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INTRODUCTION

Alternative splicing (AS) of precursor mRNAs (pre-mRNAs) is an 
essential regulatory mechanism that greatly increases transcrip-
tome and proteome diversity by producing multiple mRNA iso-
forms from a single gene. Extensive studies have shown that AS 
is prevalent in various eukaryotic organisms and plays important 
roles in diverse biological processes (Reddy et al., 2013). In hu-
mans, ∼95% of genes are subject to AS, with exon-skipping 
events as the predominant AS type (Wang et al., 2008). It has 
been estimated that ∼15% of genetic diseases are due to mu-
tations affecting splicing (Kornblihtt et al., 2013). In plants, 33 to 
60% of intron-containing genes undergo AS (Zhang et al., 2010; 

Marquez et al., 2012; Shen et al., 2014; Thatcher et al., 2014; 
Mandadi and Scholthof, 2015). In contrast to humans, intron  
retention (IR) is the most prevalent AS event in plants (Reddy  
et al., 2013). AS functions in a wide range of plant growth and 
development processes, including flowering time induction, 
circadian clock control, and plant responses to environmental 
stress (Staiger and Brown, 2013).
 AS arises due to differential usage of alternative splice sites 
during pre-mRNA splicing. The decision on which splice sites are 
selected is determined by cis-regulatory elements in pre-mRNA 
and the recognition of these sites by trans-acting splicing factors  
(Reddy et al., 2013; Staiger and Brown, 2013). The cis-regulatory  
sequences include splice sites, polypyrimidine tract, branch 
point sequences, and exonic and intronic splicing enhancer 
and silencer sequences, which are binding sites for splicing 
factors (Pertea et al., 2007; Staiger and Brown, 2013). Serine/
arginine-rich (SR) proteins and heterogeneous nuclear ribonu-
cleoproteins (hnRNPs) are the main families of splicing factors 
that control splice site choice and guide the spliceosome as-
sembly (Syed et al., 2012; Erkelenz et al., 2013). In general, SR 
proteins promote intron removal, whereas hnRNPs inhibit splice 
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site selection in the regulation of AS (Syed et al., 2012; Erkelenz 
et al., 2013; Geuens et al., 2016). The abundance and activity of 
splicing factors determine the AS profiles of downstream target 
genes (Syed et al., 2012; Erkelenz et al., 2013).
 AS alters the sequence of an RNA transcript, which has im-
portant consequences for the cell (Reddy et al., 2013). The main 
consequence of AS is to increase proteome diversity by produc-
ing protein isoforms that differ in subcellular localization, stability, 
or function (Syed et al., 2012; Reddy et al., 2013). Recent stud-
ies have shown that the AS of some transcription factors can 
generate truncated proteins or polypeptides that act as small 
interfering peptides (siPEPs) to negatively regulate authentic 
proteins via peptide interference (PEPi) (Seo et al., 2011b, 2012; 
Li et al., 2012). However, not all AS events generate functional 
proteins. AS frequently produces transcript isoforms carrying in-
frame premature termination codons (PTCs) targeted for degra-
dation by the nonsense-mediated mRNA decay (NMD) pathway 
(Kalyna et al., 2012; Drechsel et al., 2013). AS-coupled NMD 
is a widely conserved eukaryotic pathway for the regulation of 
transcript levels (Chang et al., 2007; Kurihara et al., 2009; Brogna  
et al., 2016). In Arabidopsis thaliana, ∼11 to 18% of splice vari-
ants are coupled with NMD (Kalyna et al., 2012; Drechsel et al., 
2013). Moreover, microRNAs (miRNAs), a class of endogenous 
small noncoding RNAs ∼20 to 24 nucleotides in length, can 
regulate complementary mRNAs by inducing translational re-
pression and mRNA decay (Iwakawa and Tomari, 2015). AS of 
some genes can produce splice variants that either gain or lose 
binding sites for miRNA (Reddy et al., 2013).
 Population-level transcriptome analyses have identified wide 
natural variation in AS (Wang et al., 2008; Gan et al., 2011; Huang 
et al., 2015). However, how the natural variation in AS is regu-
lated and coupled with the gene regulation network and con-
tribute to phenotypic variation is poorly understood. Recently, 
several large-scale genome-wide association studies have been 

