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Abstract: QTLs with epistatic effects and environmental interaction effects for final height of rice
were studied by mixed—model based QTL mapping with a doubled haploid roputaiion from IRe€4/
Azucena .in four environments. The results demonstrated the imporfence of cpistasis 28 a gencic basis
of the quantitative traits and also revealed several important features of th¥s phenomenon. In the
results, 100 per cent of QTLs were irvolved in epistasis, o wuich 64 per cent were found with
significant additive effecis. This mught mean that the usual estimates of the QTL additive effects
could be confounded Dby epistatic interactions and result in biased estimation unless epistatic effect is
separated. The ower 26 per cent did not have any significant additive effects of their own but were
involved in 48 per cent of the identified epistatic interactions. Such loci might play the role of
modifying agents that tend to activate other loci or modify the action of other loci. The other
features of epistasis include as follows: it was fairly common for the same locus to get involved in
interactions with more than one locus; the QTLs with relatively high magnitude of effects might aiso
be involved in epistasis; and epistasis was sensitive to environmental interactions for their expression.
QTL X environment (QF) interaction effects were detected more often than QTL main effects for plant
height behavior, as might indicate that gene expression could be greatly affected by environments.
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Plant height of rice is generally considered to be controlled by both qualitative
and quantitative genes"!. At least 60 dwarfing genes, designated d-1 to d—60, have
been identified in rice by classical genetic analysis™. The polygenes for quantitative
behavior of plant height and its components in rice were recently mapped on

molecular linkage groups'’~®.

In heritance of quantitative traits, gene expression could
be modified by epistatic interaction with other genes and by environmental factors”.
Studies in classical quantitative genetics have strongly suggested the importance of

epistasis®, recently QTL mapping experiments have also provided some results
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regarding the importance of epistasis affecting the phenotypic behavior of quantitative

B~121 " Nevertheless, the epistasis for each trait aforementioned

traits in crop population
was revealed by two—way analysis of variance using all possible two—marker interactions,
not the interactions between QTLs.

QTL X environment (QF) interaction is another important component affecting
quantitative traits. Significant QF interactions have been reported®*~'" by comparing
QTLs detected in specific environment. But QTL detected separately in each
environment is not the real QF interaction and also could be biased. Zhu™® proposed
an indirect method to map QTLs with QF effects using predicted total genotype X
environment interaction effects. It was shown that some QTLs had both genetic inain
effects and QF interaction effects, although they cculd be detected in iwe
environments'”. The QTL main effect is the accumulated effect expressed ia thc same
way across different environments, while the QF inicraction effect is ine deviation due
to specific environment. At a specific environmment, the il effect of a QTL could
include the main effects plus QF inter:ction et¥ects at that environment.

Recently, a new methodology was proposed for directly mapping QTLs with
additive and epistaitic effecis as well as their QF interaction based on mixed linear

119,20)

model approaches and the software QTL Mapper version 1.0 was developed®™ for
analyzing the experiment data. To dissect the quantitative inheritance of final height of
rice, the above method was employed for detecting QTLs with additive and epistatic
effects as well as their QF interaction effects in the present research. The gene
expressions including additive effects, additive X additive epistatic effects and their QF
interaction effects for plant height were also discussed.
1 Materials and methods

A population of 123 doubled haploid (DH) lines derived from a cross between

an irrigated indica varety IR64 and an upland japonica variety Azucena®™

was used
in the experiments. The genetic map of this population containing 175 markers
distributed among 12 chromosomes covering 2 005 c¢M with an average distance of
11.5 ¢M 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, soil conditions, day length,
and even rice growing seasons. At Hangzhou, there were remarkable 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
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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 transplanted to a paddy field 30 days later, with a single plant per hill spaced
at 15X 20cm. Each plot included three to four lines with eight plants per line. At
the maturity stage, plant height (from soil surface to the tip of the highest grain
excluding awn), were measured in 5 central plants of each plot.

