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Summary. Because each population in a reciprocal re- 
current selection program can be dually described as a 
tester for its reciprocal and as a population subject to 
selection, selection progress can be partitioned into al- 
gebraic terms that are (a) unaffected by initial linkage 
disequilibrium, (b) modified exclusively by initial 
linkage disequilibrium in the selection populations, (c) 
influenced solely by initial linkage disequilibrium in 
the tester populations, and (d) modulated jointly by 
initial linkage disequilibrium in both populations. If 
only additive genetic effects are present in the inter- 
cross population, linkage disequilibrium affects selec- 
tion progress via only the selection populations. Initial 
linkage disequilibrium affects selection progress via 
the tester populations, and/or the selection and tester 
populations jointly, only in the presence of epistatic ef- 
fects for which, out of all alleles involved in the inter- 
action, two alleles emanate from the tester population. 
If only additive x additive epistasis is present, initial 
linkage disequilibrium affects progress via both the 
selection and tester populations, but the effect is per- 
manent via only the selection populations. The effect of 
initial linkage disequilibrium via the tester popula- 
tions, and/or the selection and tester populations 
jointly, is permanent only in the presence of additive x 
dominance and/or dominance x dominance epistasis in 
the intercross population. 

Key words: Corn - Zea mays L. - Linkage - Reci- 
procal recurrent selection - Recombination 

Introduction 

The reciprocal recurrent selection procedure was pro- 
posed by Comstock et al. (1949). The purpose of the 
scheme was to improve the intercross population, 
M x N, of two separately maintained populations, M 

and N. In this selection method, plants in population M 
are simultaneously self-pollinated and crossed as male 
parents, each to an equal number of randomly chosen 
plants in population N used as female parents. Like- 
wise, a number of plants in population N are simul- 
taneously self-pollinated, and each is crossed to an 
equal number of randomly chosen plants in population 
M. Equal numbers of kernels from each female crossed 
by a common male are bulked to form the testcross of 
each male parent. The number of female parents in 
each testcross is assumed to be large enough to reduce 
sampling error to an acceptable level. Consequently, 
each testcross is assumed to have resulted from the 
union of a random sample of gametes from a single 
plant from one or the other of the populations with a 
sample of gametes drawn at random from the entire 
gametic array of the reciprocal population. 

The testcrosses are evaluated in performance trials. 
Since all plants in each testcross are sired by a common 
male parent, the testcrosses are often called half-sib 
families. Consequently, in recent years, the selection 
method has received the adjuncted appellation of half- 
sib reciprocal recurrent selection (Hallauer and Mi- 
randa, Fo. 1981). Individual males from each popula- 
tion are selected on the basis of testcross performance, 
and the S1 progenies of selected individuals are separa- 
tely intercrossed by a procedure that approximates ran- 
dom mating to form the bases of populations M and N 
for the next cycle of selection and recombination. The 
crucial features of the procedure are that (a) each 
population serves as a tester for individuals in the reci- 
procal population, (b) individuals are selected on the 
basis of testcross, or half-sib family, means, and (c) S1 
progenies of selected individuals are recombined only 
within populations. Because halfosib family means are 
the units of selection, selection of individuals in both 
populations is made on the basis of general combining 
ability with the reciprocal population; and, because S 1 
progenies of selected individuals are recombined only 
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within each population, no genes are transferred be- 
tween populations. 

Griffing (1962) presented prediction formulae for 
gain from n cycles of reciprocal recurrent selection, fol- 
lowed by t generations of random mating without 
selection, for a two-locus model in which both popula- 
tions are initially at linkage equilibrium. The predic- 
tion formulae indicated that permanent shifts in gene 
frequency are solely a function of the additive effects 
of the genes in the intercross population. The formulae 
also revealed that, although additive • additive epi- 
static effects are instrumental in immediate response to 
selection, only those due to epistatic effects of genes at 
locus-pairs from the same population contribute. John- 
son (1982) developed prediction theory for progress 
from simple recurrent selection for a two-locus model 
that allowed for linkage disequilibrium in the initial 
gametic array of the population under selection and 
stipulated recombination of the self-derived progenies 
of selected parents. The theory suggested that initial 
disequilibrium permanently affects selection progress 
and that, if epistasis exists, additive x additive epistatic 
effects attributable to alleles from the population 
under selection are incident to the distortion. 

