage so far studied is that in the triplo-X Drosophila melanogaster of 
Bridges and Amlerson (1925). No liNced factors were kllowll in attto- 
tetraploid phmts other than P.rimula si,nensis tmtil 1930, but our col- 
league Dr Sal~some is now studying liltkage in tetraploid tomatoes. 

The present work was begtm in 1909 by the late R. P. Gregory. 
Sverdrup SSmme (1930) has analysed the data up to 1927. We incorporate 
cOllli~S of 2867 more phmts, but reject some of her data oil val'iotus 
grounds. 

The factors here considered are S, B and G. S cmlverts a pill plallt, 
with long style and short stamens, into a thrum with short style alld lmlg 
stamens. B converts red flower pigment into magenta, G inhibit, s the 
formatioll of allthocyalfin pigment in the centre of the flower, producing 
a green stigma and ovary in place of a red. In the diploid they are com- 
pletely dominant. In the tetraploid S is completely so, but Bbbb and 
Gggg, though generally easily distinguished h'om bbbb and gggg, arc oll 
the whole lint so different from them as arc BBBB and GGGG. There is 
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no possibility of ~ mist~d:c ill scoring S. I11 some f~unilics Bbbb ~md bbbb 
m~ W h~ve been confused. It  Ls possible, though not very likely, th~b 
errors ma)r h~ve been m~ale rcg~rding G. No ~ggcmpg lugs been m~dc be 
scparagc diffcrcnt gn~dcs of domimmt, e.g. BBb]) ~uld Bbbb, though in. 
some e~ses this was p~rtly possible. 

The link~ge v~dues of t~hcse f~mgot's in blm diploid ~u'e I)~sed on ~t m~tss 
of m~tcri~fl, p~rtly given by Cregory, de Win~(m ~md B~geson. (1923). 
T~ble I is b~scd entirely on 1)~mk-eross d:~t~ ~s reg~rds the diploid; the 
I~'= (h~l;~ are coneot'd:mt, but  do uo~ crumble ~ disbinction be be m~de be- 
tween the male and feumlc sides of the phmt. The r on which the 
te~n~ploid tigttrcs ~re 1)~sed will be given h~t, er. 

TABLE I. 
Cross-over wdues per ccitt., with slauda,'d error's. 

Ft~c~ors Diploid 9 Diploid <3' 'l?c~v~ploid -9- Tc~v~ploid 6 ~ 
SB 7.35 :k0.40 12'91 ~0.50 8'O l J:0'69 8'41 -s 
S G  33.29 =k0.74 40.47 ~:0.78 37.58 ~ 1.92 38.91 -J:2.23 
BG 31" 15 =k0.53 36-24 ~0'68 35' 18 ~ 1'85 34:'38 ~:2.17 

In order ~o tu:dc:rst~u:d the ]inl:~ge d~t;~ we mttst firs~ consider the 
gcnctic~d l)ch~viottr of the f~m|;ors one ;~t ~ Lime. Ap;u't fl'om ~mcttph)ids, 
e.g. pbmts wi~h 4n + 1 (49) chromosomes, ~hc following ~ypcs (if zygote, 
are to be expected with regtml C() ~ single p;fir of ~dielomorphs X ~md x : 
XXXX,  qtu~drttplcx; XXXx,  triplex; XXxx, duplex ; Xxxx, simplex; 
xxxx,  nttlliplex. 

Qtu~drttplex ~nd triplex ph~nts give no recessive offspring, duplex by 
nulliplex give 5 domimmt : I recessive, simplex by n ulliplex 1. domimmt : 
1 recessive. In T~rblc I I  ~mtntal figurcs a.re given for tile f~mtors concerned. 
These figures do noC represent ~dl the m~rtcri~fl ~rv~fil~fl)lc, but only those 
in which the composition of the domimmt p~u'en~ w;~s known from its 
tmecstry. All the duplex i)l~mts inchtded in them were from ~hc cross 
X X X X  "< xxxx or reciprocal. The only element of doub~ here is ~he 
possibility of ~m alleged X X X X  grand-ptu'en~ h~wing been XXXx, such 
briplcx pbmt, s being indistinguish~ble h'om qtt~dr uplex by ~ single gen era- 
tim~ of breeding, trod being elimim~ed n~ther slowly on scK-ferCilis~ion. 
Phmts known by their genetic beh~viour, but not their ~mees~ry, to lmvc 
been XXxx are excluded. Such pbmts occm'rcd, for cxmnple, tuuong the 
progeny when XXxx was sclfed. 

Simih~rly the only Xxxx pltmts whose progeny is included :~re those 
from Xxxx • xxxx or the rcciproctd cross, the consl~it;ttt, ion of the simple• 
gnmd-p~rcnt being assumed, if nceess~ry, from ills genetic~d beh~viottr. 
Domimmt progeny of 73 crosses of simplex ;~ nulliplex hmm been tested, 
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and all have proved simplex. On the hypothesis of l'alldOln assot'tn!ent 
of chromatids (1]aldane, 1930) one in thirteen would have ])een duplex. 

TABLE II. 

,~imllo fac tor  ratios. 
No. of 

l'arenls fa millcs ])ominanl, Recessive .It l>-; a 
S s  a >: S s  a dO 1282  395 - 2,1'25 1 '20 
BD:~ :-:BD a 17 358 12,1 + 3 .5  0.37 
Gg a :< Gg a l 0  265 ill + 2 0"2,1 

S s  a >',s.~ 75 1()0[ 101,!) + ,l 0 .18 
t 3 b a  :': ]),l 3 8  55! )  5 . i 2  - F;.5 0 . 5 [  
G g a  :: g.t 25 368 371 -t- 1"5 0" I I 
s t  >: S s  a ,15 456  53,[ =t 39 2-18 
b ,  >:13b:, 28  291 380 +,1,1:.5 3".13 
g., • G g a  2,1 293 315 + 11 0"89 

Sas. ., • Sas a l , I , I  2 + 0"7 0"65 
G a g ,  ., :< G , . g , .  23 120-1 ,14 q 10 1"7,1 

Gag.., >: g., 34 6,13 125 - 3 0"29 
g., >: G . ,g :  9 87 22 + 3.8 0 .98  

I al)l. 11 shows the g<:uetieal l)ehaviom" of simplex and duplex 1)la,ts. 
Tile results are not  indepe,denk owiug to linkage. I t  will be seen that  
the only really serious deviations from expcctat, ion ocem' iu the c,'oss of 
x, l >. Xx:~, the heterozygotes giving an excess of ,'eeessive gn.metes on the 
lnah; side. The fact that  the same families are included in the I3 and S 
totals aeeounts for the similar diserepaney iu both eases, sinee B and S 
were coupled in many of the plants. Five Bb a planhs as males gave 66 B, 
106 b, which aeeotmts for nearly half the disereI)aney. Used as females 
they gave 90 B, 85 b. We have clearly to deal with a ease of anisogeny, 
the B pollen gn'ains l)eing handieaI)I)ed while the B ovules are not. 
A i)ossible exI)lanation is that  these plants we,'e BbbbB, i .e .  49 ehrolno- 
some plants, and thai; as in D a t u r a  2n + 1 ovules are l~unetional, 2n + 1 
pollen not so in eompetition with 2n polleu. In this ease the ovules would 
give a ratio of 1 B : 1 b, the 1)ellen grains 2 I3 : 3 :b, which aga'ees with 
observation. If the divergence from expeetation were due to random 
1)airing of el. 'omatids we should expeet similar gametie ratios on both 
sides, for the equality of linkage values suggests that  meiosis is similar 
on the two sides of the plant. If non-disjtmction of the SBG dn'omosome 
is at  all colnmou wc should expect to find Bbbbb plants among the 
parents of Tal)lc I I ;  on the other hand Bbbb "< bbbb el' the reciprocal 
cross could not givc BBbbb apart  from dou])lc reduction. 

