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Genetic Gains from Reciprocal Recurrent 
and Within-Line Selection for Egg Production in the Fowl* 

R. E. CALHOON and B. B. BOHREN 

Purdue University Agricultural Experiment Station, Lafayette, Indiana (USA) 

Summary. Selection for survivors percent egg production from first egg to 40 weeks of age was conducted for six 
generations. Within-line selection (WLS) on the basis of an index of individual records plus sire family and dam family 
means was compared with reciprocal recurrent selection (RRS) based on sire family selection among cross progeny. 
Genetically heterogeneous synthetic populations, the Cornell Control and the Purdue Pool strains were used. 

The responses to WLS (3.84 ~ and RRS (2.57 ~ were both significantly greater than zero, but were not significantly 
different from each other. Nevertheless, the responses were proportional to their predicted values (.363 vs .340). The 
advantage of WLS was due to the mechanics of selection resulting in slightly greater selection intensity and an increased 
correlation between the criterion of selection and the trait being improved. On the contrary, the RRS method had 
a slightly larger realized heritability as would be expected in the presence of non-additive genetic variance. Four of 
five pure-lines selected under both methods had statistically significant declines in performance due to inbreeding 
depression effects. All of the results observed are comparable with known genetic theory. 

Some problems in comparing genetic gains from different selection methods or selection criteria are discussed. 

Introduction 

Improvement of quantitative traits by selection 
depends upon increasing the frequency of desirable 
genes. The capability of selection among phenotypic 
measurements to change the gene frequency is de- 
pendent upon the regression of individual breeding 
values on their phenotypic estimates or the criteria of 
selection. This regression is a function of the heritabi- 
lity, or the proportion of the total phenotypic 
variance that  is additive genetic. When heritability 
is low due to large environmental contributions to 
phenotypic variance, several methods of increasing 
the proportion of additive genetic variance, i.e., increa- 
sing the heritability, have been suggested. Selec- 
tion criteria based on dam family means or sire 
family means, for example, average out environ- 
mental deviations. 

The regression of the breeding values on the pheno- 
typic values may also be low due to the presence of 
non-additive genetic variance. In this case the heri- 
tability may be increased by finding a new pheno- 
typic selection criterion that has a greater correlation 
with the breeding value of the individuals. An 
example of such a criterion is the "test cross to the 
recessive" which results in differences in breeding 
values between tested individuals, masked by domi- 
nance deviations in their own phenotype, becoming 
additive and selectable when measured by the cross 
progeny means. 
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Shull (t9t4) coined the word "heterosis" to describe 
the phenomenon of heterozygote superiority associa- 
ted with non-additive genetic variance. Among other 
schemes suggested to exploit heterosis for the genetic 
improvement of domestic plants and animals, reci- 
procal recurrent selection (RRS) in corn was pro- 
posed by Comstock, Robinson and Harvey (t949) to 
take advantage of all forms of genetic variance. Reci- 
procal recurrent selection in chickens was suggested 
by Bell, Moore, Bohren and Warren (1952). 

Empirical comparisons of reciprocal recurrent selec- 
tion and within-line selection have been made by 
Bell, Moore and Warren (1955), Rasmuson (t956) and 
Kojima and Kelleher (1963) in Drosophila, and by 
Bell and Moore (t972) in Tr{bolium castaneum. 
Saadeh, Craig, Smith and Wearden (1968) compared 
the effectiveness of within-line index selection and 
reciprocal recurrent selection for increased egg pro- 
duction in chickens. 

The purpose of the present study was to compare 
the genetic gains from within-line selection (WLS) on 
an index of individual , dam family and sire family 
means (icls), with those resulting from reciprocal 
recurrent selection (RRS or rr) on sire family means, 
for the improvement of survivors percent egg pro- 
duction from first egg to 40 weeks of age in chickens. 

Materials and Methods 

Genetic Stocks: Two large populations were sampled to 
establish selected lines. One population was the Cornell 
Control VVhite Leghorn Population (CC) which has been 
described by King, Carson and Doolittle (1959). The 
other population was the Purdue Pool Population (PP), 
which was established at Purdue University by crossing 
one strain each of Black Leghorn, V~Thite Minorca, White 
Leghorn, Mottled Ancona and two strains of Brown 
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Leghorn .  These  con t ro l  p o p u l a t i o n s  were m a i n t a i n e d  a t  
t he  N o r t h  Cen t ra l  Reg iona l  P o u l t r y  B r e e d i n g  L a b o r a t o r y  
in a m a n n e r  to  min imize  i n b r e e d i n g  a n d  converse  s t ab l e  
gene f requenc ies  as desc r ibed  b y  K i n g  et al. (1959). T h e y  
p r o v i d e d  b o t h  a h i g h l y  h e t e r o g e n e o u s  genet ic  source for  
se lec t ion  a n d  t he  con t ro l s  for  c o m p a r i s o n  w i t h  se lected 
lines. 

Selection Populations: Five  g roups  of p a r e n t s  were  
se lec ted  for  t h e  t r a i t ,  su rv ivo r s  p e r c e n t  egg p r o d u c t i o n  
f rom f i rs t  egg to  40 weeks  of age, in each  of six genera -  
t ions .  Selected p o p u l a t i o n s  were iden t i f i ed  as fol lows:  

CCias Cornel1 Con t ro l  f o u n d a t i o n  se lec ted  w i t h i n  l ine 
(WLS) on  a n  i n d e x  of i n d i v i d u a l  record,  p lus  dana 
m e a n  a n d  sire m e a n  (ids). 

PPias P u r d u e  Pool  f o u n d a t i o n  se lected w i t h i n  l ine 
(WLS) on  a n  i n d e x  of i n d i v i d u a l  record,  p lus  dan ,  
m e a n  a n d  sire m e a n  (iris). 

PCias F o u n d a t i o n  e s t ab l i s hed  f rom cross ing P P  a n d  CC 
p o p u l a t i o n s  a n d  se lected w i t h i n  l ine (WLS) on  a n  
i n d e x  of i n d i v i d u a l  record,  p lus  dana m e a n  a n d  
sire m e a n  (ids). 

CC,r P u r e  l ine f o u n d a t i o n s  se lec ted  on  sire cross pro-  
a n d  g e n y  m e a n s  (rr), i . e . ,  r ec iproca l  r e c u r r e n t  se- 
PPrr l ec t ion  (RRS) .  

