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Abstract Maize (Zea mays L.), which is an important
food crop in the word, displays large genetic diversity.
Knowledge of the relationships among maize inbred
lines is essential to the maize breeder because it directs
the exploitation of germplasm in hybrid production. In
this study, the genetic diversity, population structure,
and relatedness between pairs of 157 elite maize inbred
lines from the current breeding program of Sichuan
province in Southwest China were assessed with 4976
polymorphic single-nucleotide polymorphisms (SNPs)
developed by genotyping by sequencing (GBS). A total
0f 91.1% of the inbred lines were considered pure with
< 5% heterogeneity, while the remaining 8.9% of the
inbred lines had a heterogeneity ranging from 5.5 to
40.0%. Genetic distance between pairs of lines varied
from 0.0000 to 2.0702, with 98.79% of the pairs distant.
Relative kinship analysis showed that the kinship
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coefficients for 91.3% of the pairs of lines were above
0.500, which agrees with the pedigree. Cluster and
model-based population structure analyses all divided
the 157 lines into four groups, which were named
Impro-local, Tem-tropic I A, Tem-tropic I B, and
Impro-tropic, respectively, based roughly on genetic
background of the parents used for breeding. Impro-
local group consisted of lines primarily improved from
local germplasm; Tem-tropic I A and Tem-tropic I B
groups consisted of lines primarily developed from
cross or backcross with introduced tropic germplasm,
but with different combining ability that had demon-
strated by the commercial hybrids; and Impro-tropic
group contained lines primarily improved from contin-
uous self-crossing of tropical hybrids and populations.
Analysis of molecular variance showed 14.2% of the
variation among groups, with the remaining 85.8% at-
tributable to differences within groups. The differentia-
tion between the groups was further validated by the
pairwise Fgr value (0.0904-0.1520), which indicated
the moderate genetic differentiation characterizing this
panel. The genome-wide average linkage disequilibrium
(LD) decay distance was 1.05—1.10 Mb and varied
among different chromosomes. The genetic diversity
and population structure revealed in this study will help
breeders to better understand how to utilize the current
maize germplasm in Sichuan province for hybrid
breeding.
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Introduction

Maize (Zea mays L.), one of the most important cereal
crops grown for food and feed globally, exhibits a large
phenotypic and genotypic variability (Yan et al. 2009).
A great diversity of agro-ecological environments for
growing maize contributed to the development of diver-
gent populations adapted to different edaphic and cli-
matic conditions and biological factors, which ultimate-
ly manifested in a wide range of morphological, physi-
ological, biochemical, agronomic, and genetic traits
(Miki¢ et al. 2017). Maize has been the first grain crop
that makes the greatest contribution to the total grain
yield in China, since the rice (Oryza sative L.) produc-
tion (204.236 million tonnes) was surpassed by that
(205.614 million tonnes) of maize for the first time in
2012 (National Bureau of Statistics of China 2013).
Harvesting of the 2018 maize crop finalized in October
and total output of China is estimated at an average level
of 216.500 million tonnes, slightly above last year’s
record level (215.891 million tonnes) (FAO 2018). In
recent years, new progress has been achieved in the
selection and breeding of special purpose hybrid maize
with high oil content, high protein content, and high
lysine content as well as sweet maize and glutinous
maize. These hybrids have not only played an important
role in increasing the yield of maize, but also contributed
to the development of diversification programs using
maize varieties (Zuo 2001).

Sichuan province in Southwest China is located at
north latitude 26°03'-34°19" and east longitude 92°21'—
108°12" and is the fifth largest province in China (Wang
et al. 2017). The topography over the whole province
differs enormously from east to west with complex and
various terrains, resulting in diverse ecological condi-
tions that affect maize production. Maize breeding in
Sichuan began in 1930 (Huang 1998a). On the base of
collecting local maize germplasm resources, some hy-
brids were bred in 1950. Up to late 1960, maize breed-
ing turned to single cross breeding and began to select
hybrids which were suitable for regional ecological
environments. Maize breeding developed faster in late
1970 to early 1980. Sichuan maize breeding program
initiated with the 6th 5-year plan in 1981 and then the
concept of super high yield breeding in accordance with
the ecological diversity of Sichuan maize productive
areas, in which new hybrids should be characterized
by different maturity(e.g., mid-ripe maize hybrids for
plain and hilly areas, early-ripe maize hybrids for
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summer and mountain areas), resistance to diseases
and pests, drought tolerance, longer green persistent
duration, full utilization of scattered light and soil fertil-
ity (e.g., low N), and suitable for high density plantation,
was put forward on the basis of breakthroughs in the
cross breeding of maize (Huang 1998b). Considering
the narrow genetic base of the local maize germplasm,
the breeding program introduced tropical or subtropical
maize germplasm such as ETO, Tuxpeno, Suwan, An-
tigua, Dentado Amarillo, Celaya, Cateto, Hatian, and
Tuson from Mexico, Indonesia, South Africa, Thailand
and CIMMYT to broaden the genetic base of maize
germplasm in the province. However, tropical or sub-
tropical germplasm was not adapted well to the growing
conditions in Sichuan, and breeders have to cross the
tropical or subtropical germplasm with the local germ-
plasm followed by backcross and self-cross. The intro-
duction and improvement of a wide range of maize
germplasm over the years have enabled the provincial
maize breeding program to develop hundreds of maize
inbred lines and release several hybrids for commercial
production.