QTLs with additive and additive X additive epistatic effects as well as their
environmental interaction effects for final height of plant were mapped by the QTL
mapping approach™?” and software of QTL Mapper version 1.0%”. The likelihood
ratio value of 11.5, which is equal to a LOD score of 2.5%, was used as a thresnold
to declare the detection of QTL or epistasis,

2 Results and analysis

2.1 Transgressive segregation of phenotypic belavior The pheesiypic behavior of
final height of plant for the DH pogulafion and it; parenis under four environments
were described in Table 1. The parent Azucena was higher than IR64 in all
environments. Alitaough the mean of DH population under four environments were
almost the same sxcept that in Hangzhou 1996 showed slightly higher, wide variation
occurred among DH lines and transgressive segregants were observed across all four
environments with some lines higher than the tall parent Azucena, or lower than the
short parent IR64. The final height of the DH population segregated continuously and
both absolute values of skew and kurt were less than 1.0 (Table 1), as suggested that
final height of the DH population were suitable for QTL analysis.

Table 1 Phenotypic behavior of plant height under four environments

Parents DH population
Environment IR64 Azucena  Mean Max Min Stdev Skew Kurt
Hainan in 1995 73.7 140.1 104.3 159.9 58.6 23.70 0.26 —0.69
Hangzhou in 1996 88.1 146.6 1135 159.0 72.0 22.50 0.04 -0.62
Hangzhou in 1997 80.9 154.4 103.8 168.4 56.9 23.77 0.25 —0.49
Hangzhou in 1998 94.2 135.4 102.9 148.3 67.4 18.52 0.28 —(.28

Note: Mean, Max, Min, Stdev, Skew and Kurt are the average, maximum, minimum, standard deviation, skew
and kurt of all observations for DH lines in an environment

2.2 Quantitative trait loci for final height of plant Altogether 22 QTLs with
additive effects and/or additive X additive epistasis effects were found to be associated
with final height of plant on all the 12 chromosomes (Table 2). They were named
for final height as “Fh” with the chromosomal number. If there were more than one
QTL in a chromosome, the serial number was added after chromosomal number
separated by a hyphen. The positions of these QTLs were indicated by the marker
interval bracketing the concermned QTL with the estimated distance in morgon (M)
from the left marker.
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Table 2 Positions of QTLs with additive effect and/or additive X additive epistasis effect for plant height

Chrom. QTL Marker interval Distance(M) Chrom. QTL Marker interval Distance(M)
1 Fhl-1 RGS532-W1 0.14 7 Fh27-1 RG769-RZA88 0.16
1 Fhi-2 RZ730-RZ801 0.22 7 Fh7-2 RG711-Est-9 0.14
2 Fh2 RG157-RZ318 0.14 7 Fh7-3 CDO418-RZ2978 0.08
3 Fh3-1 RZ574-RZ284 0.36 8 Fh8-1  A1841120-TGMS102 0.12
3 Fh3-2 Pgi—1-CDO87 0.06 8 Fh8-2 Amy3DE-RZ66 0.10
4 Fhd-1 RZ262-RG190 0.08 9 Fho-1 RZA22-Amy3ABC 0.24
4 Fh4-2 RG163-RZ590 0.2 9 Fho-2 RG667-RG4AS1 0.16
5 Fh-5 RG403-RG229 0.04 10 Fh10-1 G1084-RG257 0.06
6 Fh6-1  RZ144-RZ667 0.00 10 Fh10-2 RG134-RZ500 0.02
6 Fh6-2 RG424~RG162 0.22 11 Fhll RG118-Adhl 0.00
6 Fh6-3  RG653-Amy2A 0.10 12 Fh12 Sdh1-RG463 0.16

Note: QTLs with both detectable additive effects and epistatic effects were presentzd in regular form while the
QTLs involved in epistasis but without detectable additive effects were orcsented in bold italic forni

The 14 loci (64% of all the 22 putative loci) wiin both detectable additive
effects and epistatic interacticn «ffecits were presented in regular form while the other
eight loci (36%
without detectable additive effects were presented in bold italic letters. The estimated
additive effects and the additive X additive epistatic effects at significance level of 0.01

of Il the 22 putative loci) involved in epistatic interactions but

or 0.005 under different environments were presented in the Table 3 and Table 4,
respectively.
Table 3 Additive and/or additive X environment interaction effects of QTLs across four environments
Ch—Ini a ael ae ael aed Ch-Ini a ael ae ae3 aed
Fhl-1 1.05° —1.65"" Fh-5 223" 311" —a27" —1.077
Fhl-2 2267 —-11.58"" 4.70"" 563"  Fh6-3 ~2.78"" 146"
Fn2 215" ~1.30"" B2 —518"" 241" 525 234"
Fh3-1 ~1.75"" =3.73"" 674" —-125"" 82 2.68" -2.82""
3-2 -9.06"" 273" 238" —11.26"° 1091°° F9-1 -3.29"
Fh4-1 380" 399" Fh9-2 -0.95" 0.94™"
Fhd-2  —427"" 337" —3.45"  Fhl0-2 248"" —4.18"" 222"
Note: a, ael, ae2, ae3, 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 level

