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I .  I N T R O D U C T I O N  

I t  is extremely difficult to combine into one theory the results of 
different investigators on linkage-relations in Pisum. Two genes, in- 
dependent according to the one, are found to be linked by another. 
Much variation in percentages of crossing-over occurs. Several cases 
of about 50 % crossing-over - -  resulting in phenotypic independence 
- -  have come to our knowledge. The use of different parental lines and 
lack of uniformity in symbols make it hard to judge whether or not a 

1) P resen t ly :  Bu i t enzo rg ,  J a v a .  

Gene t i ca  X I I  1 
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gene used in a certain study is identical with a gene occurring in other 
material. 

No wonder that  a t tempts  to combine the data of different authors 
into one general conclusion fail to yield satisfactory results. Lots more 
of experimental work must be done, before we can form an opinion on 
the validi ty of the Drosophila principles in Pisum.  For the present 
this work must  be done in one group of genes which will leave no 
doubt with regard to the identi ty of factors. Furthermore, all possible 
relations two by  two must be studied, since incompleteness does not 
allow to draw final conclusions. 

In "Linkage-Studies I and U "  an a t tempt  was made to study the 
interrelations between fourteen genes according to the above two prin- 
ciples. Five indepedent genes in addition to four linkage-groups were 
found, whereas the number of bivalent chromosomes is only seven. 
Since a possibility of two linkages with about 50 % crossing-over 
between two of the independent genes was left, these results were not 
considered to form final proof of disharmony between the number of 
linkage-groups and the number of chromosomes. 

The relations of two more genes to the above fourteen are now 
known. The general conclusion is similar as formerly arrived at, 
namely nine independent genes or groups of linked genes. Some re- 
lations, however, were found to be different from what was supposed 
before. 

I I .  M A T E R I A L S  A N D  M E T H O D S  

w 1. The genes 

The following fourteen genes were studied before: 
(1) A : colored flower (recessive: white flower). 
(2) B : 
(3) Dw : 

(4) Fa : 

(5) 
(6) : 

(7) v : 

(8) P l  : 

purple flower (rec.: pink). 
double leaf-axil-spot. (Of the two recessive allelomorphs 
which are known, D occurs in the present material,  
standing for single axil-spot). 
normal stem (rec.: fasciated). 
green pod (rec.: yellow pod). 
membrane in the pod-wall (rec.: no membrane).  
strong membrane in the pod-wall (rec.: thin membrane 
in the presence of P). 
black hilum (rec.: not black). 
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(9) M : marbled seed-coat (rec.: not marbled). 

(10) F : stippled seed-coat (rec.: not s t ippled) .  
(11) I : yellow cotyledon (rec.: green). 
(12) Le : long internode (rec.: short). 
(13) W~ b : glaucous stem and foliage (rec.: emerald). 
(l 4) S : seeds free in the ripe pod (rec.: seeds adhering "chenille"- 

like). 
To these fourteen genes are added in the present study: 

(15) T1 : tendrilled leaves (rec.: acacia). 
(16) K .' normal wings (rec.: keeled wings). 

Tl was first described by  VILMORIN (12) in 1910 and since occurred 
in several studies. PELLEW and SVERDRUP (9) were the first to study 
K which gene has not yet been present in the material  of other in- 
vestigators. Genes B, D% M and F are only active in the presence of 
A,  while V only acts in the presence of P. 

A striking cooperation exists between A and B on the one side and 
K on the other side. PELLEW and SVERD~UP (9, p. 127) already hinted 
at this cooperation, while SVERDRUP (1 t ,  p. 225 and plate XVII)  went 
into more details. She states: "The wings more or less take on the 
colour of the keel, giving a much paler appearance to the whole 
flower". A somewhat different explanation seems to be more evident, 
however. In keeled winged purple or pink flowers the most conspicuous 
part  of the wings, in which in normal forms the typical pigment 
develops, is almost completely reduced. Consequently the color genes 
do not find the substratum where they can act and no pigment is 
formed. This explanation fits perfectly well in GOLDSCHMIDT'S theory 
on the action of genes (1, see especially pp. 112-113). Classification 
after flower-color in keeled-winged forms is easily done by  inspecting 
the color of the standards. 

w 2. The parents and the crosses 

Genes tl and k were brought in m y  material  in a line which I 
obta ined ' through the kindness of miss C. PELLEW. I t  was unnamed 
originally and I indicated it as "Keeled Acacia". The other parental 
lines are the same as those used before. The genotypes - -  simply 
expressed in single symbols - -  are: 
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1-2-56-1 �9 A B Dwv/a Gp P v ~Pl m F I Lev Wb~ S T lvK 
P. thebaicum " A b D Fa Gp P V PI M [ I Le Wb S Tl K 
Poiskcossejaune:  a B Dw F agpp p V p / m  F I L e  W~ S T / K  

Poiskbrochet tes"  a B Dw F a G p  P V pl m F i l e  wb s Tl K 
Keeled Acacia " A b D / a  G p P V p /  M / I L'-'~e~ W b S ~'~ k 

The new crosses, with the genes involved in each of them, are: 

Cross42. 1-2-56-I • K. Acac,: B-Dw-V-M-F_TI -K .  
Cross 43. K. Acac: • P. thebaicum " Fa-Pl -T l -K .  

Cross44. K. Acac. • P. k c. ]aune �9 A-B-Dw-Fa-Gp-P-M-F-TI,__2K. 
Cross 45. K. Acac. x P. k broch.:  A-B-Dw-Fa-M-F- I -Le -Wb-S -T l -K .  

The numbers of F2-individuals are given in the following table: 

cross- succum- % suc- germ full grown 
number sown bed cumbed plants plants 

42 

43 
44 

45 

1064 

1089 
372 

1065 

10 
61 

4 
10 

0.9 
5,6 

1.1 
0.9 

1054 
1028 

368 
1055 

1033 

1017 
355 

1038 

The F 2 of cross 43 was sown two weeks before the F 2 of cross 45 and 
four weeks earlier than the F2's of crosses 42 and 44. This might ac- 
count for the relatively bad germination of 43. Unfortunately the 
number of individuals in 44 is considerably smaller than in the other 
F2's. This is caused by a relatively bad succeeding of the crossings, so 

that the number of Fl-plants was already small. This is nothing but 
accidental, since the same crossing succeeded well next year. Another 
factor which reduced the number of seeds produced by the Fl-plants, 
is the inherited dominant abortion (18) which occurs in cross 44, but 

which will not be discussed in the present paper, since its relation to Pl  
in Still unknown and our information about it is consequently incom- 

plete. The number of individuals for either B, D% M or F and for the 
relations involving these is about 3/4 of the total number when A also 
segregates, because in the 1/4 part which is aa, named genes cannot 

demonstrate their action. 
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w 3. Growing methods, notes, calculations 

The treatment of the material was exactly the same as in former 

studies (15, 16). As stated above, the s0wing-time was varied in the 
different F2's in order to obtain different flowering-times. The F2's 

which were expected to blossom relatively early, were sown first, those 
expected to flower rather late, were sown later. This prevented too 
great an accumulation of work during the flowering-period. No classi- 

f ication difficulties were met with, except perhaps sometimes the 
differentiation between normal and fasciated stem (ep. p. 10). Sum- 

marizing tables of the total F2-results were only prepared for crosses 
42 and 43; they are given as appendix to this paper 1). When the num- 

ber of genes studied in a certain cross exceeds seven - -  as in crosses 
44 and 45 - -  a summarizing F2-table gets too complicated. In these 
cases the mono- and bifactorial segregations are made up immediately 
from the field-notes. 

Two types of calculations are involved in linkage-studies. The first 

is the calculation of expectations in case of independence. When these 
expectations do not fit the observations, linkage is evident and the 
crossing-over-percentage must be determined. KAPPERT'S method (6) 

of calculating the most probable expectation in case of independence 
has been very useful in former studies and is again used in the present 

material. As a rule, a larger value than 3 for actual deviation divided 
by mean error of expectation indicates linkage. Several methods are 
proposed for the determination of the percentage of crossing-over 

from F~-material. I t  is quite natural that  I prefer my own method 
(i3) which reveals the gametic ratio p : q : r : s 2) from the following 

equations, in which (AB), (Ab), (aB) and (ab) are the phenotypie 
F2-groups and n is the number of F2-individuals: 

s =  

r = + ( a B ) " - - - s  

q = X/ ab) + (Ab)  - 

p= 

1) The order  of the genes in the s u m m a r i z i n g  tables is different  from the order  in the 

text;  this is due to the order  of obse rva t ion  which is different  f rom the historical  a r range-  
meri t  in the te'xt. 

