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Introduction

Chromosome single-segment substitution lines (SSSLs) are powerful tools for detecting and precisely mapping 
quantitative trait loci (QTLs) and evaluating the action of genes as single Mendelian factors. In this study, 108 
SSSLs, which included 46 uniquely substituted segments, were developed from an advanced backcross proce-
dure with the marker-assisted selection of 146 simple sequence repeat (SSR) markers using the elite maize inbred 
line Zheng58 as the recipient and Chang7-2 as the donor. Each SSSL contained a single substituted chromosome 
segment that was derived from donor strain Chang7-2 in the genetic background of the recipient Zheng58 strain. 
The 46 substituted segments were unevenly distributed on ten maize chromosomes, and the substituted segment 
length ranged from 2.7 centimorgan (cM) to 283.5 cM with an average of 66.0 cM. The total length of the 46 substi-
tution segments was 3,035.2 cM, which covered 2,142.6 cM (31.47%) of the entire maize genome. To evaluate the 
potential application of these SSSLs for QTL detection, 44 SSSLs were used for the phenotypic characterization of 
plant height in three field trials. Twenty-nine QTLs of plant height were identified, and the percentages of additive 
effects varied from -8.45% to 12.86%. The results demonstrated that these SSSLs possesses large genetic varia-
tions and are excellent tools for genetically dissecting complex traits over several environments.

Abstract

Genetic populations play a significant role in map-
ping and map-based cloning of quantitative trait loci 
(QTLs). Most genetic populations used in the past 
were primary mapping populations, such as F2:3, BC1, 
double haploid (DH) and recombinant inbred lines 
(RILs), which were used to identify the evident effects 
of QTLs (Ahn et al, 1993; Li et al, 1995; Yu et al, 2002). 
However, the differences in genetic background be-
tween individuals frequently resulted in QTL mapping 
deviation, leading to lower chances of fine mapping 
and gene cloning. With the advancement of research, 
secondary mapping populations (Yano, 2001; Xi and 
Wu, 2006), such as chromosome segment substitu-
tion lines (CSSLs) (Kubo et al, 2002), introgression 
lines (ILs) (Eshed et al, 1992), near-isogenic lines 
(NILs) (Xia and Zheng, 2002) and backcross recom-
binant inbred lines (BCRILs) (Monforte and Tanksley, 
2000), have been used increasingly.

An ideal substitution line should only contain one 
isolated chromosomal substituted segment of the 
donor genotype in the recurrent parent genetic back-
ground (Howell et al, 1996). These substitution lines 
enable the detection of beneficial donor alleles, which 
are separated from the undesirable portions of the 
donor genotype and are valuable for the accurate as-

sessment and mapping of QTLs, thus improving the 
study of quantitative traits in replicated environments 
(Cermakova et al, 1999). Therefore, it is necessary to 
construct chromosome single-segment substitution 
lines (SSSLs) that only contain one substituted donor 
segment in a simplified genetic background.

SSSLs and similar populations have been con-
structed in tomato (Eshed and Zamir, 1994; Bernac-
chi et al, 1998) and rice (Xi et al, 2006; Talukdar and 
Zhang, 2007). 118 single-segment introgression lines 
(SSILs) of maize (Zea mays L) were developed with 
two elite inbred lines, 87-1 and Zong3, as the recur-
rent parents, and a waxy corn line, Hengbai522, as 
the donor (Wang et al, 2007). By means of marker-
assisted backcrossing, a set of 89 NILs of maize 
was created by Szalma et al (2007), and Salvi et al 
(2011) produced an introgression library including 75 
lines using the extremely early-flowering maize vari-
ety Gaspé Flint and the elite line B73 as donor and 
recipient genotypes, respectively, and utilized that 
collection to investigate the genetic basis of flower-
ing time and related traits of adaptive and agronomic 
importance in maize. 

Twenty-four QTLs for plant height and its com-
ponents on the substituted segments of 52 SSSLs 
in rice were identified (He et al, 2005). Nine QTLs for 
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plant height and 15 QTLs for ear height were detect-
ed by Bai et al (2010) using 98 Z3HBILs near-isogen-
ic ingression lines in maize. Li et al (2008) identified 
and fine-mapped a new locus, S-d, that confers the 
partial pollen sterility of intersubspecific F1 hybrids 
in rice, to a 67-kb interval using secondary segrega-
tion NIL populations. Wan et al (2008) fine-mapped 
a single recessive gene, gw-5, which controls both 
grain width and the length-to-width ratio in rice. gw-5 
was finally narrowed down to a 49.7-kb genomic re-
gion by using 6,781 individual CSSL plants. The qP-
GWC-7 QTL, which controls grain chalkiness, was 
fine-mapped to a 44-kb DNA fragment using F2 seg-
regation CSSL populations in rice (Zhou et al, 2009). 
The fw2.2 is a quantitative trait locus key to the evolu-
tion of tomato fruit size, and it was cloned by Frary et 
al (2000) using ingression lines containing one seg-
ment from the donor. Krieger et al (2010) analyzed 
the function of the single flower truss (SFT) flowering 
gene, which drives heterosis for tomato yield using 
isogenic mutant heterozygotes. Using SSSLs, Wang 
et al (2008b) reported the isolation and functional 
analysis of the grain incomplete filling 1 (GIF1) rice 
gene, which encodes a cell wall invertase that is re-
quired for carbon partitioning during early grain filling. 
Liu et al (2009) analyzed the dynamic expression of 
nine QTLs for tiller number using SSSLs in rice. Liu 
et al (2008) studied QTLs with additive effects and 
additive-by-environment interaction effects on rice 
panicle number with the use of SSSLs.

