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Summary

Amino acids are both constituents of proteins, providing the essential nutrition for humans and
animals, and signalling molecules regulating the growth and development of plants. Most
cultivars of maize are deficient in essential amino acids such as lysine and tryptophan. Here, we
measured the levels of 17 different total amino acids, and created 48 derived traits in mature
kernels from a maize diversity inbred collection and three recombinant inbred line (RIL)
populations. By GWAS, 247 and 281 significant loci were identified in two different
environments, 5.1 and 4.4 loci for each trait, explaining 7.44% and 7.90% phenotypic variation
for each locus in average, respectively. By linkage mapping, 89, 150 and 165 QTLs were
identified in B73/By804, Kui3/B77 and Zong3/Yu87-1 RIL populations, 2.0, 2.7 and 2.8 QTLs for
each trait, explaining 13.6%, 16.4% and 21.4% phenotypic variation for each QTL in average,

respectively. It implies that the genetic architecture of amino acids is relative simple and
controlled by limited loci. About 43.2% of the loci identified by GWAS were verified by
expression QTL, and 17 loci overlapped with mapped QTLs in the three RIL populations.
GRMZM2G015534, GRMZM2G143008 and one QTL were further validated using molecular
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approaches. The amino acid biosynthetic and catabolic pathways were reconstructed on the
basis of candidate genes proposed in this study. Our results provide insights into the genetic basis
of amino acid biosynthesis in maize kernels and may facilitate marker-based breeding for quality

Introduction

Maize (Zea mays) is one of the most widely grown crops
worldwide. It is not only a staple food for people and animals, but
also an important industrial material for fuel and other applica-
tions. Typically, the maize endosperm is ~10% protein, and seed
storage proteins supply nitrogen for the germinating seedling and
are also an important protein source for humans and animals. The
amino acid composition and quantity of seed storage proteins are
related to the nutritional quality of seeds (Mandal and Mandal,
2000; Young and Pellett, 1994). However, the maize cultivars
widely planted usually have insufficient levels of essential amino
acids, such as lysine and tryptophan (Misra et al., 1972). In order
to facilitate breeding for balanced amino acid composition, it is
important to identify the genes controlling amino acid content in
the maize kernel.

Although more than 180 amino acids have been discovered in
nature, only 20 amino acids constitute proteins. Many amino
acids, such as homoserine, homocysteine, ornithine and citrulline,
play important roles in growth and development (Dunlop et al.,
2015), defence against insect herbivores (Huang et al., 2011).
Amino acids are also important signalling molecules regulating
several signal pathways related to the growth and development
of both animals and plants. Some studies have found that
aspartate plays an important role in human cell proliferation
(Birsoy et al., 2015; Sullivan et al., 2015). Proline could maintain
cellular osmotic homoeostasis, as well as redox balance and
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energy status (Krishnan et al., 2008). Proline also may function as
a molecular chaperone to protect proteins from denaturation
(Mishra and Dubey, 2006; Sharma and Dubey, 2005), an
antioxidant to scavenge ROS, a singlet oxygen quencher (Matysik
et al., 2002; Smirnoff and Cumbes, 1989), or a regulator of the
cell cycle in maize (Wang et al., 2014).

The amino acid metabolism pathways, including biosynthesis,
degradation and regulation, are well studied in microorganisms
(Miflin and Lea, 1977; Umbarger, 1969, 1978). Studies of the
model plant Arabidopsis thaliana have focused on the roles of
amino acids in nitrogen nutrition (Crawford and Forde, 2002),
N-assimilation (Coruzzi, 2003), metabolism and regulation (Hell and
Wirtz, 2011; Ingle, 2011; Jander and Joshi, 2009; Tzin and Galili,
2010a; Verslues and Sharma, 2010). Some key genes regulating
free amino acid content have been identified in Arabidopsis
(Angelovici et al., 2013), tobacco (Maloney et al., 2010), soya
bean (Ishimoto et al.,, 2010; Takahashi et al., 2003), rapeseed
(Moulin et al., 2000, 2006), rice (Kang et al., 2005; Zhou et al.,
2009) and maize (Mertz et al., 1964; Muehlbauer et al., 1994,
Shaver et al., 1996; Wang et al., 2001, 2007). Opaque2 (02) is
an endosperm-specific transcription factor belonging to the bZIP
family, whose mutation could increase free lysine levels and
enhance the overall nutritional value of grain by reducing the 22-
kD a- and B-zein transcripts and proteins in maize (Hunter et al.,
2002; Kodrzycki et al., 1989; Mertz et al., 1964). Due to the
lysine content in 02 mutant maize kernels being 70% higher than
wild type, it has become a subject of intense research over the
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past several decades (Wu and Messing, 2014). However, the 02
gene has not been widely used for breeding high-nutrition maize
lines because its pleiotropic effects are negatively associated with
agronomic performance (Loesch et al, 1976; Nass and Crane,
1970; Zhang et al., 2016). Identification of more favourable
genes and increasing the understanding of the underlying amino
acid biosynthetic pathways are the key steps for breeding maize
with high-quality protein (Ufaz and Galili, 2008).

With the rapid development of DNA and RNA-sequencing
technologies, high-density genotyping with SNPs became easily
accessible, enabling genomewide association studies (GWAS).
This method became a powerful tool for complex trait dissection
in plants (Xiao et al., 2016; Yan et al., 2011). Many GWAS were
performed in plants including maize (Li et al., 2013; Xiao et al.,
2016), rice (Huang et al., 2010, 2012), canola (Liu et al., 2016d;
Luo et al., 2015), sorghum (Morris et al., 2013), foxtail millet (Jia
et al., 2013), Arabidopsis (Atwell et al., 2010) and others.
Recently, the expression data of 28 769 genes and 1.03 million
high-quality SNPs were obtained by deep RNA-sequencing of the
immature seeds at 15 days after pollination of 368 diverse maize
inbred lines (Fu et al., 2013). These data were used for studies of
maize quality traits, including oil concentration (Li et al., 2013),
vitamin E content (Li et al., 2012b) and metabolites (Wen et al.,
2014). They provide a valuable resource for studying the genetic
architecture of maize quantitative traits.

To better understand the genetic components underlying the
natural variation and the metabolism of amino acids in the maize
kernel, we used an automatic amino acid analyser to quantify the
total amino acids of mature maize kernel from a diversity
association panel of 513 lines (Yang et al., 2011, 2014) and three
RIL populations (Pan et al., 2016). GWAS and linkage mapping
were combined to dissect the genetic architecture of amino acids
in the maize kernel. Many previously known and unknown genes
directly or indirectly involved in amino acid metabolism were
identified, which has helped to ascertain the amino acid
metabolism network. Some of the candidate genes were
validated by multiple approaches, including expression QTL
mapping, QTL fine mapping, bioinformatics, and further con-
firmed by genetic transformation. These results provide new
insights for understanding amino acid biosynthesis and thus
enhancing the breeding of high-nutrition maize.

Results
Natural variation of amino acids in maize kernel

Using an automatic amino acid analyzer L-8800 (L-8800, Hitachi
Instruments Engineering, Tokyo, Japan), we assessed the varia-
tion in total amino acid content in dry matured maize kernels,
which included an association panel (513 inbred lines) harvested
from two environments and three RIL populations (169, 152, 146
lines for B73/BY804 (BB), KUI3/B77 (KB) and ZONG3/YU87-1
(ZY), respectively). The concentrations of seventeen amino acids
(Ala, Arg, Asx, Glx, Gly, Lle, Leu, Lys, Met, Pro, Phe, Val, Tyr, His,
Cys, Thr and Ser in mg/g dry maize kernel) and total amino acid
concentration (sum of the seventeen amino acids) were calcu-
lated. Forty-seven derived compositional traits were also calcu-
lated (detailed in methods). The level of each amino acid-related
trait varied widely in both the association panel and three RIL
populations (Figure S1). Variation ranged from a 1.2-fold
difference in Phe/PT to 14.9-fold difference in Cys/Total, and
1.1-fold difference in GT/Total and GIX/GT to 5.7-fold difference
in Met/Total in association and linkage mapping populations,
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respectively (Tables S1, S2). For the average total lysine content,
the maximum ratio of 3.1-fold difference was found in the KB
population (1.72-5.37 mg/g). The skewness, kurtosis and other
detailed information for each amino acid are shown in Tables S1
and S2.

Loci associated with amino acid content identified by
GWAS and linkage mapping

GWAS was performed using an association panel including 513
maize diverse inbred lines (Yang et al.,, 2011, 2014) and 1.25
million high-quality single nucleotide polymorphisms (SNPs) with
minor allele frequency (MAF) >0.05 (Fu et al., 2013; Liu et al.,
2016a). In total, 247 and 281 associated loci were identified in
AM1 and AM2 at P < 2.04 x 10~°, with an average of 5.1 and
4.4 loci for each trait, respectively (Table 1, Figure S2, Table S3).
The phenotypic variation explained by each locus for each amino
acid trait ranged from 5.21% (Ala/AT in AM2) to 19.74% (Leu/
Total in AM1), with an average of 7.44% for AM1 and 7.90% for
AM?2 (Figure S3, Table S3). Ten loci with effects greater than 15%
were identified in two environments. For each trait, the total
phenotypic variation explained by all the identified loci was
23.3% (ranged from 5.6% to 66.3%) and 19.3% (ranged from
5.4% to 49.5%) in AM1 and AM2, respectively.

