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Abgtract : Plant height has become one of important agronomic traits with the increase of planting density
recently and the rapid devel opments of molecular mar ker s have provided powerful toolsto localize important a-
gronomic QTL at the genomic level. The purposes of this investigation are to map plant height QTL with
molecular mar ker sand to analyze their genetic effects in maize. An F, 3 population from an elite combination
(Zong3 x87-1) was utilized for evaluating plant height in two locations, Wuhan and Xiangfan, with a ran-
domized complete block design. The mapping population included 266 F, ;3 family lines. A genetic linkage
map, containing 150 SSRand 24 RFAL P markers, wascongructed, spanninga total of 2 531.6 cm with an av
erage interval of 14.5 cm. Totally 10 QTL affecting plant height were mapped on six different chromosomes
with the composite interval mapping. Seven of 10 QTL were detected in two locations. The contributions to
phenotypic variationsfor the single QTL varied between 5.3 and 17.1 %. Additive, partial dominance, domi-
nance, and overdominance actions existed among all detected QTL affecting plant heights. A large number of
digenic interactionsfor plant height were detected by two-way analyses of variance. 107 and 98 two-l ocus com-
binations were found to be significant at a 0. 01 probability level in two locationsrespectively. 23 of them were
simultaneoudy detected in both locations. They accounted for phenotypic variationsof 4.5~ 11 %. It wasno
ticed that a locus, umcl122, had digenic interactive effects with other four different loci for plant height,
which digtributed on three chromosomes. A few of plant height QTL was involved in signif icant digenic inter-
actions, but mogt significant interactions occurred between markers that are not adacent to mapped QTL.
These results demonstrated that epigtatic interactions might play an equal importance role as the single-locus
effects in determining plant height of maize.
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Molecular markers as a powerful tool have been
widely used for localizing and cloning genes, and per-
forming marker assstant sdection. Thiswork has at-
tracted great attention with the deve-lopment of PCR-
based markers, such as SSR!*! |, which is known for
the advantages of smple, accurate and oco-dominant
segregation. Snce the 1990 s of last century , molec-
ular markers have been extensvely employed to inves
tigate genetics of plant height in maize because the
plant height isone of the important agronomic traits
for the plant breeding. Until now , a number of plant

height QTL or genes were locdized in maizel? 3,
and ome important plant height genes were ad
cloned!**®. Compared with these results, it was no-
ticed that plant height QTL dmost scattered on dl
chromosomes dthough there were varying numbers of
QTL in different research groups'®!.
Recently , epistatic interactions for different
traits were observed in different pecies. Egecidly in
rice, severa reports indicated that epistatic interac

tion might play an important role in the genetic bases
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of heteross”®. In addition, there were proofs that
i nteractions between co-adapted parenta ecies genes
were the important genetic foundation for the evolu-
tion and adaptation of ecies™®. Doebley et al. ™!
analyzed two different QTL for plant height and in-
florescence architecture in a maize-teosnte F, popula
tion. They found that there were epistatica interac
tions among these. However , there are few cases in
which epistatic interference has been invegtigated in
larger scale loci for the quantitative traits of maize.
The purposes of this investigation are to map plant
height QTL with molecular markers and to analyze
their genetic efects focusng on epigtatic interactions
with an elite maize combination in China.

1 Materials and Methods

1.1 Materias

266 F, 3 families derived from F individuas
were used as a mapping population coming from an
dite cross between Zong3 and 87-1 , whichisawiddy
extended hybrid in China. Young leaves of F, indi-
vidual s were collected to be stored at ~ 70
tor for next use.

refrigerar

1.2 Held experiments

F, 3 families, as wdl as two parents and Fi,
were tranglanted into thefield on the agronomy farm
at Huazhong Agricultural Univerdty , Wuhan, Chi-
na, and in the experimental station of Chia Tai Agri-
cultura Development Company , Xiangfan, China. A
randomized complete block desgn was employed with
three replications. Each field plot included 20 plants
grown inasngle row of 5mlong with 0. 70-m width
between rows. The norma agricultural practices were
followed in the field management. At maturity , only
15 plantsfrom the 3rd to 17th of each row were used
to measure plant height. The average vaue was dedg
nated as plant height for each block. The plant height
means the dgance from the ground to the top of tasHs.
1.3 Congruction of linkage map

The totd DNA of plants was extracted as Segha-
Maroof et d. described!™ . SSR andysswasfollowed by
a method of Senior et d.!*! | while RAL P andyses were
acoonplished acoording to Helentjariset d'*®!. 459 mark-

ers, induding SSR and RA. P, were sected for screening
polymorphism between two parents. A nolecuar linkage
map was congructed usng Mapma ker 3. 014!
1.4 Data andyds

Fant height QTL were mgpped with composte in-
tervdl mapping!™!. Acoording to Yuet d.[" | the entire
genome was sarched for dgenic interactions in plant
heght with two-way andyses of variance (ANOVA )
through dl posible two-locus combinations of marker
genotypes Satigicd dgnificance for eech term was as
£sxd uding an orthogond ontrag teg provided by the
satistica package Statistical™®!.