The purpose of this paper is to present prediction 
formulae for gain from reciprocal recurrent selection 
based on a two-locus model that admits initial linkage 
disequilibrium in both populations and requires re- 
combination of self-derived progenies of selected in- 
dividuals. The following assumptions applicable to 
truncation selection will hold: (a) individuals constitut- 
ing the top p percent of each population are selected 
each cycle on the basis of testcross performance; (b) 
the genetic effects at each locus-pair are small in com- 
parison to the standard deviation of testcross means; 
and (c) the phenotypic variability, due to environmen- 
tal and background genetic effects at numerous segre- 
gating loci, of testcross means is normally distributed 
with equal variance for each population. The assump- 
tion that genetic effects at each locus-pair are small in 
comparison to the standard deviation of testcross 
means implies that changes in the magnitudes of the 
genetic effects will be a relatively small and can reason- 
ably be ignored for a few selection cycles. Over a large 
number of cycles, changes in the magnitudes of the 
genetic effects could be appreciable and would cause 
the prediction formulae to become increasingly inac- 
curate. Consequently, the formulae to be presented are 
valid only for a few cycles of selection. 

gNo = ~ Prt Ar Bt (r = 1, 2 . . . . .  e; t = 1, 2 . . . . .  f), respec- 
tively, where Pik is the frequency of gamete Ai Bk 
(summation is over all subscripts unless otherwise in- 
dicated). Random union of gametes between arrays gMo 
and gNo produces the initial intercross population geno- 
typic array GMo• = ~ PikPrtAi Bk/ArBt. Let the 
genotypic value ofAi Bk/Ar Bt be denoted as 

Yikrt = ,U + 0q + flk + 0~r +/~t + 6ir + }'kt + gik + Eit + ~'rk 

+ eft + Zirt + r/krt + 27ikr + ~ikt -'F Ogikrt. (1) 

The parameters of the model (1) are the dually de- 
fined genetic effects (Stuber and Cockerham 1966) of 
an intercross population for which the parental gametic 
arrays gMo and gNo are in linkage equilibrium; i.e., Pik = 
Pi Pk, Prt = Pr Pt for  Pi = ~ Pik, Pk = ~ Pik, Pr = ~ Prt, - 

k i t 
and Pt = ~ Prt- With regard to the linkage equilibrium 

r 
intercross population,/1 is the mean; ~i and flk are the 
additive effects of alleles Ai and Bk, respectively; G 
and Ykt are the dominance effects attributable to the 
intralocus interactions within the allele duplexes (Ai, 
At) and (Bk, Bt), respectively; eik is the additive x addi- 
tive interaction effect attributable to the interlocus in- 
teraction within the duplex (Ai, Bk); rirt and r/krt are the 
additive • dominance interaction effects attributable to 
interactions within the triplets (Ai, Ar, Bt) and (Ar, Bk, 
Bt), respectively; and Ogikrt is the dominance • 
nance interaction effect attributable to interaction 
within the quadruplet (&, A~, Bk, Bt). Remaining pa- 
rameters have the obvious similar definitions. 

The mean of the initial intercross population in 
terms of the model (1) is 

,UMo• No = Z Pik Prt Yikrt = / /  + EM + EN + EMN, (2) 

where EM = Z dik gik , EN = Z .drt ~'rt , and ~'M N = 
Z dik Z:Jrt O)ikrt for dik : Pik -- Pi Pk and Art = Prt - Pr Pt. 

Random union of gametes within the arrays gMo 
and gNo produces the intrapopulation genotypic arrays: 

GMo • Mo = ~ Pik Pjl Ai Bk/Aj BI 

and 

GNox No = E Prt Psv Ar Bt/As By, 

respectively. The gametic arrays produced by Ai Bk/Aj B1 
and Ar Bt/As Bv are 

(1/4) [(1 +2) Ai Bk+ ( 1 - 2 )  Ai Bz 

+ ( 1 - 2 )  Aj Bk + (1 + 2) AjBI] 

and 

Theory 

Let the initial gametic arrays in populations M and N 
be gMo = ~ Pik Ai Bk (i = 1, 2 . . . . .  a; k = 1,2 . . . . .  b) and 

(1/4) [(1 + 2) Ar Bt+ (1 - 2) Ar Bv 

+ ( 1 -  2) AsBt+ (1 + 2) AsBv], 

respectively, where 2 is the linkage coefficient (Schnell 
1961). 
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Random mating of  individuals in population M with 
those in population N produces the genotypic array: 

G(MN) o = (1/16) ff'~ Pik Pjl Prt Psv [(1 + ),)2 (A i Bk/Ar Bt+. , .  

+ Aj Bi/As By) + (1 - 22) (Ai Bk/Ar By + . . .  

