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Abstract Heterosis has been exploited to increase

grain yield, quality, and resistance in many crops, and it

plays an important role in plant breeding. However, the

genetic mechanism of heterosis remains unclear. To

dissect the genetic basis of heterosis, a set of 203 single

segment substitution lines (SSSLs) was developed, and

its test-cross population was used to identify heterotic

loci (HL) for plant morphological traits in maize,

including plant height (PH), ear height (EH), leaf

number (LN), tassel main axis length (TMAL), and

tassel branch number (TBN). A total of 41 QTLs and 37

HL were identified for five morphological traits in the

test-cross population derived from the 203 SSSLs and

the parent, Xu178. Nine HL for PH, nine HL for EH,

seven HL for LN, seven HL for TMAL, and five HL for

TBN were detected in three different environments,

respectively. Eight HL, ph1a, ph1b, ph2, ph5, eh3a,

eh3b, eh10, and tmal1b, were simultaneously detected in

the three environments. Among the 37 HL, only 10

(27.03 %; for PH, EH, LN, and TBN) had a correspond-

ing QTL (24.39 %) sharing the same chromosomal

region. Of all the HL, 21.4 % showed dominance effects,

76.8 % showed over-dominance effects, and only one

(1.8 %) showed a partial-dominance effect. This result

illustrated that heterosis and performance was controlled

by different genetic mechanisms, and over-dominance

effects were the main contributors to heterosis for plant-

related traits at the single-locus level in maize.
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Introduction

Heterosis, also known as hybrid vigor, refers to the

phenomenon in which the progeny of a cross between

different pure lines exhibit greater biomass, faster

development, and higher fertility than either of the

parents (Birchler et al. 2010). As previous study,

heterosis plays an important role in increasing crop

productivity, nutrient quality, and resistance to biotic

and abiotic environmental stresses (Zhou et al. 2012;

Guo et al. 2013). In plants, heterosis is a complex trait,

and it can be extrapolated as the sum of changes in

many physiological and phenotypic traits, including

the magnitude and rate of vegetative growth, flowering

time, yield, etc. (Lippman and Zamir 2007). Through

one century study, three important hypotheses, in-

cluding dominance (Bruce 1910; Jones 1917), the

over-dominance hypothesis (Shull 1908; East 1936),

and epistasis (Powers 1944; Williams 1959), have

been proposed to explain the genetic basis of heterosis.

Studies based on molecular markers and genomic

as well as bioinformatics analyses have shown that

heterosis of grain yield and its traits are generally

controlled by the dominance of favorable genes,

although epistasis may also play an important role

(Cockerham and Zeng 1996). Yu et al. (1997) reported

that epistasis plays a major role in the genetic basis of

heterosis for yield and three traits that were compo-

nents of yield in rice. Lu et al. (2003) analyzed an F2

population and observed that 24 quantitative trait loci

(QTL) (86 %) had over-dominant effects on grain

yield in maize. Melchinger et al. (2007) have analyzed

the QTL effects and heterosis using ‘‘design III’’

experiments on test-crosses derived from recombinant

inbred lines in maize, and identified genomic regions

relevant for heterosis. Li et al. (2008) reported that

heterosis for grain yield and eight other yield-related

traits was attributable to the combined effects of

partial-to-complete dominance, over-dominance, and

epistasis in rice. Tang et al. (2010) reported that

dominance effects of heterotic loci (HL) at the single-

locus level, as well as AD (additive 9 dominance)

interactions, played important roles in the genetic

basis of heterosis for grain yield and its components in

the maize hybrid Yuyu22. Zhou et al. (2012) reported

that the dominance 9 dominance interaction was

important for heterosis of tillers per plant and grain

weight, and also yield and grain number in rice. Guo

et al. (2014) reported that the yield 9 environment

interactions differed for each allele of yield in maize.

Moreover, when stacked in transgenic plants, the

allelic pair resulted in yield and environmental

performance advantages over either single allele,

resembling heterosis effects.

Among the various types of segregated populations,

single segment substitution lines (SSSLs) have been

widely used to study heterosis in many crops (Wang

et al. 2012; Liu et al. 2012; Shen et al. 2014). Wang

et al. (2012) reported on the factors contributing to

yield and yield-related traits variations in japonica–

indica rice hybrids, based on analyses of 66 chromo-

some segment substitution (CSS) lines. Liu et al.

(2012) reported that the 12 dominance and epistasis of

QTLs for tiller number in rice using SSSLs. Their data

provided information that could be used to improve

the tiller number in rice via heterosis and/or QTL

pyramiding. Shen et al. (2014) developed a set of 202

CSS lines (CSSLs) for their analyses and concluded

that dominance and epistasis were the major factors in

the genetic basis of heterosis of plant height (PH),

which explained the better-parent heterosis in hybrid

rice Shanyou 63. In maize, Lu et al. (2011) reported

that chromosomal SSSLs were powerful tools to detect

and precisely map QTL and to evaluate the action of

genes as single Mendelian factors. In this study, we

used a set of 203 SSSLs and its test-cross population

to: (1) identify HL for plant morphological traits and

(2) dissect the genetic basis of heterosis using various

plant morphological traits as a model.