2) , Symbols  p . . .  r are used here to avoid  confusion, since ~ . . . d which were used 

before (13}, are used in the t r i factor ia l  ra t io  t u r t he r  on. 
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As a check we have: 
( A B )  = ])2 _1_ 2 pq  + 2 p r  + 2 ps  + 2 qr 

The calculation of interference is sometimes a very  helpful means to 

determine whether  linkage is present between three genes. For  this 
purpose we should know the trifactorial gametic ratio which is also 
necessary for the calculation of the percentage of double crossing-over. 

A similar method as the one described above for a bifactorial  ratio 
m a y  be used. 

F rom an F2-checkerboard with a gamet ic  ratio a : b : c ; . . . .  : h 

we read: 
( A B C )  = a ~ @ 2 a b  - { -2  ac + 2 a d  + 2 a e  + 2 a /  - /  2 a g  + 

+ 2 a h + 2 b c  + 2 b e q - 2 b g + 2 c e + 2 c /  + 2 d e  (1) 
( A B e )  = b 2 + 2 bd + 2 b/ @ 2 bh Av 2 d /  . . . . . . . . .  (2) 

(AbC) = c 2 -~- 2 cd -~- 2 cg -~- 2 ch Av 2 dg . . . . . . . . . .  (3) 

(Ab c) = d~ + 2 dh . . . . . . . . . . . . . . . . . . .  (4) 
(aBC) = g2 @ 2 g/ -~ 2 eg + 2 eh + 2 / g  . . . . . . . . .  (5) 
( a B C )  = /2 A V 2 / h  . . . . . . . . . . . . . . . . . . .  (6) 

( a b C )  z g~ @ 2 gh . . . . . . . . . . . . . . . . . . .  (7) 

(~ b ~) = h~ . . . . . . . . . . . . . . . . . . . . . .  (8) 
Furthermore:  

n2 : ( a + b + c + d + e + / + g + h )  2 . . . . . . . . .  (9) 

The  solution proceeds by  subst i tut ing the value for h from (8) 
yespectively in (7), (6) and (4) which reveals g, / and d. Next  e, c and b 

are found from (5), (3) and (2) and a follows from (9), Equa t ion  (1) is 

used as a check. 
This calculation is rather  laborious. I t  is much simpler to calculate 

separately the three bifactorial gametic,series:.  
A B  : A b  : a B  : ab . . . . . . . . . . . . . . .  (I) 

aC : a c  . . . . . . . . . . . . . . .  (II) 

bC : bc . . . . . . . . . . . . . . .  ( I I I )  

c : . . . . .  : h is the trifactorial  gametic  ratio, we 

A C  : A c  : 

B C  : Bc  : 

If, again, a : b : 

can substi tute:  
for (I) ( ~ + b ) :  ( c + d ) :  ( e + / ) :  ( g + h )  
for (II) ( ~ + c )  : ( b + d )  : ( e + g ) :  ( / + h )  
f o r ( I I I )  ( ~ + e )  : ( 6 + / )  : ( c + g ) :  ( d + h )  

Consequently the above 12 values (a + b), (c + d) etc. are known, 
but  the values for a, b . . . . .  h cannot  be determined, since some of 

the twelve equations are dependent.  For tuna te ly  h is easily deter- 
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mined  from (8) as h = %/(abc) and simple subst i tu t ions  reveal  a, b, 

etc. If, for instance,  h = 5, we know d from the value for d + h, we 
k n o w c  from c + d e t c .  

Of course, the above methods  do not  give bu t  app rox ima te  indica-  

tions, since the  to ta l  number  of gametes ,  being x / n ,  is small  even 
in an F 2 with ve ry  large numbers .  Bu t  when back-crossing is ha rd  to 
be done, as in peas, an app rox ima te  indicat ion is preferable to no 
indicat ion at  all. 

I I I .  E X P E R I M E N T A L  RESULTS AND CONCLUSIONS 

w 1. The mono/actorial F.,-segregations 

In  the tabu la t ion  of the monofac tor ia l  F2-segregations, the theore-  
t ical  expecta t ion  is pr in ted  in parentheses.  Fur thermore ,  actual  
devia t ion divided by  mean  error is indicated as c. 

(1) A. Cross 44. 269 : 86 

(3) D~'. 

(266.25):  (88.75) 
c : 0 . 3  

Cross 45. 791 : 247 
(778.5) : (259.5) 
c = 0 . 9  

Cross 42. 772 : 261 
(774.75):  (258.25/ 
c = 0 . 2  

Cross 44. 208 : 61 
(201.75) : (67.25) 
c--=0.9 

Cross 45. 605 : 186 
(593.25) : (197.75) 

c : 0 . 9  

Cross 42. 758 : 275 
(774.75) : (258.25) 
c = 1 . 2  

Cross 44. 201 : 68 
(201.75):  (67.25) 
c=O. I  

(2) B. 



(4) Fa: 

(~) G~ 

(6) p. 

(7) y. 

(8) pl. 

(9) M. 

(lo) y.  
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Cross 45. 603 : 188 
(593.25) : (197.75) 
c = 0 . 8  

Cross 43. 813 : 204 
(762.75) : (254.25) 
c = 3 . 6  

Cross 44. 267 : 88 
(266.25) : (88.75) 
c=O.1 

Cross 45. 803 : 235 
(778.5) "(259.5) 
c = 1 . 8  

Cross 44. 278 : 77 
(266.25) : (88.75) 
c = 1 . 4  

Cross 44. 268 : 87 
(266.25) : (88.75) 
c = 0 . 2  

Cross 42. 806 : 227 
(774.75) : (258.25) 
c = 2 . 2  

Cross 43. 739 : 278 
(762.75) : (254:25) 
c = 1 . 7  

Cross 42. 762 : 271 
(774.75) : (258.25)  
c = 0 . 9  

Cross 44, 208 : 61 
(201.75) : (67.25) 
c = 0 . 9  

Cross 45. 617 : 174 
(593.25) : (197.75)  
c = 1 . 9  

Cross 42. 787 : 246 

(774.75):  (258.25) 
(~=o.9 
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Cross 44. 206 : 63 
( 2 0 1 . 7 5 ) ' ( 6 7 1 2 5 )  
c = 0 . 6  

Cross 45. 609 : 182 
(593 .25) ' (197 .75)  
c = 1 . 3  

(11) I .  Cross 45. 772 : 266 
(778.5) "(259.5) 
c = 0 . 5  

(12) Le. Cross 45. 768 : 270 
(778.5) - (259.5)  
c : 0 . 7  

(13) Wb. Cross 45. 786 : 252 
2 

(778.5) : (259.5)  
c = 0 . 6  

(t4) S. Cross 45. 787 " 251 
(778.5) : (259.5) 
c = 0 . 6  

(15) Tl. Cross 42. 788 : 245 
(774.7;5) ' (258.25)  

c = 0 . 9  

Cross 43. 781 " 236 
(762 .75) : (254 .25)  

c = 1 . 3  

Cross 44. 260 : 95 
( 2 6 6 . 2 5 ) ' ( 8 8 . 7 5 )  

c = 0 . 8  

Cross 45. 772 " 266 
(778.5) - (259.5)  
c = 0 . 5  

(16) K.  Cross 42. 780 : 253 
(774.75)- (258.25)  
c = 0 . 4  

Cross 43. 739 : 278 
(762.75) : (254.25)  

c = 1 . 7  
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Cross 44. 

Cross 45. 

268 : 87 

(266.25) :  (88.75) 

c = 0 . 2  

803 : 235 

(778,5) : (259 .5)  

c = 1 . 8  

The only value  for c which is too large ---  accep t ing  c = 3 . 0  as an 

ex t reme  chance va r i a t i on  - -  is in the  case of Fa in cross 43. Since 

somet imes  the  fasciat ion of the  s tem is modi f ied  so as to make  i t  

ha rd ly  d is t inguishable  from normal  stems, c lass i f ica t ion-mis takes  m a y  

account  for th is  large devia t ion .  

w 2. The bi/actorial segregations 

As in ear l ier  studies,  the  fac tor ia l  re la t ions are publ i shed  in the 

following way. At  the  left  of the  ver t ica l  l ine the  four pheno typ ic  

F2-elasses are given on the  f irst  row and  the corresponding expected  

values  in case of independence  are g iven  on the second row in paren-  

theses. At  the  r igh t  of the  ver t ica l  l ine the  ra t io  of sum of ou te r  terms 

to  sum of inner  te rms of the  four class ra t ios  at  the  left  are given.  These 

ra t ios  ind ica te  sum of pa ren t a l  types  to sum of recombina t ions ,  or as 

the  case is the  reverse.  Again ,  c is ac tua l  dev ia t ion  d iv ided  b y  mean 

error  of the  two class ra t io .  

