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Impacts of QTL x Environment Interactions on Genetic Re-
sponse to Marker-Assisted Selection

LIU Peng-Yuan , ZHU Jun®, YAN Lu

Institute of Bioinformatics, Zhejiang Universiry, Hangzhou 310029, China

Abstract: Genotype x environment (GE) interaction is a common characteristic for quantitative traits, and has been a subject of
great concern for breeding programs. Simulation studies were conducted to investigate the effects of GE interactivi on genetic re-
sponse to marker—assisted selection (MAS). In our study we demonstrated that MAS is generally more cfficizni than phenotypic
selection in the presence of GE interaction, and this trend is more pronounced for developing broadly adzptabie vaneties. The utili-
zation of different QTL information dramatically influences MAS efficiency. When MAS is based en )TLs evaluated in a single
environment, the causal QTL x environment (QFE) interactions usually reduce general responise 2cross environments, and the reduc-
tion in the cumulative general response is a function of the proportion of QF interacticiis for the trait studied. However, MAS using
QTL information evaluated in multiple environments not ¢nlv yields higher general response, but the general response obtained is
also reasonably robust to QF interactions. The to:al response achieved by MAS in a specific environment depends largely on the
total heritability of traits and is siightly subje:t to relative changes between general heritability and GE interaction heritability. Two
breeding strategies, breeding experiments conducted in one environment throughout and in two environments alternately, were also
examined for the implementatior. of marker-based selection. It was thus concluded that plant breeders should be cautious to utilize
QTL information from only one environment and execute breeding studies in another.
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Genotypes in multiple environments can react
differently to environmental changes. This differential
response of genotypes from one environment to an-
other is called genotype x environment (GE) interac-
tion. GE interaction is a common characteristic for
quantitative traits, and has been a subject of great

U1 With molecular

concern for breeding programs
maps and appropriate experimental designs, GE in-
teraction can be further dissected into components of
QTL x environment (QF) interaction, which are of
great importance for marker-assisted selection in crop
improvement '*. Numerous cases of such interactions
have been documented in recent QTL mapping stud-
ies 1 A substantial proportion of QTLs identified
in these experiments showed inconsistency in expres-

sion between non-stress and stress environments. GE
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interaction encountered in experiments complicates
artificial selection and variety development. One
challenge facing plant breeders is to take into account
such QF interaction effects, maximizing variety
adaptability and stability across environments. How-
ever, the feasible utilization of QTL information re-
garding GE interaction in crop improvement pro-
grams is a complicated issue that remains largely un-
explored.

The utilization of marker-assisted selection
(MAS) has received extensive attention in breeding
programs to improve the efficiency of the selection
for quantitative traits. Theoretical and simulation
studies showed that extra genetic response through
MAS can be made!'®%!. However, these studies as-

sumed no epistasis and no GE interaction involved in
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the improved quantitative traits. In our recent studies,
epistasis was incorporated into marker-based breed-
ing procedures and additional genetic gains and more
superior genotypes were obtained from selection,
indicating the importance of utilization of epistasis in

129301 Incorporation of GE interaction

crop breeding
into marker-assisted selection has not yet been quan-
tified and characterized.

A primary aim of the present study is to investi-
gate the effects of QF interaction on the effectiveness
of MAS. In breeding practices, plant breeders usually
attempt to select genotypes that are stable and that
| On the

other hand, plant breeders may aim to develop spe-

. . 3]
which perform well across environments!

cific varieties for a given stress ecosystem. Therefore,
a secondary aim of the present study is 1o formulate
proper MAS schemes for diiferent brzeding objec-

tives in the presencc ¢f GE interaction.

1 Methods and Simulations

QTL mapping experiments mainly serve as a
starting point for the use of MAS in breeding pro-
grams. These experiments can be broadly divided into
those conducted in a single environment and those in
multiple environments. In the former case the main
genetic effects of QTLs and their environmental in-
teractions (QF) are confounded, while in the latter
QTL effects are distinguishable!*****. We first ex-
tended our previous studies™*" to present breeding
value as a selection index used in marker-based
We then designed

simulation experiments to investigate the impact of

breeding across environments.

OF on the genetic response of MAS under different

breeding strategies.

