Genes Genom (2017) 39:843-853
DOI 10.1007/s13258-017-0547-2

Online ISSN 2092-9293
Print ISSN 1976-9571

@ CrossMark

RESEARCH ARTICLE

Genetic analysis of maize germplasm in the Korean Genebank
and association with agronomic traits and simple sequence repeat

markers

0. Gyeom Kim'! - Kyu Jin Sa! - Jung-Ro Lee? - Ju Kyong Lee!

Received: 27 December 2016 / Accepted: 4 April 2017 / Published online: 2 June 2017

© The Genetics Society of Korea and Springer-Science and Media 2017

Abstract We assessed genetic and phenotypic variation
in 105 maize germplasm accessions from RDA-Genebank
of Korea and performed association analyses for 11 agro-
nomical traits and 100 simple sequence repeats (SSR).
Genetic diversity (GD) analysis revealed a total of 1104
alleles at the 100 SSR loci. The average number of alleles
per locus was 11.0. The average GD and polymorphic infor-
mation content values were 0.73 and 0.70, respectively. The
average major allele frequency was 0.41. Population struc-
ture analysis indicated that these maize accessions com-
prised two major groups and one admixed group based on
a membership probability threshold of 0.80. The two major
groups contained 35 and 46 maize accessions. A mixed lin-
ear model of association analysis revealed five marker-trait
associations with a significance level of P<0.01 involv-
ing five SSR markers. A general linear model showed 72
marker-trait associations involving 42 SSR markers. We
confirmed the presence in the general linear model asso-
ciations of the five significant marker-trait associations
(SMTASs) identified in the mixed linear model. For these
SMTAs, two loci were associated with stem diameter and
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one locus each was associated with ear row number, leaf
width, and leaf length. These results should prove useful
for breeding new inbred lines by selecting parental lines
using molecular markers and will help to preserve maize
genetic resources in Korea.
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Introduction

Maize (Zea mays L.) is one of the most important crops
in the world for food, livestock feed, and biofuel because
it has excellent adaptability to a wide range of environ-
ments in tropical and temperate regions (Steinhoff et al.
2012). Researchers in many countries are interested in
the collection and preservation of maize germplasms,
and maize genetic resources are stored in gene banks
throughout the world (Li et al. 2004). Today, maize con-
sumption in Korea is increasing as the population transi-
tions from a traditional diet based on rice to a western
diet based on meat. Thus, the country needs new high-
performing maize cultivars. RDA-Genebank maintains
8472 genetic variants of maize (http://www.genebank.
go.kr/). Although many RDA-Genebank maize PGRs
(Plant Genetic Resources) have already been evaluated
in the field for population diversity and phenotypic char-
acteristics, there has been a lack of analysis of genetic
diversity (GD) and relationships at the molecular level. In
addition, most of the archived accessions have been uti-
lized rarely or not at all in maize breeding programs. In
order to improve breeding material selection and devel-
opment of core germplasms, we selected 105 accessions

@ Springer


http://orcid.org/0000-0002-2769-0799
http://www.genebank.go.kr/
http://www.genebank.go.kr/
http://crossmark.crossref.org/dialog/?doi=10.1007/s13258-017-0547-2&domain=pdf
http://dx.doi.org/10.1007/s13258-017-0547-2

844

Genes Genom (2017) 39:843-853

from 1000 maize accessions from the Korean RDA-Gen-
ebank for further analysis based on their morphological
characteristics, such as silking stage, plant height, and ear
length (Kim et al. 2016).