Three RIL populations (BB, KB and ZY) were genotyped with
high-density SNP array (Pan et al., 2016) and were used for QTL
mapping for the amino acid traits. At least one QTL was identified
for 45, 56, 59 among 65 measured traits in BB, KB and ZY RIL
populations, respectively. In total, 89, 150, and 165 QTLs were
identified for BB, KB, and ZY populations with an average of 2.0,
2.7 and 2.8 QTLs for each trait, respectively (Table 1, Figure S2,
Table S4). For the same trait, only 15 QTLs were detected in more
than one population, implying that different low-frequency QTL
existed in different genetic backgrounds (Xiao et al., 2016). Each
QTL explained the phenotypic variation of 6.40%-14.88% (BB),
3.42%-16.96% (KB), and 5.87%-23.32% (ZY), with an average
0f 9.03%, 9.39% and 10.15%, respectively (Figure S3, Table S4).
Thirteen QTLs with effects greater than 15% were identified in
the three RIL populations. For each trait, all the identified QTLs on
average explained 13.6% (ranged from 7.2% to 32.6%), 16.4%
(ranged from 4.9% to 32.4%) and 21.4% (ranged from 8.5% to
49.9%) of the total phenotypic variance in BB, KB and ZY RIL
population, respectively.

Table 1 Summary of significant loci-trait associations identified by
GWAS and QTL by linkage mapping

Population* BB KB Y AM1 AM2
Number of Traits 45 56 59 48 64

with QTL*

Number of Loci* 89 150 165 247 281
Average loci 20+£12 274+15 28+ 16 51+69 44+33

per trait®

*BB, KB, ZY represent three linkage populations B73/By804, Kui3/B77, Zong3/
Yu87-1, respectively; AM1, AM2 represent the two environments.

"Number of traits with QTLs identified. 65 amino acids traits were analysed in
each population.

*Number of significant loci detected on the association panel (P < 2.04 x 107°,
MLM) and a uniform threshold for significant QTLs was determined by 500
permutations (P = 0.05).

$Average number of significant loci (or QTL) detected per trait &+ S.D.
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m Seed storage protein

B Transcription factors

= Enzymes involved in other biological processes
Unknown function

¥ Enzymes directly affecting amino acid metabolism

= Enzymes involved in other amino metabolism reactions

Figure 1 Functional category annotations for 308 candidate genes and
their respective percentages identified via GWAS as significantly
associated with amino acid traits in maize kernels.

Candidate genes and QTL hotspots

Subsequently, limited overlaps were found between the loci (17/
528) identified by GWAS and the QTLs identified by linkage
mapping for the same trait in the present study. A total of 308
unigue candidate genes corresponding to 528 trait-locus
associations identified in two experiments were annotated,
and other potential candidate genes within 200 kb (100 kb
upstream and downstream of the lead SNPs) of the 528 loci
were also listed in Table S3. Among the candidate genes, those
encoding enzymes or other protein directly or indirectly affect-
ing amino acid metabolism accounted for 27%, the enzymes
involved in other biological processes accounted for 29%, and
the functions were unknown for 35%, based on the current
database (Figure 1). Gene Ontology (GO) term analysis revealed
significant enrichment in terms relating to cellular nitrogen
metabolism, amine metabolism, amino acid and derivative
metabolism, organic acids and other processes (Figure S4).
Expression QTLs (eQTL, n = 368) were identified for a plurality
of these candidate genes (43.2%, or 133/308) using the
previous RNA-sequencing data of immature kernels (Fu et al.,
2013). Significant correlations (P < 0.05, n = 295-326) between
the expression level of the candidate genes with eQTLs
identified and the phenotypic variation of the corresponding
amino acid traits were found in 50 cases (16.2%) (Table S3),
which suggests that some of these loci affect phenotypic
variation via transcriptional regulation.

QTLs were not distributed evenly on the chromosomes, based
on 1000-time permutation tests at the level of 0.05, and eight
QTL hotspots were observed on chromosomes 1, 3, 7, 8
(Figure 2, Tables S3, S4). These QTLs were often shared by
biologically related amino acids. For example, the QTLs affecting
Leu, Val, and lle contents or derived traits were enriched on
chromosome 7. The candidate genes underlying these QTL
hotspots could include regulators of the metabolic pathway,
and influence the rate-limiting reactions. Interestingly, two QTL

hotspots (on chromosome 3 and 7) overlapped with the
metabolite QTL hotspot identified in a previous study using three
different tissues from the BB population in (Wen et al., 2015),
which helps identify the underlying genes and their regulating
pathway.

Amino acid metabolic network involving identified
genes and their co-expression genes

We reconstructed a maize amino acid metabolism network based
on the published results in Arabidopsis (Coruzzi, 2003; Hell and
Wirtz, 2011; Ingle, 2011; Jander and Joshi, 2009; Tzin and Galili,
2010a,b; Verslues and Sharma, 2010) and data obtained from
this study. Notably, 23 candidate genes involved in amino acid
anabolism and catabolism were identified by GWAS (Figure 3,
Table 2). Five of 23 genes have been reported previously in
maize, including isocitrate dehydrogenase (/IDH) (Curry and Ting,
1976; Zhang et al., 2010), phenylalanine ammonia-lyase (PAL)
(Havir, 1971) tryptophan synthase (7S) (Wright et al, 1992),
asparagine synthase (AS) (Chevalier et al., 1996; Schmidt et al.,
1987) and aconitate hydratase (ACO) (Wendel et al., 1988). The
remaining candidate genes identified in this study may be
involved in amino acid biosynthetic pathways, based on the
available database annotation and comparative genomic
approaches although the functions have not been fully explored
in maize (Table 2).

A Pearson correlation was calculated between the expression
level of the 23 candidate genes (source genes) and 28 769 genes
analysed by RNA-sequencing from immature kernels (Fu et al.,
2013). A total of 6641 directed edges connected 14 of the 23
source genes (big red nodes) and were involved in 4670 target
genes (P<1 x 107%° r>0.5, Figure 4). Among these 4670
genes, 49 genes (including five source genes) were identified by
GWAS (big yellow nodes) as well. Another 140 annotated genes
(big green nodes), including 33 transcription factors (big blue
nodes), were identified to be directly or indirectly associated with
amino acid metabolism. GO term analysis of the 4670 co-
expressed genes revealed significant enrichment in terms relating
to metabolism, including amine metabolism, cellular processes,
developmental processes and biological regulation (Figure S5,
Table S5). In addition, we found that four candidate genes
(GRMZM2G147191, GRMZM2G009808, GRMZM2G119482,
GRMZM2G178826) were related in glycolytic pathway and TCA
cycle based their annotation in this co-expression network
(Figure 4).

Functional validation of candidate genes

A strong signal (P = 1.05 x 1078, n = 393) was identified on the
short arm of chromosome 7 (Figure 5a), associated with Lys/Total,
which could explain 8.5% of the phenotypic variation. The O2
(GRMZM2GO015534) gene is located about 98Kb downstream of
the lead SNP chr7.5_10695002 (Figure 5b-d). 02 is a bZIP
transcription factor that regulates the expression of various genes
during maize kernel development, particularly abundant endo-
sperm storage protein genes like encoding the 22-kD a-and B-zein
(Liet al., 2015). The lead SNP was strongly associated with the 02
expression level (P =2.25 x 107'°, R = 11.96%, n = 318) and
phenotypic trait (P=2.92 x 107", R* = 16.71%, n = 393).
Subsequently, a strong cis-eQTL was detected for 02 (P =
1.04 x 107'°, MLM, n = 368, Figure 5e), and the expression
level of O2 was significantly negatively correlated with the level
of Lys/Total ratio (r=—0.448, P=2.24 x 107", n =283,
Figure 5f-g, Table S6). In addition, the significant correlations
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Figure 2 Chromosomal distribution of amino acids loci and QTLs identified in this study. QTL regions (represented by the confidence interval for linkage
mapping and the 100 kb up- and downstream of the lead SNP for association mapping) across the maize genome responsible for amino acid levels from
the different populations are shown as midnight blue (BB), green (AM1), cyan (AM2) gold (KB) and red (ZY) boxes, respectively. The class represents
different amino acid families. AT, pyruvate-derived amino acid family related traits; ATT, aspartate-derived amino acid family related traits; BCAA,
branched-chain amino acid family related traits; GT, glutamate-derived amino acid family related traits; PT, phenylalanine-derived amino acid family related
traits; ST, serine-derived amino acid family related traits; His, histidine family related traits. The x-axis indicates the genetic positions across the maize
genome in Mb. Heatmap under the x-axis illustrates the density of amino acid loci and QTLs across the genome. The red arrows show the QTL hotspots. The
detailed information of all detected loci and QTLs is shown in Tables S3 and S4. Amino acid traits from different derived families are marked by distinct

colours as shown on the right.

between the expression levels of O2 and many other genes were
found. The top 2% of genes (575) with the lowest P-value
(P < 1.0 x 107 ") were retained for further analysis including nine
genes identified by present GWAS affecting different amino acid
traits (Tables S3 and S7). And 22 of 575 genes were also identified
by ChIP-Seq and RNA-sequencing in 02 mutant and wide type (Li
et al., 2015; Table S7). Another 40 genes involved in amino acid

metabolism were in the relevant pathways but were not detected
by GWAS (Figure S6). These results confirm the importance of 02
for regulating the amino acid biosynthesis pathway, and the novel
candidate genes may help to identify the 02 modifiers or regulators
and to expand the known regulation pathway.

