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Response to recurrent selection under small effective population size
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Abstract

A formulawasderived for the prediction of the response to recurrent sel ection when the effective population size (N,) issmall. Usually,
responsesto sel ection have been estimated by Rs=ico?,/cr, Wherei, ¢, 625, and o, stand for standardized selection differential, parental
control, additive variance, and phenotypic standard deviation, respectively. Thisexpression, however, was derived under the assumption
of infinite population size. By introducing the effects of finite population size, the expression derived was Rs=[ic(6?, + AFD,)/0] - AFID,
where AF, ID and D, arethe changesin theinbreeding coefficient, theinbreeding depression, and the covariance of additive and homozy-
gous dominance effects, respectively. Thus, the predicted responsesto sel ection based on these expressionswill be smaller than those
based on the standard proceduresfor traitswith ahigh level of dominance such asyield. Responsesto five cyclesof half-sib selectionwere
predicted for maize by both expressions, considering that 100 progenieswere evaluated and 10 S; progenieswere recombined, which
correspondsto N, = 10 for each cycle. The accumul ated response to sel ection estimated with the new expression was about 47 and 28%
smaller than that based on the standard expression for yield and plant height, respectively. Thus, the expression usually used overestimates
theresponsesto selection, whichisin agreement with reported results, becauseit does not takeinto account the effective population size

that isgenerdly small in recurrent selection programs.
INTRODUCTION

Theimprovement of populations through recurrent
selectionisacommon procedurein breeding programs de-
signed to develop hybridsfrominbred linesin maize and
other allogamous species. Severd recurrent selection meth-
ods have been reported (Hallauer et al., 1988), and formu-
lasfor the expected responseto sel ection for each method
have been derived. These expressionsarelinear functions
of theintensity of selection and of the additive genetic vari-
ance, and areinverse functions of the phenotypic variance
(Empiget al., 1972; Cockerham and Matzinger, 1985).

Genetic drift isexpected to occur in recurrent selec-
tionirrespective of the method, because of the small num-
ber of selected progenies recombined to give rise to the
improved populations. Furthermore, to increasethe genetic
gain and to lower the genetic load of the populations, in-
bred progeni es have been used for recombination. These
factorslead to adecreasein the effective size of the popu-
lation under selection in which genetic drift is likely to
take place, as has been reported for maize populations
(Smith, 1979a,b, 1983; Helmset al., 1989; Eyherabideand
Hallauer, 1991; Keeratinijakal and Lamkey, 1993). Ex-
pected and observed responses to intrapopulation selec-
tion usually show large discrepancies (Burton et al., 1971,
Penny and Eberhart, 1971; Crossaand Gardner, 1989; Arriel
etal., 1993). A possiblereason for these discrepancies may
be that the expressions of the expected responses to se-
lection have been derived for arandom mating population
under the assumption of infinite population size (Kemp-
thorne, 1957; Falconer and Mackay, 1996). The objective

of thisstudy wasto derive ageneral expression for the ex-
pected response to intrapopul ation sel ection by taking into
account the effects of finite population size and present
experimental resultsfor amaize population.

MATERIAL AND METHODS
Genetic mode

Consider arandom mating population in both Hardy-
Weinberg and linkage equilibrium under intrapopulation
recurrent selection. Let p, and g, be the frequencies of the
favorable (B) and unfavorable (b) aleles, and aand d be
half the difference of the homozygous effects and the domi-
nance effects, respectively (Falconer and Mackay, 1996).
After one cycle of recurrent selection the frequencies of
B and b aleleswill bep, and g, respectively. The changes
in these frequencies are functions of both selection (Ap)
and drift (dp). Then, e(p,) = &(p, + Ap + dp), and &(q,) =
€(d, - Ap - 0p), where e(Ap) = icp,,0/Cp (Empig et al.,
1972), and &(3p) = &(P,Sp) = &(dsdp) = £(Apdp) = 0, and
€(0p)? = pyay/2N, (Falconer and Mackay, 1996). In these
expressionsi is the standardized selection differential, ¢
isthe parental control, G5, isthe phenotypic standard de-
viation, N, isthe effective size of the population, o. = a+
(go-po)disthe average effect of gene substitution and € de-
notes expectation. We al so assumed that changesin gene
frequenciesthrough recurrent selection are small, so one
could assumethat e(Ap)? = 0, and thisterm will therefore
be neglected inthefollowing derivations.