Understanding the GD and population structure is
helpful for germplasm preservation and utilization for
crop improvement. GD information provides breeders
with tools to develop new and improved cultivars with
better traits (Govindaraj et al. 2015). However, utilization
of PGR is lower than it could be because of inadequate
information for breeders and lack of genetic informa-
tion about cultivar collections (Vancetovié¢ et al. 2010).
Molecular markers are used to assess GD and popula-
tion structure to predict hybrid performance and heterosis
because these markers are inherited by Mendelian rules
and are not influenced by environmental factors (Kashi-
ani et al. 2012; Legesse et al. 2007; Solomon et al. 2012).
A remarkable variety of molecular marker techniques
have developed in recent years. Among different molec-
ular marker systems, simple sequence repeats (SSRs)
or microsatellites, which are short sequences contain-
ing tandemly repeated copies of 1-6 nucleotides, are the
most suitable markers for assessing GD and population
structure among PGR of maize. SSR analysis has advan-
tages for identifying high levels of allelic variation and is
reliable, reproducible, and discriminating (Rafalski et al.
1996; Akagi et al. 1997; Smith et al. 1997; Enoki et al.
2002). Confirming the genetic basis of agronomically
valuable traits is very important for crop improvement
in plant breeding programs. Association analysis based
on linkage disequilibrium was first introduced in human
genetics to identify genes that control traits (Khoury
et al. 2009). This method has since been successfully
applied to analysis of genetic markers and agronomic
traits of interest in many crops (Flint-Garcia et al. 2005;
Yu and Buckler 2006), such as rice (Borba et al. 2010),
maize (Mezmouk et al. 2011), and barley (Lorenz et al.
2010). Furthermore, association analysis provides some
advantages over quantitative trait locus (QTL) mapping,
including reduced time and costs, evaluation of more
than two alleles per locus, and increased mapping resolu-
tion (Flint-Garcia et al. 2005; Zhu et al. 2008).

Genetic analysis is very important to ensure the long-
term success of preservation and utilization of PGR in the
RDA-Genebank. Therefore, our objective was to investigate
the GD of 105 maize accessions from the RDA-Genebank
using SSR markers, and to evaluate their population struc-
ture and clustering patterns. We also attempted to eluci-
date the genetic bases of agronomic traits by analyzing the
associations of 100 SSR markers with 11 agronomic traits.
These results will help to improve maize breeding pro-
grams and will inform the preservation and application of
maize genetic resources in Korea.
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Materials and methods
Plant materials and phenotypic evaluation

The accession numbers and sources of 105 maize acces-
sions are listed Table 1. All maize accessions were
obtained from the Genebank of National Agrobiodiversity
Center (NAAS) of the Rural Development Administra-
tion (RDA) of Korea. The 30 seeds for each maize acces-
sion were sowed in plastic plug tray at 25 April 2015 and
keep in greenhouse to 3—4 leaf stage for germination and
cultivation. And then seedling plants transferred to field
at the College of Agriculture and Life Sciences, Kangwon
National University, Chuncheon, Gangwon-do. The experi-
mental design was a randomized complete block with three
replicates. Each replication was planted as a block design
with seven plants per each accession, and the distance
between rows and plants was 70 and 25 cm, respectively.
A total of 11 agronomic traits were evaluated in a field:
percent germination rate (GR), tasseling stage (DT), silk-
ing stage (DS), stem diameter (SD), plant height (PH), ear
height (EH), leaf width (LW), leaf length (LL), ear length
(EL), ear row number (ER), 100 kernel weight (100 KW).
Basic statistics were performed using Microsoft Office
Excel 2010.

DNA extraction and SSR analysis

Genomic DNA was extracted from young maize leaves as
described by Dellaporta et al. (1983), with minor modifica-
tions. One hundred SSR markers, distributed across the ten
maize chromosomes (ten loci per chromosome), were used
to evaluate genetic variation in 105 maize accessions from
RDA Genebank. The SSR markers used in this study were
obtained from MaizeGDB (http://www.maizegdb.org/).

SSR amplification was conducted in a total volume of
30 pl, and consisted of 20 ng of genomic DNA, 1x PCR
buffer, 0.3 uM forward and reverse primers, 0.2 mM
dNTPs, and 1 unit of 7Tag Polymerase (Biotools). The PCR
profile consisted of a 5-min initial denaturation period at
94 °C, followed by two 1-min denaturation cycles at 94 °C,
a 1-min annealing cycle at 65 °C, and one 2-min extension
at 72°C. After the second cycle, the annealing temperature
was decreased in 1°C increments every second cycle, until
a final temperature of 55°C was reached. The last cycle
was then repeated 20 times. A 10-min extension at 72°C
followed the completed cycles.