E a c h  W L S  pure  l ine was  l imi ted  to  500 i n d i v i d u a l s  
m e a s u r e d  whi le  each  R R S  cross was  l i m i t ed  to  250 
i n d i v i d u a l s  measu red .  T h u s  a t o t a l  of 2,000 i n d i v i d u a l s  
were  m e a s u r e d  for  se lec t ion  each  gene ra t ion .  The  gener-  
a t i on  i n t e r v a l  was  one  yea r  for  b o t h  m e t h o d s .  O t h e r -  
wise, gene t ic  gain  was  m a x i m i z e d  as m u c h  as poss ib le  
w i t h i n  t h e  l imi t s  imposed  b y  t h e  m e t h o d s .  Dif ferences  
b e t w e e n  t h e  gene t ic  ga ins  for  t h e  t w o  m e t h o d s  ref lec t  
d i f ferences  in t he  se lec t ion  di f ferent ia ls ,  t h e  he r i t ab i l i t i e s  
a n d  in t he  regress ions  of t he  p e r f o r m a n c e  in t h e  t r a i t  to  be  
i m p r o v e d  on  t h e  c r i t e r i a  of select ion.  All  of these  differ- 
ences  are d i r ec t  consequences  of t he  m e t h o d s  of se lec t ion  
used, so t h a t  t h e  d i f fe rence  in t h e  gene t ic  ga ins  ref lec t  
d i f ferences  in  t he  t o t a l  effect  of t h e  t w o  m e t h o d s .  

Line-Test Populations: I n  a d d i t i o n  to  t h e  p o p u l a t i o n s  
in w h i c h  se lec t ion  occurred,  a se t  of 13 l i ne - t e s t  popu-  
l a t i ons  was  p r o d u c e d  each  g e n e r a t i o n  b y  wh ich  gene t ic  
ga ins  were measu red .  T h e  i den t i f i c a t i on  codes of t 2  of 
t he  s t r a i n - m e t h o d  t e s t  p o p u l a t i o n s  are s h o w n  in Tab le  1. 

Tab le  1. Strain-method class identificationa Capital letters 
indicate strain or cross while subscripts designate selection 

method 

Selection Methods 

Reciprocal Individual,  dam and sire 
Control (c) recurrent  (rr)  family index (ids) 

CC c CCrr COlds 
PPc PPrr PPids 
Cc Pc Crr Prr CiasPias 
eccc PrrCrr PidsCids 

P Purdue Pool base population 
C Cornell Control base population 

A t e s t  p o p u l a t i o n  of PCias was also p roduced  each  
gene ra t ion .  Cap i t a l  l e t t e r s  r e p r e s e n t  s t r a i n  or cross whi le  
lower  case l e t t e r s  i nd i ca t e  t he  m e t h o d  of select ion.  Fo r  
example ,  CCrr r e p r e s e n t s  pure  Cornel l  Con t ro l  se lected b y  
rec iproca l  r e c u r r e n t  se lect ion.  A t o t a l  of 2,200 female  
p r o g e n y  were m e a s u r e d  each  g e n e r a t i o n  for  e s t i m a t i n g  
l ine  means ,  w i t h  t 70 be ing  m e a s u r e d  for  each  l ine - tes t  
p o p u l a t i o n  in each  gene ra t ion .  These  were p laced  in five 
pens ,  two  a t  P u r d u e  U n i v e r s i t y  in one  house  a n d  th r ee  
a t  t h e  Reg iona l  P o u l t r y  B r e e d i n g  L a b o r a t o r y ,  each  p e n  
in  a d i f f e ren t  house.  

The  t r a i t  m e a s u r e d  was  p e n - m e a n  h e n - d a y  pe r cen t  egg 
p r o d u c t i o n  f rom 20 to  40 weeks of age. This  t r a i t  was  n o t  
t he  same as su rv ivo r s '  p e r c e n t  p r o d u c t i o n  to  40 weeks of 
age, on  wh ich  t he  c r i t e r ion  of se lec t ion  was  based,  b u t  
was  a co r re l a t ed  t r a i t .  This  m e a s u r e m e n t  was  used be-  
cause  t h e  e x t r a  l abo r  for  t r a p - n e s t i n g  t h e  i n d i v i d u a l  
pu l l e t s  in  t he  t e s t  pens  was  n o t  ava i lab le .  

Within-Line Selection: A t o t a l  of t e n  b r e e d i n g  pens  
were used for  w i th in - l ine  se lec t ion in t h e  Cornel l  Control ,  
t h e  P u r d u e  Pool  a n d  t he  c ross-bred  f o u n d a t i o n  (PCias) 
popu la t ions .  E a c h  sire was  m a t e d  to  s even  dams .  An  
effor t  was  m a d e  to  h a v e  ava i l ab l e  t e n  female  a n d  two  
male  p r o g e n y  f rom five of t he  seven  d a m s  m a t e d  to  each  
sire. Thus ,  a t o t a l  of 500 female  a n d  100 ma le  p r o g e n y  
were s aved  pe r  g e n e r a t i o n  in each  pu re  l ine.  

T h e  c r i t e r ion  of se lec t ion  for females  was a n  i n d e x  
based  on  t h e  sire a n d  d a m  fami ly  m e a n s  a n d  i n d i v i d u a l  
records  as p r e sen t ed  b y  Osborne  (1957a),  a n d  in ma les  
was  a n  i n d e x  b a s e d  on  sire a n d  d a m  f a m i l y  m e a n s  as 
s h o w n  b y  Osborne  (1957b),  b o t h  modi f ied  for  f in i te  
number s .  One  son  was  se lec ted  for  b r e e d i n g  f rom each  
of t he  t e n  d a m  famil ies  w i t h  t he  h ighes t  i ndexes  or  f rom 
t h e  be s t  20 p e r c e n t  of t h e  d a m  families.  I n d i v i d u a l  
i ndexes  of t h e  500 female  p r o g e n y  in each  p o p u l a t i o n  
were r a n k e d  a n d  t h e  bes t  70 pu l l e t s  were se lec ted  for  
m a t i n g ,  or a b o u t  14 p e r c e n t  of t he  popu l a t i on .  