Exceptions duc to doub]c rcduct, ion may occur, but  they are too rare 
to 1)e considered in an admit, l;cdly prclimina,'y theory of linkage. 
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Hence in what follows we assulne that  f;wo chromatids from the same 
chromosome always go into dilfel'ent gametes. This is borne out by the 
behavionr of linked factors. The further question wheeher two chromatids 
which have paired and exchanged fitctors 1) 3, crossing-over ma.y enter the 
same gamete is cmtsidered later. Both these anom~dies would involve 
non-disjmmtion. 

rJk~lIEO]~u OF LINKA(H'] :IN TI~TI~APLOID8. 

Ill a diploid org;mism heterozygons for two factors we can only s tudy 
two types of gametic series, those ch;u'aeteristic of coupling and re- 
pulsion, which ;u'e closely related, and their rehltion could be deduced on 
re;my different theories of segregation. For example, it was consistent 
with the reduplication theory, or with several different theories ;~s to the 
relation between factors and chromosomes. 

In the tetl'aploid, however, there should be seven distinct types of 
gametic series: (1) single coupling, (2) single repulsion, (3) asymmetrical 
coupling, (,t) asymmetrical repulsion, (5) double coupling, (6) double re- 
pulsion, (7) coupling cmd repulsion. I t  will be difficult to construct 
zygotes giving combined coupling ;rod repulsion, or to identify them with 
certainty if they have bccn constructed. 

We consider only the ratios to be expected in the case of completely 
dominant factors. In order to obtain visible segregation the mmlber of 
these factors in a zygote must be one or two. Suppose two factors X and 
Y to be linked, crossing-over occurring in the formation of a proportion 
1) of the gametes; and a plant known from its genetical performance to 
be of the composition 

XY 
x y  
x y  
x y  

Then if, after crossing-over has occurred, two chromosomes can enter the 
Same gamete, sonic of its XY offspring when it is crossed with (xy)~ w~ll 
exhibit repulsion of X and Y. As will be seen later, such an event is rare, 
if it  occurs at ;dl. In what follows we will assmne that  it  does not occur, 
i.e. tha t  after two chromosomes have paired, they must proceed to dif- 
ferent poles. The absence of such a conversion of coupling into repulsion 
also renders pairing of three chromosomes le;uting to "progressive" 
crossing-over unlikely, and further reasons are given later to show that  
it  is a rare o1' non-existent phenomenon. 
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Case 1. Single coupling. 
XY 
x y  
x y  
x y  

The chromosome containing X and Y mus[~ ])air wi~h one of ~]le o~hers. 
Crossing-over occurs in p of tim total  cases, the gametic series is ~herefore : 

( 1 -  p) XY : p X y  : p x Y  : (1--  p) x y  
x y  x y  x y  x y  

a series similar to tha t  of the diploid. 

Case 2. Single repulsion. 
X y  
xY  
x y  
x y  

Calling the Iota' chromosomes A, B, C and D, ill ~wo-thirds of all cases A 
does not  pair with B, so the gametes are: 

1 X y : l  X y : l x Y : l x y  
xY  x y  x y  x y  

Ill the remaining one-third A and B pair, so there is a chance o[ crossing- 
over, the gametes being: 

p XY : (1-- p) X y  : (1 - p) xY : p x y  
x y  x y  x y  x y  

Hence the total gametic series is: 

1 X y  :p XY : (2--  p) X y  : ( 2 -  p) x Y  : (1 + 1)) x y  
xY x y  x y  x y  x y  

Case 3. Asymmetrical coupling. 

XY 
X y  
XY 
x y  

Here in one-third of all cases AB, CD pair aud the gametes are: 

1 XY : 1 X y  
x y  x y  

In the other cases crossing-over may  occur ])etweeu A aud C or D, aud 
the resulting chromosome has an equal chance of entering an X y  or ml 
x y  gamete. The total gametic series is therefore: 

( 1 - p )  X Y : ( 2 - p ) X Y : p X y : p X y : 2 X y : p x Y : ( 1 - p ) x y  
X y  x y  xY  X y  x y  x y  x y  
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Case ~L. Asymmetrical repulsion. 

Xy  
Xy 
x Y  
x y  

In one-l;hird of all c~sc.s AB, CD pair and the gametes are: 

1 Xy :it Xy  
x Y  x y  

In the other two-thirds pairing of C with A or B rmtders crossing-over 
possible, l~he res,l t ing chromosomes ~s above entcriag a gamete with Xy 
or x y  in eq,,al numbers. The l~otal gametic series is ~hlJs: 

p X Y : p X Y : ( 2 - p )  X y : ( 1 - p ) X y : 2  X y : ( ] - p )  x Y : p x y  
Xy x y  xY Xy x y  x y  x y  

Cas(: 5. 1)o,blc coupling. 
X Y  
X Y  
x y  
x y  

Ill one-third of all cases AB, CD p~fir and the gametes are X Y .  In two- 
x y  

thirds of the ca.scs crossing-over may occm'. The following quest, ion now 
a.riscs. 1)oes the [a.ct tim.t, crossing-over has occm:rcd between chromo- 
somes A and C ~dtcr t;he proba.bility o[ crossing-over bctwccu B a u d  D? 
This probability wo.hl be increased if certain wu'iablc conditions in t~he 
mlclens a.s ~ whole fa ro . red  crossing-over in both cases. I t  would be 
diminished if, for example, only a finite am(rant of energy was ava.ilabie 
for twisting or breaking the chromosomes, and this might be concentrated 
on one pa.ir or the other. In what follows wc shall assmne t)hat the proba- 
bilities a.rc independent, an hypothesis which agrees fairly well with cx- 
1)erience. The g~uuctic o,,tI),,t where crossing-over is possible is therefore 
symboliscd by 

[(1 - 1)) X Y  : I) X y  : I) x Y  : (1 - 1)) xy]"- 

a.nd Lhc tota.1 gameLic series is: 

(1 - -  21) + p')  X Y  : (21) - -  21)" ) X Y  :(21) -- 21)" ) X Y  : 
X Y  X y  x Y  

2 (2 -- 2p + p") X Y  : 2p" X y  :p" X y  : (2 I) -- 2/)") X y  : 
x y  x Y  X y  x y  

1'" x Y  : (21, -- 1'") x Y  : (1 -- 1')" x y  
x Y  x y  x y  
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I)t Lhc cvcn~ of a posi~ivc or negativc correlation between Lhe ~wo 
C�86 l~]lC tCl'lllS W]I()SC coefllcicl)ts arc divisible by 1) wotlld be in- 
creased or diminished rcspcct~ively. 

Ca,~e 6. ])cubic repulsion. 
X y  
X y  
x Y  
x Y  

hi one-third of; all cases AB, C/) pair and Lhe gametes arc all Xy.  Ill I;]le 
x Y  

rcmailfing two-thirds crossing-over ulay occur. I[ i[J is iltdependctfl~ the 
oul;pnt, is s),mbolised by 

[2~ X Y  : (1 - p) X y  : (3 --- p) x Y  : T xy]"  

and I~he t~o|,al gametic series is: 

p'-' X Y  : ( 2 p - -  2if-) X Y  : ( 2 T -  21:)  X Y  : 21; ~ X Y  : ( 4 -  4: T -I- 2?") X y  : 
X Y  X y  x Y  x y  x Y  

( l - p ) ~ X y : ( 2  T -  2p " ~ ) x y : ( ] - p ) ' x Y : ( 2  T -  2p 2) x Y : p 2 x y  
X y  x y  x Y  x y  x y  

snbjcct to (~hc ,~bow'. rcscrv,~tion. 

Case 7. Conpling aud m'epnlsion. 

