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Summary. The additive and non-additive variance components were estimated from progenies derived from two 
samples of parents (representing a northern continental type climate) for five factors relating to plant survival and 
two composites of the factors. It  was found that additive variance made up 90 and 100%, 91 and 100}{~, 91 and 100%, 
100 and 100~o, 82 and 59}o, 91 and 100~, and 90 and 100% of the total genetic variance for leafing-out date, leafing- 
out percent, tip injury, stem damage, root damage, a shoot composite, and a shoot-root composite for the two samples 
respectively. A third sample had t00~o additive variance for plant height while, in contrast, a sample of rootstocks, 
differing from each other in their ability to dwarf grafted scions, had approximately 50--70% additive variance for 
plant height. I t  was shown that breeding progress for both winter survival and plant height could be achieved by 
exploiting the additive variance, the total genetic variance, or (where progenies were the selection unit rather than 
individuals) by progeny selection. By exploiting the additive variance, it should be possible to improve plant survival 
and change plant height in each of several successive generations. It  is predicted that (with the exception of selection 
for vigor in a population having a range of dwarfing abilities) potential parents could be efficiently screened pheno- 
typically and so obviate the need for genotypic evaluation. A total of 9180 progeny trees were involved in the analyses 
considered in this paper. 

Introduct ion  

The total genetic variance may be divided into two 
components: a portion reflecting the average effects 
of genes called the additive variance, and the non- 
additive genetic variance resulting from allelic and 
non-allelic interactions of genes. A good plant breeder 
should take cognizance of the relative importance of 
these components. It  is logical to expect the maxi- 
mum genetic progress, either short or long term in 
a breeding procedure based on a knowledge of the 
genetic components. Thus, in apple trees, if it is 
found that  most of the genotypic variance is additive, 
then a simple breeding procedure of crossing the best 
phenotypes with the best over several generations 
should make good use of the available genetic vari- 
ance. In contrast, if it is found that the non-additive 
variance is much more important than the additive 
variance, then procedures that  use all the genetic 
variance should be considered. In the event that 
genotype • environment interaction is found to be 
of major importance, testing at several locations 
would be necessary. 

It  was shown (Comstock et al. ,  1958; Morrow et al., 
1958; Watkins and Spangelo, 1968) that the straw- 
berry conformed with the suggestion of Wright (1956) 
that  in a species where there is a combination of 
mostly vegetative reproduction with occasional sexual 
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crossbreeding, non-additive variance may be expected 
to be of major importance. I t  would be interesting to 
know if apple trees which man propagates vegetatively 
but which in nature are propagated by sexual cross- 
breeding have a genetical architecture reflecting the 
artificial or the natural propagating procedure. 

The present paper presents estimates of additive 
and non-additive variance for five apple tree survival 
characters and for two composites derived from the 
main characters. Independent estimates were obtain- 
ed from two samples of trees. Sinfilar estimates of 
variance components for tree vigor were obtained 
using a further two sets of apple tree progenies. The 
results were used to estimate the breeding progress 
to be expected in one generation using two selection 
methods for individuals and one selection method for 
whole progenies. 

Materials  and M e t h o d s  

Plan t  suYvival 5 • 5 diallel : Five clones taken from the 
population of cultivars used in breeding apple rootstocks 
at Ottawa were used as parents. The five parents were 
as follows : Antonovka, a variety proven hardy in Canada 
during the last 70 years and extensively used in Canada 
as a source of open-pollinated seed for the production of 
hardy rootstocks; Columbia (3/Ialus baccata • Broad 
Green), selected at Ottawa in the late 1890's; Heyer t 2, 
a very hardy seedling selected at Neville, Saskatchewan, 
where winter temperatures commonly reach --40 ~ 
~fa lus  robus/a 5, selected at Ottawa in the late 1920's 
from among 2lfal~s robusta open-pollinated seedlings ; and 
Osman (Siberian crab • Osimoe), selected at Ottawa in 
the late 1890's. These were crossed according to diallel 
mating design called Method 4 by Griffing (1956) to give 
a total of ten progenies. 
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I n  a d d i t i o n  to t he  t en  progenies ,  v e g e t a t i v e l y  p r o p a g a t -  
ed p lo t s  of t he  s t a n d a r d  r o o t s t o c k  c u l t i v a r  M. robusta 5 
were  also inc luded  in each  b l o c k  to  p r o v i d e  a s t a n d a r d  
for  e s t i n l a t i ng  genet ic  progress .  R eco r ds  were t a k e n  on  
an  i n d i v i d u a l  p l a n t  basis.  

The  M. robusta 5 was de r ived  f ront  s too lbeds  which  h a v e  
been  indexed  for  v i rus  a n d  found  to  be  free. Since t he re  
is no ev idence  of po l len  t r a n s f e r  of v i rus  diseases  in apples ,  
i t  is a s s u m e d  t h a t  al l  p rogenies  were also free f rom v i rus  
diseases  w h e n  p l a n t e d .  Since no  g ra f t i ng  of scions was  
p r ac t i c ed  on  a n y  of t he  t rees  a n d  s ince t he  t rees  were no t  
nea r  v i rus - in fec ted  t rees  to  w h i c h  t h e y  could  be  acc iden t -  
a l ly  roo t  g ra f ted ,  i t  was  a s s u m e d  t h a t  t h e y  r e m a i n e d  free 
of v i ruses  t h r o u g h o u t  t h e  e x p e r i m e n t .  

The  seed of t he  p rogen ies  were  sown in f la t s  in  J a n u a r y  
a n d  a l lowed to s t r a t i f y  in t he  d a r k  for  n ine  weeks  a t  1 ~ 
to  2 ~ T h e y  were t h e n  t r a n s f e r r e d  to cold  f r ames  to  
g e r m i n a t e  and  t h e n  t r a n s p l a n t e d  in the  f ield in t h e  sum-  
mer  w h e n  t he  seedl ings  were a p p r o x i m a t e l y  30 cln high.  
The  fo l lowing  spring,  w h e n  t he  seedl ings  h a d  g rown  to  
a size wh ich  on  t he  ave rage  was c o m p a r a b l e  to  p l a n t s  f rom 
the  s toolbed ,  t he  M. robusta 5 was p l a n t e d .  