Hybrids, including inter-specific hybrids, double hy-
brids, three-way cross hybrids, and top cross hybrids,
benefit mainly from the advantage of heterosis in the
combination of two or more maize inbred lines. Inbred
lines derived from certain unrelated or distantly related
groups of breeding materials combine well and produce
progeny with outstanding performance (Mumm and
Dudley 1994). Groups of breeding materials defined in
this manner represent a particular heterotic pattern and
are referred to as heterotic groups. A heterotic group is a
collection of related inbred lines which tend to produce
vigorous hybrids when crossed with lines from a differ-
ent group, but not when crossed to other lines of the
same group (Ertiro et al. 2017). Thus, knowledge of the
relationship is essential to the breeder because it directs
the exploitation of germplasm. To fully exploit the po-
tential of such breeding material and phenomenon of
heterosis, the evaluation of germplasm resource diver-
sities and the genetic relationships among germplasm
have been an important part of maize breeding research.
Accordingly, maize inbred lines of unknown heterotic
response must be assigned to a heterotic group to facil-
itate both hybrid and line development. Such assign-
ments can be made by assessing the genetic relation-
ships of these inbred lines to lines of known heterotic
response (Moll et al. 1965; Moll et al. 1962; Paternaini
and Lonnquist 1963).
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Molecular characterization of genetic diversity, pop-
ulation structure, and genetic relationships among maize
germplasm developed by a given breeding program is
useful for understanding how to use the assembled
germplasm for further improvement, such as selecting
parental lines, assigning heterotic groups, and creating a
core set of germplasm (Wu et al. 2016). Simple se-
quence repeat (SSR) and single-nucleotide polymor-
phism (SNP) are the most commonly used molecular
markers for molecular characterization and assignment
of maize inbred lines to heterotic groups (Mir et al.
2013; Semagn et al. 2012b; Wen et al. 2012; Wu et al.
2014; Wu et al. 2016). Currently, SNPs are a marker of
choice for a wide range of applications, including mo-
lecular characterization analyses, because of their low
cost per data point, high genomic abundance, potential
for high-throughput analysis, and lower genotyping er-
ror rates (Wu et al. 2016). SNP data can be generated
using uniplex, multiplex (chip-based), and sequencing
methods. Chip-based SNP genotyping methods may
cause lower resolution in molecular characterization
analyses, and most current chip-based SNPs were de-
veloped based on the sequencing information of a set of
temperate maize lines, which leads to ascertainment bias
of the allele frequency and affects the resolution of
genetic diversity and population structure analysis of
tropical germplasm collections (Lu et al. 2009).

With the development of new next-generation se-
quencing (NGS) technologies, including restriction-site
associated DNA marker sequencing (RAD) (Miller et al.
2007), reduced representation libraries (RRLs) (Van
Tassell et al. 2008), whole-genome resequencing
(WGR) (Huang et al. 2009), multiplexed shotgun
genotyping (MSG) (Andolfatto et al. 2011),
genotyping-by-sequencing (GBS) (Elshire et al. 2011),
the discovery of SNP became easier and faster, and the
cost per data point were reduced. GBS generates high-
density genome-wide markers at a low per sample cost,
which is a practical and cost-effective genotyping meth-
od for species with large genome size. This makes GBS
as a powerful tool for different genetic applications,
such as genetic diversity analysis, linkage mapping,
association mapping, and genomic selection (Crossa
et al. 2013; Poland and Rife 2012; Romay et al. 2013;
Zhang et al. 2014).

Sichuan province is one of the main maize produc-
tion regions in Southwest China. Breeders introduced
maize inbred lines outside the province, which were
different in their maturity, reaction to a wide range of

abiotic and biotic stresses, and general combining ability
(GCA). The introduced inbred lines were used by
breeders in developing various new and improved maize
germplasm with better adaptations to the different eco-
logical conditions and complex geography and land
features in the province. However, the pedigree infor-
mation and heterotic groups of some introduce and
improved inbred lines are not properly documented.
Since groups of closely related parents tend to bring
redundant genetic value to a breeding program, little is
known about the genetic diversity, relatedness, and pop-
ulation structure of both the introduced and newly de-
veloped inbred lines at the molecular level. Such infor-
mation is essential for optimizing breeding strategies in
the future for germplasm conservation (Sachs 2009) and
parent selection for new pedigree starts (Huang et al.
2014).

Few previous similar studies, which contain suffi-
cient number of maize inbred lines used in Sichuan
maize breeding program, had been conducted. Several
years ago, characterization of the genetic diversity of
770 maize inbred lines obtained from breeding pro-
grams in Brazil (94), China (282), and CIMMYT
(394) was performed with 1034 SNP markers using a
1536-SNP chip (Lu et al. 2009). Later, the genetic
diversity, relatedness, and linkage disequilibrium (LD)
decay of 367 inbred lines widely used in maize breeding
of China were estimated with 41,819 informative SNPs
using the MaizeSNP50 BeadChip with 56,110 SNPs
(Wu et al. 2014). Recently, the genetic diversity, relat-
edness, and population structure among 362 maize in-
bred lines collected from the breeding program of
Southwest China were characterized using 43,735 of
the 56,110 SNPs assembled in the MaizeSNP50
BeadChip (Zhang et al. 2016). The two main concerns
of the three studies were the high ascertainment bias of
the SNP-chips (Schaefer and Bernardo 2013) used for
genotyping and the inclusion of just 10, 10, and 33 lines
from Sichuan maize breeding program, respectively.
Moreover, the common lines are most of the old lines
that were bred 10~20 years ago and were clustered into
different groups by the three studies, such as 698-3 in
Lancaster (Lu et al. 2009) vs. PA (Zhang et al. 2016),
D340 in Lvdared cob (Lu et al. 2009) vs. Lancaster (Wu
et al. 2014), and Suwanl1611 in Tem-tropic I (Wu et al.
2014) vs. Tropical (Zhang et al. 2016). Here, a large
number of newly developed maize inbred lines with
tropical and subtropical backgrounds from eight breed-
ing institutions, which were specifically and widely
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used in current Sichuan maize breeding program were
genotyped using GBS. The objectives of the present
study was to (1) assess the extent of genetic variation,
relatedness, and population structure of 157 maize in-
bred lines and advanced breeding lines, which represent
the current maize breeding program in Sichuan prov-
ince, Southwestern China, using GBS; and (2) to eval-
uate the usefulness of GBS in predicting the most likely
heterotic group membership of each line.

Materials and methods
Plant material

A panel of 157 maize inbred lines and advanced breed-
ing lines (hereinafter referred as lines) from the current
breeding program of Sichuan province, Southwest Chi-
na, was used in this study (Supplementary Table S1).
The panel comprised 21 lines from Maize Research
Institute of Sichuan Agricultural University (CN), 17
lines from Crop Research Institute of Sichuan Academy
of Agricultural Sciences (CZ), 28 lines from Mianyang
Academy of Agricultural Sciences (MY), 19 lines from
Yibin Academy of Agricultural Sciences (YB), 19 lines
from Xichang Agricultural Science Research Institute of
Sichuan (XC), 3 lines from Zoeve Seed Co. Ltd. (ZY),
16 lines from Sichuan Tonglu Agricultural Science and
Technology Co. Ltd. (TL), 28 lines from Nanchong
Academy of Agricultural Sciences (NC), and 6 lines
(Dan340, Mo17, B73, Huangzao4, Qi319, and Ye478)
with known heterotic groups. The six lines with known
heterotic groups were used as testers to assess the het-
erotic group between these maize lines.

