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METHODOLOGY

Selection and genetic gain in rubber tree (Hevea) populations using

amixed mating system

Reginaldo Brito da Costa', Marcos Deon Milela de Resende?, Antonio José de Araujo?,
Paulo de Souza Goncalves* and Antonio Rioyel Higa®

Abstract

The components of genetic variation and genetic gain obtai ned with three sel ection methods - individual, combined and multi-effect index
selection - were compared in rubber tree [Hevea brasiliensis (Willd. ex Adr. de Juss.) Muell. Arg.] progenies. Therubber treeisacross
pollinating specieswith amixed reproductive system inwhich the self pollination rateis22%. Twenty-two half sib progenieswere planted
at experimental stationsat Pindorama, Votuporangaand Jal, in Sdo Paul o State, using arandomized and completeblock design, with five
replications and ten plants per plot. Dry rubber production was assessed when the plants were three years old. Based on the genetic
variability of the populations, Pindoramawasthe best environment for the expression of variability. At theindividual level, heritability was
seriously affected when random progenies from an open pollinating population were considered as half sib progenies. Considerable
overestimation of genetic gainsoccurred during individual, combined and multi-effect index sel ection when the rubber tree reproductive
system was not considered as mixed. Selection based on the multi-effect index maximizes genetic progress and should be used morein

rubber tree breeding programs.

INTRODUCTION

Therubber tree[Hevea brasiliensis(Willd ex Adr. de
Juss.) Mudll. Arg.] isconsidered apreferentially crosspol -
linating, perennial species, with along breeding cycle. Usu-
aly, three selection stagesareinvolved and 25 to 30 years
arerequired until thefinal choice of clonesfor large scale
planting can be made (Gongalves et al., 1988). Thislong
breeding process hasled to cons derableinvestment in stud-
ies of genetic parameters to maximize the selection
progress. Of particular interest to breeders arethe genetic
variance, heritability and gains provided by different selec-
tion methods.

Studies on genetic variation have been carried out in
Malaysia(Ngaand Subramanian, 1974; Tanet al., 1975; Tan
and Subramanian, 1976; Tan, 1977, 1978a,b) and Nigeria
(Alikaand Onokpise, 1982; Alika, 1985). In Brazil, studies
on the heritability of various traits have been done by
Siqueira (1978), Vaois et al. (1978), Paivaet al. (1982,
1983), Gongalves et al. (1990, 1992, 1996), Moreti et al.
(1994) and Boock et al. (1995).

These studies have considered the rubber tree asan
open pollinating species. Simmonds (1989), however, re-
ported an average self pollination rate of 22% with an esti-

mated amplitude of 16-28%. Morerecently, Paiva (1992)
obtained amean inbreeding rate above 20%in natural popu-
lations. Thesefindingsidentify the rubber tree asaspecies
with amixed reproductive system.

The assumption that the covariance among individu-
aswithin the progeny (COV,,) of an open pallination popu-
lation in aforest ambient corresponds to 25% of the addi-
tive genetic variance (62) usually leadsto an overestima-
tion of thisvariance. Consequently, the heritability coeffi-
cient and genetic gainsfrom selection are equally overesti-
mated (Squilace, 1974; Namkoong, 1981). Thisoccursbe-
cause some speciesallow acertainrate of self pollination,
which normally increasesthe covariance among individu-
asintheprogeny. In addition, use of therelationship g2, =
4 COV,, resultsin the overestimation of additive variance
(Resendeet al., 1995h).

Thissituationistypical of Eucalyptus species, which
haveratesof self pollination ranging from 8to 40%. Moran
and Bell (1983) and Griffinet al. (1987) considered Euca-
lyptus speciesto have amixed reproductive system.

Adoption of themodel presented by Cockerham and
Weir (1984) for specieswith amixed reproductive system
allows better characterization of the genetic structure of
such populations. This practice provides a more suitable
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definition of the components of genetic variation and, con-
sequently, of the effects of self pollination in estimating
genetic parameters (Resende et al., 1995b, 1996). In addi-
tion, the considerations presented by Namkoong (1966) and
Squilace (1974) were based only on additive genetic vari-
ance, and did not consider the other components of genetic
variation which occur wherethereisinbreeding.