In this study, Zheng58 and Chang7-2, two rep-
resentative Chinese maize inbred lines with available 
whole-genome sequences (Lai et al, 2010), were se-
lected as basic materials to construct the Chang7-2 
SSSLs in the Zheng58 genetic background using 
backcrossing and molecular marker-assisted selec-
tion. A one-year and three-environment plant height 
QTL analysis was performed to assess the potential 
value of these SSSLs and to provide reference infor-
mation for studies on similar maize populations.

Materials and Methods

Parental materials and SSSL construction method-
ology

Zheng58, a parent inbred line of the commercial 
maize hybrid, Zhengdan958, was used as the recipi-
ent, and Chang7-2, the other parent inbred line of 
Zhengdan958, was used as the donor to construct 
maize chromosome SSSLs using a combination of 
crossing, backcrossing and molecular marker-as-
sisted selection (MAS) (Figure 1). A mini-scale DNA 
extraction was performed according to the procedure 
described by Zhang and Xi (2007). SSR detection 
was performed using the method described by Wang 
et al (2009). 

Substituted segment length calculation
The substituted segment length was estimated 

based on graphical genotypes (Young and Tanksley, 
1989; ). A chromosome segment that is flanked by 
two donor type markers (DD) is considered a 100% 
donor type, a chromosome segment that is flanked 
by two recipient type markers (RR) is considered a 
0% donor type and a chromosome segment that is 
flanked by one donor and one recipient type marker 
(DR) is considered a 50% donor type. The sum of the 
DD length and the two DR lengths was considered 
as the estimated length of a chromosome substituted 
segment. The length of the donor-substituted seg-
ments was calculated based on the marker’s location 
on the maize SSR linkage map, IBM2 2008 Neighbors 
(http://www.maizegdb.org).

Field experiments and plant height QTL analysis of 
SSSL

Forty-four homozygous SSSLs and the recurrent 
parental inbred line, Zheng58, were used as the ex-
perimental materials to conduct QTL analysis. These 
materials were planted in single, alternating rows with 
a 4-m row length. The parental line, Zheng58, was 
planted in multiple repeats as the field experimental 
control. In 2010, these 45 homozygous inbred lines 
were planted in the following three environments: 
Zhengzhou (34°82’N, 113°62’E; three replicates) and 
Puyang (35°45’N, 115°54’E; one replicate) in Henan 
province, Sanya (18°25’N, 109°50’E; two replicates) 
in Hainan province, China; regular field management 
was maintained. Twelve mature individuals from each 
row were selected for plant height (PH) measurement.

QTL analysis was performed using the method 
described by Liu et al (2004). The combined Zheng 
58 observation value from multiple plots was used 
as the control. The differences between the SSSL 
and Zheng58 values were compared using t-test, 
with P < 0.001 as the significance threshold for the 
existence of a QTL on the substituted segment. The 
QTL nomenclature followed the principles described 
by McCouch et al (1997). The substitution mapping 
method (Paterson et al, 1990) was used for QTL fine-
mapping of the SSSL overlapping segments. The ad-
ditive effect values and additive effect percentages of 
each QTL were estimated according to the method 
previously described by Eshed and Zamir (1995). The 

Figure 1 - Experimental scheme of single-segment substitu-
tion line construction.
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additive effect (A) was half of the difference between 
each SSSL and Zheng58, and the additive effect per-
centages (A%) was calculated from the additive ef-
fect divided by the mean of Zheng58.

Results
SSSL Construction 

Based on the high-density SSR molecular marker 
linkage map of IBM2 2008 neighbors (http://www.

maizegdb.org), 472 pairs of SSR primers were select-
ed to screen for polymorphisms in accordance with 
the equidistance principle. Among these primers, 
146 pairs (30.93%) showed polymorphisms between 
the parental lines, with 9-19 pairs of SSR markers 
on each chromosome and an average distance of 
46.6 cM between markers. Marker-assisted selection 
(MAS) and backcross procedures were used to con-
struct SSSL populations.

Figure 2 - Location of the 46 chromosome substituted segments in the SSSLs and QTLs of plant height. All markers in this figure 
were used in this study. The bars to the right of the chromosomes represent the 46 unique substituted segments in the SSSLs. 
The length of the substituted segments was calculated based on the marker’s location on the maize SSR linkage map, IBM2 
2008 Neighbors. The dots, diamonds and triangles to the right of the substituted segment denote the plant height QTLs that were 
identified in Zhengzhou, Puyang and Sanya, respectively.
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In our experiment, the maize inbred line Zheng58 
was used as the female parent and crossed with 
Chang7-2 to generate F1. F1 was then used as the 
male parent and backcrossed with Zheng58, generat-
ing BC1F1. Ten plants of BC1F1 were selected to back-
cross with Zheng58, of which two were selected. The 
selected BC2F1 seeds were planted in two experiment 
plots, and 100 individual plants were selected for a 
simultaneous genome-wide SSR molecular marker 
screening and backcrossed with Zheng58. Thirty-
seven plants were picked based on the presence of 
fewer donor segments in the individual plants. The 
plants were also selected to include as wide genome 
coverage as possible with all the substituted seg-
ments in the different individual plants. The selected 
BC3F1 seeds were then planted in 37 rows, ten plants 
from each row were selected to trace the chromo-
some substituted segments of Chang7-2 through 
molecular marker detection. A total of 98 plants were 
selected according to their SSR marker genotypes. 