Gamet i c  ra t ios  are only  given in case of l inkage  and in some more 

cases which have  to be especia l ly  discussed in the  fol lowing paragraph .  

In  case of a 9 " 3 : 4 expec ta t ion ,  n a m e l y  in those re la t ions  involv ing  

A and  a gene depending  in i ts  ac t ion  on presence of A (either B, D% 

M or F) ,  only  the  f irst  two te rms can be used in dec id ing  whether  or 

not  l inkage  is present .  Independence  is then  ind ica t ed  b y  agreement  of 

the  f irst  two te rms  wi th  a 3 : 1 expec ta t ion .  

The way  of number ing  the 120 possible  re la t ions  between the 16 

genes will  seem il logical  a t  f irst  s ight ,  bu t  will be comprehensible  from 

a h is tor ica l  p o i n t  of view. The  re la t ions  which a l r e a dy  occurred in 

L inkage-S tud ies  I or I I  are n a m e l y  numbered  as they  were before. 

This  means  for ins tance  t h a t  re la t ion A-F is 9, t ha t  A-I  is 46 and  tha t  

A-Tl is 92. W h e n  all  the  re la t ions  were s tud ied  in one year ,  these 

number s  would have been 9, 10 and 14. 
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(1) A - B ,  208 : 61 

Cross 44. (201.75)  : (67.25) 

(A b • a B) C = 0 : 9  

Cross 45. 605 : 186 

(A b • a B) (593.25)  : (197.75) 

c = l . O  

(2) A-D~, .  201 : 68 

Cross 44. (201.75) : (67.25) 

(A D • aDw) c = O . 1  

Cross 45. 603 : 188 

(A D • a, D~,) (593.25) :, (197.75) 

c = 0 . 8  

(3) A - F a .  198 

Cross 44. (202) 

(A  /a • a f a )  

Cross 45. 605  

(A t~ • a f,...a) (612) 

�9 7 1  - 6 9  " 17 

: (67) " (65) : (21) 

: 186 - 198 " 49 

: (179) - ( 1 9 l )  " (56) 

(4) A-a 2 .  
Cross 44. 

( A  G, p • a g,..p) 

(5) A - P .  

Cross 44. 

( A  P • a p) 

(8) A - M .  

Cross 44 .  

209 " 60 " 6 9 "  17 

(211) : (58) " (67) : (19) 

206  : 63 - 62 : 24  

( 2 0 3 )  : (66) " (65) : (21) 

208 : 61 

( 2 0 1 . 7 5 ) "  (67,25) 

(A  M • a m) c = 0 . 9  

Cross 45i 617  : 174 

(A M • am) (593.25) : (197.75)  

C = 1 , 9  

(9) A - F .  

Cross 44. 206 : 623 

( 3 f  • ~ f ) ( 2 0 1 . 7 5 ) :  (67.25) 

: c = 0 . 6  

Cross 45. 609 : 182 

( A t  x ~:F) (593.25) : (197.75) 
i c = 1 . 3  

215 : 140 

( 2 2 3 ) : ( 1 3 2 )  

c = 0 . 9  

654  : 384  

(668) : (370) 

c ~ -0 .9  

226  : 129 

( 2 3 0 ) :  (125) 

c ~ 0 . 4  

230  : 125 

(224) : (131) 

c = 0 . 7  
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(10) B-Dw. 

Crossa~. 586 : 186 " 172 : 89  

(BDi; • bD) (566) " (206) : (192) : (69) 

Cross 44. 152 " 56 : 49  : i 2  

(bD • B D , , ) ( 1 5 5 )  : (53) " (46)" (15) 

Cross 45: 458  " 147 : 145 : 41 

(VD x BD- ' )  (461) " (144) " (142) �9 (44) 

(11) B-Fa.  154 " 54 " 44 : 17 

Cross4~. (153) : (55) �9 (45)'(16) 

Cross 45. 463  " 142 : 142 " 44  

( b l~x  BF~) ( 4 6 3 ) "  ( 1 4 2 ) "  (142) : (44) 

(12) B-@. 
Cross 44. 

(t3) B-P. 
Cross 44. 

(b P • B p) 

(1.4) B-v .  
Cross 42. 

( B  v x b V )  

(16) B-M.  

Cross 4~. 

( B i n  • b M )  

159 " 49  " 50 " 11 

(162) " (46) : (47) : (14) 

1 6 0 "  4 8 "  4 6 "  15 

( 1 5 9 ) - ( 4 9 ) ( 4 7 ) ( 1 4 )  

587 : 185 �9 219 " 42  

(602) - (1701 - (204) - (57) 

572  " 200  " 190 " 71 

(570)-(202):(192)-(69) 

G a m e t i c  r a t i o  is  8 .0  8 .0  : 7.7 : 8.4;  c ross -  

i n g - o v e r  is  5 1 . 1 %  

Cross &4. 154 : 54  : 54 : 7 

(OM • Bin) (161) : (47) : (47) : (14) 

G a m e t i c  r a t i o  is  3 .4  " 5 .2  : 5 .2  " 2.6;  c r o s s -  

i n g - o v e r  is  36.6  % 

675 : 358 

( 6 3 5 ) :  (398) 

c = 2 . 5  

164 : 105 

(170) : (99) 

c = 0 . 8  

499  ! 292  

(505):(286) 
c = 0 . 4  

171 : 98 

(169) : (100) 

c = - 0 . 3  

507 : 284  

(507) : (284) 

c = 0 . 0  

170 " 99 

( 1 7 6 ) :  ( 9 3 )  

c = 0 . 8  

175 : 94  

( 1 7 3 ) :  (96) 

c = 0 . 3  

629 ~ 404  

(659) : (374) 

c - ~ 1 . 9  

643 : 390 

(639):(394) 

c = 0 . 3  

161 : 108 

( 1 7 5 ) :  (94) 

c = 1 . 8  



S. J .  W E L L E N S I E K ,  L I N K A G E - S T U D I E S  IN PISUM I I I  13 

Cross45. 471 : 134 : 146 : 40 

(bM x B ~ )  (472) : (133) : (145) : (41) 

Game t i c  ra t io  is 7.6 : 6.9 : 7.3 : 6.3; cross- 

i ng -ove r  is 49.5 % 

(17) B-F.  724 : 48 : 63 : 1 9 8  

Cross4~. (588) : (184) : (199) : (62) 

( B F  • b / )  

G a m e t i c  ra t io  is 14.4 : 1.6 : 2.1 : 14.1; cross- 

i ng -ove r  is 11.5 % 

Cross 44. 197 : 11 : 9 : 52 

(b! x BF) (159) : ( 4 9 ) : ,  (47) : (14) 

G a m e t i c  r a t io  is 7.9 : 0.7 : 0.6 ; 7.2; cross- 

i ng -ove r  is 7.9 % 

Cross 45. 545 : 60 : 64 : 122 

(b/ x BF)  (466) : (139) : (143) : (43) 

G a m e t i c  r a t io  is 12.0 " 2.5 " 2.6 " 11.0; cross- 

ing-over  is 18.3 % 

(18) Da'-Fa. 152 �9 49 " 46 �9 22 

Cross 44. '148) " (53) : (b0) : (18) 

(D f~ x U,0 F~) 

Cross 45. 474 : 129 : 131 : 57 

(Dtax., ' ,Fa) (461) : (142) " (144) " (44) 

(19) D~'-Gp. 

Cross 44. 

(DG& • D,,,g~; 

(2G) D*v-P. 

Cross 44. 

( D P  • D " p )  

(21) D~'- V. 

Cross 42. 