X Y  
X y  
x Y  
x y  

In one-l~hird of all cases AB, CD pair mtd the gametes arc 

] X Y : ]  X Y : ]  X y : ]  X y  
x Y  x y  x Y  x y  

Ii1 ozm-third of all cases AC, BD pair a,~d the gametes arc 

] X Y : I  X Y : I  X y : l x Y  
X y  x y  xY x y  

Ill one-third of all cases AD, CB pair al~d in |;he abs(mce of correlation 
the gametic series is represcntcd by  

[p X Y  : ( l -  1~) X y  : ( l -  p)  x Y  : p x y ]  

x [(1 - 1~) X Y  : _p X y  : p  x Y  : ( l  - p)  x y ]  
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tIcncr the total gametic series is: 

(l,_l,z) XY:(2_21 , + 2 1 ,  ~ ' ) X Y : ( 2 -  21 , +  21, ~) X Y :  
X Y  X y  x Y  

(2 + 21, - 21, ~ X Y  :(2 -t- 2 1 ' -  21' ~ X y  : ( p -  1, ~) X y :  
x y  xY X y  

(2 -- 2 I, -I- 2p z) Xy : (I'- 1 '~') xY : (2 -- 2 I, + 21,') xY : (I'- 1 '~ xy 
x y  xY x y  x y  

provided that,  in tlle tllird case, crossing-over is not correlated. 
Since in the case of complete d o l n i l l a l l C C ,  the various classes of gamete 

containing a~ least one X and Y produce illdisthlguishablc zygotes, the 
above resldts may be sumlm~rised ilt Table III.  p and q are the cross-over 
ratios Oil the two sexual sides of the plant. 

TABLE III. 
T y p e s  G a m e . s  

T y p e  of of in 
zygo te  game te s  genera l  

1. X Y . ( x y ) a  X Y  1 - 7) 
Xy p 
x Y  1) 
xy 1 - 1) 

2. X y . x Y . ( x y ) a  X Y  1 +p 
X y  2 - p 
xY 2 - I) 
x y  1 + p  

3. X Y . X y .  (xy)., X Y  3 - p  
X y  2 + 1) 
x Y  1) 
x y  1 - 1' 

4. ( X y ) : . x Y . x y  X Y  2 + p  
Xy 3 - p 
x Y  l - 1) 
xy p 

5. (XY) : .  (xy)~. X Y  5 - 2 p - e f f ' -  
X y  21) - 1) 2 
x Y  2p - p :  
x y  1 - 21) + p :  

6. (Xy)~.(xY).., X Y  4 +1): 
X y  1 - p :  
x Y  1 - p-~ 
xy 1) 2 

7. X Y .  X y .  x Y .  x y  X Y  8 4- p - p"~ 
X y  2 - p +lfl- 
xY 2 - 1) + pa 
xy 1) - P~ 

G a m e t e s  in Zygo t i c  
Ganmtcs ,  Gametes ,  absence  of ra t io  on 

p = 0 p = .1, l i n k a g e  se l l lng 

1 I I 2 + ( l - p ) ( 1 - q )  
o I I l - ( l - p )  ( l - q )  
o I I l - ( l - p ) ( 1 - q )  
1 I I (I - p )  (I - q )  
I I I 1 8 + ( I  + p )  (I +q)  
2 i i 9 - ( i  +p) (i +q) 
2 I I 9 - ( i  + p )  (I +q )  
1 I I (I + p )  (I +q)  
3 5 5 2 6 + ( I  - p )  (I - q )  
2 5 5 9 - ( I - p )  (I - q )  
0 I I l - ( l - p ) ( l - q )  
t i i (i -p) (i -q) 
2 5 5 26 + pq 
3 5 5 9 -2~1 
l I I I -2~ /  
0 I I pq  

5 17 25 3 4 + ( i  - p ) :  ( i  -q )~  
0 3 5 i - ( i  - p ) ~  ( i  - q ) :  
0 3 5 i - ( i  - p ) :  (I - q ) e  
1 i i ( i  _p)2  (I - q)'-' 
'~ 17 25 34 -t-p2q: 
1 3 5 i - l )"q:  
1 3 5 i - 1F'q: 
0 1 i p"q"- 

4 33 25 136 +2~ / ( 1 - p )  (I - q )  
1 7 5 4 - 1 ) q ( l - p ) ( 1 - q )  
1 7 5 4 -)'~I (I -p) (I - q )  
0 1 i 1)q (I - p )  (I - q )  

F o r  purposes  of ca l cu la t ion  i t  is conven ien t  to p u t  1 - p = P ,  i - q = Q. 
The  g a m e t i c  series  in doub le  coupl ing  may  then  be w r i t t e n  4 + P~ : I - P'-' : I - P'-' : P'-', 

a n d  t i le  express ions  for the fo l lowing  zygot ic  series  nmy bc s impl i f ied :  

Single (.ouplin. ~ g,, 2 -I- PQ. , .' 1 - PQ, .' 1 - PQ, ." PQ.  
As 3 m m c t n c a l  couphng ,  26 + PQ : 9 - 1  Q : 1 -1)(2 : P Q .  
Double  coupl ing ,  34 + P ' Q "  : 1 - paQ,. : 1 - P2Q" : P " @ .  
Coupl ing a n d  repuls ion,  136 + p q P Q  : 4 - 2 x l l ' Q  : 4 - 2 ~ I P Q  :2x11'Q. 
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The second eohmul gives the gametic series i1~ ge.erM, the third 
the expected ratios when linkage is so strong that  crossing-over may 
l)c neglected, the fourth when liM~age is so weal< tha t  crossing-over 
amouuts to 50 per cent. In the fifth column the ratios are given which 
are found when the factors are in different chromosomes. In the last 
cohmln are given the zygotic ratios to be expected on selfing. In the case 
of single coupling the ratios are the same as in a diploid. But  in the case 
of single repulsion this is not  so, since two factors in different chromo- 
somes can st, ill enter the same gamete. The asymmetrical cases call for 
ao special comment. 

Whereas iu the first four cases no differenc6 is go be expected when 
the factors, though ill the same chromosome, are far apart,  from the 
ratios obtained when they are in differeut chromosomes, this is not so in 
the last three. If the factors are iu different ehronlosomes each tetrad of 
hollmlogous chromosomes Call pair in three ways giving two pairs each, 
so the total mmlber of distinct cases to be considered is 36. But  if the 
factors are far apart  in the same chromosome each of the six possible pairs 
of chromosomes can produce one, two or fore' different types of gametes; 
the total mmlbcr of cases is therefore 24- or 48. I t  is thus theoretically 
possible, in a tetraploid plant, to distinguish between 50 per cent. crossing- 
over and the absence 6f liukagc. 

Similar calculations have been made to meet the possibility that,  
after pairing, the chromosomes can enter gametes at, random, so that  in 
one-third of all cases , two chl'oumsomes which have paired so as to permit 
of crossing-over may cuter the same gamete. The expected ratios are some- 
what different. As, however, it will be shown that  this event  oecurs r'~rely 
if ever in Primula si.,znsis, the possibility seed not  be further considered 
here. I t  is however possible tha t  it may  occur in other tetraploid organisms, 
or tha t  a state of affairs may be fomld in them intermediate between the 
above condition and tha t  here described. If after pail'illg, chromosomes 
always went to the same pole, only XY and x y  gametes would be found 
in the ease of single or double coupling. This, of course, is not the case. 

When three factors arc concerned, matters are much more compli- 
cated: 44 possible zygotic types must be considered. Moreover two dif- 
fere~lt t)q~es of double crossing-over are theoretie,~lly possible. Consider 
four homologous chromosomes A, B, 6', D, in a zygote 

XYZ 
x y z  
x y z  
x y z  

Journ. of Genel, ics xxIv 9 
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Chromosomce A may pair wit, h B, cerossing-over t, wicece, alld giving XyZ 
and xYz gametes. 01" it may pair with bot, h B and C, giving Xyz, xYz 
and x y Z .  Both thesce t;ypces of cerossing-over were, found by Bridgces a.nd 
Anderson (1925) in the triploid Drosophila .melanogasler , t, hce firsl~ being 
termed recurrent, t;he sceceond progressive. In ghe case. of progrcessivce 
crossing-over in a t, etraploid wee should expect, t;hat, as t, he result~ ot! a 
situat, ion suceh as t, hat shown in Fig. 1, the two gamet;es formed would bee 

Fig. 1. Configural, ion in the diplogcnc stage which might yield Xyz gametes. 
xyZ 

The chromosome eontMning the three dominants is dotted. 

xYz and Xyz.  The facet tha t  in such a cease X and Z would exhibit rce- 
x y z  x y Z  
pulsion in the progeny shows that  such ceases, if they occur, are rare. 
If they are at  all fl'equent, however, XyZ and xYz gametes should be 
more commonly produced by the zygote 

XYZ 
x y z  
x y z  
x y z  

than by XYZ, provided tha t  the, ceross-over values are the same iu both. 
x y z  

Double ceross-overs are not more common in the tetraploid, not at least to 
any significeant extent. Hence it is considered that,  for the present, a theory 
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based on crossing-over involving two chromosomes only, which Lu not 
presented as final, will cover all the facts found, to a first approximation. 