Thus, any recommendations on how to choose the
genetic material for large scale planting should take into
consideration the variability associated with amixed repro-
ductive system, which, in the case of the rubber tree, in-
cludesthe sdf pollination rate.

Inthe present study, the genetic variation and genetic
gain associated with individual, combined and multi-effect
index selection in rubber tree progenies were compared,
assuming an open pollinating specieswith amixed repro-
ductivesystem.

MATERIAL AND METHODS

The genetic material used consisted of 22 progenies
of half sibsfrom open pollinated seeds, obtained from 22
parent clones selected phenotypically froman H. brasilien-
sispopulation composed of material of Asianoriginintro-
ducedto Instituto Agrondmico de Campinas (IAC) in 1952.

The progeny tests were set up at three experimental
stationsbelonging to |AC in Sdo Paulo State. The charac-
teristics of theselocalities are described bel ow.

a) Jal experimental station: latitude 22°17' S, longi-
tude 48°34' W and altitude of 580 m. The soil is clay tex-
tured dark red latosoil deep and flat with awell-drained to-
pography. An Aw (K 8ppen) climate predominatesin thisre-
gion, with adefined dry season, annual mean temperature
of 21.6°C, average humidity of 70% with extremesof 77%
in February and 59% in August. Themean annual rainfall is
1,344 mm.

b) Pindoramaexperimental station: latitude 21°13'S,
longitude 48°56’ W and altitude of 560 m, with red-yel-
low podzolic soil of medium texture which wasTB eutro-
phic, deep, abrupt and well drained (L epsch and Vaadares,
1976). Theclimateistropica continental, with awet sum-
mer and a dry winter period with reduced temperatures
andrainfall. Themean annual temperatureis22.2°C, with
amaximum of 28.9°C and aminimum of 16.6°C. Themean
annual rainfall is 1,390 mm. The period from October to
April usually hasafavorable precipitation for growth and
production. Low precipitation and temperatures occur
from May to September.

¢) Votuporangaexperimental station: latitude20°25'S,
longitude 49°50' W and altitude of 450 m. The soil ispod-
zolic sandy phasetype and the climatetropical continental,
with ahot, wet summer and acool, dry winter period with
low temperatures and rainfall. The mean annual tempera-
tureis 22.3°C and the mean annual rainfall is1,420 mm.

The seedswere collected at the | AC experimental cen-
ter, then germinated in polyethylene bags, at the three ex-

perimental stations and taken to their definitive locations
when they showed two |eaf umbrellas. The seedlingswere
set out in arandomized completeblock design with 22 treat-
ments, fivereplicationsand ten plants per plot (1.5mx 1.5
m) insingle rows. The progenieswere assessed for rubber
production when they werethreeyearsold.

Dry rubber production (RP) was determined by the
Hamaker-Morris-Mann (HMM) test modified for three-
year-old seedlings (Tan and Subramanian, 1976) using the
mean dry rubber production from three cuts per plant. The
tapping panel was opened 20 cm from the soil, using the 1/
2Sd/3 system, with atotal of 35 cuts. Thefirst five samples,
which corresponded to the* breaking in of the panel” stage,
were discarded. The term 1/2S corresponded to the half
spiral cut and the term d/3 expressed theinterval between
tappings, i.e., tapping three days.

The analysis using the statistical model below con-
sidered all variables (except the mean) asrandom effects.

Yik=H+pi+ b+ e+ dj

where Y = observed value of the kth plant inthejthrepli-
cationwithin theith progeny, 1 = general mean, p; = effect
of theith progeny (i = 1, 2,...22), b; = effect of thejth rep-
lication (j = 1, 2, ..3), g; = experimental error associated
with theijth plot and dj = effect of the kth plant within the
ijthplot.

Estimates of the genetic and phenotypic parameters
wereobtained using the SEL EGEN genetic statistical soft-
ware devel oped by Resende et al. (1994).

Heritability coefficients at the individual within plot
level (%), progeny mean (h?), plot mean (h?,), individual
within blocks(h?,) andindividual plants(h?) associated with
the different effects of thelinear model, were estimated by
thefollowing expressions (Resende and Higa, 1994).
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whered?, =407, 0%, = additive genetic variance, 0% = among
plotsenvironmenta variance, 0%; = among plantswithin plots
phenotypic variance, 02, = among progeniesgenetic variance,
n = number of plants/plot and b = number of blocks.