2 Resuts and Discusson

2.1 Peformance of plant height

Acoording to fidd teds, even though no obvious dif-
ferencesfor plant height were observed between parents,
F, dlayed dgnificant heterods in plant height , being
50. 10 and 36. 15 % over two parentsin Wuhan and Xi-
angfan regectivdy. There were widdy variations among
F, sfamiliesin plant heght , Wuhan and Xiangfan , rang-
ingfrom 129. 36 to 235. 13 cm and 138. 67 to 226. 36 cm
repectivdy. There were normd dgributions for plant
height among 266 F, ;family linesin two locations, 90 %
of which were over-parents goproximatdy. The broad
heritahility for the plant heght was condderably high in
both locations, reaching 80. 74 and 81. 94 %, regective-
ly.
2.2 QTL for plart height

150 SSR and 24 RAL P markers, showing co-domi-
nant segregation dearly , were sected for congructing a
linkage mgp. PRolynorphism markers were dassfied into
12 groups, covering 10 chrompoomesof maize with a to-
tal length of 2 531.6 cm and an average interva of
14.5 cm (Fig.1) . Compared with other maize link-
age mapsin Maize DB , marker aignments and inter-
vason this linkage map were congstent with them.
25 markers diglayed the deviation of a rationof 1 2
1 byX 2 test , which distributed on 10 chromosomes.

Eight plant height QTL were detected at L OD
vaue>2.5in Wuhan (Fig. 1). Thes QTL located
onl,3,4,5, 8and9 chromosomes were named as
Phl-2, Ph3, Ph4, Ph51, Ph52, Ph53, Ph8 and
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Ph9 regectively (Table 1) . They could explain 5. 87
~ 16. 56 % of tota phenotypic variations.
fan ,nine plant height QTL were mapped on chromo-
omesl, 3,4,5and 9 (Fig. 1) , cdled as Phil-1

Ph1-2, Ph1-3, Ph3, Ph4, Ph51, Ph52, Ph53 and
Ph9 respectively (Table 1). They could account for
5.297 17. 12 % of phenotypic variations. It should be
noted that in both locations, Wuhan and Xiangfan,
sven QTL were mapped in the same regionsof chro-
moomes, al of which showed the same direction to

In Xiang

increase plant height. The locations of some QTL
mapped in this study , Ph9, Phl-3, Ph52, Phl-2

are very smilar to those of dwarf genes, d3(9.03) ,
d8(1.10) , d9(5.02) and an1(1.08)!%!. Seven de
tected QTL , Phl-1, Phl-2, Ph3, Ph4, Ph51,
Ph8, Ph9, were crreponded with those detected by
Edwards et d!*”!. The other 3 QTL, Ph1-3, Ph52,
Ph5- 3, were d condgent with those observed by Beavis
et dl*®l,
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P4 Plant height QTL detected in Wuhan

El Plant height QTL detected in Xiangfan

Fig.1 Cenomic position for QTL affecting plant height in two locations

The phenotypic variations explained by sngle
QTL were small , varying between 5.29 and 17.12 %
with an average of 8 %. The dlelesfrom 87 to 1 at

gx of ten QTL had the postive efects to increase
plant height while the alelesfrom 87 to 1 at the other
four QTL decreased plant height. That means that
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the aleles increasng plant height came from two par-
ents synchronoudy. As Table 1 showed, dl kindsof gene
actions exised anong dl detected QTL. 17.6 % (3/ 17)

was addtive, 47.1 % (8/17) was partid dominance,
11.8 % (2/17) was dominance, and the other 23.
5% (4/ 17) was overdominance.

Table 1 Putative QTL affecting plant height in both locations detected with LOD 2.5 in F, 3 population