Following the genetic model, the mean of the origi-
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nal (unselected) population for onelocusisu, = u + (p,-
go)a+ 2p,q,d and the mean of the population after onecycle
of selectionisu, =u+ (p, - g,)a+ 2p,q,d. Now, substitut-
ing p, and g, inu, by their expectationsand after algebraic
mani pulationswewill have u, asafunction of theoriginal
mean, the changes dueto selection and drift. Then, the ex-
pected response to selection was derived from the con-
trast Rs=u;, - U,.

Inbreeding depression (ID) isusualy estimated by the
expression: ID = 2(ug, - Ug;), Where ug, isthe mean of the
original population (u,) and ug, isthe mean of thispopula-
tion after one generation of selfing, i.e., ug; =u+ (p, - g)a
+ podd. Then, inbreeding depressionis D = 2p,q.,d. The
inbreeding coefficient (F) as afunction of the effective
population size in thet™ generation isF, = (1/2N,) + [1 -
(/2N)]F.,;, whereF, and F,, aretheinbreeding coefficients
inthet™ and (t-1)" generations, respectively. Then, thein-
breeding depression due to the small population size is
estimable by AFID for each cycle of selection, where AF
isthe change in the inbreeding coefficient (Falconer and
Mackay, 1996).

Experimental procedures

Experimental datafrom ESALQ-PB1, an open-polli-
nated maize population, were used for illustration. One
hundred pairsof S, and half-sib progenieswere obtained in
two-ear plantsin alower plant density field (25,000 plants/
ha) by selfing the lower ears and crossing the upper ears
with apollen mixture from 50 random plants. These pairs
of progenies were evaluated in a randomized complete
block design, with the half-sib and S, progeniesin asplit-
block arrangement to avoid competition dueto inbreeding
depression. Each sub-plot wasonerow 4.0 mlong with 1.0
m between rows, with 20 plants per sub-plot after thinning
(50,000 plants’ha). The experiments were carried out at
two locations in Piracicaba (SP) and one location in
Uberlandia(MG), with threereplications per location. Data
onyield asthe mean of unhusked ear weight, and on plant
height asthe mean of five competitive plants per sub-plot
wererecorded.

Analysisof variancewas performed according to the
experimental design. Subsequently, analyses of variance
were computed for each progeny type for each environ-
ment, and then combined across environments. I nbreeding
depression was estimated as ID = 2(S; - S;) and ID% as
(ID/S,) 100, which correspondsto the expected total inbre-
eding depression, i.e., ID = S;- S... Intheseexpressions S
and S, refer to the general meansof half-sibsand S, prog-
enies, respectively (Table 1). From the half-sib analysis,
estimates of genetic and phenotypic parameterswere ob-
tained asfollows: additivevariance: 6%, = 4(M, - M )/RL;
phenotypic variance among progeny means. 6%, = M/RL;
and heritability (h?,) = (6°2/46%,)100, where M, and M,
stand for progeny and error mean squares, and Rand L are
the number of replications and of locations, respectively.

The covariance of additive and homozygous dominance
effectswasestimated as D, = 4[Covg(HS,S)) - (1/2) 64,],
where Covg(HS,S)) is the genetic covariance of half-sib
and S, progenies(Tablell). For estimation of the expected
responseto selection, anintrapopulation half-sib selection
was considered, where half-sib progeniesand S, progenies
are the selection and recombination units, respectively.
Sincethe effectivesizeof an S, progeny is 1, thedifferent
effective population sizes considered in this paper refer to
the number of recombined S, progenies.

RESULTS AND DISCUSSION
Theoretical response to selection

The expected mean value of apopulation following
one cycle of selection is:

U =u+(p,-q)a+2p,q,d,

and substituting p, and g, by their expectations, we have:

U= u+[(p,+Ap+3p) - (g,- Ap- dp)Ja+
+2(py + Ap + 6p)(Qo - Ap- 5p)d,

and after algebrai c manipulations, the expected mean of a
population after one cycle of selection can be expressed as:

U, = Uy + 2Apa - 2(dp)2d.

For arandom samplefrom abase population, £(5p)?
= pydy/ 2N, (Fal coner and Mackay, 1996). However, to ac-

Tablel - Mean valuesof grainyield (Y) and plant height (PH) for
ESALQ-PB1 maize populationinthe S, and S, generations, inbreeding
depression (1D), and coefficient of experimental variation (CV%).

Generation Y (g/plant) PH (cm/plant)
S 201.88+8.42 21331+554
S 11891+9.37 156.16+6.82
ID 165.94+152 11430+ 104
ID% 822 536
CV%(S) 105 46
CV%(S) 169 6.3

Tablell - Estimates of additive variance (62,), phenotypic
variance (6%y,), D,, and heritability (h?,) from maize half-sib
progenies, for yield (Y) and plant height (PH).