The  field p l a n t i n g  cons is ted  of a r a n d o m i z e d  con lp le te  
b l o c k  des ign  w i t h  29 repl icates .  E a c h  p r o g e n y  a n d  cul t i -  
va r  was  r e p r e s e n t e d  in each  rep l i ca te  by  a p lo t  of 18 p l an t s .  
I n  t h e  w i n t e r  fo l lowing  t h e  p l a n t i n g  of t he  con t ro l  
cu l t iva r s ,  t he  b locks  were s u b j e c t e d  to  ar t i f ic ia l  cold 
s t resses  s iul i lar  to  those  occur r ing  in severe  win te rs .  The  
fo l lowing  s t resses  were inc luded :  I ) e c e m b e r  -- air  t en l -  
p e r a t u r e  to  - -46  ~ soil a t  a d e p t h  of 102 into to  -- 15 ~ 
J a n u a r y  a nd  F e b r u a r y  --  air  t e m p e r a t u r e  to  - -52  ~ 
soil  a t  a d e p t h  of 11)2 l]llll to  - -29  ~ M a r c h  -- a i r  t em-  
p e r a t u r e  to  - -44  ~ soil a t  a d e p t h  of ~02 toni  to  --  19 ~ 
The  s t resses  were app l ied  for  v a r y i n g  pe r iods  up to 
47 h o u r s  d e p e n d i n g  on t he  s t ress  to  be  ach ieved .  Based  
on  p rev ious  exper in len t s ,  t he  s t resses  a t  p a r t i c u k t r  t imes  
were des igned  to give as low t e l n p e r a t u r e s  as poss ib le  
w i t h o u t  caus ing  severe  d a m a g e  to  t he  c o n t r o l  c u l t i v a r  
1tl. robusta 5. A p o r t a b l e  low t e m p e r a t u r e  c h a m b e r  which  
was  large e n o u g h  to  do an  en t i r e  b l o c k  a t  one t i m e  was 
used to  a p p l y  t he  s t resses  (Scot t  a n d  Spangelo ,  1964). 

In  t he  spr ing  a n d  s u m m e r  fo l lowing t he  cold  stress,  t he  
fo l lowing cha rac t e r i s t i c s  were r eco rded :  l ea f ing -ou t  da te ,  
l ea f ing-ou t  p e r c e n t  (five weeks  a f t e r  t he  ear l ies t  leaf ing-  
o u t  da te) ,  p l a n t  he ight ,  t i p  i n j u r y  (expressed as t he  l e n g t h  
of s t e m  m e a s u r e d  f rom t he  t op  wh ich  was  dead) ,  s t em 
d i a m e t e r  (305 n n n  a b o v e  g r o u n d  level),  s t e m  d a m a g e  
(305 iron a b o v e  g r o u n d  level  expressed  as a d ian le te r ) ,  
r o o t  d i a m e t e r  (76 nlnl  be low g r o u n d  level) a n d  roo t  
dan lage  (76 m m  below g r o u n d  level  expressed  as a dia-  
meter ) .  F r o m  these  bas ic  cha rac t e r i s t i c s  t i le fo l lowing 
der ived  c h a r a c t e r s  were ca l cu l a t ed :  

C(1) ~- Le@;~g-out elate expressed  as t he  clay of t he  year .  
C ( 1 0 ) -  T he  arcs in  t r a n s l o r l n a t i o n  of t h e  leafi~zg-out 

percent. 
C(tl) T he  arcs in  t r a n s f o r m a t i o n  of p e r c e n t a g e  lip 

injury. 
C(12) - - T h e  arcs in  t r a n s f o r n l a t i o n  of p e r c e n t a g e  stem 

damage. 
C ( 1 3 ) -  T he  arcs in  t r a n s f o r n l a t i o n  of p e r c e n t a g e  roe! 

damage. 
C(t 7) = Shoot composite 

= 4 8 o  c ( ~ )  + c ( ~ o )  - c ( t ~ )  - c ( ~ 2 )  
C(I 6) Shoot-root composile 

570 - c(~) + c(~0) c ( ~ )  c(~2) - c( t3) .  

For  C(I 7) a n d  C(t6) severe ly  i n ju red  p l a n t s  wou ld  h a v e  
low va lues  while  p l a n t s  showing  l i t t l e  i n j u r y  would  h a v e  
h i g h  values.  T he  va lues  4S0 a n d  570 were c h o s e n  to  
ensure  t h a t  no p l a n t  could receive  nega t i ve  values .  

The  d a t a  were ana lyzed  us ing  M e t h o d  4 Model  2 of 
GRIFIqNG (f 956) to  o b t a i n  e s t in l a t e s  for  genera l  c o m b i n i n g  
ab i l i t y  c o m p o n e n t s  (e~) a n d  specific c o m b i n i n g  ab i l i t y  

c o m p o n e n t s  (a~). These  were used to  o b t a i n  e s t i m a t e s  of 
additive (~) and non-additive genetic variance (a~'A). 

The interpretation of the results of the analyses is based 
on the assumption of bivalent chromosome pairing at 
meiosis. There is no evidence that the diploid apple 
cultivars used as parents behave abnormally. Values for 
the genetic variance within progenies (~,) were calculated 
as twice the general combining ability component plus 
three times the specific combining ability colnponent. 
The total genetic variance (a~) was obtainecl by adding to 
~r the genetic variance between progenies (2 ~ + ~). 

Tile estimates of additive and non-additive variance 
were obtained by assuming that epistatic variance was 
insignificant, that additive variance was equal to four 
times the general combining ability component, and that 
the non-additive variance was equal to four times the 
specific combining ability component. If epistatic vari- 
ance was assmned to be unimportant, then the non-addi- 
tive variance would be equal to the dominance variance. 

