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Abstract: A double haploid rice population from IR64/Azucena was used to dissect the quantitative inheritance of flag leaf
length. The QTL mapping method based on mixed linear model approaches was employed for detecting QTLs with additive
and epistatic effects as well as their QF interaction effects in 4 years. The results revealed that altogether 18 QTLs for leaf
length were detected on 11 chromosomes, and all of them were involved in epistasis. Three QTLs were involved in epistasis
but without detectable additive effects, such loci might play the role of modifying agents that tend to activate other loci or
modify the action of other loci. The same locus could get involved in interactions with more than one other locus, as might
indicate the possibility of multi-QTL associations in the formation of complex traits. QTL and epistasis could have both
genetic main effects that expressed stably in every environment and QF interaction effects. Some QTLs had QE effects
under multi-environments but without genetic main effect, as might suggest expression of this kind of QTLs could be
modified by environmental factors easily. And also some QTLs had only genetic main effect, so would not easily be affected
by environment. Epistasis had wider range of epistasis X environment effects than that of main effects, might indicate that
some digenic interactions were more easily subjected to environmental influence. Compared with indirect mapping method
with QF effects but without epistatic effects, more QTLs were detected in the present study, but no major QTL was found.
The QF effects were treated as random effects, so the sum of QF effects would be zero in theory, and multi environments
were suitable for estimating genetic main effects better.
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Flag leaf is very important for grain production in rice and is genetically controlled by quantitative genes.
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The advent of molecular genetic maps has greatly
facilitated the study of complex quantitative traits and
made it possible to dissect the polygenes for such traits
into individual mendelian factors. To analyze the genetic
background of flag leaf, genetic analysis and quantitative
trait locus ( QTL) mapping has been conducted, some
QTLs and their

. 1-
envmmment[ 3

effects were revealed in one
. But in heritance of quantitative traits,
gene expression could be modified by epistatic interaction
with other genes and by environmental factors ') .
Because double haploid ( DH) population is stable in
genotype, it can be used in different area or different
environment to study gene and environment interactions.
A double haploid population from IR64/Azucena was used
in QTL mapping on many traits including developmental
traits, panicle traits, and leaf traits!™*") . According to
IRRI  ( http://www.iris.irri.org: 8080/drought/map-
detail.html), in this population, at least hundreds of
QTLs were mapped, among them 205 and 96 QTLs were
for plant height and tiller number according to the QTL
analysis on developmental behavior of these two traits.
But most of these QTL studies have been based on models
assuming no epistatic effects or QF interaction effects due
to lacking of statistical method. With this population, an
indirect method was used to map QTLs with their QTL by
environment ( QE) interaction effects but without epistatic
effects on flag leaf length, using predicted total genotype
X environment interaction effects!™ . To dissect the
quantitative inheritance of flag leaf in rice in detail, the
QTL mapping method based on mixed linear model
approaches and the software QTL Mapper ™™ were
employed for detecting QTLs with additive and epistatic
effects as well as QF effects.

1 Materials and Methods

A population of 123 double haploid (DH) lines

derived from a cross between an irrigated indica variety

[21]

IR64 and an upland japonica variety Azucena = was used

in the experiments. The genetic map of this population
containing 175 markers distributed on 12 chromosomes
covering 2 005 c¢cM with an average distance of 11.5 cM

[22]

between markers = was used for QTL mapping.

The 123 DH lines and their parents, IR64 and
Azucena, were grown in a randomized complete design
with two replications at both Hainan in 1995 and
Hangzhou in 1996, 1997 and 1998. Hainan Island is
located in the Southern China Sea at 18° north latitude
while Hangzhou is located in eastern China at 30° north
latitude. These two places show great difference in
climate, day length,
growing seasons. At Hangzhou, there were remarkable

soil conditions, and even rice
divergences of temperature, soil conditions among the
three years. The experiment was conducted from early
December 1995 to late April 1996 at Hainan where rice
can grow well all year round. At Hangzhou, experiments
were carried out from late May to early November in
1996, 1997 and middle May to middle October in 1998.
In all environments, the germinated seeds were sown in a
seedling bed and the seedlings were transplanied to a
paddy field 30 days later, with a single plant per hill
spaced at 15 e¢m x 20 cm. Each plot included four lines
with eight plants per line. At the maturity stage, flag leaf
lengths of six central plants in each plot were measured.

