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Comparison of Full and Half-Sib Reciprocal Recurrent Selection 1 

L.  P .  J O N E S ,  W.  A.  C O M P T O N  a n d  C. O . G A R D N E R  

Depar tment  of Agronomy, Universi ty of Nebraska, Lincoln, Nebraska (U.S.A.) 

Summary. Full and half-sib reciprocal recurrent selection (RRS) were compared algebraically and with computer 
simulation. The relative performance of the two schemes depended on the selection intensity and the environmental 
variance. Full-sib RRS was favoured at less intense selection and when the environmental variance was large relative 
to the total genetic variation. As selection intensity increased its advantage declined. Full-sib RRS enables a breeder 
to combine the efficient development of new hybrids with population improvement and should be a valuable technique 
in plant breeding. 

I. Introduct ion 

Comstoek, Robinson and Harvey  (1949) proposed 
a selection procedure to make max imum use of both  
general and specific combining ability. The method 
(reciprocal recurrent selection - -  RRS) consists of 
selecting males in each of two populations based on 
the performance of their progeny derived from mat -  
ings to several females of the opposite population. 
When a large number  of females are used, a progeny 
group is a half-sib family, and so this method will be 
referred to as half-sib RRS. 

A modification of this technique is being used in 
selecting corn populations to produce superior hy- 
brids at this station. This technique is referred to 
as full-sib RRS. As with half-sib RRS, individuals 
in two populations, A and/3 ,  are selected based on 
their crossbred progeny performance. An individual 
from A is mated  to an individual from B, and as well 
both individuals are selfed. This requires seed set 
on two ears of at least one of these individuals. Se- 
lection is based on performance of full-sib families 
rather  than a mixture of full and half-sib families 
with half sib RRS. /3oth parents of the best families 
are selected and the selected parents are then ran- 
dom-mated  within populations. 

The chief advantage of full-sib RRS is tha t  superior 
families can be reproduced if they are found, since 
seed from both parents is available. These will differ 
only in so far as recombination has occurred in selfing 
the parents. Thus, the cross between two pop- 
ulations can be improved while, at the same time, 
superior hybrids can be released when they are ob- 
tained. With half-sib RRS we have seed only from the 
plants used as males, and superior families cannot be 
reconstituted. 

Since both parents of superior families are selected, 
more individuals can be evaluated with full-sib RRS 
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than with half-sib RRS. Thus, for a similar amount  
of labour, higher selection intensities and/or larger 
population sizes can be maintained. 

Full-sib RRS is inferior to half-sib in that  the esti- 
mate  of the breeding value of an individual depends 
upon the breeding value of its mate,  and a full-sib 
family will be a less accurate estimate of a parent ' s  
breeding value than a half-sib family. 

The value of full-sib RRS relative to half-sib RRS 
will depend on the balance between the higher selec- 
tion intensity possible under the former scheme and 
the increased accuracy of breeding value estimation 
of the latter.  The relationships were investigated 
algebraically and with computer  simulation. 

II. Theoret ica l  evaluat ion 

For a single locus with two alleles the change in 
gene frequency (A qA) in a population using RRS is 
given by  

k q A  (I --  qA) {I + (~ --  2qB) a } u  
Z]qA = - -  2% 

where, qA, qB are the frequencies of the desired allele 
in populations A and B, 2 u is the mean difference 
between genotypic values of homozygotes in the 
trai t  being selected, a is the level of dominance, k is 
the standardized selection differential, and @ the 
variance among family means (Comstock et al., 
t949). 

If  kF and k H are the selection differentials with full 
and half-sib RRS, and @-F, @-~n the variances of full 
and half-sib family means (i. e. @) respectively, the 
relative value of full to half-sib RRS will be 

~qA F kF ~Pfl 
AqA H kH a ~  

where AqA F, AqAH are the expected gene frequency 
changes in population A with full and half-sib RRS 
respectively. 

If  each male is mated  to d females and the family 
tested r in replicates with n plants per replicate, 

2 2 
2 2 2- a! 2- ar ~ ae2 

a ~  = am . ~ ~ r - j  n r 



Vol. 42, No. 1 Comparison of Full  and Half-Sib Reciprocal Recurrent  Selection 37 

where  a~ is the  va r i ance  among  males ,  

a} is the  va r i ance  among  females  m a t e d  to  the  
same male ,  

a~ is the  e n v i r o n m e n t a l v a r i a n c e  among  plots ,  

a~ is t he  va r i ance  among  ind iv idua l s  wi th in  
plots .  