P e r c e n t a g e  gene t ic  p rogress  ( W a t k i n s  a n d  Spangelo ,  
t 968) for each  c h a r a c t e r  was  ca l cu l a t ed  as follows, us ing  
t he  va lues  for  a d d i t i v e  and  n o n - a d d i t i v e  va r i ance  dis- 
cussed  above ,  for  each  of t he  t h r e e  b r e e d i n g  m e t h o d s  
w h i c h  were c o m p a r e d :  

4- 100 (Mean of p r o g e n y  p o p u l a t i o n  ] 
E x p e c t e d  re sponse  4- Mean  of c o n t r o l  cu l t iva r )  ] 

. . . . .  ~ie-an of c o n t r o i  c u l t i v a r  

The  expec t ed  response ,  w h i c h  fo l lowed t he  F a l c o n e r  (1960) 
def in i t ion ,  was  e i t he r  pos i t i ve  or  nega t i ve  d e p e n d i n g  on  
t he  des i red  d i r ec t ion  of r e sponse  for  a p a r t i c u l a r  cha rac t e r .  
All  genet ic  p rogress  e s t i m a t e s  w h i c h  i n d i c a t e d  b e t t e r  
pianlc s u r v i v a l  t h a n  t h e  c o n t r o l  c u l t i v a r  were  g iven  
pos i t ive  va lues .  

Th ree  b r eed ing  p rocedure s  were c o n l p a r e d  for  t h e i r  
r e l a t ive  levels  of gene t ic  p rogress  for  50% select ion.  T h e  
t h r e e  m e t h o d s  were as fol lows : e x p l o i t a t i o n  of the  a d d i t i v e  
va r i ance  in  each  of severa l  success ive  g e n e r a t i o n s ;  ex- 
ph3 i ta t ion  of al l  t h e  genet ic  va r i ance  b y  one g e n e r a t i o n  
of se lec t ion;  a n d  se lec t ion  of t he  b e s t  en t i r e  progenies .  
The  f i rs t  two  p rocedure s  would  be  p e r t i n e n t  where  select-  
ed i nd iv idua l s  wou ld  be  used as vege t a t i ve ly  p r o p a g a t e d  
r o o t s t o c k s  or scion va r i e t i e s  whi le  the  t h i r d  p r o c e d u r e  
would  be  r e l e v a n t  w h e n  cons ide r ing  seed p r o p a g a t e d  
roo t s tocks .  

PIa.~zt survival 6 • 6 d-iatId : Six c lones  se lected a t  O t t a w a  
for  t h e i r  o u t s t a n d i n g  r o o t s t o c k  cha rac t e r i s t i c s  were used 
as pa r en t s .  The  six p a r e n t s  were  as fo l lows:  O t t a w a  1 
(Rob in  • Mai l ing  VI I ) ,  O t t a w a  4 (Quaker  B e a u t y  open  
po l l ina ted) ,  O t t a w a  5 (Malus baccata open  po l l ina ted ) ,  
O t t a w a  7 (34. baccata ()pen po l l ina ted) ,  O t t a w a  8 (M. 
baccata var .  gracilis • Mai l ing  VI I )  a n d  O t t a w a  13 (M. 
baccata var .  siberica open  po l l ina ted) .  These  were crossed 
us ing  ti le same  dia l le l  m a t i n g  des ign  as for t he  5 < 5 dial leI  
to  give a t o t a l  of f i f t een  progenies .  

O t t a w a  H y b r i d s  I a n d  3 were  i nc luded  m b o t h  t h e  
5 • 5 a n d  6 • 6 dia l le ls  as a n leans  of c o m p a r i n g  t h e  two  
e x p e r i m e n t s .  T h e  two  h y b r i d s  are  v e r y  h a r d y  seed- 
p r o p a g a t e d  c x p e r i m e n t M  roo t s tocks .  

The  p r o c e d u r e  for g e r n l i n a t i n g  t h e  seed a nd  p l a n t i n g  
t i le  seedl ings  and  t he  m e t h o d  of a p p l y i n g  ti le a r t i f ic ia l  
s t resses  were s imi la r  to  those  used for  t he  5 • 5 diallel .  
"File field p l a n t i n g  cons i s t ed  of a r a n d o m i z e d  c o m p l e t e  
b lock  des ign  w i th  24 repl ica tes .  E a c h  p r o g e n y  a n d  h y b r i d  
was r e p r e s e n t e d  in each  rep l i ca te  b y  a p lo t  of five p l an t s .  

Reco rds  on  an  i n d i v i d u a l  p l a n t  bas is  were  t a k e n  in t he  
same  way  as for  t he  5 • 5 diallel ,  and  the  r e su l t i ng  d a t a  
were  s u b j e c t e d  to  t he  sanle  analyses .  Howeve r ,  s ince t h e  
O t t a w a  H y b r i d s  I a n d  3 were  h a r d i e r  t h a n  t h e  h a r d i e s t  
p Ian t s  in t he  f i f teen  progenies ,  no  pos i t i ve  e s t i m a t e s  of 
genet ic  progress  were  ob ta ined .  Therefore ,  t h e  b r e e d i n g  
progress  p o t e n t i a l  was  expressed  as expec t ed  re sponse  
r a t h e r  t h a n  gene t ic  progress .  
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Table ~. 3[ea~zs lo,delher ~ith general a,zd specific combi~zi~zg ability variance compo,~e~zts for apple wi,z/e.r 
sur~,iz,al characters following Griffi~%,'s Method 4 Model 2 procedare. "]'he figures are for a 5 5 di(dlel 

with 252 (t. f../or error and for a 6 ::.: 6 diallel ",'ith 322 d. f .  for eJq'or 

Mean l General combining 
(Tharacterl a bility 

5X5 6 , 0  5;..5 (;;~6 

Leafing-out date 125 l 43 1 l).()* * 25.5 * * 
l . e a t i n g - o u t  percent 43 1 () 22.7 * * 2.1 * * 
Tip injury 22 65 40.1 * * 22.7 * * 
Stem damage 37 74 29.2* * 3.1 * 
Root damage 9 59 18.7' 13.3' 
Shoot composite 345 2()6 463,2** 144.0'* 
Shoot-root composite 426 238 659.5** 232.9** 

** and * -- significant at the .Ol and .I)5 levels of probability respectively. 
N.S. = non-significant at the .05 level of probability. 
1 Character and re)its described in Materials and Methods. 

