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Sability is a crucial property of a variety,
which relates to genotype x environment (GE) in-
teraction in the context of quantitative genetics. Evi-
dences from quantitative trait locus (QTL) mapping
have shown that there was a portion of identified
QTLs exhibiting significant GE interactions 3.
Some environment-related QTLSs have opposite ef-
fects in different environments while some are
merely particularly expressed in certain environ-
mentsi*®. These studies revealed the genetic basis
for the instability of trait performance and the ef-
fects of GE interaction.

Up to now, selection on multiple traits simulta
neously over multi-environment is till a constraint
to the plant breeders. Wright @ argued that the only
solution is to select a different strain for every en-
vironment. Hammond !, however, advised that se-
lection should be conducted under different envi-
ronmental conditions. Falconer ® suggested that
genotypic performances in two environments could
be treated as two genetically correlated characters.
Following Fa coner’ stheory, James © developed a
statistical method of index selection for animd traits
in two environments. Later, Van Sanford et al [
performed index selection on genetic correlations of
cultivar performance based on the genetic correla
tions between primary locations and the target en-
vironments. More recently, Atlin et a ™ studied
the selection response of genotypic value in a large
region and congtituent sub-regions. Although selec-
tion indices were adopted in all of these studies, the
essential issue is single-trait improvement in varied
environments, which does not indeed exert the pre-
dominance of index selection in the aspect of mul-
ti-trait improvement.

On the other hand, the classic selection index
proposed by Smith!2 and Hazel ™ and a series of
extensgons are actualy specific selection indices,
which are constructed for each population/environ-
ment. Normally, there are two obvious limitations
of specific index selection: (a) obtaining reliable pa-

rameter estimates from the limited evaluation of the
materials involved, and (b) the laborious task of
constructing an index for each population in each
generation™®!, To solve these problems, Hanson
and Johnson™! modified specific selection index
theory by combining parameter information from
various experiments to a general or an average se-
lection index. Furthermore, the Smith-Hazel index
and its various modifications mainly focused on the
utilization of additive genetic effects for the im-
provement of economically important traits.

Based on mixed linear model approaches,
Zhu developed a statistical technique and soft-
ware to analyze an additive-dominance-epistasis
(ADE) model with GE interaction effects. This
technique facilitates the estimation of variance-co-
variance components, heritability and correlation
coefficients, which provide theoretic and technical
support for the construction of selection indices on
several traitsin multi-environments.

The objective of the present study was to ex-
tend the traditional selection index to achieve selec-
tion on multiple traits in different environments, and
to satisfy the requirement of selection for specific
and wide adaptation, respectively, in breeding pro-
grams. An example of the application of this
methodology is also given.

1 Materials and Methods
1.1 Genetic model

Zhu**' proposed an additive, dominance and
additive x additivemodel (ADAA model) with GE
interaction effect using diallel mating design. When
genetic experiments are carried out in a randomized
complete block design, a linear model for the
genetic entry of the k-th type of generation derived
from parent i and j in the /-th block within the h-th
environment can be written as

Vi = M+ G + Ep +GEpjr + 6y 1)
where u= population mean, Gy~ total genetic main
effect, E,= environment effect, GE,;= GE interaction
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effect, and e;= resdual effect, ~ (0,0 &), k=0,1,2
for parents, F, and F,, respectively.

Following the definition of epistasis by Cocker-
ham™, when additive x dominance and dominance x
dominance epidatic effects are ignored, Gy in the
ADAA model can be partitioned into

Giy= 2 a; A 2 :’2./215 iDi+ (2 a A

Where a ; is the coefficient of the additive effect,

d.a,=25 ; isthe coefficient of the donimance

effeCt, 2,‘2_,‘;16 i :l, a i =20 i + Zj#ia ij*

And GE,; in formula (1) can be partitioned in-
to

GEhtjk = ; 2 a hiA Ehi + ; 2 Zﬁ hij DEhij +
] iojz i
2 (Xa,AE) .

According to formula (1), the genetic main ef-
fect and the GE interaction effect of various entries
such as parents, F:s, F;s, BC;s, BC;s can be ex-
pressed.

Under Zhu’smodel ™, the phenotypic variance
(V) can be partitioned into several componentsas

V,= Vet Vgt V.

= Vot Vgt Vot Vit Vi + Ve + Ve

Where V;; = genetic main variance, V= GE inter-
action variance, V, = residua variance, V, = addi-
tive genetic variance, V;, = dominance genetic vari-
ance, V,, = additive x additive (AA) epistatic vari-
ance, V= additive x environment interaction vari-
ance, V= dominance x environment interaction
variance, and V= AA epistasis x environment in-
teraction variance.