W i t h  ful l -s ib  R R S  d = 1, so 
2 2 

2 2 2 r  O'r r O'e 
a m = am + a t - t - r - r -~ - r r  �9 

The  expec t ed  va lues  for a~m and  a] for i n t r a -  and  
i n t e r - v a r i e t a l  progenies  are  g iven  in t e rms  of gene 
f requency ,  level  of dominance  and  gene effects b y  
Compton ,  G a r d n e r  and  L o n n q u i s t  (1965). I f  popu-  
la t ions  are  in l inkage  equ i l ib r ium and  epis tas is  is no t  
i m p o r t a n t ,  the  i n t r a - v a r i e t a l  male  componen t  con- 
t a ins  x/, of the  add i t i ve  genet ic  va r i ance  while  the  
female  componen t  con ta ins  1/, of the  a d d i t i v e  genet ic  
va r i ance  p lus  1/4 of t he  dominance  var iance .  Thus ,  
for  i n t r a - v a r i e t a l  famil ies  the  expec ted  va lue  of the  
female  c o m p o n e n t  will  no t  be less t h a n  t h a t  of the  
male  componen t .  F o r  p a r t i c u l a r  gene f requencies  in 
the  two popu la t i ons ,  the  female  c o m p o n e n t  m a y  be 
less t h a n  the  male  componen t  wi th  i n t e r - v a r i e t a l  
crosses b u t  when con t r i bu t i ons  of m a n y  loci are  com- 
b ined  i t  wil l  n o r m a l l y  be a t  leas t  as large as the  male  
componen t .  

2 2 The  r educ t ion  in aF~ r e l a t ive  to  a ~ ,  w i th  severa l  
females ,  wil l  d e p e n d  on the  r e l a t ive  m a g n i t u d e s  of 

O-e 
a d d i t i v e  and  dominance  var iances ,  ~ and  ~ .  I f  the  

0-2 
a d d i t i v e  and  dominance  va r iances  are  equal  and  ~' 

r 
2 

and  a~ are  negl igible ,  a~ would  equal  2 a~ and  ap~ 
n r  

could be r educed  to  1/a of a ~  if suff icient  females  
were used.  To compensa t e  for th is  r educ t ion  the  se- 
lect ion d i f fe ren t ia l  wou ld  need  to  be a b o u t  1.7 t imes  
g rea t e r  w i th  ful l -s ib  R R S  t h a n  wi th  the  hal f -s ib  R R S  

to give s imi la r  response.  Norma l ly ,  ~ and  ~ are no t  r n r  

negl igible  and  the  r educ t i on  in va r i ance  b y  us ing 
severa l  females  would  be less t h a n  in the  above  
e x a m p l e .  

Typ i ca l  va lues  for the  va r i ance  componen t s  in 
N e b r a s k a  tes t s  for y ie lds  in kg. per  p l a n t  a re :  

a~ = .00014 
a~ = .00027 
a '~ = .00t0 

where  a 2 = a2r + a~ (Cerrate,  t967).  
n 

W i t h  four  rep l ica tes  and  five females  pe r  male  in the  
hal f -s ib  R R S  : 

a ~  = .OO47 

a ~  = .0066. 

The  ra t io  ~ 'F  = t . t  8, so t h a t  the  se lec t ion  dif feren-  
aFn 

t im would  need  to be a b o u t  t .2  t imes  g rea t e r  for full  
t h a n  ha l f -s ib  R R S  to give s imi la r  response .  

III. Computer Simulation 

(i) Models and Methods 
The above comparison of full and half-sib RRS was 

based on considerations of a single locus. If  epistasis or 
linkage are present, predict ion is difficult. Wi th  full-sib 
RRS both parents  of favourable combinations would 
be selected. Although these combinations will be broken 
down with random mating, they  may  be more l ikely to 
reoccur than with half-sib RRS where only one parent  is 
selected. The two schemes were compared with different 
types  of gene action. 

The models used contained 28 loci with two alleles per  
locus. Effects of genes and levels of dominance were the 
same for all loci. Loci were either completely independent 
or all loci were on one chromosome with recombination 
value of 1% between adjacent  loci. 