+ Ai B)/As By + Aj Bk/Ar Bt + . . .  + Aj B~/As Bt) 

+ (1 - )0 2 (Ai BI/Ar B~ + . . .  + Aj Bk/As Bt)]. 
(3) 

In terms of (1), the genotypic value of the progeny 
of the mating of  & Bk/Aj B~ with Ar Bt/As By is 

Yikj lr tsv = /A  -'F ( 1 / 2 )  (=q + f lk q- OCj + 1~1 + 0Or + f i t  -F O( s q- f ly) 

+ (1/4) ( 3 j r +  3 i s +  6 j r +  6is+ Ykt + ~'kv d- ~lt + ))Iv) 

+ (1/4) (1 + 2) (E'ik q- e 9 + Grt "F esv ) 

+ (1/4) (1 - 2) (en + ejk + e~v + e~t) 

+ (1/8) (1 + 2) (Z'irt + r/krt + "t'jrt + flirt + Z'ik r 

+ qikt + Z'iks + r]ikv + Z'isv + qksv + Z'jsv 

-{- ~'lsv -{- 27jlr -b ~]jlt q'- ~'jls q- /']jlv) 

+ (1/8) (1 - 2) (qr~+ qkrv+ r jrv+ rhr~+ rilr 

+ r/ilt + Til s + r]ilv + Tis t + rlkst + Tjst + r/lst 

q- ~'jkr q- qjkt q- rjks + F/jkv) 

+ (1/16) (1 + 2) 2 (COikrt + Ogiksv + (-Ojlrt -F (Djlsv) 

+ (1/16) (1 - 22) (Oikr~ + ~ikst + fOilrt 

+ fOilsv q'- (Djkrt q'- f.Ojksv + fDjlrv -I- (Ojlst) 

+ (1/16) (1 - 2) 2 (COilrv + ogils~ + OJjkrv + O~jkst ). 

(4) 
The mean of  the genotypic array (3) is then 

fl(MN)0 = Z Pik Pjl Prt Psv Yikjlrtsv 

= ~ + ~' E M + Ip, E N + qj2 --='MN, (5) 

where ~u= (1/2) (1 + 2). 
The genotypic arrays in populations M and N fol- 

lowing truncation selection of individuals based on 
testcross performance are 

GMo---- ~ Pik Pjl {1 + (K/2 0- 2) [(~i + ~' Z3 

+ (ilk + I//Hk) + (O~j + gt Z j) + (ill q'- It/HI) 

"4- ~ (elk "l'- W ~'2ik) -{- (l -- q/) (ell -b ~ ~'2il ) 

+ ( 1 -  I//) (ejk+ Ir ~Qjk ) + I//(ql + I//.-Qil ) 

- 2 ~, (E M + Ip, --'MN)]} Ai Bk/Aj BI, (6) 
and 

ffJNo = ~'~ Prt Psv {1 + (K/2 0. 2) [(~r+ ~'Zr) + (fit+ NHt) 

+ (0ts+ ~'Zs) + (f ly+ ~ 'H0 + ~u (e,t + ~Qrt) 

+ (1 -- ~') (err + ~ 12rv) + (1 -- tff) (est+ q/[2st) 

+ ~' (es~ + ~' f2~ 0 -- 2 ~' (EN + ~' ZMN)]} A, Bt/As By, 

(7) 

X 

X 

and 

respectively, where K is the selection differential, 0.2 
is the phenotypic variance of testcross means for 
both populations, Z i=  ZArt~-irt, H k -  Z Art ~krt, and 

rt rt 
~'~ik ~ Z Art (Dikrt, e tc .  

rt 

The gametic arrays produced by the selfed progeny 
of  selected individuals in populations M and N are 

gM, = Y', {[Pi Pk + ~0 Aik] [1 + (K/2 0- 2) 

x (~  + ~ Z~ + flk + ~' Hk)] 

+ ( 1 -  (O) ( K / 2 a  2) Pi ~ Aik [Cq + ~'Zi 
i 

+ ~u (eik+ q/s + ( 1 -  (O) (K/2 a 2) Pk 

x Z Aik [ilk + I//Hk + N (elk + I//-Qik)] 
k 

+ [(1-- I//) ( 1 -  (O) Pi Pk + Ip' (O (Pi Pk + ~ ik)] (K/2 0.2) 

X [~ik + I,/J ~ i k  ] -F ( l  --  I1/) (1 -- ~) (K/2 0. 2) Z A i l A j k  
jl 

[gjl -F q/~'-2jl ] -- [2 ~u 01 - tp) Pi Pk + q/(O (Pi Pk + Aik)] 