1.1 Genetic model

For simplicity, we employed a cross between
two inbred lines to initiate a selection, assuming each
to be homozygous at all loci. Suppose that there are
QTLs, and denote Q, allele at the i~th QTL, then
each @, locus is bracketed by two flanking marker
alleles, M,_ and M,

4

described by Liu et al™,

. Following the genetic model

when there are QF interac-

tions, phenotypic value of individual &k in environ-

ment A can be expressed as,

Yk —u+Za Xpn +Za’ XDy, +ZZ““U’CAAUk
+ZZadu XaD; +ZZda,jxDAl]k

2 dd;xpp, ik T EEy + ZeA Ep ¥ ik

i< j

+Z€D Ep XDy +ZZeAA,,Eh At
+ZZeAD \En X ADyy +ZZeDA,]£h DA

<

i DDy £, DDy T i
i< j

(h
whee 4 is the population mean; a, and d, are
the aaditive z2iid dominant effects of Q,, respectively;
acy; , adij ,
additive x additive, additive x dominant, dominant x

da;and dd; are the epistatic effects of

additive and dominant x dominant between Q, and

Q; , respectively; ey, is the random effect of envi-
2 5.

ronment h (E,), ex —N(0,0, ) e,p,

. . 2 .
dom a; x E, interaction effect, e, —N(0, et );

is the ran-

epr, is the random d; x E, interaction effect,
epg, — N, O‘eM); €, 18 the random aa; x
2 .
E, interaction effect, ¢, 4,5 ~ N, GeMUE), €,k
random ad, x E,
2
N(O, Ge,m]

interaction  effect,
,-E); the coefficient x, ~and x,,

is the

€ADyE,
are 1 and O for genotype 0,0,, x, and Xp, are-l

and 0 for genotype ¢,q;, x, and x, areQand I for
genotype Qiq; 5 X4y =
= Xp Xp, 5 &y 18 residual

xDAzjk = Xp, xAjk ’ xDD:jk ik
effect, €, ~N(0,62);for i,j=1,2+"n

xAik xAjk ’ xADijk = Y4 xD;k ’

1.2 Estimation of breeding value

In our previous study, we recorded that the breed-
ing value is a more proper measure than other selection
indices for MAS ', For a genetic model with main
genetic effects and GE effects, the total breeding value
should also be partitioned as B=B; + B, , where
B is general breeding value which can be inherited
over multiple environments; while Bg is an interac-
tion breeding value which can be inherited in specific

environments. If we know QTL effects and the genotype
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of an individual, we can write the breeding value B,
of that individual k as Zafo,k +ZzaaiijAijk and
Bsp  of individual kK in environment A as
ZeAiEth,_k +ZZeAAithxAAiik .

, In the rela<1 ;ituation of breeding practices, the
true QTL genotype of an individual is not available;
only its trait phenotype and marker genotype are ob-
servable. However, probability of a particular QTL
genotype conditional on its trait phenotype and
marker genotype can be calculated. Therefore, the
estimation of breeding value of an individual is the
weighted sum of breeding value of all possible geno-
types, for example., the general breeding value

B = E(Bg 1y, ,h)
= Zp(z [ ¥, ,h)(z ax, Z Z,;;aUxA,,Uk \
z i i<
2
where the weight, p(zly,,h), is the probability of a

particular QTL genotype z conditional on its trait

phenotype  y,
p(zly,,h) can be calculated over several consecu-

and marker genotype k&

tive generations during the selection procedure,
which was detailed in our previous study . Simi-
larly, the interaction breeding value (B, ) can be

estimated as
B = ZP(Z | )’k’h)(zeA,.Eh X Ay

3
+ZZ‘3AA,-,Eh xAAijk )- ®

i<
1.3 Genetic map

Simulations were conducted by using the map
described in our previous study '*°\. This map had 55
markers evenly spread over 5 chromosomes of length
1 Morgan, with 8 diallelic QTLs and 16 digenic
epistases assigned randomly on the map. There were,
however, three categories of QTLs: (i) showing ge-
netic main effects solely, (ii) showing interaction ef-
fects solely, and (iii) a mixture of these two. The
number of three categories of QTLs was 2, 2, and 4,
respectively, and that of epistases was 4, 4, and 8,
respectively. The recombination fraction was derived