Five ul of the final reaction product was mixed with 10 pl
of electrophoresis loading-buffer (98% formamide, 0.02%
BPH, 0.02% Xylene C, and 5 mM NaOH). After denatura-
tion and immediate cooling, 2 pl of the sample was loaded
onto a 6% denaturing (7.5 M urea) acrylamide-bisacryla-
mide gel (19:1) in 1x TBE buffer, and electrophoresed at
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1,800 volts and 60 watts for 120 min. The separated frag-
ments were then visualized using a silver-staining kit (Pro-
mega, USA).

Data analysis

The number of alleles, allele frequency, major allele fre-
quency (MAF), gene diversity (GD), and polymorphic
information content (PIC) for 100 SSR markers were cal-
culated with the PowerMarker 3.25 program (Liu and Muse
2005). GD is defined as the probability that two randomly
chosen alleles from the population are different. It can be
estimated at the /th locus as:

k
Gene diversity (GD) = <1 - Zplzu>/<1 + %)

u=1

where f represents the inbreeding coefficient, Plu the fre-
quency of the uth allele, and n the sample size. And PIC
(Bostein et al. 1980) was calculated by:

k k-1 k
— 2 2.2
PIC_I_Zplu_Zzzpluplv
u=1 u=1 v=u+1

where Plu* and P are the frequency of the uth and vth
alleles of marker /.

The genetic similarities (GS) were calculated for each
pair of accessions using the Dice similarity index (Dice
1945). The similarity matrix was used to construct an
Unweighted Pair Group Method with Arithmetic Mean

Algorithm (UPGMA) dendrogram with the help of SAHN-
clustering from NTSYSpc version 2.1 (Rohlf 1998).

The population structure (Q matrix) of 105 maize
accessions was analyzed using the model-based program
STRUCTURE 2.2 (Pritchard and Wen 2003). The mem-
bership coefficient for each individual in each subpopu-
lation was run five times for each cluster (K), ranging
from 1 to 10, using the admixture model with a burn-in
of 100,000 and a replication of 100,000. Because the esti-
mated log probability of data [LnP(D)] overestimated the
number of subgroups, we used the ad hoc criterion (AK)
described by Evanno et al. (2005) to determine the most
probable value of K. The run of the estimated numbers
of subgroups showing the maximum likelihood was used
to assign maize accessions with membership probabilities
>0.80 to subgroups. The maize accessions with member-
ship probabilities <0.80 were assigned to an admixed
group (Wang et al. 2008).

TASSEL 3.0 (Bradbury et al. 2007) was used to eval-
uate 72 and D' for level of linkage disequilibrium and
marker-trait associations using a Q general linear model
(GLM) and a Q+ K mixed linear model (MLM). The Q
GLM method was performed using a Q-matrix derived
from the STRUCTURE program. The number of permu-
tation runs was set to 10,000 to obtain a marker signifi-
cance value of P<0.01. The Q+ K MLM method used a
kinship K matrix and the population-structure Q matrix
at P<0.01. To obtain the K matrix, kinship coefficients
was calculated with SPAGeDi software (Hardy and Veke-
mans 2002) using the method by Loiselle et al. (1995).

Table 2 Correlation coefficient, mean and standard deviation for 11 agronomic traits in total 105 maize accessions

GR DT DS SD PH EH LwW LL EL ER 100 KW
GR —0.207* —0.283%%* -0.014 0.034 -0.016 —0.140 —0.192%* —-0.161 —0.111 0.050
DT 0.748%%* 0.165 0.249% 0.197* 0.439%%* 0.377%* 0.292%%* 0.068 0.291%*
DS 0.084 0.156 0.144 0.2827%%* 0.336%* 0.256%* 0.023 0.203*
SD 0.257%* 0.175 0.172 —-0.026 0.191 —0.022 0.184
PH 0.799%%* 0.417%%* 0.457%* 0.242%* —0.033 0.368%*
EH 0.203* 0.573%%* 0.101 —0.090 0.183
LW 0.278%* 0.387%* 0.173 0.555%%*
LL 0.173 0.062 0.222%
EL 0.098 0.444%*
ER 0.029
Mean 88.8 52.8 56.8 1.9 143.6 67.3 7.4 63.0 14.7 13.9 21.7
SD 14.0 4.4 6.4 0.6 23.1 15.6 1.3 8.0 2.6 2.0 5.0
Min 40.0 44.0 42.0 1.0 76.0 28.0 39 46.9 7.5 9.3 11.6
Max 100.0 59.0 70.0 39 215.5 112.0 10.9 89.2 235 20.0 41.9
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Results
Phenotypic analysis and correlation analysis