(K/2 0.2) [EM + ~u ZMN]} Ai Bk, (8) 

gN, = Z {PrPt+ (OA rt] [1 + (K/2a  z) (~r + gtZr+ fit + I//Ht)l 

+ (1 - (O) (K/2 0-2) Pr 

x Z Art [:Zr + I//Zr"l- I//(ert + I//Qrt)] 
r 

+ ( 1 -  (O) (K/2 a 2) Pt 

x ~, ~r,[/;, + ~,H,+ ~ (~,+ ~.~.)] 
t 

+ [ ( 1 -  ~) ( 1 -  (O) p, p t+  ~' (O (p~pt + A,t)] 

x (K/2 a 2) [~rt + ~' ~n) ]  

+ ( 1 -  ~') ( 1 -  (O) (K/2 0. 2) ZarvAst[Ssv+ Ig L"2sv ] 
SV 

- [2 ~, (1 - (O) Pr Pt + tF (O (Pr Pt + A rt)] ( K / 2  0 "2) 

x [EN + ZMN]} Ar Bt, (9) 

respectively, where (O = (1/2) [1 + (1/2) ;t (1 + 2)]. 
If second order terms are ignored, the gametic ar- 

rays produced after n cycles of  selection followed by m 
generations of  random mating in each population with- 
out selection is 

g Mn- m = Z ([Pi Pk + g tm (on A ik] [ l "l'- (V J 2  0-2) 

x {n (~i + ilk) + ~UTz (n) (Zi + H0}] 

+ Pi ( K/2 ~ Z Aik [{rt (n) - n  ~m (on} {~i .j_ ir } 
i 

-I- /ff ~ (n) I ~~ -- ///m (/Tn} {Z i q_ /p, ~C2ik} ] 

+ Pk (K/20 "2) Z A ik [{7r (n) -- n q/m (on} {ilk+ N~ik} 
k 

+ ~'n (n) {T(n) - q/m tpn} {Hk+ ~ S"2ik}] 

+ ~'m [(1 -- gt) (1 -- (O) + qJ(o] pi pk (K/20. 2) 

x [Tr (n) eik+ ~ n  (o(n-I).Qik ] 
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+ it/(m + l)(fnzj ik (K/2 o -2) [n 8ik d- gt ;7 (n) ~"~ik] 

+ Nm(l  -- ~) ( 1 -  (f) (f(~-') (K/2 a 2) 

X Zdil ,djk ;7 (n) [q. + r T(n) .Oil ] 
jl 

- ~ Pi Pk (K/2 a 2) [{2 n (n)  - n ~m (fn} EM 

- r n (n) {2 T (n)  - ~m (fn} ~MN] 

_ q/(m +I) (fn n (n) dik (K/2a  2) 

x [EM + ~ T(n) ~'-'MN]) Ai Bk, (10) 
and 
gN .... = ~ ([Pr Pt + q/m (fn ,d rt] [1 + (K/2 o 2) 

x {n (0~r q- fit) q- I//;7 (n) (Zr+ Ht)}] 

+ p~ (K/2 a2) ~ Art [I ;7 (n) - n Cn (f~} {G + r 
r 

+ Cn(n)  {T(n) - ~m (f~} {Zr+ I//-Qrt}] 

+ Pt (K/2 a2) ~ A rt [{;7 (n) - n ~ffm (fn} {fit + r ert} 
t 

+ ~u n (n) { T (n) - ~m (.on} {Hi + ~u f2,,}] 

4- Iff m [(l -- Iff) (] -- r -I'- /,// (,O] Pr Pt (K/2 a 2) 

x [;7 (n) err + ~' n (f{n - I )  ~"~ rt] 

q_ /ff(m + I) {on A rt (K/2 a 2) [n ~rt + /ff ;7 (n) ~2rt ] 

+ Iff m (I -- ~) ( l  -- (,,9) ( f ( n - I ) ( K / 2  a2) 

x ~ Ar~Ast n(n) [es~ + ~' T(n) f2s~] 
sv 

-- ~ Pr Pt (K/2 a 2) [{2 n (n) - n I//m (on} EN 

-- /ff ;7 (n)  {2 T (n)  - ~,m (on} ~MN] 

_ iff(m + 1) (fin 7~ (n) zl rt (K/2 a 2) 

x [E~ + ~ T(n) -'--MN]) Ar Bt, (11) 

respectively, where n (n) = (1 - (f") ( 1 -  ~)-l, and 
T (n) = (l + r  (l + (f) -1. 

