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Abstract 

 

Investigation of the genetic diversity, population structure, and linkage disequilibrium of maize will assist in the selection of parental 

lines for enhanced efficiency of maize breeding. In the present research, we investigated genetic diversity, linkage disequilibrium, 

and population structure among 173 inbred lines that were commercially important and/or were parental lines used for breeding in 

China. Using the model-based Bayesian clustering analysis, these lines could be assigned to four subgroups, Lan, P, Reid, and TSPT, 

most of which were in agreement with the pedigree of information. Using 78 SSR markers, the genetic diversity was determined to 

be an average of 8.1 alleles per locus (range 2 to 17). The average values of PIC (Polymorphic information content) and gene 

diversity were 0.667 and 0.704, respectively. A total of 547 pairs of SSRs on the same chromosome demonstrated significant linkage 

disequilibrium (LD) at the 0.01 level. Our results suggested that this population may be suitable for future marker-phenotype 

association analysis. In addition, the proportions of the observed LD were higher than that those of expected LD, indicating that we 

be careful for a high risk of spurious association, which could be generated by population stratification when using association 

mapping. The genetic diversity, population structure, and LD analysis in this study provided provide a basis for future association 

mapping for genes and quantitative trait loci. 
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Introduction 

 

Maize (Zea mays L.) is one of the most economically important 

crops. Maize is also considered as a model organism for 

communicating the benefits of genetics and breeding because 

of its diversity of striking phenotypes. Moreover, maize has 

been the subject of extensive genetic research, including the 

construction of linkage maps (Burr et al., 1988), quantitative 

trait locus mapping (Edwards et al., 1987; Austin et al., 2001), 

molecular evolution (Henry and Damerval, 1997; Ching et al., 

2002), developmental genetics (Poethig 1988; Fowler and 

Freeling, 1996), and physiological genetics (Crosbie et al., 

1978). Conventional linkage mapping and the recently 

developed linkage disequilibrium-based association mapping 

have been employed to construct genetic maps (Xu et al., 2009). 

In comparison with conventional linkage mapping, which 

dissects complex traits, QTL mapping based on linkage 

disequilibrium (LD) (also called association mapping) is a 

promising approach to mine more alleles for genetic variation, 

and to bridge the gap between phenotype variation and genetic 

factors (Yu and Buckler, 2006). Furthermore, association 

mapping offers more power and higher resolution for QTL 

mapping, in addition to being less laborious and time 

consuming (Flint-Garcia et al., 2005). Association mapping 

was first used in the plant kingdom in 2001 (Thornsberry et al., 

2001) and has been widely applied in plant species 

(Thornsberry et al., 2001; Zhao et al., 2007; Myles, et al., 2009; 

Yan et al., 2011). Association mapping is defined as 

non-random association of alleles at different loci, usually 

involved in linkage disequilibrium (LD). LD has become an 

important aspect in studies on the population structure in 

animals and plants, and in human evolution (Agrama and 

Eizenga, 2008). Differences in the extent of LD are 

dramatically affected by the breeding behavior of a species 

(Flint-Garcia et al., 2003). Generally, LD in self-pollinated 

species extends over a much longer distance than in 

cross-pollinated crops, because self-crossing reduces 

opportunities for recombination (Yan et al., 2011). For instance, 

in outcross species, such as grapevine, LD decays within 300bp 

(Lijavetzky et al., 2007), but in inbred systems, like rice (Oryza 

sativa), LD can be dramatically extended up to 120kb (Huang 

et al., 2010). However, LD is also dependent on the target 

population structure. The distance of LD decay is 

approximately 100 kb for commercial elite inbred lines, but can 

be as low as 2000 bp for diverse maize inbred lines, and 1000 

bp for maize landraces (Yan et al., 2011). Other factors, such as 

genetic drift, natural and artificial selection, and admixture of 

different populations, could increase or decrease the extent of 

LD. A number of molecular techniques have been developed to 

investigate genetic diversity and population structure in plants. 