DNA extraction

The entire panel of maize lines was grown at Duoying
farm of the Maize Research Institute of Sichuan Agri-
cultural University, Ya’an (EY; 30°N, 103°E), China, in
2017 for DNA extraction. For each line, genomic DNA
was extracted from a bulked leaf sample of six seedlings
using the cetyltrimethylammonium bromide (CTAB)
method (Semagn 2014). The concentration of each
DNA sample was checked with Nanodrop 2000 spec-
trophotometer (Thermo Scientific) and Qubit Fluorom-
eter 2.0 (Life Technologies) as described in the user’s
manual and normalized to 100 ng uL~'. To check the
quality of the genomic DNA, each DNA sample was

@ Springer

digested with 0.5 pg/pL HindIII (Thermo Scientific) for
2 h, and the fragments were ran on 1% agarose gel that
contained 0.5 pg/mL ethidium bromide. The final con-
centration of each DNA sample was adjusted to
100 ng uL~" for library preparation.

Genotyping by sequencing

Six hundreds nanogram genomic DNA from each line
was digested with 5000 units/mL ApeK1 restriction
enzyme (4.5-bp recognition site 5'-GCWGC-3') for
1 h. Then, the library preparation and sequencing were
done by the Beijing Genomics Institute (BGI;
Shenzhen, China) following the GBS protocol (Elshire
etal. 2011). Raw sequence data from the machine were
processed in four stringent steps to ensure that reads
were reliable in the further analysis: firstly, we allocated
the raw reads to its own origin sample according to the
barcodes used for sequencing to distinguish samples;
secondly, we discarded the raw reads with adapter/
barcode sequences to exclude the contamination; third-
ly, we ruled out those raw reads with more than 10%
unidentified nucleotides (Ns); fourthly, we moved the
raw reads with low Phred quality (Q <5) base number
accounted for more than half of the whole reads. Next,
the clean reads filtered from each line were aligned to
the maize reference genome (Schnable et al. 2009) (B73
RefGen_v4, http://www.maizesequence.org), which has
an effective genome length of ~2500 Mb (Li et al. 2014
), using Short Oligo-nucleotide Alignment Program 2
(SOAP2) software (Li et al. 2009b) (version 2.18,
http://soap.genomics.org.cn/). SOAPsnp software
(version 1.03) (Li et al. 2009a) was used to call SNPs.
For statistical analysis described below, we selected
4976 SNPs with the following criteria: (1) SNPs with
missing data points smaller than 50% of the total sample
size; (2) reads depth of same position of SNP for each
samples at least 5 (Bird et al. 2017); (3) class of geno-
type (i.e., SNP alleles among all samples) for each
positions must be no less than 2; (4) SNPs with a minor
allele frequency (MAF) exceeding 0.05.

Genetic diversity analysis and phylogenetic tree

Allele frequency, gene diversity, and polymorphism
information content (PIC) for each polymorphic SNP,
the proportion of observed heterozygosity in each line,
and Nei’s genetic distance (Nei 1972) between pair of
inbred lines were calculated using PowerMarker V3.25
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(Liu and Muse 2005). A relative kinship matrix was
calculated between each pair of lines in the study using
Dominance Normalized IBS method implemented in
TASSEL 5.2.43 (Bradbury et al. 2007) software. A
relative kinship close to 0O indicates no relationship,
and a value close to 1 indicates a closer relationship.
Matrices of Nei’s genetic distance were used as an input
for neighbor-joining (NJ) cluster analysis with Interac-
tive Tree Of Life (TOL) V4.2 (Letunic and Bork 2016).
The genetic distance between pair of groups was esti-
mated based on the average genetic distance of all lines
within each group.

Population structure analysis

The population structure of the panel was determined
using STRUCTURE 2.3.4 (Pritchard et al. 2000).
STRUCTURE was ran using an admixture model by
varying the number of groups (K) from 1 to 8, each K
repeated five times with a burn-in period of 10,000 and
10,000 MCMC (Markov Chain Monte Carlo) replica-
tions after burn-in. Based on the output log likelihood of
data (LnP(D)) of STRUCTURE, the ad hoc statistic
delta K (AK) was used to determine the optimal number
of groups (Evanno et al. 2005). Results of five replicate
files were integrated using the CLUMPP software
(Jakobsson and Rosenberg 2007). Lines with probabil-
ity of membership >50% were assigned to the same
group, while those lines with < 50% probabilities with
any group were assigned to a “mixed group” (Wu et al.
2014).

Fgr-based pairwise genetic distance matrices
(Holsinger and Weir 2009) were computed among dif-
ferent groups produced by STRUCTURE at K = 4 using
ARLEQUIN v.3.5.2.2 (Excoffier and Lischer 2010).
Fgr values are indicative of the evolutionary processes
that influence the structure of genetic variation among
groups, where an Fgt of 0 indicates no differentiation
between groups and a value of 1 indicates complete
differentiation. Groups were considered to have little
differentiation when Fgr values were less than 0.05,
moderate differentiation when Fgr values were between
0.05 and 0.15, strong differentiation when Fgy values
were between 0.15 and 0.25, and very strong genetic
differentiation when Fgr values were greater than 0.25
(Ndjiondjop et al. 2017). Analysis of molecular variance
(AMOVA) (Excoffier et al. 1992) was also computed
using ARLEQUIN v.3.5.2.2 to partition the variation of
lines among and within groups.

Linkage disequilibrium analysis

The average linkage disequilibrium (LD) between SNPs
on each chromosome was measured using TASSEL
5.2.43 (Bradbury et al. 2007). Squared Pearson correla-
tion coefficient (+?) between vectors of SNP alleles was
used to assess the level of LD decay on each chromo-
some, and The LD decay distance was evaluated as the
interval with the mean > value decreased below a
threshold level 7% <0.1 (Zhang et al. 2016). The LD
decay distances were calculated separately for the entire
panel and each group.