Parameters Y (g/plant) PH (cm/plant)
&2, 197.41+67.91 184.39+42.48
&% 111,63+ 15.79 70.88:+10.02
D, -50.32+19.39 -34.72+11.30
he,, 4421+1521 65.04+14.98
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commodatethesituation inwhich changesin genefrequency
occur both due to selection and drift, the set of selected
genotypeswas considered asthe reference population for
measuring the effect of sampling on alelic frequencies.
Taking p’, = p, + Ap asthe genefrequency in thisset then
€(0p')?=p' o o/2N,. Then, for the selected samplewehave:

e(0p')?=p'od o/2Ne= (po + AP)(0 - AP)/2N,, and

€(8p")?= [P + AP(Th - Pe)1/2N,.

Now, including e(Ap) inthisexpression leadsto:

&(8p')* = [(Podi/2Ne) +iCPoCio(Clo - Po) U/ 2NGey -
Then, substituting e(Ap) and €(dp’ )2 in u, we have:

Uy = Up + (€200 Gpr) - [2P,00d/ 2N, +
+iC2Py0o(Qo - Po) /2N O]

with 6%, = 2py0,0%, D1 = - 2P40o(0o - Po)ord and 1D = 2p,d
asthe additive variance, the covariance of additive and ho-
mozygous dominance effects, and the inbreeding depres-
sion, respectively, we have:

Uy = Uy + [ic(02, + AFD,)/0,,] - AFID,

and the expression of the expected response to one cycle
of selection (Rs=u, - uy) taking into account the effective
populationsizeis:

Rs=[ic(c?, + AFD,)/Gy] - AFID,
and the accumul ated response after t cycles of selectionis:
Rs=[ic(to?, + FD,)/og] - RID 1

Theseresultswere derived for onelocus-two alleles
model, but the extension for all loci is straightforward by
letting 6%, D, and ID bethesumfor al loci, asfollows:

6%, = 2.0 D, =2D%,and ID = 212 IDX.
k k

Theresponseto selection (Rs) has usually been esti-
mated by using the following expression (Falconer and
Mackay, 1996):

RS=iC02,/Cp, (2]

Notice that Equation 2 was derived on the assump-
tion of infinite effective population size, whereas Equa-
tion 1 took into account the effective population size as
finite. Thus, the expression derived in thisstudy islessbi-
ased than Equation 2 because of the small number of prog-
eniesthat has usually been recombined in recurrent selec-
tion programs (Smith, 1983). Comparing Equation 1 with

2, we note that the difference is afunction of thelast two
terms, i.e., theD, and I D terms, related to genetic drift cau-
sed by small population size.

For most of the traitsthe term -F,| D will reduce Rs,
becauseit representsthe decreasein the heterozygosity of
the sel ected population. However, D,, asacovariance, may
beeither negative or positive (Cockerham, 1984), and then
could reduce or increase Rs. The effects of genetic drift
increase as selection cycles proceed. Then, N, should be
maintained at alevel such that thiseffect could be reduced,
and, therefore, the response to selection could be main-
tained ashigh aspossible.

Itisimportant to note that genetic drift may also lead
to thefixation of undesirable alleles. Even without domi-
nance (d =0), i.e., noinbreeding depression (ID = 0) and
D, =0, genetic drift may reduce the response to selection
(Robertson, 1960).

It should be emphasi zed that genetic drift isaffected
by selection, because (8p’)? = (0p)q1 + ic(qy - Po) /O]
for the sel ected sampl e, which resultsfrom the genetic drift
of arandom sample (8p)? plusthe effects of selection on
it. The second termisafunction of the selection intensity
(i), the selection procedure used (c), and the allele fre-
guencies(p, and g,). Notethat thisterm may beeither posi-
tive or negative, becauseit depends on the differences be-
tween the allele frequencies of the same locus. Then, if
thistermispositive, (6p’)?> (6p)?, and vice-versa

The effective population size (Ne) is also affected
by along-term selection, because as selection proceeds
theindividuals of the population under selection become
genetically related, and, consequently, theinbreeding co-
efficient (F,) and the rate of inbreeding (AF) increases
(Wray and Thompson, 1990; Wray et al., 1994). Therefore,
for along-term selection, theincreasein F, and in AF should
be added to the formula derived in this paper; otherwise
the response to selection would be overestimated.