In view of tile somewhat complicated nature of the theory, it; in per- 
haps worth pointiug ont simpler, if less rigorons, methods of calculating 
some of the above gamet;ie and zygotic series. Consider the ease of double 
rcpnlsion. The y y  gametes form one-sixth of the whole, from the single 
factor theory. But  in order tha t  a y y  gamete should also be xx,  crossing- 
over mlLst have o(.enrred twice. The chance of this is p~": hence tile ratio 
of X y y  to x x y y  gametes is 1 - po : po. The relative proportion of x x Y  
gametes is also 1 - p". But  since the total proportion of X gametes flu 
five for every one xx, there nmst be ,l + p~" XY gametes. Similarly 
tile proportion of x x y y  gametes in double coupling is P~", this bchlg the 
chance tba t  no crossing-over has oeem'red on two distinct occasions. 

In the corresponding zygotic series the proportions of bottom rc- 
1,2Q2 

y~qO and In the first case crossing-over midst have cessivcs are ,3i~ -~5{i-" 

occm'red twice on tile male and twice on the female side (a most im- 
probable occurrence), in the second it mLL~t have failed t,o occur ou four 
independent  occasions. So tha t  even in a doubly coupled zygote, donblc 
rcccssives rarely occur as a result of selfing. Tlms if the cross-over value 
in each sex is 33!~. per cent., 1) = ~, P = a-e, therefore the pl'oporl;iou of 

2, double reccssivcs is i , or ,t in 729. This is greater than the proportion 

of 1. iu 1296 expected in the absence of linkage, but  is still small. 

ExPERI~IENTAL RESULTS. 

In the interpretation of the experimental resnlts there is a certain 
danger of eirmflarity in tile argument. 'l~]ms a nnmber of plants, from 
their genetical bchavionr, agree with the expectation on the assnmption 
that  they aro of the composition 

SBG 
sbg 
sbg 
sbg 

Some of these plants are derived from a cross between a triple recessive 
plant and a triple dominant of uncertain composition. Others arise from 
selfing, attd so on. Only their geuetical behaviour makes their composi- 
tion more or less certaiu. On tile other band, many snell plant, s are 
derived from the cross of a plant  known from its ancestry, genetical be- 
havionr, or both, to be of the above composition, crossed with a triple 

9-2 
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recessive. On the theory here developed, all plants in snell families, pro- 
vided that  they carry the three dominants, should be of the above com- 
position, unless sonic exceptional event such as progressive erossillg-over 
has occurred. Such plants, and no others, may legitimately l)e used ~o 
test the theory. 

We ilia 3, however legitimately include with tbenl other plants of 
similar genetical behaviour, provided, their offsl?rillg occur in the theo- 
retical proportions, and use the total of such families for the pro:pose of 
calcnlat, hlg linkage intensities. In the tables three distinct cla.sses of 
parents are considered. 

(a) ])al'elltS whose genetic compositi(m can be predicted from those 
of their ancastOl'S on the assnluption that  mfither double redLmtion, non- 
disjmlction, nor progressive crossing-over has occm'red. 

(b) Parents ill which the ancestry does not sufl3ce to detbrmine the 
llomber of factors, but where the li~lkages at0, certain once the mm~bers 
of factors are known. Now the numl)cr of factors (i.e. whether the plant 
is silnplex or duplex) cau be deterlnilled from the ratios in which the 
single factors segl'egat(~ ill their progeny, hi  families of ten or more plants 
thel'c is very little chance of confusing a ] : ]. with a 5 : 1 r:~tio, and little 
chance of cmffusing a 3: ] with a 35:1 .  Henc~ the prog(my of such 
plants furnish reliable data  on linkage. ]?or example 16])/2~ was derived 
from a cross betwe(m SSSsBBbb and ssssl3bl313, and being a thrum 
magenta, was either duplex or silnplex in S and B. Crossed with an 
ssssbbbb plant it gave 18S, 2 s and 7 B, 13 b. ]:Ience its composition 
was SSssBbbb. But  since one of ~he gametes which formed it was ssbb, 
its own composition was necessarily 

SB 
Sb 
sb 
sb 

Most of our data oil asymmetrical linkage are derived from such phmts, 
though it would be theoretically possible to make them from a crows 
between SSSSBbbb (derived from a cross of SSSSBbbb and SSSSbbl)b) 
and ssssbbbb. Such a parent would be of class (a). 

(c) I)arelltS whose composition is olt]y deducible from their offsprillg. 
As all example 

SBG 
sbg" 
sbg 
sbg" 
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selfed has given several plants which behaved as 

SBG 
SBG 
sbg 
sbg 

But  evert alter the single-factor ratios were determined they migh~ as well 
have becn of composition 

SBG or of SBff 
SBg SBff 
sbG sbG 
sbg sbG 

to name only two possibilities. 
We are quit(: aware tha t  ~]le inclusion of class (b) leads to a certain 

distortion of the single factor rabios, and (:lass (c) may also distort the 
linkage ratios, owing ~o the omission, in each case, of parents of uncertain 
coml)osition. Nevertheless we think their inclusion justifiM)le, with the 
above caution. I~ will bc seen tha t  even if attention is confined to the 
(:lass (a) phmts, the gcncrM fc~ures  of the linkage are quite (:lear. We 
lmvc allowed ourselves the inclusion of a few families of 1930 which are 
not quite complete, certain plants not ye~ having flowered. These are not 
iucluded in the ~otals of Table II, but  we consider that  on the whole more 
is gabled than los~ by including ~hem in Tables IV-XI.  

Origin of the plants considered. 
Tetraploids of the following origins have been used: 
(a) Gregory's (1914) GX race which originated in a plant from Messrs 

Surreal in 1909. This plant lacked S altO[ was at least duplex fox, B, G, D 
(white), aim Y (palmate as opposed to fern leaf). 

(b) Gregory's (1914)GT race which originated in 1911 fl'om a cross 
made by him betweell t'wo diploids. I t  was at least duplex fox' S, B and 
G, and also carried D. 

(0) Su[itOlX'S "8ymllletry," introduced into the cxperilnents in 1920, 
and SuSton'8 "Mosscm'l" in 1922. Both lackcdS and B and were at least 
~riplci for G. Most of ore' lXUlllber8 lotS,  G asymmetricM repulsion COlUe 
from these races crossed to others lacking G and simplex fox' S. 