Table 1 - Coverage of 46 substituted segments in SSSLs on maize chromosomes.

Chromosome	 Chr.1	 Chr.2	 Chr.3	 Chr.4	 Chr.5	 Chr.6	 Chr.7	 Chr.8	 Chr.9	 Chr.10	 Total

Number of 
substituted segments	 10	 10	 2	 3	 5	 5	 1	 1	 5	 4	 46
Total length of 
substituted segments (cM)	 1154.1	 456.5	 104.9	 65.9	 236.1	 318.7	 27.1	 39.8	 158.7	 473.2	 3035.2
Coverage length of 
substituted segments (cM)	 566.9	 402.8	 104.9	 47.2	 236.1	 275.5	 27.1	 39.8	 158.7	 283.5	 2142.6
Percent coverage (%)	 51.40	 62.46	 13.12	 7.25	 35.25	 41.75	 4.47	 7.91	 24.96	 53.06	 31.47

Table 2 - Location and additive effects of plant height QTLs identified in different environments.

	 QTL position	           X±SE (cm) 	 A(%)b

QTL	 Linkage marker	 Bin	 Interval(cM)a	 Zhengzhou	 Puyang	 Sanya	 Zhengzhou	 Puyang	 Sanya
	
qPH1-1	 umc1071	 1.01	 70.9	 124.89 ± 0.95	 126.67 ± 1.67	 115.79 ± 1.95	 -3.75	 -2.79	 4.43
qPH1-2	 bnlg1007	 1.02	 41.5	 -	 142.42 ± 1.38	 -	 -	 3.08	 -
qPH1-3	 phi095	 1.03	 33.5	 126.92 ± 1.51	 -	 116.04 ± 1.12	 -3.00	 -	 4.55
qPH1-4	 umc1122	 1.07	 100.8	 155.15 ± 1.25	 159.25 ± 1.95	 133.79 ± 1.99	 7.45	 9.35	 12.86
qPH2-1	 umc1024	 2.04	 48.7	 125.81 ± 0.96	 -	 -	 -3.41	 -	 -
qPH2-2	 bnlg1175	 2.04	 47.4	 128.19 ± 1.31	 125.33 ± 1.72	 114.96 ± 1.25	 -2.53	 -3.29	 4.04
qPH2-3	 umc1065	 2.05	 17.2	 144.42 ± 1.08	 147.58 ± 1.95	 -	 3.48	 5.00	 -
qPH2-4	 umc1637	 2.07	 84.6	 147.69 ± 1.18	 149.00 ± 1.77	 120.75 ± 2.00	 4.69	 5.53	 6.76
qPH2-5	 phi090	 2.08	 84.4	 -	 125.92 ± 1.94	 -	 -	 -3.07	 -
qPH2-6	 umc2184	 2.09	 17.2	 122.52 ± 1.18	 120.00 ± 2.41	 97.65 ± 2.57	 -4.63	 -5.28	 -4.10
qPH3-1	 umc2256	 3.01	 53.0	 128.81 ± 0.92	 -	 -	 -2.30	 -	 -
qPH3-2	 bnlg1904	 3.04	 53.0	 -	 146.25 ± 2.94	 116.33 ± 1.45	 -	 4.51	 4.68
qPH4-1	 umc1847	 4.07	 18.7	 115.92 ± 0.93	 -	 -	 -3.37	 -	 -
qPH4-2	 phi092	 4.08	 2.7	 116.79 ± 1.32	 124.83 ± 1.50	 99.83 ± 1.91	 -6.75	 -3.48	 -3.07
qPH5-1	 phi109188	 5.03	 54.4	 127.53 ± 0.97	 -	 114.50 ± 2.10	 -2.77	 -	 3.82
qPH5-2	 bnlg278	 5.05	 58.6	 127.94 ± 1.35	 -	 -	 -2.62	 -	 -
qPH5-3	 umc1680	 5.06	 69.0	 122.91 ± 1.52	 122.50 ± 4.67	 -	 -4.49	 -4.35	 -
qPH6-1	 umc1257	 6.02	 43.3	 114.17 ± 0.85	 111.50 ± 2.33	 96.88 ± 1.24	 -7.72	 -8.45	 -4.46
qPH6-2	 umc2006	 6.04	 50.6	 -	 124.83 ± 3.29	 122.58 ± 1.89	 -	 -3.48	 7.62
qPH6-3	 bnlg345	 6.05	 120.4	 -	 145.58 ± 1.12	 -	 -	 4.26	 -
qPH7-1	 phi057	 7.01	 27.1	 122.67 ± 1.22	 141.60 ± 1.98	 -	 -4.57	 2.61	 -
qPH8-1	 umc1121	 8.05	 39.8	 -	 148.5 ± 1.92	 114.63 ± 1.32	 -	 5.34	 3.88
qPH9-1	 dupssr19	 9.02	 24.6	 120.91 ± 1.18	 -	 -	 -5.23	 -	 -
qPH9-2	 umc1366	 9.06	 56.7	 -	 141.50 ± 2.84	 -	 -	 2.74	 -
qPH9-3	 umc1310	 9.06	 13.4	 128.58 ± 1.15	 -	 -	 -2.38	 -	 -
qPH9-4	 dupssr29	 9.07	 57.1	 126.03 ± 1.02	 -	 -	 -3.33	 -	 -
qPH9-5	 umc1277	 9.07	 7.0	 127.91 ± 1.24	 -	 -	 -2.63	 -	 -
qPH10-1	 mmc0501	 10	 79.8	 -	 142.92 ± 1.41	 -	 -	 3.26	 -
qPH10-2	 umc2003	 10	 55.5	 -	 126.67 ± 2.12	 96.42 ± 1.61	 -	 -2.79	 -4.68