The  b i rds  se lected a n d  m a t e d  to  become  p a r e n t s  of t he  
n e x t  g e n e r a t i o n  in wh ich  se lec t ion  would  occur, also 
p r o d u c e d  p r o g e n y  for  l ine  tes ts .  T h e  pu re  l ine - t e s t  
p r o g e n y  were used to  p roduce  b o t h  rec iproca ls  of cross 
l ine - t e s t  p rogeny .  Because  of th i s  de l ay  in p r o d u c i n g  
t h e  cross p rogeny ,  gene t ic  gain  m e a s u r e d  in t h e  cross of 
t he  ids l ines  in  a n y  one  yea r  r ep r e sen t ed  one  g e n e r a t i o n  
less of se lec t ion  t h a n  in t he  pu re  l ines  a n d  rr crosses 
m e a s u r e d  a t  t he  same t ime.  

F o u n d a t i o n  p o p u l a t i o n s  were s u b - s a m p l e d  each  gener-  
a t i o n  to  p rov ide  pure - l ine  con t ro l  t e s t  groups .  These  
were mass  m a t e d  in t h e  t e s t  pens  to  p roduce  cross con t ro l  
p o p u l a t i o n s  for  t he  n e x t  gene ra t i on .  

Selection in Cross Progeny : A t o t a l  of 40 b r e e d i n g  p e n s  
were used for  rec iproca l  r e c u r r e n t  select ion,  20 for e ach  
reciprocal .  E a c h  p e n  c o n t a i n e d  one sire a n d  seven  d a m s  
of t he  oppos i te  s t ra in .  Fo r  p r o g e n y  tes t ,  t 3 p r o g e n y  were 
se lected a t  r a n d o m  f rom each  b reed ing  pen  to  t o t a l  260 
pu l l e t s  m e a s u r e d  for  each  reciprocal .  To p roduce  pure-  
l ine  p r o g e n y  of t h e  rec iproca l  r e c u r r e n t  se lected pa ren t s ,  
sires were e x c h a n g e d  a m o n g  b r e e d i n g  pens  such  t h a t  one  
sire a n d  seven  d a m s  of t he  same  s t r a i n  occupied  each  
b r e e d i n g  pen.  F r o m  t h e  pure - l ine  p r o g e n y  of each  sire, 
50 females  a n d  e igh t  males  were chosen  a t  r a n d o m  pro-  
v id ing  a t o t a l  of t ,000 female  a n d  160 ma le  p r o g e n y  pe r  
reciprocal ,  each  iden t i f i ed  b y  sire. These  pure- l ine  pro-  
geny  were he ld  u n t i l  t h e  super io r  sire famil ies  could  be  
iden t i f i ed  f rom t h e  p e r f o r m a n c e  of t h e  cross progeny .  

T h e  c r i t e r ion  of se lec t ion  was  sire cross p r o g e n y  mean .  
Sire m e a n s  were r a n k e d  a n d  t he  pure - l ine  p r o g e n y  of t he  
be s t  f ive of 20 sires in  each  rec iproca l  were selected.  
F r o m  each  of t he  se lected sires, 28 female  a n d  four  ma le  
p r o g e n y  were  p laced  in b r e e d i n g  pens  to  p roduce  b o t h  
cross p r o g e n y  (PrrCrr a n d  CrrPrr) for  se lec t ion  in t he  n e x t  
genera t ion ,  a n d  l ine - tes t  cross p rogeny  popu la t ions .  The  
r e m a i n i n g  p r o g e n y  of se lected sires were mass  m a t e d  to  
p roduce  pure  l ine - t e s t  pu l l e t s  (CCyr a n d  PPrr). 

Predict ion of  Genetic Gains 

T o  p r e d i c t  t h e  g e n e t i c  g a i n  (AGT.c) in  a n y  t r a i t  T 
f r o m  s e l e c t i o n  o n  a n y  c r i t e r i o n  C, t h e  f u n d a m e n t a l  
e q u a t i o n  is 

A G r . c  = Z~Pc /3~ ;~  = Z ~ P c o ~ ,  O) 
Pe 
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where A P c  = iape is the phenotypic selection differ- 
ential in the criterion, fiG,Po is the regression of the 
breeding values for the trai t  T in which improvement  
is desired on the phenotypes of the criterion of selec- 
tion C, ra,po is the correlation between the breeding 
value for the trai t  and the phenotype of the criterion 
and aaT and aPo are the genetic and phenotypic stan- 
dard deviations of the trai t  to be improved and the 
criterion of selection respectively. 

When gain in one sex of progeny results from 
selection in both sexes of parents,  the predicted 
genetic gain in the progeny is the average of the pre- 
dicted breeding values for the trai t  T of the two 
sexes of parents  when selected for the criteria Cr 
and C,, which may  or m a y  not be different for the 
two sexes. For example, predicted genetic gain in 
a trai t  T in female progeny from selection in male and 
female parents  for the selection criteria Cr and C, 
would be expressed as 

AGT,.C~C, -- 12 [AGr,.c~ + AGT,.C~] . (2) 

Predicted Genetic Gain / tom Within-Line  Index Selec- 
tion (ids) : The criteria of selection for female (C,) and 
male (Cs) parents under ids were indexes ( I ,  and Is) 
based on individual record plus sire and dam family 
averages. For these criteria, equation (2) is expressed 
a s  

1 [i--(~. I~G2"I ~ Mr- ';(YPI~G~PI$]' AGT~.CsC ~ = 

7 aG T ~_ ~ PI~RGrPI~ api ] 1 ~ ff aGT , 
= 2 "t$ffPIf~RGTPIft (IP~I; ,~A 

(3) 
When standardized for tile selection intensi ty and 
the genetic variance, the genetic gain is equal to the 

correlat ion,  where the coefficients of the R values 
are the relative selection intensities applied to the 
two sexes. 

For finite populations, the expected multiple corre- 
lations (RGrPIg, RGfPI, ) between the breeding values 

for the trai t  and the phenotypes of the criteria 
(indexes) for selection of female and male parents are 
similar to those derived by  Osborne (t957 a, b), as 
presented by  Kinney et al. (t970). 