Phenotypic variations for 11 agronomic traits in 105
maize accessions of Korean RDA-Genebank are shown in
Table 2. The average GR value was 88.8 +14.0%, ranging
from 40.0 to 100%. The DT value ranged from 44.0 to 59.0
days, with an average of 52.8 +4.4 days. The average DS
value was 56.8 +6.4 days, ranging from 42.0 to 70.0 days.
The SD value ranged from 1.0 to 3.9 cm, with an average of
1.940.6 cm. The average PH value was 143.6+23.1 cm,
ranging from 76.0 to 215.5 cm. The EH value ranged from
28.0 to 112.0 cm, with an average of 67.3+15.6 cm. The
average LW value was 7.4+1.3 cm, ranging from 3.9 to
10.9 cm. The LL value ranged from 46.9 to 89.2 cm, with
an average of 63.0+8.0 cm. The average EL value was
14.7+2.6 cm, ranging from 7.5 to 23.5 cm. The ER value
ranged from 9.3 to 20.0 row, with an average of 13.9+2.0
row. The average 100 KW value was 21.7+5.0 g, and
ranged from 11.6 to 41.9 g. We evaluated correlation coef-
ficients among 11 agronomic traits in 105 maize acces-
sions. Twenty-seven combinations correlated significantly
with P<0.05 or 0.01. Among them, PH and EH (0.799%%),
DT and DS (0.748**), EH and LL (0.573**), and LW and
100 KW (0.555**) showed comparatively higher correla-
tion coefficients than the other combinations (Table 2).

Fig. 1 Frequency of gene 35
diversity and PIC per locus in

105 maize accessions of Korean
RDA-Genebank 30

Count

W

, m -

0.2 0.3 0.

Genetic diversity among 105 maize accessions
of Korean RDA-Genebank

We used a total of 100 SSR loci to evaluate the GD
among 105 maize accessions (Fig. 1; Table 3). These loci
comprised a total of 1104 alleles in 105 accessions. The
number of alleles per locus ranged from 3 to 27, and the
average number of alleles per locus was 11.0 (Table 3,
Supplementary Table 1). The average GD was 0.73 with
a range of 0.18-0.92. In addition, the average PIC value

Table 3 Total number of alleles and genetic diversity index for 100
SSR loci in 105 maize accessions of RDA-Genebank

Chromosome No. of allele MAF GD PIC
Ch.1 10.8 0.40 0.71 0.67
Ch.2 11.0 0.41 0.73 0.69
Ch.3 11.9 0.41 0.74 0.71
Ch4 8.9 0.53 0.63 0.59
Ch.5 9.1 0.46 0.69 0.66
Ch.6 14.7 0.34 0.80 0.78
Ch.7 10.1 0.42 0.73 0.69
Ch.8 12.5 0.36 0.77 0.74
Ch.9 9.5 0.39 0.73 0.70
Ch.10 11.9 0.40 0.74 0.71
Mean 11.0 0.41 0.73 0.70
Total 1104

Min 3 0.18 0.18 0.17
Max 27 0.90 0.92 0.91

uGD
PIC
0.5 0.7 0.8 1.0

0.6 0.9

GD and PIC value per locus
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Fig. 2 Histogram of allele 800
frequencies in 105 maize acces-
sions of Korean RDA-Genebank
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was 0.70 with a range of 0.17-0.91. The average MAF
was 0.41 with a range of 0.18-0.90 (Table 3). Of the 1104
alleles, 269 private alleles (24.4%) were each detected in
only 1 of the 105 maize accessions. The frequency of
rare alleles (frequency <0.05) was 60.6% (669 of 1104
alleles), whereas intermediate (frequency 0.05-0.5) and
abundant alleles (frequency >0.5) comprised 37.0% (408
alleles) and 2.4% (27 alleles) of 1104 alleles, respectively
(Fig. 2).