Among them, simple sequence repeats (SSRs) are the most 

useful for distinguishing closely related germplasms (Zhang et 

al., 2008). SSRs possess numerous advantages, such as high 

levels of polymorphism and even distribution across the 
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genome. They also provide codominant, accurate and 

reproducible data. Other types of molecular markers, such as 

AFLPs and SNPs, have been used to investigate both genetic 

diversity and population structure in several crops (Hyten et al., 

2008; D'hoop et al., 2010; Zhang et al., 2010). Several studies 

have investigated population structure and genetic diversity 

with SSR markers in maize (Wang et al., 2008; Xie et al., 2007, 

2008). The objectives of this study were to: (1) investigate 

genetic diversity; (2) assess the population structure; and (3) 

determine the genome-wide patterns of linkage disequilibrium. 

 

Results 

 

Population structure of inbred lines  

 
To assess the genetic structure of the association mapping 

population, an admixed model-based approach using the 

program STRUCTURE subdivided the lines into appropriate 

subgroups. The results are shown in Fig.1. The number of 

subgroups, K, (equal to the number of populations) was four. 

The model-based subgroups are largely consistent with the 

known pedigree of accessions if K=4. The four subgroups are 

Lancaster, Reid, Tangsipingtou (TSPT), and P (Fig.1). The 

Reid subgroup is the largest subgroup, with 33 inbred lines. 

Many of this population were derived from foreign germplasms. 

For example, Tie7922 was selected from the American maize 

hybrid 3382, and Shen5003 was derived from the American 

maize hybrid 3147. In turn, some inbreds originated from 

Shen5003, such as 3189, Dan9046, and Liao3053. The 

subgroup TSPT, which included 29 inbred lines, was the 

second largest subgroup. Many members of this subgroup were 

derived from Huangzaosi, which is one of the founders in 

Chinese maize breeding programs. The Lancaster group 

included the Mo17 pedigree and the Zi330 pedigree. 

Longkang11, 4F1, and Ji1037, derived from Mo17, were also 

classified into the Lancaster group. In addition, some 

Ludahonggu germplasms, such as Dan340, were also assigned 

to the Lancaster group. Lastly, the smallest subgroup, P, 

comprising 18 inbreds, contains members that were also mostly 

derived from foreign germplasms. There is another subgroup 

that had <0.7 membership in each of the other four subgroups 

and was assigned as a mixed subgroup (Table S1).  

 

Profile of SSR diversity 

 
Seventy-eight pairs of SSR loci distributed randomly across the 

whole genome were employed to survey 173 diverse maize 

inbred lines. A total of 634 alleles were obtained from the 78 

SSR loci, with an average of 8.1 alleles per locus (range, 2 to 

17). The average value of PIC was 0.667 (range, 0.171 to 

0.891). The gene diversity averaged of 0.704 (range, 

0.188–0.899) (Table 1). In addition, the values of statistical 

parameters are not equal among the four subgroups. The 

number of alleles and allele per locus in the Reid subgroup 

were the largest, at 428 and 5.487, respectively, and smallest in 

the P group at 257 and 3.259, respectively. Their values were 

positively correlated with the size of the subgroups. The gene 

diversity in group P was lower than in the other three groups. 

This trend was also observed for the PIC value. Among 634 

alleles, 22.082% were subgroup-specific. The number of 

subgroup-specific alleles in the TSPT group was much higher 

than that in P. The TSPT group also had more line specific 

alleles compared with that of the P group. This suggests that 

the TSPT group embodies more diverse germplasm and that the 

genetic background of the P subgroup is narrow. 

 

 

Linkage disequilibrium 

 
Among the 78 SSRs across the whole genome, LD was 

assessed in all the inbred lines and in each of the subgroups 

using TASSEL, with the permutation of Fisher’s exact test 

(100,000 permutations). The results are shown in Table 3. The 

78 SSR loci are distributed on 10 maize chromosomes, 

covering 72% of the entire genome. The result showed that 72 

pairs of loci on the same chromosome were in LD at a 

significance level of 0.01. The 116 and one intrachromosomal 

pairs were linked at r2 > 0.1 and r2 > 0.01, respectively. 

Furthermore, 547 pairs of loci at different chromosomal 

locations showed significant LD in these lines at the 0.01 level. 