aThe QTL interval was calculated based on the marker’s location on the maize SSR linkage map, IBM2 2008 Neighbors.
bA%: the additive effect percentage, A%=(PHSSSL–PHzheng58)/(2×PHzheng58)×100%. Positive values for the additive effect indicate 
that the Chang7-2 alleles increase plant height(PH)

The selected BC4F1 seeds were then planted in 98 
rows for continuous backcrossing. The backcrossed 
seeds from the same row of BC4F1 were equally 
mixed to plant BC5F1 in rows, and 60 BC5F1 plants 
with 1-2 substituted segments were selected for self-
ing based on molecular marker genotypes. The 38 
BC5F1 plants with three or more donor segments were 
backcrossed again with Zheng58 (Figure 1). Similarly, 
for generations of BC6F1 and BC7F1, individual plants 
with 1-2 substituted segments were self-crossed, ac-
cording to the molecular marker genotype results, 
to obtain homozygote for the substituted segments; 
whereas plants with three or more donor-substituted 
segments were backcrossed again with Zheng58, 
decreasing the number of donor segments in the in-
dividual plants. The following results were obtained 
through selfing and molecular marker testing: 84 
homozygous SSSLs from 60 BC5F2 plants with 35 
unique substituted segments; 9 homozygous SSSLs 
from 25 BC6F2 plants containing 6 unique substituted 
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segments; and 15 homozygous SSSLs from 27 BC7F2 
plants containing 5 unique substituted segments. 
Thus, 108 SSSLs, including 46 unique types, were 
obtained in this experiment, and each SSSL only con-
tained one substituted segment from Chang7-2 in the 
genetic background of Zheng58 (Figure 2).

Genomic characterization of these SSSLs
The 46 unique substituted segments in SSSLs 

were distributed on the ten maize chromosomes, 
ranging from one on chromosomes 7 and 8 to ten 
on chromosomes 1 and 2, with an average of 4.6 on 
each chromosome. The average length of the sub-
stituted segments per chromosome was 303.5 cM, 
ranging from 27.1 cM on chromosome 7 to 1154.1 
cM on chromosome 1. The coverage length of the 
46 substituted segments in the maize genome was 
2,142.6 cM (31.47%). The percent coverage of sub-
stituted segments on each chromosome varied from 
4.47% on chromosome 7 to 62.46% on chromosome 
2 (Table 1, Figure 2). 

The lengths of the 46 substituted segments in the 
SSSLs ranged from 2.7 cM to 283.5 cM, with a total 

Figure 3  - Graphical genotype and QTL effect. (A) Graphical genotype of the Zheng58 × Chang7-2 single-segment substitution 
lines (SSSLs). SSSLs are represented horizontally and chromosome positions (polymorphic SSR markers as reported in Figure 
2) are indicated vertically. Black rectangles indicate homozygous chromosome substitution segment derived from Chang7-2, 
grey rectangles represent homozygous genetic background of Zheng58, respectively. (B) Phenotypic differences of plant height 
(PH) between each SSSL line and Zheng58 in three environments (Zhengzhou, Puyang and Sanya), represented as horizontally 
columns. Black columns indicate SSSL lines significantly different from Zheng58 (P < 0.001). Units are ‘cm’ for plant height.

length of 3,035.2 cM and an average length of 66.0 
cM. Thirty-seven substituted segments were < 90.0 
cM, accounting for 80.44% of the total segments. 
Three substituted segments were > 210.0 cM, ac-
counting for 6.52% of the total segments.

SSSL-based QTL analysis of plant height 
To assess the potential values of these SSSLs 

in QTL analysis, we investigated the phenotypic val-
ues of 44 SSSLs in three environments (Zhengzhou, 
Puyang and Sanya). Phenotypic variations in the re-
current parent line, Zheng58, were not significant be-
tween Zhengzhou and Puyang, at an average height 
of 134.59 ± 1.43 cm; However, an average height of 
106.37 ± 1.90 cm was observed in Sanya. The plant 
height for the 44 SSSLs ranged from 89.48 ± 1.84 cm 
to 161.50 ± 1.00 cm, with an average of 123.16 ± 0.28 
cm. The distribution of plant height for the SSSLs was 
concentrated between 120.00 cm and 145.00 cm in 
Zhengzhou and Puyang, whereas the phenotypic val-
ue distribution in Sanya was between 95.00 cm and 
120.00 cm. A visualization of the phenotypic differ-
ences between each SSSL line and Zheng58 is pro-
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vided in Figure 3. The results of the t-test showed that 
the plant heights of 23, 22 and 15 SSSLs from the 
Zhengzhou, Puyang and Sanya sites, respectively, 
were significantly different (P < 0.001) from that of the 
recurrent parent Zheng58 (Figure 3) .