Thecoefficients of genetic (CV %) and experimental
(CV %) variation were estimated using the following for-
mulas presented by Vencovsky (1987):

0—2
CV, (%) = 7<p .100

\O2+ 32

Vo= ¥ 100

Edtimates of thegenetic valuesand thegenetic progress
were obtained by individua (1;), combined (I) or multi-ef-
fect (1) index selection in aunivariate situation, using the
expressions described by Resende and Higa (1994):

I = h2(Xije - X)

=g Y- R X +h2. X -2 X

e = R (Vi) + (M3 - 1) X - h2 X, +
+ (2 - hg) X;. + (h2 - h?) X..

where h?, is the heritability coefficient in the restricted
sense at the individual level in the experiment, X isthe
vaue of the kth of the individual in theijthplot, X isthe
general experimental mean, X; . isthe progeny mean, X;.is
the plot mean, X, isthe deviation of the individual value
(plot) and X;. isthe block mean.

The progresswith combined selection was equivalent
to the mean of the genetic values (index) of the selected
individuals. Selection by the multi-effect index was based
onthe product of theindividual phenotypic value, plot mean,
progeny mean, block mean and the general mean of the ex-
periment using theindex weighting coefficients. Themethod
reduced the weight attributed to the general family means
thusallowing abetter distribution of selectedindividuasin
thevariousfamilies.

Theindex weighting coefficientswere determined to
maximizethe correl ation between theindex and the genetic
value. This maximization was obtained by regressing the
genetic value on the phenotypic values, which lead toama-
trix system (Henderson, 1963).

Thefollowing accuracy estimatorsderived by Resende
et al. (1995a) for the different sel ection methodswere used:
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where 0% = genotypic variance at the mean progeny level,
0%,,= phenotypic variance a the individual level, 0 = re-
sidual varianceat theplot level, r = genetic correl ation coef-
ficient among individuals of asingle progeny (1/4 for half
sibs) and n, b, p=number of plantsper plot, block and prog-
eny, respectively (seeappendix).

Theaccuracy parameter isavery useful measurement
of the precision of the genetic values predicted and it cor-
responds to the correlation between the true and the pre-
dicted genetic values.

The genetic parameters obtained were al so estimated
using the SELEGEN software (Resende et al., 1994) for
the dry rubber production trait by adopting amodel for a
specieswith amixed reproduction system, and aself polli-
nation rate of 22%. The model swere considered complete
(0.155 kinship coefficient) and additive (0.18 kinship co-
efficient) as defined by Resende et al. (1995b).

The complete model considered the additive genetic
merit of theindividua sand thedominance deviations. The
additive model only considered the additive genetic merit
of theindividuals, i.e., the variation in genetic valueswas
attributed to an additive effect of the genes.

The genetic model adopted corresponded to that pre-
sented by Cockerham and Weir (1984):

VG=(1+F) 02+ (1-F) 03 + 4FD; + FD, +
+F(1-PH' +(F.- F)(H2-H')

where F = the endogamy coefficient; F. = two loci joint
endogamy coefficient, equivalent to

£ - FA+2R)
¢ 2F

02, = additive genetic variance, 0%, = dominant genetic vari-
ance, D; = covariance among the additive effects of theal -
leles and the dominance effects of homozygotes, D,= ge-
netic variance of the homozygote dominance effects, H' =
sum of the squares of depression caused by endogamy and
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H2 = square of the sum of the effects of endogamy depres-
sion at each locus.

RESULTS AND DISCUSSION

Tablel showsthe analysisof variancefor RP. Signifi-
cant among-family differenceswere detected by the F test.
Thisvariability wasan essential condition for establishing
agenetic breeding program and it could be effectively ex-
ploited to increase rubber production.

The experimental coefficients of variation (CV %)
obtained for RP at Pindorama (37.7%), Votuporanga
(33.5%) and Jal1 (43.1%) indicated that thistrait is subject
to great experimental errors. However, thesevalues agree
with similar estimates by Paivaet al. (1982) and Alves et
al. (1987) who obtained CV %6 of 38.3% and 50.4%. Thelev-
elswere similar to those reported by Moreti et al. (1994).