One was linked at r2 > 0.01. 

 

Discussion 

 

Chinese maize germplasm 

 
Chinese maize germplasms have distinct historical and 

geographical characteristics, contributing to population 

stratification. On the one hand, the history of the introduction 

of foreign germplasms on a large scale is short, although maize 

was first introduced into China in approximately 1530 (Li, 

1998). Over the last 50 years, a large number of foreign maize 

germplasms, such as 3147, 78599, and 3382, were introduced 

into China and hybridized with our landraces. These materials 

thus formed two classes of foreign populations, termed the P 

and Reid groups. On the other hand, because of great 

differentiation of the climate in China, Chinese maize 

germplasms have suffered from selection pressure under 

different natural conditions. The Ludahonggu group is a good 

example; it originated from a landrace, Ludahonggu, in Luda, 

in Liaoning Province of Northeast China. The climate of Luda 

was advantageous, being rainy with little sunshine, but warm 

and humid. This area also has a high disease prevalence and a 

monsoon climate in the summer.Thus, the Chinese maize 

germplasm is more complicated than others, such as those from 

Europe and America, which are divided into only two groups 

each, including flint and dent germplasm groups in Europe, and 

Iowa stiff stalk (SS) and non-stiff stalk (NSS) germplasm 

groups in the United States (Stich et al., 2005). 

 

Population structure  

 
Evaluation of the population structure of Chinese accessions is 

essential for conservation, management, and utilization of these 

genetic resources. Many factors, such natural history and 

breeding system, can influence the population structure. It is 

difficult for breeders to distinguish which germplasm should be 

assigned to the corresponding subgroup because of the genetic 

complication of Chinese maize germplasms. However, Chinese 

maize germplasms embody four to six subgroups according to 

both the pedigree information and combining ability. In the 

current research, Chinese maize germplasms could be divided 

into four subgroups, Reid, Lancaster, TSPT and P. In a similar 

report, Wang et al. (2008) analyzed 288 inbred lines and 

subdivided them into four subgroups according to major 

empirical germplasm origins in China; i.e., Lancaster, Reid, 

SPT and P. However, Xie et al. (2007, 2008) detected six 

subpopulations: BSSS, PA, PB, Lancaster, Ludahonggu (LRC), 

and TSPT, from among 187 commonly used Chinese maize 

inbred lines, which represented the genetic diversity among 

public, commercial, and historically important lines for maize 

breeding. LRC was assigned to the TSPT group in Wang’s 

research (Wang et al. 2008); however, the LRC group was not 

assigned to one of the four subgroups in the current study. For  
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      Table1. Summary statistics for all lines and each subgroup. 

Subgroup Over all Lan P Reid TSPT 

Sample size 173 24 17 32 29 

Alleles 634 407 257 428 426 

Allele/locus 8.128 5.218 3.295 5.487 5.462 

Gene diversity 0.704 0.611 0.453 0.647 0.624 

PIC 0.667 0.566 0.404 0.602 0.582 

Subgroup-specific alleles 140 35 17 36 52 

sub-group alleles(%) 22.082 8.6 6.615 8.411 12.207 

sub-group alleles/line  1.458 1 1.125 1.793 

        Lan, P, Reid and TSPT represented Lancaster, P, Reid and Tangsipingtou groups respectively. 

 

 

 
Fig 1. population structure of the 173 inbred lines based on the 78 SSRs. Population structure of the 173 inbred lines based on the 78 

SSRs. Bar plot of the genetic composition of 173 individual lines based on 78 linked SSRs generated by STRUCTURE 2.2 using the 

admixture model. Groups for each inbred line are represented by colors. Each column represents an inbred’s genotype and is 

partitioned into segments, the length of which represents the estimated genetic fraction of every line from each of the four inferred 

subpopulation. 

 

xample, Dan598 originating from LRC, is classified into the P 

group, but Dan340 from LRC was assigned into the Lan 

subgroup. In addition, BSSS and PA were assigned into the 

Reid group in both Wang’s study and ours. To some extent, this 

might reflect the differences in the target population and the 

use of different markers could give rise to dissimilar results. 