of P=0.01 and 0.005, respectively

2.3 Analysis for QTL additive effects Fourteen QTLs with additive main effect (a)
and/or additive by environment interaction effect (ae) were shown in Table 3. All the
14 QTLs were found with significant ae effects in one to four environments while
only four QTLs were identified with a main effects. The additive main effects of the
four QTLs ranged from 3.8 cm to - 22.67cm. The alleles decreasing plant height
were from IR64 at three QTLs (Fhl-2, Fh3-2 and Fh4-2) and from Azucena at
Fh4—1. This might suggest that alleles for plant height might be dispersed within the
two parents. So parading of all alleles decreasing plant height from the two parents
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will produce the segregants lower than the short parent. A major QTL Fhl1-2 flanked
by markers RZ730 and RZ801 on chromosome 1 with 22 ¢cM away from the left
marker RZ730, had additive main effect of 22.67 cm. As to QTLs with ae effects,
Fh4-1 and Fh9-1 were detected in only one environment, while the other twelve
QTLs had opposite directions of ae effects in two or more environments. Notably, the
four QTLs (Fh1-2, Fh3-2, Fh4-1 and Fh4-2) with additive main effects had also
additive by environment interaction effects. The additive main effect is the
accumulated effect expressed in the same way across different environments, while the
interaction effect is the deviation due to specific environment. At a specific
environment, the total effect of a QTL should include the main effects nlus GF
interaction effects at that environment. The results of additive X environment interaction
effects were obviously detected more often than additive main effects and the major
QTL Fhl-2 also had environmental interaction cifects, might suggect that additive by
environment interaction, which caused by genz expressica in spatial pattern, be an
important component of genciic basis ¢f quantitative traits.

2.4  Analysis fcr QTL epistatic effects Altogether 21 digenic epistatic interactions
with epistatic main efect (¢a) and / or epistasis by environment interaction effect (aae)
were detected to be associated with plant height (Table 4).

Among them, 13 pairs had aa effects and 18 pairs had aae effects in one to
four environments while 10 pairs had both aa and aae effects. The absolute
magnitude of the effects for the detected epistatic interactions varied from 2.16cm to
5.89cm for epistatic main effects and from 0.7cm to 10.49cm for epistasis by
environment interaction effects. The wider range of epistasis X environment interaction
effects than that of epistasis main effects along with that likewise in additive effects,
epistasis X environment interaction effects were more often detected than epistasis main
effects, might indicate that although digenic interactions could have both main effects
and environmental interaction effects, they were more easily subjected to environmental
influence. The composition of epistatic interactions was interesting for that, although
all QTLs with additive effects were engaged in digenic interactions, they were not
enough to bring into being all the detected epistatic interactions. The detected
interactions largely included the loci without detectable QTL additive effects. There
were nine interactions (43 per cent) involved one locus with QTL additive effect and
one locus without, and even one interaction was resulted completely by QTLs (Fh7-3
and Fhl2) without additive effects. The results might suggest that the epistatic
interactions be largely due to induction of the loci without detectable QTL additive
effect, as signify the importance of keeping the concept in mind that the loci without
detectable QTL additive effect can also be putative QTLs when doing QTL analysis.
Another noteworthy case was that it was fairly common for one locus to interact with
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Table 4 Epistasis and epistasis by environment interaction effects of QTLs across four environments

QTLi QTL; aa aael aael aael aae4
Fhl-1 Fhl-2 —5.89"" —10.49** 773" -0.91" 3.67"°
Fhl-1 Fh8-1 -3.21"
Fhl-1 Fho-2 -2.16"
Fhi-2 Fh3-1 -2.69" 222" -4.42"" 2.60™"
Fhi-2 Fh-5 -397"" 418" -4,51"" 2.65"
Fh1-2 Fh11 1.76™"
Fh2 Fh3-2 215" -2.68""
Fh2 Fuo-1 4.58"" -2.88"
Fh3-1 Fh§-2 -3.28"" 3.1
Fh3-1 Fhl0-2 -2.53" 332" ~7.63"" 3.48""
Fh3-2 Fh1-1 0.70"" 1287
QTLi QTLj aa aael aae2 4ae3 Aved
Fh3—2 Fh8-2 3.12° 173" —295° %
Fh3-2 Fho-1 -1.24"7 1.88"°
Fh3-2 Fhi1t 376"
Fh4-1 Fh10-1 1237
Fha-2 Fhé-1 250" 1.18%"
Fh6-2 | 237"
Fh7-2 Fi8-1 2.26"
Fh7-2 Fi9-1 452" -3.14"
Fh7-3 Th12 —-2.63" -1.83" 1.45°
Fh8-2 Fh9-1 —~3.46" ~233"" 229"