Predicted Genetic Gain [rom Reciprocal Recurrent 
Selection (rr): For this method, the criterion of selec- 
tion was the  sire family phenotypic average of cross 
progeny (P~) for the trait  to be improved. Twenty  
sires of each line were mated  to seven females of the 
other lines and approximate ly  t3 cross progeny were 
measured. The purebred male and female progeny 
of five selected sires in each line were used for cross 
mat ing the next generation. The genetic gain in 

cross performance from one generation of selection 
is the average change in the crossbred breeding values 
of the pure lines resulting from reciprocal recurrent 
selection. Then equation (2) can be written as 

1 
AGT~.C~C? = ~ [AGppr, + AGccrr] 

2 

(4) 
I t  is assumed tha t  these regressions and phenotypic 
s tandard deviations are the same in the two recipro- 
cals, since reciprocal effects have been shown to be 
negligible. In this case, equation (4) reduces to 

ipc @ icp 
AGT,.C~C, = - - 2 (~Pb'DG~'Ps ' 

-i-vc + [cP %r  
--- 2 aPsOGTp-b; - -  ~ (5) ap~ 

The regression of the breeding value in the cross (7") 
of a single individual in the pure line on the sire mean 
of the crossbred progeny (5) is, 

hl [ n ] 
= 4 tl  + ( n -  1) rhg ' (6) 

where the subscript, x, indicates tha t  the heri tabil i ty 
involved is tha t  for cross performance and not that  
for pure line performance. The correlation between 
these two variables is then, 

~G~v~ = vG~v~ ~ I + (n - 1) ~h~ ' (7) 

which is the formula for the correlation between the 
genotype of an individual not included in the family 
average and the family average phenotype.  

Calculated Heritabilities: Heritabi l i ty for prediction 
purposes was est imated for each selected line based 
on the sire components from the usual hierarchal 
analysis of variance with unequal subclass numbers 
(Steel and Torrie, t960). Where reciprocal recurrent 
selection was employed, only the sires were identified, 
so estimates of heri tabil i ty were based on the sire 
components adjusted by  the method proposed by  
Bohren, McKean and Friars (1965), for the situation 
where only one parent  is identified. These estimates 
were averaged over six generations for each line and 
are listed as predicted heritabilities in Table 5. For 
the three populations selected within-line, the Cornell 
Control had the highest heri tabil i ty and the Purdue 
Pool the lowest. The population selected on the 
within-line method from the crossbred foundation 
(PCid~) had a heri tabil i ty intermediate between the 
two parent  populations. On the other hand, estima- 
tes of heritabil i ty based on sire components when 
the males were mated  to females of the opposite line 
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(C,,P,, and P,,Cy,) were about two percent higher 
than the est imates for either PCids or the average of 
the est imates for the two pure lines. 

Assumptions/or Prediction o/Genetic Gains: Observ- 
ed phenotypic  response to selection, or realized re- 
sponse (AP), is est imated as the change in the pheno- 
typic mean resulting from t generations of selection, 
and in closed populations of finite size consists of two 
parts.  The first is tha t  change in phenotype due to 
selection (ziPs), the value of which is assumed to be 
the genetic gain (ziG), while the second par t  is the 
effect on the phenotype due to inbreeding depression, 
or A P  = ziPs + APF. In populations having m a n y  
deleterious recessive genes, the inbreeding depression 
from homozygosi ty  due to random drift could be 
larger than the genetic gain, yielding a negative phe- 
notypic response to selection. The two terms are not 
independent.  Homozygosi ty  resulting from chance 
fixation ra ther  than selection will reduce the gains 
per generation and the limits of selection by  reducing 
the genetic variance (Robertson, 196t), which is 
a direct effect on the genotypic variance. On the 
other hand selection may  hasten the fixation of un- 
desirable recessive alleles linked to desirable alleles 
being selected, which would further reduce the effec- 
t ive population size below the actual number  of 
parents,  leading to even greater  increases in homo- 
zygosity when compared to unselected controls (Ro- 
bertson, t960; La t te r  and Robertson, 1962). 

No method of est imating the proport ionate  effects 
of genetic drift and inbreeding depression on the 
response of a single population is available, even when 
considering deviations from controls in the estima- 
tion of the response. Therefore, in predicting response 
to selection by  equations (3) and (4), it is assumed 
tha t  no inbreeding and no inbreeding depression 
occurs, and tha t  the phenotypic  correlation between 
family members  is entirely due to the genetic correla- 

tion between them. The failure of these assumptions 
would result in overpredietion of the observed re- 
sponse. 

R e s u l t s  

The line test  means for the selected populations 
and crosses and the cumulative realized genetic gains 
from the six generations of selection are presented in 
Table 2. Cumulative genetic gains to each generation 
are deviations from the control having similar genetic 
composition. These values are presented as angles 
ra ther  than percentages because they  more nearly 
approach a normal distribution on which selection 
theory is based. 

The means for the twelve s t ra in-method combina- 
tions shown in Table t were first subjected each 
generation to an analysis of variance similar to tha t  
reported by  Saadeh et al. (1968) and presented in 
Table 3. The differences in results at the two stations 
could largely be a t t r ibuted to difference in perform- 
ance between the Purdue Pool population and the 
Rhode Island Red strain used in the Kansas Experi- 
ment.  These analyses do not provide a good com- 
parison of the selection systems because the compa- 
rison is based on the means of the two purebred and 
the two reciprocal crosses developed under each 
system (S~ in Table 3) and no consideration is given 
to the expected responses. Since no replicated lines 
were measured, the error te rm in this analysis does 
not contain, the effect due to genetic drift, so tha t  
tests of differences between strain means would be 
more likely to be significant. Conversely, lack of 
statistical significance would be strong evidence tha t  
no real differences exist. 