Specific combining 
ability 

5<5 6•  

I . l** 0 y'S" 
2.1" 0 .2  N'S" 
4.1" 4.9 N's' 
2.1N.S. 0.4N.S. 
4.t* 9.2* 

47.o* 13.9 N's" 
73.1"* 55.4 x's' 

I'laut #igor 'scion' selections : Eight scion seh:cti()ns from 
the population of those used at Ottawa in breeding for 
resistance to scab (Ve*~tw'ia inaequalis (Cke.)) were used 
as parents. The eight parents nsed were as follows: 
Delicious (a chance seedling), T-397 (l)elicious >: l,inda), 
T-3916 (Delicious • Sandow), T-3919 (Delicious ;-~ 
Mclntosh), O-521 (Melba • 1{6T68), 0-522 (Melba >~ 
R6T68), 0-523 (Melba / RI6T52), and 0-543 (Mclntosh 
,'< 1)g20-9). These were divided into two groups consist- 
ing of the non-scab resistant selections (])elicious, 3"-397, 
T-3916, and T-3919) and the scab resistant selections 
(O-521, 0-522, 0-523, and 0-543) respectively. All pos- 
sible crosses except reciprocals were made between the 
two groups to give a total of sixteen pr()genies. 

The procedure for germinating the sued and planting 
the seedlings in the field was the same ~s for the 5;4 5 
diallel. The field planting consisted of a randomized 
complete block design with 12 replicates, iVach of the 
sixteen progenies was represented in each replicate by 
a plot of five plants. 

After one growing season, the plant  heights were 
recorded. The data were analyzed following the procedure 
called Experiment l [ by Comstock and Robinson (t 952) 
and the results interpreted in a manner similar to that for 
the 6 x 6 diallel. 

Plant vigor 'roolstoch' selections: The rootstock selec- 
tions Ottawa 1, Ottawa 4, Ottawa 5, Ottawa 8, and O f  
tawa 13 were crossed using the same diallel mating design 
as used for the 5 x 5 and 6 X 6 diallels. The field phmting 
consisted of 24 replicates with five plants per progeny in 
each replicate. Height data were collected as for the 
scion selection progenies and analyzed following the 
same procedure as for the 6 ~, 6 diallel. 

R e s u l t s  

Table  t shows the significance of the gcneraI and 
specific combin ing  abi l i ty  components  for apple trec 
winter  surv iva l  characters  (and composites) for the 
S Y. 5 and  6 • 6 diallel.~. For the 5 • 5 diallel, only the 
specific combin ing  abi l i ty  for s tem damage was non-  
s ignif icant  at the .05 level of probabi l i ty .  In  cont ras t  
despite the higher n u m b e r  of degrees of freedom for 
the specific combin ing  abi l i ty  for the 6 X 0  diallel 
(9 d.f.) t han  for the 5 x 5 diallel (~ d.f.) all characters 
in the larger diallel were non-s ignif icant  for this com- 
ponen t  with the exception of root damage.  Whiie 
failure to show a signif icant  specific Colnbining abi l i ty  
component  does not  prove tha t  such a component  has 

a zero wdue, it is consis tent  with a hypothesis  tha t  
it is of very small  magni tude .  Fur thermore ,  the 
significant  specific combining  abi l i ty  components  with 

degrees of freedom and the non-s igni f icant  values 
for the same character  with 9 degrees of freedom 
indicate  tha t  the t rue values of the components  for 
the 6 x 6 diallel are p robab ly  smaller  t han  those for 
the 5 / ~ diallel. 

Table 2 shows the significance of the general  and  
specific combining  abi l i ty  components  for apple tree 
height for scion and rootstock selections. The signifi- 
cant  specific combining  abi l i ty  component  for ' root-  
stocks'  with 5 degrees of freedom and the non-signifi-  
cant  valtm for it for 'scions'  with 9 degrees of freedom 
indicates tha t  the true value of the component  for the 
'scions' is probably  smaller t h a n  t ha t  for the  ' root-  
stocks'.  

Table 2. 31ea~zs togethel with ge.neral and specific combi,fing 
ability variauce compo~enls Jbr apple tree vigor (height) ob- 
taine) j).'om progenies of scion selections (165 d. f .  for error) 
a.nd fl'om proge~ies el  rools/ock selections (2o 7 d. f . for error) 

Mean General Specific 
Types of parent height combining combining 

cm ability ability 

Scion selections 91 3.O** O.9 N's" 
Rootstock 
selcction~ -10 i 16.t)* 6.5 * * 

The relat ively uni form low percentages of non-  
addi t ive var iance are a s tr iking feature of Table  } 
\vitl~ all except root damage having  values of 109/o or 
less. Even  when, following the assumpt ions  used in 
the Watk ins  and  Spangelo ('t968) paper,  the non-  
addi t ive variam'es were re-es t imated for tile 5 • 5 
diallel, as.,mming tha t  all the non-addi t ive  var iance  
was due to epistasis, the l n a x i n m m  est imate  ob ta ined  
(excluding the character  root damage) was only 22%. 
E v e n  for r(~ot damage a reasonable es t imate  of the 
upper  l imit  for the non-addi t ive  var iance would not  
be more than  ~'0 ~ of the tota l  genetic variance,  since ? )'o 
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Table 3. Estimates of the additive and non-additive variances 
expressed as percentages of the total genetic variance for apple 
progeny winter survival characters. The main figures are 
for a 5 • 5 diallel and the bracketed ones for a 6 • 6 diallel 

Additive Non-additive 
Character variance variance 

Leafing-out date 90 (100) 10 (0) 
Leafing-out percent 91 (100) 9 (0) 
Tip injury 91 (100) 9 (0) 
Stem damage f00 (100) 0 (0) 
Root damage 82 (59) IS (41) 
Shoot composite 91 (i00) 9 (0) 
Shoot-root composite 90 (100) 10 (0) 

The genetic variance was assumed to be all additive when 
the specific combining ability was non-significant. 