(l)*" v • I ) V )  

1 5 9 "  4 2 "  5 0 "  18 

( 1 5 6 ) - ( 4 5 ) ' ( 5 3 ) ' ( 1 5 )  

161 : 40 : 45 : 23 

( 1 5 4 ) ' ( 4 7 ) - ( 5 2 ) ' ( 1 6 )  

598 : 160 �9 2 0 8  �9 6 7  

( 5 9 1 ) - ( 1 6 7 ) ' ( 2 1 5 ) ' ( 6 0 )  

511 : 280 

( 5 1 3 ) - ( 2 7 8 )  

c = 0 . 2  

9 2 2 "  111 

650 : 383 

c - - 1 7 . 4  

249 " 20 

( 1 7 3 ) ' ( 9 6 )  

c = 9 . 7  

667 : 124 

(509) : (282) 

c==11.7 

t74  : 95 

(166) : (103) 

c = l . O  

531 : 260 

( 5 0 5 ) : ( 2 8 6 )  

c ~ 1 . 9  

177 : 92 

(171) : (98) 

c = 0 . 8  

184 : 85 

(170) : (99) 

c ~ 1 . 8  

665 : 368 

(651):(382) 
c = 0 . 9  



14 S. J .  W E L L E N S I E K ,  L I N K A G E - S T U D I E S  IN P I S U M  I I I  

(23) D~v-M.  560  : 198:" " 202  " 7 3  

Cross4~. (559) : (199) " (203) " (72) 

(D w m • DM) 

Cross 44. 159 : 42  " 49 " 19 

(DM• (155) " (46) " (53) : (15) 

Cross~5. 466  " 137 : t51  : 37 

( D M •  (470) : (133) " (147) : (41) 

(24) D , ~ - F .  585 : 173 : 202  : 73  

Cross 42. ( 5 7 7 ) : ( 1 8 1 ) : ( 2 1 0 ) : ( 6 5 )  

(D~ F • D t) 

Cross44. 152 : 49  " 54  : 14 

( D r  • D,oF) (154) : (47) : (52) : (16) 

cross 45. 467 : 136 : 142 : 46  

(Dr. x • , ,F)  (464) : (139) �9 (145) : (43) 

G a m e t i c  r a t i o  is 7.7 �9 6 .7  : 6 .9  " 6.8;  c r o s s -  

i n g - o v e r  is 48 .4  % 

(25) F a-Gp. 206 �9 61 : 72 " 16 

Cross4~. (209)' (58)" (69) : (19) 

(/a Gp • Fa gp) 

(26) F a - P .  

Cross 44. 

(!.....a p • Fa~ p) 

(28) F a - P I .  

Cross 43. 

#a pl • Fa PI) 

206 �9 61 : 62  �9 26 

(202) : (65) " (66) : (22) 

586 " 227  : 153 " 51 

(591)'(222):(148)'(56) 

155 : 43  : 53 : 18 

( 1 5 3 ) ' ( 4 5 ) ' ( 5 5 ) ' ( 1 6 )  

465 : 140 " 152 " 34  

(472):(133):(145) :(41) 

(29) F a - M .  

Cross 44. 

(/yaM x Faro) 

Cross  45. 

(/a M • F...a m) 

633  : 4013 

(631): (402) 
c = 0 . 1  

178 : 91 

( 1 7 0 ) :  (99) 

c = 1 . 0  

5 0 3 : 2 8 8  

(511) : (280) 

c = 0 . 6  

658 : 375 

(642) : (391) 

c = l . 0  

166 : 103 

( 1 7 0 ) :  (99) 

c = 0 . 5  

513 : 278 

(507) : (284) 

c = 0 . 4  

222  : 133 

(228): (127) 
c = 0 . 7  

232  ; 123 

( 2 2 4 ) :  (131) 

c = 0 . 9  

637  : 380 

( 6 4 7 ) :  (370) 

c = 0 . 6  

173 : 96 

(169): (lOO) 
c = 0 . 5  

499 : 292 

( 5 1 3 ) : ( 2 7 8 )  

c = l . O  



S. J.  W E L L ~ N S I E K ,  L I N K A G E - S T U D I E S  IN PISUM I I I  15  

(30) F a - F .  155 " 43  " 51 : 20  

Cross 44. ( 1 5 2 ) :  ( 4 6 ) :  ( 5 4 ) : ( 1 7 )  

(t~ 1 x F~ F) 

Cross 45. 478  " 127 " 131 " 5 5  

( / a l  • F ~ F J  (4~6) : (139) : (143) " (43) 

(31) G p - P .  

Cross 44. 

(G. 2 P X gp  p) 

(34) G jp-M.  

Cross 44. 

(GpM • gp m)- 

(35) G p-F. 
Cross 44. 

(38) P - M .  

Cross 44. 

( P M  • pro) 

(39) P-F.  
Cross 44. 

(P /  ;4 p F) 

(41) V - M .  

Cross 42. 

( vm • V M )  

(42) V-F. 
Cross 42. 

(v F • V l) 

(45) M - F .  

Cross 42. 

( m F  • M/ )  

209 : 69 : 59  : 18 

(210) : (68) " (58) : (19) 

158 " 51 : 50  " 10 

(162) : ( 4 7 ) "  (43) : (14) 

160 " 49  : 43  : 14  

(160) : (49) : (46) �9 (14) 

161 �9 45 �9 47  : 16 

( 1 5 9 ) :  ( 4 7 ) "  ( 4 9 ) ' ( 1 4 )  

159 " 47 : 47  : 16 

(158) : (48) : (48) : (15) 

596 : 210 : 166 " 61 

( 5 9 5 ) ' ( 2 1 1 ) : ( 1 6 7 ) ' ( 6 0 )  

604 " 202 " 183 " 44  

( 6 1 4 ) ' ( 1 9 2 ) : ( 1 7 3 ) ' ( 5 4 )  

544  : 218 : 243  " 28 

( 5 8 1 ) ' ( 1 8 1 ) ' ( 2 0 6 ) : ( 6 5 )  

G a m e t i c  r a t i o  is  5 .3  : 1 0 A  11.2 : 5 .3;  c ross -  

i n g - o v e r  is  32.9  % 

Cross 44. 150 : 58 : 56  : 5 

(Mr  • .~F)  ( 1 5 9 ) :  ( 4 9 ) :  ( 4 7 ) : ( 1 4 )  

175 : 94  

(169) : (100) 

c = 0 . 8  

533 : 258 
(509): (282) 

c = 1 . 8  

227 : 128 

(229): (126) 

c = 0 . 2  

168 : 101 

(176) : (93) 
c = l . O  

174 : 95  

(174) : (95) 

c - -O.O 

177 : 92 

(173) : (96) 

c = 0 . 5  

175 : 94  

(173) : (96} 

c = 0 . 3  

657 : 376  

(655) : (378) 

c = O . 1  

648 : 385 

(668) : (365) 

c = 1 . 3  

572 : 461 

(646) : (387} 

c = 4 . 7  

1 5 5 "  114 

( 1 7 3 ) :  (96) 
c=2.3 
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G a m e t i c  r a t i o  i s  2 .9  : 5 .7  : 5 .6  : 2.2;  c ross -  

i n g - o v e r  is  3 1 . 1 %  

Cross 45. 456  : 161 : 153 : 21 

( M !  x , , F )  (475) : (142) : (134) : (40) 

G a m e t i c  r a t i o  is  6 .0  " 8 .9  " 8 .6  " 4.6;  c ross -  

i n g - o v e r  is  37.6  % 

(46) A - I .  

Cross 45. 

(+4 [ x a i) 

0 7 )  A - L e .  

Cross 45.  

( A L e  X a le)  

(48/ ATW~. 

Cross 45. 

(A Wb x a w9 
2 

(49) A - S .  

Cross 45. 

(A  5 >4 a s) 

(50) B4.  
Cross 45. 

(b I x B i) 

(51) B-Le .  

Cross 45. 

(b Le X B !e) 

(52) B-W~. 
Cross 45. 

(53) B - S .  

Cross 45. 

(b 5 • B s) 

~54) Dw-I .  

Cross 45. 

( D  I X 1) w i] 

589 " 202 " 183 : 64  

( 5 8 8 ) ' ( 2 0 3 ) ' ( 1 8 4 ) ( 6 3 )  

580 : 211 " 1 8 8  �9 59 

( 5 8 5 ) ' ( 2 0 6 ) ' 0 8 3 ) ' ( 6 4 )  

604  : 187 : 182 : 65 

(599) : ( 1 9 2 ) :  0 8 7 )  �9 (60) 

6 0 2  �9 189 : 185 " 62 

( 6 0 0 ) "  ( 1 9 1 ) "  ( 1 8 7 ) :  (60) 

447  : 158 �9 142 �9 44  

( 4 5 0 ) "  ( 1 5 5 ) :  (138) : (48) 

431 �9 174 " 149 " 37 

(444) - (161) �9 (136) - (50) 

462 " 143 " 142 : 44  

(462) " (143) : (142) " (44) 

460 : 145 - 142 �9 44  

( 4 6 0 ) ' ( 1 4 5 ) : ( 1 4 2 ) : ( 4 4 )  

446 : 157 " 143 " 45 

(449) - (154) - (140) �9 ~ 8 )  

477  �9 314 

5 1 5  - 276 

c = 2 . 8  

653 : 385 

( 6 5 1 ) :  (387) 

c = O . 1  

639 : 399  

(649) : (389) 

c = 0 . 6  

669 : 369 

( 6 5 9 ) :  (379) 

c = 0 . 6  

6C4 : 374 

( 6 6 0 ) :  (378) 

c = O . 1  

491 : 300 

(498) : (293) 

c = 0 . 5  

468 : 323 

(494) : (297) 

c = 1 . 9  

506 : 2 8 5  

(506) : (285) 

c = O . O  

504  : 287 

(504) : (287) 

c = O . O  

491 : 300 

(497) : (294) 

c = 0 . 4  
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(55) Dw-Le. 473 " 130 " 107 " 81 

Cross45. (442) " (161) " (138) " (50) 

G a m e t i c  r a t i o  is  8.9 : 5.5 ' 4 .7 : q.O; cross-  

i n g - o v e r  is  63.6 % 

(56) Dw-Wb. 467 : 136 " 137 " 51 
2 

Cross 45. 