_ Hanking markers Lop? AY DY R2(%) ¥

Q Wuhan Xiangfan Wuhan  Xiangfan Wuhan  Xiangfan Wuhan  Xiangfan Wuhan  Xiangfan
phi-1 bnlg2204-phi001 3.70 ~6.36 5.77 6.8
phl-2 umc1035-umcl122 umc1035-umc1122 6.03 12.02 ~10.83 ~13.49 4.95 1.34 9.1 17.1
phi-3 bnlg1643-bnlgl597 2.78 ~6.06 7.39 8.2
ph3 umc1539-bnlg1047 umc1539-bnlg1047 5.44 5.57 4.92 3.47 4.24 5.04 8.8 8.4
ph4 umc1317-nc005 umc1317-nc005 4.64 4.00 2.04 1.40 7.87 6.60 7.1 6.9
ph5-1 bnl17. 18-umc90 bnl17. 18-umc90 10.97 9.13 -9.71 ~7.68 -2.10 -1.10 16.6 13.6
ph5-2 bnlg1879-bcd207 bnlg1879-bcd207 4.08 3.27 ~7.62 ~6.90 2.53 1.49 5.9 5.4
ph5-3 bnlg1237-umc108 bnlg1237-umc108 4.08 3.58 -7.01 ~5.19 3.10 0.89 6.1 5.3
ph8 bnlg1863-umc1460 5.22 5.79 2.56 8.3

ph9 phi027-phi065 phi027-phi065 7.35 6.25 6.14 5.86 4.32 2.72 9.1 8.3

D Numbers fol lowi ng the two letters represent the chromosome locationsof the QTL ;

2)Loglikeﬁt‘sood value calculated by composte interval mapping;

3 Additive effect ; postive valuesof the additive effect indicate that the Zong3 dleles are in the direction of increasng the plant height ;
4 Dominance efect ; postive vauesof the dominance efect indicate that the heterozygotes have higher phenotypic values than the reective meansof two homozygotes;

9 Variation explained by each QTL

2.3 Digenic interactionsfor plant height
Through digenic
12 603 possble combinations, 107 and 98 two-locus

interactive anayds among

combinationsfor plant height were found to be sgnif-
icant at the 0. 01 probability level in two locations re-
sectively. However , only 23 combinations were g-
multaneoudy detected in both locations, reaching 0.
01 % of dgnificant level (Table 2). Therefore, it is
reaonable to infer there are digenic interactions
rather than by chance. All four typesof interactions,
AA , AD, DA, DD, were detected. For the sngle di-
genic combination, phenotypic variations of 4. 5 ~
11 % oould be explained with an average of 6.5 %.
Regarding to different interactive types, phenotypic
variationsof 2.577.9 % oould be explained (Table
2).

From Table 2, it should be notable that eight
markers involved in interactions were adacent to
mapped QTL , such asumcl1122 and bnl17. 18, close-
ly linking to Phl-2 and Ph51, regectivey. The
bnl17.18 seemed to be more efect than umcl1122 on