Materials and methods

Materials and field trials

A set of 203 SSSLs of maize and its test-cross

population were used as the materials in this study.

The SSSLs were produced using two elite inbred lines:

The donor parent was the inbred line Zong3, a parent

of the elite hybrid Yuyu22, which was a second plant

hybrid in China from 1998 to 2002; the receptor parent

was the inbred line Xu178, a parent of the elite hybrid

Nongda108, which was a first plant hybrid in China

from 2002 to 2004. Based on SSR molecular marker

linkage map integrated by IBM 2008 Neighbour, a

total of 700 SSR markers evenly distributed on ten

chromosomes were employed to the two inbred lines

Xu178 and Zong3, and 200 polymorphic SSR markers
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between the two inbred lines were selected; among

this, 172 SSR markers were used for constructing

SSSLs population combined with backcross.

The SSSLs included 150 uniquely substituted

segments were unevenly distributed on 10 chromo-

somes (Supplementary Figure 1), the total length of

the 150 substitution segments was 11,394.22 cM,

covering 4481.74 cM (67.56 %) of the entire maize

genome, and the substituted segment length ranged

from 0.95 to 186.05 cM with an average of 47.67 cM.

Among them, there were 152 substituted segment

lengths ranged from 2.25 to 50.00 cM (63.60 %), 66

substituted segment lengths ranged from 50.00 to

100.00 cM (27.61 %), and 21 substituted segment

lengths more than 100.00 cM (8.79 %).

The 203 corresponding crosses were produced by

manual pollination using the receptor parent Xu178 as

the male parent and the SSSLs population as female

parents in the winter of 2012, in Hainan Province, China

(Sanya, E18�150, N109�300). The test-cross population

was evaluated in field trials beginning in June, 2013. The

field trials were conducted in three locations: at the farms

of Hebei Agricultural Institute (Xunxian, E114�330,
N35�410), Xinxiang Agricultural Institute (Xinxiang,

E113�310, N35�110), and Xuchang (E113�290, N34�10),
following a field design of randomized complete blocks

with three replicates. Each plot included one row, 4 m

long, with 0.6 m distance between rows. The population

density was 67,500 plants per hectare. At the three

locations, the 203 SSSLs and the two parents were also

planted using the same experimental design in the same

field. The field was managed using local maize cultiva-

tion practices.

Phenotype measurement in the field

The leaves of ten plants were labeled in the field for

continuous evaluations of total leaf number (LN). At

the filling period, ten typical consecutive plants of

each experimental material were selected to measure

morphological traits in the field, including PH (cm),

ear height (EH, cm), LN, tassel main axis length

(TMAL, cm) and tassel branch number (TBN). The

PH means the distance from the ground to the top of

tassels. The EH means the distance from the ground to

the node of attachment of the primary ear. The LN

means the total number of leaves on the whole plant.

The TMAL means the main axis length of tassel, and

the TBN means the first branch number of tassel.

QTL analysis

One-way ANOVA analysis and Duncan’s multiple

comparisons were conducted using SPSS 17.0 software.

A QTL was considered to exist in SSSLs when there was

a significant difference in the measured value between

the SSSL and Xu178 (p \ 0.05). The additive effect was

calculated using the following equation: A = (SSSL -

Xu178)/2. The percentage of the additive effect (A %)

was calculated using the following equation: A % = A/

Xu178 9 100 % (Guo et al. 2013). Here, SSSL refers to

the value of the trait in the SSSL, and Xu178 refers to the

value of the trait in Xu178.

Heterosis loci analysis

The data for mid-parent heterosis (HMP) for each

evaluated trait in the three environments were used to

detect HL. Mid-parent heterosis values were calculat-

ed using the equation HMP (%) = (F1 - MP)/

MP 9 100 %, where HMP is the percentage of mid-

parent heterosis, F1 is the performance of each

testcross hybrid of SSSLs and Xu178 and Mp is the

average of SSSLs and Xu178 (Pan 1994).

One-way ANOVA and Duncan’s multiple compar-

isons using SPSS 17.0 software, and heterotic locus

(HL) was considered that existed in corresponding

chromosomal region between an SSSL and its test cross,

when there was a significant difference between the

value of the trait in the test-cross hybrid and the mean

trait value in Xu178 and SSSLs (p \ 0.05). According

to the experimental design of the test-cross hybrid

population, each HL theoretically had only dominance

effect (D). The additive effect (A) of the same locus was

computed from testcross hybrid performance. The ratio

of D/A for a given HL reflects the degree of dominance, a

ratio greater than 1 indicates over-dominance (OD) of

the HL, a ratio less than 1 indicates partial-dominant

(PD) of the HL, and equal to 1 indicates dominant

effects, respectively (Tang et al. 2010).

Results

Performance of morphological traits in SSSLs

and test-crosses

The performances of the five measured morphological

traits in three environments varied over a large range
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among the SSSL and the testcross population

(Table 1). For PH, the means of the SSSL population

in Xunxian location, Xinxiang location, and Xuchang

location were 177.78, 169.29, and 156.22, respective-

ly, with ranges of 157.80–199.40, 130.00–201.87, and

127.90–181.00 cm, respectively. The ranges of EH in

the SSSL population were 65.40–85.30, 44.25–84.33,

and 43.50–84.80 cm in Xunxian, Xinxiang, and in

Xuchang location. For TMAL, the mean values for the

SSSL population in Xunxian, Xinxiang, and Xuchang

location were 27.15, 26.40, and 24.51, respectively.