QTLs as well as their environmental interaction
effects were mapped by the mixed model based QTL
mapping approach and software of QTL Mapper'®*' . The
likelihood ratio value of 11.5, which is equal 10 a LOD
score of 2.5, was used as a threshold to declare the
detection of QTL or epistasis.

2 Results and Analysis

2.1 Transgressive segregation of leaf length (Ll)
The phenotypic behavior of leaf length for the DH
population and its parents under four environments was
described in Table 1. Leaf length (L1) of parent Azucena
was larger than that of IR64 in all environments. Wide
variation from maximum to minimum values occurred
among DH lines across all four environments. But also the
population  segregated  continuously  like  normal
distribution, the absolute values of skew and kurt were
less than 1.0, as suggested that the DH population was

suitable for QTL analysis.

Table 1  Phenotypic behavior of flag leaf length under four environments
- Parents DH population
IR64 Azucena Mean Max Min Stdev Skew Kurt
Hainan in 1995 17.1 25.9 22.81 37.8 13.4 5.06 0.42 -0.08
Hangzhou in 1996 29.3 34.7 33.44 54.3 19.0 7.54 0.55 -0.29
Hangzhou in 1997 32.8 46.9 38.58 61.0 24.9 6.59 0.45 0.61
Hangzhou in 1998 30.5 35.6 34,70 52.4 23.9 6.04 0.53 -0.35

Mean, Max, Min, Stdev, Skew, and Kurt are the average, i .

, standard deviation, skew and kurt of all observations for DH lines in one

environment, respectively,
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2.2 Quantitative Trait Loci for L1

Altogether 18 QTLs for leaf length with additive
effects and/or additive x additive epistasis effects were

Table 2  Positions of QTLs with additive effect and/or
additive x additive epistasis effect for flag leaf length

Chrom. QTL Marker interval Distance( M)
found on 11 chromosomes of all the 12 chromosomes 1 L1 RGC246 - K5 oz
(Table 2, Fig.1) . They were named for leaf length as 1 ui-2 RZ730 - RZ801 0.08
“Ll" with the chromosomal number. If there were more 2 Li2-1 RG437 - RG544 0.04
than one QTL in a chromosome, the serial number was 2 Li2-2 RZ123 - RG520 0.04
added after chromosomal number separated by a hyphen. 3 Li3-1 RZ394 - pRDIOA 0

. R 3 Li3-2 RGS10 - RG418A 0
The positions of these QTLs were indicated by the marker i L1 RO218 - RZ262 0
interval bracketing the concerned QTL with the estimated 4 Li4-2 RG163 - RZ590 0.02
distance in morgon (M) from the left marker. In Table 2, 5 Lis-1 RZ556 - RG403 0.12
three QTLs presented in bold italic letters were involved 5 Lis-2 RZ70 - RZ225 0.18
in epistasis but without detectable additive effects, while 6 Lie-1 RZ667 - Pg‘: -2 0
the other 15 QTLs with both detectable additive effects : [u‘]:f ;zﬁ‘?::ggg 0.008
and epistatic interaction effects were presented in regular 7 2 CDO418 - RZ978 0.02
form. The estimated additive effects and the additive x 3 Ls A5J560 -~ A3E39 0
additive epistatic effects at significance level of 0.01 or 9 L9 RZ422 - Amy3ABC 0.04
0.005 under different envi were p d in 10 Lo RZ625 - CDO93 0.06
Table 3 and Table 4, respectively. 1 ui RC10%4 - RO167 0

Table 3  Additive and/or additive x environment interaction effects of QTLs across four environments

QTL a ael ae2 ae3 aed

Li1-1 ~1.10"" 1.22°*

Li-2 -2.94%"