Also, the total heritability in narrow sense can
be partitioned into vari ous components:

K =h+h,

2

2 2 2
=(h, +h,,) +(h, +h

AAE) )

Where th isthe general heritability in narrow sense,
hl = V41V, ; h., isthe interaction heritability in
narrow sense, th = ValV,; hi is the additive heri-
tability, h, = V,/V,; h,,is the AA epistatic heri-
tability, h, = Va IV, ; b, isthe additive x envi-

ronment interaction heritability, hiF = Vil V,; hiAE

is the AA epistasis x environment interaction heri-
2

tability, b, = V! V.

AAFE

Likewise, the phenotypic covariance ( C,) can
be partitioned as:

C,=Co+ Cort C,

= Ca+ Cpt+ Cuat+ Cart Cop+ CuartC,.

To edtimate the variance-covariance compo-
nents, MINQUE (0/1) method*® was applied.
1.2 Selection index approach

For the purpose of illustration, the Smith-Hazel
index is introduced in the present study. The con-
struction of a selection index mainly involves the
calculation of the phenotypic variance-covariances
of the information traits, the genetic variance-co-
variances of the objective traits, and the genetic co-
variances between the phenotypic values of the in-
formation traits and the breeding values of the ob-
jective traits. Among these procedures, determina-
tion of breeding value is a crucia step for the estab-
lishment of selection indices. During multi-environ-
ment breeding programs, additive, additive x addi-
tive epistatic effects and their interaction with the
environment of an agronomic trait can be fixed
through artificial selection in a specific environ-
ment. Thus, we can write the breeding value (B) of
an individua as

B=B;+ Bg:=(A+ AA) + (AE + AAE) .
Where B; is the general breeding value, and By is
the GE interaction breeding value. These two types
of breeding value should be utilized in different
conditions. Value of B; can be utilized in the
selection procedures conducted in various environ-
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ments, whereas B can be applied in the selection
procedures conducted in a specific environment.

With respect to multi-environment trails, we
construct two types of selection indices. One is the
general sdlection index (I, for evaluation conducted
in multiple environments, and another is the index
involving in genotype by environment interaction
(GE interaction index, I) for selection conducted in
a specific environment. Accordingly, Bgis used for
the congruction of the general index and both B
and Bg: are employed in the construction of the GE
interaction index.

The covariance between phenotypic trait x; and
breeding value B, in h-th environment can be writ-
ten as

Cs= C(x, B) 2
= (G, B) + ((Ey, B) + ((GEx, B) + ((e;,B).

It is generally assumed that there is no covari-
ance between E;,; and B;, ¢;and B; . Then C (E;;, B)
=0, C(e;,B) = 0. Thus, formula (2) can be expressed
as

Cy= (G, B) + C(GE};, B)

= C[( A+ D+ AA), (Aj+ AA + AE + AAE)]

+([AE + DE,+AAE), (A +AA; +AE; +AAE)].

Under the assumption that there is no covari-
ance between GE interaction effects and main ge-
netic effects, we can further write formula (2) as

Cz= C(A;, A) + C(AA, AA) + C(AE, AE) +
((AAE; AAE)

=(CatCp) + (Car+ Can) 3)
= CBG +CBGE
Where Cg,, is the covariance between phenotypic
trait x; and general breeding value Bg, and Cy,;. iS
the covariance between phenotypic trait x; and GE
interaction breeding value Cg,.

When i = j, the variance of breeding value B; is

V= (Va+ Vi) + (Ve + Vaud)

= Vi + Vi, - 4
Where V;,, isthe genetic variance of general breed-

ing value, and Vy... isthe genetic variance of GE in-

teraction breeding value.

In formula (3) and (4), the first part of the right
side of the equal mark is related to the main genetic
effect, and the second one is related to the GE inter-
action effect. Then, general index and GE interac-
tion index can be constructed on the basis of the es-
timation of phenotypic and genotypic variance-co-
variancesillustrated above.