Table 4. Eslimates of additive and non-additive variances 
for vigor (height) in apple trees expressed as percentages of the 

total genetic variance 

Additive Non-additive 
Types of parents  variance variance 

Scion se lec t ions  10o 0 
R o o t s t o c k  se lec t ions  71 29 

procedures outlined in the Materials and Methods 
under Plant survival 5 • 5 diallel. Genetic progress is 
positive whenever selected plants have a better  aver- 
age survival than the control cultivar (in this case 
the commercially important  M. robusta ~). The par- 
ticularly high values for genetic progress were mainly 
caused because for all plant survival characters the 
average values for the progenies were equal to or 
better than those for the control M. robusta 5. Hence, 
in contrast to the results obtained with strawberries 
(Watkins and Spangelo, t968), genetic progress was 
always equal to or better than genetic advance. 

The main figures in Table 5 were estimated assmn- 
ing that  all the non-additive variance was due to 
dominance, while the bracketed figures were estimat- 
ed assuming that  it was all due to epistasis. The 
choice of assumptions made very little difference to 
the genetic progress to be expected for a given charac- 
ter and method. The only exception was for Method 2 
for root damage where the large amount of non-addi- 
tive variance resulted in significant differences for 
the two assumptions. Furthermore, for both assump- 
tions, there was little to choose between the merits of 

. . . . . . . . . . . . . . . . . . .  the three breeding methods. Again, the only excep- 

the average of the values in Table 3 is only 30%. 
Hence, there is no evidence to show that  either epi- 
stasis or dominance is a major component of the 
genetic variance for any of the winter survival charac- 
ters, with the possible exception of root damage. 

The progenies from the scion selections gave no 
evidence that  non-additive variance was a signifi- 
cant component of apple tree vigor. In contrast, the 
progenies from the rootstock selections, which were 
known to include individuals differing widely in their 
ability to dwarf grafted scions, had a specific com- 
bining ability effect which was significant at the .01 
level of probability (Table 2). This corresponded to 
an appreciable estimate of non-additive variance 
(Table 4). If it is assumed that  the general and specific 
combining ability components for the rootstock were 
well estimated, then, following the 
procedure of the previous paragraph, 
the maximum non-additive variance 
(all epistatic variance) would be 

approx imate ly  50%. Hence, the 
results obtained for winter survival 
as measured on roots (for both the Character 
5 • 5 and 6 •  diallels) and for 
plant vigor as measured on the root- 
stock progenies suggest that  non- 
additive variance (which may or 
may not include epistatic variance) 
may be an important  component of 
genetic variance for certain apple 
tree characters. 

Table 5 shows the relative import- 
ance of genetic progress for plant 
survival for the three breeding 

tion occurred with root damage where Methods 2 and 
3 were distinctly bet ter  than Method 1. 

Method 2 is not included in Table 6 because, with 
non-additive variance estimated at zero for the 6 • 6 
diallel for all characters except root damage, there 
would be no difference between Methods 1 and 2. 
None of the progenies in the 6•  6 diallel had plant 
survivals which were better than the controls (Ottawa 
Hybrids 1 and 3). Therefore, selection from the popu- 
lation represented by the six parents would need to 
be justified on the basis of characters which were 
lacking in the Ottawa Hybrids. For this purpose ~0% 
selection of either individuals {Method 1) or of pro- 
genies (Method 3) would ensure that  the level of plant 
survival was maintained while still leaving a large 
enough population for effective selection for other 

T a b l e  5, Genetic progress towards better plant survival follozoing o/ 5 ~ selection 
for one generation among progenies of a 5 • 5 diallel -- showing comparative 
figures for three breeding methods expressed as percentage improvement relative 

lo the hardy control cultivar 3/Ialus robusta 5 

Method I Method 2 Method 3 
Selection based SeIection based 
on additive on all the Progeny 

selection 
variance only genetic variance 

Lea f ing -ou t  d a t e  3.0 ( 2 . 9 )  3..3 ( 3 . 7 )  3.o 
Lea f ing -ou t  p e r c e n t  34.7 (34.4) 35.8 (37.2) 38.2 
T ip  i n j u r y  46.0 (45.7) 47.4 (49.2) 54.1 
S ten l  d a m a g e  23.7 (23.7) 23.7 (23.7) 29.5 
R o o t  d a m a g e  29.9 (28.3) 37.2 (46.2) 54.8 
S h o o t  c o m p o s i t e  15.2 (I 5.1) 15.8 (16.6) 16.9 
S h o o t - r o o t  c o m p o s i t e  13.0 (12.9) 13.7 (14.4) 14.6 

The main figures were calculated assuming tha t  there was no epistatic variance 
in the non-additive variance while the bracketed figures correspond to the assump- 
tion t ha t  i t  consisted entirely of epistatic variance. 
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Table 6. Percentage expected response in one generation 
towards better plant survival from a 6 • 6 diallel -- showing 
comparative figures for three intensities of selection and 

two breeding procedures 

Method 1 * Method 3" 
Selection 

Character Selection intensity intensity 

50% 1o% 1~ 50% 1o~ 

Leafing-out date 2 5 7 4 8 
Leafing-out percent 7 16 24 f 5 32 
Tip injury 5 10 15 8 18 
Stem damage 1 2 3 2 5 
Root damage 3 7 10 7 t 6 
Shoot composite 4 8 f 3 6 14 
Shoot-root composite 4 9 16 7 t 6 

* Methods t and 3 as for Table 5. 

characters. However, if it was considered to be desir- 
able to significantly improve plant survival, it would 
be necessary to increase the selection intensity for 
individuals to somewhere between t0 and t~o. For 
progenies a selection intensity of t0% would give an 
expected response approximately equivalent to that 
for f}/o selection of individuals. (Table 6 does not 
show the t% selection intensity for progenies since 
this would involve selection of less than a full pro- 
geny.) 