Linkage between two factors. 
The single coiTling figm'es (Table IV) require li~le (:eminent. 0nly  

~wo of the families considered are in any way abnormM. Among the 
class (a) families from SB . (sb)a >: (sb h occurs one (149/22) (:OllSisting of 
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o 19 SB, .~0 Sb, 11 sB, 19 sb. I t  seems probable tha t  its paren t  43~/21 was 
of the composition mclttioltcd, and it behaved more norm~dly in another  
simihu' cross, giviltg 5SB,  1Sb,  1 sB, 2sb .  I t  is clear, however, ~hat 

TABLE IV. 
Single coupling XY 

x y  
x y  
x y  

No.  of 
l ' a rou{s*  famil ies  S B  S b  s B  s])  

S B .  (sb).~ • (sb)~ (a) 35 475 59 45 453 
. . . .  (b) 19 191 21 12 148 
. . . .  (c) 2 101 6 l l  83 

.... (To t a l )  56 767 86 68 684 

. . . .  (Calc .)  - -  738 .2  64.3 64.3  738.2  

(sb) .  t • S B .  ( s b ) ,  (a) 24 229 25 23 303 
. . . .  (b) 15 88 9 8 72 
. . . .  (c) 2 13 1 0 14 

. . . .  (Toted) 41 330 35 3] 389 

. . . .  (Calc .)  - -  359 .5  33 33 359.5 

S B . ( s b ) a  • S B . ( s b ) ~  (a) 14 304 18 17 96 
. . . .  (b) 8 145 7 8 53 
. . . .  (c) 7 137 4 9 40 

. . . .  (To ta l )  29 586  29 34 189 

. . . .  (Calc .)  - -  595 .5  "~3.0 33.0  176.5 

S G  S g  s G  s g  �9 

S G . ( s g ) ,  • ( s g  h (a) 15 178 114 101 169 
. . . .  (b) 2 26 12 12 24 

. . . .  (To ta l )  17 204 126 113 193 

. . . .  (Calc .)  - -  198.5 119.5 119.5 198.5 

(sg). ,  x S G . ( s g ) ~  (a) 16 124 80 95 155 
. . . .  (b) 4 8 9 2 5 
. . . .  (To ta l )  20 132 89 97 160 
. . . .  (Calc .)  - -  146 93 93 146 

SG.(sg)~ x SG.(sg)~ (a) 7 179 47 40 27 
. . . .  (Calc .)  - -  174.4  45.3  45.3  27.9 

BG Bg hG b g  

B G . ( b g ) ~  x ( b g ) a  (a) 16 190 105 93 180 
. . . .  (b) 4 33 16 21 30 

. . . .  (To ta l )  20 223 121 114 210 

. . . .  (Calc .)  - -  216.5  117 '5  117.5 216 '5  

( b g ) a  :< B G . ( b g ) a  (a) 16 135 69 84 165 
. . . .  (b) 4 8 9 2 5 

. . . .  (To ta l )  20 143 78 86 170 

. . . .  (Calc .)  - -  156 '5  82 82 156.5 

B G . ( b g ) ~  : < B G . ( b g ) a  (a) 7 177 48 42 26 
. . . .  (b) 2 14 1 4 2 

. . . .  (To t a l )  9 191 49 46 28 

. . . .  (Calc .)  - -  190.4  45.1 45.1 33.4 

* T h r o , g h o u t  these t ab l e s  tho p a r e n t  usc, d as  a f c m a l o  is p u t  f i rs t .  T h o  g r o u p s  ill w h i c h  
the  p a r e n t s  a r c  of tho s a m c  c o m p o s i t i o n  M m o s t  a l l  a r i so  f l 'om sc l f - fc r t i l i sa t ion .  
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some anom~dy is occurring here (possibly ~ misgake was m~ule in crossing). 
The cha.nce of obtaiaing such ~ flintily by nmdom stmlpling is much less 
than one in a billion. I t  ha.s therefore beeit omitted from the total figures 
used in c~dcuh~ting the SB cross-over wdue of 8.01 per cent. Its ilt- 

TABLE V. 

Siugle repulsion Xy 
xY 
x y  
xy  

N o .  of  
l ' a r c n t s  fami l i es  S B  S b  s B  s b  

S b .  s B .  ( s b ) :  • ( s b  h (a) 3 36 43 39 28 
. . . .  (c) 1 8 12 6 6 

,, ,, (To ta l )  4 44 55 ,t5 34 
,, ,, (Calc .)  - -  32 57 57 32 

(sb) .  z x S b .  s B .  ( s b ) :  (a) 3 11 25 15 15 
. . . .  (Calc.)  - -  11.9 21.1 21"1 11"9 

S b . s B  . (sb):  • S b . s B . ( s b ~ ,  (b) 2 40 17 11 0 
. . . .  (CMc.) - -  36"2 14.8 14"8 2"2 

S G  S g  s G  s g  
S g . s G . ( s g ) ~  • (sg), l (~0 11 72 76 77 61 

,, ,, (b) 12 54 60 69 41 

. . . .  (To~al) 23 126 136 146 102 

. . . .  (Calc .)  - -  116.9 138.1 138.1 116.9 

(sg). l x S g . s G . ( s g ) ~  (a) 9 31 43 46 ,t0 
. . . .  (b) 5 7 14 14 12 

. . . .  (To~trl) 14 38 57 60 52 

. . . .  (Calc.)  - -  47.9 55.6  55 .6  47.9 

B G  B g  b G  b g  
B g . b G . ( b g ) :  • (bg) ,  l (a) 7 32 32 38 31 

. . . .  (b) 10 47 48 62 37 

. . . .  (To~rl)  17 79 80 100 68 

. . . .  (Calc.)  - -  73 '7  89 '8  89 ' 8  73 '7  

(bg )4  • B g . b G . ( b g ) ~  (a) 4 10 22 30 24 
. . . .  (b) 5 6 14 15 12 

. . . .  (To ta l )  9 16 36 45 36 

. . . .  (Calc .)  - -  29.8 36.7 36.7  29.8 

B g . l ) G . ( b g ) ~ •  (c) 1 8 5 4 1 
. . . .  (Ca lc.) - -  9.9 3.6 3.6 0.9 

clusion would ])ring ~his v~duc up to 9.53 per cellt. Another phult 1803/28, 
believed from i~s ancestry to ])e SBG. (s]gg)u, wheu used as a fem~de with 
(sbg),~ gave norm;fl coupling of S and B, but 7 SG, 10 Sg, 9 sG, 6 sff and 
6BG, 10 Bg, 10 bG, 6bg, ;~s if G were beiJtg repelled from S and B. As male 
and w]len selfed 5he numbers were too sm;dl to be decisive. However, Lhree 
SBG plants from the aamlmdOUS flintily 70-73/29 whose numbers are given 
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above were selfed, and al l  behaved as if SBG were coupled, ~he ~o~als 
being 298G, 10St ,  17sG, 7 s t .  The family 70-73/29 is therefore in- 
eluded, although ~he proportion of e,'oss-overs between B and G devi~es 
by more than si~ 6imes ~he sI;andard error of sampling. I~ mus~ be 
realised, however, ~hat cross-over values proba.bly do vary in reality, and 
lie[5 o l t l y  l/,S l/, result of Sa, lnpling. 

The e,~leulated figures a,re obtained directly fi'om the b~mk-eross data, 
so t;hat ~he agreemeu~ in (~hc case of back-crosses is no proof of the e e l  
r ee t l l eSS  of  t i l e  l)]leory. [['he tl,gl'eellleltD is, however, (]uibe s~tishmgory in 
~he ease of tile families due t~o selling. The iltelusion of class (c) pl,m~s 
only allx;rs i~he SB cross-over values from 7.93 go 8.01, and from 8.59 t~o 
8.,1-1 per cent. 

The data for single repalsion a.re given in TM)Ie V. '['lie figures ,ira 
decidedly irrcgMar, bug t~his is maiuly due go the single factor rallies. 
If ~hcre is ;1,11y systcmal~ie difference 1)el~wcml observed and eMeulabed 
link'tgc, ib should show up iu 't difference beDweeII observed and c,a.lculabcd 
nambers of XY -t- x y  zygotes (i.e. 813 q- s t ,  etc.) in l;hc crosses giving 
1 : 1 siuglc fael~or ra~ios. The observed mmfl)el'S are 621 (XY + xy),  
800 (Xy q-xY), l;he calculated 624.4 ~md 796.6. The ~greemeut is 
l~hus very good, aud the ~heory as a whole is eontirmed. I~ is a~ 
once clea.r l~hat~ the phenomonou is quite different from repulsion in ~ 
diploid. 