The predicted response to index selection can be
calculated following Wricke and Weber™:
R = i-[(b"Ph)/W'Gw)]*2
Where i is the selection intensity, b is the vector of
index coefficients, P is the matrix of phenotypic
variance-covariance of information traits, w is the
vector of relative economic weight of information
traits, and G is the variance-covariance matrix of
breeding values of primary traits.
The sdlection response to index selection for
sngletraitj is:
R;= i+ [(b'c)/(b"Pb) V5]
Where c; is the j-th column of genetic covariance
matrix C.
1.3 A working example

Data of a modified dialel cross with parents
and F; s of upland cotton (Gossypium hirsutum L.)
were used as an example to illustrate the application
of the genera index and the GE interaction index
presented in this sudy. The experimenta germplasm
comprised ten elite domegtic cultivars and lines: (1)
A226, (2) A160, (3) Al7, (4) Lumian 6 (LM6), (5)
CCRI 12, (6) CCRI 13, (7) Xuzhou 184 (XZ 184),
(8) Shimian 2 (SM 2), (9) 4305, (10) 4318. Among
these materids, (1) ~ (6) were treated as female par-
ents and the other four genotypes were selected as
male parents, from which 20 F,’s and F,’ s crosses
were produced in 2003 and 2004, respectively, by
adding seed generation in Hainan Idland, China
The 20 F;s and 20 F;s aong with 10 parents were
grown in a randomized complete block design con-
sisting of three replications in the experimental sta-
tion of Zhejiang University in 2004 and 2005. Data
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were recorded on lint yield (LY, kg -hm?), boll
number (BN), boll weight (BW, g), and lint percent-
age (LP, %). In this case study, for simplicity, the
selection fraction is fixed as « = 0.05, with i = 2.063
as the selection intensty, and equal economic
weights were used for al the traits. In the index, al
the four yield traits acted as both objective traits and
information traits, and the matrix C was identical
with matrix G. The data were mainly analyzed on
an IBM compatible PC by programs written in C
language.

2 Results and Analysis

In the first analysis, we estimated the covari-
ance components of the four yidd traits. The co-
variance to be used in the matrix C and G was com-
bined (Table 1). Two situations were considered,
one was the general genetic effects expresses in
multiple environments, and the other wasthe GE in-
teraction effect particularly expressesin a given en-
vironment. The value of Cp,; was used to construct

the general index (I and Cy,, was used to con-

struct the interaction selection index (I). Phenotypic
covariances between the information traits were al-
S0 estimated.

In the second analysis, we estimated the genetic
variance components of the four yield traits. Then
we combined the variances which should be used in
the matrix C and G (Table 2). Vaue of V. was ap-

plied to calculate the special index, and Vi, was

employed to calculate the interaction selection in-
dex. It turned out that lint percentage had the great-
est general genetic variance among the four yield
traits. Thusit was easy to select varieties with stable
lint percentage in different environments. On the
other hand, lint yield had the smallest genera vari-
ance but the largest interaction genetic variance. It
indicated that lint yield was prone to be hereditarily
influenced by environments. And it was more diffi
cult to select superior lines with stable lint yield
over various environments. Accordingly, we esti-
mated the phenotypic variance of the four yield
traits.

Table 1 Phenotypic and genetic covariance between yield traits

Trait Parameter Boll number Boll weight Lint percentage

lintyield Cg -2.383 -2.0%4 6.318
Cog * Cog, -5.454 -2.242 4.881

G 35.651 4.580 22519

boll number Cag -0.152 0.707
Cag + Cpgp -0.103 -0.046

C, 0.071 2.756

boll weight Cyg -0.160
Cog + Cpge -0.169

G, -0.123

Note: Cg; isthe covariance between phenotypic value of information trait and general breeding value, Cz; = C,+ Cay, CiiS
the additive covariance, C.. isthe additive x additive (AA) epistatic covariance; Cy,,, isthe covariance between phenotypic trait
and genotype x environment interaction breeding value, Cp,, = Cus + Cass Cae IS the additive x environment interaction

covariance,C,s isthe AA epistasis xenvironment interaction covariance.
Table 2 Phenotypic and genetic variance of yield traits

Parameter Lint Yield Boll number Boll weight Lint percentage
Vg 0.002 0.853 0.004 5.627

Ve + Vg 14.249 0.853 0.030 5.660

V, 574.326 11.409 0.253 10.637

Note: V3, is the genetic variance of general breeding value, V;, = V., + V., V, is additive variance, V.., is additive x
additive (AA) epistatic variance, Vg, isthe variance of genotype x environment interaction breeding value, Vg, = Vg + Vg

Ve isadditive x environment interaction variance, Vizisthe AA x environment interaction variance.
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In this example, for smplification, we assumed
that the four objective traits had equal economic
values for each phenotypic standard deviation in-
crease. The general index (1) is constructed to be u-
tilized in multiple environments. The phenotypic
variance-covariance matrix (P) is:

574.326 35.651 4.580 22.519
35.651 11409 0.071 2.756
4580 0.071 0253 -0.123
22519 2756 -0.123 10.637

The genetic variance-covariance matrix Ciis:

0.002 -2383 -2094 6.318

-2383 0853 -0.152 0.707

-2.094 -0152 0.004 -0.160

6.318 0.707 -0.160 5.627

Here, because there were only objective traits,

i.e. four yield traits served as information traits, ma
trix C was identica with the genetic variance-co
variance matrix G. The generd index was I; =
0.076x.y— 0.507 xgy— 10.229xz,, +1.027 x.». The pre-
dicted total response was 3.843 while the single re-
sponse of lint yield, boll number, boll weight, and
lint percentage were 217.788, 0.604, -1.519, and
1.063, respectively.

The second index, namely, interaction selection
index, was constructed to be applied in a specified
environment. In this circumstance, matrix P was as
before. The matrix G (or C) obtained was:

14.249 -5.454 -2242 4.881
_ . |-5454 0853 -0103 -0.046
p -2.242 -0.103 0.030 -0.169

4881 -0.046 -0.169 5.660

The GE interaction index was I; = 0.144x,, —
0.983xgy— 11.768x,+0.784x.» The predicted total
response was 3.576 and the single response of lint
yield, boll number, boll weight, and lint percentage
were 3.112, -0.151, -1.275, and 0.942, respectively.

3 Discussion
The breeding vaue is the genetic value which
should be transmitted to the progenies and can be u-

tilized by breeders and growers. Traditionally, addi-
tive genetic effect is referred to as breeding vaue.
Accordingly, the components in the matrix C for
calculating index coefficient are additive vari-
ance-covariances. In numerous studies, total genetic
variances rather than additive genetic variances
were used in index selection™ * 221 These studies,
in principle, have been inconsistent with the basic
rule of index selection. In redlity, the type of breed-
ing value used in index selection depends on the
type of variety!™. For cross-fertilized crops, when
experiments are conducted in a single environment,
only additive genetic effect can be fixed in the seg-
regating generations. For self-pollinating species,
however, additive together with AA epistatic effects
can be utilized. For cloned varieties, the whole
genotypic value can be exploited. Studies®* have
showed that selection response should last longer
and greater in the presence of epistatic effect than
only under additive gene action. Under this circum-
stance, for self-pollinating crops we propose to refer
to breeding value as the combination of additive and
AA epidatic effects. When breeding experiments
are carried out in multiple environments, the GE in-
teraction effect should be taken into consideration
as a contribution to breeding value, too.

GE interaction effect leads to varied perfor-
mances across environments. In experiments rel ated
to plants and animals, GE interaction generally con-
sists of genotype x location (GL) interaction and
genotype x year (GY) interaction. Many reporterd=2
claimed that GL interaction was more useful than
GY in depicting adaptation patterns, because
year-to-year environmental variation is not known
in advance. On the other hand, the notable influence
of year-to-year fluctuation in climate on agricultura
production due to factors such as the El Nino cannot
be overlooked, either. Actua measurements over
both locations and years may be the only accurate
criterion for reliable evaluation of genotypes. In the
present study, we used two-year cotton data as an
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example to demonstrate how to conduct selection
on multivariate traits in multi-environments. Al-
though the data were limited to two years, it could
also represent, to some degree, two distinct climatic
conditions. The year 2005 was rainy and chilling,
which significantly influenced the growth and de-
velopment of cotton bolls. As aresult, the first aver-
age harvest percentage was only 28.76%, while be-
ing 56.29% in 2004 due to its relatively normd cli-
mate.

According to Hanson and Johnson™™, Caldwell
and Weber™  agenera index is constructed by mak-
ing use of parameter estimates from some unrelated
populations, an average index is constructed by
combining parameter information from given stud-
ies, and each specific index is constructed by esti-
mate from a particular population. The general in-
dex is not easy to handle because usually the actual
relationship among the populationsis not complete-
ly known. In contrast to non-specific index selec-
tion, specific index selection, as a whole, exhibited
the best performance. However, either generd or
average index were reasonable substitutes for the
specificindex®™. Byth et al® examined yield advance
in two populations over three environments. The re-
sults showed that for each population, specific in-
dices had the greatest predicted genetic advance.
For estimates, over multiple environments, howev-
er, specific indices were less efficient for actual
yield advance than general indices. In the present
study, we propose two types of sdlection indices,
general index and GE interaction index. General in-
dex refers to the selection index constructed by uti-
lizing the main genetic breeding value. GE interac-
tion index, however, is congructed by using the
combined information of the main genetic breeding
value and the interaction breeding value. The gener-
al index defined in the present study, to a certain ex-
tent, is similar to the genera index defined by Han-
son and Johnson®*4, However, the GE interaction in-
dex is a new definition. Most of parent materials