The genetic variation coefficient, which expressesthe
amount of existing genetic variation as apercentage of the
general mean, was higher at Pindorama (40.9%) than at
Votuporanga (26.0%) and Jali (15.6%b). Thisresult confirmed
the Ftest resultsfor progeny differencesand characterized
Pindoramaas amore suitabl e environment for expression
of the genetic variability in this population. These results
also agreed with those reported by Moreti et al. (1994) for
the sametrait.

The RP heritability coefficients associated with the
different genetic effects used in the selection methods are
showninTablell. Theheritability estimates obtained by the
different modelsvaried within and among locations accord-
ing to the sel ection method used. Higher heritability values
were observed for effects where the rubber tree was con-
sidered as a cross pollinating species, with greater values
for Pindorama, followed by Votuporangaand Jad.

The estimates obtained for the species, when consid-
ered ascross pollinating, compared to those found in mod-
elsused for amixed reproductive system, showed that heri-

Tablel - Mean squaresfrom ANOVA of the experimental coefficient
of variation (CVe) and genetic coefficient of variation (CV) for
rubber production (RP) in 22 three-year-old open
pollinated progenies of Hevea, at three locations.

Source of variation Mean squares
Pindorama  Votuporanga Jad

Replicates 0.0384 0.0424 0.0387
Progenies 0.6665** 0.1162** 0.0972*
Residual 0.0966 0.0281 0.0474
Within plot 0.5943 0.2718 0.3522
Mean 0.8250 0.5013 0.6381
CVe (%) 37.6708 33.4483 34.1135
CVy(%) 40.9229 26.0248 15.6401

1The degrees of freedom for repetition, progenies and residual
were4, 21 and 84, respectively. *P<0.05, **P< 0.01.

tability at the progeny level was practically unaffected at
thethreelocations studied, even after allowing for the pre-
sumable inbreeding rate for the population. On the other
hand, heritability at theindividual level was considerably
affected when progeniesfrom open pollination were con-
sidered ashalf sibs.

When the rate of self pollination was not considered,
the overestimation of heritability between the crosspollina-
tionand mixed modelswas 2% for Jaul, 4.6%for Votuporanga
and 11.8% for Pindoramafor the complete model. Withthe
additive model, this variation was even more expressive:
Pindorama, 18.7%, Votuporanga 7.4% and Ja(l 3.2%.

These results agree with those reported by Resende
et al. (1995b) for various Eucal yptus popul ations, for which
the genetic gain (directly proportional to heritability) was
overestimated during mass sel ection. More specifically for
heritability, Hodgeet al. (1996) pointed out that estimates
for E. globulusand E. nitens progeni eswere overestimated
mainly because of the effects of inbreeding depression
which were disregarded when open pollination progenies
were considered ashalf sibs.

For among-progeny selection, using open pollination
and half sibs, the covariance (COV sm) between asdlection
unit and the breeding population was exactly the same as
the genetic variance among progenies (Resende et al.,
1995a). Consequently, there was no error in among-prog-
eny selection and the heritability obtained could beusedin
expressing the genetic gain when working with legitimate
half sibs. On the other hand, for mass sel ection among-hal f
sib progeny, the among-progeny variance component was
multiplied by four, increasing the covarianceamong thein-
dividualsinthe progeny. Thus, useof therelationship 6%, =
4 COV, caused overestimation of 0%, (Resende et al.,
1995b). Thisoverestimation will be bigger the greater the
self pollination rate.

Tablelll showsthe accuracy and direct genetic gains
associated with the different effects used in the selection
methods for RP, assuming the species was cross pollinat-
ing with amixed reproductive system.

The accuracy and genetic gain estimatesfor RP var-
ied within and among locations in the different selection
methods. When the accuracy values associated to the ge-
netic gain are greater, the expected progresswith selection
wasalso greater, i.e., the greater the precisionin selection
the greater the gain. The genetic gain was much more ex-
pressive at Pindorama than at Votuporanga or Jall. These
results agree with those obtained by Moreti et al. (1994)
for mass sel ection and can be explained by the high herita-
bility valuesat theindividua level at Pindoramacompared
to those at Votuporanga and Jal. They aso indicate that
Pindoramawas amore favorable environment for the ex-
pression of genetic variability, as shown by the RP coeffi-
cientsof genetic variation (CV ,%).