At the same time, the mean values of PH for the

testcross population in the three environments

(185.59 cm in Xunxian, 181.50 cm in Xinxiang,

170.72 cm in Xuchang) were higher than the mean

PH value of SSSL population and the test parent

Xu178. The same pattern was observed for EH and

TBN (Table 1). For LN and TMAL, the mean values

for the testcross population in the three environments

were almost the same as that of the SSSL population

and the test parent Xu178. The heritability (hb
2) of PH,

EH, LN, TMAL, and TBN were 62.5, 71.2, 95.9, 99.1,

and 48.9 %, respectively (Supplementary Table 1).

Performance of heterosis for plant morphological

traits at three environments

The performances of mid-parent heterosis (HMP) for

the five measured morphological traits of the test-cross

hybrid population in the three environments also

showed large variations (Table 2). The mean HMP

values for PH in the test-cross population were 1.48,

7.36, and 8.21 % in Xunxian, Xinxiang, and Xuchang

location, with ranges of -10.50 to 12.68, -4.08 to

19.76, and -4.25 to 21.07 %, respectively. The means

of HMP for EH in the test-cross population were 6.35,

4.87, and 13.73 % in Xunxian, Xinxiang, and

Xuchang location, with ranges of -12.32 to 20.84,

-6.26 to 21.19, and -6.33 to 30.48 %, respectively.

The lowest mean values of HMP were for LN, with

0.83, 0.92 and 4.03 % heterotic performance in

Xunxian, Xinxiang, and Xuchang location, respec-

tively. The mean values of HMP for TMAL in the test-

cross population in Xunxian, Xinxiang, and Xuchang

were 1.57, 1.13, and 1.40 %, with ranges of -12.41 to

16.96, -7.24 to 11.50, and -14.06 to 9.61 % in the

three environments, respectively. The mean values of

HMP for TBN in the test-cross population in Xunxian,

Xinxiang, and Xuchang were 9.45, 6.62, and 6.45 %,

respectively, with ranges of -17.76 to 36.17, -21.45

to 37.52, and -11.11 to 38.35 % in the three

environments.

Correlations between phenotype and heterosis

for measured traits

PH was significantly correlated with EH in all three

environments (p \ 0.01; Table 3) and also showed

significantly correlated with LN and TMAL in

Xinxiang location (p \ 0.01). Additionally, EH

showed significant correlations with LN in Xunxian

and Xinxiang location (p \ 0.01) and with TBN in

Xinxiang and Xuchang location (p \ 0.01). For mid-

parent heterosis, PH showed significant correlations

with EH, LN, and TMAL in the three environments

(p \ 0.01), and EH also showed significant positive

correlations with LN in the three environments

(p \ 0.01).

QTL detected for morphological traits of SSSLs

in three environments

A total of 41 QTLs were identified for the five

morphological traits of SSSLs in the three environ-

ments (Table 4). For PH, ten QTLs were identified in

three environments, and three QTLs, qPH4a, qPH4b

and qPH9 were detected in the three environments

simultaneously. Among them, the QTL qPH4a,

located in bin 4.03, accounted for 3.03, 3.29, and

9.96 % of phenotypic variation in Xunxian, Xinxiang

and Xuchang location, respectively, and its additive

effect came from the nonrecurrent parent Zong3.

Another QTL qPH9, also derived from the nonrecur-

rent parent Zong3, accounted for 4.62, 16.09, and

11.82 % of phenotypic variation in the three environ-

ments, respectively.

Ten QTLs were identified for EH, located on all

chromosomes except for chromosomes 5, 6, 8, and 10.

The QTL qEH2a, derived from the nonrecurrent parent

Zong3, could explain 1.86, 5.00, and 10.20 % pheno-

typic variation in Xunxian, Xinxiang, and Xuchang

location, respectively. The other six QTLs located on

chromosomes 1, 2, 3, and 9 were also identified in

Xinxiang and Xuchang location simultaneously.

There were five QTLs identified for LN and located

on chromosomes 1, 2, 4, and 10, and the percentage of

their additive effects ranged from 1.83 to 6.64 %. The
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QTL qLN1 accounted for 4.54 and 6.31 % phenotypic

variation in Xinxiang and Xuchang location, respec-

tively. For TMAL, seven QTLs were detected in the

three environments, and the QTL qTMAL3 was

detected in the three environments simultaneously,

accounted for 5.79, 1.70, and 9.92 % phenotypic

variation in Xunxian, Xinxiang, and Xuchang loca-

tions, respectively.