QTL analysis revealed that 29 plant height QTLs 
were found in 34 SSSLs (Figure 2). Twenty plant 
height QTLs were identified from 23 SSSLs at the 
Zhengzhou site, 19 QTLs from 22 SSSLs at the Puy-
ang site, and 13 QTLs from 15 SSSLs were identified 
at the Sanya site. The additive effect percentages of 
the 29 QTLs ranged from -8.45% to 12.86%. Among 
the 29 QTLs, seven were repetitively detected at all 
three experimental sites (Table 2). These seven plant 
height QTLs were distributed on chromosomes 1, 2, 4 
and 6. Among them, the gene effect directions of five 
QTLs were stably expressed at all the experimental 
sites, whereas qPH1-1 and qPH2-2 showed different 
gene effect directions at the Sanya site. These two 
plant height QTL might be sensitive to photoperiod.

Discussion
A total of 108 homozygous maize SSSLs with 46 

unique substituted segments were obtained in this 
study using molecular MAS of 146 SSR markers. 
Zheng58 was the recipient, and Chang7-2 was the 
donor strain. These 46 substituted segments covered 
2,142.6 cM of the entire maize genome, with 31.47% 
coverage. QTL analysis of maize plant height using 
these SSSLs demonstrated that these SSSLs have 
great genetic variations and are excellent tools for 
genetically dissecting complex traits over several en-
vironments. 

A large mapping population, consisting of 128 
CSSLs, was derived from the crossing and back-
crossing of two sequenced rice cultivars, using 9311, 
an elite indica cultivar, as the recipient and Nippon-
bare, a japonica cultivar, as the donor. Based on 254 
PCR-based molecular markers, it was found that 
these CSSLs contain 142 substituted segments with 
an average of 1.11 substituted segments per CSSL. 
Based on 7.68 million high-quality SNPs, these 
CSSLs were found to contain 259 substituted seg-
ments with an average of 2.02 substituted segments 
per CSSL (Xu et al, 2010). Similarly, the 108 chromo-
some SSSLs obtained in our research were based on 

the genotype of 146 SSR markers. As the number of 
markers increased, some individual SSSLs might be 
found to contain background segments from the do-
nor. The ‘SSSL’ that contained two or more substitut-
ed segments from the donor could form new SSSLs 
through further backcrossing with the recurrent par-
ent in combination with MAS.

Xi et al (2006) developed a mapping population 
consisting of 217 SSSLs using Oryza sativa L ‘Hua-
Jing-Xian74’, an elite Indica cultivar as the recipient, 
and six other strains as the donors. The substituted 
segments from each individual donor covered 23.0% 
to 45.1% of the entire rice genome. Two maize map-
ping populations of link-up single-segment ingres-
sion lines were developed by Wang et al (2007) using 
three to four advanced backcross cycles with 87-1 
and Zong3 as recurrent parents and Hengbai522 as 
the donor. The substituted segments that were in-
troduced into the two different genetic backgrounds 
covered 48.9% and 79.2% of the maize genome re-
spectively. In our study, the 46 unique substituted 
segments in the obtained SSSLs covered 31.47% of 
the maize genome, and some genomic regions were 
uncovered. These missing donor segments can be 
supplemented by lines that carry multiple segments 
or from the early backcrossing generations.

In the present study, the 44 SSSLs that were used 
for plant height QTL analysis exhibited two overlap-
ping substituted segments in the Bin1.05-1.08 re-
gion. QTLs with positive effects on plant height were 
identified on the substituted segments Z5 and Z6. 
Therefore, QTL qPH1-4, which controls plant height 
on substituted segments Z5 and Z6, was mapped to 
the overlapping region of these two segments be-
tween the SSR markers umc1703 and bnlg1556, with 
a genetic distance of 100.8 cM (Figure 4). In addition, 
plant height QTL analyses with another set of SSSLs 
(i.e., inbred line 87-1, recipient; Zong3, donor) that 
was established by our group showed that a plant 
height QTL was detected on substituted segment Y7, 
with an additive effect percentage of -12.31%. The 
QTL was located between the SSR markers umc1035 
and bnlg1556, with a genetic distance of 35.8 cM, 
and it has been fine mapped using a F2 segregation 
population derived from the crossing of Y7 and re-
cipient parent (data not published). Thus, the plant 
height QTL qPH1-4 mapped in this study may be lo-
cated between SSR markers umc1035 and bnlg1556 
(Figure 4).

A total of 314 plant height QTL in maize were 
found out by searching the MaizeGDB database 
(http://www.maizegdb.org/cgi-bin/qtl_loci_summa-
ry_table.cgi). In our study, seven plant height QTLs, 
qPH1-1, qPH1-4, qPH2-2, qPH2-4, qPH2-6, qPH4-
2 and qPH6-1 were detected in all the environments 
and mapped in the Bin1.01, 1.07, 2.04, 2.07, 2.09, 
4.08 and 6.02 regions respectively. The six QTL lo-
cations were similar to those from previous results. 
Using IL populations, Guo et al (2009) identified Figure 4 - Substitution mapping of plant height QTLs in the 