In spite of these deficiencies, several impor tan t  
points may  be derived from this analysis. First, the 
similari ty of the results in the two experiments 
strengthens the conclusions to be drawn. Secondly, 

Table 2. Line test population means and genetic gains (as angles in degrees) for six generations in pure lines and crosses 
selected for percent egg production by within line and reciprocal recurrent selection 

Generation"CCids PPids (CCids + PPids) PCisd (CidsPids + .PidsCids) CCrr ~OPrr (CCrr @ PPrr) (CrrPrr + PrrCrr) 

t 54.31 45.10 49.70 49.07 
2 54.59 45.07 49.83 47.08 
3 53.85 40.72 47.28 45.82 
4 58.49 45.63 52.O6 48.35 
5 53.52 41.49 47.50 43.83 
6 52.98 39.75 46.36 44.86 

1 2.74 0.06 
2 6.58 3.07 
3 4.73 2.14 
4 6.52 --1.39 
5 6.13 --1.52 
6 4.97 --3.50 

2 2 2 

Means 

51.30 49.71 45.92 47.82 49.80 
49.35 45.59 42.54 44.06 47.30 
48.28 47.99 40.44 44.22 46.76 
54.56 49.94 41.77 45.86 50.48 
50.46 45.78 40.83 43.3O 48.16 
50.41 44.t2 37.50 40.82 49.14 

Deviations from controls (genetic gains) 

t.40 0.77 2.02 --1.86 0.88 --0.49 
4.82 2.08 1.55 --2.42 0.54 --O.94 
3.44 1.97 1.08 --1.13 1.86 0.36 
2.56 --1.14 2.79 --2.03 --5.25 --3.64 
2.30 --1.37 4.25 --1.61 --2.18 --1.90 
O.74 --O.77 3.83 --3.89 --5.74 --4.82 

0.53 
--0.49 
--0.44 
- -  1.29 

1 . 9 6  
2.56 
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Table 3. Analysis of variance of hen-day percent production (as angles in degrees) after each of six generations of selection 

Source of variation d.f. Mean squares for generations and years 

t 2 3 4 5 6 
1961 1962 1963 t964 1965 1966 

Strain-methods 11 40.0** 58.4** 100.0"* 109.2"* 72.8** 106.6"* 
Selection Systems (S) 2 

Control vs. Sel. ($1) I 10.0 20.4* 16.5" .1 36.5** 4.5 
ids vs. rr ($2) 1 28.7** 152.8"* 52.7 261.9"* 105.6"* t l6 .3"*  

Breeding Types (T) 3 
Strains (A) t 317.8"* 287.7** 812.3"* 565.9** 380.8** 504.5** 
Heterosis (B) 1 34.5* 51.4"* 78.8** 148.4"* 129.7"* 295.5** 
Reciprocal (C) 1 6.3 12.7 28.1"* 29.7* 6.8 1.8 

T x S  6 
S 1 x A 1 .] .1 .1 52.5** 28.2** 44.3** 
S 2 • A 1 36.9** 52.3** 39.0** 28.6** 62.7** 54.8** 
S 1 X B 1 2.2 6.7 8.2 5.7 28.1"* 91.5"* 
S 2 • /3 t .4 34.6* 6.0 10.8 9.1 45.9** 
S 2 X C 1 .2 15.5 2.2 4.5 3.6 13.3 
S 2 • C 1 2.9 8.0 56.3** 92.8** 9.6 .2 

Houses 3 14.6 4.6 31.9"* 4.4 73.4** 24.3* 
Houses • Strains 33 2.8 7.1 4.4 4.9 3.0 4.5 
Within Houses and Strains 12 6.4 3.8 2.8 5.3 2.5 6.0 
Total  59 

* Significant at the .05 probability level. 
** Significant at the .01 probability level. 

no s igni f icant  differences were obse rved  be tween  reci-  
p roca l  crosses, so only  the  average  values  of reci-  
p roca l  crosses are p resen ted .  Whi le  heteros is ,  de f ined  
as the  difference be tween  the  mean  of the  two pure  
l ines and  t h a t  of the  two rec iproca l  crosses inc reased  
over  genera t ions ,  the  i n t e r ac t i ons  of se lect ion me-  
t hods  b y  heteros is  were no t  s igni f icant  in e i ther  ex- 
pe r imen t  un t i l  the  las t  genera t ion .  This  lack  of in te r -  
ac t ion  suggests  t h a t  he teros is  deve loped  u n d e r  the  
wi th in- l ine  se lect ion m e t h o d  as r a p i d l y  as unde r  reci-  
p roca l  r ecur ren t  select ion,  which  was the  on ly  m e t h o d  
expec ted  to  select  for he te ro t i c  effects.  If  rec iproca l  
r ecu r ren t  select ion was increas ing  ove rdonf inan t  ef- 
fects in t he  crosses, he teros is  would  be expec t ed  to  
increase  mos t  r a p i d l y  under  th is  me thod .  Whi le  the  
he teros is  effects  were s o m e w h a t  la rger  u n d e r  RRS,  
e x a m i n a t i o n  of the  genet ic  gains  in Table  2 ind ica te  
t h a t  th is  was due to  a decrease  in ga ins  in the  pure  
l ines resu l t ing  f rom inbreed ing  depress ion,  r a t h e r  
t han  as a consequence  of g rea t e r  gain  in the  R R S  
crossbreds  due to  ove rdominance .  

I t  was i n t e n d e d  to select  as in t ense ly  as each me-  
t h o d  would  pe rmi t .  If  the  bes t  20 percen t  of the  
males  and  14 pe rcen t  of the  females h a d  been se lec ted  
as p l a n n e d  unde r  WLS,  the  expec t ed  s t a n d a r d i z e d  
select ion d i f fe ren t ia l  or select ion i n t e n s i t y  in males  

would  have  been 7~ = t .4  and  in females  ~ = t .59 
s t a n d a r d  dev ia t ions .  This  would  have  resu l ted  in 
cumu la t i ve  select ion in tens i t i es  for six genera t ions  of 
8.4 and  9.5 s t a n d a r d  dev ia t ions  in males  and  females,  
respec t ive ly .  S imi lar ly ,  if the  bes t  25 percen t  of the  
sire progenies  had  been se lec ted  under  RRS,  the  
theo re t i ca l  select ion i n t e n s i t y  would  have  been t .27  

s t a n d a r d  dev i a t i ons  in one genera t ion  and  7.6 in six 
genera t ions  for each sex. 

The  rea l ized or  obse rved  se lec t ion  i n t e n s i t y  was 
o b t a i n e d  b y  d iv id ing  the  obse rved  select ion differen-  
t i a l  b y  the  p h e n o t y p i c  s t a n d a r d  dev ia t ion ,  the  observ-  
ed select ion d i f fe ren t i a l  be ing  the  difference be tween  
the  mean  of the  se lec ted  pa r e n t s  and  the  mean  of the  
popu l a t i on  f rom which t h e y  were selected.  The cu- 
m u l a t i v e  select ion in tens i t i e s  o b t a i n e d  in th is  m a n n e r  
a long w i th  the  average  p h e n o t y p i c  s t a n d a r d  dev ia -  
t ions  for the  select ion c r i te r ia  in all  se lec ted  popu la -  
t ions  are shown in Table  4. The observed  va lues  are 
lower t h a n  the  theo re t i ca l  values ,  as expec ted .  T h e y  
are abou t  82 percen t  of the  theo re t i ca l  values  and  the  
r educ t ions  are a b o u t  the  same for the  two methods .  