A major QTL on chromosome 7 (LOD = 7.38, R* = 14.88%)
affecting Lys/Total was identified in BB RIL population (Figure 6a)
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Figure 3 A maize amino acids network involving key genes identified in this study by GWAS. The different colours represent the different amino acids
families. The purple, sky-blue, red, brown, dark green, orange lines represent the metabolism pathway of pyruvate-derived, glutamate-derived, aspartate-
derived, serine-derived, Histidine, phenylalanine-derived amino acids, respectively. The blue lines represent the TCA cycle. Candidate genes identified in this
study by GWAS are shown in the respective pathway. KARI, Ketol-acid reductoisomerase; GHMT, Glycine hydroxymethyltransferase; SPT, Serine
palmitoyltransferase; PGDH, Phosphoglycerate dehydrogenase; IDH, Isocitrate dehydrogenase; TS, Tryptophan synthase; TGTA, Tryptophan Glutamate
transaminase; DSOR, Disulphide oxidoreductase; MODH, 3-methyl-2-oxobutanoate dehydrogenase; IVD, Isovaleryl-CoA dehydrogenase; DHDPR,
Dihydrodipicolinate reductase; TD, L-threonine 3-dehydrogenase; AS, Asparagine synthase; Al, Asparaginase; SK, Shikimate kinase; PAL, Phenylalanine
ammonia-lyase; GAL, Glutamate-ammonia ligase; NNAT, Nicotianamine aminotransferase; ACO, Aconitate hydratase; SSADH, Succinate semialdehyde
dehydrogenase; DHQS, 3-dehydroquinate synthase; TyrDC, Tyrosine decarboxylase; PRA-CH, Phosphoribosyl-AMP cyclohydrolase.

(115.7-121.4 Mb) (Figure 6c). A GWAS signal was detected
within the QTL interval located at 120.57 Mb (P = 6.26 x 107°,
n = 393, Figure 6d). Ten candidate genes were obtained within
the 400Kb region around the peak including one zp27 (GRMZM
2G138727), two ARID-transcription factors (GRMZM2G138976
and GRMZM5G873335), one AP2-EREBP-transcription factor (GR

with a confidence interval greater than 10 cM (70.4-81.1 cM),
and physical length greater than 27 Mb (102.65-129.86 Mb)
(Table S4). This QTL was validated in a heterogeneous inbred
family (HIF) covering the target region (Figure 6b). Four geno-
typed and phenotyped progeny families were obtained, which
helped to narrow the location of this QTL to a 5.7 Mb region
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Table 2 SNPs and candidate genes significantly associated with amino acid traits and were used in the amino acids network analysis

Correlation
Position Pvalue  (Phenotype vs
Candidate Gene*  Lead SNP Chromosome  (bp)* Allele MAF* Pvalue®  R? (%) (eQTL)!  expression)** Annotation
GRMZM2G373859 chr1.5.210471253 1 210471253 T/C 0.241 5.35E-08 9.59 NS Glutamine dumper
GRMZM2G081886 chr2.5_5014818 2 5014818  C/A  0.169 1.75E-06 5.15  2.17E-11 -0.206 Phosphoglycerate
dehydrogenase
GRMZM2G139463 chr2.5_20803501 2 20803501 C/T 0.201 1.34E-06 856  6.00E-34 —0.096 L-asparaginase
GRMZM2G118345 chr2.5_28051836 2 28051836 G/T  0.395 1.61E-06 6.70 1.76E-21 —0.151 Phenylalanine ammonia-lyase
GRMZM2G161868 chr3.5_202363139 3 202363139 A/C  0.208 7.05E-07 7.07 NS Ketol-acid reductoisomerase
GRMZM2G006480 chr4.S_3888039 4 3888039  G/A 0412 9.23E-07 6.95 NS Nicotianamine
aminotransferase
GRMZM2G169593 chr4.S_35917250 4 35917250 C/T  0.085 3.39E-07 6.78 NS Tryptophan synthase
GRMZM2G090241 chr4.S_53259978 4 53259978 C/T  0.093 1.71E-06 5.96 NS Dihydrodipicolinate reductase
GRMZM2G036464 chrd.S_167077316 4 167077316 C/T  0.084 1.11E-06 5.98  4.15E-17 —0.051 Glutamate-ammonia ligase
GRMZM2G119482 chr4.5_236213884 4 236213884 T/A 0.052 9.56E-07 11.34 NS Succinate semialdehyde
dehydrogenase
GRMZM2G381051 chr6.5_27117945 6 27117945 A/G  0.109 1.10E-06 5.74 NS Isovaleryl-CoA dehydrogenase
GRMZM2G009400 chr6.5_158268310 6 158268310 C/G  0.083 1.71E-06 10.84 NS Tyrosine decarboxylase
GRMZM5G829778 chr6.S_165625349 6 165625349 C/T  0.181 5.34E-07 5.91 3.23E-19 -0.114 Isocitrate dehydrogenase
(NADP(+))
GRMZM2G015534 chr7.5_10695002 7 10695002 C/G  0.105 2.36E-07 7.09 1.58E-08 —0.270 Opaque 2
GRMZM2G138727 c¢hr7.5_120252509 7 120252509 G/T  0.498 3.43E-09 8.61 1.40E-13  0.428 Glutelin-2 Precursor
(27 kDa zein)
GRMZM2G082214 chr8.5_2198542 8 2198542 T/C 0.081 1.48E-06 7.42 1.78E-12  0.069 Phosphoribosyl-AMP
cyclohydrolase
GRMZM2G127308 chr8.5_16853869 8 16853869 G/A  0.185 1.33E-06 8.61 NS Tryptophan transaminase
GRMZM2G010202 chr8.5_159961615 8 159961615 G/A  0.197 5.72E-07 5.79 1.24E-20 —-0.134 Serine palmitoyltransferase
GRMZM2G004824 chr9.5_31098627 9 31098627 G/A  0.454 1.80E-06 5.16 NS Glycine
hydroxymethyltransferase
GRMZM2G078472 chr9.5_137749795 9 137749795 T/C 0.051 1.41E-06 9.32 NS Asparagine synthase
(glutamine-hydrolysing)
GRMZM2G009808 chr9.5_151665914 9 151665914 G/A 0361 1.60E-06 6.36 NS Aconitate hydratase
GRMZM2G091819 chr10.5_16572309 10 16572309 C/G 0.116 1.86E-06 5.48 NS Disulphide oxidoreductase
GRMZM2G147191 chr7.5_126350017 7 126350017 T/C  0.057 6.88E-07 6.527 NS L-threonine 3-dehydrogenase
GRMZM2G139412 chr5.5.151841984 5 151841984 G/A  0.116 2.51E-07 12.338 NS Shikimate kinase
GRMZM2G037614 chr2.5_233675625 2 233675625 G/A  0.059 9.88E-07 5.6551 5.75E-10 —0.102 3-methyl-2-oxobutanoate
dehydrogenase
GRMZM2G178826 chr9.5_151366977 9 151366977 A/G  0.417 6.06E-09 9.0918 1.76E-22  0.060 3-dehydroquinate synthase

*A plausible biological candidate gene in the locus or the nearest annotated gene to the lead SNP.
fPosition in base pairs for the lead SNP according to version 5b.60 of the maize reference sequence.

*Minor allele frequency of the lead SNP.

$P value of the corresponding metabolic trait calculated by MLM.

The phenotypic variance explained by the corresponding locus.
Ilp value of the expression QTL of the candidate gene. The P value is the lead SNP of eQTL rather than the GWAS lead SNP. NS, not significant; ND, the expression of
the candidate gene is not detected. P value was calculated by MLM, the sample size N = 368.
**Pearson correlation between the expression amount and the phenotypic data of the corresponding metabolic trait.