Because each population serves dually as a tester 
for its reciprocal and as a population subject to selec- 
tion, the mean of the intercross of arrays gM,,m and 
gN ..... is expressable as a sum partitioned according to 
terms that are (a) unmodified by initial linkage dis- 
equilibrium, (b) influenced by initial disequilibrium in 
the selection populations exclusively, (c) affected by 
initial disequilibrium in the tester populations exclu- 
sively, and (d) modified by initial disequilibrium in 
the tester and selection populations jointly, viz,: 

t ~ ( ~ d ,  m x N . . m  = /~ -{- (K/2 0 2) {n [ Z  Pi o~i 2 + .~, Pk flk 2 

+ ~ pr0~r2+ ~ Ptflt 2] 

+ It/m n(n) [(1 -- ~) (1 - (f) + q/(f] 
2 t x [,~_., pi pk e2k + ,~, pr pt ert],, (12.1) 

plus 

/x~ s) • = (1/2) ~m (on 
. . .  N.. m ( EM + EN) 4- (K/2 a 2) 

x {2n (n) [Zdik  Oqflk+ZArtO~rflt]+[nq.tmcfln+~;7(n)] 

• [ Z  ZJ ik (0~i q- ilk) Eik q'- E ,d rt (~r q'- fit) Crt] 

+ q/(m + I) (on In ( Z  A ik ,97k q'- E ,d rt 6'20 

- ;7 (n) (E 2 + E2)]  + ~m ( l  - ~ )  (1 - (f) ( f (n- l )  ;7 (n) 

xfZAi,  Ajkeikej,+ ~ArvAstertesv]}, (12.2) 
jl sv 

plus 

p(aT) = (I/2) ~m (on M ...... Nn.m (EM + EN) + (K/2 a 2) 

x {[n w m (f" + w n (n)] [~ pi :q Zi + Y', Pk ,8k Hk 

+ ~ Pr oct Zr + ~ Ptflt Hi] + ~(m + 0 q~n :r (n) 

x [E Pi Zi 2 + ~ Pk H2+ .~ PrZ 2+ .~ Pt H2] 

+ q/m[~ym(0nTE(n) q--n~r (n-l)] [(I-  ~) ( I -  (f) q- ~(f] 

x [ ~  Pi Pk elk -Qik -[- Z Pr Pt '5"rt "Qrt] 

+ n ~,(2m +~) (f(2n-,)[(1 -- ~') (1 -- (f) + W(f] 

x 2 Pi Pk D2k + ,~ Pr Pt ~'~ r2t] }, (12.3) 

plus 

I(dSAT) m 1[/2m (f2n =MN -I'- (K/2 o "2) M.. m x N.. ~ 

x {2 ~(m +,) (,on n (n) T (n) [Z d it. Zi Hk + ~ d rt Z r Hd 

+ ;7 (n) [~u m ca + ~ T(n)] [~ dik ai Hk + ~ A ik Zi flk 

+ Z Art ~r Ht + Z Ar tZr f l t ]  

+ [n ~u 2m (f2n + i/./2 ;7 (n) T (n)] [.~ 3 ik (~i + ,&) nik 

q- E Art (~r + fit) ,.(2 rt] 

+ 2 ~(m+ I) (,On 7r (n)  [ ,~  A ik (Zi + Hk) eik 

"b ZZJr t  (Zrq-  Ht) Crt] 

+ ~,(m + ,) r ;7 (n) [~,m ~0n + ~, T (n)] 

X [ Z  Aik (Zi q'- Hk) ~2ik q- Z Art (Zr -b Ht) ff2rt] 

+ w(m+l)( fn[n  ~y,m (fn ..~ ~ n (n)] 

_ r I) (fn ;7 (n) [~u m r + r T (n)] [E M + EN] --'MN 

4- [//(2m+2) (fZn ;7 (n) 

X [ Z  A ik ~ ?k q- E ZJ rt -Q2t - 2 T (n) -'2N] 

4_ ~/jm (l -- ~,/) (1 - (f) e ('-') ;7(n) [era (f.+ r T(n)] 

x [~ 3iL A~k <k Qj, + Y~ 3,v A~, e~t Q~,,] 
jl sv 

q- q/(2m+l) (l  -- I,/,t) (1 -- (f) (f(2n-I) ;7(n) T (n) 

x[.~.,Andjk-Oikf2jl+ ~ ArvAstf2rtO~v]}. (12.4) 
jl sv 

The sum of equations (12.1), (12.2), (12.3), and (12.4) 
minus equation (2) equals selection advance from n 
generations of selection followed by m generations of 
random mating within each population without selec- 
tion: 

