
T H E  G E N E T [ C S  O F  P R I M U L A  S I N ~ N ~ I S .  
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(John In~ss Horticultv,'ral Insli~u, tion, Me~'mn, London.) 

(With One Text-figure.) 

IN a prewous paper (de Win~on trod ]?Ialdane, 1933) ~,he authors described 
30 factors bt the diploid P,ri,mula sinen'sis located[ at 28 loci. Two of these 
are closely linked or allelomorphic. O[ tlte 27 outsta~tding loci 15 are 
here shower go be situated in four linkage groups containing 5, 4, 4: a~td 2 
members. The haploid re, tuber of chromosomes is 12. There are 12 factors, 
besides others which have appeared si~tce i[931 but have not yet been 
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TABLE I. 

Fe.etor 
s 
b 
x 
g 
1 

P 
W 
fs 
fl 
oh 

Y 
h 
k 
o 

n l  l] 

Expressiol~ of recessive 
Pin. Long style, low anther, small pollen grain 
B,ed. Co-pigment needed for lnagenga colonr absent in petals 
Sterile donble. P~eprochlet~ive organs represented by petals 
F,,ed stigma aim gynaecium. Pel~als deeply colom'ed 
Dark s~ems and leaves 
Peculiar eye. Eye enlarged, pe~als rolled, enhances action of fs 
"Feeble mialded." Small flowers, poor growilh 
Sntgon's crimp. Leaves slightly crimped, eye lobed 
Lee's crimp. Leaves sl~rongly crimped, eye large 
SgellaCa..Petals nnfi'inged, 5 instead of l0 calyx teeth 
Fertile double. Extra whorl of petals. Anthers exsert;ed 
Fern leaf. Leaf large and narrower than normal 
Harlequin. Inner pel;als llgh~er eolonred than the ou~er 
Coral. Coral pink anChoeymfin replaces red 
Oak leaf. Incised, and divided into ~ln'ee lobes 
Maple leaf. Less serrated gha, n normal, snbgh~brous 

hdly studied, to be located in 7 chromosomes, if all are independent of 
those so far located, which is by no means certain. 

Our data are those accumulated since 1904 by Bateson and category 
at Cambridge, a~td by Batesmt a~td his colleagues and successors at 
iKerton. These are supplemented, as regards the l~hree factors S, B and CA, 
by the results obtai~md by Altenburg (1916) in New York. GGregory, 
de Wi]tton and Bateso]t (1923) had already described the linkages of 
S, B, GG, L and thal~ of F and Ch. The remai~ting linkages have been 
detected since their pape,: was written. 

The factors known Co be linked with one another are shown in 
Table I, and their positiolts on chromosome maps ilt Fig. 1. Their action 
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is fully described by  de Win~on and I tMdane (1933). fs and fl  are 
Mlelomorphs. The precise looabion of w ix tmeertMn. 

(~ONSTANOY OIP L1NICAGt'E. 

The cross-over values of TM~les I H - V I  are given with their  s tandard 
errors. The latter are cMculated on the hypothesis tha t  the di:fferences 
in linkage val'ctes between different families derived f rom the same ~ype 
of ragging are wholly due to r andom sampling. Is bhis true, or in other 
words are we justified in addillg ~ogether data, E'om m a n y  families, a,nd 
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Fig. I. Provisional linkage map. ~l_'he po,qit, iou of W, and I~he relative 
Eosigions of 1-1. and 1( are lmeergahL 

grea,bing such data as homogeneous? To answer this question we must  
discover whether the linkage vMues ht different families diverge more 
than  is to be expected as 6he result of sampling. 

The method by  which a group of families is tes ted for constancy of 
linkage is given in Appendix  I. For  each group of fa, milies so tested we 
arrive a,t Pearson's  X 2 and thence at a number  ~. The different values of ~, 
if they  are an expression of sa,mpling errors only, should be normMly 
dist;ributed about  zero with sl)andard deviation unity.  

The eMeulation is ra ther  tedious, no we confined our examination to 
the back-cross values for a, djacent loci, except t ha t  as ~here were only 
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two sumeient]y large families showing ¥ I t ,  and cue showing H I (  linkage, 
the Y K  families are considered. If we included[ other da~a, such as 
SG linkage, the different values of X ~ would no longer be independent. 
In the first chromosome, where data are extensive, we only tested families 
s lowing coupling, and in the case of Bb G g, wtlere there were no less 
than  250 families, we only included families from BGs.bgs.  

Finally, since the X °" test gives erroneous results when the expectation 
in Che smallest class is less Lhan about  5, we omitted small families. Thus 
only families of over 250 from GL.gl  c?, over 150 from G L .g l  ~, over 
100 from SB. sb ~, and so on, were included. Provided thaC the exclusion 
is based[ on the total  family size this introduces no bias. 

The results are assembled in Table II. I t  will be seen tha t  the overall 
w~lue of ~ is positive, and only 4 out of its 13 values are negative. The 
deviation of the mean is 0.27, the standard dentist:on being 0.28; ~hat 
is to say tha~ ~he series as a whole suggests gha~ nothing o~her than  
sampling error is affecting linkage. In no series of families does ~: reach 
the value of 2, which is generally regarded as significant. Moreover, the 
positive values of ~ are due to a very few families. The largese value, 
for FOb d ~, is 1"52. If we omieted one family, 1~[-/21, which consisted of 
,1-5 FClh, 6 Fch ,  10 fCh, 30 fch  l, a very large excess of cross-overs, X 'a would[ 
be reduced to 12.58, and ~: to 0.87, while the mean value of ~: would fall 
to 0.22, which is only just signi-ficantly positive. Similarly the removal 
of one family, 72/28, with a very low cross-over vMue, would reduce the 
value of ~: for ChP 3' from 1.39 to 0.55. Without these two families, the 
mean value of ~: would be only 0.15, which is not signNcant. 

We conclude that  there are probably significant deviations in the 
linkage value, but  that  they are confined to very  few families, and that  
the observed deviations are mainly due to sampling. We may  put  the 
mat ter  in another way. The total  value of X ~ is 171.0. The total  expected 
value is 156, the number of degrees of freedom, so that  st= +0.86, which 
is not in itself significant. Thus [here is an excess of about  9-6 per cent. 
in the variance above that  due to random sampling. Hence the standard 
errors of the linkage values are slightly too low. They should actually 
be abou[ 5 per cent. above the values given. Nevertheless the order of 
magnitude is quite correct. 

I t  is of interest tha t  the cross-over values oM, ained in this work are 
far more stal)le [hun t~he single-factor ratios of 1 : 1 to 3 : 1. de Winton 
and I taldane (193.3) found[ tha t  while in [he ease of some factors [he 

1 :Here and throughout he~vy fetters are used ~o deno~e phenobypes. Thu,~ F me,ms 
]PIP or ]~1"~ f men.us ft. 
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la t ter  were stable, in others t h e y  varied from family  Co family in such 
a w a y  t h a t  the odds against  deviat ions being due to  sampling error were 
millions to  one. The probable  explanat ion is as follows. Fac tors  which 
upset  the  rat io of dominan t s  Co recessives are common.  They  are in the  
same chromosome as the fac tor  under  consideration,  and either have  a 
lethal  or sublethal  effect, or al ter  the relative fi~ness of gametes  at  a t ime 
of intense competi t ion.  L inkage  values m a y  be grea t ly  al tered b y  t rans-  
locations or inversions. Bu t  our  own back-cross da ta  show no evidence 
of any  such phenomen  a. The l& data,  which have not  been used for 
Table  I I ,  cer tainly shnw a change in the  linkage of M and Y between 
1907 and 1928. 

TABLE II .  

Tests for co,nsta~wy of l,>nlcaye. 
Factors No. of families X ~ 
SB 9 15 21.1 + ]'29 
SB ~ 16 21.5 +1'16 
]30, .9 48 40.7 - 0.61 
iB@ c~ 15 11.6 -0.35 
GL -9 4 3'33 +0.40 
GL ~ 3 0.173 - 1.36 
FOh ~ 17 10.4. - 1.03 
FOh c~ 11 18.5 + 1'52 
ChP ~ 12 11.5 + 0.25 
ChP c~ 15 21.8 + 1.39 
MY 5? 4 2.64 +0.12 
YK -9- 4: 2.47 +0.04 
OMp ~ 5 5.25 +0.64 

13 169 171.0 +0.86 

(J~O~'rOSOME I. 

The first chromosome contains  the loci of S, B, X,  (4, and L in t h a t  
order. I n  1934 fur ther  evidence was obtained which makes it a lmost  
cer ta in  tha t  a sixth fac tor  is located in this chromosome.  This new :factor 
as far  as we y e t  know has no effect on G (green st igma) plants.  Bu t  in 
gg plants  it is a semi-dominant  suppressor of the effect of gg on the petals. 
Thus  plants  carrying it in the homozygous  condi t ion have a red st igma,  
bu t  petals as light as the corresponding C4 plants.  I t s  locus appears  to  
be near t ha t  of S, ve ry  possibly on the o ther  side of S f rom (4. 