MZM2G052667) and six unknown genes. GRMZM2G123018
was not detected in RNA-sequencing of 15 DAP (Fu et al., 2013)
(Figure 6e, white arrow shown). eQTLs were identified for seven
of the nine expressed genes (except GRMZM2G700198 and
GRMZM2G003225, Figure 6e). Lys/Total was significantly corre-
lated with the expressions of five of the seven genes (Figure 6e
and Table S8) which were then considered as candidate genes.
Recently, a QTL (gy27) designated o2 modifier1 in bin 7.02
affecting the expression of 27-kDa y-zein was cloned and co-
localizes with our present locus (Liu et al., 2016b). gy27 resulted

from a 15.26 kb duplication at the 27-kDa y-zein locus contained
four genes (GRMZM2G138727, GRMZM2G565441, GRMZM
2G138976, and GRMZM5G873335) which overlap with our
proposed candidate genes (Figure 6e). We used the primer pair
(0707) reported in previous study (Liu et al., 2016b) to genotype
the association panel and the parents of the BB RIL population.
The results showed that this duplication significantly influenced
the Lys/Total level (P =2.97 x 1073, R* = 2.18%, n = 402) and
the expression level of the four candidate genes (Figure 6f,
Figure S7, P=1.35 x 10727, n=333). That included this
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Figure 4 A co-expression network of the amino acids metabolism. The red nodes represent the 14 candidate genes from GWAS. The yellow nodes
represent the co-expressed genes overlapping with candidate genes of GWAS. The green nodes represent that genes directly or indirectly related to amino
acids metabolism. The blue nodes represent the transcription factors. 1, GRMZM2G147191; 2, GRMZM2G009808; 3, GRMZM2G119482; 4,
GRMZM2G178826; 5, GRMZM2G010202; 6, GRMZM5G829778; 7, GRMZM2G081886; 8, GRMZM2G090241; 9, GRMZM2G082214; 10,
GRMZM2G161868; 11, GRMZM2G169593; 12, GRMZM2G006480; 13, GRMZM2G127308; 14, GRMZM2G036464.

duplication not only influenced the 27-kDa y-zein level, but also
influenced the Lys/total level. Surprisingly, a QTL was identified in
BB RIL population, but the B73 and By804 did not contain the
duplication. This implies that other causal variants may exist
within the target gene, in addition to the duplication. Haplotype
analysis identified four major haplotypes at GRMZM2G138727
(Figure S8) and a significant difference was observed between
B73-like (GAT) and By804-like (TAT) haplotypes, both for Lys/
Total level (R> = 1.96%, P = 8.55 x 1073, n = 352) and expres-
sion (P = 1.05 x 1073, n = 286) (Figures 6g, S7). To exclude the
possible influence of the duplications, we compared the differ-
ence between B73-like and By804-like haplotypes within the lines
without duplications. Significant association was still observed for
Lys/Total level (R* =3.68%, P=0.014, n = 164) but not for
expression (P = 0.681, n = 127) (Figure 6h), although the sample
size was more than halved. Low-linkage disequilibrium (~* = 0.1)
was found between the duplication and the two haplotypes
which implies that they were two independent variants and that
the gene may affect the phenotype, but not gene expression.
Combining effects of the two variants was much greater
(R?* =3.74%, P=6.96 x 1073, n=322) than single variant
that provided beneficial information for high-quality maize
breeding.

ALS, Acetolactate synthase 1 (GRMZM2G143008), located on
chromosome 5 and involved in branched-chain amino acid
metabolism, catalyses the first step of Val and Leu biosynthesis.
ALS was found to associate with Leu/Total (P =3.59 x 107°,
R* = 6.84%, n = 394), and the lead SNP (chr5.5_163943054)
was located about 41 kb upstream of the ALS gene (Figure 7a—c).
Two eQTLs including one strong cis-eQTL (P =1.91 x 1072,
MLM, n = 368, Figure 7d, Tables 2, S3) and one trans-eQTL
(P=3.8 x 107'°, MLM, n = 368) were detected for ALS. The
trans-eQTL was 02, which implies that O2 may regulate the
expression of ALS. In addition, the aforementioned co-expression
analysis of O2 and the difference in the expression of genes
between 02 mutant and wide type (Li et al., 2015) both identified
ALS that was regulated by O2. ALS may affect the trait by
regulating the gene expression as the expression level of ALS was
positively correlated with Leu/Total (r = 0.178, P = 2.20 x 1073,

n = 295, Figure 7e) based the phenotype and RNA-sequencing
data of association panel, and this process may be regulated by
02, as discussed above. Consequently, we overexpressed ALS in
rice and a significant difference was observed between the
transgenic (Figure 7f) and nontransgenic plants for a number of
traits including Leu/Total, Val/BCAA, Val/Total, Val/TA and others
involved in the branched-chain amino acids pathway (Figure 7g).
The nontransgenic plants had higher Leu/BCAA, Leu/AT and Leu/
Total level than the transgenic ones, but the Val/BCAA, Val/Total
and Val/TA involved in the same metabolic pathway increased in
transgenic plants. According to the previous study (Binder, 2010),
the ALS catalyses the first step in the parallel pathway towards
Val/Leu and lle in Arabidopsis. Here, we observed a significant
difference in Val, Leu, Ala, and Met between transgenic and
nontransgenic lines, but not in lle. More studies are still required
to fully explore the biosynthesis of branched-chain amino acids.

Discussion

Amino acids provide essential building blocks for proteins and
act as signalling molecules during plant germination, growth,
development and reproduction. Grain proteins are the major
source of essential amino acids in food and feed. Amino acid
biosynthesis is not fully elucidated in higher plants as compared
to bacteria (Umbarger, 1969, 1978) and most of the information
has been from model plant Arabidopsis (Coruzzi, 2003; Hell and
Wirtz, 2011; Ingle, 2011; Jander and Joshi, 2009; Tzin and Galili,
2010a,b; Verslues and Sharma, 2010). In this study, GWAS and
linkage mapping were used to dissect the genetic basis of amino
acid content in mature maize kernel. We identified 528 loci and
404 QTLs through GWAS and linkage mapping, respectively.
Most of the identified loci or QTLs had moderate effects,
explaining between 5% and 15% of the phenotypic variation
(Figure S3, Tables S3, S4). Similar results have also been reported
in other metabolite studies in maize (Riedelsheimer et al., 2012;
Wen et al.,, 2014, 2015, 2016). It is only a few QTLs (15/404)
could be identified in multiple RIL populations, implying that
QTLs affecting amino acid composition were genetic back-
ground dependent. On average, 5.1 and 4.4 loci per trait were
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Figure 5 GWAS for Lys/Total with significant SNP-trait association in this study. (a) Manhattan plot displaying the GWAS result of the Lys/Total level. (b)
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identified using GWAS in AM1 and AM2, respectively, and some
of them were located within the identified QTLs (17/528). It
appears that the genetic basis of amino acid content in the
maize kernel is relatively be simple and controlled by few genes
compared with other complex quantitative traits, including
agronomic traits (Xiao et al., 2016). A co-expression network
was constructed based on the genes identified by GWAS and
gene expression data in kernel of 15 DAP (Figure 4) and novel

genes involved were found. These genes are enriched in
different metabolic processes and may function as downstream
and/or upstream regulators. Further studies are required to fully
explore the genetic control of amino acid biosynthetic pathways.

QTLs were not randomly distributed on the chromosomes, with
eight QTL hotspots observed (Figure 2) on four different chro-
mosomes. The underlying genes were not identified for most of
the QTL hotspots. This kind of QTL clustering was also observed in
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Figure 6 Validation of association analysis using QTL Interval and progeny test. (a) LOD curves of QTL mapping for level of Lys/Total in maize kernels on
chromosome 7. (b) Bin map of a heterogeneous inbred family with a heterozygous region on chromosome 7. (c) Progeny test using four progeny families
derived from the residual heterozygous line. (d) Scatterplot of association results between SNPs in the confidence interval and the level of Lys/Total.
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GRMZM2G446625, respectively. *** and *** indicate significant correction between the Lys/Total and the normalized expression levels of candidate genes
at P < 0.01 and P < 0.001. (f) Box plot for Lys/Total (red) and expression of GRMZM2G 138727 (skyblue) based on duplication (D) and no duplication (ND).
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other maize studies (Riedelsheimer et al., 2012; Wen et al., 2015;
Zhang et al., 2015) and in other plants: tomato (Causse et al.,
2002; Schauer et al., 2008), rice (Chen et al., 2014; Gong et al.,
2013; Matsuda et al., 2012) and Arabidopsis (Lisec et al., 2008).
This could be explained by the joint effects of closely linked genes
(in local LD) (Bergelson and Roux, 2010) or by pleiotropy. Two
QTL hotspots that affect many different phenotypic traits was
identified on chromosome 7 (Figure 2). O2 is located in one of
the two QTL hotspots and appears to regulate many other genes,
as identified by co-expression analysis (Figure S6). In a recent
study, up to 35 O2-modulated target genes were identified by
RNA-sequencing and ChlIP-sequencing based on the 02 mutant
(Li etal, 2015), some of which overlapped with our findings
(Figure S6, Table S7). 02 mutants have higher lysine content but
usually worse agronomic performance, limiting their commercial

utility. The materials used in the present study are all elite inbred
lines with normal field performance, differing in amino acid
content, including lysine, implying that natural genetic variation
in 02 and other genes existing in the maize germplasm could be
used for the improvement of amino acid composition in the
future. Identification of the favourable alleles affecting amino
acid composition for enhancing high nutritional maize breeding is
an important priority.