In the ease of asymmetrica.1 eouplillg and repulsion a mmlber of fimlilies 
h~tvc ltot been included which illustrate lillk~tge of G with S and B. These 
are class (c) fiunilies. Tha~ is ~o say, t~hc ~ype of linkage is deduced from 
the family concerned, Ii, lld is not eer~Mn fl'Olll the :meestry. In the ease 
of lhtk~tge between S and B, however, such families are included. The 
linkage being s[,rollg, Dhere is lilMe chance of mistaking coupling for 
repulsion, especially when the plant whose composition is doubtful has 
been both crossed Ii, lld selfed. Except ill ~he case of the asymmelMcal 
repulsion of S and G, which arose from frequent crosses between horl~i- 
cultural variclfies homozygous for S and G, and Ssag, ~ plants, {)he d~ta are 
scrappy, and ig is difficul~ go be sure ]tow far ~he disagreements of theory 
and obsel'va~ion are forl)uitous. 

Summing the asymmetrical coupling figures Ii'om 

X Y .  X y .  (xy h • (xy h 

and the reciprocal we have: 

X Y  X y  x Y  x y  
Found 598 431 33 138 
Calculated 544.5 ,t55.9 55.9 1,14.1 
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T A B L E  V I .  

Asymmetr ic ,1  co,l , l i ' ,g X Y  

[)a r tq l  {:s 

S B .  S b .  (sb)= >: ( s b  h (b) 
. . . .  (c) 
. . . .  (Tol~al) 
. . . .  (Calc.) 

S B  . s B  . ( s b  h x ( sb ) ,  (b) 
. . . .  (c,) 
. . . .  (Tota l )  
. . . .  (Calc.) 

(sb) . ,  x S B .  S b .  ( s b ) :  (c) 
. . . .  (Ca lc.) 

( s b  h x SB . s B .  ( sb) :  (c) 
. . . .  (Calc.) 

S B . S b . ( s b ) z  x S B . S b . ( s b ) ~  (b) 
. . . .  (c) 
;, ,, (Tota l )  
. . . .  (Ca.lc.) 

S B  . s B .  (sb) . ,  x S B  . s B . ( s b ) 2  (b) 
. . . .  (C,~Ic.) 

S G .  S g .  (sg)~. x ( s g h  (b) 
. . . .  (Calc.) 

S G .  s G .  ( s g h  • ( sg) . ,  (a)  
. . . .  (b) 
. . . .  (To~al) 
. . . .  (Calc.) 

( s g  h x S G .  s G .  ( s g h  (a) 
. . . .  (b) 
. . . .  (Tota l )  
. . . .  (Ca lc.) 

S G . s G . ( s g ) :  • S G . s G . ( s g ) ~  (a) 
. . . .  (b) 
. . . .  (Tota l )  
. . . .  (C,~lc.) 

BG. b G .  ( b g  h x ( b g ) a  (b) 
. . . .  (Calc.) 

( b g  h x B G .  b G .  (bg).~ (a) 
. . . .  (b) 
. . . .  (Tota l )  
. . . .  (Calc.) 

B G . b G . ( b K ) ~  x B G . b G . ( b K ) ~  (b) 
. . . .  (Calc.) 

X y  
x y  
x y  

No. of 
famil ies  S B  S b  

1 0 12 
7 49 32 
8 55 44 

- -  5,1.5 38'8 

8 i00  1 
i 18 0 
9 118 1 

- -  103.2 2 '8 

6 22 11 
- -  18.9 13'6 

1 2 0 
- -  2'1 0'05 

3 33 14 
1 2 1 
4 35 15 

- -  38.8 11.8 

5 71 i 
- -  77'5 0'5 

S G  S g  
3 26 15 

- -  21'4 19',t 

1 3 0 
13 153 9 

1,t 156 9 
- -  134'7 19.3 

1 12 5 
4 36 2 
5 48 7 

- -  51 .4  7.7 

3 i01 1 
7 272 6 

i 0  373 7 
- -  371.2 9'8 

BG B g  
I0  122 7 
- -  105'9 14.1 

1 12 3 
4 37 2 
5 ,19 5 

- -  52.2 6.8 

8 175 5 
- -  180.4 4.1 

s B  s b  
1 1 
0 I I  
] 12 
1.5 17.2 

51 18 
]3 I I  
64 29 
73.5 32.5 

0 6 
0.55 5.9 

2 0 
1.4 0.6 

I I 
0 0 
I 1 

�9 0.2 1.2 

32 0 
23.6 2.4 

sG s g  
3 5 
3.1 5.1 

4 2 
10,1 33 
I08 35 
122 32 

20 7 
30 6 
50 13 
47 12 

30 2 
88 8 

i 18  10 
121'6 5',1 

b G  Jog" 

88 23 
94.1 25.9 

2O 9 
29 6 
49 15 
46'1 12'9 

70 4 
60.5 3 
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The disagreement, in t, he case of t;he small cross-over class xY is serious. 
But  it is part, ly due to t, he very bad shlgle factor rat~io ]'o1' X, the nunlber 
of recessives being only 171 instead of 200. Malting allowance for this the 
nmuber  of xY wonld be increased to 39.3. The divergence is now only 
just  over t, wice t, he st, audard error, and not certainly significant. Only 
furt, hcr Work can decide whether the theory ho]ds in this case. On t, he 
or, her hand in the case of selfed plants we lmve: 

X u  X y  x u  x y  
Found 654 235 14 15 
Calculated 675.9 218.6 13.5 12.0 

The agrcclnent is nmch bet, ter, and t, he cross-overs are in excess of ex- 
1)ectation, which suggests tha t  the disagreement, in the former case is due 
to bad luck. 

In the case of asymmetrical relnflsion , theory agrees very well with 
observation. The figures could be used to calmflate linkage infelicity. 
Thus if, t, he expectation being 3 - p : 2  + p : l - p : p ,  the munbcrs 
found are a, b, c and d, t, he met, hod of maxinnml likelihood (cf. Fisher 
and Bahnukand (1928)) shows t, hat, p is a root of 

a b c d 
p - 3 + v + 2 + v - : : i  + : o, 

or (a-t- b + c + d) p'~- ( -  a + 4b + c + 2d) p2 
- ( 2 a -  3 b + 6 c +  5d) p + 6d=O. 

Applying this equat, ion to the dat, a of Sg.  (sG),,.sg "; (sg),l, where 
a = 439, b = 422, c = 98, d = 70, we have: 

1029p a -  1487p 2 -  550]) -~-420 = 0, 

whence, p = 42.2 per cent. as COml)ared with 37.6 per cent. fl'om the single 
coupling dat, a. We have not  however t~sed such tigm'es ~o correct, the 
lilflu~ge values used, since t, he agreement of observation and calmdation 
is more logically demonstrated when the latter is based on single cou])]ing 
only. 

The majority of figures for double coupling of S and B come from a 
few plants which are placed in class (c) but  whose composition is not 
really in the least doubt. The), were derived fi'om the self-fel'tilisation of 
known SB.  (sb)a plants, and have given large families which make it clear 
tha t  the), are of the composition (SB)2.(sb)2. Actually of the S#2B2b, 
1)lants from such ancestry 84 per cent. shotfld be of t, he above COml)osition , 
and the remainder should give many more Sb and sB t, han sb l)lants 
when crossed to a recessive. The 1)rogeny of ~wo of t, hese l)hmts is also 
included in the tables for double coupling of G with S and B, but  the 



D. DE WINTON AND J .  B.  S. ]-]IAL:DANE 139 

] .~  1'O.11 ~r 

S g . ( s G ) , . s g  >: (sg),~ 

(sg),~ x S g  .(sG), , .sg 

S g . ( s G ) :  . s g  :< S g . ( s G ) , . s g  

TABLE VII. 
A s y m m e t r i c a l  r e p u l s i o n  Xy 

Xy 
xY 
xy  

No. of 
families S G  S g  s G  s g  

(a) 25 260 64 297 ,15 
(b) 19 162 34 142 25 

(Total) 44 422 98 439 70 
(Calc.) - -  ,107.5 107 450 64'5 

(a) 8 24: 6 31 4 
(b) 2 9 I 7 0 

(Tol, al) 10 33 7 38 4 
(Calc.) - -  32'7 8.3 35'7 5.3 

(a) 12 520 25 152 5 
(b) 13 327 6 115 2 

(Toi, al) 25 847 31 267 7 
(Calc.) - -  836'8 27.2 283'2 4'8 

B G  B g  b G  b g  
3 39 8 39 10 

- -  37'5 10'4 42'5 5'6 

4 13 2 8 0 
- -  9 2"5 10'2 1'3 

2 69 32 3 1 
- -  76'6 25.9 2'1 0.35 

1 15 3 9 1 
3 24 1 9 0 

4 39 4 18 1 
- -  45 1'5 15'3 0.21 

B g . ( b G ) :  . b g  • (bg).t (b) 
. . . .  (Calc.) 