(A) /,/(MR).=xN,. ~_ , (dS) -L. ,,(AT) tiM,;, m X  N.. m ~- m T ffM. �9 mX N~. m "/XM~' mX Nn. m 

, (dS aT) 
+t'M . . . .  No.m--,UMo• (13) 
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N u m e r i c a l  E x a m p l e  

C o n s i d e r  t h e  g a i n  f r o m  t h r e e  c y c l e s  o f  r e c i p r o c a l  r e c u r -  

r e n t  s e l e c t i o n ,  w i t h  n o  s u b s e q u e n t  g e n e r a t i o n s  o f  r a n -  

d o m  m a t i n g  w i t h o u t  s e l e c t i o n ,  b a s e d  o n  a m o d e l  i n  

w h i c h  ( a )  t h e  i n i t i a l  g a m e t i c  a r r a y s  o f  t h e  t w o  p o p u l a -  

t i o n s  a r e  i d e n t i c a l  t o  o n e  a n o t h e r  a n d  p o s s e s s  t w o  

e q u a l l y  f r e q u e n t  a l l e l e s  a t  e a c h  l o c u s ,  ( b )  t h e  g e n e t i c  

e f f e c t s  a s c r i b a b l e  to  t h e  g e n o t y p e s  A i  B k / A r  Bt (i ,  k ,  r ,  t 

= 1 , 2 )  i n  t h e  i n t e r c r o s s  p o p u l a t i o n  a r e  a s  l i s t e d  i n  

T a b l e  1, (c)  t h e  p h e n o t y p i c  v a r i a n c e  o f  t e s t c r o s s  m e a n s  

in  t h e  i n t e r c r o s s  p o p u l a t i o n  h a s  a c o n s t a n t  v a l u e  o f  

T a b l e  1. Va lues  o f  the  genet ic  effects ascr ibab le  to the  g e n o t y p e s  A iB k / A r B t  (i, k, r, t--- 1,2) o f  the  in te rc ross  p o p u l a t i o n  

G e n o t y p e  Gene t i c  effects 

~ i  f lk ~ r  fit  ~ik Ert l'irt r]krt "[ikr r]ikt tOikrt 

AIB1/A1Bx 1 1 1 1 1 1 1 1 1 1 1 
AIB1/AIB2  1 1 1 - 1 1 - 1 - 1 - 1 1 - 1 - 1 
AaBI /A2B 1 1 1 - 1 1 1 - 1 - 1 - 1 - 1 1 - 1 
A1BI/A2B2 1 1 - 1 - 1 1 1 1 1 - 1 - 1 1 

AxB2/A1B1 1 - 1 1 1 - 1 1 1 - 1 - 1 - 1 - 1 
A1B2/A1B2 1 - 1 1 - 1 - 1 - 1 - 1 1 - 1 1 1 
A1B2/A2BI 1 - 1 - 1 1 - 1 - 1 - 1 1 1 - 1 1 

A1B2/A2B2 1 - 1 - 1 - 1 - 1 1 1 - 1 1 1 - 1 

A2BI/A1B1 - 1 1 1 1 - 1 1 - 1 1 - 1 - 1 - 1 
A2B1/A1B2 - 1 1 1 - 1 - 1 - 1 1 - 1 - 1 1 1 

A2B1/A2B1 - 1 1 - 1 1 - 1 - 1 1 - 1 1 - 1 1 
A2B1/A2B2 - 1 1 - 1 - 1 - 1 1 - 1 1 1 1 - 1 

A2B2/AIB1 - 1 - 1 1 1 1 1 - 1 - 1 1 1 1 

AzB2/AxB2 - 1 - 1 1 - 1 1 - 1 1 l 1 - 1 - 1 
A2B2/A2B1 - 1 - 1 - 1 1 1 - 1 1 1 - 1 1 - 1 

A2B2/A2B2 - 1 - 1 - 1 - 1 1 1 - 1 - 1 - 1 - 1 1 

T a b l e  2. To ta l  ga in  a n d  its pa r t i t i on  in to  c o m p o n e n t s  tha t  are  (a) d i sequ i l ib r ium-f ree ,  (b)  affected exclusively by  d i s e qu i l i b r i um in 
the  select ion popu la t ions ,  (c) affected solely by  d i s e q u i l i b r i u m  in the  tes ter  popu la t ions ,  a n d  (d) affected jo in t ly  by  d i s e q u i l i b r i u m  in 
b o t h  p o p u l a t i o n s  

L inkage  Ini t ial  To ta l  Disequi l i -  
coefficient  nega t ive  dis- ga in  b r i u m - f r e e  
0-) e q u i l i b r i u m  c o m p o n e n t  