The quality protein maize (QPM) was developed by introducing
the 02 modifier(s) into 02 maize (Lopes et al., 1995) and has
normal phenotype and yield, but the high lysine content of the 02
mutant. However, the breeding process is time-consuming, and
the mechanism and genetic architecture of 02 modifiers is poorly
understood. Seven o2 modifiers have been located using a F,
population (Holding et al.,, 2008). More recently, one of the
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Figure 7 GWAS for Leu/Total with significant SNP-trait association in this study. (a) Manhattan plot displaying the GWAS result of the Leu/Total level. (b)
Regional association plot for locus Acetolactate synthase (GRMZM2G143008). (c) Gene structure of ALS. (d) Manhattan plot shows the association
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modifiers, qy27, was cloned and gene duplication was found to
increase the expression of 27-kDa y-zein, affecting protein
content (Liu et al., 2016b). It was confirmed that this duplication
is also present in our diverse maize inbred collections and affects
the Lys/Total level and lysine content. It is interesting that a QTL
was also identified in the BB RIL populations, whose parents did
not contain this duplication. Additional causal variation exists
within gy27 and was not in linkage disequilibrium with the
duplication may provide new alleles for future quality protein
maize breeding.

Materials and methods
The association panel and RIL populations

Genetic materials used in this study included an association panel
of 513 diverse maize inbred lines for GWAS (Li et al., 2012b;
Yang et al.,, 2011, 2014) and three recombinant inbred line (RIL)
populations B73/BY804 (BB), ZONG3/YU87-1 (ZY) and KUI3/B77
(KB) for linkage analysis (Pan et al., 2016; Xiao et al., 2016). The
association panel was composed of tropical, subtropical and
temperate materials representing global maize diversity; details

© 2017 The Authors. Plant Biotechnology Journal published by Society for Experimental Biology and The Association of Applied Biologists and John Wiley & Sons Ltd., 15, 1250-1263



1260 Min Deng et al.

were described in previous studies (Li et al., 2012b; Yang et al.,
2011, 2014). Field trials for the association panel were conducted
in two environments: Yunnan (N 24 25’, E 102 30’) in 2011 and
Chongging (N 29 25, E 106 50') in 2012. RIL populations were
phenotyped in three environments. The 197 RILs from BB were
planted in Hainan (N 18 25, E 109 51’) in 2011, and the 197
RILs from ZY and 177 RILs from KB were planted in Yunnan (N
24 25, E 102 30') in 2011. An incompletely randomized block
design was used for the field trials of all the inbred lines including
the association panel and three RIL populations, and a single
replicate was conducted in each location. All lines were self-
pollinated and five ears were harvested from each plot at
maturity and were air-dried and shelled. A mixture of kernels
from five self-pollinated ears was used to measure the amino
acids.

Genotypes

The association panel was genotyped using lllumina Mai-
zeSNP50 BeadChip (Ganal et al, 2011) and a genotyping by
sequencing method (Elshire et al., 2011). Kernels from five
immature ears of 368 maize inbred lines were collected at 15
days after self-pollination for RNA extraction. 1.03 million high-
quality SNPs and the expression data of 28 769 genes were
obtained by RNA-sequencing, (Fu et al., 2013; Li et al., 2013).
Affymetrix Axiom Maize 600K array (Unterseer et al., 2014)
was used to genotype 153 lines of the association panel. After
strict quality controls for each dataset, the genotypes from four
different genotyping platforms were merged and 1.25M SNPs
with a MAF>= 5% were used for further studies (Liu et al.,
2016a). The three RIL populations were also genotyped by
lllumina MaizeSNP50 BeadChip and high-density linkage maps
were constructed with 2496, 3071, and 2126 unique bins for
BB, ZY and KB, respectively (Pan et al., 2016; Xiao et al.,
2016).

Amino acids analysis

The amino acid concentrations of the matured maize kernel from
the association panel and the three RIL populations were deter-
mined using an automatic amino acid analyzer L-8800 (L-8800,
Hitachi Instruments Engineering, Tokyo, Japan). About 50-70 mg
per sample of seed powder was used for the total amino acids
analysis. Each sample was solubilized in 10 mL 6 M HCl at 110° for
22 h. To remove the insoluble materials, all samples were filtered
into a 50-mL volumetric flask, then deionized water was added to
50 mL and mixed well. 750 uL mix of each sample was transferred
to a 2-mL tube and evaporated. The dried materials were then
re-dissolved in 750 puL 0.02N HCI. Subsequently, 20 uL of the
re-dissolved materials were injected into an automatic amino acid
analyser and the raw data was analysed with L-8800 software ASM
(Zhou et al., 2009). Finally, the levels of seventeen amino acids of
mature maize kernel (Ala = Alanine, Arg = Arginine, Asx = Aspar-
tic acid and Asparagine, Glx = Glutamine and Glutamic acid,
Gly = Glycine, lle = Isoleucine, Leu = Leucine, Lys = Lysine, Met =
Methionine, Pro = Proline, Phe = Phenyalanine, Val = Valine,
Tyr = Tyrosine, His = Histidine, Cys = Cysteine, Thr = Threonine
and Ser = Serine in mg/g dry maize kernel) and the total amino acid
content (sum of the seventeen amino acids) were obtained using
this method. Forty-seven derived traits were determined: aspar-
tate-derived amino acid (abbreviated ATT, included Lys, Asx, Met,
lle and Thr), pyruvate-derived amino acid (abbreviated AT, included
Ala, Leu and Val), the branched-chain amino acid (abbreviated
BCAA, included lle, Leu and Val), serine-derived amino acid

(abbreviated ST, Ser, Gly and Cys), phenylalanine-derived amino
acid (abbreviated PT, Phe and Tyr), glutamate-derived amino acid
(abbreviated GT, included Glx, Pro and Arg) (Table S1). Each amino
acid content was expressed as a percentage of the total amino acid,
and the ratio of each relative amino acid content to the sum of
corresponding derived amino acids were the derived traits,
including Ala/Total, Arg/Total, Asx/Total, GIx/Total, Gly/Total, lle/
Total, Leu/Total, Lys/Total, Met/Total, Pro/Total, Phe/Total, Vla/
Total, Tyr/Total, His/Total, Cys/Total, Thr/Total, Ser/Total, Lys/ATT,
Asx/ATT, Met/ATT, lle/ATT, Thr/ATT, Ala/AT, Leu/AT, Val/AT, lle/
BCAA, Leu/BCAA, Val/BCAA, Ser/ST, Gly/ST, Cys/ST, Phe/PT, Tyr/
PT, GIx/GT, Pro/GT and Arg/GT.

Genomewide association study

A genome wide association study (GWAS) was conducted for
maize kernel amino acid traits. To test the statistical associations
between genotype and phenotype, a mixed linear model was
used for accounting for the population structure and relative
kinship (Li et al., 2013; Yu et al., 2006). Considering the maker
number in present study is 1.25 million and many of them should
be in linkage disequilibrium. The effective number of independent
marker (N) was calculated using the GEC software tool (Li et al.,
2012a). Suggestive (1/N) P value thresholds were set to control
the genomewide type 1 error rate. The suggestive value was
2.04E-06 for whole population and used as the cut-offs. The P
value of each SNP was calculated using Tassel3.0. For all traits,
the lead SNP (SNP with the lowest p value) at an associated locus
and its corresponding candidate genes in or near (within 100 kb
up-, downstream of the lead SNP) known genes were reported
(Table S3). If the associated SNPs were not in or near an
annotated amino acid metabolism gene, the closest of the lead
SNP candidate gene was considered the most likely candidate
gene. The physical locations of the SNPs were based on the B73
RefGen_v2.

QTL mapping

The linkage mapping was conducted using Composite Interval
Mapping (CIM) implemented in Windows QTL Cartographer V2.5
(Wang et al., 2006; Zeng et al., 1999) for all amino acid traits
measured in maize kernel of the three RIL populations. The
methods followed the Windows QTL Cartographer V2.5 user
manual. Zmap (model 6) with a 10-cM window and a walking
speed of 0.5 cM was used. For each trait, a uniform threshold for
significant QTLs was determined by 500 permutations (P = 0.05).
The parameter was set as default. 2.0 LOD-drop confidence
interval was used for each QTL as described.

In total, 13 progeny families were derived from one
heterogeneous inbred line that were identified for the major
QTL on chromosome 7 and planted at Wuhan in the summer
of 2014 for QTL validation and cloning. Six families with
enough seeds (n = 10 to 25 rows, 11 individuals per row for
each family) were planted at Hainan in the winter of 2014.
Two families (n = 29 and 32 individuals for each family) with
enough recombinant individuals were measured for amino
acids with one replicate. Primers used for linkage analysis were
listed in Table S9.

eQTL mapping

Expression mapping (eQTL) analysis (SNP vs. gene expression
level) used the same method described above for GWAS. The
association analysis between the genomewide SNPs and the
identified candidate gene expression level was performed. Only
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those genes expressed in more than 50% of 368 lines and for
which at least 10 reads were available were used in this analysis
(Liu et al., 2016a).

Co-expression network

In order to construct the co-expression network of chosen genes,
we calculated pairwise relative expression coefficients in
R (https://www.r-project.org/) and used these coefficients and
P-values to filter the genes. The filtered co-expression genes were
used to construct the co-expression network. The pairwise
relative expression coefficients shown the relationship between
genes. The program Cytoscape was used to draw the network
with only the most highly connected genes (http://Awww.cytosca
pe.org/). The Gene Ontology term analysis was conducted at
AGRIGO (http://bioinfo.cau.edu.cn/agriGO/).