Table 2 Mid-parent heterosis of the test-cross population in three environments

Traits Environments Mean ± SD Range Skewness Kurtosis

PH (%) Xunxian 1.48 ± 4.24 -10.50 to 12.68 -0.19 0.05

Xinxiang 7.36 ± 4.35 -4.08 to 19.76 0.22 0.40

Xuchang 8.21 ± 4.63 -4.25 to 21.07 0.23 -0.10

EH (%) Xunxian 6.35 ± 6.56 -12.32 to 20.84 -0.40 0.11

Xinxiang 4.87 ± 5.33 -6.26 to 21.19 0.08 -1.40

Xuchang 13.73 ± 7.30 -6.33 to 30.48 0.02 -0.30

LN (%) Xunxian 0.83 ± 2.36 -7.19 to 7.42 -0.04 0.62

Xinxiang 0.92 ± 2.38 -6.63 to 7.53 -0.26 0.50

Xuchang 4.03 ± 2.93 -3.24 to 12.37 0.23 0.57

TMAL (%) Xunxian 1.57 ± 4.43 -12.41 to 16.96 0.43 2.06

Xinxiang 1.13 ± 3.25 -7.24 to 11.50 0.12 0.56

Xuchang 1.40 ± 3.43 -14.06 to 9.61 -0.47 2.34

TBN (%) Xunxian 9.45 ± 11.34 -17.76 to 36.17 0.08 -0.24

Xinxiang 6.62 ± 9.20 -21.45 to 37.52 0.30 0.73

Xuchang 6.45 ± 6.67 -11.11 to 38.35 0.57 0.74

Table 3 Correlation coefficients between phenotype and mid-parent heterosis for five traits of test-cross hybrid population in three

environments

Traits Environment PH EH LN TMAL TBN

PH Xunxian 0.504** 0.130 0.220* -0.008

Xinxiang 0.547** 0.404** 0.557** 0.215**

Xuchang 0.814** 0.230** 0.048 0.364**

EH Xunxian 0.597** 0.265** -0.032 0.115

Xinxiang 0.681** 0.281** 0.257** 0.249**

Xuchang 0.786** 0.151 -0.005 0.379**

LN Xunxian 0.337** 0.414** 0.079 -0.032

Xinxiang 0.340** 0.451** 0.214** 0.152

Xuchang 0.291** 0.436** -0.083 0.173

TMAL Xunxian 0.457** 0.219** 0.131 0.101

Xinxiang 0.469** 0.146* 0.179* 0.163*

Xuchang 0.306** 0.125 0.194** 0.067

TBN Xunxian 0.119 0.129 0.240** 0.035

Xinxiang 0.094 0.205** 0.172* 0.154*

Xuchang 0.120 0.321** 0.291** 0.161*

Correlation coefficients for phenotype and mid-parent heterosis of each trait are listed above and below the diagonal

*, ** Significance at the p \ 0.05 and p \ 0.01 levels, respectively
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Nine QTLs were identified for TBN, and two of the

QTLs were detected in the three environments simul-

taneously. Among them, the QTL qTBN1a could

explain 11.69, 15.68, and 15.65 % phenotypic varia-

tion in Xunxian, Xinxiang, and Xuchang locations,

respectively. Another QTL, qTNB1b, accounted for

10.20, 11.24, and 24.81 % of phenotypic variation in

the three environments.

Heterotic loci identification

In this study, a total of 37 HL for the five measured

traits were identified in three environments, and eight

HL for PH, EH and TMAL were detected in the three

environments simultaneously, including ph1a, ph1b,

ph2, ph5, eh3a, eh3b, eh10, and tmal1b (Table 5).

Nine HL were detected for PH, distributed on all

chromosomes except for chromosomes 6, 8, and 9, and

four HL were detected in the three environments

simultaneously. Out of them, the HL, ph1a, showed

over-dominant effect and had 10.5, 7.8 and 11.6 %

phenotypic contribution of mid-parent heterosis to PH

in Xunxian, Xinxiang and Xuchang, respectively.

Another HL, ph1b, showed a dominant effect, made a

3.4, 18.7, and 5.6 % mid-parent heterosis contribution

to PH in the three environments, respectively. The

other HL ph2 had 1.8, 10.1, and 14.3 % phenotypic

contribution of mid-parent heterosis to PH in the same

environments, respectively, and also showed an over-

dominant effect. Additionally, the HL ph5, showed an

over-dominant effect, with 8.1, 12.0, and 9.5 %

phenotypic contribution of mid-parent heterosis to

PH in the three environments, respectively.

Nine HL were identified for EH, and three HL were

detected in three environments simultaneously. The

HL, eh3a, which showed over-dominant effect, could

explain 13.5, 13.5, and 18.3 % phenotypic contribu-

tion of mid-parent heterosis for EH in Xunxian,

Xinxiang, and Xuchang, respectively. Another HL

eh3b that showed over-dominant effect had 3.8, 3.5

and 18.0 % mid-parent heterosis contribution to EH in

the three environments, respectively. The third HL,

eh10, made a 4.7, 5.8, and 35.6 % mid-parent

heterosis contribution to EH in Xunxian, Xinxiang,

and Xuchang, respectively, also showed over-domi-

nant effect.