(D w~ • 1)"~'9 

(57) Dw-S. 

Cross 45. 

(DS • I;~s) 

(58) Fa-I.  

Cross  45. 

( fa I • F a  i) 

(59) Fa-Le. 

Cross 45. 

(/a Le x F a  le) 

(60) Fa-Wb. 

(;ross 45. 

(61) Fa-S. 

Cross 45. 

(78) M-I .  

Cross 45. 

( M  I x m i) 

(79) M-Le. 

Cross 45. 

( M  L e • m l e )  

(80) M-Wb. 
2 

Cross 45. 

(M W~ x m ~ )  

(81) M-S.  

Cross 45.  

( M  .S" x m s )  

Gene t i ca  N i l  

(460) : (142) : (144) : (45) 

465 : 138 : I 37  : 51 

(459) : ( 1 4 4 ) :  (143) : (45) 

593 : 210 : 170 : 56 

(598) : (206) : (174) : (60) 

598 : 205 : 170 : 65 

(594) : (209) : (174) : (61) 

610 : 193 : 176 : 59 

(608) : (195) : (178) : (57) 

611 : 192 : 176 : 59 

(609) : (194) : (178) : (57) 

459 : 158 : 130 : 44  

(459) : ( 1 5 8 ) :  ( 1 3 0 ) :  (44) 

458 : 159 : 122 : 52 

(452) : (165) : (128) : (46) 

472  : 145 : 132 : 42  

(471) : (146) : (133) : (41) 

473  : t 4 4  : 129 : 45 

(470) : (147) : (132) : (42) 

554  " 237 

( 4 9 2 ) - ( 2 9 9 )  

c = 4 . 6  

518 : 273 

(505) : (286) 

c = - l . O  

516 : 275 

(504) : (287) 

c = 0 . 9  

649 : 389  

(658) : (380) 
c =-0.6  

663 : 375 

(655) : (383) 
c = 0 . 5  

669 : 369 

(665) : (373) 

c = 0 , 3  

670 : 368 

( 6 6 6 ) : ( 3 7 2 )  

c = 0 . 3  

503 : 288 

(503 ) : (288 )  
c=O.O  

510 : 281 

(498) : (293) 

c = 0 . 9  

514  : 277 

(512) : (279) 

c = 0 . 2  

518  : 273  

(512) : (279) 

c = 0 . 4  
2 
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(82) F- I .  
Cross 45. 

( / � 9  • F i) 

(88) F-D.  
Cross 45. 

(] Le  X F l e )  

454 - 155 - 135 -47 

(454)-(156)'(135).(46) 

4 6 8  �9 141 �9 112  " 70  

( 4 4 7 ) ' ( 1 6 2 ) ' ( 1 3 3 1 : ( 4 9 1  

G a m e t i c  r a t i o  i s  8 . 5  : 6.1 : 5.1 : 8 .4 ;  c r o s s -  

i n g - o v e r  i s  6 0 . 1 %  

(84) F-W~. 
Cross 45. 

( / w ~  • F ~,b) 

(85) F - S .  

Cross 45. 

(1 s x F s) 

(86) I-Le. 
Cross 45. 

( I  Le  • i le) 

(87 / I-W~. 
Cross 45. 

( I  w~ x i ~ '9 

(88) ~r=S. 
Cross 45. 

( I  S x i s) 

89) D-w~. 
Cross 45. 

(Le  14 zb • le w b) 
v 2 

(90) D=s. 
Cross 45. 

(Le  S • le s) 

(91) Wb-S. 
2 

Cross 45. 

4 5 0  " 159 " 154 " 2 8  

(465) : (144) - (139) : (43) 

4 4 8  : 161 �9 154  �9 2 8  

(464)  : (146) " ( 1 3 8 ) -  (431 

5 7 5  : 197  " 193  " 7 3  

( 5 7 1 ) : ( 2 0 1 ) :  (197) '(69) 

5 9 4  - 178  �9 192  : 74  

(585) " (187) " (201) : (65) 

5 9 6  " 176  : 191 �9 7 5  

(586) : (187)  �9 (201) - (64) 

5 9 2  : 176  : 194  " 76  

(582) " (1861 : (2041 : (66) 

5 9 6  �9 172  : 191 : 79  

( 5 8 2 ) - ( 1 8 6 ) . ( 2 0 5 ) . ( 6 5 )  

782  : 4 �9 5 " 2 4 7  

(596):(190)'(191): (61) 

G a m e t i c  r a t i o  i s  16 .2  " 0.1 : 0 .2  " 15.7;  c r o s s -  

i n g - o v e r  i s  0 . 8  % 

501  : 2 9 0  

( 5 0 0 ) : ( 2 9 1 )  

c = 0 . 1  

5 3 8  : 2 5 3  

(496) : (295) 

c=3.1 

4 7 8  : 3 1 3  

(508) : (283)  

c = 2 . 2  

4 7 6  : 315  

( 5 0 7 ) : ( 2 8 4 )  

c = 2 . 3  

648 : 390  

(640) : (398) 

c = 0 . 5  

668  : 3 7 0  

(650) : (388) 

c = 1 . 2  

671 : 3 6 7  

(650) : (388)  

c = 1 . 3  

668  : 3 7 0  

( 6 4 8 ) :  (390)  

c = 1 . 3  

6 7 5  : 3 6 3  

( 6 4 7 ) :  (391)  

c = 1 , 8  

1029  : 9 

( 6 5 7 ) :  (3811 

c = 2 4 . 0  
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(92) A-T l .  199 : 70 : 61 : 25  

Cross44. (197) " (72) " (63) " (23) 

(A t l  • a Tl) 

Cross 45. 587 " 204  " 185 " 62  

(A , j  • ~Tjj (588).(203).(184)-(63) 

(93) A - K ,  204 : 65  : 64  : 22  

Cross 44. (203) : (66) : (65) : (21) 

( A  k • a K )  

Cross 45, 615 : 176 : 188 : 59 

(Ak  • . K )  (612) : (179) : (191) : (56) 

(94) B-T1. 591 " 181 " 197 " 64 

Cross4~. (589) : (183) - (199) : (62) 

( B T j  • b tz~ 

Cross 44. 154 " 54 : 45  �9 16 

(bt l  • BT_.I) ( 1 5 4 ) "  ( 5 4 ) :  ( 4 5 ) ' ( 1 6 )  

Cross 45. 450  " 155 : 137 " 49  

(bt A • BZO (449) " (156) : (138) : (48) 

(95) B-K .  575 : 197 : 205  : 56 

Cross 42. (583) : (189) : ( 1 9 7 ) :  (64) 

(BS~ • bk) 

Cross 44. 159 : 49  : 45  : 1"6 

(bk • B K :  (158): (50): 0.6): (15) 

Cross 45. 474  " 131 : 141 " 45  

( b k  • B K)  ( 4 7 0 )  ( 1 3 5 ) "  ( 1 4 5 ) "  (41) 

(96) Dw-TI. 594 " 164 " 194 : 81 

Cross~2. (578) " (180) " (210) : (65) 

(D w Tl • D tl) 

Cross 44. 154 " 4 7  �9 45  : 23  

( D t A x . w T j )  (149) " (52) : (50) " (18) 

224 : 131 

(220): (135) 
c = 0 . 2  

649 : 389  

( 6 5 1 ) : ( 3 8 7 )  

c = 0 . 1  

226  : 129 

(224) :. (131) 

c = 0 . 2  

674 : 364 

(668) : (370) 

c : 0 . 4  

655 : 378 

(651) : (382) 
c = 0 . 2  

170 : 99  

( 1 7 0 ) :  (99) 

c = O . O  

499  : 292  

( 4 9 7 ) ' ( 2 9 4 )  

c = O . 1  

631 : 402  

(647) : (386) 

c = l . O  

175 : 94  

(173 , ) :  (96) 

c = 0 . 3  

519 : 272  

(511) : (280) 

c = 0 . 6  

675 : 358  

(643) : (390) 

c = 2 . 0  

177 : 92  

(167) : (102) 

c = 1 . 3  



2 0  s . j .  WELLENSIEK, L I N K A G E - S T U D I E S  IN PISUM III  

Cross 4r,. 4 5 4  ' 1 4 9  " 1 3 3  " 55  

( D ~ •  > , . r  2 )  (447)  - (155)  �9 (140)  " (49)  