Table 4. Average phenotypic standard deviations for the 
selection criteria in each sex for each of the selected popu- 
lations and the cumulative standardized selection differ- 
entials for the six generations of selection in each popu- 

lation 

apo X i  apo X i  

CCids 2.84 6.28 3.67 7.58 
PPids 3.25 7.20 4.04 8.13 
PCids 3.27 7.15 4.05 7.55 
CCrr 3.50 6.20 3.50 6.20 
PPr,  3.89 6.31 3.89 6.31 

F o r  six genera t ions  of select ion,  an average  of 7.32 
s t a n d a r d  dev ia t ions  of se lect ion were app l i ed  in the  
wi th in- l ine  m e t h o d  and  6.26 s t a n d a r d  dev ia t ions  of 
select ion were app l i ed  b y  the  rec iprocal  r ecu r ren t  

Theoret. Appl. Genetics, Vol. 44, No. 8 



R. E. Calhoon and 13. ]3. Bohren: Genetic Gains fronl Reciprocal Recurrent and Within-Line Selection 369 

Table 5. Predicted and realized genetic gains, correlations between the breeding value for the trait percent production and 
the phenotypes of the different criteria of selection, heritabilities and inbreeding (F) after six generations of selection. 

Confidence intervals (95%) are given for genetic gains and heritabilities 

Genetic gains (AG)T Correlation (rGree) Heritability (h 2) 

Lines & Predicted Realized Predicted Realized Predicted Realized Inbreeding 
crosses (P) (R) R/P (F) 

CCias 14.02 4.97 __ 2.65 .354 .5358 .1898 .148 .042 + .032 0.114 
Pl'~as 12.51 --3.50 _+_ 1.96 --.280 .4855 --.1359 .t01 --.022 i .012 0.t38 
PCids 15.40 --0.77 • 1.88 --.112 .5150 --.0575 .128 --.010 • .013 0.132 
CiasPias 10.56 3.83 --q- t.15 .362 .5110 .1842 .036 -1:.011 0 
PidsCids 
CC,r 7.7O --3.89 + 2.80 --.505 .3452 --.1663 --.o49 + .035 0.117 
PPrr 7.39 --5.74 • 2.85 --.777 .3313 --.2182 --.128 -t- .064 0.123 
CrrPrr 7.55 2.57 ___+ 1.41 .340 .3385 .1046 .152 .056 ~ .025 0 
PrrCrr 

selection method. The within-line method is favored 
by 1.06 s tandard deviations over the six generations. 

Tile predicted genetic gains based on substi tut ion 
into equation (3) for the ids populations and into 
equation (4) for the rr populations are presented in 
Table 5. The realized genetic gains after tile six 
generations of selection are also shown in Table 5 
along with their 95 % confidence limits, derived follow- 
ing the logic presented by  Hill (1971) and including 
the effect of genetic drift. None of the confidence 
intervals included zero, except tha t  for the PCia~ line. 
In general, the positive responses of CCia~ and the 
crosses are significantly different from those of the 
remaining four populations having negative gains. 
The confidence intervals for the three positive re- 
sponses overlap, indicating tha t  no significant differ- 
ence between them exists. The same is true of the 
confidence intervals for the four negative responses. 

The ratio of realized to predicted response (R/P) 
is negative for the four pure lines showing negative 
response. Of greater  interest is the average ratio for 
the within-line (.363) and reciprocal recurrent selected 
(.340) cross populations. These values are not very 
different from each other or from the ratio for the 
within-line selected Cornell Control (.354). These 
figures are quite sinfilar to tha t  reported by  Kinney 
et al. (1970) of .34 from another  set of samples of the 
same CCie~ population as reported here. Since the 
lat ter  figure is based on measurements  of the selected 
trait ,  while the figure reported in this s tudy is for the 
measurements  on a correlated trai t ,  the similarity of 
these ratios indicates tha t  the correlation between 
these measurements  was high, and use of the correlat- 
ed measurement  should not interfere with compari-  
sons between the selection systems. These workers 
reported a higher ratio of realized to predicted gain 
of .7t for the case of individual selection in females 
for the same trait .  

I t  is not possible to distinguish whether the low 
values of this ratio are due to restrictions on gains 
brought about by  the effect of homozygosi ty result- 
ing from random drift, inbreeding depression, or to 
the fact tha t  the penotypic correlations between 

family members  may  include causes other than gene- 
tic relationship. Common family environmental  ef- 
fects would not be expected to be large for this t rai t  in 
these populations since individuals were mixed at 
random for both  selection and line evaluation. On 
the other hand, the calculated coefficients of inbreed- 
ing (Table 5) increased about  two percent per gener- 
ation. Also, the fact tha t  response in four of the 
five pure lines was negative suggests tha t  inbreeding 
effects were quite large. Crosses of selected pure lines 
with controls should be used to measure half of the 
response to selection, unbiased by  inbreeding de- 
pression. 

The realized correlations between the trai t  under 
selection and the criteria of selection (r~ r Pc), along 
with their predicted values are presented in Table 5. 
These correlations, obtained from equations (3) and 
(5) are of part icular  interest as they are the responses 
in s tandard deviations of the trai t  (T) from one stan- 
dard deviation of selection on the criterion of selection 
(C). The average correlation for the reciprocal crosses 
of the WLS group (.1842) was similar to that  for the 
pure Cornell Control line (.t898) and larger than the 
average for the reciprocal crosses of the RRS popula- 
tions (.1046), but  the difference is not significant. 
Confidence intervals on these values resulted in inter- 
pretat ions similar to those for the unstandardized 
genetic gains. 