There were seven HL detected for LN, located on

chromosomes 1, 2, 4, 7, 9, and 10. None of these seven HL

were detected in the three environments simultaneously.T
a

b
le

4
co

n
ti

n
u

ed

T
ra

it
Q

T
L

B
in

P
o

si
ti

o
n

(c
M

)
S

u
b

st
it

u
ti

o
n

se
g

m
en

t
P

er
ce

n
ta

g
e

o
f

ad
d

it
iv

e
ef

fe
ct

(A
%

)

X
u

n
x

ia
n

X
in

x
ia

n
g

X
u

ch
an

g

q
T

M
A

L
1

0
1

0
.0

4
2

5
3

.3
0

–
2

8
3

.5
0

u
m

c1
0

7
7
*

u
m

c1
0

5
3
*

u
m

c2
3

5
0

8
.8

1

T
B

N
q

T
B

N
1

a
1

.0
1

8
6

.3
0

–
1

9
0

.5
3

u
m

c1
2

6
9
*

p
h

i4
2

7
9

1
3
*

b
n

lg
1

0
0

7
1

1
.6

9
1

5
.6

8
1

5
.6

5

q
T

B
N

1
b

1
.0

5
4

1
7

.0
0

–
4

3
9

.1
1

u
m

c2
0

2
5
*

u
m

c1
4

6
1
*

u
m

c1
6

8
9

1
0

.2
0

1
1

.2
4

2
4

.8
1

q
T

B
N

2
a

2
.0

4
2

7
4

.9
0

–
3

2
0

.7
0

u
m

c1
5

4
1
*

u
m

c1
5

7
9
*

p
h

i0
8

3
*

b
n

lg
1

0
1

8
*

u
m

c2
0

7
9

-
2

5
.3

1
-

1
8

.3
6

q
T

B
N

2
b

2
.0

8
4

1
4

.1
0

–
5

4
8

.3
0

u
m

c2
1

2
9
*

p
h

i3
2

8
1

8
9
*

p
h

i0
9

0
-

1
9

.8
8

-
1

4
.3

8

q
T

B
N

2
c

2
.0

8
4

1
4

.1
0

–
5

4
8

.3
0

u
m

c2
1

2
9
*

p
h

i3
2

8
1

8
9
*

p
h

i0
9

0
-

2
0

.3
7

q
T

B
N

3
3

.0
2

7
7

.0
0

–
1

6
5

.0
0

b
n

lg
1

1
4

4
*

b
n

lg
1

6
4

7
*

u
m

c1
4

2
5

1
4

.9
7

q
T

B
N

4
4

.0
3

8
1

.0
0

–
2

5
2

.5
2

p
h

i0
7

4
*

u
m

c1
5

5
0
*

u
m

c1
1

1
7
*

u
m

c1
6

6
2

2
0

.6
2

1
9

.3
8

q
T

B
N

5
5

.0
1

4
7

.5
0

–
1

5
6

.9
0

b
n

lg
1

0
0

6
*

u
m

c1
4

7
8
*

u
m

c1
5

8
7

1
1

.9
4

q
T

B
N

9
9

.0
4

3
1

7
.0

8
–

3
2

1
.6

0
u

m
c1

7
7

1
*

u
m

c1
9

9
0
*

u
m

c1
5

1
9

-
1

4
.9

4
-

1
5

.3
9

A
m

ea
n

s
ad

d
it

iv
e

ef
fe

ct
p

er
ce

n
ta

g
es

,
A

%
=

(S
S

S
L

s
-

X
u

1
7

8
)/

(2
9

X
u

1
7

8
)

9
1

0
0

;
A

%
p

o
si

ti
v

e
m

ea
n

s
th

at
it

co
m

es
fr

o
m

th
e

p
ar

en
t

X
u

1
7

8
,
A

%
n

eg
at

iv
e

m
ea

n
s

th
at

it
co

m
es

fr
o

m
th

e
p

ar
en

t
Z

o
n

g
3

94 Page 8 of 13 Mol Breeding (2015) 35:94

123



T
a

b
le

5
H

et
er

o
ti

c
lo

ci
id

en
ti

fi
ed

fo
r

fi
v

e
tr

ai
ts

in
te

st
cr

o
ss

h
y

b
ri

d
p

o
p

u
la

ti
o

n
d

er
iv

ed
fr

o
m

S
S

S
L

s
an

d
X

u
1

7
8

T
ra

it
H

et
er

o
ti

c
lo

ci
B

in
P

o
si

ti
o

n
(c

M
)

S
u

b
st

it
u

ti
o

n
se

g
m

en
t

H
M

P
(M

o
d

e
o

f
ef

fe
ct

)

X
u

n
x

ia
n

X
in

x
ia

n
g

X
u

ch
an

g

P
H

p
h

1
a

1
.0

1
2

.5
0

–
1

9
0

.5
3

p
h

i0
9

7
*

u
m

c1
1

0
6
*

u
m

c1
2

6
9
*

p
h

i4
2

7
9

1
3
*

b
n

lg
1

0
0

7
1

0
.5

(O
D

)
7

.8
(O

D
)

1
1

.6
(O

D
)

p
h

1
b

1
.0

3
1

9
0

.5
3

–
2

8
3

.2
7

b
n

lg
1

0
0

7
*

b
n

lg
1

2
0

3
*

p
h

i0
0

1
*

p
h

i0
9

5
3

.4
(D

)
1

8
.7

(D
)