 

Genetic diversity  

 
Attaining maximum genetic diversity for maize germplasms is 

critical for mining the resolution of association mapping. A 

higher genetic diversity means more extensive history of 

recombination and more alleles. In the present study, the value 

of SSR allele diversity and PIC found in the 173 maize lines 

(the value of genetic diversity was 0.704, the PIC value was 

0.667) was much lower than other studies involving inbred 

lines, representing most publicly available lines from the 

United States, Europe, Canada, South Africa, and Thailand 

(Liu et al. 2003 genetic diversity value 0.818). However, the 

genetic diversity is close to that of Stich et al. (2005) (0.68), 

Matsuoka et al. (2002) (0.62), and Wang et al. (2008). 

Meanwhile, the genetic diversity value is greater than that of a 

study involving 187 maize inbred lines (an average of 4.14 

alleles per locus, Xie et al., 2008). The level of diversity 

correlated with the population underlying the study and 

involved markers (Wang et al., 2008). To some extent, the 

higher genetic diversity demonstrated that the target population 

was broader, which can be explained both by temporal and 

geographical variation trends closely related to agriculture 

systems and breeding program (Liu et al., 2003). In addition, 

the level of genetic diversity using more dinucleotide type of 

SSRs was higher than that calculated using fewer dinucleotide 

types (Vigouroux et al., 2002). 

 

Linkage disequilibrium 

 
Our results suggested that approximately 25% of SSR markers 

embodied significant LD. This result was higher than that of 

Remington (2001), but was much lower than those of Wang et 

al. (2008), Stich et al. (2005), and Liu et al. (2003), partly 

because of their higher density of SSR pairs. Nevertheless, 

decay of LD is affected by many factors, such as genetic drift, 

natural and artificial selection, mating system, and admixture of 

populations (Yu and Buckler, 2006). LD generated by linkage 

would be attractive and available for association mapping. 

However, LD generated by population structure and genetic 

drift would give rise to type I errors in genotype-phenotype 

associations (Rafalski, 2010). In the present study, the 

percentage of significant pairwise LD was lower in the 

subgroups than for all accessions (Table 3). The small size of 

the population could contribute to LD. Thus, the permutation of 

random samples of the same size equal to that of the subgroup 

was chosen. The proportion of observed LD was higher than 

that of expected LD. This suggests that the population structure 

does contribute to LD within the subgroups. The actual 

percentage in the TSPT subgroup is much higher than expected, 

which implies population stratification or linkage effects 

among the TSPT population. This result conflicts with that of 

Wang et al. (2008), who suggested that population structure, 

relatedness, and genetic drift did not strongly influence the LD 

of SSR loci in each subgroup. This could be the result of 

different sampling manner, where they avoided closely related 

lines, as opposed to the many closely related lines in our larger 

population. 
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 Table 2. Summary of LD using 85 pairs of SSR loci in 173 inbred lines, on the same chromosome and on the inter chromosome.  

 Chromosome Coverage (%) Numbers of detected LD 

  r2>0.01 r2>0.1 D'>0.1 P<0.01 

Intra Chromosome Chr1 92 17 0 29 11 

 Chr2 73 2 0 4 3 

 Chr3 70 24 0 51 13 

 Chr4 60 22 0 41 14 

 Chr5 82 15 0 23 11 

 Chr6 91 7 0 12 3 

 Chr7 64 9 0 20 7 

 Chr8 74 6 0 14 2 

 Chr9 43 11 1 23 6 

 Chr10 69 3 0 16 2 

 Total 72 116 1 233 72 

Inter Chromosome Total 72 900 0 896 547 

Genome wide Total 72 1016 1 1129 619 

 

 

     Table 3. Percentage of SSR pairs in LD at a P=0.01 level. 

Population Overall Reid TSPT Lan P 

No of lines 173 32 29 24 17 

Observed % in LD 24.74 4.70 10.12 4.23 1.45 

Expected % in LD  4.25 3.91 3.28 1.27 

 

 

Prospects in Marker-trait selection  

 

To date, some studies have used association mapping and 

identified QTLs or genes corresponding to complex traits in 

plants (Atwell et al., 2010; Huang et al., 2010; Lu et al., 2010). 