(97)  D~:'-K. 5 8 4  : 1 7 4  : 1 9 6  : 7 9  

Cros~ 4e. ( 5 7 2 ) : ( 1 8 6 ) : ( 2 0 8 ) : ( 6 7 )  

(D,,'K x Dk) 
Crvss 44. 1 5 6  : 4 5  : 4 8  : 2 0  

. ( r ) k  • z;','*,') (152)  : (49)  : (52)  : (16)  

c ~ o s s 4 5 .  4 5 8  " 1 4 5  " 1 5 7  " 3 t  

(l)k x > , K )  ( 4 6 9 ) "  ( 1 3 4 ) "  (146)  �9 (42)  

{98)  Fa-TI.  6 1 9  " 1 9 4  " 1 6 2  " 4 2  

c~oss ~a. ( 62 4 )  " (189)  �9 (157)  " (47)  

( f a t l  x F a T I )  

Cross ~4. 1 9 9  " 6 8  " 61 " 2 7  

( l~tzx FAT1) (196)  " ( 7 1 ) :  ((~4) - (24)  

C r o s s 4 5 .  5 8 6  " 2 1 7  " 1 8 6  " 4 9  

( ~ , Z •  F ~ ' r z j  (598)  �9 (206)  �9 (174)  ' (60)  

{99)  Fa-K.  5 9 4  " 2 1 9  : 1 4 5  " 5 9  

Cros,~ 4a. ( 5 9 i )  - (222)  : (148)  " (56)  

(~a k x Fa  K )  
v 

Cros~ 4~. 2 0 6  " 61  " 6 2  " 2 6  

(2;~ ~ r j ~ c ) ( 2 o 2 ) - ( 6 5 ) ,  (66)- (22) 

cross  45. 6 2 2  " 1 81  " 1 8 1  : 5 4  

( ~ k  ~ F ~ K )  (622) ' (182) " (181) : (53) 

( 100 )  G,_.~-T._...I. 2 0 4  " 7 4  " 5 6  : 21 

C r o s s 4 a .  ( 2 04 )  " (74)  : (57)  : (20)  

(101) G,_p-K, 2O 7  " 71 �9 61 �9 16  

C r o s s e 4 .  ( 2 10 )  " (68)  �9 (58)  " (19)  

(:;E ~ x G I;) 

5 0 9  : 2 8 2  

( 4 9 6 ) : ( 2 9 5 )  

c - - l . O  

6 6 3  : 3 7 0  

( 6 3 9 ) :  (394)  

c 1 .5  

1 7 6  : 9 3  

068): (lol) 
c = I . O  

4 8 9  : 3 0 2  

(511 )  : ( 280 )  

c 1 . 6  

6 6 1  : 3 5 6  

(671 )  : ( 3 4 6 )  

c - - 0 . 7  

2 2 6  : 1 2 9  

(220)  : (135)  

c = 0 . 7  

635 : 4o3  

(658) : (36o) 

C--1.5 
6 5 3  : 3 9 4  

((~47) : ( 370 )  

c = 0 . 4  

2 3 2  : 1 2 3  

(224 )  : ( 1 3  U 

c = 0 . 9  

67(5 : 362 
(675):(3(%3) 
c = O . 1  

2 2 5  : 1 3 0  

( 2 2 4 ) : ( 1 3 1 )  

c 0 .1  

2 2 3  : 1 3 2  

(229 )  : (126)  

c = 0 . 7  
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(102) P-TI. 

Cross 44. 

( P  tl • p T"~) 

(103) P-K.  

Cross 44. 

(Pk  • pK) 

(104) V.TI. 

Cross 42. 

(v T1 • g tl) 

(105) V-K. 

Cross 42. 

(v K • V k) 

(lO6) PZ-TZ. 

Cross 43. 

( p l t l  • P l T l )  

(107) PI-K. 

Cross 43. 

(pjk • P~K) 

(108) M-TI.  

Cross 42. 

(m  Tl • M tl) 

Cross 44. 

196 : 72 : 64 : 23  

( 1 9 6 ) :  ( 7 2 ) :  ( 6 4 ) :  (23) 

205 : 63 : 63 : 24  

"(202) : (66) : J(66) : (21) 

606 : 200 : 182 : 45  

(615) : (191) : (173) : (54) 

605 : 201 ,: 175 : 52 

( 6 0 9 ) : ( 1 9 7 ) : ( 1 7 1 ) : ( 5 6 )  

565 : 174 : 216 : 62 

( 5 6 7 ) : ( 1 7 2 ) : ( 2 1 3 ) : ( 6 5 )  

545 : 194 : 194 : 84 

( 5 3 7 ) : ( 2 0 2 ) :  ( 2 0 2 ) : ( 7 6 )  

580  : 182 : 208  : 63 

( 5 8 1 ) :  ( 1 8 1 ) : ( 2 0 7 ) : ( 6 4 )  

157 : 51 : 42 : 19 

(MtZ• ,nT._Z) (154) �9 (54) " (45) �9 (16) 

Cross 45. 456  " 161 " 131 " 43  

(Mt~• ,~T1.) ( 4 5 8 ) "  (159) : (129) " (45) 

(109) M-K.  570 : 1 9 2 .  : 210  : 61 

Cross 4e. (575) : (187) : (205) : (66) 

( i n k  • M k )  

Cross 44. 157 : 51 : 47 : I 4  

rM~ • .~1~) ( 1 5 8 ) :  (50) : (46) : (15) 

Cross 45. 484  " 133 " 131 : 43  

; M k  • . , K )  (480) �9 (137) " (135) �9 (39) 

219 : 136 

(219) : (136) 
c = O . O  

229 : 126 

( 2 2 3 ) :  (132) 
c = 0 . 7  

651 : 382 

( 6 6 9 ) : ( 3 6 4 )  
c = 1 . 2  

657 : 376 

(665) : (368)  
c = 0 . 5  

627 : 390  

(632) : (385) 

c = 0 . 3  

629 : 388 

( 6 1 3 ) :  (404) 
c = l . 0  

643  " 390  

(645) : (388) 
c = O . 1  

176 : 93 

( 1 7 0 ) :  (99) 

c = 0 . 8  

499  : 292 

( 5 0 3 ) :  (288) 

c - - 0 . 3  

631 : 402  

( 6 4 1 ) :  (392) 

c = 0 . 6  

171 : 98 

(173):  (96) 
c = 0 . 3  

527 : 264  

( 5 1 9 ) :  (272) 

c = 0 . 6  
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(110) F-T1.  610  : 177  : 178  �9 68 

Cross 42. ( 6 0 0 ) ' ( 1 8 7 ) ' ( 1 8 8 ) : ( 5 8 )  

(FT~ • ttIJ 

Cross 44. 155  " 51 : 4 4  " 19 

(!t~ x F TO (152) : (54) ' (47) " (16) 

Cross 45. 4 5 4 "  1 5 5 "  133  " 4 9  

(~t~ • FTI.) (452)  " (157) " (135) : (47) 

(111)  F - K .  5 9 2  : 195  : 188  : 58 

Cross 42. (594) : (193) : ( t 8 6 )  : (60) 

( F  K • / k) 

Cross 44, 153  : 5 3  : 51 > 12 

( l k  x r K )  (156) : (50) : (48) : (15) 

Cross 45. 4 9 2  : 117  " 123  " 59 

( lk  • FIe )  (474) " (136) " (141) : (40) 

0 1 2 )  I - T l .  

Cross 45. 

Zt l  • i T1) 
v 

(113) I-K. 
Cross 45. 

( I  k • i K) 

(114) Le-TI .  

Cross 45. 

( L e l l  • l e T l )  

(115)  Le-K .  

Cross 45. 

(.L~k • l~K) 

(116) Wb-Tl .  
2 

Cross 45. 