The vigor of the 'scion' progenies, like the plant sur- 
vival characters of the 6 • 6 diallel, showed no signi- 
ficant non-additive variance and hence there were no 
differences between Methods I and 2 (Table 7). Fur- 
thermore, the potential for making progress by selec- 
ting for vigor differences and, subsequently, for other 
characters was poor because a selection intensity high 
enough to make significant progress for vigor would 
leave too restricted a population for effective selection 
of other characters. In contrast, a significant change 
in the mean value for the 'rootstock' vigor could be 
achieved by Methods 1, 2, or 3 at the 50% selection 
intensity, thus leaving scope for selection for other 
desirable characters. 

If any appreciable portion of the non-additive 
variance in the 'rootstock' progenies was due to 

Table 7. Percentage expected response in one generation towards more or less 
height for three selection intensities, three breeding procedures, and two apple tree 

populations 

Apple Selection 
population intensity 

'Scions' 

'Rootstocks' 

50% 
5% 
1% 

5o% 
5% 
1% 

Method I Method 2 
Selection based Selection based 
on additive on all the 
variance only genetic variance 

~ 3  4 - 3  
4 - 9  ~ 9  
4-fI d=11 
4-I0 (4- 9) 4-14 (4-19) 
4-26 (4-24) 4-37 (4-50) 
4-34 (4-31) 4-48 (~64) 

The non-bracketed figures for 'rootstocks' were calculated assuming that there was 
no epistasis in the non-additive variance while the bracketed figures were calculated 
assuming that it consisted entirely of epistatic variance. 

epistatic variance, then, Method 2 would be expected 
to be significantly better than Method t (Table 7). 
Although this rootstock experiment was not designed 
to prove that the non-additive variance did include 
epistatic variance, it did not exclude the possibility 
that  it was important. Following the hypothesis of 
Wright (1956) one would expect to find epistasis where 
selection processes had constructed a population con- 
sisting of a wide diversity of types which were pro- 
pagated asexually. The rootstocks used as parents 
(with their range of dwarfing abilities) might be 
considered to be such a population. 

D i s c u s s i o n  

The experimental results should be considered in 
the context of their limitations. First, they are limit- 
ed because of the nature of the experimental material 
which does not make it easy to conduct large experi- 
ments involving many parents such as would be 
desirable in order to have as many degrees of freedom 
for general and specific combining ability as have 
been deemed necessary in other crops. There can be 
no question that it would have been desirable to have 
had higher degrees of freedom for both these com- 
ponents for the individual characters in any one of 
the experiments. The question then arises whether 
to wait until someone can do the 'ideal' experiment 
or whether to do a series of experiments on a number 
of characters and, from the many parts, construct 
a picture comparable to that obtainable from the 
'ideal' experiment. The authors believe that a single 
character in a single analysis in this paper has only 
moderate value when considered alone -- because of 
the above-mentioned limitation. However, several 
such characters when viewed in relation to each other 
and in relation to other similar experiments do make 
it possible to build a coherent picture -- a picture 
which can be added to or subtracted from in the light 
of additional work. I t  is in this context that  the 
present paper has been presented. 

Secondly, they are limited since the estimates were 
only obtained at one location and hence, particularly 

for the plant survival character- 
istics, would only be applicable 
to similar environments. In this 
respect it would have to be clas- 
sified as a northern continental 

Method 3 clinlate. For the winter survival 
Progeny characters the added artificial 
selection 

stresses intensified the severity 
of the cold stress to a degree 

5 comparable to those of very bad 
natural winters. Northern areas 

4-12. subiect to coastal influences, 
- resulting in mild nfidwinter pc- 
- riods, should be excluded from 

the areas to which the results for 
the winter survival characters 
particularly apply. 
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Thirdly, they are limited with respect to the popu- 
lation of plants to which the results apply. Samples 
of four, five, and eight parents must  be very repre- 
sentative if the results are to accurately reflect the 
characteristics of particular populations. In answer 
to this it should be noted that  all five parents m;ed 
in the 5 x 5 winter survival diallel are widely adapted 
to Canadian winter conditions, including those on the 
Canadian Prairies, having been tested widely under 
natural  stresses for between thi r ty  and seventy years. 
All five have at least one parent  derived from north- 
eastern Europe or Siberia. Although they differ in 
their response to winter conditions, all five have 
survived while many  thousands of similar seedlings 
have died. This survival over an extended period 
shows that  they are not representative of all appIe 
seedlings to be found in a continental climate but are, 
in fact, a sample taken from the population of apple 
trees capable of extended survival under harsh con- 
t inental climatic conditions. Hence, it is to this 
restricted population that  the results of the winter 
survival 5 • 5 diallel more particularly refer. The 
parents involved in the 6 X 6 diallel are representative 
of a slightly more restricted population having all 
been selected at Ottawa under less variable environ- 
mental  conditions. The vigor results, for the crosses 
involving scion selections, are probably representative 
of what might be expected in scab resistance breeding 
programs in other parts of the world. Similarly, the 
vigor results, for the crosses involving rootstock se]ec- 
tions, are probably representative of what might be 
expected in any other rootstock breeding program 
where size control was a factor. The interpretation of 
the results should therefore be considered in the 
context of the appropriate base populations. 

The two populations sampled for plant survival 
may  have survived the pressure of natural  selection 
due to the presence of a similar gene complex for plant 
survival. Hence, there may  be less non-additive vari- 
ance expressed in their progenies than if the parent 
sample had also included cultivars lacking the ability 
for extended survival in a harsh northern continental 
climate. Thus, for example, if some of the relatively 
tender East  Mailing rootstocks (Hunter, i 964 ; Hunter,  
1967) or the relatively tender dessert cultivars such 
as Cox's Orange Pippin, Delicious, Gravenstein, Jona- 
than, or Northern Spy (Macoun, '1929; Davis et al., 
1954; Filewicz and Modlibowska, t955) had been 
included with the five hardy types, more non-additive 
variance may  have been detected in the re.~mlting 
progenies. 