The linkage da ta  are summarised in Table I I I .  The  second to fifth 
columns give the results f rom selfings or crossings inter se of double 
heterozygotes .  6' represents  coupling, R repulsion, i n  column 7 the 
mean  cross-over value f rom these data  is calculated f rom Fisher and 
Ba l lnukand ' s  (1928) table,  or directly in the  case of ~ and L. Column 8 
gives O=pq or ( 1 - 2 )  ( l - q ) ,  as es t imated f rom these da~a. Column 9 
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gives the n, mount of informatiou about 0. Next follow the data on back- 
crosses, distinguished a, ccording as tJne heterozygous parent was used as 
a 9 or c~. Here coupling and repulsion data are pooled. In column 13, 
,~ and ~ represent the number of families ill Altenbm'g's data, which have 

SBCA 
not been published. His diata cover 392 plants fl'om s ~  × ssbbgg and 

SBG 
3292 from ssbbgg x ~ .  He designated S, ]3 and CA by the symbols 

L, ]~ and S. His cross-overs on the male side were SB 12.45, BCA 34.57, 
SG 41.86, agreeing satisfactorily with ore: values of 11.56, 35.52 and 41.03. 

The data, humlving X are inadequate, and cannot be supplemented 
until more Xx plants are obtained, xx plants are sterile, and have to 
be reproduced vegetatively, while unfortunately ore: Xx stock has been 
lost. However, three fertile Xx plants were obtained in the past, alld 
their selfing gave the results here tabulated. S and. s cannot be dis- 
tinguished on xx plants. The location of X between the loci of B and G 

BxcA 
is made clear by falnilies 2A/19 and 53/19, from - b ~  selfed. They con- 

sisted of : 

BiG* Big BxG Bxg bXG l~Xg bxG l~xg 
Observed 35 19 32 1 11 11 1 0 
Exloec~ed ,12.0 14'0 25.7 1.5 Lt.9 12.3 0.6 0.01 

The expectations are calculated on the supposition tha t  the cross-over 
percentages on the ~2 side are BX 13, XG 23, BG 32, on the ~ side 
BX I6, XG 23, BC 35, with 2 per cent. double crossing-over in each 
case. The agreement is fair. I t  will be seen that  there has been crossing- 
over between B and X and between X and CA in two pairs of gametes 
which ~used, but that  there is no evidence of double crossing-over. 

The data regarding this chromosome are particularly interesting 
because the factor pair S, s is the basis of natural heterostylism; and 
as heterostylism can be compared with sex, though illegitimate unions 
in this species are fairly fertile, this chromosome may perhaps be coin- 
pared with the sex chromosomes of dioecious plants and animals. There 
is, of course; no visible difference between S and{ s chromosomes. Now 
Ernst  (1933) in the related A,t~ricula group of P~'i.~r~ulc~, species, finds 
hexamorphic heterostylism, which he attributes to the interaction of 
three pairs of factors, controlling the leagth of the style, the position 
of the anthers and the size of the pollen grains. As no crossing-over has 
been. observed, Brieger (1980), Stern (1980) and Haldane (1933) have 
interpreted the phenomenon as due to multiple allelomorphism. But it 
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is unusual for a series of Mlslomorphs to control such disparate lnorpho- 
logical features independently. If Ernst 's hypothesis is correct S is reMly 
a group of tlrrec or more dominant  factors. Only a few plants of 
P. si~e~tsis have been examined fox' size of pollel~ grains, bug no case of 
the dissoeial;ion of the supposed factors for style length and anther 
positiml has been observed in over 11,000 plants from back-crosses, and 
7000 from Ice's, in which crossing-over might have occurred, and would 
probably have been detected by the productiou of homostylism. ])Ie~me 
if S is a group of factors they a.re probably held together as the result 
of a localised difference between the S and s chromosomes, e.g. an in- 

version. If this were so, other factors in the same chromosome should 
exhibit differences of linkage intensity in heterozygotes according as they 
are Ss or ss (few SS plants have been tested). The d~t~erence in linkage 
between SsBbGg and ssBbGg plants is not significant. But  if the new 
factor is o1~ the opposite side of S from B, it should be quite possible go 
detect tlhe effects to be expect~ed on Ernst 's theory, and experfllleuts go 
test ig are being underbaken. 

C~o~,~osoh,~ II. 

This chromosome contains the loci of P, W, F and Oh, probably in 
tha t  order, though the position, of W is uncertain. The data for linkage 
calculation are given in Table IV: The data regarding F are mMnly for 
segregation between the most extreme Mlelomorphs, t0 (flat) and fl 
(Lee's crimp), however the data where the intermediate allelomorph fs 
(Sutton.'s crimp) is segregating are concordant. The largest group is from 
fs Ch 
fl ch selfed, which gave 508 is Gh, 27 i s ch, ,1~1 fl Gll, 1.56 i 1 ch, giving 

a mean  cross-over value of 9.75 per cent. 
The locus of W is about 20 units distant from that  of Ch. If the 

o~:der were I~' Oh W, the recall cross-over value between IV alld. W would 
Wf 

be at~out 30 units, and we should expect go find 1..9 wwK from ~ selfed, 

• whereas none were obtained. Hence it is probable, though by no means 
certMn, tha t  ~he loci of W and F are near together, and as the 1Mkage 
between Ch and W is somewhat more intense than tllat bel, ween Ch 
and P, bug less so than tha t  between Ch and F, the order is probably 
P W F Ch. We are ag ]?resent engaged in building up a stock in which 
w, f and. eh are coupled. I t  will however be very dift~cult to s tudy the 
linkage of p and w, since on most w plants p cannot be scored, and 
F an.d Ch may  Mllect the possibility of scoring p in. such cases. 
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This chromosome contains the loci of the factors M, Y, I-I and K, 
probably ill that order, and possibly that of ]~, the order being 
N Y H K 1%. The study of linkage has beeu made difficult by three facts. 
In the first place the factor h (harlequin) has no visible effect on kk (coral) 
plants, except in rare eases when it causes a diminished size of the outer 
petals. Hence in a, back-cross only the Kk plants are available for lilflrage 
data. Our hhkk plan.ts are derived from the self-fertilisation o1! a harlequin 
plant in an F, which proved to be Kk. The crosses Hk .hK x hhkk and 
reciprocally has given 16 HK, 279 hK, 398 k. Similarly the difference 
between tl  and r r  is nob always apparent on kk plants, klR petals are 
much more deeply coloured than kr, other things being equal. But 13 and 
I a;lso dilute the colonr of coral petals, hence if either of these (or possibly 
other) factors are segregating, r cannot be scored. I(l~.kr ×kkrr has 
given: 130 K1R, 77 Kr, 92 kR, 115 kr, corresponding to 40-72 _+ 2-~:1 per 
cent. crossing-over, while E r . h R  sel[ed has given: 168 I-IN, 63 Hr, 
d:2 htl,  6 hr,  corresponding to 36.60_+5.1]. per cmtt., and M and Y 
show no linkage with I%. 

The linkage of M and Y was not discovered earlier for the %llowing' 
reasons. In 1906 Gregory sell!ed foul: Ny. mY pla.l~ts, obta,i~ling: 

188 MY, 39 My, 62 mY, 33 nay. 

These figures deviate from independence in the direction indicating 
coupling rather than repulsion, whereas the corresponding figures from 
1928 onwards, which alone are given in Table V, agree fairly well with 
those derived from other crosses. It remains to explain the complete 
divergence between Gregory's results and our own. Gregory's notes are 
carefully made, and the morphological character of his doubles was the 
same as that of our own. Our ferns are descended from his s~ock, but 
our doubles are not, so we may be dealing with different factors. On 
the other hand it would be rather surprising if two different recessive 
factors not only gave all extra whorl of petals, but caused exsertion of 
the anthers in pin plants. The most likely hypothesis is that owing to 
a trauslocation the factor M in Gregory's plauts lay in a different chromo- 
some to Y. Segmental interchange has not yet been detected in P,ri,m~dc~ 
s'i~ze~,sis, but this is not surprising, as semi-sterility would not be detected 
unless pollen and developing ovaries were specially examined. 

The data for Hnkage of N, Y, t:[ and X are given in Table V. The 
order of N, ¥ and I:17 is clear from experiments where all three are segre- 
gating. The provisional order for H and K is based on their linkage 
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values with M. Those wRh Y are inconclusive on this point. A stock 
recessive :for all four factors is in preparation. 

C~t~O~'mSO~,~E IV. 

This eonBains ~he loci of 0 and Mp. The back-cross values are given 
in Table VI. The only F~, data are of six families from Omp. oMp Belled, 
~vhieh gave : 

205 OMp, 62 Omp, 96 OMp, 10 crop, 

corresponding to a cross-over value of 12.8 per cent. with a large standard 
error. No satisfactory correction can be made, but it is likely that the 
true values are slightly lower. 

TABLE VI. 

Cross- No. of 
Fac to r s  Sex B.c. t o t a l  overs  f~nlilles c .o .v ,  s.~. 

OMp ~ '179 ] 1,1~ 5 23"80 1.95 
OMp c~ 646 136 5 21.53 1.60 

ALLEL0~I0~PHISM OR CLOSE LYNKAGE 01~ ]) AND ]~. 