( W  b tl X w b TI) 

5 8 0  : 192  : 192  : 74  

( 5 7 4 ) -  (198) : (198)  - (68) 

5 9 0  : 182  - 2 1 3  " 53  

(597) : (175) " (206)  " (60) 

5 7 2  " 196  " 2 0 0  " 70  

( 5 7 1 ) ' ( 1 9 7 ) ' ( 2 0 1 ) ' ( 6 9 )  

5 8 5  " 183  �9 2 1 8  : 52  

(594) " (174) �9 (209)  " (61) 

587  " 199  " 185  " 67  

( 5 8 4 ) ' ( 2 0 1 ) :  ( 1 8 8 ) : ( 6 5 )  

678  : 3 5 5  

(658)  : (a75) 
c = l . 3  

174  : 95  

(168) : (101)  

c = 0 . 8  

5 0 3  : 2 8 8  

(499) : (292) 
c = 0 . 3  

650  : 3 8 3  

(654) : (379) 
c = 0 . 3  

165  : 104  

(171) : (98) 

c = 0 . 8  

551 : 2 4 0  

(514) : (277) 

c = 2 . 8  

654  " 3 8 4  

( 6 4 2 ) ' ( 3 9 6 )  

c = 0 . 8  

643  " 3 9 5  

(657) : (381) 

c = 0 . 9  

6 4 2  : 3 9 6  

(640) : (398) 

c = O . 1  

637  " 401  

( 6 5 5 ) - ( 3 8 3 )  

c = 1 . 2  

654  " 3 8 4  

( 6 4 9 ) ' ( 3 8 9 )  

c = 0 , 3  
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(117) Wb-K. 555 �9 231 " 248 : 4 
2 

Cross 45. (608) " (178)  : ( 1 9 5 ) ' ( 5 7 )  

(w~ k • wb K) 

G a m e t i c  ra t io  is 3.0 " 13.3 " 13.9 " 2.0; cross- 

ing-over  is 15 .6% 

(118) S-TI. 587 : 200 : 185 : 66 

Cross 45. (585) : (202) : (187) : (64) 

(.<~ k x s K ) 

(119) S-K.  556 : 231 : 247 : 4 

Cross 45. (609) : (178) : (194) : (57) 

( S  k • s K )  

G a m e t i c  ra t io  is 3.1 : 13.3 : 13.8 : 2.0; cross- 

ing-over  is 15.7 % 

(120) TI-K. 610 - 178 : 170 - 75 

~Cross42.  (595) : (193)"  (185) " (60) 

Cross 43. 560 " 22 l  : J 7 9  " 57 

(jl~ x Zls~') ( 568 ) -  (213) : ( 171 ) -  (65) 

cross 44. 195 " 65 : 73 " 22 

(tAx • T jK)  (196) " (64 ) "  (72) " (23) 

Cross 45, 595 " 177 " 208 " 58 

(t~!~ • "r~K) (597) " (175) " (206) �9 (60) 

559 �9 479 

(665).(373) 
c = 6 . 9  

653 : 385 

(649) : (389) 

c = 0 . 3  

560 : 478 

( 6 6 6 ) :  (372) 

c = 6 . 9  

685 : 348 

(655) : (378) 

c = 1 . 9  

617 : 400 

(633) : (384) 

c - - 1 . 0  

217 : 138 

(219) : (136) 

c = 0 . 2  

653 : 385 

(657) : (381) 

c = 0 . 3  

w 3. Conclusions 

I n  d i scuss ing  the  conc lus ions  wh ich  can  be d r a w n  f rom the  fac tor ia l  

re la t ions ,  we shal l  f i rs t  t r ea t  those  re la t ions  which  were s t u d i e d  in 

" L i n k a g e - S t u d i e s  I or  I I "  a n d  occur  aga in  i n t h e  p r e s e n t  ma te r i a l .  

(1) T h e  l i n k a g e - g r o u p  B - F - M .  I t  was conc luded  before 

t h a t  B,  F a n d  M are loca ted  in  one ch romosome  in  the  g iven  order  a n d  

t h a t  the  pe rcen tage  of c ross ing-over  for B - M  is a b o u t  50 ~o, whi le  also 

the  l i nkage  F - M  is so weak  t h a t  i n  some crosses i t  does n o t  i m m e d i a t e l y  

d e m o n s t r a t e  i tself  (cp. 15, pp.  457-460 ;16 ,  pp.  286-287). S imi la r  con-  

chls ions  can  be  d r a w n  f rom t h e  p re sen t  ma te r i a l .  B - M  ( re la t ion 16) 

do n o t  show a n y  l inkage ,  B - F  (rel. 17) are c lear ly  l i n k e d  in  all  t h r e e  
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crosses 42, 44 and 45, while M - F  (rel. 45) give a r a the r  high va lue  for c 

in all the  crosses where t hey  occurred which value  however  is too high 

only in cross 42. The following m a p p i n g  would  follow from the  cross- 

ing-over  percentages:  

B ~ - - - - -  11.5 % - -  + F <  32.9 % - M 
Cross 42. - [  I ] -  

~- 5 1 . 1 %  

B ~  . . . .  7.9 % -  - - + f +  3 1 . 1 %  + M  
Cross 44. - I  . . . . . . . . . . . . . . . . .  [ I -  

- 36.6 % 

B . . . .  18.3 % . . . . .  F +- . . . . . . .  37.6 % ~ M 
Cross 45, - [  . . . . . . . . . . . . . . . . . . . .  i I " 

. . . . . . . . . . . . . . . . . .  49.5 % > 

The percentages  of double  crossing-over were ca lcu la ted  to  be resp. 

- -  3.3 %, 1.2 % and  3.2 %. The following in ter ference-re la t ions  were 

found: 

cr.-ov. B-F  among non cross-overs F - M  

cross-overs  

F - M  non cross-overs B-F  

Cross Cross Cross 

42 44 45 

B-M 

22.0% 9.7% 
- 9.9% 3.9% 

40.9% 32.4 ~ 
cross-overs " I--28"4% 115.4% 
non cross-overs /?_/7 40.9% I 32.4% 
cross-overs ,, /1.28.4% 84.6% 

non cross-overs F - M  22.0% 9 .7% 

cross-overs ,, 109.9% 96.1% 

24.2% 

8.5% 
42.2% 

17.5% 
42.2% 
82.5% 
24.2% 
91.5% 

Of course the  nega t ive  values  in cross 42, bo th  for the  percentage  of 

double  crossing-over and  for some of the  values  in the  above  tab le  

make  app l i ca t ion  of the  ca lcu la t ion -method  used quest ionable .  Yet  i t  

is r emarkab le  t ha t  in ear l ier  mater ia l ,  en t i re ly  different  from the 

ma te r i a l  in cross 42, the  same th ing  was found (16, p. 286). Moreover,  

the  m a p  for cross 42 makes  us expect  something  l ike a nega t ive  

crossing-over,  since the  va lue  for B - M  is larger  than  the  sum of B-F 

and F-M.  

I wish to d raw the  a t t en t ion  to a r emarkab le  re la t ion  among the 

values  in the  in ter ference- table .  The  sum of the  values  on the  second 
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and eighth line is always 100 % and the same is true for those on the 
fourth and the sixth line. We can express this relation as follows: 

Crossing-over between F-M means 100 % crossing-over for B - F  and 
B-~/ together. This is quite plausible, however, for crossing-over 
between F - M  means 100 % crossing-over for B - M  minus the double 

crossing-over; now this double crossing-over is the value for the 
crossing-over B - F  among the cross-overs F-M. Consequently the 

above rule is a general one and again it is remarkable that the negative 
values in cross 42 confirm to this rule. This is the more remarkable 

since these values, according to the above~ represent double cross- 
overs, so that in cross 42 all percentages of double crossing-over are 

negative. 
If we put aside the questionable interference-relations in cross 42, 

the values for the other crosses indicate a distinct interference, from 
which we can conclude that B, F and M are located in one chromo- 

some in the given order. As to the considerable variations in the per- 
centages of crossing-over in the three crosses, we see that cross 44 has 
given the lowest values, while cross 45 gave the highest values and 

cross 42 is in between the other two; only the value for B - M  in cross 45 
is an exception. We may, therefore, suppose that the genotypes of the 

parents of the cross determine the rate of crossing-over in general, as 
was found by RASMUSSON (10) for other cases of linkage in Pisum and 
which, for the present material, was already demonstrated before (15, 

pp. 459-460). 
(2) T h e  l i n k a g e - g r o u p  Dw-V-Le. Formerly Dw-Le (rel. 

55) were found to be independent, c being 1.3 (16, p. 282). In cross 45 
however, c--4.6 which indicates linkage. The crossing-over percentage 
is 63.6%. This is extremely high, but recently a similar value was 
found for two other genes in back-cross material (17). The extremely 

loose linkage is better comprehensible than the fact that  the genes in 
question are independent in the one cross and linked in the other. 