L2-1 1.05""

L2-2 0.95""

132 -1.43" -0.97"

Ll4-1 -0.68"" 1.97** -1.27"
L4-2 -1.16"" -0.43"
115-1 2.16"" -2.477"°

Li6-1 -0.31"

Li6-2 a2t 1.78*" -0.77*" ~1.04""

u7-1 -0.19" -0.96"" -1.23"" 2,377
u7-2 1.21"

L9 -1.20"" -1.55""

Lo 0.31" -0.35""

Lt -0.37""

a, ael, ae2, ae3, and aed represent additive main effect and additive X environment interaction effect at Hainan in 1995, at Hangzhou in 1996, 1997,
and 1998, respectively. " and "* represent the significance at P =0.01 and 0.005, respectively.

Table 4  Epistasis and epistasis by environment interaction effects of QTLs across four environments

QTL: QTL; ca aael aae2 aqe3 aaed
Lil-1 LB-1 -0.32""

L2 L7-2 1.36" -1.39"
u-2 u9 1.2 -0.53" 0.61°"
L2-1 114-1 -0.53""

LI2-1 Li6-1 1.34*" 121"

Li2-2 Li6-1 -0.83° 104" -1.56""

L2-2 Li6-2 0.85"" 0.68" -0.797" 0.45"
L2 -1 0.46™"

L13-2 114-2 1.107
1132 L16-1 -0.88""

32 us -1.10"

Li3-2 1110 -1.43"" 0.73""

Li4-1 L14-2 0.40""

Li4-2 L9 -1.18"" ~1.08""
LI5-1 L1l -1.23"" 1.52°" -1.62""

Lis-2 L9 0.50"" ~0.83""
Li7-1 jaitl 0.74""

L9 1110 1.12°" -1.13"

aa, cael, aae2, aae3, and aaed represent epistatic main effect and epistasis x environment interaction effect at Hainan in 1995, at Hangzhou in 1996,
1997, and 1998, respectively. * and*" rep the signifi at P =0.01 and 0.005, respectively.
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QTLs with both deteciable additive effects and
epistatic effects were presented in regular form while the
QTLs involved in epistasis but without detectable additive
effects were presented in bold italic form.

2.3 Analysis for QTL Additive Effects

Fifteen QTLs with additive main effect (a) and /or

Chrom 1 Chrom 2
B RG472 13.0 — RG437
192 — s3] RG544
16.1— 7] RG246 22— RG171
Ks RGI157
Z: — U 274 —
—H— RG532 | RZ318
53— L 63— ]
155 —
-H— RGI173 293 — Pall
150 — AmylB
3.8 0 776 102 RZ58
/ - - CDO686
33 T RG146 88 — | AmylA/C
343 128 —
25— RG345 84— RGYS
235 — RG381 s E RG654
-H— RZI9 -
82— 100 —
- RG6%0 54 — RG256
132 — - —
-— RZ730 1B3.1— RZ213
31— RZ123
RZ801
RG520
26 — RG810
/S 41— RG331
92
Chrom 5 Chrom 6
09— RGSS6 SO |
5o RZ39%0 || ro23
! RG313 100 — "~ Amp3
66— Rzse |~ Est2
— H— rZIM
194 — -
a5 RG403 18 :Q RZ667
§ RG229 5.6 Pgi-2
67— RGI3 34—
42— CDO10S o T PRDIOB
95— RZ649 wo— 17— RG648
23— —— RG424
RZ67 304 —
128 — RZT0 2 | RG162
19.7 — [ +H— RGI7T2
RZ225 1.8 — | CDOS44
19.6 —
log — r— RG6s3
44— :.( Amy2A
86— | RG433
Cat-1

additive by environment interaction effect ( ee) were
shown in Table 3. There were only five QTLs with both a
and ae effects,seven QTLs with only ae effects in one to
four environments and three QTLs with only a effect. As

to QTLs’ a effects, five QTLs had contribution to
decreasing leaf length and three QTLs to increasing it. As
g 8
Chrom 3 Chrom 4
- RG218