Population structure and cluster analysis among 105
maize accessions

For the full set of maize accessions, the highest AK value
was confirmed for K=2 in population structure analysis
(Fig. 3). Based on a membership threshold of 0.8 (Wang
et al. 2008), the maize accessions were divided into group
I, group II, or the admixed group. We assigned 35 maize
accessions to group 1. Group II contained 46 maize acces-
sions. The admixed group, composed of accessions with
membership thresholds lower than 0.8, contained 24
maize accessions (Fig. 3). A dendrogram of the 105 maize
accessions developed by UPGMA analysis is presented in
Fig. 3, which shows three clusters with a GS value of 36%.
Group I accounted for 57 accessions, group II contained
47 accessions, and group III contained only one acces-
sion (Fig. 3). Among them, 21 accessions were collected in
foreign countries: three (IT026994, 1T026995, IT026996)
from France (FRA), six (IT105365, IT105366, IT105367,
IT105368, IT105369, IT105370) from Austria (AUT), nine
(IT124200, 1T124217, IT124226, 1T124236, 1T124242,

@ Springer
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1T124259, 1T124273, IT124279, IT124282) from the USA,
and three (IT124245, 1T124246, 1T124247) from Canada
(CAN). Our STRUCTURE results placed 12 of the foreign
accessions (1 FRA, 4 AUT, 6 USA, 1 CAN) in group II,
and assigned the remaining 9 accessions to the admixed
group. However, no foreign maize accessions were clus-
tered into group I. The NTSYS results assigned 19 foreign
accessions to group I and the remaining two accessions to
group II (Fig. 3).

Level of linkage disequilibrium and association analysis
using Q GLM and Q + K MLM

Level of LD was confirmed based on combinations of the
100 SSR loci in 105 maize accessions. The mean of 7
value was 0.016 and 0.014 in intra- and inter-chromosome,
respectively. The mean of D' values for intra-chromosome
was 0.161, whereas that for inter-chromosome was 0.149
(Table 4). In addition, 2.26% combinations of SSR pairs
were showed significant LD (P <0.01) among total combi-
nations (Table 4).

We performed association analysis between our sets of
100 SSR markers and 11 phenotypic traits in 105 maize
accessions by Q GLM and Q+K MLM. We detected 72
marker-trait associations involving 42 SSR markers associ-
ated with the 11 agronomic traits using Q GLM (Supple-
mentary Table 2). When we used Q+ K MLM, five mark-
ers were associated with traits of SD, LW, LL, and ER
(Supplementary Table 3). Table 4 presents information on
overlapping significant marker trait associations (SMTAs)
between Q GLM and Q+K MLM at a significance level
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Fig. 3 UPGMA dendrogram and population structure in 105 maize accessions of Korean RDA-Genebank based on the SSR markers
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Table 4 Information on overlapping SMTA markers between Q GLM and Q + K MLM

SSR marker Chr. Phenotypic trait GLM MLM Average Marker-trait association or QTL or gene in Reference
P value other studies
umc1062 3 Stem diameter ok K ok photl gene Suzuki et al.
(2014)
Potassium (K) content in maize stalk Tang et al.
(2015)
phi092 4 Ear row number * * * ssul on chr. 2 maizeGDB
ssu2 on chr. 4 maizeGDB
Oil/starch ratio in maize kernel Guo et al.
(2013)
Kernel oil concentration Song et al.
(2004)
Growing degree units to anthesis Mayor (2008)
Tassel branch number
Tassel length
umc1857 6 Leaf width w% * * Roots Cai et al. (2012)
Anthesis and silking interval Chen et al.
(2012)
Maximum root length Pan et al. (2011)
nc009 6 Stem diameter *ok * * pll gene maizeGDB
Leaf number Zhang et al.
(2011)
Ear width Peng et al.
(2016)
umc1638 8 Leaf length wk * * 20-kernel thickness Liu et al. (2014)

*P<0.01, **P<0.001

of P<0.01. Among the five SMTAs, umc1062 and nc009
were associated with SD. phi092 was associated with ER,
umc1857 was associated with LW, and umc1638 was asso-
ciated with LL.