The multi-effect index approach was more advanta-
geous than individual or combined selection because the
gain edimateswereadwayssuperior. Thistendency wassimi-
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Tablell - Heritability coefficients (species considered allogamous with amixed reproductive system)
associated with different effects in the selection methods for rubber
production (RP) in three-year-old Hevea at three locations.

Locations Heritabilities Reproductive system
Allogamous Mixed Mixed
(PC.0.155* (PC.0.18)**
Pindorama Individual within plot level (h2) 0.575 0.427 0.341
Progeny mean (h?) 0.906 0.893 0.885
Progeny mean (h2) 0.354 0.263 0.210
Individual with blocks (h?,) 0.611 0.493 0.425
Individual plants (%) 0.613 0.495 0.426
Votuporanga Individual within plot level (h3) 0.194 0.144 0.115
Progeny mean (h%) 0.803 0.792 0.785
Progeny mean (h2) 0.188 0.139 0.111
Individual with blocks (h3, 0.243 0.186 0.168
Individual plants (h3e) 0.242 0.196 0.168
Jat Individual within plot level (h3) 0.085 0.063 0.050
Progeny mean (h?) 0.543 0.535 0.531
Progeny mean (h?) 0.063 0.047 0.037
Individual with blocks (h%, 0.106 0.086 0.074
Individual plants (h%) 0.106 0.086 0.074

*22% sdlf-fertilization rate; complete model with 0.155 parental coefficient (PC.).** 22% self-fertiliza-

tionrate; additivewith 0.18 P.C.

Tablelll - Accuracy and direct genetic gain (%) associated with different univariate selection
unitsfor rubber production, considering the species allogamous with a mixed
reproductive system for three-year-old Hevea at three locations.

Locations Selection* Allogamy Mixed Mixed
(PC.0.155)** (PC.0.18)***
Accuracy Gain(%) Accuracy Gan%  Accuracy Gan(%)
Pindorama Individual 0.783 218.7 0.703 176.3 0.653 151.9
Combined 0.786 211.2 0.735 174.1 0.715 154.1
Multi-effects 0.789 218.6 0.745 178.8 0.722 1575
Votuporanga  Individual 0.492 a7 0.442 76.3 0.410 65.8
Combined 0.578 91.2 0.578 76.6 0.588 68.6
Multi-effects 0.587 9.9 0.584 80.0 0.592 711
Jal Individual 0.326 317 0.293 255 0.272 222
Combined 0.441 349 0.452 306 0.467 284
Multi-effects 0.445 36.0 0.455 313 0.469 287

*Selection in thetrial = clonal seed orchard. **22% of ratio; full model with parental coefficient (PC.) =

0.155. *** Additive model with PC. =0.18.

lar to that reported by Sturion et al. (1994), Resendeet al.
(19953, 1996), and Sampaio (1996).

Resende and Higa (1994) discussed the tendency for
higher gainsin selection using the multi-effect index and
explained that selection among and within progenies and
combined selection used two sources of information for
selection: the deviation of theindividual valuerelativeto
the progeny mean in the block and the progeny mean rela-

tiveto the general mean of the progeny test. These authors
noted that in breeding schemeswhere the remaining seeds
were not used, the additive genetic variance fraction was
not considered, but was retained in the plot effects. The
multi-effect index, in addition to using these two sources
of information, further considers the plot effect and adds
to the estimated gain those fractions of additive genetic
varianceretained intheplots.
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Combined selection tendsto select many individuals
from certain families because of the greater weight givento
the progeny information. In breeding popul ations, thisdoes
not present mgjor problems, sinceinthe next generationthere
will beselection against inbred individualswith undesirable
traits, aslong asthe effective popul ation sizeisadequatefor
obtaining the selectivelimit. Specia careshould betakenin
production populations to prevent crossing among related
individuals, which can lead to inbreeding depression. These
precautionsinclude careful orchard installation withagood
distanceamong relations (Resendeand Higa, 1994).

Higher accuracy and gains were observed for selec-
tion methods wherethe rubber treewas considered across
pollinating species, with more expressive values at Pindo-
rama, followed by Votuporangaand Jall.

Theoverestimation of genetic gainsinindividua se-
lectionwas 19.4% at Pindoramaand Votuporangaand 19.5%
at Jall. With combined selection it was 17.6% at Pindorama,
16.1% at Votuporangaand 12.4% at Jau. For multi-effect
index selection, theratewas 18.2% at Pindorama, 16.6% at
Votuporangaand 12.9% at Jall.