from the map distance (d ) as r=0.5(1-¢2¢) B4,

1.4 Generating phenotypic data

For generating phenotypic data, we require to
know different source variations such as those due to
main genetic effects and epistases and their environ-
mental interactions. If there is GE interaction, the

total phenotypic variance can be partitioned as,

V, =V, +V,, +V, @)

where v;, v,. and v, are the variances of genetic
main effects, GE interaction effects and residual
effects, respectively. The expected genotypic vari-
ance v, in iritial population (F,) was deduced in
owr previous study %, Assuming independence of
GE interaction effects within and between loci, the
expected GE interaction variance v, in F, can be

expressed as,
Vo = 1 2 1 2 1 2
GE _EZGA,-E +Zzo-pl-5 +ZZZGMUE
i i i< j

1
+ZZZSU 2- 81'1')0201),-]-15 + ZZnUGiDUE
i< J

i< j
2
+ZZnU6DA,-jE
i<y
5)

(r;is the recombination fraction between (), and
Q; ).Since quantitative traits are controlled by genetic
main effects and GE interaction effects, the total
heritability ( H?) can be partitioned into two compo-
nents: general heritability ( H é ), which is defined as
the ratio of variance of accumulated inheritable
genotypic effects to the phenotypic variance, and in-
teraction heritability ( H éE ), which is defined as the
ratio of variance of accumulated inheritable GE
interaction effects to the phenotypic variance **, While
generating the phenotypic data, we chose V; and Vg
to yield the desired heritability, given that the phenotypic
variance was fixed at 1 in all simulations.V; and Vg
were, therefore, calculated as H(Z;VP and HéEV , re-
spectively. We then rescaled genetic main effects and
GE interaction variances among QTL alleles by setting

a given ratio of variance components (4:2:2:1:1:2 for
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ViV iVay :Vap Vo :Vpp and Vg Ve Vg
Vupe *Vape :Vppg ) (for details see simulation sec-
tion in Liu er al., 2003"%°)). The phenotypic value of
individual k in environment 4 included an additional

environment effect and GE interaction effects
Yu =M+ E, +G, +GE,, +€,, (6)

where u is the population mean; E, is the envi-
ronment effect; G, is the sum of all genetic main ef-
fects within and between loci "%, GE,, is the sum of
QF interaction effects within and between loci in envi-
ronment h; €, is the residual effect with zero mean
and known variance (1—-HZ2 —HZ, )V, . Simulations
were conducted with three sets of general heritability
and GE interaction heritability ( H& =05 and
HZ =0.1, H:=03and H3, =02, and 4} =0.1
and HZ; =0.5).

1.5 Selection

We here focused on population improvement by
MAS, which was more relevant to open-pollinated
plants. In each generation of sample size N, the top
30% of individuals were selected and then mated at
random to produce N offspring. Two breeding
strategies were used: (i) breeding experiments con-
ducted in one environment throughout, and (ii)
breeding experiments conducted in two environments
alternately. For developing the broadly adaptable
genotypes, three selection methods were compared: (i)
phenotypic selection (P); that is, selection was based
on an individual’s phenotypic value, (ii) MAS using
QTL information evaluated in a single environment
(Q*); that is, selection was based on the total breed-
ing value, and (iii) MAS using QTL information
evaluated in multiple environments (Q); that is, se-
lection was based on the general breeding value.
However, for developing different genotypes
adapted to a specific ecosystem, only the above se-
lection methods P and O* were compared. Note that
here the general response (AGg;) is attributed to
genetic main effects, which is applicable to multiple
environments, while total response (AGy ) is attrib-

uted to the total genetic effects, which is only appli-

cable in specific environments. The corresponding

cumulative genetic responses were, therefore, cal-

culated as
5( ) 6(())
AGg,, = ’—V—— (7
v G
and
(G... +GE 1)) = (G,g, + GE(0))
AG’[‘(,) — (1) ! (0) (8)

\/VG(O) +VCE«C‘)

where AG;,, and AGr, are the cumulative gen-
eral rzsponse aind total response to selection at gen-
eratior ¢ (¢ = &, standing for the initial population F;),
respectively; C_;(, , and GE(,) are the mean of ge-
netic main effects and GFE interaction effects of the
population at generation f, respectively; ch, and
Ve, are the genotypic variance and GE interaction
variance in the F,, respectively.