The uniformity of the percentages of additiw: and 
non-additive variances (Table 3) and of the genetic 
progress values for leafing-out percent and tip injury 
(Table 5) were consistent with a hypothesis that  both 
characters were dependent on a common group of 
genes. The following relatively high correlation be- 

tween these two characters was consistent with such 
a hypothesis : 

Leafing-out percent vs tip injury = .842 

(The scale for characters was inverted where necessary 
to ensure that  high values represented good plant 
survival --  hence a good correlation would be expect- 
ed to have a high positive value.) 

In contrast,  correlations involving leafing-out per- 
cent anti tip injury with stem damage were tower with 
the folIowing values: 

Leafing-out percent vs stem damage = .7t0 

Tip injury vs stem damage .762 

The correlations of these three characters with leafing- 
out date and root damage were even poorer having 
the following values" 

Leafing-out date 
Leafing-out date vs tip injury 
Leafing-out date vs stem damage 
l,eafing-out date vs root damage 
Leafing-out percent vs root damage 
Tip injury vs root damage 
Stein damage vs root damage 

vs leafing-out percent = .602 
-- .646 
= .546 
= .562 
-= .620 
= .578 
- - .  50~ 

These lower values suggest that  either plant survival 
was conditioned by different genes for roots and 
leafing-out date than for leafing-out percent, tip 
injury and stem damage; and/or the expression of the 
characters was confounded with the expression of 
characters which were not associated with plant sur- 
vival. Thus, the low correlations for leafing-out date 
were such as would be expected if this character in- 
volved genes controlling date of leafing-out in addi- 
tion to those genes for plant survival which showed 
their expression through leafing-out date. The re- 
sponses from roots may  be further confused due to the 
insulating effect of the s',)il causing a lower rate of 
change of temperature  and less severe temperature  
stresses relative to the rest of the plant. 

Although correlations between the five basic char- 
acters and the two con~posites are not such as it is 
normally wise to use, since they involve correlations 
where one character is a part  of the other character, 
they do have merit on a relative scale. Thus the 
correlations between leafing-out percent, tip injury 
and shoot dalnage on the one side and the two com- 
posites on the other side were all high with wilues 
close to .9. The leafing-out date and root damage vs 
composite correIations were distinctly lower with 
values close to .7. These relative correlation values 
combine to lend further support  to the conclusions 
drawn in the previous paragraph. In addition the 
three shoot composite correlations with leafing-out 
percent, tip injury and shoot damage were only 
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depressed in absolute magnitude by less than .03 by 
inclusion of root damage into the composite (shoot- 
root composite). Consequently, it can be predicted 
that  the inclusion of the root damage values should 
not cause undue disturbance to a composite rating. 
Since composite correlations involving root damage 
were lower in absolute value than those involving 
leafing-out date and yet caused no serious disturbance 
of the composite correlations, it can be concluded that  
the presence of leafing-out date in a composite should 
not cause undue disturbance to a composite rating. 
Furthermore, since both leafing-out date and root 
damage are involved in plant survival, it can be 
argued that  they may be expected to make a useful 
contribution to an overall estimate of plant survival 
such as may be obtained by using a shoot-root com- 
posite rating. Composites have the further advantage 
that  on an individual plant basis they are less subject 
to large error than simple characters since serious 
errors in ,individual characters are subjected to the 
mitigating influence of satisfactory estimates for the 
remaining characters. 

This paper has been concerned with the genetic 
constitution of the population of apple trees well 
adapted to man's needs in a northern continental 
type of climate. It is therefore logical to consider the 
implications of such a genetic architecture on the 
effectiveness of various breeding procedures aimed 
at improving plant survival. It  is apparent from 
a comparison of Methods t and 2 in Table 5 that  little 
or no advantage is to be gained by trying to exploit 
all the genetic variance rather than just the additive 
variance. Hence, exploiting the additive variance 
over several generations (Method 1) by mating the 
best phenotypes with the best, taking necessary care 
to awfid undue inbreeding, would probably be an 
effective breeding procedure. But, recognizing the 
limitations imposed by  a long generation time on such 
a procedure, it would probably be even bet ter  to 
spend considerable time screening potential parents 
for desirable phenotypes and intercross only those 
which between them combine those characters desired 
(Method 2). Even when it is necessary to continue 
a breeding program over several generations (Method 
1), it would still be desirable to phenotypically screen 
potential parents in each generation before using 
them as the parents of the next generation. 

Inspection of the genetic progress estimates for 
Method 3 (Tables 5 and 6) indicates that  when pro- 
geny selection is the objective (as would be the case 
when breeding for a seed propagated hybrid root- 
stock) genetic, progress may be expected to be at 
least as good as for selection of clonally propagated 
types (Method t or 2). 

An examination of the data from related experi- 
ments indicated that  it is desirable to correct leafing- 
out date by making an adjustment using the normal 

leafing-out date of each individual under low stress 
conditions. Thus, a group of well-adapted parents 
have progenies with characteristic leafing-out dates 
which are not necessarily very closely associated with 
their plant survival. In contrast, an inspection of 
other experiments where adapted and non-adapted 
material was included indicated that  the leafing-out 
date had a fair predictive value. These points are 
substantiated by the following correlations between 
leafing-out date and the other basic characters for 
individuals in progenies involving adapted parents 
and for two experiments involving cultivars with 
a greater range of hardiness: 

Progenies Cultivars 

Leafing-out percent = .602 .866 .932 
Tip injury .646 .849 .941 
Stem damage = .546 .835 .820 
Root damage .562 .849 .941 

The first experiment involving cultivars included the 
moderately hardy Bancroft, the hardy l~IcIntosh, the 
very hardy Antonovka and the exceptionally hardy 
Malus robusta 5. The second cultivar experiment had 
an even greater range of hardiness including both 
very hardy rootstocks and tender scion selections 
from Delicious crosses. 