contig of chromosome 1.
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plant height QTLs in the Bin1.01 region near the SSR 
marker bnlg1014, which explained 8.7% of the phe-
notypic variance. The Ph1-1, ph1b and ph1-2 plant 
height QTLs were mapped in the Bin1.07 region using 
different F2:3 populations (Sibov et al, 2003; Yan et 
al, 2003a, b; Lan and Chu, 2005). Tang et al (2007a,   
b) identified a stable maize plant height QTL in the 
Bin1.07 region using immortalized F2 and RIL popula-
tions. Using IL populations of HB522 in the genetic 
background of Zong3, Bai et al (2010) identified 
plant height QTLs near the SSR marker umc1245 in 
the Bin1.07 region, which explaineed 15.2% of the 
phenotypic variance. The plant height QTL Ph2 was 
detected between the SSR markers umc1845 and 
bnlg0166 in the Bin2.04 region, using F2:3 populations 
(Sibov et al, 2003). Tang et al (2007b) identified the 
plant height QTL qPH2 between the SSR markers 
umc2372 and umc1497, in the Bin2.07 region, using 
RIL populations; these QTLs explained 9.11% of the 
phenotypic variance. Guo et al (2009) detected plant 
height QTLs near the SSR markers umc1256 and 
umc1551, in the Bin2.09 region, using IL populations. 
Zhang et al (2007) and Guo et al (2009) found plant 
height QTLs in the Bin4.08 region using F2:4 and IL 
populations. In the Bin6.02 region, the plant height 
QTL qPH6-1 found in this study may be a newly iden-
tified QTL. Of all the plant height QTLs that were de-
tected in this study, qPH6-1 displayed the greatest 
negative effect.

The additive effect percentage of qPH1-1 and 
qPH2-2 for plant height were positive  in Sanya but 
negative in Zhengzhou and Puyan (Table 2). This dif-
ference in the additive effect percentage between 
short-day (Sanya) and long-day (Zhengzhou and Puy-
ang) environments indicate that qPH1-1 and qPH2-2 
might be involved in photoperiod sensitivity. Several 
QTLs have been determined for photoperiod sen-
sitivity, including PLHT1.47f, PLHT2.70f and qPH2 
(Briggs et al, 2007; Wang et al, 2008a). Based on their 
chromosomal positions, it has been suggested that 
qPH1-1 and qPH2-2 are the same loci as the QTLs, 
PLHT1.47f, PLHT2.70f and qPH2, respectively (Coles 
et al, 2010). 

As typical representatives of Chinese maize in-
bred lines, the completely sequenced genomes of 
Zheng58 and Chang7-2, with their large numbers of 
SNP and indel polymorphism markers and conserved 
sequences(Lai et al, 2010), can provide a good foun-
dation for further fine-mapping of functional and ma-
jor QTLs identified in these SSSLs.

Acknowledgements
This study was supported by the National Natural 

Science Foundation of China (30871580) and National 
Major Projects in Transgenic studies (2009ZX08009-
111B).

References
Ahn SN, Bollich CN, McClung AM, Tanksley SD, 

1993.  RFLP analysis of genomic regions associ-
ated with cooked-kernel elongation in rice. Theor 
Appl Genet 87: 27-32

Bai W, Zhang H, Zhang Z, Teng F, Wang L, Tao Y, 
Zheng Y, 2010. The evidence for non-additive 
effect as the main genetic component of plant 
height and ear height in maize using introgression 
line populations. Plant Breeding 129: 376-384

Bernacchi D, Beck-Bunn T, Emmatty D, Eshed Y, Inai 
S, Lopez J, Petiard V, Sayama H, Uhlig J, Zamir 
D, Tanksley S, 1998. Advanced backcross QTL 
analysis of tomato: II. Evaluation of near-isogenic 
lines carrying single-donor introgressions for de-
sirable wild QTL-alleles derived from Lycopersi-
con Hirsutum and L. pimpinellifolium. Theor Appl 
Genet 97: 170-180

Briggs WH, McMullen MD, Gaut BS, Doebley J, 2007. 
Linkage mapping of domestication loci in a large 
maize-teosinte backcross resource. Genetics 
177: 1915-1928

Cermakova L, Sharpe A, Trick M, Bechyne M, Lydiate 
D, 1999. Genetic analysis of quantitative traits in 
Brassica napus using substitution lines. 10# Inter-
national Rapeseed Congress, Canberra, Australia

Coles ND, McMullen MD, Balint-Kurti PJ, Pratt RC, 
Holland JB, 2010. Genetic control of photoperiod 
sensitivity in maize revealed by joint multiple pop-
ulation analysis. Genetics  184: 799-812

Eshed Y, Abu-Abied M, Saranga Y, Zamir D, 1992. 
Lycopersicon esculentum lines containing small 
overlapping introgressions from L. pennellii.Theor 
Appl Genet 83: 1027-1034

Eshed Y, Zamir D, 1994. A genomic library of Lyco-
persicon pennellii in L. esculentum: A tool for fine 
mapping of genes. Euphytica 79: 175-179

Eshed Y, Zamir D, 1995. An introgression line popu-
lation of Lycopersicon pennellii in the cultivated 
tomato enables the identification and fine map-
ping of yield-associated QTL. Genetics 141: 
1147-1162

Frary A, Nesbitt TC, Frary A, Grandillo S, Knaap EVD, 
Cong B, Liu JP, Meller J, Elber R, Alpert KB, Tank-
sley SD, 2000.  fw2.2: A quantitative trait locus 
key to the evolution of tomato fruit size. Science 
289: 85-88