However, more suchlike cases are known in Pisum. They may be 
explained either by variation in the crossing-over percentage, as 
especially worked out by RASMUSSON (10), or by chromosome-linkage, 
as was supposed by HAKANSSON (2) for genes A and G p in a certain 

cross of'HA•MARLUND (3, 4, 5). The crossing-over for Dw-Le in the old 
material would have been 53.9 %, so that the variation from this 

value in 63.6 %, as occurring in the present material, is not very hi gh 



26 s .  J. W E L L E N S I E K ,  L I N K A G E - S T U D I E S  IN PISUM II I  

I t  is quite possible, therefore, that  the genes Dw and Le,  formerly 
supposed to be independent, are in reality linked, as was demonstrated 
above. Now V and Le were formerly found to be linked with 13.8 ~ 
crossing-over (16, p. 283), so that  a linkage-group Dw, V - L e  should 
occur. I t  is true that  D w - V  (rel. 21) were found independent (confirm- 
ation of former results, see 15, p. 454), but we may  have 50 % crossing- 
over. Consequently we m a y  conclude that  the existence of a linkage- 
group D~'-V-Le  in which D w - V  show about 50 ~ crossing-over and 
D~v-Le over 60 ~ is possible. Unfortunately the three genes did not 
occur in one cross, so that  the interference-relations could not be 
studied. Therefore further confirmation is wanted, since also the pos- 
sibility of chromosome-linkage remains. I am inclined to favor the 
hypothesis that  linkage with variable crossing-over percentages is 
present, since extreme variations in the strength of linkages are quite 
common in P i s u m .  I t  is worth while noting that  in the linkage-group 
D~e'-V-Le almost identical values for the crossing-over percentages 
would occur as in the group Gp-N-Ss ,  recently described by  the present 
author (17). 

(3) T h e  r e l a t i o n  F-Le .  The value for c in relation 83 of 
cross 45 is just a little higher than the l imit  which is usually accepted 
for independent inheritance. Therefore we deal with a doubtful case. 
Some facts speak against linkage: In former material  (16, p, 284) 
c=2 .0  which indicates independence. As discussed above sub (1) F is 
linked to B and M; no indications of linkages B-L_ee (rel. 51) and M - L e  

(tel. 79) were obtained, however. At last, since Le is probably linked 
with D*a ~as discussed sub (2) 1, there should be a linkage-group D w - F -  

Le  with.crossing-over percentages of 48,4 % for D*~-F (rel. 24), of 
6 0 . 1 %  for F - L e  (rel. 83) and of 63.6 % for Dw-Le (tel. 55) with a 
double crossing-over of 22.4 %. The interference-relations in this 
group are as follows: 

cr.-ov. D w - F  among non cross-overs F - L e  65.2 ~ 
. . . . . .  cross-overs ,, 37.3 % 
,, F - L e  ,, non cross-overs D w - F  62.7 ~ 

cross-overs 46.3 o/~ 
, Dw-Le ,, non cross-overs D w - F  73.1 ~ 
, ,  . . . .  cross-overs ,, 53.7 % 
. . . . . .  non cross-overs F - L e  65.2 % 
. . . . . .  cross-overs ,, 62.7 ~o 
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The first and the second two cases might indicate location in one 
chromosome, the last four speak absolutely against it. All cases, 
however, are readily explained by assuming that  Dw and Le on the one 
hand and F on the other hand are located in different chromosomes. 

Thus: 
Dw Le F 

- - f  -I - -  1 

A similar reasoning as was held in P[sum-Crosses I I I  (14, pp. 234- 
236) makes us conclude that  the above situation is quite plausible, 
when we keep in mind that  the crossing-over percentage for D~v-Le is 
more than 50 %, 

No other relations which were already studied before, need special 
discussion, so that  we can proceed to the new relations. 

(4) T h e  l i n k a g e  g r o u p  K-W~-S. The linkages, found in 
'2 

cross 45 for W~-S (rel. 9l), W)-K (rel. 117) and S-K (rel. 119) suggest 
the following localization: 

K §  15.6 % + W b * - 0 . 8 %  S 
2 

--] / F 
+ 15.7 % 

The order of Wb and S, as supposed above, cannot be considered as 
'2 

final, since the difference in the crossing-overs K-W) and K-S is so 
extremely small. Calculation of the interference-relations cannot be 
expected to settle this question, since the cross-overs between Wb and 

'2 

S are so few. Indeed, the calculated interference-relations are incon- 
clusive and therefore will not be mentioned. Localization of K, Wb 
and S in one chromosome cannot be doubted, but the exact order 

might also be: K, S, Wb. 
'2 

(5) F i n a l  c o n c l u s i o n s .  All relations, not yet disscused, 
were found to be independent. When we put linked genes between 
brackets and separate independent genes or groups of linked genes by 
a dash, we arrive at the following conclusions: 

Cross 42: [B, F, M]-D~,-V-TI~K 
Cross 43: Fa-Pl-Tl-K 
Cross 44: A-[B, F, M]-Dw-Fa-Gvp-P-T1-K 
Cross 45: A-[B, F, M]-[D~,Lf]-Fa-I-[K, W~, S]-T1 
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The final conclusion of Linkage-Studies I and I I  (16, p. 287) was: 

A-[B, F, M]-Dw-Fa-Gp-EP, Ply-IV, L~e]-I-[W~, S• 

W/hen we keep in mind that  D~' and V in cross 42 are evidently 
linked with about 50 % crossing-over which changes the last mention- 
ed series by bringing D~' ill the group [V, L..e~, the total results are: 

A-[B, F, M]-[Dw, V, Le]-Fa-Gp-[P, P1]-I-[K, W~, S]-T1 

The number of chromosomes is exceeded by  two by  the above 
number of nine independent groups or single genes. 

IV. DISCUSSION 

~n so far as the relations 1 up to 91 were studied by other investiga- 
tors, these results have been discussed in Linkage-Studies I and I I  
(15, pp. 461-462; 16, pp. 288-290). Since then NILSSON (8, p. 263) 
obtained some evidence for independence of V-I (rel. 70) or of P-I 
(rel. 66); it cannot be said with certainty whether V or P is the gene 
in question. Anyhow do these results confirm my  former conclusions 
(16, pp. 282-283). 

Among my  new relations 92 up to 120 the following were also stu- 
died by  others. Tl on the one side and A, B, Fa, I and Le on the other 
side (relations 92, 94, 98, 112 and 114) were found to be independent 
by WHITE (19, pp. 175, 186-188). W~-T1 (rel. 116) and S-T1 (rel. 118) 
occurred in MEUNISSIER'S crosses (7, p. 317) and evidently were in- 
dependent, although the numbers are small. PELLEW and SVERDRUP 
(9) found linkage with about 20 ~o crossing-over between Wb-K (tel. 

2 
117}, while K on the one side and A, B, Fa, I, Le and Tl on the 
other side (relations 93, 95, 99, 113, 115 and 120) were said to be 
independent. 

SVERDRUP (11) gave more evidence for these statements and more- 
over found independence for the same relations as studied by WHITE 
and mentioned above. Once more I draw the attention to the inde- 
pendence of D-Le (tel. 55), found by SVERDRUt', because these genes 
were linked in my  present material  and independent in my former 
crosses, as was discussed above. For the rest m y  results confirm those 
of  the other Pisum-w0rkers. 

Not much need to be said about the disagreement between the 
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number of chromosomes and the number of independent genes or 
groups of linked genes, as occurring in my material. This question was 
fully discussed in "Linkage-Studies I I "  (16, pp. 289-290) and the 
present situation is essentially the same as in the earlier group of 
genes. It  is true that D% formerly thought to belong to the "single 
genes", evidently was brought in the linkage-group V-Le, but TI 
has taken its place as "single gene". Consequently four linkage-groups 
in addition to five independent single genes remain and also the 
possibility of two linkages with about 50 % crossing-over among the 
five single genes remains. This would reduce the number of indepen- 
dents to seven. New crosses, adding six more genes to the sixteen 
already studied, are being investigated and will perhaps settle this 
question. 

V. SUMMARY 

1. In former studies the relations between the fourteen genes 
A, B, D% F.a, G.pp, P, V, P/, M, F, I, L e, W~, S were studied. 
In the present study two more genes were added to the above 
fourteen namely: 
TI : tendrilled leaves; 1l �9 "acacia"-leaves. 
K "  normal wings; k ."-'keeled wings. 

2. Putting linked genes between brackets and separating indepen- 
dent genes or linkage-groups by a dash, the total results can be 
expressed as: 

A-[B, F, M]-[D% V, Le]'-Fa-Gp-~P, P1]-I-FK, Wb, S]-TI 
L ~ L 

Further confirmation is wanted with regard to the position of 
Dw in the second linkage-group. 

3. The number of bivalent chromosomes is still exceeded by two by 
the number of independents, but two linkages with about :50 % 
crossing-over between two of the single genes might occur. 

4. Methods for calculating trifactorial gametic ratios from given 
F.a ratios were described on pp. 6--7. 
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