]) (dominant white) an.d e (recessive flake) are very closely linked. 
If they are allelomorphie only three types of gamete, DE, dE and de, 
should exist, Now l!rom the cross ddee×])E.de we should expect to 
find a majority of ])E.de (white) and de.de (flake), and crossing-over 
would give dE.de (fully coloured) and De.de in about equal numbers. 
The phenotypie appearance of the latter is of course conjectural. Most 
of our work was done wRh gg plants, on which ])DE and ])dE both 
have a eertMn amount of pigment, and the flakes of ddee are numerous. 
])dee was expected to be 8 flaked plant with ra~her pale flakes confined 
to the i]mer part of the corolla, since ])dEgg plants have a white edge. 
No plants of this kind have been observed with certainty, but they 
might be indistinguishable from the rather pale flakes which occur among 
ddeegg plants. 

The following are the resuRs obtained by crossing ])DEE (white or 
"Duchess") with ddee (flaked) and selfing the Pl or back-crossing it 
to ddee : 

] )D  ~nd D d  ddVl. ddce 

D E .  de solfed 8,I~ 4- 238 
D E . d e  x de.  de  17 0 31 
de.  de x D E .  de 155 1 152 

,At first sight the five ddE (fully eoloured) plants would seem to be 
due to crossing-over. But this is not necessarily so. The factor e occa- 
sionally mutates go E. The mutation frequency is 0.39 per cent. On this 
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basis we should only expect M)outt 2.2 whole eoloured plants in the F~. 
As the frequency of back-mutation of e varies in difi'erent lines t,he 
presence of four plant's is no evidence of crossing-over. 

llt, is not' proposed t,o attempb further work on this problem till or,her 
factors linked with D and E have beeu found. If some of the exceptional 
plants are due to m:ossing-over they should be found associated with 
crossing-over involving tthese other facttors. 

Whites alietomorplfic with recessive flakes are found in Anti~'~'hinu,m 
(Wheldalc, 1909), Lathy~'us (Punnet,~, 1932), Pisum (de I-[san, 1930) and 
Portulaca (Ikeno, 1929). Itt all t'hese cases, however, t)he whitte was re- 
cessive. Our whit, e is fully dominaaf, in G diploJds, incomplettely so in 
gg diploids and all gettraploids. So the cases are 1tort quite parallel. If t,he 
tthree factors are Mlelomorphic tthey could be designatted as E ~), E and e. 
E D, or D, is a dominaatt whil;e, and e a recessive white wit,h a st,tong 
ttendency tto back-mutattion, both soma,tie and germinal. The presence of 
dominant' and recessive allelomorphs at the same locus is known in 
Drosophila, e.g. dominant' and recessive eyeless. The white part,s of whitte 
and flaked flowers agree in cont,aining about' the same amount  of flavone, 
determined by the facttor ]3. 

INDEPENDENCE OF THE LINKAGE GI~OUPS. 

There is little doubt of the independence of t,hese four from one 
anot'her. Table VII  gives some representative "cross-over values" from 
back-cross darts only. In the event of independence they  should be 

TABLE VII. 

Cross- Al~p~rent c.o.v. 
l~ac~ors TogM overs % c~ % ]) +cr 
SP 664 309 45"03 1"94 2"51 
SCh 966 4-75 49.17 1-61 0.51 
]3M 1089 527 48"39 1.52 1.06 
_B~ ~ 271 [41 52"03 3.04 0"67 
LP 664 322 ,I8"49 1-94 0"78 
(.4Ch 5548 2792 50" 32 O. 67 0.48 
Ch~{ 282 131 46.45 2.98 1.19 

50 per cent. Male and femMe data are grouped together. The values for 
S and P suggest' linkage, however, t,he coupling F2 data give a mean 
c.o.v, of 51-05 + 2-24, and the repulsion data give a value of 55-02 ± 4.59. 
So linkage is improbable. Similarly on the ha.sis of F 2 data S, G seems 
to be indepeudentt o[ O, Mp, and so on, though apparent' cross-over 
values of about ~15 per cent', are somet,imes found. But' these are generally 
inconsistent' with otther dat,a. 
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]~NDE]P]?INDJgNCE OtP OTHER FACTOI~. 

Since the publication of our last paper the two characters, "cup" 
leaf and "claw" leaf, have been detinitely shown to be due to recessive 
factors; the relation of Q and U is still not clear. Two new characters 
have appeared, one being a dominant and the other a recessive. In- 
cluding these two we have 14 loci outside ~he linkage groups, those of: 

g (bhte petal colour). 
D, E (white and flake). 
A', a (no eye and large eye). 
J '  (green stem, "Sirdar" petals). 
N (leafy bracts). 
T (tongue leaf). 
Iv (ivy leaf, extinct) .  
C (cup leaf). 
I (intense petal colour). 
Q (rosetted habit,). 
Z (claw leaf). 
Pi (pistilloid stamens, undescribed recessive). 
Ye (yellow leaf, undescribed dominant). 

Of these R is very likely in Chromosome III. Of the rest Iv was not 
strongly linked with the factors in Chromosomes I, II or III, nor with 
A, E or V. Nothing more can be said about it. The following seem to 
be independent of the esbablisl~ed groups, and of one another: 

(D, E), (A', a), J, N, T, V. 

For example, V and S were at one time suspected of linkage, but the 
pooled back-cross data gave 50"07 +_1"36 per cent. crossing-over. The 
linkages of the remaining six factors have been less thoroughly investi- 
gated, those of the last two hardly at all, but  no evidence of linkage exists. 

We thus have 10 linkage groups marked by independent factors, 
corresponding to 10 of the 12 chromosomes. While our data are entirely 
consistent with the ciu:omosome theory of linkage, a few more years will 
be required before we can definitely point to 12 independent linkage 
groups as well established as the 10 of maize. 

We have decided not to publish the complete data involving 510 types 
of crossing and sclting of 232 pairs of factors, by which the independence 
of the various :factors is demonstrated, since similar data exist in the 
literature in large nmnbers, and the plant is not being systematically 
studied by other workers. 



] ) .  DE WINTON AND J .  I~, S. HALDANE 79 

~[ULTIPLE LINKAGE. 

Throe-factor crosses are recorded for SBG, SBL, SCL, BGL, PFCh, 
and MYH, and four-factor m:osscs for SBGL, The data involving X have 
already been presented. Back-cross data are given in Table VIII .  They 
are not independent, since :for example 77 per cenf. of the data for 
SBL sbl × ~ are derived from the cross o~ SBGL s b 1 ,' sJJ g i ' as are 23.9 per cent. of the 

SBG sbg As there is little crossing-over bctw6en G and L the daba for s b g  x sl~g" 

majori5y ot! SBL double cross-overs also al)pear as SBG double cross- 
o v e r s .  

T A ] 3 L E  Y H I .  

Linbtgc of S B G  (includ,i,J~g AZlenb,u~'g' s data). 

S:B C:I- sbg 
- - - x - -  
s bg  sbg 
1673 S B G  
1654 sDg 

127 Sbg 
125 s B G  
710 S B g  
783 s b G  

42 S b G  
45 sBg 

sbg SBG 
sbg x s b g 

1999 SBG 
1864 sbg 

306 Sbg 
351 s B G  

1149 S B g  
1033 s b G  

97 S]~G 
108 s B g  

S]3L sbl 
s b 1 x sbl 
457 S]3L 
469 s b l  

38 S b l  
45 s B L  

256 SB1 
28,£ s:bL 

11 S b L  
20 sB1 

side (79 + x  families). 
S bg  sbg 

] S b g  ) 
334,]: 16 s B G  ~ - -  

4 S B  G 
o sbg j 256 @ - -  
5 S b G  } 15o4 - - q -  
6 s B  g 
1 S B g  
o ~bG } 88 + - - +  

5" side (52 + y  families). 
sbg S bg  
sbg sl~G 

218 Sbg [ 
206 sBG J 4287 - -  
44 S B G [  
2 0 s b g  J 721 -[--- 

115 SI~G [ 
i00 sBg J 2403 ---]- 

19 S B g  l 235 + - - ÷  
11 s b G  J 

Li~lcage of SBL. 
side, 20 fimdlies. 
S]3 1 sbl 
s b L  Xsbl 

5 0 S B I  } 1033 - -  
57 s b L  

3 SbL } 
4 sBI 90 @ - -  

21 S B L  } 
26 sbl 587 - - - - ~ -  
i S b l  
i sBL j 33 -}----{- 
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sbl S BL 
: - - "  X : ~ T } }  
sbl s } l 
532 S B L  
547 sb l  

81 S b l  
96 sBL 

317 SBI 
311 s b L  

32 SI}L 
32 sB1 

IABLL VIII (co~tt.) 

d' side, 10 .lb.milics. 
sift S,I ~, [ 
~i;i × ,qbl] 
[o S B I  } 
10 sl~L 
2 S b L  
'2 sB1 ) 
7 SBL } 
5 sl~l 
1 S b l  t 
I sBL } 

1099 - -  

18] + - -  

66 -1----]-  

SGL sgl 
s g l  Xsgl 
421 S G L  
4.1.2 sg l  
220 S g l  
26,1 sGL 

21 SG1 
21 s g L  
5 SgL 
7 sG1 

sgl SGL 
~g] ;< 7/-1 
641 S G L  
645 sg l  
451 Sg l  
449 sGL 

11 SG1 
13 ' sGL 
8 SgL 
4 sGl 

Linkage o/' SOL. 