(bg).t • B g . ( b G ) ~  . b g  (b) 
. . . .  (Calc.) 

( B g ) : . b G . b g  •  (b) 
. . . .  (Calc.) 

B g . ( b G ) z . b g  •  (a) 
. . . .  (b) 
. . . .  (Total) 
. . . .  (Calc.) 

propriety of this step is less eertaim The total number of cross-overs, 118, 
is less than the expectation, 134.2, l)ltt llOt sttffieielttly so to warrant the 
dedttetion that  erossiltg-over between olte pair of chromosomes hinders 
simttltaneotts erossiltg-over between the other pair. Certainly, however, 
there is tto sttggestiott of a positive eon'elation between the two processes. 

]'he double repttlsio~t figures are less satisfactory. Nevertheless the 
class (b) families demonstrate the existence of the pheltomcnon ilt the 
case of B and G. Some of the class (c) families here ilmludcd may really 
be examples of the seventh type of linkage, viz. coupling with repulsion. 
However, iu each ease coasiderations favour the assigmncltt here given. 
There is possibly, as in the last case, a deficiency of the zygotic t)q~e (here 
the doublc recessive) which is due to simultaneous crossillg-over. Besides 
the families of Tables VII I  and IX a large munber of other families arc 
ou record which are derived from parents duplex for two factors. But 
the cvideuce l:cgarding their linkagc is quite inconchMve. They may ilt 
most cases be examples eithcl' of double coupling, of double repulsioll or 
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of eottplillg a.nd repulsiom Unfor~um+t~cly we h~ve +~,s yet~ no ele;~,r e:~,se of 
bhe h~tt:er '~ype of linl,='~ge. 

We m:e ~,wm'e bh;tt lJhe da.b~t on double coupling a.nd repulsion ~u:e un- 
s~d~isfa, etory. In order to remedy l;his defeet~ il~ is proposed Lo esh~blish 
pure (i.e. qm++druplex) lines of domiltangs. Since, however, t~wo genera.- 
tiolm ~+re required <~o Lest+ Lhe homozygosit~y of such lines, s++t~isf+mt~ot'y 
<~h+l,a. will itot~ be ,'+v,q, ih+ble for sonic yoa.rs, aatd ig ht+s been tlaoughl~ besg 
l;o publish t;]le prescnt~ evidence, which ele~u,ly demonsgn~Les Lhe exist~mtee 
of double eonpling and repulsion, although l~lle I)reeisc laws which they 
obey a.re sgill in some doubt. 

TABLE VIII. 

Do.ble co+q~li'~g XY 
XY 
xy  
xy  

No. of 
Parches  f~unilic, s S B  S b  s:B s b  

( S B ) : . ( s b ) :  • (sb),  I (b) l 14 ] 0 0 
. . . .  (c) 7 274 7 4 54 

. . . .  (Tota l )  S 288 8 4 54 
. . . .  (Calc.) - -  285.9 9.1 9.1 49.9 

( sb ) ,  x ( S B  h . (sb),.. (c) 2 84 5 3 1 [i 
. . . .  (Calc.) --- 87.1 2.9 2.9 15.1 

(SB) : . (Sb)2  • ( S B ) ~ . ( s b ) :  (c) 5 146 l 0 3 
. . . .  (Calc.) - -  144-0 l-2 l "2 3"0 

S G  S g  s G  s g  
(SG4 , . ( s g )2  x ( s g  h (b) 3 113 0 3 l 

. . . .  (c) 3 130 18 10 17 

. . . .  (Tol.al) 6 146 18 13 18 

. . . .  (Calc.) - -  142'7 ]9 ' 8  19'8 12.7 

( sg ) ,  • (SG)~. (sg):  (b) 1 45 6 3 11 
. . . .  (c) 1 36 7 6 fi 

. . . .  (Tohl.1) 2 81 13 9 17 

. . . .  (Calc.) - -  87.5 12.5 12.5 7.5 

( S G ) : . ( s g ~  x ( S G ) z . ( s g ) .  (b) 3 80 2 2 2 
. . . .  (c) l 24 l 2 0 

, ,  ,, (Toia l )  4 ] 04 3 4 2 
. . . .  (Calc.) - -  107.2 2.7 2.7 0.45 

BG B g  bG b g  
(BG)2 . ( I )g ) :  • (bg),  l (c) 1 10l ]3  9 13 

. . . .  (Calc.) - -  100'2 13'1 13'1 9 '5 

(bg),t  x ( B G ) : .  (bg)2 (c) l 36 7 6 6 
. . . .  (Calc.) - -  40'6 5 '2  5.2 3'9 

( B G ) : . ( b g ) 2  x ( B G ) : . ( b g ) :  (c) l 24 0 2 l 
. . . .  (Calc.) - -  25'6 0'61 0 '6t  0 '14 
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'.I:ABLE IX. 

Double repulsion Xy 
X y  
x Y  
x Y  

N o .  of 
1 )a ren t s  f ami l i e s  S G  S g  s G  s g  

(Sg'):. (sG)~ • (sg'),~ (c) 12 124 21 19 0 
. . . .  (Calc.)  - -  113 '3  23.4  23.4  3"(`) 

(sg)~ • (Sg')~. (sG)~ (c) 2 11 0 1 0 
. . . .  (Calc.) - -  8 '3  1 '7  1 '7  0 '30  

B G  B g  b G  b g  
(Bg)e.  (])G)2 x (bg). l (b) 5 110 2d. 14 2 

. . . .  (c) 3 40 14 8 0 

. . . .  (Tota l )  8 150 38 22 2 

. . . .  (Ca.lc.) - -  145.7 31.0 31.0 4 .4  

( b g ) a  ,,: ( B g ) : .  ( b G ) :  (b) 1 4 0 0 0 
. . . .  (Calc.)  - -  2.7 0 .54 0 .54 0 ' 08  

(Bg)~. (l~G)~ >: (Bg) . .  (bG)2 (b) 5 102 1 1 0 
. . . .  (Calc.) - -  (,}8.2 2.8 2.8 0.04 

Linkages between three factors. 

The totals of 30 families, all of clt~ss (a), iu which all three factors were 
singly coupled, ~u'e collected in T~ble X. In  15 the cross was 

S B G .  (sbg)a  • (sbg),~, 

ill the other 15 (sbg),  l ",: S B G .  (sbg)a.  

The r~ttios expected are tlte same as in diploid linkage. The expectatious 
given in the table arc c~flculated from tile link~ge v~dues fomld for the 
factors two at  a time. The agreement  found merely shows tha t  the families 
considered are a fail" s~unple. 

The iaterest  centres on the doHb]e cross-overs, which are fewer than 
expected. If  there were no interference, i.e. ~f r between S 
and B did not diminish the probabi l i ty  of r between B ~u~d 

G, the expected wflues in these families would be ,t-1 >~ 183 - 5,t-3 - - '  or 13.8 on 

the femttlc side, and 29_ • 147 420--- '  or 10.15 on the male side. The aver~gc 

coittcidelme is thus 67 per cent., most  umrked on the m~fle side. O~l ~he 
basis of the cross-over values of Table I the coiacidence is 99 per cent. 
on the female side, and 69 per cent. on the male side. But  these estbm~tes 
are less reliable because the figures used are not all drawn from the s~uue 
families. In  the diploid the data of Gregory, de Winton and Batesoll give 
a coincidence of 89 per cent. on tile femtfle side and 83 per cent. on the 
male side. Tile concordance is quite s~tisfa(:tory in view of the small 
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lmmhers. Therc is no suggestion that, double crossing-over in easier in the 
tCtl'aploid owing to cxchanges involving three chromosomes. 