Results
Genotypic data and genetic purity

A total of 4976 genome-wide high-quality SNPs were
retained for genotyping and genetic characterization
analyses, with less than 50% missing data in 157 maize
inbred lines. The number of alleles per marker loci
among all lines ranged from three to five, transitions
and transversions included, resulting actually polymor-
phic. The 4976 polymorphic SNPs were evenly distrib-
uted across the whole maize genome, with coverage
ranging from 314 SNPs on chromosome 6 to 894 SNPs
on chromosome 1, accounting for 6.3% and 18.0% of
the polymorphic SNPs, respectively (Table 1). The
physical length of each chromosome varied from
149,802 kb on chromosome 10 to 306,117 kb on chro-
mosome 1, with an average density of one SNP per
440.63 kb (Table 1). Minor allele frequency for the
4976 SNPs varied from 0.05 to 0.50, with an overall
average of 0.3647; approximately 88% of the markers
(4399 of 4976 SNPs) had a minor allele frequency
between 0.25 and 0.50. The PIC values varied from
0.1371 to 0.7107 with a mean value of 0.4132; about
81% of the markers (4008 of 4976 SNPs) had PIC value
between 0.25 and 0.50 (Supplementary Table S2).
Using 4976 SNPs, observed heterozygosity among
the 157 inbred lines ranged from 0.0 to 40.0%, with an
overall average of 4.1%; only 14 lines (8.9% of the 157
lines) had observed heterozygosity >5.0%
(Supplementary Table S1). For different institutions in
the breeding program, 16 inbred lines of Sichuan Tonglu
Agricultural Science and Technology Co. Ltd. (TL) are
all considered pure or fixed with the genetic purity at
least 97.3%, followed by Mianyang Academy of
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Table 1 The chromosomal distribution of 4976 polymorphic SNPs used for genotyping 157 maize inbred lines, including the physical
length of each chromosome covered by the SNPs (in kilobase pairs) and the average distance between SNPs

Chromosome Physical length based on Number of SNPs Proportion of SNPs distributed on ~ Average map length
4976 SNPs (kb) polymorphic in 157 lines each chromosome per SNP (kb)

Chr 1 306,117 894 18.0% 342

Chr 2 243,515 701 14.1% 347

Chr 3 234,890 599 12.0% 392

Chr 4 245,144 528 10.6% 464

Chr5 222,314 511 10.3% 435

Chr 6 171,350 314 6.3% 546

Chr 7 180,881 414 8.3% 437

Chr 8 179,200 348 7.0% 515

Chr 9 158,529 319 6.4% 497

Chr 10 149,802 348 7.0% 430

Total 2,091,742 4976 100%

Agricultural Sciences (MY), of which 28 inbred lines
with the genetic purity at least 93.2% (Fig. 1,
Supplementary Table S1).

Genetic relatedness

Genetic distance between pair of the 157 inbred lines
computed from the 4976 polymorphic SNPs ranging
from 0.0000 to 2.0702 (Supplementary Table S3), with
an overall average of 0.5012. The majority (98.79%) of
the pairs of lines had a genetic distance value > 0.400,
which is concentrated between 0.501 and 0.800, and is
extremely large as compared with just 1.21% of the pairs
of lines that had genetic distance value < 0.400 (Fig. 2).
A neighbor-joining tree generated from the genetic
distance matrix of the 4976 SNPs clustered the 157 lines
into four groups (Fig. 3, Supplementary Table S1). The

Fig. 1 Genetic purity of 157

groups clustered somewhat according to genetic rela-
tionship (i.e., the common ancestral parents for breed-
ing), but not institute/company of origin. The first group
(group 1) consisted of 12 lines, which were mostly
improved from 08-641 breeding by Maize Research
Institute of Sichuan Agricultural University, including
T295, T119, Mian 2652, and 08-641 itself; these lines
originated from 5 institutes, and the vast majority
(41.7%) was from Sichuan Tonglu Agricultural Science
and Technology Co. Ltd. The second group (group 2)
consisted of 47 lines originating from 8 institutes, of
which 17.0% were equal from Maize Research Institute
of Sichuan Agricultural University and Nanchong
Academy of Agricultural Sciences. The third group
(group 3) consisted of 54 lines originating from 8 insti-
tutes, and most lines (27.8%) were from Nanchong
Academy of Agricultural Sciences. Lines in groups 2
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Fig. 2 Frequency distribution 40%
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Fig. 3 The neighbor joining tree of 157 maize inbred lines based on the pairwise distance matrix using 4976 polymorphic SNPs (G1 =
group 1, G2 = group 2, G3 = group 3, G4 = group 4)
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for the most (34.1%), followed by Yibin Academy of
Agricultural Sciences (20.5%). Lines in group 4 were
mostly improved from direct self-fertilization and selec-
tion of tropical germplasm introduced from Thailand,
Mexico, Syngenta, Pioneer, and CIMMYT.

The relative kinship reflects the approximate degree
of identity between two given individuals. Relative kin-
ship values between pairs of the 157 inbred lines are
summarized in Fig. 4. The results showed that no paired
relative kinships were equal to zero (less than 0.05);
8.7% of the relative kinship values ranged between
0.101 and 0.500, and the remaining 91.3%, which were
concentrated between 0.701 and 0.800, were above
0.500 (Fig. 4, Supplementary Table S4). This analysis
indicated that moderate relationship existed in the whole
panel of maize germplasm, which was consistent with
known pedigree/sources of the 157 lines.

Population structure analysis

We explored population structure in the current maize
germplasm from Sichuan breeding program using the
model-based population structure. The log probability
of the data (LnP(D)) showed a linear increase between
K=1and K=4 (Fig. 5a), which is also evident from the
high AK value at K =4 in Fig. 5b. Based on these two
results, the 157 inbred lines can be divided in to four
groups (Fig. 5¢). The proportion of lines assigned to the
four groups predicted from STRUCTURE varied from
5.1% in group 1 to 40.1% in group 2 (Supplementary
Table S1). Overall, 148 of 157 lines (94.3%) could be
confidently placed within these four groups.

80%
70%

Fig. 4 Summary of kinship
coefficients between pair of 157
maize inbred lines based on 4976

Group 1 was the smallest group (8) and contained six
lines predominantly sourced from Mianyang Academy
of Agricultural Sciences and Sichuan Tonglu Agricul-
tural Science and Technology Co. Ltd.; lines in this
group had no unified genetic background, but as we
know, they were basically developed from local elite
germplasm in China, such as zheng58, 65232, 698-3,
and ROS8. Group 2 consisted of 63 lines, 11 of which
were sourced from Xichang Agricultural Science Re-
search Institute of Sichuan, and ten lines were sourced
from Nanchong Academy of Agricultural Sciences;
many of the lines in this group had tropical or sub-
tropical backgrounds, one or both of their parents
used for breeding were from tropical or subtropical
germplasm, including PN78599, Y78698, Y78573,
QR273, and S37. Group 3 was composed of 57 lines,
which were mainly sourced from Nanchong Academy
of Agricultural Sciences; lines in this group most were
derived from tropical and subtropical germplasm, hy-
brids of Syngenta, Pioneer and Yogoslavic, popula-
tion of Suwanl and CIMMYT included. Group 4 had
20 lines in total; most were sourced from Mianyang
Academy of Agricultural Sciences; many of the lines
in this group were improved directly from tropical
germplasm without circles of cross or backcross and
integration of several populations; for example,
Mian1838 was selected from the F; of 652323 x
CIMMYT tropical germplasm with 5 generations of
continuous self-cross. In addition to the inbred lines
that were clearly assigned with membership probabil-
ity >0.50 to a single group, 9 inbred lines (5.7% of the
total) with lower membership possibility < 0.50 could
not be clearly assigned to any of these groups. These

w
polymorphic SNPs = 60%
o
s 50%
S 40%
£
o 30%
Q.
2 20%
10% I
0% —
o N S o o N S S N
F 06;\; '\9\: 'f?\; 6,0'\; Q,Q\: /\0\’/ %0\’, 7
R Q- Q- Q- Q Q o

@ Springer

Relative kinship



Mol Breeding (2019) 39: 38

Page 9 of 19 38

lines were placed in a mixed group which sourced
mainly from Mianyang Academy of Agricultural Sci-
ences (Supplementary Table S1).