9 shle, 16 families. 
SG1 sgl 
sgL x sgl 
37 SGI } 
~I7 sgL 
16 SgL 
22 sG1 } 

3 S G L  [ 
3 sg l  / 
0 Sgl 
2 sGL }" 

(¢ side, 10 fivm, ilics. 

sgl SG 1 
× 

sgl sgL  

7SG1  } 
7sgL f 
5 S gL  
5 sGl } 
o SGL[ 
0sgl / 
1 S g l  
0 sGL ; 

917 - -  

~I 8 ----]- 

1~ + - - +  

1300 - -  

911 +-- 

2~ ---I- 

i~ +--+ 

BOL bgl 
b g l  x bgl 
582 B G L  
551 hg I  
272 BN1 
326 b G L  

28 BG1 
25 b g L  

5 B g L  
6 bG1 

Linkage of B@L. 
9 side, 26 fcv.tilies. 

BG 1 bgl 
- -  : X - -  

bg L bgl 
37 BGI 
47 b g L  } 
] 6 BgL 
22 bG1 } 
3 BGL 
2 hgI  f 
I B g l  
2 [hGL } 

1217 - -  

~36 + - -  

~s - - - I -  

1~t + - - +  
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TABLE VHI (cont.). 
5 ~ side, 15 famil ies .  

bg[ BCL b g! BG1 
~lX J~i bgl × bg~] 
715 BGL 8 BGI } 1412 - -  
7].1 bgl 8 bgL 
398 Bg'l 5 Bg'L } 788 -I--- 
381bGL 4 bGl ' 
14 BG1 0 BGL [ 
15bgL I bgl ] 30 ---[- 
5Bg'L 0BKI } 
4: bGl 0 bGL ' 9 "~---JC 

Linla~ge of PFCh. 
side, 6 famil ies .  (5 ~ side, 8 ,fa~glies. 
PFCh pfch pfch PFCh 

475 PFCh } 947 420 PFCh } 
,L72 pfch 331 pfch 751 - -  

} 103Pith } °~5 81 Pfch 161 122 pFCh ~ - ~ ' - -  80 pFCh 
68PFch } 124 ~llPFch ~ 
56 pfCh ,18 pfCh 8 9 .  -~- 
llPfCh } 21 8PfCh } 
I0 pFch 6 pFch I~I -~---~ 

Linfcage of MYH. 
side, 3 famibics. 
5tY h myh × 
myl-I myh 

9 8 ~  } 194 - -  
96 m y H  
29MyH} 60 - [ - - -  
31 mYh 

91VrY~ 
7myh } 16 - - - [ -  
2 Myh [ 
3 mYIE ] 5 -J---J- 

Linkage of SBGL. 
.~ side, 14 fi~mil~es. 

s b g l  x ~  sbgL  sbgl 
366 SBGL 36 SBGI } 
361 sbgl 46 sbgL 809 - -  
28 Sbgl 1 Sbg'L } 59 - t - - -  
29 sBGL 1 sBG1 
174 SBgl 15 SBgL } 400 __~___ 
212 sbGL 21 sbGl "~ 
19 SBG1 3 SBGL[ 
17 sbgL 2 sbgl ) ~il ---~ 
~i SbGL 1 SbGI ] 
10 sBgl 1 sBg'L ' 16 -~-~-- 
0 SbgL 0 Sbgl } 
2 sBGI 0 sBGL 2 -]---~- 
2 SBg'L 0 SBgl } 
4= sbG1 2 sbGL 8 ---~-~- 
I SBGI 0 SbGL [ 
0 sBgL 1 sB~i ) 2 q--I--I- 

n. of Genc~ics xxx] 

81 
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TABLE VIII (cont.). 

Li'nf~age of SBC4L. 
c~ side, 9 families. 

sbgl.  KBGL s b g l  81361 
~× ~bgl ~gi × sbg~ 
527 SBGL 7 SBGI [ 1084: - -  
544 sbgl (i sbgL J 
80 Sbgl 2 SbgL } 179 -I--- 
96 sBGL i sBGI 

308 SBgl 4- SBgL } 617 ---~-- 
301 sDGL 4 sbGl 

9 S B G 1  0 S B G L  [ 
]0 sibgL 0 sbgl J 19 @- 
30 SDGL O SbG1 } 62 -I- - t - - -  
31 sBgl 1 sBgL 

2 SI~gL 1 Sbg'l  l 
I sBGI 0 sBGL j 4 -~---~ 
5 SBg'L 0 S B g l  l 
3 sbG1 0 sbGL j 8 ---~--@ 
i SDGI 0 SbGL 1 
0 sBgL 0 sBgl . I -~-}- ~- 

From these data Table IX ]]as been compiled. The fOtll't]l eolumu 
gives the observed double cross-overs, the fifth the number calculated 
if there were no interference. The ra.tio is the coincidence. This ranges 
from 1.00 to 0.61, with a mean value of 0.78, when the two regions of 
crossing-over are adjacent, bu~ rises above unity, though not signifi- 
cantly, when they are separated. These results are very similar to those 

TABLE IX. 

Inter~etches. 
Observed Calmda~ed 

Regions and lengths Sex To~a,1 doubles doubles Coincidence 
813 6"3 ]3C4 32'i ~ 5192 88 102'4 0'86 
S]3 11.6 ~BC4 35'0 ~ 7@i6 235 304'8 0'77 
S]3 6.3 BL 36.7 ~ 1743 33 43'8 0-75 
8]3 ].1-6 ]3L 36.9 c2 1986 66 87.6 0-75 
SG 34'¢ GL 3.(J 9 1503 14 22'2 0'63 
8 6  41.0 C4L 1.8 c~ 2248 13 15-2 0.85 
]36 32.1 C4L 3.6 ~ 1925 14 24'3 0.58 
J3G 35-0 GL 1.8 c~ 2269 9 13.7 0.66 
:PF 15.1 FCh 16.~ -9- 1253 21 21.6 0.97 
PF 22.2 FOh 7.6 c~ 1079 l~t 22.8 0.61 
3![Y 244 YI-I 7.7 9 275 5 5.0 1.0 
8]3 6'3 GL 3'0 ~ 1359 4 3.1 1.30 
8]3 11.6 C4L 1.8 c~ 1974: 5 4.0 1.25 

found in Drosophila, though interference seems to be somewhat weaker 
in Primula sinensis. It will be seen that,  as in Droso2hila, triple cross- 
overs occur, three being recorded among 3333 plants. 

The data from selling triple and quadruple heterozygotcs are given 
in Table IV. The calcnlated values are derived by multiplying ~he 
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gametic series deduced from Table VIII.  The agreement is on the whole 
satisfactory, bug quantigativc tests are rather ditllcult, since the calcu- 
lated values are derived from fairly small samples, and have errors of 
theh" own. l~{oreover, no allowance has been made for the deviations in 
idle single :[actor ratios. In each progeny of a triple heterozygote all 
members of a certain class are derived from one or twogametes  whose 

factors have undergone donble crossing-over. Thus from SBG selfed all 
s bg 

sBg" plants are either derived from the union of two sBg gametes, or by  
SBg 

an sBg and an sbg. Similarly from sb-)G selfed, all S]bg plants are derived 

from a union of two Sbg gametes, or of an Sbg with an sbg. The plants 
i~ these classes are summarised in Table XI. I t  will be seen that  ~he 
total is only 80 per cent. of the expectation in the absence of interference. 
The standard error of the expectation is about 7"t, so the deviation is 
not significant, but if a correction were made for these plants the coinci- 
dence values would be altered by under 2 per cent. on the average. 

The data for single crossing-over from F~ plants have already been 
incorporated with t.hose from ba6k-crosses. If any s B g L  plants had 

SB @L SB g L 
been derived from s b g ] - '  or Sbg'l from ~ they would have been 

due  to triple crossing-ov'ei.. No such plants were observed, but their 
joint expectation was only 0.02. So no further data on triple erossiug- 
over.can be derived from the F~ plants. 

LINKAC4E DIFFEI%ENCES BETWEEN FE~'~ALE AND I~IALE SIDES. 

For this purpose only back-cross data are available. They are col- 
lected in Table XII.  In each case the non-cross-over and cross-over 

classes of two sexes were  olleeted a fol rfold table,  thus  

and the measure of divergence 

J a,+b+c+d 
X=(ad-bc) (ct,+b) (c+d) (,-I-c) (b+d) calculated. 

If bhe two cross-over values are really equal, this has an expected value 0 
with normal distribution and standard error of unity. Hence we can 
calculate the probability P of a divergence as great as tha t  observed, 
i.e. the probability ~hat the apparent sexual di~/erence is due to sampling 
error. The values o f / )  are given in column 5. The smallest segments are 
marked with an asterisk, the remainder consisting of several such seg- 
ments. 

6-2 



84 The Genetics of P r i m u l a  s inens is  

TABLE X. 

S B L  
SB1 
S b L  
S b l  
sBL 
sB1 
s b L  
sb l  

SB1 
sclfcd. 22 familics, sb--L selfed. 16 familics. 