Guo JJ, Chen JT, Zhu LY, Hu LZ, Zhang ZX, Huang 
YQ, 2009. QTL analysis of three agronomic traits 
by using CSILs in maize. Journal of Plant Genetic 
Resources 10: 27-31 (in Chinese, English ab-
stract)

He FH, Xi ZY, Zeng RZ, Talukdar A, Zhang GQ, 2005. 
Identification of QTLs for plant height and its 
components by using single segment substitu-
tion lines in rice (Oryza sativa). Rice Science 12: 
151-156  

Hospital F, 2002. Marker-assisted backcross breed-
ing: a case study in genotype building theory. In 



Maydica 56-1777 Advance Access publication 2011

Lu et al 406

Quantitative genetics, genomics and plant breed-
ing. Edited by Manjit S. Kang, CABI Publishing, 
Wallingford, UK

Howell PM, Lydiate DJ, Marshall DF, 1996. Towards 
developing intervarietal substitution lines in Bras-
sica napus using marker-assisted selection. Ge-
nome 39: 348-358   

Krieger U, Lippman ZB, Zamir D, 2010. The flowering 
gene SINGLE FLOWER TRUSS drives heterosis 
for yield in tomato. Nat Genet 42: 459-463

Kubo T, Aida Y, Nakamnra K, Tsunematsu H, Doi K, 
Yoshimura A, 2002. Reciprocal chromosome seg-
ment substitution series derived from japonica 
and indica cross of rice (Oryza sativa L). Breeding 
Science 52: 319-325  

Lai JS, Li RQ, Xu X, Jin WW, Xu ML, Zhao HN, Xiang 
ZK, Song WB, Ying K, Zhang M, Jiao YP, Ni PX, 
Zhang JG, Li D, Guo XS, Ye KX, Jian M, Wang B, 
Zheng HS, Liang HQ, Zhang XQ, Wang SC, Chen 
SJ, Li JS, Fu Y, Springer NM, Yang HM, Wang J, 
Dai JR, Schnable PS, Wang J,  2010.  Genome-
wide patterns of genetic variation among elite 
maize inbred lines. Nat Genet 42: 1027-1030

Lan JH, Chu D, 2005. Study on the genetic basis of 
plant height and ear height in maize (Zea mays 
L) by QTL dissection. Hereditas 27: 925-934 (in 
Chinese, English abstract)

Li WT, Zeng RZ, Zhang ZM, Ding XH, Zhang GQ, 
2008. Identification and fine mapping of S-d, a 
new locus conferring the partial pollen sterility of 
intersubspecific F1 hybrids in rice (Oryza sativa L). 
Theor Appl Genet 116: 915-922 

Li ZK, Pinson SRM, Stansel JW, Park WD, 1995. 
Identification of quantitative trait loci (QTLs) for 
heading date and plant height in cultivated rice 
(Oryza sativa L). Theor Appl Genet 91: 374-381  

Liu GF, Zeng RZ, Zhu HT, Zhang ZM, Ding XH, Zhao 
FM, Li WT, Zhang GQ, 2009. Dynamic expression 
of nine QTLs for tiller number detected with sin-
gle-segment substitution lines in rice. Theor Appl 
Genet 118: 443-453   

Liu GF, Zhang ZM, Zhu HT, Zhao FM, Ding XH, Zeng 
RZ, Li WT, Zhang GQ, 2008. Detection of QTLs 
with additive effects and additive-by-environment 
interaction effects on panicle number in rice (Ory-
za sativa L) with single-segment substitution lines. 
Theor Appl Genet 116: 923-931

Liu GM, Li WT, Zeng RZ, Zhang ZM, Zhang GQ, 2004. 
Identification of QTLs on substituted segments in 
single segment substitution lines of rice. Acta Ge-
netica Sinica 31: 1395-1400 (in Chinese, English 
abstract)

McCouch SR, Cho YG, Yano M, Paul E, Blinstruub 
M, Morishima H, Kinosita T, 1997. Report on QTL 
nomenclature. Rice Genet Newsl 14: 11-13   

Monforte AJ, Tanksley SD, 2000. Development of a 
set of near isogenic and backcross recombinant 
inbred lines containing most of the Lycopersi-
con hirsutum genome in a L. esculentum genetic 

background: A tool for gene mapping and gene 
discovery. Genome 43: 803-813  

Paterson AH, DeVerna JW, Lanini B, Tanksley SD,  
1990. Fine mapping of quantitative trait loci using 
selected overlapping recombinant chromosomes, 
in an interspecies cross of tomato. Genetics 124: 
735-742

Salvi S, Corneti S, Bellotti M, Carraro N, Sanguineti 
MC, Castelletti S, Tuberosa R, 2011. Genetic dis-
section of maize phenology using an intraspecific 
introgression library, BMC Plant Biology 11: 4

Sibov ST, de Souza CL Jr, Garcia AA, Silva AR, Gar-
cia AF, Mangolin CA, Benchimol LL, de Souza AP, 
2003. Molecular mapping in tropical maize (Zea 
mays L) using microsatellite markers. 2. Quantita-
tive trait loci (QTL) for grain yield, plant height, ear 
height and grain moisture. Hereditas 139:107-115  

Szalma SJ, Hostert BM, Ledeaux JR, Stuber CW, Hol-
land JB, 2007. QTL mapping with near-isogenic 
lines in maize. Theor Appl Genet 114: 1211-1228