'I?ABLE X. 

l'roge',y of S B G .  (sbg).~ • (sbg),  l a,,d ,reciprocally. 
Ex Hot. ?. Ex l[ct. d' 

SBG 173[ I12[ 249 (2,18.6) sbg 157J 330 ('123'7) 137J 

11} 24 (27'0) sbg 151 
sBG 15j 30 (28'3) 13 
SBg 92[ 66[ 
sbG 8(}} 172 (175.8) 76J 1,12 (131i.0) 

sbG 5} 11 5 (s.4) 
sBg (I 

FOtl l |d  
Calculated 

TABLE XI. 

SBG.  (sbg)a selfcd. Six,families. 
BBG SBg SbG Sbff sBG sBff sbG 
169 ,IS 10 2 8 3 32 
169.2 39 5.2 6.3 8.4 3.1 36.9 

sbg" 
2,1 
24.8 

TABIA~ XII. 

S b g .  sBG.  (sbg) 2 • (sbg) 4 a,nd ,rccii~roc,lly. 
SBG 14} 25 (23.5=1 + x - y - z )  
s b g  11 
SBg I0} 
sbG 10 20(12.2=y+2z) 
Sb G I0} 
sBg 14 24 (22.1 =2y +z) 

Sbff 18} 30(41.2=2-x-2y-2z) 
sBG 12 

In a diploid, satisfactory data regarding tile linkage of three factors 
can he ohtained even when one is repelled from the other two. This is not 
so ill a tetraploid. Fore" class (a) families are derived fronl the mating 
S b g . s B G .  (sbg)~ • (sbg)4, and from the reciprocal cross. They arc sum- 
marised in Table XII .  The expectation is calculated on the basis tha t  z 
is the expected p,'oportion of cross-overs between the loci of S and B, 
y hetween those of B and G, and z the Woportion of double cross-overs. 
The values taken, weighted to allow for the fact tha t  reciprocal crosses are 
added together, are .z = 0.0582, y = 0.3220, z = 0.0243. I t  will be seen 
tha t  the agreement of theory and expectation is poor. But  it is also clear 
tha t  such data would he useless for calculating z. Other families exist 
in which S, B and G were all in different chromosomes. But  they are 
lnostly ill class (b), and cannot be expected to agree very well with theory;  
nor do they throw ally light on douhle crossing-over. 
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In Table XI  are collected six families, all of class (a), h'om the 
selfing of SBG. (sbg):, plmtts. The agreement with tln;ory is on the whole 
good. The mtly class which is necessarily due to double crossiltg-over of 
one chromosome is sBg. SbG can of course be, fornled by one cross-over 
on the female side and a.uother on the male side. 

Dmcussm~. 

I~ is at mice clear that  the various results obtailmd agree fairly 
well ~dth expectation oll the chromosolne theory. Iu fact the agree- 
remit is rather Sm'ln'ising in view of the uumerous irregularities iu 
meiosis which l)al'liltgton (1930) has described in. this plant. We shon]d 
have expected to filld single factor ratios Imarer to those deduced h'om a 
basis of random segregation ])etwemi chromatids, and also evidence of 
crossing-over iltvolving three chromosomes, double reduction, and other 
anolnali(;s. The regularity observed may be due to several causes. The 
chromosolne considered may have little tmtdmmy to form quadrivalmtts 
at  meiosis. This is rat,]ler uulikely, as it contai~s 6 of the 27 ]~nowl). factors, 
and is therefore probably fairly long. 

A somewhat more likely view, suggested to me by Dr Darlingt;on, is 
tha t  the three factors ill question are located rathm' liter the attaohlnellt 
constriction of the chromosome in which they are situated. In this case 
segregatioll would be little affected by the fact that  pairing is 1)et;wcen 
chronmticLs, and not whole chl'omosomes. The only commml t3q)e of 1ran- 
disjunction to be expected in such a case would be tha t  leading to 
2n + 1 or 2~ - 1 gametes, which are doubtless largely eliminated, though 
as pointed out earlier in the paper, it is probable that  some of our permit 
plants possessed an extra chromosoule in the set carryi~lg the factors 
discussed. 

Table I gives a comparison of liltkage values. I t  is obvious that  the 
difference ill li~tkage intensity which exists ilt the diploid betweelt the 
male and the female sides of the pla~lt is here absent or very slight, hi  
each case the tetraploid values found are intermediate betwemt those 
fmmd on the two sides of the diploid. The differeuccs, however, are not 
always large compared with their standard errors; but tha t  betweml the 
cross-over values for S and B on the male side is 4.50 per cent., with a 
stalldard error of only 1.11 per cent. ; the difference being four times its 
standard error, the odds ilt favour of its sig~tificaltce are 1marly 10,000 
to 1, assmniltg the errors to be due to sampliltg only. Evml though, as 
pointed out above, a few families are aberrant, so tha t  errors are not 
solely due to sampling, the difference is probably real. 

The work is bei~lg continued. Recent observatimLs, both on the 
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diploid and tCtl'aploid, have made it probable tha~ the factor V, i,t 
whose absence the stem is green, is linked with S, 13 alld G. We 
hope to compare this li~d:age in the diploid and tetraploid. The 
lild:ed factors F (for flat as opposed to crilnpcd leaves) alld Clh (for 
sinensis as opposed to stclla.la, type) are also available in the te~l'aploid. 
B,tt the dominance of both is so incomplete as to render theln ,msuitablc 
for accurate work. Before the theory here given can bc l'Cgal'ded as 
generally applicable to autotetraploids it is desirable that  it sho,dd be 
tested on other plants. Dr Sansome is at  pl'csont engaged in a study of 
linkage in the tctraploid tomato at this Institutiolt. 

SUMh'[AI~Y. 

1. An acco,mt is given of six t.ypcs of linkage observed between ~hrcc 
pairs of factors in the tctraploid Primula sine,;~sis, and of a scv(ntth 
theoretically possible typc. 

2. The intensity of linkage is nearly, b,tt not q,titc, the samc in the 
te~raploid as itt t, tlc diploid. I t  is the same on t, hc. two sides in tim 
tetraploid. 

3. As regards the factors considered, there is no evidence of crossing- 
aver involving more than two chromosomes at a tim(;, or of two chromo- 
seines going to the same pale after crossi~tg-OVel'. 

4. The six readily available gametic series contain only one ad- 
j,,stable constant 1), and since the experimental results in other cases 
agree reasonably well with prediction when p has 1)can calc,dated from 
the res,,lts of singh; conpli~lg, this affords s,,1)stantial s,,pport of the 
chromosome theory of inheritance. 

I~EFIflI~ENCES. 

]3ICIDI3ES, C. ]3. and ANDERSON', E. CI-. (1925). "Crossing-over in tlm X chromosomes 
of triploid females of DrosolJhila ~nclanogastcr." Genetics, x, 4:18. 

])~:~L:~G'rO~, C. ]). (1931). "h'[ciosis in Diploid and Tc~raploid Primula sincT~sis." 
Journ. GeoL. xx:v, 65. 

FIsHI.::~, I~. A. and BM~,~IUK:~ND, B. (1928). "The estimation of linkage from the 
offspring of selfed hctcrozygot~s." Ibid. xx, 79. 

Ga~Go~v, 1~. P., D~ WX~TON, ]). ~nd BAT~SO~, W. (1923). "Genetics of Pri~ntda 
sinensis." Ibid. xuL 219. 

GnEr~oaY, I),. P. (1914). "On ~hc genetics of tctr~ploid phmt,~ in Primula sinensis." 
Prec. Roy. Soc. B, b x x x v ~ ,  484. 

H,tLDANI% J. B. S. (1930). "ThcorcticM genetics of Autopolyploids." Jmtrn. Gen. 
xxir, 359. 

SVERDRUP S(~B[BIE, A. (1930). "Genetics an([ Cytology of thc Tctraploid ])'orm of 
Pri~nula sinensis." Ibid. xxnI, 4:47. 