0bs, CaM 0 bs. C~lc. 
1577 ] 616.6 SBL 591 625.6 
408 396'7 SBI 225 2,15'6 

56 70.9 S b L  31 20.4 
3~i 62.2 Sb l  2 5'4 
94 111,0 sBL 45 40' 1 
24 22-2 sBl 8 15'5 

409 347'9 sbL  246 210'9 
250 23~i. 6 sb l  48 32"4 

2862 1196 

SGL 
s g l  

S G L  
SG1 
SgL 
Sgl 
s G L  
sG1 
s g L  
sg~ 

SG1 
- -  selfed. 3 families. - -  selfed. 10 families. 

s g L  
0bs. Calc. 0bs. Calc. 
161 164.8 SGL 280 198.7 

3 34  SG1 127 147.1 
2 2.3 SgL  105 108'6 

45 ,11.5 Sgl 0 0'05 
44 43'0 s G L  98 151.0 

0 0,6 sG1 17 27'2 
] 1.8 sgL  72 66.0 

27 25-0 sg l  0 0'06 

283 699 

S g l  selfed. 1 
sGL 

0bs. 
S G L  43 
SG1 1 
SgL  1 
Sg l  26 
s G L  31 
sG1 0 
sgL 0 
sgl 3 

105 

family. 
S g L  
sG--1 selfod. 21 families. 

Calc. 0bs. Calc. 
55,3 S G L  985 988.3 

1.1 SG1 386 381.1 
1.2 SgL  ,t81 5,1-3'4 

21-0 Sg l  0 0.4 
21.9 sGL 342 287'8 

0.4 sG1 245 256.1 
0.2 s g L  112 93'9 
3.7 sg l  0 0.03 

2551 

SBg 
SBG selfcd, 19 families. s b ~  sb(4 seli'ed. 18 families. 

0bs, CaM 0bs. Cale. 
S B G  1000 995.7 S B G  1294 1 ] 92.2 
S B g  225 223.3 S B g  4:66 535.7 
S b G  32 39.1 S b G  77 174.3 
S b g  21 40.2 S b g  15 11.1 
s B G  55 66.3 s B G  8,1 87.9 
s B g  12 13"0 s B g  27 32.7 
s b G  213 197.2 s b G  503 4:58.9 
s b g  173 156'3 s b g  85 58'3 

1731 2551 
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T A B L E  X (cont.). 
1~1  L_ :BCI 1 selfed. 14 families. selfed. 8 fa,milies, b g ~  

Obs. Calc. Obs. CMo. 
BGL 289 289.6 BGL 616 588.1 
BGI 4 8,0 BGI 303 327,9 
BgL 2 5,5 BgL 209 214,9 
Bgl 70 63.2 Bgl 0 0.09 
bGL 70 63,0 bGL 166 166,2 
bG1 0 0.9 bG1 50 48.8 
bgL I 3,4 bgL 164 161,9 
bgl 46 48,4 bgl 0 0,15 

482 1508 

:Bg:L selfed. 21 families. 
bG1 

Obs. Calc. 
B G L  113] 1082"3 
BG1 419 418,2 
BgL 544 623.9 
Bgl  0 0.4 
5GL 365 334,7 
bGl 263 289,6 
bgL 111 83,9 
bgl 0 0,02 

2833 

S:BGL o 1 SBG1 SBgL 
selma, s b g 1~ selfed, s b G l selfed, 

3 t~milies. 9 f~milies. 18 f~milies. 
Obs. Crdc. Obs. Crdc. Obs. C~lc. 

SBGL 158 158'7 261 260'5 937 913'2 
SBG1 3 3.2 120 136'3 357 354.1 
S B g L  2 1'7 94 79-9 466 533'7 
SBgl 40 36' I 0 0'04 0 0'4 
S b G L  3 6' 1 8 13 '4 48 49 '2 
SbG1 0 0'1 2 1'6 29 53'6 
SbgL 0 0'3 8 14'5 15 9"4 
S b g l  5 5'8 0 0'01 0 0.06 
s B G L  4 10.2 26 17-9 62 63.7 
sBG1 0 0.2 2 7'2 22 17.8 
sBgL 0 0'2 4 4'5 27 30'4 
sBgl 2 1.8 0 0,01 0 0,01 
s b G L  40 33-2 67 60.3 280 249.8 
sbG1 0 0.4 15 19.6 223 212.1 
sbgL I 1-7 67 59,0 85 63,9 
s b g l  25 23.1 0 0.05 0 0.01 

283 674 2551 

P fsCh ~IYh PFCh selfed. P f c h seli~d, p F  c h  solfod. - -  solfed. 
p f c 11 pFCh m y H 

4 familics. 2 f~milies. 1 f~mily. 2 f~miBcs. 

Obs. CMc. Obs. CMc. Obs. Calc. Obs. 
PFCh 135 121,2 157 140.8 62 65,9 IVIYI-I 77 
PFch 6 8'7 8 12.1 18 18,1 IVIYII 45 
Pith 5 3"0 4 14'7 34 39"2 MyH 13 
Pfch I0 13,2 46 58,1 0 0,4 Myh 0 
p:FCh l0 15.3 74 69.9 24 16.6 mYI-I 7 
pFch I I-I 5 2.9 24 22-5 mYh I 
pfCh 6 6'8 1 0.4 2 I.,3 nuyH 12 
pfch  22 25,6 6 2-0 0 0.008 m y h  0 

195 301 164 155 
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It will be seen ~hat CiL and MY are undoubtedly larger, and SB 
and PF undoubtedly shorter, on the female than on the male side, while 
in t, he other cases of neighbouring loci the evidence is still uncertain. No 
similar cases are known wi~h certainty in hermaphrodfl:e organisms. 
Stadler (1926) found sliglr~ly more crossing-over on the male t~han on 
the female side of Zea Mays, but Collins and Kempton (1927) found ~he 
opposite in most of their families. 

TABLE XI. 

F 2 classes showi,ny double crossing-over. 
Obs, C~lc. 

s B g  12 17.8 
S b g  15 11 "1 
sBl 24 3 t ' 3  
S b l  2 5-4 
sGl 0 0.6 
S g l  0 0.05 
sgL 0 0'22 
b G 1  0 0.9 
Bgl o 0.09 
l~gl 0 0'02 
pFch i i' i 
p i t h  1 0"4 
p f c h  0 0.01 

55 69.0 

TABLE XII. 

,S'ex d.iffa'e~zces of linkage. 
F a c t o r  $_ ~ X P 

KB* 6.88 12'48 11'77 3 x 10 -36 
SG 34"39 41"02 8'011 6 x 10 -1~ 
SL 37.55 41.49 2.960 0.0031 
]3G'* 31.59 34.68 1.550 0.121 
]3L 36.20 36.16 0.1047 0'916 
GL* 3.66 1.85 4.192 2.8 x i0 -s 

PF*  14'52 21'32 4 '774 1'8 x 10 - °  
POh 23'10 28'38 3'740 1'8 x 10 -'1 
FCh* 10.45 9.58 1.351 0.178 
IMY* 22.88 14.79 3.296 9.8 x 10 -'~ 
}U~* 5'34 6'06 0.1581 0'874 

OMp* 23.80 21.53 1.698 0.89 

On the other hand in anhnals crossing-over is generally more fre- 
qnent in the homozygous sex (see Stern, 1933), though this is not so in 
Landauer 's  (1932) case in poultry. 

A possible explanation of our data would be that  chiasmata were 
generally formed fnrther away from the spindle at tachment  on the female 
side than  on the male, since this at tachment is believed to be ill the 
SB region of Chromosome I. Bug for the present this must remain 
speculative. 
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I)IFFEI~,ENCES BETWEEN COUPLING AND I~EPULSION. 

Theoretically, back-crosses invo]ving coupling and repulsion should 
give the same linkage values. The results are compared in Table X I I I  
for all cases where over 100 plants were available in each cross. In this 
connection we have not used Altenburg's data, as they give figures for 
coupling only, of whiclh plenty are available, whereas repulsion data are 

TABLE XIII. 

Comparison of coupli'ng and repulsion. 
Coupling P,,epnlsion 

Factors  o.o.v, o.o.v. X 
SB ~ 12.51 1.2.72 0.361.3 
SG ~ 40.74 38.94 0.9230 
SL 9 37.82 33.13 1.200 
BG ~ 31.27 45.32 4.957 
BG ~ 34.69 37.84 0.6890 
B L  -9- 36.53 30.06 1.674 
GL q) 3.54 4.63 0.9865 
POh 9 23.51 19.63 1,277 
PCh c~ 28.11 30.57 0.7157 
FCh 9 11.23 4.38 2.496 
FCh c2 9.61 9.3i 0.1358 

P 
0.74 
0.35 
0.23 
7 x 10 -7 
0'49 
0.094 
0.32 
0.20 
0'47 
0.013 
0.89 

I t  will be rather few. In column 4 the measure of divergence X is given. 
seen tha t  the linkage is more intense in repulsion than coupling in 6 out of 
the 11 eases, in fact there is no significant difference between the two. 
Except in tile ease of BC4 -9 the differences are stteh as might be expected 
as the result of sampling. In this ease the numbers are small, and the 
single factor ratios extremely aberrant. The divergence is largely due to 
one family, 106/12, which accounts for 34 per cent. of the total, and 
consisted of 33 BG, 32 Bg, 16 bG, 14 bg. With this single exception the 
figm'es are quite satisfactory, though the FOb -9 divergence is suspiciously 
large. In 106/12 the proportion of bb was only 32 per cent., instead of 
50 per cent., so some lethal or other similar factor was at work. A lethal 
in the neighbourhood of S would aeeotmt for the shortage of bb, and 
wotfld somewhat raise the cross-over vMue, but not to the extent 
observed. 