77— s— RZ262

132 — 26 — T RG190

69 — -

139 — TH— RGOS

98 — 37’ —__ 1l ~ re9

28— - H— RG449

17.5 — 13; 1 RG7SR

- H— RZ565

L6 168 — 1 Rrzevs
H— Rzs™ 24—

4 RrGI63

370 —

- Rz284 w— M R7590
| R

136 — RZ394 2T T Re21a

185 — pRDIOA 22—l o

25— -qi 50—

Ve L ™ Rraezo
2;'2 RG179

T H— CDO337

19 —

25— RZ337A

—1— Rz448
150 —
H— Rzs19
32,0 —
71— —H— Pgi-l
-H— CDO87
02 I RG910
179 —
RG418A
Chrom 7 Chrom 8
AL rg7s RZ143
257 — 60— U R
250 —
T RG76% AS5J560
163 — A3E39
17— :‘.— RZ488
RGS1
84— 1 raamr TGMS1.2
9.0 ___\ | AI0K250
4 AG8-Aro
4 PGMS0.7 m——

’ |+ CDoso RG978
— RrG7I RG1
| Esto Amy3D/E

RZ337B 251 —
T CDO497 -I— RZ66
151 — g —
H— ACs
115 — CDO418 1o — .
T 1
58— 1 RZ978 64 — I 00
B CDO38 159 —
9.4 — I
< RG3S1 D099
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Chrom 9 Chrom 10 Chrom 11 Chrom 12
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133 U cr 279 e 13.0
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Fig.1  Positions of QTLs with additive effect and/or additive x additive epistasis effect for flag leaf length

to QTLs’ ae effects, usually QTLs had opposite directions
of ae effects in two or more environments. The additive
main effect a is the accumulated effect expressed in the
same way across different environments, while the
interaction effect ae is the deviation due to specific
environment. At a specific environment, the total effect of
a QTL should include the main effects plus QE interaction
effects at that environment. The a effect of QTL Ll1-2
reached maximum absolute value 2.94 cM, and ae effect
from QTL LI5-1 reached maximum absolute value 2.47 cM
in 1997. Maybe the environment in 1997 could influence
the QTL LI5-1 greatly. The fact that ae effects were
obviously more often detected than a effects, might also
suggest for quantitative traits, gene expression could be
modified by environmental factors.

2.4 Analysis for QTL epistatic effects

Altogether 18 digenic epistatic pairs with epistatic
main effect ( aa ) and/or epistasis by environment
interaction effect { aae) were detected (Table 4). Among
them, eight pairs had both aa and aae effects, while
three pairs had only aa effects and seven pairs had only
aae effects. The maximum absolute magnitude of aa and
aae effects reached 1.43 cM and 1.62 cM, respectively.

The wider range of epistasis X environment interaction
effects than that of epistasis main effects, and epistasis x
environment interaction effects were more often detected
than epistasis main effects, might indicate that some
digenic interactions were more easily subjected to
environmental influence.

It was interesting that the detected pairs included
three QTLs without detectable a or ae effects (notified in
bold italic form in Table 4) . The role of this kind of QTL
might be only regulating other QTL. Another noteworthy
case was that it was fairly common for one QTL to interact

with more than one QTL. This also indicated the
possibility of multi-QTL associations in the formation of

complex traits.
2.5 General contributions of QTL effects

In above, four kinds of QTL effects were analyzed in
detail. But can they explain all the variation of the trait or
can they completely control the formation of flag leaf
length by detected QTLs? So general contributions of four
kinds of QTL effects were calculated and presented in
Table 5. The total contribution of detected QTLs reached
only 0.4268, it is far from 100% .