Compassions of groups predicted based
on STRUCTURE and cluster analyses

Group membership obtained from STRUCTURE
agreed with that of cluster analysis for 112 lines
(71.3%), the remaining 45 lines (28.7%) differed in their
group membership between cluster analysis and
STRUCTURE. Of these, nine lines were assigned in to
a mixed group in STRUCTURE. The other 36 lines
grouped into different STRUCTURE groups than
would have been predicted by cluster analysis, including
lines that belong to the STRUCTURE group 1 (1 line),
group 2 (20 lines), group 3 (14 lines), and group 4 (1
line) (Supplementary Table S1). Excluding lines that
were assigned in to a mixed group, nearly 49% of the
lines that showed discrepancy between the cluster anal-
ysis and STRUCTURE came from group 4.

The phylogenetic clusters helped to disentangle the
genetic background of lines with unknown pedigree.
Yi14A2 and Yi12A4 in group 1 of phylogenetic tree were
clustered with Mian0232 and T119, respectively, telling
us they had the same or nearest ancestral parents; also, hot
resistance 67 and 1316 in group 2 of phylogenetic tree
were clustered with C381 and (Qi319*CML187)-0(Fig.
3, Supplementary Table S1). However, model-based
STRUCTURE analysis in some extent separated lines
to different groups according to their heterotic pattern,
although some of them are sister lines. Here, tens of
commercial hybrids breeding by single cross with lines
in our study were listed out (Table 2). From Table 2, we
know that hybrids in recent years were developed by
crossing lines among groups but not within groups.

With the known pedigree information and group
membership based on cluster analysis and the model-
based STRUCTURE, group 1 was named Impro-local
which indicated that lines in this group were manly
improved from local germplasm; group 4 was named
Impro-tropic which indicated that lines in this group
were manly improved from tropical germplasm; and
groups 2 and 3 were named Tem-tropic I A and Tem-
tropic I B, respectively, which indicated that lines in the
two groups were both developed by cross and backcross
with the introduced tropical germplasm in Sichuan
maize breeding history, but with different combining
ability in heterotic pattern.

Molecular diversity and genetic differentiation

Table 3 summarizes the average PIC, observed
heterozygosity, and gene diversity values computed
for each group. The Impro-local group showed the
highest PIC value; the PICs of the Tem-tropic I A
and Impro-tropic groups were similar, and the
values were lower than that of the Impro-local
and Tem-tropic I B groups. In contrast to the
35.8% heterozygosity rate in the Impro-local
group, the heterozygosity rate in the other three
groups was 2.5%, 2.5%, and 1.9%, well within the
expected ranges for residual heterozygosity found
in maize inbred lines. The GDs of the Tem-tropic
I B and Impro-tropic groups were similar and
higher than that in the Impro-local and Tem-
tropic I A groups, which were similar too; the
Tem-tropic I A group showed the lowest diversity
(0.4475) although the sample size was bigger, and
the Tem-tropic I B group showed the highest di-
versity (0.4573) among groups.

The genetic distance among different groups was
estimated with the 4976 SNPs (Table 4); results indicat-
ed that the genetic distance between the Impro-local
group and other three groups (Tem-tropic I A, Tem-
tropic I B, and Impro-tropic) is greater than the genetic
distance among Tem-tropic I A, Tem-tropic I B, and
Impro-tropic groups. The greatest genetic distance was
observed between the Impro-local and the Impro-tropic
groups with a value of 0.2126, and the smallest genetic
distance was observed between the Tem-tropic I A and
the Tem-tropic I B groups with a value of 0.1026. The
genetic distance among different groups is consistent
with the kinship results.

When pairwise fixation indices (Fgr) values
were compared to understand the extent of genetic
differentiation (divergence) between pairs of
groups (Table 4), the values were highly variable
ranging from 0.0904 (moderate genetic differentia-
tion) to 0.6372 (very great genctic differentiation).
Lines among the categorical groups showed mod-
erate genetic differentiation (0.0904-0.1418), ex-
cept that lines in Impro-local showed great differ-
entiation in Tem-tropic I B (0.1520). Results from
partitioning of the overall molecular variance into
different hierarchical levels indicated that 14.2% of
the total genetic variation occurred among the
groups, while a larger amount of variation
(85.8%) was within groups.
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Linkage disequilibrium decay distance

The average > of each distance interval was cal-
culated for the entire panel and within chromo-
somes (Fig. 6). LD decay distance varied across
the ten chromosomes. The average LD decay dis-
tance over all ten chromosomes in the entire panel
with 7#<0.1 was 1.0-1.5 Mb (~ 1050 kb). Among
the chromosomes in the panel, Chr 1 showed the
smallest distance and Chr 9 showed the largest. In
Tem-tropic I A, Tem-tropic I B, and Impro-tropic
group, the average LD decay distances over all ten
chromosomes with #<0.1 were 0.50-0.75 Mb,
0.25-0.50 Mb, and 1.00-1.50 Mb, respectively.
The Impro-tropic group has the largest LD decay
distance, whereas the Tem-tropic I B group has the
smallest LD decay distance. Due to limited num-
ber of samples in the Impro-local group, the LD
decay distance of this group was not estimated.