increadng plant height in two locations. The efects
of their interactions were more condderable low than
those with bnl17. 18, but were dmilar with umc1122.
It was intereging to notice umcl122 interacted with four
dfferent lod digributed on three chromoomes. The rda
tionship of umc1811 with bnlgl556 was another type in-
teraction. The former was not adacent to any mapped
QTL while the latter was a marker closely linking to
QTL Phl-2 comes. Those combinations could be corr
sdered as QTL and norrQTL interaction. The pos-
tive efectsto increase plant height from bnlg1556 de-
pended on umc1811 gerotype (Fig.2). If umcl811
was heterozygotes (12) , the podtive effect of
bnlgl556 was obvioudy detected. Howe-ver , among
23 digenic interactive combinations detected dmulter
neoudy in both locations, 13 pairs occurred between
markers that are not adjacent to any mapped QTL.
They could be called as norrQTL interactions. For
the interaction of bnlg1538 with umc1733 (Fig. 2) ,
when combined with different umc1733 genotypes,
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Table 2 Digenic interactionsfor plant height detected simultaneoudy in both locations by two way ANOVA
LocusA  Chr.locusB Chr. Wuban Hangan
Pa %Y B o P %) Tpe® P o Pa %Y R o P %) Tpe® P o
umc1169 1 bnlgl154 6 0.001 6.7 AA 0.000 6.2 0.002 6.1 AA 0.000 5.5
urcl122’® 1 phio34 7 0.001 4.7 0.001 6.8 AA 0.000 5.7 0.000 6.6 0.000 5.5 0.001 6.5 AA 0.000 6.0
DA 0.008 2.8 DA 0.002 3.9
umcl122 © 1 bnigl792 7 0.017 2.9 0.001 7.0 AA 0.000 6.9 0.000 7.8 0.011 45 AA 0.001 4.7
DA 0.009 2.7
umc1122 © 1 bnlgl823” 8 0.004 3.7 0.000 7.0 0.001 6.3 AA 0.001 4.2 0.000 10.0 0.000 5.1 0.002 5.6 AA 0.000 5.5
umcl185 2 umcll73 9 0.009 51 AA 0.005 3.0 0.010 50 AA 0.010 2.6
mmc0271 2 phill8 10 0.009 11.0 AA 0.007 6.5 0.011 11.0 AA 0.005 7.0
umc1042 2 umcl018 6 0.006 6.2 AA 0.010 3.0 0.007 6.2 AA 0.004 3.7
umcl746 3 npi285 10 0.001 85 AA 0.000 6.5 0.000 10.5 AA 0.000 7.9
phi036 3 bnlgl879 " 5 0.000 5.8 0.003 5.9 AA 0.002 3.7 0.002 4.5 0.009 5.0 AA 0.013 2.5
bnlgl217 4 bnlgl518 10 0.003 8.2 AA 0.005 4.4 0.001 10.0 AA 0.004 4.6
DA 0.004 4.7
bnlglo23 4 bnlgl518 10 0.008 7.4 AA 0.001 6.0 0.002 9.0 AA 0.000 7.2
bnlg1538 6 bnlgl209 9 0.008 6.3 AA 0.014 2.9 0.013 5.9 AA 0.002 4.4
bnligl539 7 umcl733 9 0.001 7.2 AA 0.002 3.6 0.003 6.0 AA 0.001 4.2
DA 0.004 3.2
umcl178 6 umcl733 9 0.001 6.8 AA 0.001 4.0 0.002 6.2 AA 0.005 3.2
DA 0.004 3.3 DA 0.003 3.4
bnlg1953 1 umcl464 2 0.013 5.3 AD 0.002 4.0 0.004 6.5 AD 0.000 6.0
umcl223 3 dupssl” 5 0.000 12.8 0.001 7.1 AD 0.008 3.3 0.000 10.7 0.003 6.3 DA 0.014 2.8
bnlgl621 4 phio34 7 0.016 4.7 AD 0.004 3.3 0.010 5.1 AD 0.002 4.0
umcli22© 1 bnl17.18" 5 0.001 4.5 0.000 15.6 0.006 4.5 DA 0.001 4.4 0.000 9.5 0.000 14.8 0.003 4.7 DA 0.003 3.6
umcl123 2 umcl4l6” 5 0.019 7.7 0.000 11.2 0.007 4.7 DA 0.001 4.0 0.000 8.1 0.000 12.8 0.004 4.7 DA 0.000 4.9
AA 0.007 2.9 AA 0.009 2.8
umcl042 2 umc108 © 5 0.012 49 DA 0.002 3.8 0.017 3.1 0.010 5.1 DA 0.008 2.9
umcl464 2 phio73 3 0.015 3.7 0.003 7.1 DA 0.001 5.3 0.007 6.4 DA 0.003 4.2
phi073 3 php20075 10 0.007 4.3 0.009 5.9 DA 0.003 4.1 0.000 8.3 0.012 5.4 DA 0.002 4.4
bnlg1811 1 brigl556 © 1 0.001 5.0 0.001 7.3 DD 0.001 4.3 0.000 8.8 0.000 7.1 DD 0.001 4.6

2 Phenotypic variation explained by locus A ;
2 Phenotypic variation explained by locusB ;
3 Phenotypic variation explained by the interactions;

YAA: additive by additive; AD: additive by dominance; DA : dominance by additive; DD : dominance by dominance;

5 Phenotypic variation explained by secid interaction type;
9 Markerswith “are adjacent to mapped QTL

bnlgl538 showed obvioudy different effects. In this
study , bnig1538 (11) and umcl733 (11) seemed to
be the most favorable combination for incread ng plant
heights.

In this study, a quite number of two-locus
epigtatic interactions were observed. That indicated
the genetic foundation for plant height in maize may
be much more complex than either hypothedsof over-

dominance or dominance based at the sngle locus.
Thus, apart from the effect of sngle locus, the inter-
active effects should be consdered in molecular mark-
er asssted sdection for plant height and other reative
investigations. Although it is difficult to accurately e
valuate the total valuesof genetic variation accounted
by dngle QTL and two-locus interaction regectively
with the same satistica modd in this study, the

© 1995-2004 Tsinghua Tongfang Optical Disc Co., Ltd. All rights reserved.



1074

YAN Jiarrbing et al

number of detected two-locusinteraction is more than
that of the sngle QTL . In addition, the Snge two-lo-
cus interaction could acoount for phenotypic variation be-
tween 4. 5 and 11 %, which coud be conparable with
pherotypic variation between 5. 3 and 17. 1 % explained

(PA=0.001 Pg=0.000 P4»=0.001)
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by the dnge QTL. Therdfore, it should be reanale to
bdieve that epidatic interactions between two lod may
perform as an equa importance role as the sngle-locus €-
fectsfor plant height in maize.
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(1), (3) and (5) arethe result in Wuhan; (2) , (4) and (6) arethe result in Xiangfan. 11, 12, 22 represent the three genotypesof each locus: 11

homozygote for Zong3 dlde; 22 homozygote for 87-1 dlele; 12 heterozygote

Fig.2 Examples of digenic interaction for plant height
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