Table 5  General contributions of four kinds of QTL effects
Kind of QTL effect e ae aa aae Total
General contribution 0.0953 0.0852 0.1486 0.0977 0.4268

3 Discussion
IR64/Azucena is a widely used double haploid
population in QTL mapping research. For the trait of flag

leaf length, Yan et al. used an indirect method to map
QTLs with QF effects using predicted total genotype x

7 . . - . - 18
environment interaction effects, assuming no eplslasm[ ] N

found seven QTLs with additive effect and/or additive x
environment effect. To compair with Yan’s study, the
same likelihood ratio value of 11.5 was used as a
threshold to declare the detection of QTL or epistasis.
Fifteen QTLs with additive effect and/or additive x
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environment effect were detected, of them six QTLs were
located in the same marker interval as Yan’s QTLs. The
results of usual QTL mapping assuming no epistasis could
be confounded by real epistatic interactions, so fewer
QTLs were found with assuming no epistasis because the
real epistasis would interfere with the detection of QTLs.
Partitioning of epistasis from other genetic components of
variation might help to obtain more reliable estimates of
QTL. Therefore, the methodology based on mixed linear
model appmachesm'm] ,
capability to detect more QTLs by considering epistasis.
In the present study, all of the QTLs were involved
in epistasis. And three loci involved in epistasis did not

may be more reasonable for the

have any significant additive or additive x environment
effects of their own. Successful detection of this kind of
QTLs without additive or additive x environment effects
could affect the trait in
combination with other loci, playing the role of modifying

indicated that some loci

agent that tends to activate other loci or modify the action
of other loci. It was common for the same locus to get
involved in interactions with more than one other locus,
as might indicate that more complicated multi-QTL
interactions exist during the formation of quantitative
traits.

QTL x environment ( QE) interaction is also an
important component affecting  quantitative
Significant QF interactions have been reponedwm by

traits.

comparing QTLs detected in specific environment. It was
suggested that a QTL detected in one environment but not
might QTL x
interaction. However, in reality, even in the absence of
true QTL x environment interaction, a QTL can be
detected in one environment but not in another, because
the chance of simultaneous detection in both environments
is naturally small. On the other hand, consistency in

detection of QTLs at different environments may not

in  another indicate environment

conclusively indicate the absence of QTL x environment
interaction. Therefore, it is not possible to fully explore
the QF interaction only by comparing QTLs detected in
different environments separately.

Yan et al. used an indirect method to map QTLs
with QE effects using predicted total genotype x
environment interaction effects. It was shown that some
QTLs could be detected in two environments, but also had
QF interaction effects”™™ . The QTL main effect is the
accumulated effect expressed in the same way across
different environments, while the QE interaction effect is
the deviation due to specific environment. At a specific
environment, the total effect of a QTL should include the
main effects plus QF effects at that
environment. The mixed-model-based composite interval

interaction

mapping (MCIM) approach allows to directly detect QTL
2] In this approach, QF
effects were treated as random effects, so the sum of QF

X environment interaction

effects of a QTL would be zero in theory. If there were
only two environments, the QE effects of a QTL would
have similar values but with different directions. Since the
QF effects were treated as random effects, what is the use
to estimate the QF effects? For practical use, the genetic
main effect may be more useful. Only after partition of
QFE effect, the genetic main effect could be estimated
validly.

In present results, with considering epistasis many
QTLs even some without their own effects were detected,
and genetic main effects and/or GE effects of QTLs and
epistasis were also estimated using the mixed-model-based
composite interval mapping ( MCIM) approach, but no
major QTL was found. So we might have got more
reasonable results, but how to continue to use the results

in practice seemed more difficult in the recent future.
4 Conclusion

In the present study, altogether 18 QTLs for leaf
length with QE effects and/or epistasis effects were
detected on 11 chromosomes of all the 12 chromosomes.
Among them, 15 QTLs had additive main effect (@) and
/or additive by environment interaction effect ( ae), while
3 QTLs were involved in epistasis but without detectable
additive effects. As to epistasis, altogether 18 digenic
epistatic pairs with epistatic main effect ( aa) and/or
epistasis by environment interaction effect ( agze ) were
detected. Through the result analysis, we found that QE
effects and epistatic effects were both important in QTL
mapping of the studied quantitative trait.
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