D i sequ i l i b r ium-a f f ec t ed  c o m p o n e n t s  

Select ion Tes t e r  Jo in t  
p o p u l a t i o n s  p o p u l a t i o n s  p o p u l a t i o n s  

0 1/32 5.46 6.05 - 0.40 - 0.21 0.02 
1/16 4.93 - 0.80 - 0.41 0.09 
1/8 4.02 - 1.60 - 0.80 0.37 
1/4  2.76 - 3.20 - 1.49 1.41 

0.25 1/32 5.43 6.15 - 0.45 - 0.31 0.04 
1 / 16 4.80 - 0.90 - 0.60 0.14 
1/8  3.75 - 1.81 - 1.13 0.54 
1 /4  2.48 - 3.67 - 2.04 2.04 

0.50 1 /32  5.46 6.41 - 0.52 - 0.48 0.06 
1 / 16 4,64 - 1.06 - 0.93 0.22 
1/8  3.37 - 2.16 - 1.72 0.84 
1 /4  2.13 - 4.52 - 2.89 3.13 

0.75 1/32 5.55 6.93 - 0.64 - 0.83 0.10 
1 /16  4.42 - 1.31 - 1.57 0.38 
1/8  2.83 - 2.76 - 2.78 1.45 
1 /4  1.95 - 6.06 - 4.13 5.22 

0.99 1/32 5.72 7.86 - 0.81 - 1.50 0.18 
1 / 16 4.08 - 1.71 - 2.76 0.69 
1/8  2.19 - 3.74 - 4.58 2.65 
1 /4  2.47 - 8.76 - 5.36 8.74 
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16.0, and (d) the selection intensity is 0.10. Only 
genetic effects intrinsic to the shift in the intercross 
population mean are listed in Table 1. 

The initial gametic arrays of the two populations 
are identically (1/4 + A 10 Aj Bj + (1/4 + A 12) Ai B2 + 
(1/4 +A21)A2Bj + (1/4 +A22)A2B2. In this array, 
Arl =A22=-AI2=-A21, and, for this example, A l l -  
A22 < 0 will be arbitrarily regarded as a state of nega- 
tive disequilibrium. 

For the hypothetical selection model, disequilib- 
rium-free gain increased with tightened linkage, was 
markedly offset by the effects of initial negative dis- 
equilibrium attributable solely to either the selection 
or tester populations, and was enhanced by joint dis- 
equilibrium effects from both populations (Table 2). 
For all levels of linkage, total gain was curtailed in 
proportion to the magnitude of initial disequilibrium; 
and, for the most part, the effect of initial disequilib- 
rium was magnified in conformance to the level of 
linkage. 

Discussion 

Equation (12.2) indicates that only additive and ad- 
ditivexadditive epistatic effects are involved with 
linkage disequilibrium in altering selection gain via the 
selection populations. Equations (12.3) and (12.4) re- 
veal that the genetic terms constituent to the testers 
that modify selection gain are 

EN = Z Z~rt 8rl, Zi = Z ZJrt 2"irt, Hk = Z Z~rt ?]krt, 
rt rt 

~'~ik = Z Art COikr', EM = Z Aik 8ik, Zr = ~ Aik Z'ikr, 
rt ik 

Ht = ~, Aik r/ikt, -Ort = ~ Aik O)ikrt, and 
ik ik 

Each of these terms comprises a sum of cross products 
with each cross product being composed of (a) initial 
disequilibrium in the tester times (b) a corresponding 
epistatic effect for which, out of the total number of 
alleles involved in the interaction, two alleles emanate 
from the tester population. If epistasis is absent, initial 
linkage disequilibrium affects selection gain only via 
the selection populations and has no effect via the 
tester populations. If epistasis is present, equations 
(12.3) and (12.4) show that selection gain is influenced 
by the effect of initial linkage disequilibrium via the 
testers. The effect of initial linkage disequilibrium via 
the testers is permanent, however, only in the presence 
of additive x dominance and/or dominance x dominance 
epistasis. 