Realized heritabilities and their 95% confidence 
intervals are also presented in Table 5. These were 
obtained from the correlations by  substi tution of the 
mean number  of sires, dams and progeny measured 
into equations (3) and (7) and solving for h 2. The 
realized values are still much smaller than those pre- 
dicted. Here the estimates from the RRS crosses 
average larger (.056) than those from the crosses re- 
suiting from WLS (.036) and much larger than the 
average of the two pure lines used in the crosses (.01). 
The est imate for the CCia~, however, was inter- 
mediate between those from the two pairs of recipro- 
cal crosses. 

If reciprocal recurrent selection is superior to 
within-line selection, it would be a result of bet ter  
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utilization of non-additive genetic variance, particu- 
larly overdominance. Consequently, if large amounts 
of dominance or overdominance were present, and 
heritabili ty was estimated on crossbred progeny per- 
formance, the heritabili ty should be greater than if 
the heritabili ty estimates were based on purebred 
progeny performance. The estimates based on sire 
variance components from cross populations are 
about three percent larger than the average of the 
estimates from the pure lines. The realized heritabili- 
ties are also somewhat larger from the reciprocal 
recurrent selection lines, but  the differences are not 
significant since the confidence limits overlap. 

Discussion 

Several laboratories have conducted empirical 
comparisons of reciprocal recurrent and within-line 
selection. Different experimental designs at different 
laboratories have led to conclusions being based on 
somewhat different comparisons between selection 
methods. Rasmuson (1956) and Kojima and Kelle- 
her (t963) compared the average of two within-line 
selected pure populations to the average of the two 
reciprocal recurrent selected crosses. Bell, Moore and 
Warren (1955) and Bell and Moore (1972) compared 
the response to reciprocal recurrent selection in two 
reciprocal crosses of two populations, each derived 
from four different laboratory stocks to response 
from within-line selection in a single population deri- 
ved from the same eight laboratory stocks. On the 
other hand, when ids is compared with rr either in the 
report of Saadeh et al. (1968) or in the present s tudy 
(S~ in Table 3), the means being compared are the 
averages of four populations, the two pure lines and 
their reciprocal crosses in each breeding method. I t  
is clear that  the results of these and other studies are 
not comparable, and that  the most appropriate com- 
parison of the two methods should be considered. 

Selection response in pure lines of small effective 
numbers would be reduced (Robertson, 1960) due to 
the effect of random gene fixation, not  only at the 
limit, but  in each generation. Shultz (1953) found 
that  genetic gains were being made even when popu- 
lation means were declining due to inbreeding. The 
gains were able to express themselves only when the 
inbred lines were crossed. This may be a small 
effect for body weight in large populations of Tribo- 
l ium,  as claimed by  Bell and Moore (1972), but  could 
be a large factor for heterotic traits such as egg pro- 
duction in Drosophila and in poultry. Rasmuson 
(1956) found enough heterosis for egg production in 
Drosophila to more than offset the advantage found 
for reciprocal recurrent selection when the rr crosses 
were compared to the within-line selected pure lines. 
Some heterosis was found for egg production in the 
zero generation of the present study, and it developed 
rapidly under both methods of selection. An increase 
in heterosis was also observed by  Saadeh et al. (1968). 

This suggests that  when comparisons are made be- 
tween the means of crosses from one method and the 
means of pure lines from the other method of selec- 
tion, two things are being measured, (t) the differ- 
ence in the real genetic gains due to selection, plus 
(2) the heterosis in the cross, or conversely the in- 
breeding depression in the purebreds. 

If the same comparison is made in the present data  
from Table 2, as that  made by  Kojima and Kelleher 
(t963), the result is ~7rr cross-X-iris pure values (Col. 
9 -- Col. 3) of 0.10, --2.53, --0.52, --1.58, 0.66 and 
2.78 in the six generations. On this basis it would 
appear that  by the sixth generation the rr method had 
caught up with and passed the gains made by  ids 
selection, as predicted by  Bell and Moore (1972). If 
comparison is made on the same basis as that  used by 
Bell and Moore (t972) and Bell et al. (1955), the result 
is for Xr, cross --  PCids pure values (Col. 9 -- Col. 4) 
which are 0.73, 0.22, 0.94, 2.13, 4.33, and 4.28 over 
the six generations. In all generations the rr cross 
performance is superior and the superiority is increa- 
sing over generations. Again, however, the effect of 
heterosis and that  of the selection systems is com- 
pletely confounded. 

On the other hand, if the crosses produced by both 
breeding methods are compared as Xr, cross -- )(ids 
cross (Col. 9 -- Col. 5), the differences of -- t .50,  
--2. t0,  -- t .50,  --4. t0,  --2.30, and - - t .30  for the six 
generations show little or no trend, even though the 
fourth and fifth generation differences are significant 
(P ~ .05). A similar comparison of X=,, cross --3~as 
cross presented by Saadeh et al. (1968) yields 2.71, 
--4.53, --4.63, --1.85, --4.86, 0.20 for the six genera- 
tions, again showing no t rend in the amount of 
superiority of one method over the other. Clearly 
much of the superiority of rr to ids when comparing 
genetic gains in crosses with those in pure lines is due 
to inbreeding depression which places the within-line 
selected populations at a disadvantage. 

While a number of comparisons between the two 
breeding methods are possible, only the comparison 
of the crossbred progeny produced by  the two me- 
thods compares the genetic gains with a minimum 
of confounding with inbreeding or heterosis effects. 
In addition to the scientific validity of this compari- 
son, it is also of practical interest, since commercial 
chicks are crosses. The desirability of comparing the 
means of the crosses produced by the two methods of 
selection has also been recognized, by Vinson, Eisen 
and Robison (1969) and by  Biswas, Chapman, First 
and Self (197t). This same principle applies when 
comparing selected pure lines where the effective 
population sizes differ. In this case it is necessary to 
compare the crosses of the selected lines with a com- 
mon tester line, such as the control, in order to get 
an estimate of the genetic gains unbiased by  unequal 
inbreeding depression effects. This would have been 
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a desirable procedure in the s tudy of Kinney et al. 
(1970) in which the comparisons would have been 
between unbiased estimates of half of the genetic 
gains resulting from the different selection techni- 
ques. 