Note: aa, aael, aae2, aae3, aae4 represent epistatic main effect and epistasis X environment interaction
effect at Hainan in 1995, at Hangzhou in 1996, 1997 and 1998, respectively. * and * * represent the
significance level of P =0.01 and 0.005, respectively

more than one non-allelic locus. In the present study, the 21 interactions were
composed of 22 interacting loci with 10 loci (45 per cent) being involved in more
than one distinct interaction. This might indicate the possibility of multi-
locus associations for the trait development.
3 Discussion

Both epistatic interaction effects and QTL X environment interaction effects are
important components of genetic basis. But many of researches have been based on
models assuming neither epistatic effects nor QF interaction effects due to lacking of
valid statistical method. To infer epistasis between QTLs, interaction effects between
molecular markers were widely assayed by two-way analysis of variance!™'?. But
this method usually cannot give unbiased estimation for QTL parameters. For
indicating the possibility of QF interaction, QTL mapping results in different
environments were simply compared>™"”, Here we adopt mixed model approach based
QTL mapping to detect QTLs with epistasis and QF interaction and estimate their
effects. The study demonstrated the importance of epistasis as a genetic basis of the
quantitative traits and also revealed several important features of this phenomenon.
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Partitioning of epistasis from other genetic components of variation would, no doubted,
help to obtain more reliable estimates of the QTL effects. Moreover, consideration of
epistasis in the QTL analysis would enhance our understanding about the inheritance
of quantitative traits.

In the present study, 100 per cent of the QTLs were involved in epistasis, of
which, 64 per cent were found with significant additive effects. This means that the
usual estimates of the QTL effects could be confounded by epistatic interactions and
resulted biased estimation unless epistatic effect is separated. In fact, the actual
genetic effect of many QTLs are reasonably dependent on other loci. The other 36
per cent of the loci involved in epistasis did not have any significant additive effzcts
of their own and 48 per cent of the identified epistatic intcractions were restricied to
such loci. Successful detection of significant epistatic effecis resulling from GTLs
without additive effects indicated that many loci even withcut siguificantly affecting
the traits on their own could still affect the trait in combizaiion with other loci. Such
loci might play the role cf modilving agens which tend to activate other loci or
modify the action of olher loci

Because, it was fairly common for the same locus to get involved in interactions
with more than one locus, the real genetic effect of any locus would be necessarily
different from genotype to genotype due to involvement of different interacting loci.
This was alike that the interaction between QTL and background or modifying loci
might be prevalent epistasis affecting the behavior of quantitative traits™'?. Futhermore,
as interactions were observed to be greatly affected by environments, the contribution
of any locus to the trait, should also vary according to the growing environment.

In quantitative genetics, the trait behavior is resulted from the combined effects
of many genes under different environments”. Usually, QF effects are treated as
random effects especially in different years. They imply the extents that QTLs would
be affected by unknown environments. At a specific environment, the total effects of
a QTL should include all the genetic main effects and QF interaction effects at that
environment. It was implied, by the fact of some QTLs having only QF effects, that
gene expression of these QTLs could be mainly induced by environments.

In the present study, a major QTL Fhl-2 with a distance of 22 cent Morgan to
marker RZ730 for plant height were located very near the reported location of the
qualitative semi—dwarfing gene sd-1, thus indicating some relationship of this gene
with the detected QTL. The indica parent IR64 is known to have inherited the
semi—dwarfing gene, sd-1“". The QTL Fhl-2 were identified in the position reported
to have been occupied by sé—1 and moreover, the IR64 allele in this QTL has been
observed to significantly reduce plant height. Thus, it might be apparent that Fhl-2
represent the sd-1 gene. However, significant epistasis and QF interaction effects were
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also found at this locus. It was suggested that major gene or QTL could also interact
with other genes under different environments.
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