More expressive values of the overestimation of ge-
netic gainswere obtained in the cross pollinating and mixed-
additive models. For individual selection the overestima-
tionwas 30.5% at Pindoramaand at VVotuporangaand 29.9%
at Jal. For combined selection, it was 27.0% at Pindorama,
24.8% at Votuporangaand 18.8% at Jall. For selection by
the multi-effect index, it was 27.9% at Pindorama, 25.8%
at Votuporangaand 20.2% at Jal.

These results agree with those reported by Resende
et al. (1995b) for several Eucalyptus species where the
genetic gainwasoverestimatedinindividual selection. Over-
estimation was caused mainly when inbreeding depression
was not considered and the open pollination progeny was
treated as half sibs. In this context, the discussion by
Resende et al. (1995b) about heritability isfully applicable
when dealing with genetic progression and selection.

Our findings are similar to these of Moran and Bell
(1983) and Griffin et al. (1987) for Eucalyptus species,
which led to these species being considered as having a
mixed reproductive system. Themodel suitablefor popula-
tions with amixed reproductive system has not been ap-
plied to the rubber tree.

The specific model for specieswith mixed reproduc-
tive systems presented by Cockerham and Weir (1984) al-
lows better characterization of genetic structure of such
populations. This practice providesamore suitable defini-
tion of the components of genetic variation and conse-
guently of the effects of self pollination when estimating
genetic parameters (Resende et al., 1995b). Thisapproach
should be useful for obtaining preci se estimates of genetic
parametersin rubber trees.
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RESUMO

O presente trabal ho objetivou comparar oscomponentesda
variagdo genéticae ganho genético obtidos através daselecéo in-
dividual, combinadae pelo indice multi-efeitosem progéniesde
seringueira[Heveabrasilienss(Willdex Adr. deJuss) Mudl. Arg],
considerando-acomo espécie al6gama e de sistemareprodutivo
misto, com taxa de aufecundagéio de 22%. Vinte e duas progénies
demeio-irméaosforam plantadas nas EstacOes Experimentaisde
Pindorama, Votuporangae Jal, no estado de S&o Paulo, no deli-
neamento de blocos ao acaso, com cinco repeticdes e dez plantas
por parcela. Aostrésanosdeidade o carédter producdo de borra-
chasecafoi avaliado. Osresultados demonstraram haver varia-
bilidade genéticanas popul agdes, bem como caracterizaram Pindo-
ramacomo um ambiente maispropicio paraaexpressio dareferida
variabilidade. Asherdabilidadesao nivel deindividuossio consi-
deravel mente af etadas ao assumir progénies de polinizagéo aberta
como sendo de meio-irmaos. Superestimativas consideréveisde
ganhosgenéticosocorrem nasdecoindividual, combinadaeindice
multi-efeitos, quando ndo seconsiderao sistemareprodutivo misto
paraaseringueira A selegdo com baseno indicemulti-efeitosmaxi-
mizao progresso genético edeve ser utilizada.

APPENDIX

Derivation of the multi-effect index
and associated accuracy.

Thelinear mode! for anindividual observationinapro-
geny testis: Yijk =u+ bj +pit+ 6j + dijk, where:

u = general mean, fixed, E(u) = uand E(u?) = u?

by = block effect, random, E(l;) = 0 and E(?) = 0%,

P = progeny effect, random, E(p)) = 0and E(p?) = 03
g; = plot effectij, random, E(e;) = 0 and E(€}) = 02

di = within plot effect ijk, random, E(d;) =0
and E(d§) =03

Intermsof deviationsthe model is of theform:
Yijk=Y7... + (?ijk' ?”) + (?'J - ?, - ?J + ?) +
(V.- Yo )+ (Y- YL,
The covariances between the components of the model
withtheadditivegenetic valueare (Resende, 1991; Resende
and Higa, 1994):

COV(A, Yijk) = ZCOV(M F) = GZA

(n-1)
n

COV(A,Y;) = = 2COV(MF) + 2COV(MTSor

T9=1 og\+(”'nl)r &
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(nb- 1)
b