Plasmid construction and rice transformation

The overexpression vector pPCAMBIA1300nu was provided by Dr.
Yongjun Lin, Huazhong Agricultural University, Wuhan, China. To
generate the GRMZM2G143008 over-expression construct, the
open reading frame of GRMZM2G143008 was amplified from
the cDNA of maize inbred line B73 developing kernel by PCR
using the gene-specific primers DMp0080s-F and DMp0080s-R,
which contained a 20-bp fragment complementary with pCAM-
BIA1300nu. The PCR product was cloned into pCAMBIA1300nu
with a homologous recombination clone kit (Vazyme, China). The
target gene was driven by a maize ubiquitin promoter. Then the
correct clone was selected by sequencing the construct. These
constructs were introduced into japonica rice cultivar ZhongHua
11 (ZH11) by Agrobacterium tumefaciens-mediated transforma-
tion (Lin and Zhang, 2005). Primers used in this study were listed
in Table S9.

Expression analysis of transgenic plant

Total RNA was prepared from leaves using a Quick RNA Isolation
kit (HUAYUEYANG, Beijing). For RT-PCR, the first-strand cDNA
was synthesized from 1.5 mg total RNA using the TransScript
One-Step gDNA Removal and cDNA Synthesis SuperMix kit
(TransGen, China). Semi-quantitative PCR was performed for
gene expression analysis using gene-specific (DMp0080s-F and
DMp0080s-R) and rice ACTIN (OsrActin-F and OsrActin-R)
primers. Real-time PCR was performed on an optical 96-well
plate in a BIO-RAD CFX96 Real-Time system using TransStart Tip
Green gPCR SuperMix (TransGen, China). Actin was used as an
endogenous control. Primers used in this study were listed in
Table S9.

Acknowledgements

This research was supported by the National Natural Science
Foundation of China (31525017) and the National key research
and development programme of China (2016YFD0101003). The
authors declare no conflict of interest.

References

Angelovici, R., Lipka, A.E., Deason, N., Gonzalez-Jorge, S., Lin, H., Cepela, J.,
Buell, R. et al. (2013) Genome-wide analysis of branched-chain amino acid
levels in Arabidopsis seeds. Plant Cell, 25, 4827-4843.

Atwell, S., Huang, Y.S., Vilhjalmsson, B.J., Willems, G., Horton, M., Li, Y.,
Meng, D. et al. (2010) Genome-wide association study of 107 phenotypes in
Arabidopsis Thaliana inbred lines. Nature, 465, 627-631.

Amino acids genetic architecture in maize kernels 1261

Bergelson, J. and Roux, F. (2010) Towards identifying genes underlying
ecologically relevant traits in Arabidopsis Thaliana. Nat. Rev. Genet. 11,
867-879.

Binder, S. (2010) Branched-chain amino acid metabolism in arabidopsis
thaliana. Arabidopsis Book, 8, e0137.

Birsoy, K., Wang, T., Chen, W.W., Freinkman, E., Abu-Remaileh, M. and
Sabatini, D.M. (2015) An essential role of the mitochondrial electron
transport chain in cell proliferation is to enable aspartate synthesis. Cell,
162, 540-551.

Causse, M., Saliba-Colombani, V., Lecomte, L., Duffe, P., Rousselle, P. and
Buret, M. (2002) QTL analysis of fruit quality in fresh market tomato: a few
chromosome regions control the variation of sensory and instrumental traits.
J. Exp. Bot. 53, 2089-2098.

Chen, W., Gao, Y.Q., Xie, W.B., Gong, L., Lu, K., Wang, W.S., Li, Y. et al. (2014)
Genome-wide association analyses provide genetic and biochemical insights
into natural variation in rice metabolism. Nat. Genet. 46, 714-721.

Chevalier, C., Bourgeois, E., Just, D. and Raymond, P. (1996) Metabolic
regulation of asparagine synthetase gene expression in maize (Zea mays L.)
root tips. Plant J. 9, 1-11.

Coruzzi, G.M. (2003) Primary N-assimilation into amino acids in Arabidopsis.
Arabidopsis Book, 2, e0010.

Crawford, N.M. and Forde, B.G. (2002) Molecular and developmental biology
of inorganic nitrogen nutrition. Arabidopsis Book, 1, €0011.

Curry, R.A. and Ting, I.P. (1976) Purification, properties, and kinetic
observations on the isoenzymes of NADP isocitrate dehydrogenase of
maize. Arch. Biochem. Biophys. 176, 501-509.

Dunlop, R.A., Main, B.J. and Rodgers, K.J. (2015) The deleterious effects of
non-protein amino acids from desert plants on human and animal health.
J. Arid Environ. 112, 152-158.

Elshire, R.J., Glaubitz, J.C., Sun, Q., Poland, J.A., Kawamoto, K., Buckler, E.S.
and Mitchell, S.E. (2011) A robust, simple genotyping-by-sequencing (GBS)
approach for high diversity species. PLoS ONE, 6, e19379.

Fu, J.J., Cheng, Y.B., Linghu, J.J., Yang, X.H., Kang, L., Zhang, Z.X., Zhang, J.
et al. (2013) RNA sequencing reveals the complex regulatory network in the
maize kernel. Nat. Commun. 4, 2832.

Ganal, M.W., Durstewitz, G., Polley, A., Berard, A., Buckler, E.S., Charcosset,
A., Clarke, J.D. et al. (2011) A large maize (Zea mays L.) SNP genotyping
array: development and germplasm genotyping, and genetic mapping to
compare with the B73 reference genome. PLoS ONE, 6, €28334.

Gong, L., Chen, W., Gao, Y.Q,, Liu, X.Q., Zhang, H.Y., Xu, C.G., Yu, S.B. et al.
(2013) Genetic analysis of the metabolome exemplified using a rice
population. Proc. Natl Acad. Sci. USA, 110, 20320-20325.

Havir, E.A. (1971) L-Phenylalanine ammonia-lyase (maize): evidence for a
common catalytic site for L-Phenylalanine and L-Tyrosine. Plant Physiol. 48,
130-136.

Hell, R. and Wirtz, M. (2011) Molecular biology, biochemistry and cellular
physiology of cysteine metabolism in Arabidopsis thaliana. Arabidopsis Book,
9, e0154.

Holding, D.R., Hunter, B.G., Chung, T., Gibbon, B.C., Ford, C.F., Bharti, A.K.,
Messing, J. et al. (2008) Genetic analysis of opaque2 modifier loci in quality
protein maize. Theor. Appl. Genet. 117, 157-170.

Huang, X.H., Wei, X.H., Sang, T., Zhao, Q., Feng, Q., Zhao, Y., Li, C.Y. et al.
(2010) Genome-wide association studies of 14 agronomic traits in rice
landraces. Nat. Genet. 42, 961-967.

Huang, T., Jander, G. and de Vos, M. (2011) Non-protein amino acids in plant
defense against insect herbivores: representative cases and opportunities for
further functional analysis. Phytochemistry, 72, 1531-1537.

Huang, X.H., Zhao, Y., Wei, X.H., Li, C.Y., Wang, A., Zhao, Q., Li, W.J. et al.
(2012) Genome-wide association study of flowering time and grain yield
traits in a worldwide collection of rice germplasm. Nat. Genet. 44, 32-39.

Hunter, B.G., Beatty, M.K., Singletary, G.W., Hamaker, B.R., Dilkes, B.P.,
Larkins, B.A. and Jung, R. (2002) Maize opaque endosperm mutations create
extensive changes in patterns of gene expression. Plant Cell, 14, 2591-2612.

Ingle, R.A. (2011) Histidine biosynthesis. Arabidopsis Book, 9, e0141.

Ishimoto, M., Rahman, S.M., Hanafy, M.S., Khalafalla, M.M., El-Shemy, H.A.,
Nakamoto, Y., Kita, Y. et al. (2010) Evaluation of amino acid content and
nutritional quality of transgenic soybean seeds with high-level tryptophan
accumulation. Mol. Breeding, 25, 313-326.

© 2017 The Authors. Plant Biotechnology Journal published by Society for Experimental Biology and The Association of Applied Biologists and John Wiley & Sons Ltd., 15, 1250-1263


https://www.r-project.org/
http://www.cytoscape.org/
http://www.cytoscape.org/
http://bioinfo.cau.edu.cn/agriGO/

1262 Min Deng et al.

Jander, G. and Joshi, V. (2009) Aspartate-derived amino acid biosynthesis in
Arabidopsis thaliana. Arabidopsis Book, 7, e0121.

Jia, G.Q., Huang, X.H., Zhi, H., Zhao, Y., Zhao, Q., Li, W.J., Chai, Y. et al. (2013)
A haplotype map of genomic variations and genome-wide association
studies of agronomic traits in foxtail millet (Setaria Italica). Nat. Genet. 45,
957-961.

Kang, H.G., Park, S., Matsuoka, M. and An, G. (2005) White-core endosperm
floury endosperm-4 in rice is generated by knockout mutations in the C-type
pyruvate orthophosphate dikinase gene (OsPPDKB). Plant J. 42, 901-911.

Kodrzycki, R., Boston, R.S. and Larkins, B.A. (1989) The opaque-2 mutation of
maize differentially reduces zein gene transcription. Plant Cell, 1, 105-114.