used in the previous case study are cultivars or lines
in China, which could not be excluded as unrel ated
population. Therefore, the selection indices deduced
from these genetic entries only can be treated as av-
erage index according to the module of Hanson and
Johnson™, Caldwell and Weber™. These indices, in
some degree, can be used as reference in the cotton
breeding program.

Diverse selection strategies should be adopted
depending on different breeding objectives. In most
cases, plant and animal breeders make effortsto im-
prove overal performance in a range of diverse en
vironments!®. Under these conditions, much atten-
tion should be paid to selecting the general genetic
effects. On the other hand, some plant breeders aim
at developing specific varieties for a given stress
ecosystem™., For instance, cotton varieties that can
tolerate saline-alkaline and drought stress are in de-
mand in the desert regions. Then the specific geno-
type by location interaction component can be used
for selection in addition to the main effects of geno-
types.

In practice, selection and evaluation programs
for new lines are mainly carried out at experimental
gations. Thus, it isimportant for the breedersto un-
dergtand the relationship between primary testing
sites and target environments®*, However, most of
these studies focused on the improvement of a sin-
gle trait, such as yield. The theory of correlated se-
lection response proposed by Falconer!® was com-
monly used as indirect selection on onetrait in nurs-
ery environments to the target environments. Fal-
coner’s theory was further combined with the
method of index selection to preliminarily test the
breeding lines at primary testing locations’®*®. How-
ever, Falconer’s method can only be applied to se-
lect superior genotypes for a single trait. The
methodology presented in this study can be used to
resolve this problem. The general index can be used
to select superior genotypes that should perform
wel in multiple environments. Elite genotypes se-
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lected in one environment (especially for location)
may safely be used for cultivation in related envi-
ronments. Besides, the interaction selection index
can be employed to select specific varieties for par-
ticular ecosystems. In this situation, only one specif-
ic goal will be achieved. The lines improved at the
testing locations can only be adopted locally, and
cannot be introduced into other locations.

In traditional breeding programs, the breeders
take the phenotypic information of individuals for
selection instead of genotypes because of their
non-availability. One of the shortcomings of this
procedure is the low efficiency. The successful de-
velopment of molecular markers provides the possi
bility of direct selection upon genotypes through the
strategy known as marker-assisted selection (MAS),
which is especialy effective for the selection in the
early generations ®4. To maximize the rate of im-
provement quantitative traits, Lande and Thomp-
son'® described a selection index combining mole-
cular and phenotypic information, which only fo-
cused on one-trait improvement. Later, in common
bean (Phaseolus vulgaris L.), Tar'an et a ™ devel-
oped a procedure integrated QTL-based index in-
volving in severd traits and genetic distance to i-
dentify lines that retain important QTLs and have
desired genetic background. More recently, a model
wasillustrated to formulate selection index methods
together with MAS covers both single trait selection
and multi-trait selection[*). However, all those stud-
ies regard additive effect as breeding value and did
not place the ranges on multiple environments. The
methodology proposed in this study can be expand-
ed to the dtuation of incorporation of index selec-
tion theory and QTL by environment interaction
(QEl in multiple environments, which is under
study.

In application, the selection indices proposed in
this study can be operated in two steps. In the first
step, the calculation of parameters such as pheno-
typic and genetic variance-covariance can be

achieved by the Quantitative Genetic Anaysis
(QGA) software package developed by Dr. Zhu
Jun’s group. QGA is freely released and available
from webpage http://ibi.zju.edu.cn/software/. In the
second step, the selection indices construction can

be fulfilled by some matrix operations in statistica
software such as Microsoft ® Office Excd ® or
MATLAB ®,

4 Conclusion

In the present study, two types of selection in-
dices, general index and GE interaction index were
proposed. Two kinds of breeding values were devel-
oped for the construction of the corresponding se-
lection index. Breeders can make use of different
type of index in their selection practice according to
various breeding purpose in multiple selection sur-
roundings. It is practical to perform the calculation
and analysis follow the methodology presented in
this study.
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