Genetic progress would be expected to decrease 
fairly rapidly in successive generations as it becomes 
increasingly difficult to detect damage at a given 
stress level. However, if the stress level were in- 
creased in each generation, it should be possible to 
continue to make genetic progress until all of the 
genetic variability has been exhausted. An ideal 
stress level for any particular generation would be 
one which caused very severe damage in the poorest 
individuals or progenies and little or no damage in 
the best. Alternatively, genetic progress in a given 
generation could be increased by increasing the selec- 
tion intensity. In practice this would usually be 
unrealistic since it would leave too small a sample of 
plants for subjection to selection for other desirable 
horticultural characteristics. The relatively good level 
of genetic progress possible (in the 5 X 5 diallel), even 
with 50% selection, in a single generation would be 
a more than adequate level of achievement in many 
plant breeding programs. Hence, the need to proceed 
to subsequent generations or to more intensive selec- 
tion may not arise. 

In general, it is necessary to have very large seed- 
ling populations when dealing with polygenic charac- 
ters in apples. Although this is true, the numbers 
required will be very much smaller when the genetic 
variance for a character is mostly additive. Further- 
more, while it is more convenient to work with single 
major genes controlling desirable characters, it should 
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be possible to include polygenic hardiness and other 
major  gene characters such as pest resistance simul- 
taneously since many  varieties and selections combine 
good plant survival with such desirable characters. 
For example, the Ot tawa dessert selection O-52t, 
which has derived hardiness from such ancestors as 
Melba, is resistant to scab (Venturia inaequalis (Cke.) 
Wint.) and mildew (Podosphaera leucotricha (Ell. & 
Ev.) Salm.) and, in addition, is of acceptable fruit 
quali ty and type. Similarly, Malus robusta 5, which is 
the hardiest apple rootstock in commerce in Canada, 
combines this with a useful level of tolerance to the 
common viruses of Eastern Canada, resistance to 
collar rot (Phytophthora cactorum (Leb. & Cohn) 
Schroet), resistance to woolly aphids (Eriosoma lani- 
gerum (Hausm.)), easy propagation by  stooling or 
softwood cuttings, a strong well anchored root system 
and a tree suitable for nursery grafting or orchard 
topworking. 

The very small proportion of the total  genetic 
variance which was non-additive variance (Table 3) 
was an important  genetic at t r ibute of the plant sur- 
vival characters for the population of apple root- 
stocks sampled. These low estimates are in marked 
contrast  to the high estimates of non-additive variance 
obtained for total, marketable,  early and late yields 
for strawberries -- namely, 65.8%, 69.3%, 50.8%, 
and 42.6% respectively (WATI~ISS and SeaXC, ELO, 
t968). The relatively high estimates of epistasis for 
strawberries had been expected since they substan- 
t iated the theory of WRIGRT (1956) regarding the 
importance of epistasis in a species which is mostly 
vegetat ively propagated. I t  is interesting to note 
that  in strawberries, where man 's  artificial vegetat ive 
propagation procedures have continued an important  
natural  propagation procedure, epistasis is relatively 
high. In contrast,  the apple, which in nature is almost 
entirely seed propagated and only under man ' s  prac- 
tices has been vegetat ively propagated, shows little 
evidence, from the winter survival and vigor charac- 
ters studied, of epistatic variance. The only possible 
exceptions were for root damage and vigor. I t  might 
be speculated that  apple fruit quali ty characters 
which have been the subject of many  cycles of vege- 
tat ive propagation interspersed with occasional sex- 
ual reproduction steps, combined with selection for 
a diversity of types, would be more likely to have 
epistatic variance than plant survival characters 
which have been less subject to selection for a diver- 
sity of types. 

Today, there is" considerable interest in producing 
trees of specified vigor and shape. The results of the 
two analyses on vigor indicate that  in certain ma- 
terial, particularly that  derived from parents having 
varying abilities to control the size of grafted scions, 
there is sufficient genetic variabil i ty for height to 
permit  it to be included as an effective part  of a 
general breeding program. 

Zusammenfassung 

Fiir Symptome,  die Frostsch~iden bei zwei Stich- 
proben eines n6rdlich-kontinentalen Kl imatyps  des 
ApfeIs anzeigen, wurden die additiven und nicht ad- 
ditiven Varianzkomponenten von ftinf einfachen und 
zwei zusammengesetzten Faktoren gesch~itzt. Die 
Werte der additiven Varianz betrugen ftir beide Stich- 
proben 90 und 100% , 91 und t00~o, 9t und 100% , 
100 und t00% , 8 2 u n d  590 , 91 und t00% sowie90 
und 100% der Gesamtvarianz fiir Zei tpunkt  der 
Knospenentfaltung, Prozentsatz der Knospenent-  
faltung, Sch~iden an Triebspitzen, Stammseh~iden, 
Wurzelsch~iden sowie ft~r das komplexe Schadbild 
Sprol3sch/~den und Wurzelsch/iden insgesamt. In 
einer dritten Stichprobe betrug die additive Varianz 
fiir das Merkmal Pflanzenh6he t00~o, im Gegensatz 
zu einer Stichprobe yon Unterlagen, die Zwergwtich- 
sigkeit bei aufgepfropften Reisern hervorruft ,  bei der 
die additive Varianz 51--70~o betrug. Es konnte 
gezeigt werden, dab Fortschrit te in der Ztichtung auf 
Frostwiderstandsfiihigkeit und Wuchsst~irke durch 
Ausnutzung der additiven Varianz, der Gesamt- 
varianz oder, wo Nachkommenschaften und nicht 
Individuen selektiert worden sind, durch Nachkom- 
mensehaftsselektion erreicht werden k6nnen. Durch 
Ausnutzung der additiven Varianz sollte es m6glich 
sein, Frostwiderstandsfiihigkeit und Wuchsstiirke in 
den folgenden Generationen zu verbessern. Mit Aus- 
nahme auf Starkwtiehsigkeit in einer Population mit 
der Tendenz zur Zwergwiichsigkeit k6nnen Eltern- 
pflanzen wirksam auf Grund ihres Ph~notyps selek- 
tiert werden, so dab eine genotypische Analyse ent- 
behrlich ist, Insgesamt wurden ftir die in der vor- 
liegenden Ver6ffentlichung mitgeteilten Sch~itzungen 
9180 Sfimlinge bonitiert. 
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