We conclude that  the observed differences between coupling and re- 
pulsion are not systematic but due to a few aberrant families. 

SI~{ULTANEOUS CI~OSSING-OVEI~ IN TWO CI-II:~O~'[OSO~iES. 

In order to see whether there was any correlation between the 
sbg] ehp 

crossing-over of unlinked factors, plants of composition sbg-~ ch-p were 

made up and crossed with a heterozygous dominant. The resulting 
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SBf~L ChP 
were crossed as females and males ~dth the sexLuple re- 

s b g 1 chp 
cessive, ,~nd 664 progeny raised. The results are smnmarised in Table XIV. 

r - - .PABLE XIV. 

jS'g~nullaneou8 crossi~g-over 
]81 and 183/30, 

G l f f '  C h p  c h P  clip ClIP Clip c h P  c h p  Total 
S B G L  i7  13 22 41 25 8 9 26 192 
S B G 1  3 2 -- 2 -- -- i i 9 

SBgL . . . . . . . . .  
S B g l  21 5 13 28 16 3 5 14 105 
S b G L  . . . .  i 2 -- 2 5 
S b G I  . . . . . . . . .  

Sl~gL . . . . . . . . .  

Sl~gl 2 2 -- 5 5 3 -- 7 24 
s B G L  -- -- 2 4 ~i i d: 5 20 
sBGI 1 . . . . . .  1 2 
sBgL . . . . . . . . .  

sBgl - -  - -  1 - -  2 - -  - -  -- 3 
s b G L  22 5 11 34 8 -- 2 20 102 
s b G l  i - -  - -  . . . . . .  i 

s b g L  . . . .  I: i - -  - -  - -  5 
s b g l  46 ] 2 7 55 22 9 11 34 196 

TotM 4:11 To~al 253 

182 ~nd 184/30, c~ 

TABLE XV. 

Independence of crossiq~#-over in separate chromosomes. 

Unchanged  Cross'-over Unchanged  Cross-over 
F~ctors I i  I I  II  I I  

SB, ChP Unchanged  I 304 90 168 48 
Cross-overI  12 5 (3.9) 27 10 (8.5) 

BG, ChP Unchanged  I 210 60 132 4:6 
Cross-over I 106 35 (32"6) 63 12 (17"2) 

GL, ChP Unchanged  I 305 93 192 57 
Cross-over I 11 2 (3.0) 3 1 (0"9) 

The results a.re now classified as regards crossing-over affecting each 
adjacent first chromosome factor pair SB, B@, @L, on the one hand, .  
and Oh and P on the other. The first set of figures in Table XV have 
the following significance. There were 305 plants in which no crossing- 
over had occurred between SB or ChP, 12 which had crossed between 
SB but not Oh:P, 90 between ChP and not SB, and 5 which had crossed 
over between both pairs. In the event of complete independence the 

95 x 17 
last number  should be ~ l - - - ~ '  or 3.9. 

I t  will be seen that  the two crossings-over a.re quite i~ldependent. 
The sum of the observed values for the smallest class is 65, of the caleu- 
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latcd 66.1. A similar independence is found between crossing-over in 
two chromosomes of Pisu,,'~ (de Winton, nnpublished). 

T H E  I'IZO[[tA[BLE LOOATION OF A SPINDLE ATTACI-1MENT. 

In diploid organisms spindle fibre attachments can only be located 
in relation to the loci of the genes, either wh_erc tetrad8 can he analysed, 
or whcn segregation is abnormal, as in "equational non-disjunction" or 
when the X-chromosomes are attached. But in teCraploids or trip]oids 
normal scgregation provides data on this question.. 3(father (1935) poiuts 
out that,  in a triplex (A~LAa) plant, if the dominant A is located near 
the at tachment  constriction it will Mmost always segregate reductionally 
at the firsl; meiotic division, and very few aa gametes will be produced. 
If, however (to consider one possibility only), a single chiasma is formed 
between.Rs locus and the at tachment  conslMction, the first division will 
be equational for A and a, cud one gamete in 24 will be as. Probably 
so high a proportion is never reached ia practice, tlhough if the locus is 
very far from the at tachment we may expect one gamete in 28 (I-Ialdane, 
1930). 

The linkage of S, B and G in the tetraploid has been described by 
de Winton and Haldane (1931). The cross-over vMues are intermediate 
between those found on the two sexual sides of the diploid. They are 
not signiaeantly different on the two sides in the tetraploid. 

Several plan~s have been found which are withou~ much doubt of 
ghe composition @C4Gg, but yet  have given a few gg gametes. On the 
other hand 11o SSSs or BBBb plant has yet given a recessive gamete. 

For example the plant 181a/28, known from its ancestry and its bc- 
haviour on salting and crossing to be SBG. (sbg)a, was selfed. One of its 
S B G  progeny was 1191/29. This plant, on crossing to (sbg), as female 
and male gave: 103 SBG, 19 SBg, 0 SBG, 2 Sbg, 3 sBG, 0 sBg, 11 sbG, 
6 sbg. It  was therefore of composition (813G)2. (sbg)2. On salting it gave 
30 SBG,  1. SBg,  1 sbG. One of its SBG progeny was 5,11/30. This plant 
crossed as a female with (sbg)a gave 95 SBG, 1 SBg,  as a name 117 SBG, 
1 SBg.  That is to say 214 gametes contained at least one S and one ]3, 
and two were gg. In order to test the composition o£ this plant, 11 of 
its S B G  progeny wcre crossed as females with (sbg).l. The results are 
given iu Table XVI. It will be seen tha t  for each ol the factors S, B 
and G, 6 plants were duplex and. 5 Mmplex. Now if 541/30 were triplex 
we should expect that  it would give equal numbers of duplex and simplex 
when crossed with (sbg),t, if duplex it should give 1 duplex: 4 simplex. 
There can be no doubt that  it was triplex, in sdew of the good agreement 
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of the results for all three factors. It is not certain whether it was of 
composition SBG.SBG.SBg.sb@-, or (SBC4)a.sbg, bnt the latter seems 
more likely. 

The plant 51a/30 derived from sdfing a plant duplex for S, B and G, 
gave 356 G, {1: g when crossed with (sbg)4. It was simplex for S and 
duplex for B. Analysis of the progeny confirmed these facts as regards 
S and B. Seven or eighl~ ont5 of twelve were duplex for G, hence the 
parent was triplex. Similarly 51~/30 (SBG) gave 45 SBG, 2 SBg  when 
crossed with the t, riple recessive. Five of the SB G progm~y were 
analysed; three were duplex, and two doubtful whether duplex or 
simplex for CA. Thus 51~/30 was almost cerbainly triplex for all three 

TABLE XVI. 

A~udysis of proye~y of 541/30. 
F~mily 
0932) 
182 45 
183 48 
184 5 
185 24- 
186 l l  
1.87 28 
188 22 
189 38 
190 31 
191 26 
192 14 

Comlmsitlon of 
SIBG SBg SbG Sbg slBG sBg sbG sbg pa,rent 

3 1 I 0 0 4: 4: SB(~. 813('. sbg. sbg 
7 0 1 0 0 1.0 4 8BC4. S]3G. sbg. sbg 
4 1 0 0 0 4: 2 S]3g. sbG . sbg. sbg 
3 1 0 0 1 14 6 SBC/. sbC4- . sbg. sbg 
1 1 0 0 0 1 5 813C4. sbg . sbg. sbg 

11 2 1 0 0 1 7 S.BG. S]3g . sbg. sbg 
2 0 0 0 0 1 1 $13C1.8]3G.sbg.sbg 
6 0 0 0 0 5 1 813C4.81~C4.sbg.sbg 
6 0 0 0 0 21 4: SBC4. sbG . sbg. sbg 

17 0 0 0 0 4 3 813(4. $13g. sbg. sbg 
8 l 1 0 1 7 17 SBG.sbg . sbg.sbg 

factors. 51'/30 (SBG) gave 43 SBG with the triple recessive, and 8 SBG 
when selfed. But since some of the latter segregated for G it was pre- 
sumably triplex. 

Three other plants whose progeny was not analysed behaved in a 
similar manner for G. One of them is particularly interesting as being 
derived from a simplex seKed. This may of course yield a triplex on 
selfing, since a Gggg plant may give a small proportion of GG gametes, 
just as a GGGg may give a few gg gametes. In all, the plants certainly 
triplex for CA- gave 8 gg gametes out of 664, while those whose progeny 
were not analysed gave I~ out of 45~t. 

Besides the plants mentioned above, 54'/30, which was duplex for G, 
was triplex for S and B, as shown by progeny ana.lysis, and gave 
1¢6 SBG, 27 SBg with the triple recessive. 

We thus find that while GGGg plan~s gave 1-2 per cent. of gg gametes, 
SSSs and BBBb gave no recessive gametes out of 434. We conclude that 
S and B obey the laws of segregation laid down by Muller (191~) while 
G gives a fair number of exceptions. I:[ence the spindle fibre attachment 
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is probably located in the neig'hbourflood of S and ]3, while G is far 
enough from it to segregate equationa]ly at the 13.rst division in over 
1 per cent. of incloses. 