5
.6

(D
)

p
h

1
c

1
.0

5
4

3
9

.1
1

–
4

5
7

.0
0

u
m

c1
6

8
9
*

u
m

c1
1

2
4
*

u
m

c1
7

0
3

1
9

.8
(O

D
)

p
h

2
2

.0
6

3
2

3
.3

0
–

3
7

6
.3

9
u

m
c1

4
8

5
*

b
n

lg
1

8
3

1
*

b
n

lg
1

3
9

6
1

.8
(O

D
)

1
0

.1
(O

D
)

1
4

.3
(O

D
)

p
h

3
3

.0
2

7
7

.0
0

–
1

6
5

.0
0

b
n

lg
1

1
4

4
*

b
n

lg
1

6
4

7
*

u
m

c1
4

2
5

1
0

.9
(D

)

p
h

4
4

.1
1

7
3

1
.6

0
–

7
3

7
.8

0
p

h
i0

7
6
*

u
m

c1
0

5
8

1
1

.0
(O

D
)

p
h

5
5

.0
6

1
5

6
.9

0
–

6
0

9
.4

0
u

m
c1

5
8

7
*

m
m

c0
0

8
1
*

u
m

c2
0

7
2
*

u
m

c2
3

0
5
*

u
m

c1
6

8
0
*

b
n

lg
1

1
8

8
.1

(O
D

)
1

2
.0

(O
D

)
9

.5
(O

D
)

p
h

7
7

.0
0

1
3

.8
0

–
1

1
8

.5
0

u
m

c1
2

4
1
*

u
m

c1
6

4
2
*

u
m

c2
1

6
0

4
.5

(O
D

)
1

5
.6

(O
D

)

p
h

1
0

1
0

.0
3

1
6

5
.5

2
–

2
2

6
.1

0
u

m
c1

8
6

3
*

u
m

c2
0

6
7
*

p
h

i0
5

0
1

8
.1

(O
D

)

E
H

eh
1

1
.0

5
4

3
8

.8
0

–
4

5
7

.0
0

u
m

c1
4

6
1
*

u
m

c1
6

8
9
*

u
m

c1
1

2
4

1
8

.9
(O

D
)

1
9

.9
(O

D
)

eh
2

2
.0

4
2

9
4

.2
0

–
3

2
3

.3
0

b
n

lg
1

0
1

8
*

u
m

c2
0

7
9
*

u
m

c1
4

8
5

9
.1

(D
)

eh
3

a
3

.0
2

7
7

.0
0

–
1

6
5

.0
0

b
n

lg
1

1
4

4
*

b
n

lg
1

6
4

7
*

u
m

c1
4

2
5

1
3

.5
(O

D
)

1
3

.5
(O

D
)

1
8

.3
(O

D
)

eh
3

b
3

.0
8

6
0

8
.1

7
–

7
2

8
.6

5
u

m
c1

8
4

4
*

u
m

c1
3

2
0
*

b
n

lg
1

1
8

2
3

.8
(O

D
)

3
.5

(O
D

)
1

8
.0

(O
D

)

eh
4

4
.1

1
5

9
9

.6
3

–
7

3
7

.8
0

u
m

c1
9

8
9
*

u
m

c1
1

0
9
*

p
h

i0
7

6
*

u
m

c1
0

5
8

9
.6

(O
D

)

eh
6

6
.0

0
0

–
2

3
.2

0
*

b
n

lg
1

0
4

3
*

b
n

lg
1

6
1
*

b
n

lg
2

3
8

1
.8

(O
D

)

eh
8

8
.0

3
2

4
4

.9
0

–
2

7
4

.9
0

u
m

c2
0

7
5
*

b
n

lg
1

8
6

3
*

p
h

i1
0

0
1

7
5

3
1

.2
(O

D
)

eh
9

9
.0

4
3

1
7

.0
8

–
3

2
1

.6
0

u
m

c1
7

7
1
*

u
m

c1
9

9
0
*

u
m

c1
5

1
9

9
.0

(O
D

)

eh
1

0
1

0
.0

3
1

6
5

.5
2

–
2

2
6

.1
0

u
m

c1
8

6
3
*

u
m

c2
0

6
7
*

p
h

i0
5

0
4

.7
(O

D
)

5
.8

(O
D

)
3

5
.6

(O
D

)

L
N

ln
1

a
1

.0
1

8
6

.3
0

–
1

9
0

.5
3

u
m

c1
2

6
9
*

p
h

i4
2

7
9

1
3
*

b
n

lg
1

0
0

7
6

.1
(D

)

ln
1

b
1

.0
3

1
9

0
.5

3
–

2
8

7
.2

0
b

n
lg

1
0

0
7
*

b
n

lg
1

2
0

3
*

p
h

i0
0

1
*

p
h

i0
9

5
*

b
n

lg
1

8
2

5
.8

(O
D

)

ln
2

2
.0

4
2

7
4

.9
0

–
2

8
4

.7
0

u
m

c1
5

4
1
*

u
m

c1
5

7
9
*

p
h

i0
8

3
7

.4
(O

D
)

ln
4

4
.0

4
1

8
5

.1
7

–
2

5
2

.5
2

u
m

c1
5

5
0
*

u
m

c1
1

1
7
*

u
m

c1
6

6
2

1
1

.5
(O

D
)