Wei et al. (1996) derived a formula to predict re-
sponseto selectionin finite populations by jointly consid-
ering the effects of genetic drift, linkage disequilibrium,
inbreeding depression, and mutational variance. However,
they did not consider the effects of selection on genetic
drift and, consequently, the component D,. Nonetheless,
their results showed that mutational variance and effective
population size could affect considerably the responseto
along-term selection.

Numerical evaluation

Values of expected responses (Rs) for five cycles of
selection were computed from parameter estimates of
ESALQ-PB1maize populationfor yield and plant height.
Although theoretical results have shown that genetic vari-
ances change with selection and small population sizes
(Nei, 1963; Cockerham, 1984), and that inbreeding depres-
sion isalso expected to change with selection (Souza Jr.,
1985), we considered 62, D,, ID and o, asconstant for all
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cycles. We assumed that these restrictions are stringent
because experimental resultshave shown small changesin
these parametersfollowing selection (Stucker and Hall auer,
1992; San Vicente and Hallauer, 1993; Schnicker and
Lamkey, 1993; Benson and Hallauer, 1994).

Estimates of responseto one cycle of selection (Rs%)
for yield and plant height were 3.9 and 6.2%, respectively,
for finite size (N, = 10), and 8.1 and 9.0%, respectively,
for infinite N,. Thus, the decreasesin responsewhen finite
popul ation size wastaken into account were about 52 and
31% for yield and plant height, respectively. The greater
decrease in yield occurred because of the higher level of
dominancefor thistrait, which leadsto agreater inbreed-
ing depression. Note that these results refer to ahalf-sib
selection scheme, where 10 S, progenies were used for
recombination. The expected accumulated decreaseinyield
duetoicFD,/c,, and FID following five cycles of selec-
tionfor several N.'s(Tablelll) showed that asN, decreases
and cycles of selection proceed, the effectsof ID and D,
related to the genetic drift, increase as expected. For ex-
ample, at the 5" selection cycle, the accumul ated decrease
from N, = 30 (13.71 g/plant) to N, = 10 (38.47 g/plant)
increased about 181%. Also, for N, = 10 the accumulated
decrease from the 1% (8.51 g/plant) to the 5" (38.47 ¢/
plant) cycle of selection increased about 352%. Note that
the contributions of D, and I D to the decrease were differ-
ent, with the F,| D component being about 40 times greater
than theicFD,/c, component.

Expected responsesto selection for yield, consider-
ing the intensity of selection (10%) to be constant, and
varying the number of progeniesevaluated, i.e., varying the
effective population size (Figure 1), showed anincreasein
the response to selection as N, increased. Neverthel ess,
thisincrement wasnot linear, increasing sharply upto N.=
20 and decreasing thereafter. For instance, the responseto
selection for N, = 20 was about 42% greater than that for
N, = 10, whereas the response to selection for Ne = 30
wasonly 11% greater than that for N, = 20. Thus, for yield
in maize it seems worthwhile keeping the effective size
number at least at 20. Considering the method and thein-
tensity of selection used in this example, where S, prog-
eniesare used for recombination, the number of progenies
to be evaluated should be around 200 to lower theinbreed-
ing depression caused by the small population size.

Another situation, wherethe number of progeniesto
be evaluated is constant (100) but not the intensity of se-
lection, i.e., varying N, sfrom 10to 30, for yield was al so
considered (Figure 2). Results showed that the expected
responseto selection increased astheintensity of selection
increased from 30 to 20%, but decreased thereafter (from
20 to 10%). This occurred because of the decrease in the
effective population size that offsetsthe responseto selec-
tionasshownin Tablelll. Despitethe small differencesin
responses to selection, it would be important to maintain
effective size as high as possible because genetic variance
isexpected to become smaller dueto small population size.

General resultsfor five cyclesof selection for plant
height, considering constant intensity of selection (10%)
but varying effective population size by increasing the
number of progenies evaluated (Figure 3), showed the
same pattern asfor yield (Figure 1), but with smaller dif-
ferencesamong varying N.'s. Thelevel of dominancefor
plant height was lower than that for yield, and, conse-
guently, its inbreeding depression was smaller than for
yield (Halauer et al., 1988). Thus, the differencesamong

Tablelll - Expected decreasesin the responseto five cycles of half-sib
selection duetoicFD,/cg, (A), FID (B), and the sum (A + B) for three
population sizes (N.), for maizeyield (g/plant) at 10% selection intensity.