Discussion

Erosion of plant GD is a very serious problem caused
by modernization and replacement of wild plants or
landraces with a few elite varieties (van de Wouw et al.
2010; van Heerwaarden et al. 2009). Therefore, collec-
tion and preservation of PGR is increasingly important
for crop breeding to support the demands of a growing
human population. Effective management and utilization
of PGR requires information about strain origins, pheno-
typic traits, and GD identified by molecular techniques.
This study analyzed GD, as well as marker-trait associa-
tions, of maize accessions from the RDA-Genebank. To
estimate GD and population structure in 105 RDA-Gen-
ebank maize accessions, we analyzed 100 SSR loci (10
loci per chromosome) covering the whole maize genome.
We detected a total of 1104 alleles, with an average
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number of 11.0 alleles per locus in 105 maize accessions,
and average GD and PIC of 0.73 and 0.70, respectively
(Table 3).

So far, many similar studies have been done with us. In
the International Maize and Wheat Improvement Center
(CIMMYT), GD of 137 maize accessions at 79 SSR loci
showed an average 7.2 alleles per locus and an average
PIC value of 0.64 (Xia et al. 2005). An analysis of 129
maize accessions from Agriculture and Agri-Food Canada
(AAFC) found an average of 3.62 alleles per locus and an
average PIC of 0.68 at 105 SSR loci (Reid et al. 2011). In
our study of RDA-Genebank accessions, we found that the
average allele number and PIC values were higher than in
the other two studied groups. Although the number of indi-
viduals, markers, and material types were different among
the three groups, we concluded that the genetic resources
of RDA-Genebank are relatively diverse. A previous report
suggested that good populations for association analysis in
plants are breeding and genebank collections of cultivars,
breeding lines, and germplasm (Malosetti et al. 2007). The
materials used in this study were genetic resources from
a genebank with relatively higher GD, indicating that our
materials are suitable for association analyses.
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Determining the GD and population structure in a set
of cultivars is very important for marker-assisted selection
(MAS) and association analysis (Flint-Garcia et al. 2005;
Wang et al. 2008). Our study used two methods to evalu-
ate population structure, a model-based clustering method
and a distance-based phylogenetic method. The model-
based clustering method using the STRUCTURE program
revealed a maximum AK value at K=2, based on the statis-
tical method described by Evanno et al. (2005). In addition,
we divided the 105 RDA-Genebank lines into three groups
by a distance-based phylogenetic method using the NTSYS
program (Fig. 3). As a result, the patterns of population
structure calculated by the two methods did not clearly dis-
tinguish between Korean and foreign collection regions. In
general, population structures and clustering patterns are
influenced by many different factors, like the natural history
of a population, breeding systems, complexity of breeding
practices, and selection by humans (Xie et al. 2008).

Identifying genes that control important agronomic traits
is essential for effective maize breeding programs. Many
other studies have identified SMTAs using linkage disequi-
librium analysis (Borba et al. 2010; Mezmouk et al. 2011;
Lorenz et al. 2010; Cui et al. 2015). LD is the non-random
association of alleles between different two loci in a pop-
ulation (Flint-Garcia et al. 2005). The success of associa-
tion analyses depend on the level of LD among the marker
alleles related trait (Xie et al. 2008; Yan et al. 2011). The
levels of LD in this study confirmed by calculating LD
parameters, 7 and D', and allowed us to determine signifi-
cant marker-trait associations. In general, if absolute value
of D' value is one, these two markers or alleles is a com-
plete linkage disequilibrium. Whereas if absolute value of
D' is zero, represents as linkage equilibrium. The range of
#* is between 0 and 1. If * value is 1, those pair is known as
perfect linkage disequilibrium. Based on these theory, we
checked value of * and D’ between intra- and inter-chro-
mosome. As a results, both value was higher in intra-than
those of inter-chromosome, and percentage of significant
LD pair was also higher in intra-chromosome than inter-
chromosome (Table 4). These results indicated that linkage
is main factor causing higher LD. The level of LD in popu-
lation was affected from many factors including linkage,
experimental materials, marker density, selection, mutation
and genetic drift (Wang et al. 2008). When compared with
previous studies, level of LD in this study was relatively
lower than other studies (Wang et al. 2008; Zhang et al.
2011). These may result from relatively lower marker den-
sity or using different experimental materials, i.e. relative
higher heterozygosity due to lines in this study is breeding
line.