Discussion
Genetic purity, genetic distance, and kinship

Genetic purity of inbred lines is an important
quality control criteria in maize breeding and seed
system, which directly affects both the quality of
hybrid seed and development of new inbred lines
(Ertiro et al. 2017). Currently, most maize breed-
ing programs consider S4 or later generation as a
fixed inbred line for evaluation in hybrid combi-
nation. Inbred lines are considered pure or fixed
when the proportion of heterozygous SNP loci
does not exceed 5% (Semagn et al. 2012a). As a
result, most lines were expected to display less
than the average observed heterozygosity expected
in S5 breeding lines derived from biparental
crosses (4.1%). This was seen with ~90% of the
lines, but the remaining ~9% (14 of 157 acces-
sions) had observed heterozygosity exceeding 5%
(Supplementary Table S1), which is higher than
expected in the absence of human error. Inbred
lines with higher than 5% heterogeneous SNP loci
are likely to have some changes in allele frequen-
cies occurred during seed regeneration, mainte-
nance breeding, and possible contamination with
seeds or pollen of other samples (Heckenberger
et al. 2002; Warburton et al. 2010). Overall,
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approximately 93% of lines from Mianyang Acad-
emy of Agricultural Sciences, 88% of lines from
Crop Research Institute of Sichuan Academy of
Agricultural Sciences, 86% of lines from Maize
Research Institute of Sichuan Agricultural Univer-
sity, 96% of lines from Nanchong Academy of
Agricultural Sciences, 100% of lines from Sichuan
Tonglu Agricultural Science and Technology Co.
Ltd., 79% of lines from Xichang Agricultural Sci-
ence Research Institute of Sichuan, 95% of lines
from Yibin Academy of Agricultural Sciences,
67% of lines from Zoeve Seed Co. Ltd. were
considered fixed. Excluding the higher level of
heterogeneity was observed in lines from Zoeve
Seed Co. Ltd., of which the total lines were only
3, lines sourced from Xichang Agricultural Science
Research Institute of Sichuan had the highest level
of heterogeneity, which vary from 12.4 to 40.0%.
We therefore suggest additional generations of
selfing in order to fix these inbred lines (with
the heterozygosity exceeding 5%) to achieve a
number of advantages from the use of pure lines,
including ease of maintenance of parental lines,
high heterosis in hybrids, and ease in quality con-
trol during hybrid seed production (Ertiro et al.
2017).

Genetic distance is a measure of the genetic
divergence between pairs of lines or populations,
with pairs that share many alleles having small
genetic distance. Results from the present study
showed highly variable levels of genetic dis-
tances between pairs of maize inbred lines, with
0.3% of the pairs nearly identical(<0.05), 0.3%
of the pairs similar (0.05-0.20), 5.4% of the
pairs moderately distant (0.20-0.50), and 94.0%
of the pairs highly distant (>0.50) (Fig. 1). Our
results clearly suggest the presence of a low
percentage of redundant lines that contribute
very little to the observed genetic variation and
genetic divergence in the maize germplasm from

Fig. 5 Population structure of 157 maize inbred lines estimated P
with 4976 SNPs. a The plots of LnP(D) for each K calculated by
STRUCTURE, the LnP(D) data was shown as mean + SD
(standard deviation). b Delta K (AK) values for K ranging from

2 to 7 according to Evanno et al. ¢ Population structure of the panel
when K'=2-6. Each of the 157 lines is represented by a thin
vertical bar, which is partitioned into K colored segments on the
x-axis, with lengths proportional to the estimated probability
membership in each of the K-inferred clusters (y-axis)
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Table 2 List of commercial hybrids which were bred by single cross with lines in our study and authorized by the government

Hybrids Officially approved No. Female parent Male parent Heterotic pattern in this study
Yandan 14 1977xxx Mol7 Huangzao4 G2(R) x G3(2)
Nanyu 3 1996045 Nan7401-5 Ye478 G3(9) x G2(d)
Yedan 13 1998xxx Ye478 Dan340 G2(9) x G3(2)
Tunyu 27 2003012 CZ273 CZ275 G2(R) x G3(2)
Chengdan 30 2004002 CZ2142 CZ205-22 G4(?) x G3(3)
Chuandan 29 2004007 SAM3001 SAM1001 G3(9) x G2(d)
Chengdan 25 2004008 CZ205-1-1 698-3 G3(?) x G2(3)
Miandan 12 2006016 P953 Mian 355 G4(?) x G2(3)
Chuandan 428 2007001 08-641 SCML104 G3(9) x G4 D)
Zhengtian 1 2007016 Nan202 Nan637 G2(R) x G3(2)
Jinyu 308 2007023 08-641 Nan942 G3(9) x G4 D)
Rongyu 188 2009007 08-641 SCML202 G3(9) x G2(d)
Tianyu 56 2009008 18-599 CZ205-1-1 G2(R) x G3(2)
Quanyu 9 2011018 Y3052 18-599 G3(?) x G2(3)
Shenlongyu 9 2012023 Nan202 Nan942 G2(P) x G4 D)
Chengdan 393 2016014 C328 C8210 G2(R) x G3(2)
Quncel28 20170014 Mian7237 18-599 G4(P) x G2(D)
Miandan 1273 20170032 Mian723 CZ205-22 G2(P) x G3(2)

the current breeding program of Sichuan. Cluster
analysis also demonstrated that lines with small
genetic distance were more closely related to
each other and showed a near branch on the
tree, such as CZ205-1-1 and CZ205-22 in G3,
which were both derived from Y7865 F, x
qi205; (Qi319*CML187)-0 and 1316 in G2, al-
though the pedigree of 1316 was unknown (Fig.
3). Selection of parents with good phenotypic
performance and wide genetic base is one of
the most important steps in the development of
new hybrid varieties. Generally, progeny vari-
ance increases in crosses between genetically

generate progenies with maximum segregation
for target traits that are desired (Cox et al.
1985).

The pairwise relative kinship coefficients among
the 157 inbred lines ranged between 0.2495 and
0.8312, where values close to zero indicate lack of
relationship, while those close to 2 indicate com-
plete relationship. A total of 91.3% of the paired
lines were above 0.5000. This information
reflected a moderate relationship among inbred
lines in the current breeding program. We infer
that different maize breeding institutes/companies
in Sichuan province are selecting and improving

distant parents, which provided opportunities to

maize lines from some similar resources. Our

Table 3 MAF, GD, heterozygosity, and PIC within each group based on the number of groups predicted using the model-based
STRUCTURE at K =4 for 157 maize inbred lines

GD

PIC

Heterozygosity

Groups No. MAF

Impro-local 8 0.2239 + 0.1052
Tem-tropic I A 63 0.3292 + 0.0997
Tem-tropic I B 57 0.3450 + 0.1045
Impro-tropic 20 0.3486 + 0.1081
Mixed 9 0.0772 + 0.0471