Cycles  icFDJ/ow¥A) FID(B) A+B

Ne Ne Ne

10 20 30 10 20 30 10 20 30

021 010 007 830 415 27/ 851 425 284
041 021 014 1618 820 549 1659 841 563
. . 2366 1213 816 2426 1244 837
077 040 027 3078 1590 1079 3155 1638 1106
094 050 034 3753 1973 1337 3847 2023 1371
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3 =1.755; c=0.50.

Rs% (yield)

Cycles of selection

——Ne =10 —0—Ne =20 —&— Ne =30 —— Ne = Infinite

Figure 1 - Expected responses to five cycles of half-sib selection (Rs%)
for maize yield, considering 10% selection intensity and several popula-
tion sizes.

Rs% (yield)

Cycles of selection
—0—Ne =10 —0—Ne =20 ——Ne =30

Figure 2 - Expected responses to five cycles of half-sib selection (Rs%)
for maizeyield, considering several population sizes and selection intensi-
ties, for a constant number of progenies evaluated (100).
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Figure 3 - Expected responses to five cycles of half-sib selection (Rs%)
for plant height in maize, considering 10% selection intensity and several
population sizes.

theresponsesto selection by varying N.'sfor plant height
were smaller than for yield because of thelower level of
dominance of thistrait.

Discrepancies between the expected and observed
responses to selection can also be explained by sampling
errors, precision of estimates, and genotype-environment
interaction. Sampling errors could occur during the recom-
bination of selected progenies; estimates of genetic and
phenotypic variances generaly have low precision, and
genotype-environment interaction may reducethe response
to selection, mainly in atypical years. Also, errors can oc-
cur in the expected response by using the standardized
selection differential if the progeny means do not fit a
normal distribution (Arriel et al., 1993). Recently, the
effect of the gametic-phase disequilibrium was reported
asanother important source of discrepancies(Mackay and
Gibson, 1993). Simulation studies by these authors
showed reductions attributed to linkage disequilibrium
between 16 and 32%, when comparing observed and ex-
pected responses to selection.

It was shown in this study that effective population
size (N,) is an important source of discrepancy between
the expected and observed responsesto selection, mainly
when effective size is very small and the level of domi-
nance of thetrait ishigh. We have considered, for the sake
of simplicity, only half-sib selection, but deriving expres-
sions for other selection schemes are straightforward by
letting parental control (c), effective population size (N,),
and the phenotypic standard deviation (G,) be those re-
lated to the selection scheme considered.
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RESUMO
Foi derivada uma expressdo para predizer a resposta a
selecdo recorrente para tamanhos efetivos populacionais (Ne)
pequenos. Usua mente, asrespostas asel e¢do tém sido estimadas

utilizando-se daexpressio R, = ic62,/G,, ONdei, C, 62, €Gp, Fe-
ferem-se ao diferencial de selecéo estandardizado, controle pa-

rental, varianciagenéticaaditivae desvio-padrao fenotipico, res-
pectivamente. Entretanto, essaexpressao foi derivadaassumindo
que o tamanho efetivo populaciona éinfinito. Considerando quea
popul agdo sob selecdo éfinita, derivou-se umanovaexpressao
considerando o tamanho efetivo populaciona finito: R,=[ic(o?, +
AFD))/ 6y, - AFID], onde AF, ID, e D, referem-se as alteragdes
no coeficiente de endogamia, & depressdo por endogamia, e a
covaridnciadosefeitos aditivos e de dominanciadoshomozigotos,
respectivamente. Portanto, as respostas esperadas a sele¢édo
baseadas nesta expresséo seréo inferiores aquelas obtidas na
expressdo padrdo, principal mente paracaracteres com elevados
nivels de dominanciacomo producdo de gréos. Foram estimadas
as respostas & sel ecéo recorrente com progénies de meios-irmaos
parauma popul agdo de milho utilizando-se as duas expressoes,
considerando-se aavaliacao de 100 progénies erecombinagéo de
10progénies S;'s, 0 que corresponde aum tamanho efetivo deNe
=10 para cadaciclo. A resposta a selegdo acumulada estimada
comanovaexpressdo foi cercade47 e 28% inferior paraproducéo
degréoseaturadaplanta, respectivamente, queaguelacbtidacom
aexpressao usua quendo considerao tamanho efetivo populaciond.
Portanto, aexpressao padréo que tem sido utilizada superestima
as respostas a selecdo recorrente, como tem sido reportado na
literatura, por ndo considerar o tamanho efetivo popul acional
normal mente baixo nestestipos de programas.
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