Krishnan, N., Dickman, M.B. and Becker, D.F. (2008) Proline modulates the
intracellular redox environment and protects mammalian cells against
oxidative stress. Free Radlical. Bio. Med. 44, 671-681.

Li, M.X., Yeung, J.M., Cherny, S.S. and Sham, P.C. (2012a) Evaluating the
effective numbers of independent tests and significant P-value thresholds in
commercial genotyping arrays and public imputation reference datasets.
Hum. Genet. 131, 747-756.

Li, Q., Yang, X.H., Xu, S.T., Cai, Y., Zhang, D.L., Han, Y.J., Li, L. et al. (2012b)
Genome-wide  association  studies identified  three  independent
polymorphisms associated with alpha-tocopherol content in maize kernels.
PLoS ONE, 7, e36807.

Li, H., Peng, Z.Y., Yang, X.H., Wang, W.D., Fu, J.J.,, Wang, J.H., Han, Y J. et al.
(2013) Genome-wide association study dissects the genetic architecture of oil
biosynthesis in maize kernels. Nat. Genet. 45, 43-50.

Li, C., Qiao, Z., Qi, W., Wang, Q., Yuan, Y., Yang, X., Tang, Y. et al. (2015)
Genome-wide characterization of cis-acting DNA targets reveals the
transcriptional regulatory framework of opaque2 in maize. Plant Cell, 27,
532-545.

Lin, Y.J. and Zhang, Q.F. (2005) Optimising the tissue culture conditions for high
efficiency transformation of indica rice. Plant Cell Rep. 23, 540-547.

Lisec, J., Meyer, R.C., Steinfath, M., Redestig, H., Becher, M., Witucka-Wall, H.,
Fiehn, O. et al. (2008) Identification of metabolic and biomass QTL in
Arabidopsis thaliana in a parallel analysis of RIL and IL populations. Plant J. 53,
960-972.

Liu, H.J., Wang, F., Xiao, Y.J., Tian, Z.L., Wen, W.W., Zhang, X.H., Chen, X.
et al. (2016a) MODEM: multi-omics data envelopment and mining in maize.
Database (Oxford), 7, 2016 pii: baw117.

Liu, HJ., Luo, X., Niu, LY., Xiao, Y.J., Chen, L., Liu, J., Wang, X.Q. et al.
(2016b) Distant eQTLs and non-coding sequences play critical roles in
regulating gene expression and quantitative trait variation in maize. Mol
Plant, 10, 414-426.

Liu, H., Shi, J., Sun, C., Gong, H., Fan, X., Qiu, F., Huang, X. et al. (2016¢) Gene
duplication confers enhanced expression of 27-kDa gamma-zein for
endosperm modification in quality protein maize. Proc. Nat/ Acad. Sci.
USA, 113, 4964-4969.

Liu, S., Fan, C.C., Li, J.N,, Cai, G.Q., Yang, Q.Y., Wu, J., Yi, X.Q. et al. (2016d) A
genome-wide association study reveals novel elite allelic variations in seed oil
content of Brassica napus. Theor. Appl. Genet. 129, 1203-1215.

Loesch, P., Foley, D. and Cox, D. (1976) Comparative resistance of opaque-2
and normal inbred lines of maize to ear-rotting pathogens. Crop Sci. 16, 841—
842.

Lopes, M.A., Takasaki, K., Bostwick, D.E., Helentjaris, T. and Larkins, B.A.
(1995) Identification of two opaque2 modifier loci in quality protein maize.
Mol. Gen. Genet. 247, 603-613.

Luo, X., Ma, C.Z., Yue, Y., Hu, K.N., Li, Y.Y., Duan, Z.Q., Wu, M. et al. (2015)
Unravelling the complex trait of harvest index in rapeseed (Brassica napus L.)
with association mapping. BMC Genom. 16, 379.

Maloney, G.S., Kochevenko, A., Tieman, D.M., Tohge, T., Krieger, U., Zamir, D.,
Taylor, M.G. et al. (2010) Characterization of the branched-chain amino acid
aminotransferase enzyme family in tomato. Plant Physiol. 153, 925-936.

Mandal, S. and Mandal, R. (2000) Seed storage proteins and approaches for
improvement of their nutritional quality by genetic engineering. Curr. Sci.
India, 79, 576-589.

Matsuda, F., Okazaki, Y., Oikawa, A., Kusano, M., Nakabayashi, R., Kikuchi, J.,
Yonemaru, J. et al. (2012) Dissection of genotype-phenotype associations in
rice grains using metabolome quantitative trait loci analysis. Plant J. 70, 624~
636.

Matysik, J., Alia Bhalu, B. and Mohanty, P. (2002) Molecular mechanisms of
quenching of reactive oxygen species by proline under stress in plants. Curr.
Sci. Indlia, 82, 525-532.

Mertz, E.T., Bates, L.S. and Nelson, O.E. (1964) Mutant gene that changes
protein composition and increases lysine content of maize endosperm.
Science, 145, 279-280.

Miflin, B. and Lea, P. (1977) Amino acid metabolism. Annu. Rev. Plant Physiol.
28, 299-329.

Mishra, S. and Dubey, R.S. (2006) Inhibition of ribonuclease and protease
activities in arsenic exposed rice seedlings: role of proline as enzyme
protectant. J. Plant Physiol. 163, 927-936.

Misra, P.S., Jambunathan, R., Mertz, E.T., Glover, D.V., Barbosa, H.M. and
McWhirter, K.S. (1972) Endosperm protein synthesis in maize mutants with
increased lysine content. Science, 176, 1425-1427.

Morris, G.P., Ramu, P., Deshpande, S.P., Hash, C.T., Shah, T., Upadhyaya, H.D.,
Riera-Lizarazu, O. et al. (2013) Population genomic and genome-wide
association studies of agroclimatic traits in sorghum. Proc. Nat!/ Acad. Sci.
USA, 110, 453-458.

Moulin, M., Deleu, C. and Larher, F. (2000) L-Lysine catabolism is osmo-
regulated at the level of lysine-ketoglutarate reductase and saccharopine
dehydrogenase in rapeseed leaf discs. Plant Physiol. Bioch. 38, 577-585.

Moulin, M., Deleu, C., Larher, F. and Bouchereau, A. (2006) The lysine-
ketoglutarate reductase-saccharopine dehydrogenase is involved in the
osmo-induced synthesis of pipecolic acid in rapeseed leaf tissues. Plant
Physiol. Bioch. 44, 474-482.

Muehlbauer, G.J., Gengenbach, B.G., Somers, D.A. and Donovan, C.M. (1994)
Genetic and amino-acid analysis of two maize threonine-overproducing,
lysine-insensitive aspartate kinase mutants. Theor. Appl. Genet. 89, 767-774.

Nass, H. and Crane, P. (1970) Effect of endosperm mutants on germination and
early seedling growth rate in maize (Zea mays L.). Crop Sci. 10, 139-140.

Pan, Q., Li, L., Yang, X., Tong, H., Xu, S., Li, Z., Li, W., Muehlbauer, G.J., Li, J.
and Yan, J. (2016) Genome-wide recombination dynamics are associated
with phenotypic variation in maize. New Phytol. 210, 1083-1094.

Riedelsheimer, C., Lisec, J., Czedik-Eysenberg, A., Sulpice, R., Flis, A., Grieder,
C., Altmann, T. et al. (2012) Genome-wide association mapping of leaf
metabolic profiles for dissecting complex traits in maize. Proc. Natl Acad. Sci.
USA, 109, 8872-8877.

Schauer, N., Semel, Y., Balbo, I., Steinfath, M., Repsilber, D., Selbig, J., Pleban,
T. et al. (2008) Mode of inheritance of primary metabolic traits in tomato.
Plant Cell, 20, 509-523.

Schmidt, R.J., Burr, F.A. and Burr, B. (1987) Transposon tagging and molecular
analysis of the maize regulatory locus opaque-2. Science, 238, 960-963.
Sharma, P. and Dubey, R.S. (2005) Modulation of nitrate reductase activity in
rice seedlings under aluminium toxicity and water stress: role of osmolytes as

enzyme protectant. J. Plant Physiol. 162, 854-864.

Shaver, J.M., Bittel, D.C., Sellner, J.M., Frisch, D.A., Somers, D.A. and
Gengenbach, B.G. (1996) Single-amino acid substitutions eliminate lysine
inhibition of maize dihydrodipicolinate synthase. Proc. Nat/ Acad. Sci. USA,
93, 1962-1966.

Smirnoff, N. and Cumbes, Q.J. (1989) Hydroxyl radical scavenging activity of
compatible solutes. Phytochemistry, 28, 1057-1060.

Sullivan, L.B., Gui, D.Y., Hosios, A.M., Bush, L.N., Freinkman, E. and Vander
Heiden, M.G. (2015) Supporting Aspartate Biosynthesis is an essential
function of respiration in proliferating Cells. Cell, 162, 552-563.

Takahashi, M., Uematsu, Y., Kashiwaba, K., Yagasaki, K., Hajika, M.,
Matsunaga, R., Komatsu, K. et al. (2003) Accumulation of high levels of
free amino acids in soybean seeds through integration of mutations
conferring seed protein deficiency. Planta, 217, 577-586.