Models used included additive,  complete dominance 
(a = f), mult ipl icat ive and complementary  epistasis. In  
both epistat ic models there was complete dominance at  
individual  loci and loci were considered in blocks of four, 
with effects among blocks additive. In  the multiplica- 
rive model  effects within a block were multiplicative,  
while in the complementary  model  the favourable gene 
was necessary at  all  four loci to produce an improvement  
over the  least  favoured genotype. The genotypic values 
for the dominance and epistat ic models for individuals 
with favourable genes at  one to four loci are given in 
Table 1. In  the addit ive model the difference between 
homozygotes was the same as for the dominance model. 

Table 1. Contribut*ons to genotypic value by groups of four 
loci with o to 4 loci having favorable alleles 

Number of loci with one or two Model favorable alleles 

o 1 2 3 4 
Dominance 0 2 4 6 8 
Multiplicative epistasis 1 1.5 2.25 3.375 5.0625 
Complementary epistasis 0 0 0 0 8 

In both full and half-sib RRS, individuals were eva- 
luated by the performance of ten crossbred progeny, with 
five females per male being used in the half-sib RRS. A 
random normal deviate was added to the genotypic mean 
to allow for variation among plots and individuals within 
plots and the parents of the highest families were selected 
and random-mated within populations to produce the 
next generation. The random normal deviate was chosen 
such that a2r/r + a2e/nrwas equal to 16 in terms of the 
units in Table I. This ensured that the contribution of 
any locus to, the phenotypic variance among families was 
small (< 10%). 

In most cases, the proportion selected was I0/20 with 
half-sib RRS and 10/40 with full-sib RRS. Five replicates 
of each selection study were run for 20 cycles. The gene- 
tic models used are summarized in Table 2, and the ex- 
pected initial values of additive, dominance and epistatic 
variance are also given. 

(it) Results 

The mean  responses  to  select ion for the  comple t e  
dominance  mode l  wi th  gene frequencies  of 0.5, w i th  
no l inkage  and  p ropor t i ons  se lec ted  of t0 /20  and  
10/40 wi th  half  and  fuU-sib respec t ive ly ,  are  shown 
in Fig .  t .  Fu l l - s ib  select ion gave  g rea t e r  response  
t h r o u g h o u t  the  select ion per iod.  Since the  l inear  
regression coeff icients  of response  on genera t ions  
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Table 2. Initial components of genetic varialion for the models used and ratios of the standard 
deviations of full and half-sib R R S  

Genetic Component av~ 
Model 

qA * qB Vx + VD g I  c1pH 

Additive �9 5 �9 5 14.000 0 0 i .  o 7 
Dominance .5 .5 14.000 7.000 0 1.10 

.25 .75 13.125 3.938 0 t.08 
Multiplicative epistasis �9 5 �9 5 5.913 2.957 0.335 1.05 

.25 .25 4.839 0.806 0.36t 1.05 
Complementary epiastasis .5 .5 39.867 19.936 37.099 1.22 

* qA ; qB are the initial gent frequencies of the favorable allele in populations A and B. 
+ VA is the additive variance, VD is the dominance variance, and VI is the epistatic variance. 
ab~ , r are standard deviations of full and half-sib families. 

accoun ted  for 90% or more  of the  va r i a t i on  in the  
mean  of the  cross dur ing the  first  ten  cycles, these are 
given in Table  3, t oge the r  wi th  the  ra t io  of the  two 
regression coefficients.  

FULL-SI~ RRS 

, / "  

m 

N 45 

' ' 1~ d 5 10 

CYCLES OF SELECTION 

Fig. t. Response to selection for the complete dominance mo- 
del with no linkage (units as in Table 1) 

In  mos t  cases, full-sib select ion gave  g rea te r  res- 
ponse t h a n  half-sib selection. The  select ion in ten-  
sities used were less t han  those of ten used in p lan t  
breeding.  The  ra t io  of the  select ion different ia ls  of 
full-sib R R S  to t h a t  of half-sib R R S  will be less wi th  
more  intense selection, if schemes of the  same size 
were compared.  The  select ion di f ferent ia l  is 1.62 
t imes  grea te r  for 10/40 t h a n  10/20 selection,  bu t  t h a t  
for t0 /80 is only t .29 t imes  grea te r  t han  for 10/40. 
The  dominance  mode l  was run  at the higher  intensi-  
t ies and there  was l i t t le  difference be tween  the me- 
thods.  