Accurate extrapolation of the responses from these 
two selection methods to future generations seems 
unlikely. In tile first place, the nature of the genetic 
variance present is not known, although some addi- 
t ive genetic variance must  be present as shown by  
the gains in the CCid, line and the ids crosses. Non- 
additive genetic variance must  also be present as 
indicated by  the inbreeding depression in the Purdue 
Pool lines and the lack of response in the pure lines of 
the rr selection method. According to Comstock et al. 
(1949) reciprocal recurrent selection has the greatest  
advantage over within-line selection when genetic 
variance due to overdominance is present. While 
some overdominant  loci may  be present, no evidence 
of overdominant  loci affecting egg production has 
been presented, and little evidence of any specific 
combining ability has been shown among selected 
strains and lines for egg production in the fowl (see, 
for example, Eisen, Bohren, McKean and King, 1967 
a, b). 

Secondly, in order to make additional genetic gains 
ill the crosses by either selection method,  genetic 
variance must  continue to exist in the pure lines, and 
the pure lines must  continue to be able to reproduce. 
The reproductive performance of the pure lines, part i-  
cularly the Purdue Pool which was poor to begin 
with, has reached a point where it could have a limit- 
ing effect on gains from selection. I t  is doubtful  
whether the gains from the RRS system could over- 
take those for the WLS system before the reduced 
genetic variance and reproductive fitness in the 
RRS pure lines would become a limiting factor. The 
effective population size for the RRS system in this 
s tudy was about  half tha t  for the WLS system (17.5 
vs. 33.3). If total  facilities had been equalized, the 
difference in effective population size would have 
been even greater  (17.5 vs. 66.7). 

A striking feature of these results is the negative 
genetic gains occurring in four of the five pure lines. 
Such a response in the pure lines might be expected 
under RRS if the regression of the pure line perform- 
ance on the cross line performance was negative. 
But,  this explanation would not apply to the negative 
response of the Purdue Poole or the PCid~ line under 
WLS. 

A hypothesis of a large number  of loci with com- 
plete dominance and being deleterious when homo- 
zygous recessive, seems to explain most of the facts 
observed in this experiment.  Under within-line selec- 
tion, both  the PPids and PCias lines had negative 
gains while the CCids had the largest genetic gain of 
any  selected population. The foundation lines of the 
CC population were all highly selected commercial 
strains and m a n y  undesirable recessive genes could 

have been eliminated. On the contrary,  the Purdue 
Pool strain was developed from stocks relatively un- 
selected for egg production, and several of the strains 
incorporated were of exhibition stock. Consequently, 
m a n y  undesirable loci were segregating and the initial 
performance of the Purdue Pool strain was low. 
At tempts  to inbreed the Purdue Pool proved unsuc- 
cessful. 

If  the difference in the number  of deleterious reces- 
styes was the only factor involved, the gains in the 
PC~,~s line should have been intermediate  between 
those for the PPids and the CCids lines. They were 
however, closer to the gains in the PPids line. This 
reduced gain in PCids could be due to the effect of 
initial linkage disequilibrium on response to selection, 
since selection was s tar ted in the initial cross of the 
two control lines. The deviation of these gains in 
PCids (--.77) from the exact intermediate value (.74) 
was not so large, however, tha t  it could not be due to 
genetic drift. 

Both of the pure lines produced by  RRS had nega- 
t ive genetic gains. This type of response is sometimes 
cited as evidence of selection for overdominant  gene 
effects in the cross. This could be the explanation in 
the present case. However, a similar result could 
occur in such small populations in the presence of 
only simple dominance, as hypothesized. Within-line 
selection would tend to maintain the frequency of the 
favorable dominant  alleles at high levels in the pure 
lines, minimizing the number  of homozygous recessive 
individuals in the population. Selection in the Pur- 
due Pool line was not able to surmount  the effects of 
the initial high frequency of undesirable recessive 
alleles and the changes in phenotype became negative 
after the third generation. Under reciprocal recurrent 
selection, the selection pressure was directed toward 
having at least one dominant  allele at each locus in 
the cross, so there was less pressure to keep the fre- 
quency of the desirable dominant  alleles high in the 
pure lines. In addition, after a dominant  allele is 
fixed in one line, no selection would be applied to 
tha t  allele in the other line. The gene frequency at  
such loci would drift at  random and m a n y  would 
become homozygous for the undesirable recessive. 
The two pure lines declined about  the same amount  
under RRS, and the facts tha t  a decline occurred in 
the PP~d~ but  not in CCids, and tha t  heterosis devel- 
oped at equal rates under both  selection methods 
argues for simple dominance and against overdomi- 
nance as an explanation of this decline. 

I t  is reasonable to conclude tha t  the magnitude and 
direction of the differences observed in this experi- 
ment  are explainable on the basis of genetic theory, 
in spite of the fact tha t  some of the differences are 
not statistically significant. On this basis it could be 
concluded that ,  given equal selection intensi ty and 
identical selection criteria, RRS may  be slightly 
superior to WLS for improvement  of this t rai t  be- 
cause of the larger calculated and realized heritabili- 
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t ies  in the  cross popu la t ions ,  as expec ted  when non-  
add i t i ve  va r i ance  is present ,  even t hough  this  differ-  
ence is no t  s t a t i s t i c a l l y  s ignif icant .  A t  the  o the r  
ex t r eme  in a p rac t i ca l  s i tua t ion ,  however ,  the  me thods  
would  be c o m p a r e d  on the  bas is  of equal  faci l i t ies ,  
such as equal  number s  of b reed ing  pens  and  or pro-  
geny  ho ld ing  capac i ty ,  in which  to  select  two pure  
l ines for subsequen t  crossing as proposed .  Then  the  
a d v a n t a g e s  of W L S  would  ou twe igh  a n y  a p p a r e n t  
a d v a n t a g e  of R R S  because  of the  g rea te r  p o t e n t i a l  
select ion in t ens i ty ,  la rger  cor re la t ions  be tween  the  
b reed ing  va lues  and  the  possible  c r i t e r ia  of select ion,  
a n d  because  of hav ing  th ree  to  four  t imes  as large  an 
effect ive popu l a t i on  size in the  pure  lines. The  l a t t e r  
would  be a m a j o r  d e t e r r e n t  to  the  r e l a t ive  long t e r m  
progress  b y  R R S  due  to  r educ t ion  of genet ic  va r i ance  
in the  pu re  l ines b y  r a n d o m  dr i f t  r a t h e r  t h a n  b y  
select ion.  
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