ln
7

7
.0

5
3

2
0

.9
1

–
5

9
8

.3
5

u
m

c1
4

5
6
*

b
n

lg
1

8
0

5
*

p
h

i3
2

8
1

7
5
*

p
h

i0
6

9
*

u
m

c2
2

2
2

1
2

.2
(O

D
)

ln
9

9
.0

4
3

1
7

.0
8

–
3

2
1

.6
0

u
m

c1
7

7
1
*

u
m

c1
9

9
0
*

u
m

c1
5

1
9

7
.0

(O
D

)

ln
1

0
1

0
.0

4
2

5
3

.3
0

–
2

8
3

.5
0

u
m

c1
0

7
7
*

u
m

c1
0

5
3
*

u
m

c2
3

5
0

3
.7

(D
)

T
M

A
L

tm
a

l1
a

1
.0

1
8

6
.3

0
–

1
9

0
.5

3
u

m
c1

2
6

9
*

p
h

i4
2

7
9

1
3
*

b
n

lg
1

0
0

7
9

.1
(O

D
)

tm
a

l1
b

1
.0

5
4

3
9

.1
1

–
4

5
7

.0
0

u
m

c1
6

8
9
*

u
m

c1
1

2
4
*

u
m

c1
7

0
3

3
.6

(D
)

9
.7

(D
)

2
.5

(D
)

tm
a

l2
2

.0
6

3
6

8
.8

0
–

4
0

8
.8

9
b

n
lg

1
8

3
1
*

b
n

lg
1

3
9

6
*

u
m

c1
6

3
7

4
.9

(D
)

tm
a

l4
4

.0
8

4
6

2
.5

0
–

4
8

1
.1

9
b

n
lg

1
4

4
4
*

p
h

i0
6

6
*

u
m

c2
0

4
1

1
4

.5
(O

D
)

tm
a

l6
6

.0
0

0
–

2
3

.2
0

*
b

n
lg

1
0

4
3
*

b
n

lg
1

6
1
*

b
n

lg
2

3
8

1
6

.4
(O

D
)

tm
a

l8
8

.0
3

2
4

4
.9

0
–

2
7

4
.9

0
u

m
c2

0
7

5
*

b
n

lg
1

8
6

3
*

p
h

i1
0

0
1

7
5

1
7

.0
(O

D
)

Mol Breeding (2015) 35:94 Page 9 of 13 94

123



For TMAL, seven HL were detected and distributed on

chromosomes 1, 2, 4, 6, 8, and 10. Out of them, the HL

tmal1b (in bin 1.05) showed dominant effect, made a 3.6,

9.7, and 2.5 % mid-parent heterosis contribution to

TMAL in Xunxian, Xinxiang, and Xuchang, respectively.

Five HL for TBN were detected in the three

environments, located on chromosomes 1, 2, 3, 9,

and 10. Only one HL, tbn3, was detected in both

Xinxiang and Xuchang locations, with a 26.6 and

15.5 % mid-parent heterosis contribution, respective-

ly, and showed over-dominant effect.

Discussion

It is important to use appropriate experimental mate-

rials for the genetic analysis of heterosis. Several types

of segregated populations have been used in previous

studies, for example, F2 populations, DH and RIL test

populations, and IF2 populations (Koester et al. 1993;

Yu et al. 1997; Melchinger et al. 1998; Zhuang et al.

2001; Syed and Chen 2005; Guo et al. 2008;

Melchinger et al. 2008; Luo et al. 2009; Ma et al.

2009; Li et al. 2010; Song et al. 2011). The F2, BC1,

F2:3, and F2:4 populations can provide relatively

complete information and have proven to be good

populations for the mapping and analysis of additive

effects, dominance effects, and their interactions.

However, the genotype of each family in these

populations is only temporary. To overcome the

disadvantages of these populations, Hua et al. (2003)

reported a new type of population for genetic studies,

the IF2 population, which has the same genetic

structure as the F2 population, and can be crossed

repeatedly. Additionally, Song et al. (2011) reported

the genetic basis of PH and ear position for a highly

heterotic maize hybrid Yuyu 22 by using triple

testcross (TTC) genetic mating design. In comparison

with previous populations, introgression lines (ILs)

have relative simple genetic background and would

have more advantages in dissection of the genetic

basis of complex traits (Qi et al. 2013). Unlike the

genomic construct of DH and RIL populations, the

genomes of SSSL population are basically the same as

those of the recipient parent except for one homozy-

gous chromosome segment from the donor parent.

When SSSL population is tested using the recipient

parent, the SSSL test population has only one

heterozygous chromosomal region comparing to theT
a
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recipient parent. If individuals in the SSSL test

population show heterosis for some traits comparing

to the recipient parent, then the HL can be analyzed

directly as the Mendelian genetic model. Recently,

Guo et al. (2013) detected HL for yield and agronomic

traits using chromosome segment ILs in cotton. So the

SSSL test population was used to identify HL for plant

morphological traits in maize in this study.