However, false positives (Type I error) caused by spuri-
ous associations with population structure (Q matrix) and
kinship (K matrix) are critical problems associated with

these analyses (Zhang et al. 2010). To avoid false positives
and compare two statistical models, we performed Q GLM
and Q+K MLM (Supplementary Tables 2 and 3). The Q
GLM, using only the Q matrix, identified 72 marker-trait
associations, while the Q+K MLM, using both the Q
matrix and the K matrix, identified five marker-trait asso-
ciations. The Q+K MLM model had fewer markers than
Q GLM at the same significance level, P<0.01, but all of
the significant associations (P <0.01) detected by the Q+K
MLM were also detected by the Q GLM. These results
indicate that the Q+K MLM method is better for reduc-
ing the false positive rate in association analyses. Based on
overlapping SMTAs between Q GLM and Q+K MLM,
we detected two markers significantly (P <0.01) associated
with SD, umc1062 and nc009, located on chromosomes 3
and 6, respectively. A SSR marker, phi092 located on chro-
mosome 4, was associated with the ER trait. Another SSR
marker, umc1857 located on chromosome 6, was associ-
ated with LW. Finally, umc1638, located on chromosome
8, was significantly associated with LL (P <0.01) (Table 4).

Among these SSR markers, umc1062, associated with
SD in this study, was tightly linked to the phot! (blue-light
receptor phototropin 1) gene in the distal tip of the long
arm of chromosome 3 (bin 3.09) (http://www.maizeGDB.
org). The photl gene of maize plays a role in first posi-
tive phototropic curvature of maize coleoptiles through a
mechanism involving chloroplast accumulation (Suzuki
et al. 2014). In a previous report, umc1062 was a flanking
marker for QTL of potassium (K) content in maize stalks
(Tang et al. 2015), and K content significantly correlated
with lodging as increase of stem strength and with rind
thickness in maize (Melis and Farina 1984; Arnold et al.
1974). nc009, also associated with SD in this study, is
tightly linked to the pll (purple plant 1) gene in the middle
part of the long arm of chromosome 6 (bin 6.04) (http://
www.maizeGDB.org). Moreover, nc009 is linked to QTL
for leaf number (Zhang et al. 2011) and ear width (Peng
et al. 2016) (Table 4).

The ER trait was linked with SSR marker phi092,
which is also tightly linked to the ssul (ribulose bisphos-
phate carboxylase small subunit 1) or ssu2 (ribulose bis-
phosphate carboxylase small subunit 2) gene in the mid-
dle part of the long arm of chromosome 2 (bin 2.05) or 4
(bin 4.08), respectively (http://www.maizeGDB.org). The
phi092 marker maps to regions of both chromosomes 2
and 4 in many separate mapping populations (http://www.
maizeGDB.org). Although we did not check its exact chro-
mosomal position in our study, phi092 is associated with
QTL for oil/starch ratio (Guo et al. 2013), and QTL for ker-
nel oil concentration on chromosome 2 (Song et al. 2004).
This locus is also associated with QTL on chromosome 4
for growing degree units to anthesis, tassel branch number,
and tassel length (Mayor 2008) (Table 4). Another SSR,
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umc1857, related to LW in this study, is linked to QTL for
traits related to roots (Cai et al. 2012) and QTL for traits
related to anthesis, silking interval (Chen et al. 2012), and
maximum root length (Pan et al. 2011) on chromosome 6
(bin 6.04). Finally, umc1638 is linked to QTL for 20-ker-
nel thickness (Liu et al. 2014). Thus, we found several SSR
markers associated with different traits compared to other
studies, suggesting potential pleiotropy or tight linkage of
genes (Table 4).

In conclusion, this study successfully confirmed the
GD and established the population structure of 105 maize
accessions from the Korean RDA-Genebank PGR. We
found relatively high diversity and two- or three-cluster
population structures by two different methods, STRUC-
TURE and NTSYS. In addition, we found marker-trait
associations, which can assist in marker-assisted selection
(MAS) for breeding programs. We detected a total of five
SMATSs in our association analysis. These loci may support
opportunities for effective preservation and utilization of
existing cultivars, and for maize breeders to improve crop
quality by MAS.
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