conducted to identify splicing quantitative trait loci (sQTLs) con-
trolling AS variation in human populations (Pickrell et al., 2010b; 
Monlong et al., 2014; GTEx Consortium, 2015; Zhang et al., 2015; 
Li et al., 2016; Takata et al., 2017). These analyses demonstrated 
that sQTLs can explain a substantial proportion of marker-trait 
associations. By contrast, few sQTL studies have been conducted 
in plants. Thatcher et al. (2014) and Mei et al. (2017) analyzed 
the AS differences between two maize (Zea mays) inbred lines, 
B73 and Mo17, in a linkage population. To better understand the 
genetic regulatory mechanism of AS and evaluate the relative 
contribution of AS to trait variation at the species level, large-
scale AS analysis in a wide range of maize genotypes is needed. 
In this study, we performed a genome-wide association study 
(GWAS) to identify sQTLs in developing kernels from 368 diverse 
maize inbred lines. Characterization of the regulatory features 
of sQTLs demonstrated that AS plays a crucial role in coupling 
different layers of gene regulation network and regulating phe-
notypic variation in maize.

RESULTS

Transcriptome Assembly and sQTL Mapping

Using RNA sequencing, Fu et al. (2013) profiled the transcrip-
tome of the developing kernels at 15 d after pollination (DAP) from 
368 maize inbred lines. To characterize the AS variation in the 
population, we performed a population-level transcript assem-
bly based on the B73 reference genome (AGPv3) in this study. 
We discovered 48,855 potential novel transcripts from known 
genes. These results showed that the percentage of protein- 
coding genes that undergo AS increased from 32% (12,616 
genes) to 50% (19,844 genes) (Figure 1), indicating that maize 
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undergoes AS at levels similar to other model plants (Marquez 
et al., 2012; Mandadi and Scholthof, 2015).
 A total of 12,150 expressed genes that have at least two 
isoforms were used for sQTL mapping. For each expressed 
gene, the relative ratio of total gene expression represented 
by each isoform (designated as the splicing ratio) was calcu-
lated in each inbred line and used as the splicing phenotype 
in sQTL mapping. By combining 1.25 million single-nucleotide 
polymorphisms (SNPs) with minor allele frequency ≥ 0.05 (Liu 
et al., 2017), GWAS was performed to identify sQTLs using a 
mixed linear model that corrects for population structure, un-
known confounders, and family relatedness (Yu et al., 2006). At 
a conservative Bonferroni-corrected P < 7.43 × 10−7, we identi-
fied 222,481 SNPs showing significant associations with splic-
ing variation in 7869 genes. From the initial associations, we 
performed two steps of filtering. First, for each gene detected 
with sQTL, we conducted linkage disequilibrium (LD) analysis 
for the associated SNPs to identify independently associated 
SNPs. A unique sQTL was defined when the associated SNP 
was not in LD (r2 < 0.1) with any other associated SNPs on the 
same chromosome for the target gene. Second, we examined 
the splicing ratio changes at each unique sQTL. Only sQTLs 
that showed more than 5% difference in splicing ratio between 
genotypes were retained for the subsequent analysis. We finally 
obtained 19,554 unique sQTLs regulating the AS of 6570 genes 
(representing 54% of expressed genes for sQTL analysis) (Figure 
2A; Supplemental Data Set 1). To verify the sQTLs, we randomly 
selected 20 genes detected with a sQTL and performed RT-PCR 
analysis to examine the isoform relative expression differences 
at the sQTL. Of the 20 examined genes, 17 genes (85%) exhib-
ited consistent isoform relative expression differences between 
genotypes with the splicing ratio differences detected in sQTL 
analysis (Supplemental Figure 1), suggesting that the sQTLs de-
tected in this study are highly reproducible.
 We analyzed the relative positions of sQTLs and their asso-
ciated genes (Figure 2B), which showed a similar distribution 
as that for the relative positions of eQTLs and their associated 