0.4478 + 0.1890
0.4475 £ 0.1047
0.4573 +0.1022
0.4520 + 0.0941
0.1510 + 0.0849

0.3952 £ 0.1718
0.3589 + 0.0917
0.3648 + 0.0908
0.3576 + 0.0784
0.1374 £ 0.0774

0.3583 + 0.2402
0.0246 + 0.0898
0.0254 + 0.0893
0.0189 + 0.0795
0.0145 + 0.0374
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Table 4 Genetic distance (below diagonal) and pairwise Fgt (above diagonal) among different groups based on 157 maize inbred lines

genotyped with 4976 SNPs

Groups Impro-local Tem-tropic I A Tem-tropic I B Impro-tropic Mixed
Impro-local 0 0.1305 0.1520 0.1418 0.5944
Tem-tropic I A 0.1560 0 0.0904 0.1110 0.6372
Tem-tropic I B 0.1632 0.1026 0 0.0950 0.6126
Impro-tropic 0.2126 0.1367 0.1144 0 0.4548
Mixed 1.2418 0.6600 0.5904 0.4475 0

kinship coefficient results are relatively higher than
those of 450 maize inbred lines developed and
released mainly by CIMMYT’s eastern and south-
ern Africa maize breeding programs, among which
79% of the kinship coefficients ranging from 0.05
to 0.50 (Semagn et al. 2012b), and was higher
than that of 367 elite inbred lines collected from
research institutions or companies in China, among
which 94.97% of paired relative kinship ranged
from 0.05 to 0.28 (Wu et al. 2014), and much
higher than those of 359 inbred maize lines,
among which about 60% of the pairwise kinship
coefficients were close to zero (Wen et al. 2011),
and 544 inbred maize lines, among which 62% of
the paired kinship coefficients were equal to zero
and only 2% of them were above 0.05 (Wu et al.
2016). Assemblage of maize germplasm with wide
genetic divergence developed from different envi-
ronmental adaptation might have contributed to the
observed low level of relatedness among inbred
lines in these studies.

Population structure

Using model-based population structure analysis,
we observed four groups. It is rather remarkable
that the likelihood (Ln) value of this analysis
increased to a maximal value, then holding on
a stable level no matter how the given
Pritchard’s K (the supposed number of subpopu-
lations based on the model) was changed (Fig.
5a). However, likelihood value for each K of
previous studies increases continuously with no
obvious inflection point. This could imply that
the lines included in the analysis were very
specific as well as highly homozygous or
contained genetically distinct groups. Most lines
that are related by heterotic pattern tended to
cluster into the same group but not by sources
(institute/company), this was in agreement with
previous study, where the authors reported a lack
of clear clustering patterns in the CIMMYT
germplasm based on environmental adaptation
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or mega-environment (Semagn et al. 2012b). If
we rely only on pedigree information, inbred
lines in groups 2 and 3 should belong to the
same heterotic group (Tem-tropic I). However,
the magnitude of heterosis supports the molecu-
lar marker grouping. This was supported by tens
of commercial hybrids which were bred by sin-
gle cross with lines among groups (Table 2). The
results of these analyses revealed the population
structure and clear genetic divergence between
Impro-local, Tem-tropic I A, Tem-tropic I B,
and Impro-tropic inbred lines. However, our re-
sults were different from those of several previ-
ous studies as follows: 367 elite maize inbred
lines with temperate adaptation collected from
research institutions or companies in China were
separated into two groups which included local
and introduced germplasm and five subgroups,
including Reid, Tem-tropic I, P, TSPT, and Lan-
caster (Wu et al. 2014); 362 diverse inbred lines
from the current Southwest China breeding pro-
gram were divided into two (tropic and temper-
ate), three (tropic, SS and NSS), four (tropic,
PA, PB, and Reid), and six (BSSS, Reid, PA,
PB, and North) subgroups (Zhang et al. 2016).
These differences could be explained by our use
of specific germplasm, which were sourced from
Sichuan province rather than Southwest China or
whole China, resulting in the particular genetic
characterization. According to the AMOVA re-
sults, 14.2% of the marker variation was ex-
plained by the population structure of the panel.
This result also suggests the absence of a com-
plicated population structure in our study. The
differentiation between the groups was further
validated by the pairwise Fgr value, which indi-
cated that there were moderate and strong genet-
ic differentiations among the four groups
(Table 3).

Linkage disequilibrium decay distance

Previous studies have measured LD decay dis-
tance in different germplasm collections with var-
ious kinds of low-to-medium density genotyping
platforms. Compared with previous published
values in maize, the average LD decay in this
study was slower than that (391 kb) in a collec-
tion of 367 inbred lines widely used in maize
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breeding of China (Wu et al. 2014), and that
(0.50-0.75 Mb) of 362 diverse inbred lines from
the current Southwest China breeding program
(Zhang et al. 2016), with an average LD decay
distance of 1.0-1.50 Mb in the entire panel. The
LD decay distance measured in this study was
much larger than that reported in the China maize
collection, this may be caused by the similar
population ancestor in maize germplasm in our
study, and lines in previous studies are more
diverse with sources and contain more rare al-
leles. Also, the panel of 157 lines in our study
contained maize germplasm which consisting sev-
eral elite lines and its descendants, the increasing
relatedness would weaken the LD decay. Howev-
er, LD level in this study was smaller than that
(2.74 cM) in 1537 commercial maize germplasm
(Van Inghelandt et al. 2011), because 1 cM in
maize genome averagely corresponds to 1460 kb
(Civardi et al. 1994). LD is affected by recombi-
nation, genetic drift, selection within population,
population admixture, and relatedness (Remington
et al. 2001). Generally, the LD decay became
slow when the population has experienced a
long-term domestication history and undergone
high selection pressure on different development
goals in breeding.