The costs of the technology of next-generation sequencing, 

such as Illumina’s Genome Analyzer, Applied Biosystems’ 

SOLiD, and Roche’s 454, have been decreasing (Myles et al. 

2002), such that genome-wide association studies, where 

sufficient markers are genotyped across the genome such that 

functional alleles will likely be in LD with at least one of the 

genotyped markers, will become feasible. In maize, genotyping 

microarrays have been the first choice for genome-wide 

association, making it possible to explain the natural 

phenotypic variation. Recently, the Infinium MaizeSNP50 

BeadChip was developed in collaboration with leading maize 

researchers, and provides uniform genomic coverage and the 

highest quality content available for identifying desirable traits 

in corn samples. In the current study, 78 SSR markers were 

genotyped as background markers to gauge the genetic 

diversity and population structure of this maize panel. Future 

research will focus on whole genome-wide association studies 

of abiotic and biotic tolerance traits, such as waterlogging and 

resistance to head smut and Corn sheath blight. Successful 

performance in association mapping would rely on detecting 

LD between markers and functional alleles corresponding to 

phenotypic variation. Our results suggest that the degree of LD 

supports genome wide association mapping. However, our 

results also indicate that a high risk of spurious association 

could be generated by population stratification when using 

association mapping. 

 

Materials and methods 

 

Plant materials 

 
A set of inbred lines was used, comprising 163 maize 

accessions from China and 10 accessions from the United 

States. The collection of inbred lines was chosen to represent 

the genetic diversity and common utilization among current 

germplasms. The pedigrees and/or origins of all lines used in 

this study are shown in Supplementary Table S2. 

 

DNA preparation and SSR genotyping  

 
Young leaves from six random 30-day seedlings per accession 

were bulked together and ground in liquid nitrogen. DNA was 

manually isolated from leaves using a modified CTAB method 

(Saghai-Maroof et al., 1984). Seventy-eight SSR primer pairs 

(Supplementary Table S2), which covered the whole maize 

genome, were randomly selected to analyze the population 

structure, genetic diversity, and linkage disequilibrium. Primer 

sequences motifs of SSRs were obtained from MaizeGDB 

(http://www.maizegdb.org). PCR reactions for SSR analyses 

were performed as follows: 35 cycles of 94°C for 30 s, 

54–60°C for 30 s (modified when needed), and 72°C for 1 min. 

Electrophoresis was performed with 6% denaturing 

polyacrylamide gels. Silver staining of the gels followed the 

procedures given in Lia et al. (2007). 

 

Population structure and genetic diversity 

 

To investigate genetic structure, Bayesian clustering was 

performed on multi-locus SSR data using the software package 

STRUCTURE (Pritchard et al., 2004) in its revised version 2.1 

(Falush et al., 2003). The admixture model and independent 

allele frequency were utilized to explore the dataset with prior 

population information. Five runs of STRUCTURE were done 

for each number of populations (K) (set from 1 to 10). Burn-in 

time and replication number were both set to 100,000 in each 

run. The maximum likelihood ratio was used to assign the 

accessions to clusters, and the cut-off probability for 

assignment to a cluster was 0.70. Allele richness, gene diversity, 

PIC from both subgroups and subgroup-specific alleles were 

estimated using PowerMarker V3.25 (Liu and Muse, 2005). 

 

Evaluation of linkage disequilibrium (both genome-wide and 

intrachromosome) 

 
LD was evaluated for each pair of SSR loci using TASSEL 

(http://www.maize-genetics.net/bioinformatics/tasselindex.htm) 

for D′ and r2, which represent the LD measures modified for 

loci that were used (Hedrick, 1987; Weir, 1996). Significance 

(P value) of D′ for each SSR pair was determined by 100,000 
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permutations if P < 0.01. For each SSR locus, the rare alleles 

(i.e., those present in less than 1% of the panels) were 

combined into one allelic class, as described by Maccaferri 

(2005). 
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