DISCUSSION. 

The available data regarding linkage agree completely with the postu- 
lates of the chromosome theory, which has been verified in great detail 
in several species of Drosol)hil, a, and in Zea Mays, and less completely 
in Lat]~,yrus odoratus, while a.t present the number of apparently inde- 
pendent factors in Pisu,m is too large. I-Iowever, our data, bearing only 
on four chromosomes, are not conclusive, and it is only worth discussiltg 
the points of novelty which they present. 

In the first place the difference in linkage between the two sexual 
sides has now been found in three chromosomes witlh certainty, and 
probably in a fourth. 

Interference is considerably less than is usual in Drosoi)hila. Thus in 
the X-chromosome white and vermilion give 30.5 per cent. crossing-over, 
vermilion and sable 10-1 per cent. The case is parallel with G, ]3 and S 
on the male side where the values are 35.0 and 11.6. ]3ut in Drosol)hila 
the coincidence is 0.52 (Morgan and ]3ridges, 1916) as compared with 
0.77 in Primuk~. Similarly ]3ridges and Morgan (1923) found a coinci- 
dence of 0.64 for sepia, dichaete and spineless, the distances being 1~1.8 
and 13.0. We find 0.97 for P, F and Ch, the distances being 15.1 and 
16.~. In this case the spindle fibre attachment is included in the region 
between dichaete and spineless. 

If coincidence is really as low in Pri~,zulc~ as in Drosol)hila, we must 
suppose that the spindle fibres are attached near B, F and Y. Even so 
the coincidence for ]3GL, whose mean value is 0.61, is surprisingly high. 
The comparison with Zea is still more strildng. Here Stern (1933) lists 
four coincidence values, none exceeding 0.40, where our lowest value 
is 0.58. 

On the other hand Castle (1933) found a coincidence of 0'70 between 
CJ, Y and ]3 in the rabbit, the distances being CY 1~.~, Y]3 26.8. This is 
more in accordance with our values than wRh those in Drosophila. While 
therefore it is too early to be dogmatic, it seems likely that in some 
organisms (Drosol)hila and Zea) interference is on the whole greater than 
in others (Pri,mula, and Oryctola, gus). The map distances have been calcu- 
lated on this hypothesis. 

The linkage values found in different families are remarkably con- 
stant. Equally constant values are found in other organisms where 
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closely rclaged stocks arc used, and temperature and age carefully con- 
trolled. Thus Gowelt (1919) in TM~le B lists cross-over values from 
16 Drosophih~ females, l~or the cross-over values in ]~,cgion 4 we tlnd 
n = 15, X-~=9.64-, ~= - ] . 0 6 ,  an extremely good fit. Bug age, temperature 
a, nd other causes give divergences which ea,unot be explained by chance. 
Hence Primula may be snitM~le for work on crossing-over which could 
not  be m~dertaken ia other organisms, and is certainly more suitable than 
Drosophila and Zea for the application of refined statistical methods. 

The ~eehniquc of testing for goodness of fit, as given by  Fisher (1925) 
can be considerably simplified. Suppose we have n + 1 families, totalling 
N individua,ls, of which Nc are cross-overs. Theu Pearson's (1900) 
measure of divergence 

X ~" = I3  (x~, - ca,, ,)  ~" 
ca~, 

I t  is inconvenient to calculate each te rm in this SUln, Mace this involves 
multiplying by the fractiol~ c. We ~herefore choose a simple decimM c' 
near to c (e.g. c '=0.10 or 0.25). Then it, can easily be shOWl~ that  

o 1 (x,-ca, , )  X " : ;  Z N (c-c'y- 

=N-c NN ( N c - N Y )  ~" . 

As Nc is the total  number  of cross-overs, the cMcula, tion is simple. 

TABLE XVII. 

Analysis of linleage data ffom PF 

F a m i l y  a s, x , .  0 % .  x,.  - c 'a¢  (xr - c'a'r)= 

227/31 86 14 12"9 + 1"1 0"01~I8 
229/31 216 28 32-4 - ~'4- 0 ,0896  
231/31 236 30 35.~ - 5.4 0 .1236 
233/31 234: 37 35.1 + 1"9 0 .0151 
235/31  369 57 55.35 + 1.65 0,007~t 
~20/32 112 16 16-8 - 0.8 0 .0057 

1253 182 0 .2562  

Tal)lc XVII  gives the requisite calculations for the families derived from 

Plz pf 182 =0.1~t53, so we take e '=0.15.  p--~ ~ x 15 dL I-Iere o - 1253 
t 2 

E (ar-c  c~,,,) =0"2562, 

1253 x 0.2562 - (182-187.95) ~- = 1.569. 
so X" = 182 
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This value is low, corresponding to P = 0 . 9 0 ,  i.e. only once in ten trials 
should we get as good a fit as the result of random sampling. The number  
of degrees of freedom is ~ = 5. 

If  more accurate values of P are required, or if it is desired to compare 
the results of a number  of different series of families, we use Wilson and 
Hi l fer ty ' s  (1931) theorem, which m a y  be stated as follows: 

then s e is very nearly normally distr ibuted with mean zero and s tandard 
error unity.  Thus a given value of ~ has the same siguificauce as a de- 
par ture  of c~: f rom the expected value in a case where there are only 
two classes. Here ~ = - 1 " 3 0 9 5 .  Tha t  is to say, the ]?robability tha t  ~: 
should differ from 0 by  more than  this value is 0"1904. I-Ience the 
probabi l i ty  of a greater negative value is 0.0952, and P = 0.90~8. Actually 
this value is not significant. In  only one of the 13 sets of families tabu-  
lated in Table I is there so large a negative value of ~:. 

A ~ I ~ D I x  II .  

Methods for the combination of tin/cage data. 

In  a favourable case data as to the linkages between two factors are 
available from six different types of families, namely:  

Back-crosses of AB.  ab ~ x ab .ab c~ 
. . . .  Ab . a,B _~ x ab . ab c~ 
. . . .  ab .ab ~ x A B . a b  c? 
. . . .  ab .ab ~ x A b  .aB d ~ 

f2  ,, AB.  ab selfed or i,nte,r se 
. . . .  Ab . aB ,, 

Still other data  (e.g. from AB. ab x Ab.  ab) are sometimes available, but  
these are not  present in appreciable numbers in the present  case. 

The problem is how best to combine the various :figures so as to 
calculate the values of the two unknowns,  the cross-over values on the 
female side and on the male Side. The first two data enable us to calculate 
the female cross-over probabi l i ty  p (one-hlmdredth of the percentile 
cross-over value). The second two give us a v a h e  for the male cross-over 
probabi l i ty  q. The coupling/~a figures gives us an est imate of (1. - p )  (1 - q), 
~he repulsion/v~ of pq. 

In  each case we can calculate the s tandard error ~, or more con- 
veniently the quant i ty  I = c~ -~ called by  Fisher the anmun~ of information. 
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In t;he case of back-crosses, where '~ is ~hc ~ogal number, z the number 
of cross-overs, 

I :  
z ( , ~ - z ) "  

In  the case of 2F~ we find the most likely value of O=2)g or (1 - p )  (1 - g ) ,  
a.nd then 

I =  ~ (1+20) 
~o (1 - o )  (s + o )  

1928; I:ialc!ane, 1919 a). We have now the (Fisher and Ba,lmukand, 
following figures: 

8l;~Hsbic 

q 

(* -~,)(1 -~) 

Estfimage Amoun~ of ilfl'ormat;ion 
I~o I~ 
qo I~1 
'F JT 1, 

Now supposing ~" exceeds 2oqo the most likely values of p and. q will 
exceed To and qo, and so o11. The logarithm of the likelihood (Fisher's 
definition) of any pair of vMues of 2 and q is 

2 l L = c o n s t a n t  - ½I,, (? - Pc) - - f l ,~  (q - ~0)o _ ½L. (l~q - r p  
1 - ~ L  [(1-2~) (1-~) -~] t  

To obtain the  likeliesb values of T and q we make this a maximum, by 
putt ing 

= [,, (~) -l)o) +L,g (~)g-,') - 4  (1 - g) [(1 -~)) (1 - g) - c ]  = 0, 

3L - ~ - = 4  (g-go)+Lp (2)g-r)-L (1-2)) [(1-2)) (1 -g)-~] =o. 
Now put  

P - P o = G  g - g o = Y ,  ~ - ( 1 - p o ) ( 1 - q o ) = %  r-l)ogo =v. 

Then 

I~, .  + I,, (go -t- y)  (go z + PoY + mY - v) - I~ (1 - qo - Y) 
[ - ( 1  -go) z - ( 1  -~Oo) y+,~y-zq=o,  

and another  similar equation. In  most eases i~ will be found that  x, y, zt, 
and ~' are small compared with Pc and go- Hence their squares and 
products  may be neglected, and we have: 

[-G + (1 - go) °~ Io + go%] ~ + [(1 - ~)o) (1 - g,,) -L + ~'ogoL.] Y 
-F (1 --  go) I o ¢ ~ -  goI,,v = O, 

[(1 -~)o)  (1 - go) Zo + ~)ogo4] ~ + [ 4  + (1 -~ ,o)  ~ L + ~)o%] 
+ (l ' -po) -[#'-l)d,,v = O, 

whence ~, y, 1 ), g may  readily be found. In  many  cases Pc-go is small. 
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Here if po -  % = 2s, we have 
I. [(1 -s)Lu-sL.v] 

P = P ° - I J , + ( I ~ , + I ~ )  [(1-s) 2 I~ + sU,.]' 