Schnable and Springer (2013) have summarized

that heterosis is generally the result of the action of

multiple loci and that different loci affect heterosis for

different traits and in different hybrids, so it is

challenging to unify a common genetic basis of

heterosis even within a species for different traits or

experimental design (Shen et al. 2014). Although each

trait in different hybrids perhaps has different HL, the

morphological traits and grain yield as well as its

components should same genetic mechanism of

heterosis in maize. In this study, the performance of

mid-parent heterosis of the test-cross population in

three environments was PH [ EH [ TBN [ T-

MAL [ LN (Table 2). Out of the five morphological

traits, PH and EH are two important agricultural traits

in maize and highly associated with biomass, grain

yield, and lodging resistance. According to the results

of previous studies, the PH and EH have high heterosis

and were extremely easy to measure and obtain

accurate phenotypic value comparing to the other

morphological traits, so it was used as a model for

genetic analysis of heterosis in previous researches

and this study (Beavis et al. 1991; Tang et al. 2006; Lu

et al. 2011; Shen et al. 2014). For the other three

morphological traits used in this study, LN had

significant correlation with PH and EH in several

environments (Table 3), and TMAL and TBN have

the similar differentiation procedure of ear length and

row number; thus, the three morphological traits also

were used to detect the HL in this study. Additionally,

this study also showed that the experimental design of

the SSSLs test population constructed with SSSLs

population and its receptor parent was suit to dissect

the genetic basis of heterosis for grain yield and its

components. Owing to plant height and ear height is

high correlation with lodging in the field, and the two

traits has strong heterosis, so in the procedure of maize

breeding, maize breeder should select the hybrids with

low heterosis of the two morphological traits. Many

architecture-correlated traits in plants are complex

quantitative traits controlled by multiple genes and

show obvious heterosis (Yu et al. 2002). However, the

genetic effects of additive genes and HL for quanti-

tative traits are superimposed in a single hybrid, and it

is very difficult to distinguish accurately the perfor-

mance values of two kinds of genes. In previous

studies, two different strategies have been used to

dissect the genetic mechanism of heterosis, the QTL

mapping method and the HL mapping method, and are

based on different genetically segregated populations

(Yu et al. 1997; Luo et al. 2009; Li et al. 2010; Hua

et al. 2003; Guo et al. 2013). Shen et al. (2014)

reported that 15 QTLs were also HL contributing to

heterosis with dominance effects in rice. Guo et al.

(2013) reported that among 58 HL, only seven HL

were also detected by QTL analysis using the data of

the chromosome segment ILs (CSILs) population in

cotton. Tang et al. (2010) reported that 13 heterotic

(HL) were detected for grain yield and its three

components using a IF2 population in maize, and a

total of 143 digenic interactions contributing to mid-

parent heterosis were detected at the two-locus level

involving all three types of interactions. Additionally,

Tang et al. (2006) reported that only three QTLs

(qPH1b, qPH5 and qPH9) and HL (qPHH1e, qPHH5

and qPHH9) had the same chromosome locus in the

‘‘immortalized F2’’ (IF2) population in maize, ac-

counted for the detected 25 % of QTLs and 30 % of

HL in IF2 population, respectively. In this study, 41

QTLs and 37 HL were identified for the five measured

traits in three environments, and only 10 of the HL

(27.03 %) were located in the same position as a

corresponding QTL (24.39 %). Comparing this results

with previous study, one HL for PH (ph1b) detected in

this study locate in similar regions of corresponding

chromosomal region with qPHH1b and qPHH1c

(Tang et al. 2006). In a word, the phenotype trait and

heterosis should be controlled by two different genetic

and molecular mechanisms.

Dominance and over-dominance are the two most

important hypotheses to explain the genetic basis of

heterosis. Li et al. (2001) reported that most QTL

associated with heterosis in rice appeared to be

involved in epistasis, and most (approximately

90 %) of the QTL contributing to heterosis appeared

to be over-dominant. Hua et al. (2003) reported

that over-dominance/pseudo-overdominance were

the most important contributors to heterosis of yield,

number of grains per panicle, and grain weight. The

dominance 9 dominance interaction was important

Mol Breeding (2015) 35:94 Page 11 of 13 94
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for heterosis of tillers per plant and grain weight and

also affected yield and grain number. In F2 populations

derived from the commercial hybrid rice line Shanyou

10, five QTLs were detected for grain yield and 13

QTLs were detected for number of panicles, and most

of these QTLs showed over-dominance effects

(Zhuang et al. 2001). Kusterer et al. (2007) showed

that dominance, as well as digenic and possibly

higher-order epistatic effects, played important roles

in heterosis for biomass-related traits in Arabidopsis

thaliana. There are many reports that over-dominance

is the most important factor in the genetic basis of

yield and its components in maize (Stuber et al. 1992;

Larièpe et al. 2012). However, other studies on maize

(Cockerham and Zeng 1996; Garcia et al. 2008) have

provided evidence for the dominance hypothesis. In

this study, 21.4 % of the HL for five measured traits

showed dominance effects, 76.8 % of the HL showed

over-dominance effects, and only one HL (1.8 %)

showed a partial-dominance effect. These results

implied that the over-dominance effect is the main

contributor to heterosis for these five traits at the

single-locus level in maize, and the result is similar to

the conclusion reported by Zhuang et al. (2001) in rice.
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