Tzin, V. and Galili, G. (2010a) The biosynthetic pathways for shikimate and
aromatic amino acids in Arabidopsis thaliana. Arabidopsis Book, 8, e0132.
Tzin, V. and Galili, G. (2010b) New insights into the shikimate and aromatic

amino acids biosynthesis pathways in plants. Mol. Plant, 3, 956-972.

Ufaz, S. and Galili, G. (2008) Improving the content of essential amino acids in
crop plants: goals and opportunities. Plant Physiol. 147, 954-961.

Umbarger, H.E. (1969) Regulation of amino acid metabolism. Annu. Rev.
Biochem. 38, 323-370.

Umbarger, H.E. (1978) Amino acid biosynthesis and its regulation. Annu. Rev.
Biochem. 47, 532-606.

© 2017 The Authors. Plant Biotechnology Journal published by Society for Experimental Biology and The Association of Applied Biologists and John Wiley & Sons Ltd., 15, 1250-1263



Unterseer, S., Bauer, E., Haberer, G., Seidel, M., Knaak, C., Ouzunova, M.,
Meitinger, T. et al. (2014) A powerful tool for genome analysis in maize:
development and evaluation of the high density 600 k SNP genotyping array.
BMC Genom. 15, 823.

Verslues, P.E. and Sharma, S. (2010) Proline metabolism and its implications for
plant-environment interaction. Arabidopsis Book, 8, e0140.

Wang, X., Stumpf, D.K. and Larkins, B.A. (2001) Aspartate kinase 2. A
candidate gene of a quantitative trait locus influencing free amino acid
content in maize endosperm. Plant Physiol. 125, 1778-1787.

Wang, S., Basten, C. and Zeng, Z. (2006) Windows QTL Cartographer 2.5.
Department of Statistics, North Carolina State University, Raleigh, NC, 2010.

Wang, X., Lopez-Valenzuela, J.A., Gibbon, B.C., Gakiere, B., Galili, G. and
Larkins, B.A. (2007) Characterization of monofunctional aspartate kinase
genes in maize and their relationship with free amino acid content in the
endosperm. J. Exp. Bot. 58, 2653-2660.

Wang, G., Zhang, J.S., Wang, G.F., Fan, X.Y., Sun, X., Qin, H.L., Xu, N. et al.
(2014) Proline responding1 plays a critical role in regulating general protein
synthesis and the cell cycle in maize. Plant Cell, 26, 2582-2600.

Wen, W.W., Li, D, Li, X., Gao, Y.Q., Li, W.Q., Li, H.H., Liu, J. et al. (2014)
Metabolome-based genome-wide association study of maize kernel leads to
novel biochemical insights. Nat. Commun. 5, 3438.

Wen, W., Li, K., Alseekh, S., Omranian, N., Zhao, L., Zhou, Y., Xiao, Y. et al.
(2015) Genetic determinants of the network of primary metabolism and their
relationships to plant performance in a maize recombinant inbred line
population. Plant Cell, 27, 1839-1856.

Wen, W., Liu, H., Zhou, Y., Jin, M., Yang, N., Li, D., Luo, J. et al. (2016)
Combining quantitative genetics approaches with regulatory network
analysis to dissect the complex metabolism of the maize kernel. Plant
Physiol. 170, 136-146.

Wendel, J.F., Goodman, M.M., Stuber, C.W. and Beckett, J.B. (1988) New
isozyme systems for maize (Zea mays L.): aconitate hydratase, adenylate
kinase, NADH dehydrogenase, and shikimate dehydrogenase. Biochem.
Genet. 26, 421-445.

Wright, A.D., Moehlenkamp, C.A., Perrot, G.H., Neuffer, M.G. and Cone, K.C.
(1992) The maize auxotrophic mutant orange pericarp is defective in
duplicate genes for tryptophan synthase beta. Plant Cell, 4, 711-719.

Wu, Y.R. and Messing, J. (2014) Proteome balancing of the maize seed for
higher nutritional value. Front Plant Sci. 5, 240.

Xiao, Y., Tong, H., Yang, X, Xu, S., Pan, Q., Qiao, F., Raihan, M.S. et al. (2016)
Genome-wide dissection of the maize ear genetic architecture using multiple
populations. New Phytol. 210, 1095-1106.

Yan, J.B., Warburton, M. and Crouch, J. (2011) Association mapping for
enhancing maize (Zea mays L.) genetic improvement. Crop Sci. 51, 433-449.

Yang, X.H., Gao, S.B., Xu, S.T., Zhang, Z.X., Prasanna, B.M., Li, L., Li, J.S. et al.
(2011) Characterization of a global germplasm collection and its potential
utilization for analysis of complex quantitative traits in maize. Mol. Breeding,
28, 511-526.

Yang, N., Lu, Y.L, Yang, X.H., Huang, J., Zhou, Y., Ali, F., Wen, W.W. et al.
(2014) Genome wide association studies using a new nonparametric model
reveal the genetic architecture of 17 agronomic traits in an enlarged maize
association panel. PLoS Genet. 10, e1004573.

Young, V.R. and Pellett, P.L. (1994) Plant proteins in relation to human protein
and amino acid nutrition. Am. J. Clin. Nutr. 59, 12035-1212S.

Yu, J.M., Pressoir, G., Briggs, W.H., Bi, V., Yamasaki, M., Doebley, J.F.,
McMullen, M.D. et al. (2006) A unified mixed-model method for association
mapping that accounts for multiple levels of relatedness. Nat. Genet. 38,
203-208.

Zeng, Z.B., Kao, C.H. and Basten, C.J. (1999) Estimating the genetic
architecture of quantitative traits. Genet. Res. 74, 279-289.

Zhang, N., Gur, A., Gibon, Y., Sulpice, R., Flint-Garcia, S., McMullen, M.D.,
Stitt, M. et al. (2010) Genetic analysis of central carbon metabolism unveils
an amino acid substitution that alters maize NAD-dependent isocitrate
dehydrogenase activity. PLoS ONE, 5, €9991.

Amino acids genetic architecture in maize kernels 1263

Zhang, N., Gibon, Y., Wallace, J.G., Lepak, N., Li, P., Dedow, L., Chen, C.
et al. (2015) Genome-wide association of carbon and nitrogen metabolism
in the maize nested association mapping population. Plant Physiol. 168,
575-583.

Zhang, Z.Y., Zheng, X.X., Yang, J., Messing, J. and Wu, Y.R. (2016) Maize
endosperm-specific transcription factors O2 and PBF network the regulation
of protein and starch synthesis. Proc. Nat/ Acad. Sci. USA, 113, 10842—
10847.

Zhou, Y., Cai, H.M., Xiao, J.H., Li, X.H., Zhang, Q.F. and Lian, X.M. (2009) Over-
expression of aspartate aminotransferase genes in rice resulted in altered
nitrogen metabolism and increased amino acid content in seeds. Theor. Appl.
Genet. 118, 1381-1390.

Supporting information

Additional Supporting Information may be found online in the
supporting information tab for this article:

Figure S1 Fold difference of amino acids levels within AM1 and
AM2 association panels, and the B73/By804 (BB), Kui3/B77 (KB)
and Zong3/Yu87-1 (ZY) RIL populations.

Figure S2 The QTU/loci number distribution per trait in 2011
Yunnan (AM1) and 2012 Chongging (AM2) association panels,
and the B73/By804 (BB), Kui3/B77 (KB) and Zong3/Yu87-1 (ZY)
RIL populations, respectively.

Figure S3 Phenotypic variation explained for each identified locus
or QTL in 2011 Yunnan (AM1) and 2012 Chongging (AM2)
association panels, and the B73/By804 (BB), Kui3/B77 (KB) and
Zong3/Yu87-1 (ZY) RIL populations, respectively.

Figure S4 Gene Ontology term analysis of GWAS candidate
genes.

Figure S5 Gene Ontology annotation of 4670 co-expression
genes from 14 GWAS candidate genes.

Figure S6 The Opaque2 regulated network.

Figure S7 Box plot for the expression level of GRMZM2G138727,
GRMZM2G565441, GRMZM2G138976 and GRMZM5G873335
based on duplication (D), no duplication (ND), B73-like (GAT), and
By804-like (TAT) haplotypes.

Figure S8 Gene structure and LD block of GRMZM2G138727.
Table S1 Statistical summary of 65 amino acid traits in maize
kernels in the association panel.

Table S2 Statistical summary of 65 amino acid traits in maize
kernels in RIL populations.

Table S3 Significant loci associated with amino acid traits
identified by GWAS across two environments.

Table S4 QTL mapping summary of amino acid-related traits
detected from three RIL populations.

Table S5 The list of significant Gene Ontology terms.

Table S6 The Lys/Total, Lys content and O2 expression level in the
association mapping panel.

Table S7 O2 co-expression genes overlapped with ones identified
by other methods.

Table S8 The eQTL of ten candidate genes and the Pearson
correction between Lys/Total and the normalized expression levels
of ten candidate genes.

Table S9 Primers used for mapping, plasmid construction, and
expression analysis.

© 2017 The Authors. Plant Biotechnology Journal published by Society for Experimental Biology and The Association of Applied Biologists and John Wiley & Sons Ltd., 15, 1250-1263