The  va lue  used for the env i ronm en ta l  var iance  was 
larger  re la t ive  to  the genet ic  var iances  than  migh t  
be the  case in pract ice.  The  ra t io  of the  s t andard  
dev ia t ions  of fami ly  means  (i. e. apF/av~ ) decreases 
as the  e n v i r o n m e n t a l  va r iance  increases. In  the 
example  men t ioned  wi th  corn earlier,  the  ra t io  a ~ / a ~  
was 1.18. Fo r  all except  the  c o m p l e m e n t a r y  epis ta t ic  
model  this ra t io  was smaller  (Table 2). The  advan-  
tage  of full-sib R R S  over  half-sib R R S  would have  
been smaller  if smaller  values  had  been used for the 
e n v i r o n m e n t a l  var iance.  

Table 3. Regressions of mean genotypic value of cross population on 
R R S  (bu) for the condilions used. The values are the average of five replicates 

cycle of selection with full-sib R R S  (bF) and half-sib 

Proportion selected Genetic model qa qB c* bF** bm** bF/bn 
with full-sib RRS 

10/40 Additive -5 .5 .5 t.31 O.78 1.68 
Dominance .5 .5 .5 1.03 (/.73 t.41 

.01 0.88 0.58 1.52 
�9 25 .75 .5 0.83 0.63 1.31 

.Ol O.89 o.64 1.39 
Multiplicative epistasis �9 5 .5 .5 0.70 O.43 1.62 

.01 0.52 0.38 1.36 
�9 25 .25 .5 0.56 0.52 1.06 

.01 0.52 0.32 1.62 
Complementary epistasis �9 5 �9 5 .5 3.46 2.55 1.36 

.ot 3.43 3.08 t .t2 
10/8o Dominance .5 .5 .5 i .07 t.07 1.00 
20/80 Dominance .5 .5 .5 1.00 0.73 1.36 

* c = recombination value between adjacent loci. 
** Standard errors of regression coefficients, computed from variance among replicates were approximately 0.06. 
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IV. Discussion 

The results from simulation followed the results 
from theory for the ten cycles considered. There are 
many models which could have been considered but 
the theoretical formula given should give a reasonable 
prediction of the relative performance of the two 
schemes. 

The long-term response of the two methods will 
depend largely on the effective population size which 
can be maintained. The response over cycles t t to 20 
of the simulation was generally less than during the 
first ten cycles. This was not surprising with the 
small population sizes used. For any long-term se- 
lection program, large populations are needed to 
avoid loss of genetic variation due to random drift 
and to give greater response to selection (Robertson, 
t960). Full-sib RRS will enable the breeder to main- 
tain a larger effective population size than half-sib 
RRS but this would reduce the higher selection diffe- 
rential possible. The breeder would need to decide 
whether to sacrifice short-term gain to make greater 
long-term gain. 

In corn breeding there will be selection for two- 
earedness in the nursery in the full-sib RRS in order 
to produce the progenies required. To the extent 
that  multiple-earedness is correlated with yield 
(Lonnquist, 1967) this would add to the selection res- 
ponse. Selection for two-earedness could also be in- 

corporated into a half-sib RRS program, but this 
generally has not been done. 

A major advantage of using full-sib RRS is the 
ability to reproduce high-performing families to pro- 
duce commercial hybrids, using the extraction proce- 
dure suggested by Hallauer (1967) and Lonnquist 
and Williams (1967). This enables a breeder to com- 
bine the efficient development of these new hybrids 
with population improvement and it should prove a 
valuable technique in plant breeding. Experimen- 
tal evaluation of it is needed, and such work is now 
underway at this station. 
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Brief Notic / Kurze Mitteilung 

The Gesel lschaft  fiir Genetik e. V. Miinchen is holding  its 
Third Annual  Meeting in G6tt ingen (Germany)  from May 20th--May 22 nd, 1971 

The scientific meeting will begin on May 2t st at 
9 AM. Main themes of this day are to be: 

a) Production of haploids and their uses in breeding 

b) New approaches to investigation and use of 
heterosis. 

During the evening, a round table discussion will 
take place concerning the theme 

"Plant  breeding and its importance in nutrition of 
the world". 

On May 22 nd, proffered papers will be read in the 
fields of : 

a) Molecular and Classical Genetics 

b) Breeding of grains. 

Forms for registration can be obtained by writing 
the Inst i tut  far Pflanzenzfichtung der Universit~it 
G6ttingen, D-34 G6ttingen (Germany BRD), Von- 
Siebold-Strage 8. 