COV(A,Y.)= L 2COV(MF) +

5 2COV(MTS

(nb rbl) r @,

(n-1)
np

orTS) = E

COV(A,Y,)= % 2 COV(MF) + 2COV(MTS

rp A+ (n r:))ro-i

(nb-1)
npb

orTS) =

COV(A,Y...)= n—‘l)b 2 COV(MF) + 2 COV(MTS

or TS) = nT)b G+ (nbn-pi) 62, where:

r = additive genetic correlation between individua swithin

family: r = (1/4) for half-sibsand r = (1/2) for full-sibs;

COV(MF) = parent-offspring covariance;

COV(MTSor TS) = half-uncle-nephew (for half-sib fami-

lies) or uncle-nephew (for full-sib families) covariances.
The covariances between the effects and the additive

genetic effects are;

a) Within plot effect

COV[A, (Y- Y;)] =COV (A, Y;)-COV (A, Y;.) =
={[(n-)(L-nl/n}c}

b) Progeny effect

COVIA, (Y...-Y..)]=COV (A Y...)-COV(A,Y..) =

_(P-)[1+(nb-1)r] ,
T p nb A

c¢) Plot effect
Ccov [A, (Vij. '?i-- 'V.j. +V. )] = COV(A, Vij.) -
-COV (A, Y...)-COV (A,Y,)+COV (A,Y...)

(b DE-H1-r,
pn %

COV [A, (Y,J -Y... Y +Y..)]=
d) Block effect

COVIA,(Y,.-Y..)]=COV (A,Y,)-COV (A,Y...)=

_b-1(@-r
b

2
A

Theblock effects can be neglected asafunction of its

low covariancewith the genetic value. Thevariancesof the

relevant effectsare:

a) Within plot effect

Var (Yix- Yi) =E(YZ) - 2E(YYii.) = E(Y?.) =
=[(n-1)/n] 62

b) Progeny effect

Var (Yi.-Y..) = E(Y2.) - 2E(Y..Y...) + E(Y2...) =
=[(p- 1)/p] (0% + 0%/b + a3/nb)

c) Plot effect

Var (Yi.-Yi.- Y.+ Y. ) =E(Y%) +E(Y3.) + E(Y2,) +
+(Y2..)-2E(Y.Y1) - 2E(Y .Y, + 2E(Y,.Y ) +
+2E(Y..Y1) - 2E(Y.Y L) - 2E(Y,LY L)

(pF')l) ©D 62+ 03m)

Var (?ij- -Vi.. _?-j- +?) =

The optimal selection procedure (the one that maxi-
mizesthe correl ation between predictand and predictor) is
given by themulti-effect index (Resende and Higa, 1994):

| = by + bopi + bsg;

=by(Yie- Yi) +bo( Vi - Yoo ) + b (Y- Vi - Y + Y1)

Theb; coefficientsaregiven by:

0 (n-
0 Ve

2

O

0 (P-1) (g, 0 , OG0
%) p H b ntH
O
B

0

0
0

(p-1) (b- 1)%2 b1
p

00O I0-

MOoofonOod™
I

ﬂﬁ%mmmm

Continued on next page
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Appendix - Continued

O -H@-r , 0O
0 b % QO
Op-1) 1+(b-yr O
=[] Oﬁ 0
O P nb 0
0

1-nN(p-1)P-1) ,
gn b p o

Resolving these equations, the multi-effect index co-
efficients are:

B 1-re? _

= 705 =

="heritability” of thewithin plot effect;
1+ (nb - D)r

nb
O + 03, +0z2/nb

b,

O
="heritability” of the progeny effect;
[(A-r)/n]c} ~

02+0/n

="heritability” of the plot effect;

The multi-effect index can be alternatively expres-
sed as:

I =byY i+ (02- b)Y, + (Ds- by) Y. - Y, + (bs-by) Y ...
For the balanced case, the multi-effect index isequiva
lent toindividual (animal model) BLUP, as demonstrated
by Resende and Fernandes (1999).
Theaccuracy of theindex isgiven by

A N N AS 1
N =[0by + ah, + 0y 72

(n-1)

where: o, =(1-r)

1+ (nb-1)r (p-1)
2= r_b p

_(@-n p-1b-1
n p b

Thisisequivaent to:

. -1 oy p—lﬁ+(nb—l)ﬂzof\

Wl @t U e Het

1
O

B-00- 00 -
*EpHEpEEnH 0
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