The sum of equations (12.1) and (12.2) is consistent 
with equation (6) of Johnson (1982). {In equation (6) of 

Johnson (1982), the terms appearing as [(n/2)r n 
+ (1/4) (1 +/I) (1 - cn) (1 - r ~ Aik (CZi + ilk) eik and 
(1/4) (1 +2) ~//m cn [ Z  ~ik 6'2 -- ( Z  ZJik 6'ik) 2] should be 
corrected to read [(n/2) ~umcn+ (1/4) (1 + 2) (1 - r 
(1--r and (1 /4) (1+2)~ 'mr  n 
x [n ~ Aik ei2k -- (1 -- r  (1 -- r ( Z  AiR eik)2], respec- 
tively}. In simple recurrent selection, the tester is as- 
sumed to remain constant; i.e., to undergo no recom- 
bination. As a consequence, assuming for example that 
M and N are the selection and tester populations, re- 
spectively, in a simple recurrent selection program, EN, 
Zi, Hk, and -Qik remain completely confounded with/L, 
~i, ilk, and eik, respectively. Thus, even if epistasis 
exists, linkage disequilibrium in the tester affects pro- 
gress in simple recurrent selection only by modifying 
the magnitude of additive, and additive xadditive 
epistatic, effects attributable to alleles from the selec- 
tion population. 

The numerical example, featuring relatively large 
epistatic effects and gene frequencies equal to 0.5 in 
both populations, was constructed so as to illustrate 
vividly the effect of initial disequilibrium in the testers 
on selection progress. If, in actuality, epistasis is negli- 
gible, initial linkage disequilibrium in the testers is ir- 
relevant, and only disequilibrium in the selection pop- 
ulations distorts selection progress. Even with consider- 
able additive x dominance and dominance x dominance 
gene-action, choosing the initial populations on the 
basis of heterosis will ensure that many locus-pairs will 
be near or at fixation for particular allele-pair com- 
binations in one population or the other. For a given 
locus-pair, the population near or at fixation for a par- 
ticular allele-pair will in essence function solely as a 
tester for the reciprocal population while in the test- 
cross population the additive x dominance and domi- 
nance x dominance gene action responsible for hetero- 
sis will be subsumed by additive and additive epistatic 
effects, respectively, attributable to alleles from the 
selection population. In addition, if a locus-pair is near 
or at fixation, linkage disequilibrium will be incon- 
sequential or absent. 

Evidence for important epistatic effects in the in- 
heritance of quantitative traits in maize is inconclusive 
(Hallauer and Miranda, Fo. 1981); and, even if addi- 
tive x dominance and dominance x dominance epistasis 
is important in heterosis, a model based on additive 
and additive x additive epistatic effects attributable to 
alleles from the selection population adequately de- 
scribes progress from reciprocal recurrent selection if 
many loci-pairs are near or at fixation in one or the 
other population. If the initial populations have been 
chosen on the basis of heterosis, linkage disequilibrium 
in the testers is probably of no consequence. If, how- 
ever, epistatic gene action is important at loci that are 
fixed in one or the other of the populations, intermat- 
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ing of the two populations to form a pooled base in 
which to reinitiate reciprocal recurrent selection will, 
in effect, create epistatic variation available to selec- 
tion. Linkage disequilibrium could be substantial in 
the pooled population, and tester linkage disequilib- 
rium could, consequently, play an important role in 
progress from reciprocal recurrent selection in the re- 
constituted populations. 

In general, progress from reciprocal recurrent selec- 
tion is a function of the covariance of half-sib progeny 
means of individuals in the parental populations with 
half-sib progeny means of the self-derived offspring. A 
comprehensive two-locus theory for the covariance of 
relatives is unavailable (Weir and Cockerham 1977), 
but such a theory would certainly be based on the con- 
cept of genic equivalence by descent. The parameters ~, 
and ~p are explicit, linkage-dependent values of F 1 (the 
probability of equivalence by descent of two cis- 
arranged genes) for an individual belonging to the in- 
tercross population of (a) the parental populations and 
(b) the self-derived offspring, respectively. If (a) the 
two base populations are assumed to be unrelated and 
non-inbred, (b) recombination within each population 
is achieved by random mating, (c) inbreeding due to 
finite population size is ignored, and (d) selection in 
both populations is made on the basis of general com- 
bining ability with the reciprocal population, all other 
descent measures are zero or irrelevant. Elimination of 
all descent measures except F ~ obviates the necessity of 
casting the results in a general framework of equiva- 
lence by descent. In fact, a general context of equiva- 
lence by descent might divert attention from the under- 
lying biological phenomenon of linkage. However, if a 
general theory of covariance of relatives is ever 
achieved, the derivations presented in this paper will 
be encompassed by the general theory. 

Compared to the genetic-effects notation used in 
this paper, the notation of Weir and Cockerham (1977) 
could have greater mnemonic value but might also be 
more cumbersome. Either notational convention is 
likely to become increasingly ponderous as the theory 
is extended beyond two loci. A theory for arbitrary 
numbers of loci will probably require a novel, more 
elegant system of notation. 
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