In this article a population of 500 individuals
was used throughout. Selections were undertaken for
20 generations in total. Simulations were replicated
200 times for each case and the mean results of the

200 simulations were followed.

2 Results

2.1 Breeding experiments conducted in one en-

vironment throughout

General response and total response to pheno-
typic selection and MAS are given in Figs.1 and 2,
respectively, when conducting selection in one envi-
ronment throughout.

Simulation results show that responses to selec-
tion are achieved with a high rate at early generations
but with a low rate at later generations; MAS per-
forms considerably better than phenotypic selection
in various cases. The general response to MAS using
QTL information evaluated in a single environment
(i.e. the method Q*) drops noticeably with increasing
GE interaction heritability; while the general response
to MAS using QTL information evaluated in multiple
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environments (i.e. the method Q) is reasonably robust
to QF interactions for the improved trait. Phenotypic
selection behaves in a similar way as that of the se-
lection method Q*, but with lower response. The ad-
vantages of the selection method Q over O* and P are
increasingly favored when GE interaction herita-
bility in creases.

Fig.2 shows that, when the total heritability is
fixed, cumulative total responses to both the methods
P and Q* are not subject to relative changes between
general heritability and GE interaction heritability.
This is because the total response achieved in a spe-

cific environment is largely dependent on the total

heritability of the improved trait as shown in Liu et al.

1A comparison of Figs. 1 and 2 implicates that

candidate genotypes identified by the seleciicn
method Q* or P in a specific environment that per-
form well in one environment may perform poorly in
another, and this problem is more acute when GE

interaction heritability is high.

2. 2 Breeding experiments conducted in two en-

vironments alternately

General responses and total responses to pheno-
typic selection and MAS are presented in Figs. 3 and
4, respectively, when conducting selections in two
environments alternately.

Plant breeders usually conduct selections in sev-
eral alternate environments to speed up the develop-
ment of varieties and test their performar.ces across
environments (i.e. the shuttle breedirg approach). In
the case of shuttle breedirg schemes, the selection
method Q* yields a marginally higher general response,
as corapared wath breeding experiments conducted in
cne environmeat throughout (Fig.1). This is also ob-
served in phenotypic selection. However, the method
Q produces similar results, except for the fact that the
general response are slightly decreased at later gen-
erations. The advantages of the method Q over Q*

and P are clear whether selections are conducted in
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Fig.1 Cumulative general responses to different selection methods (P, Q" and Q) when selections are conducted in one en-

vironment throughout

P = phenotypic selection, Q" = MAS using QTL information evaluated in a single environment, and Q = MAS using QTL informa-

tion evaluated in multiple environments.
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Fig. 2 Cumulative total responses to different selection methods (P and Q") when selections are conducted in one environ-

ment threughout
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Fig. 3 Cumulative general responses

environments alternately

to different selection methods (P, Q" and Q) when selections are conducted in two
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Fig. 4 Cumulative total responses to different selection methods (P and Q*) when selections are conducted in two environ-

ments alternately

one environment throughout or in two environments
alternately. This indicates that the shuttle the case of
shuttle breeding schemes, the selection method Q*
yields a marginally higher general response, as com-
pared with breeding experiments conducted in one
environment throughout (Fig.1). This is also observed
in phenotypic selection. However, the method Q
produces similar results, except for the fact that the
general response are slightly decreased at later gen-
erations. The advantages of the method Q over Q*
and P are clear whether selections are conducted in
one environment throughout or in two environments
alternately. This indicates that the shuttle breeding
approach is an optimal choice for developing broadly
adaptable varieties, since the gain from the selection
method () can be doubled per unit time.

However, in the shuttle breeding scheme, the to-
tal responses to the methods Q* and P not only de-
creases considerably but also fluctuates appreciably
between adjacent generations after the fifth genera-

tion, and these trends are more pronounced with lar-

ger GE interaction heritability. For instance, with a
GE interaction heritability of .5, the total response to
the method Q* is decreased after 20 generations by
up to 23%, as compared with breeding experiments
conducted in one environment throughout. In this
case, the shuttle breeding approach also fails to speed
up the development of varieties. With a GE interac-
tion heritability of 0.5, the method Q* reached a re-
sponse of 2.73 after 10 generations when conducting
breeding experiments in one environment throughout.
Over the same span of time, the same method, how-
ever, reached a response of 2.16 after 20 generations
when conducting breeding experiments in two
environments alternately (see comparisons of Figs. 2
and 4). These results are in agreement with the
breeding practice that a selection may do well in one
environment, but may result in poor behavior in
another environment. For traits controlled largely by
GE interactions, the shuttle breeding approach is,
therefore, not recommended for developing the varie-

ties adapted for a specific region.
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3 Discussion