Heterotic group classification with molecular marker

In the current collection, only about 20% of the lines
have heterotic information estimated based on pedigree
and combining ability information from the provider.
Moreover, only a limited number of lines can be includ-
ed in each combining ability test experiment; it is not
possible to estimate the heterotic group and genetic
relatedness of all maize lines via one general combining
ability test, as heterotic group assignment is made based
on combining ability from diallel or line by tester ex-
periments. Molecular marker analyses provide an alter-
native approach for large-scale genetic diversity charac-
terization within a given germplasm collection. Howev-
er, it has been reported that the heterotic patterns esti-
mated based on molecular markers are not fully consis-
tent with those estimated based on combining ability
tests and pedigree information (Lu et al. 2009; Semagn
et al. 2012b; Wen et al. 2012; Wu et al. 2016). In this
study, we measured the genetic relatedness among all
lines and separate them into four groups, but the results
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are not consistent with the population structure and
genetic differentiation for inbred lines within heterotic
groups such as Lancaster (Lancaster Surecrop), Reid
(Reid Yellow Dent), Sipingtou (SPT, derivatives from
Tangshan Sipingtou Chinese landrace), LRC (deriva-
tives from Lvda red coda Chinese landrace), PA (group
A germplasm derived from modern US hybrids), PB
(group B germplasm derived from modern US hybrids),
and BSSS (Iowa Stiff Stalk Synthetic population) that
were established based on combining ability tests by
maize breeders. For example, population structure anal-
ysis separated testers Mo17, Qi319, and Ye478, which
were representative of Lancaster, PB and PA heterotic
group, respectively, into one group (Tem-tropic I A),
and testers Dan340, B73, and Huangzao4, which were
representative of LRC, Reid and SPT heterotic group,
respectively, into another group (Tem-tropic I B). More-
over, lines such as 698-3 included in Lancaster heterotic
group (Lu et al. 2009) were classified with PA heterotic
group (Zhang et al. 2016), resulting in the confused
conclusion by different previous studies. The difficulties
of assigning lines to different heterotic groups are due to
the diverse original and incomplete pedigree informa-
tion, regardless of the marker system used. Using of
different testers across breeding programs are probably
the other important reasons, although the development
of heterotic groups in temperate maize started around
100 years ago. The same line can be heterotic group A
or B depending on the tester used, which may result in
mixing up of heterotic groups. But we also found that
the lines with the same genetic background tend to
cluster together. 78599-211 and Qi319, for instance,
which were both derived from Pioneer hybrid 78599,
were both clustered into Tem-tropic I A subgroup. This
confirmed that heterotic grouping with molecular
markers was also somewhat in accordance with the
conventional heterotic grouping based on the pedigree.
Therefore, combining the current heterotic information
based on combining ability tests and the genetic rela-
tionships inferred from molecular marker analyses may
be the best strategy to define heterotic groups for future
maize improvement.

Potential utilization of this heterotic grouping for hybrid
breeding

Maize has been grown in China for nearly
500 years since its first introduction into this sec-
ond biggest production country in the world (Liu

et al. 2010). Currently, there are three major pro-
duction regions throughout the country according
to the ecological conditions and farming systems,
including the North Spring Maize Region, the
Huang-Huai-Hai Summer Maize Region, and the
Southwest Maize Region (Fig. 7). In this study, a
core set of 157 maize inbred lines (Supplementary
Table S1) were specifically collected from Sichuan
province, the first big province regarding of maize
planting area in the Southwest Maize Region, and
divided into Impro-local, Tem-tropic I A, Tem-
tropic I B, and Impro-tropic groups for the first
time, and lines in the Tem-tropic I groups
accounted for the vast majority of proportion. This
was consistent with the regional division of maize
regions by Monsanto Company, which creatively
separated the Southwest Maize Region into sub-
tropic (here we called Tem-tropic) and tropic area
(Fig. 7).

The original heterotic groups including local and
introduced germplasm, Temperate and tropic germ-
plasm was mainly established based on the origin of
maize, which were used directly as local X introduced
and temperate x tropic without little improvement.
Then, the major heterotic groups were proposed as
Lancaster, Reid, SPT, Zi330, and E28 in the early
1990s in Northern China, the corresponding heterotic
patterns were Reid x SPT, Zi330 x Lancaster, Lancas-
ter x SPT, Lancaster x E28, and Reid x Zi330; subse-
quently, they became Reid, Tem-tropic I, Zi330, SPT,
and Lancaster in the early twenty-first century, where
Tem-tropic I was a new heterotic group, which
contained tropic maize germplasm; and the correspond-
ing heterotic patterns were Reid x Tem-tropic I, Zi330 x
Tem-tropic I, Reid x Zi330, Reid x SPT, and Lancas-
ter X SPT (Teng et al. 2004). Previous study had report-
ed that the widely used heterotic patterns in Northern
China such as Lancaster x Reid, Reid x SPT, and Lan-
caster x SPT were not suitable for hybrid breeding in the
Southwest Maize Region such as Sichuan province, and
hybrids in this area were mostly bred by the pattern
temperate x tropic, in which the Reid, Lancaster, and
LRC were included in the temperate (Li and Pan
2005). The results of present study classified Dan340,
B73, Huangzao4, Mol7, Qi319, and Ye478, which
represent LRC, Reid, SPT, Lancaster, PA, and PB het-
erotic group in Northern China, respectively, into Tem-
tropic I heterotic group with A and B subgroups, since
tropical germplasm from CYMMIT and SUWAN has
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Fig. 7 Maize regions of China. Three main regions to a certain
degree can be described by distinct natural and agronomical con-
ditions as far as maize production is concerned. The North Spring
Maize Region (upper green part of map) includes the provinces
Heilongjiang, Jilin, Liaoning, Inner Mongolia, Gansu, and
Xinjiang. The Huang-Huai-Hai Summer Maize Region (central

been introduced for temperate germplasm improvement
in this area. So, we propose that the Tem-tropic x Tropic
and Tem-tropic x Tem-tropic instead of temperate x
tropic were the current main heterotic pattern for hybrid
maize breeding in Sichuan province, and the A and B
subgroups in the Tem-tropic I heterotic group should be
properly utilized in the selection of parental germplasm
and population improvement.

Conclusions

A subset of 4976 high-quality SNPs were gener-
ated by GBS from this work. The SNP markers
were used to evaluate the population structure,
genetic diversity, and relatedness of 157 impor-
tant inbred lines specifically collected from the
current breeding program of Sichuan province,
Southwest China. We identified four groups ac-
cording to the bioinformatic study and breeding
experience; it illustrated that germplasm of
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The ai-Hai Summer Maize Region

yellow part of map) includes the provinces Tianjin, Hebei, Henan,
Shaanxi, Shandong, Jiangsu, Anhui, Hubei, and Shanxi. The
Southwest Maize Region (lower red and orange parts of map)
includes the provinces Sichuan, Yunnan, Guizhou, Guangxi, Hu-
nan, Hubei and Shaanxi

different heterotic groups is not mutually exclu-
sive. The genomic characterization presented here
depicted a clear insight about the genetic diversi-
ty of maize germplasm from the breeding pro-
gram, and analysis in our study is an essential
step towards a future exploitation of these germ-
plasm resources in hybrid breeding. Overall, we
concluded and recommended that GBS is a cost-
effective primary tool in application to genetic
diversity analysis for maize. In future work, we
intend to apply GBS routinely to genotype and
select among full number of advanced maize
breeding lines.
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