Talukdar A, Zhang GQ, 2007. Construction and char-
acterization of 3-S Lines, an alternative popula-
tion for mapping studies in rice (Oryza sativa L). 
Euphytica 156: 237-246 

Tang JH, Ma XQ, Teng WT, Yan JB, Wu WR, Dai JR, 
Li JS , 2007a. Detection of quantitative trait loci 
and heterotic loci for plant height using an immor-
talized F2 population in maize. Chinese Science 
Bulletin 52: 477-483   

Tang JH, Teng WT, Yan JB, Ma XQ, Meng YJ, Dai JR, 
Li JS, 2007b. Genetic dissection of plant height 
by molecular markers using a population of re-
combinant inbred lines in maize. Euphytica 155: 
117-124  

Wan XY, Weng JF, Zhai HQ, Wang JK, Lei CL, Liu XL, 
Guo T, Jiang L, Su N, Wan JM, 2008. Quantita-
tive trait loci (QTL) analysis for rice grain width and 
fine mapping of an identified QTL allele gw-5 in a 
recombination hotspot region on chromosome 5. 
Genetics 179: 2239-2252  

Wang BT, Shen CT, Zhang JZ, Li XH, Xi ZY, 2009.  
Study of a micro-PCR reaction system in maize. 
Journal of Maize Sciences 17 29-31 (in Chinese, 
English abstract)

Wang CL, Cheng FF, Sun ZH, Tang JH, Wu LC, Ku 
LX, Chen YH, 2008a. Genetic analysis of photo-
period sensitivity in a tropical by temperate maize 
recombinant inbred population using molecular 
markers. Theor Appl Genet 117: 1129-1139

Wang ET, Wang JJ, Zhu XD, Hao W, Wang LY, Li Q, 
Zhang LX, He W, Lu BR, Lin HX, Ma H, Zhang 
GQ, He ZH, 2008b. Control of rice grain-filling and 
yield by a gene with a potential signature of do-
mestication. Nat Genet 40: 1370-1374

Wang LQ, Zhao YF, Xue YD, Zhang ZX, Zheng YL, 
Cheng JT, 2007. Development and evaluation of 
two link-up single segment introgression lines 
(SSILs) in Zea mays. Acta Agronomica Sinica 33: 
663-668 (in Chinese, English abstract)



Maydica 56-1777 Advance Access publication 2011

characterization of a set of SSSLs in maize 407

Xi ZY, He FH, Zeng RZ, Zhang ZM, Ding XH, Li WT, 
Zhang GQ, 2006. Development of a wide popula-
tion of chromosome single-segment substitution 
lines in the genetic background of an elite cultivar 
of rice (Oryza sativa L). Genome 49: 476-484

Xi ZY, Wu JY, 2006. Prospect of the secondary popu-
lations in crop. Journal of Agricultural Biotechnol-
ogy 14: 128-134 (in Chinese, English abstract)

Xia JH, Zheng YL, 2002. Molecular marker-assisted 
backcross breeding of maize Rf3 NIL and its ef-
ficient analysis. Acta Agronomica Sinica 28: 339-
344 (in Chinese, English abstract)

Xu JJ, Zhao Q, Du PN, Xu CW, Wang BH, Feng Q, 
Liu QQ, Tang SZ, Gu MH, Han B, Liang GH, 2010. 
Developing high throughput genotyped chromo-
some segment substitution lines based on popu-
lation whole-genome re-sequencing in rice (Oryza 
sativa L). BMC Genomics 11:656 

Yan JB, Tang H, Huang YQ, Shi YG, Li JS, Zheng YL, 
2003a. Dynamic analysis of QTL for plant height 
at different developmental stages in maize (Zea 
mays L). Chinese Science Bulletin 48: 2601-2607  

Yan JB, Tang H, Huang YQ, Shi YG, Zheng YL, Li 
JS, 2003b. QTL analysis for plant height with mo-
lecular markers in maize. Agricultural Sciences in 
China  2: 1069-1075   

Yano M, 2001. Genetic and molecular dissection of 
naturally occurring variation. Plant Biology 4: 130-
135  

Young ND, Tanksley SD, 1989. Restriction fragment 
length polymorphism maps and the concept of 
graphical genotypes. Theor Appl Genet 77: 95-
101   

Yu SB, Li JX, Xu CG, Tan YF, Li XH, Zhang QF, 2002. 
Identification of quantitative trait loci and epistatic 
interactions for plant height and heading date in 
rice. Theor Appl Genet 104: 619-625

Zhang SH, Xi ZY, 2007. A new method on rapid ex-
traction of DNA of maize leaf. Journal of Anhui 
Agricultural Sciences 35: 3776-3801 (in Chinese, 
English abstract)

Zhang ZM, Zhao MJ, Rong TZ, Pan GT, 2007. SSR 
linkage map construction and QTL identification 
for plant height and ear height in maize (Zea mays 
L). Acta Agronomica Sinica 33: 341-34 (in Chi-
nese, English abstract)

Zhou LJ, Chen LM, Jiang L, Zhang WW, Liu LL, Liu 
X, Zhao ZG, Liu SJ, Zhang LJ, Wang JK, Wan 
JM, 2009. Fine mapping of the grain chalkiness 
QTL qPGWC-7 in rice (Oryza sativa L). Theor Appl 
Genet 118: 581-590