Many studies of QTL mapping have been con-
ducted in a fixed environment to evaluate phenotype®.
With the knowledge gained from such experiments,
significant contributions to the development of more
efficient breeding strategies can be expected. However,
one important question confronting plant breeders is
whether results from one environment will apply to
another. We found that causal QF interactions can
usually reduce general response to MAS across envi-
ronments, and the reduction in the cumulative general
response is a function of the proportion of QF inter-
actions involved in the improved trait. Thus, an at-
-tempt at the utilization of QTLs in breeding programs
has to take into account such QF interactions. MAS
based on those QTLs detected by analyzins; mapping
data of a single environ:nent could be inadequate, and
due to this situation QTL wuain effects and QF inter-
actions could not be separated “**!. As a result, for
developing broadly adaptable varieties, new breeding
strategies based on QTL evaluation among a variety
of environments will be necessary to realize the po-
tential of MAS.

The latest QTL mapping experiments have re-
vealed that there are three types of QTLs responsible
for phenotypic variation of quantitative traits (""",
These include QTLs (i) showing genetic main effects
which are common across environments, (ii) showing
QF interaction effects which are dependent on a spe-
cific environment, and (iii) showing a mixture of both
QTL main effects and QF interaction effects. We
therefore concluded that the performance of a genetic
entry or population across environments is mainly
determined by genetic main effects of these QTLs.
This assumption was partially in agreement with the
conclusion of Veldboom and Lee [12], that QTLs iden-
tified for mean performance (the mean environment)
could improve the performance of those breeds,
which contain them, in both stress and non-stress
environments. In our results, MAS using QTLs
evaluated in multiple environments not only yielded
higher general response across environments but,

most importantly, the general response obtained was

only slightly subject to QF interactions for the im-
proved trait. To practical breeders these results may
be an incentive to attempt to separate QTL genetic
main effects from their QF interactions as the former
represents the mean performance in various environ-
ments. However, the method Q gives higher general
response but at the expense of lower total response;
both methods Q* and P usually work better than the
method @ in a specific environment (results not
shown). These results are in agreement with a regu-
larity for the broadly adaptable varietics iv have sta-
ble yields in various environments bui at a lower
level than narrowiiy acaptable ones, which perform
exccadingly well in favorable conditions but poorly

7 Another implication from

in unfavorabic ones
these results is that, for breeding different varieties
adapted to specific ecosystems, MAS should be based
on both QTL main genetic effects in various envi-
ronments and QF interactions attributed to specific
environments; breeding experiments are conducted in
one environment throughout, maximizing the adapta-
tion of varieties in that specific environment.

Plant breeders usually conduct selections in al-
ternate environments to speed up the development of
varieties and test their performances across environ-
ments. We showed that even when breeding experi-
ments are conducted in alternate environments, the
method @ performs comparatively better than Q* or
P. The higher the GE interaction heritability, the
greater the cumulative superiorities of Q over Q* and
P. These results are confident for breeders for the fact
that when MAS use QTL information evaluated in
multiple environments, considerable costs could be
saved by eliding multi-environment trials in assessing
the performance of experimental materials across
environments. It should be noted, however, that to
breed different varieties for specific regions, MAS
based on those QTLs evaluated in a single environ-
ment and breeding experiments conducted in that
environment throughout, is an optimal choice. This is
because the shuttle breeding approach usually causes
considerable reduction in the total response achieved
in a specific environment.

(291

In our previous study “, we proposed a proper
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strategy to optimize the implementation of MAS. It
consists of two phases: (i) QTL evaluation with a
large population and (ii) marker-based selection with
a small population. We here add another: (iii) for de-
veloping the broadly adaptable varieties, QTL
evaluation must be conducted over several environ-
ments and subsequent selection performed on the
general breeding values of these QTLs within an op-
tional environment. However, for traits less sensi-
tive to environment, this is usually not the case,

however.
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