I~ [(1 - s) L v , -  sL.v] 
q=qo L,b+(~+b)[(1-s)~L+s%]" 

Both these set~s of approximate formulae give results which only differ 
from the optimal values by a small fraction of their standard errors, 
but the second set should only be used when P o - q o  is small compare([ 
with its standard error, as in the case of IB and L. If complete accuracy 
is desired we can use the equations: 

I~ _ ~  (~)q_~.) ~, 
;-~",  = i ;  [C -~,) (1 -q)-~] C -q) 

L /T and q-~o : ~  [(1-~,) (1-q)-~] (1-~,)-< (m-',') p. 

We substitute the values of Po, qo, or some other estimates of p, q, in 
the right-hand side of these equations, and thus obtain approximate 
values 2z, q~" We then substitute ?h, q~ on the right-hand side and obtain 
p~, go, continuing the process until successive approximations agree. 
This iteration is rather tedious, but it is a much easier method than the 
direct solution, which leads to quintic equations for p and g. It has the 
further advantage that small mistakes in arithmetic are atttomatieally 
eliminated. However, fihe approximations fu'st given have been used 
throughout this paper. 

The standard errors of p and q are given by 

_ o = I~,' = - ~ = I~, + (1 - q) o I~ + q °"I,, 
(Y :o 

O~L . o %-~- = I /  = - ~ ¢  = I~ + (1 - p )  - I~ + p -I,, .  

the optimal values of 2) and q being substituted. 
Another set of data assume importance when one factor, say b, is 

lethal. In this case we can only distinguish between p and q by means 
of the matings AaBb x aaBb and aaBb x AaBh. Here we also have the 
results of AaBb i,nte~" se. Bu~ if bb is lethal at such an early stage that 
Abb and aM)b cannot be distinguished, families of all these kinds only 
give estimates based on the ratio of AB to Abb. NOW this is affected by 
the single-factor ratio A: aa, which, as we have shown, is in P r i m u l a  

s inens i s  generally more variable than a linkage value. Hence results on 
linkage of lethals are likely to be rather unreliable. 
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In such a case we should have estimates of p and q from AaBb × aa]3b 
and aa]3bxAaBb, and of (1-1)) ( l - g )  a.nd 2)q from AaBb×AaBb.  
These data, could be treated by the met~hods alrea.dy given. A few data 
on 1) and q derived from AaBb × aaBb and the reciprocal cross exist for 
non-letlial genes. We bare  not used them, as they would affect neitlier 
the found cross-over values nor their standard errors appreciably. The 
viability of a.ll the genotypes considered is so good that  there  appears 
to be no need to apply the method of balanced inviability so useful in 
the case of Drosophila. 

h]~,:s~mtx III. 

ff/w rek~tio~7, between map distance and crossing-over. 
As a result of double crossing-over the map distance between two 

factors is always greater than  their observed recombfi,lation vaJue. ]3ut 
the correction is negligible for short distances. In Drosol)hila, it is tlius 
possible, by using a number of factors, to determine the map distance 
corresponding to say 30 per cent. crossing-over. Where this is not possible 
we must de~ermine the appropriate correction on the basis of the facts 
known about double crossing-over. Unfortunately it has been shown by 
Anderson and l~hoades (1931) and others, that  the amount of double 
crossing-over within a given distance is not constant, being larger near 
the spindle fibre in D~'osol)hila. The theory which follows is admittedly 
inexact, as it assumes tha t  interference is constant throughout the 
chromosome. 

Let  100~ be the map distance between two factors. 
Let 100y be the percentage recombination between two factors. 
Let z be the marginal coincidence corresponding to this map distance. 

That  is to say if A, ]3, C are in that  order, and ~j be the recombination 
value for A and B, while tha t  for ]3 and C is the small value h, let zyh 
be the l?roba.bility of a double cross-over, both between A and ]3 and 
between ]3 and C. 

Then the following conditions must be fulfilled: 
(1) y = ~  approximately when both are small, and y=½ when x is 

infinite. 
(2) The values of y lie between 

y=½ ( 1 - e  -2~'~) or x=½ log~ (1 -2y )  

corresponding to no interference (l=[aldane, 1919 b) and y = x (corresponding 
to complete interference). Also y is always less than  ½. 

(3) z is about proportional to y when both are small, and tends to 
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the value 1 w:hen y tends to the value ½. Anderson and Rhoades found 
values of z/y for small values of y ranging from about 1.5 to 0.3 in 
different ]?arts of the X-chromosome. If y=f (x ) ,  then the frequency of 
double cross-overs : 

z~l~ =~- [f (,~0 +f  (1,,) -J'  (,~ + 1~)], 
or in the limit 

~= L t  f (* )  + f d ~ ) - f ( a ~ + l , )  
,,->0 21d'(.) 

=2%1 ,;~0 L[-(~ +f  (~) -fit ('~ + 1,.) _ 

Now if we assume that  z is everywhere the same hmetion of y, we may 

2cy , in which case z /y=2c when both arc small, and take z =- - ,~r -  1+2 (o-1) y 
dy ,) 

z=l.  when y=½-. Sines } ~ = l - = y z ,  

I T car ( I+2(0-I)v -, 

1 log~ ( 1 + 2cy) - c log (1 - 2y) 
6 

: s (o+1) . . . . . .  (*) 

Whereas in ~slle X-chromosome of Drosophila o ranges from about 0.15 
to 0.7, 0=2  is an appropriate value for Primuh~ sinensis, giving ~lte 
formula 

a;=~,~ log~ (1 +@)-~}  log~ ( 1 - 2 y )  . . . . . .  (2). 

When x is small x=9-t-  ? ya approximately,  so the curve y=J ' (x)  has 

a point, of inflexion a~ O, touching y = x .  On ~he odmr hand the curve 
given by  Hal&me (1919 b) has single contact with y = x ,  and leads go a 
finite value of z when x vanishes. Using equation (2) we find gl~e double 
cross-overs calculated ia Table IX. The sum of the double cross-overs 
from the SBG plants calculated from this formula is 329, agreeing well 
wRh the observed value of 323. Thus the equation is ag leas~ a rough 
guide ~o gl~e fac.gs. Corresponding values of a: and y were tabulated. 
Table X V I I I  is extracted :Item this l)able. Using R dm map distances of 
Table X I X  were calculated, and Fig. 1 is constructed on this basis. I t  
is to be noted tha t  formulae of the type  here developed do nob enable 

J ' ou rn .  o f  C4onebics x x x I  7 
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the prediction of triple crossing-over, or of interference between two 
separated segments of a ehronmsome, such as SB and @L. 

TABLE XVIII. 

Calculated rdatio'~b betwee,~ maI) d,istanee a,'nd lmrce'~lage ,rceo~nbinatio'J~. 

:geeombim~l~ion: 
1001/ 0 5 10 15 20 25 30 35 40 45 

M~p dish,race : 
100x 0 5'03 10.24: 15'81 21.93 28.88 : t7 . l l  47.43 61.56 85'3~ 

50 

c.O 

TABLE XIX. 

Ca, lculated ma 2) dista,,nces. 

]~.ecom- gecom-  
binMfion M~p bim~ion N~ l) 

Frmtors va,luo distance Fo, ctors vMuo distance 
SB 9 6'25 6'33 S:g c~ 11"55 11'92 
SG 9 34-40 46'06 SG c~ 4 I '03 65'37 
SL 9 37"53 5'i'03 SL d ~ 41"45 67'07 
~BG 9 32'14 41'21 BG ~ 35'01 4:745 
:BL ~ 36'73 51'77 BL ~ 36'86 52'11 
GL 9 3'61 3'61 GL ~ 1'82 1'82 

TABLE XX. 

Pg'ovisiona,1 loci. 

S 0 0 P 0 0 M 0 0 O 0 0 
]3 6.3 11.9 W 8 14 ¥ 28 17.6 Np 27 24 
X 21 26 li' 16 25 ]:[ 34 - -  
G 47 68 Ch 27 35 1.'2. 37 - -  
L 50'6 69"8 

SU~ii}IARY. 

I. Fifteen factors have been located on four out of the twelve 
chromosomes. Some other linkages are suspected, and a new ease of 
multiple Mlelomorphism or very close linkage is described. 

2. As compared with Drosophila, interference is definitely less 
marked, though it certMnly occurs. 

3. In two regions linkage is tighter on the rome than on the female 
side, in two looser, while in two others it is nearly the same. Apart from 
t~his the figttres arc inadequaf, e for a judgment. 

,1-. In one chromosome the genetieM data from the tetraploid permit 
the rough location of a spindle attachment.  

5. The linkage values found in different families show a remarkM)le 
constancy. 
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6. N e w  ma,~hemat, iea] met lxods  a,re g i v e n  for  dea l i ng  w i t h  goodness  

of fit,, c o m b i n a t i o n  of l i n k a g e  d a t a ,  a n d  a l lowance  for d o u b l e  c ross-overs  

w h e n  m a p p i n g .  
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