genes (Fu et al., 2013). An obvious inflection point occurred at 
the position of 20 kb (Figure 2B). Therefore, a sQTL was consid-
ered a cis-sQTL when the associated SNP was within 20 kb of 
the transcription start site or transcription end site of the target 
gene; otherwise, the sQTL was considered trans-sQTL. Among 
the mapped sQTLs, 2855 (15%) and 16,699 (85%) loci were cis- 
and trans-sQTLs, respectively (Figure 2C; Supplemental Data 
Set 1). Cis-sQTLs explained more splicing variation than trans-
sQTLs (Figure 2D). Among the genes detected with sQTLs, 41% 
were mapped with cis-sQTLs (Figure 2E). An average of three 
sQTLs was mapped for each gene, with 47% of mapped genes 
having only a single sQTL affecting their splicing variation (Figure 
2F), suggesting that the splicing variation of most genes is under 
relatively simple genetic control.
 To analyze the functional features of genes detected with 
sQTLs, we conducted functional annotation for the 6570 genes 
detected with sQTLs and analyzed the distribution of these 
genes across functional categories. Pathway and Gene Ontolo-
gy (GO) term enrichment analysis showed that genes detected  
with sQTLs are significantly overrepresented in a number of 
pathways and GO categories, among which the most signifi-
cant categories include protein metabolism, RNA metabolism, 
response to stimulus, and cellular process (Supplemental Data 
Sets 2 and 3). These results indicated that genes with sQTLs 
function in diverse biological processes.

sQTL-Associated AS Effects

By comparing the splice junctions of the isoform pairs differen-
tially used at sQTLs, we analyzed the AS types that each sQTL 
involved. In total, 20,317 sQTL-associated AS events were 
identified, with 81% of sQTLs associated with one event (Sup-
plemental Figure 2). Among these AS events, IR was the most 
frequent (36%), followed by alternative acceptor site (AA; 22%), 
exon skipping (ES; 14%), and alternative donor site (AD; 13%) 
(Figure 3A).

Figure 1. Transcriptome Assembly. 

The distribution of transcript isoform number before and after transcriptome assembly. The proportion of multi-isoform genes increased from  
32 to 50%.
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 To analyze the effect of sQTLs on the isoform relative expres-
sion pattern, we computed the splicing ratio difference between 
genotypes at each sQTL. As shown in Figure 3B, the distribution 
of splicing ratio changes was left skewed, with a median splicing 
ratio change of 21%. Cis-sQTLs and trans-sQTLs showed a sim-
ilar effect on the relative changes in isoform expression (Figure 
3B). Furthermore, we calculated the number of sQTLs showing a 
major isoform switch between genotypes. Interestingly, 25% of 
sQTLs were associated with a switch in major isoform between 
genotypes (Figure 3C). The majority of sQTLs (75%) showed 
small relative splicing ratio changes without involving major iso-
form switches between genotypes (Figure 3C).

sQTL-Affected Isoforms Tend to Display Distinct  
Protein Functions

A total of 14,596 transcript isoforms involving 6570 genes were 
affected by sQTLs. We assessed the extent to which the iso-
form pairs differentially used at sQTLs are functionally similar 
or different from each other at the protein level. To address this 
question, we predicted the protein domains of sQTL-affected 
isoforms using HMMER3 (Eddy, 2011) and compared the dif-
ference in protein domain configuration for each isoform pair. 
Out of 6570 genes detected with sQTL, the sQTL of 1977 genes 
involved differential use of isoform pairs that gained, lost, or 

Figure 2. sQTL Mapping. 

(A) sQTL heat map. The x axis and y axis indicate the physical position of the lead SNP of the sQTL and its associated gene, respectively. Each dot 
represents a sQTL. Splicing variation explained by sQTLs (r2) is shown in gradual dot size, and the P value of sQTLs is shown in gradual colors. 
(B) The density of distance between sQTLs and their regulated gene. 
(C) The distribution of cis- and trans-sQTLs. 
(D) The distribution of splicing variation explained by sQTLs (r2). Cis-sQTLs explained more splicing variation than trans-sQTLs. 
(E) The distribution of genes regulated by cis- and/or trans-sQTLs. 
(F) Number of sQTLs identified for each gene. The x axis and y axis represent the number of sQTLs identified for each gene and the number of genes 
in each group, respectively. “47%” indicates the proportion of genes detected with a single sQTL.
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exchanged domains relative to each other (Supplemental Data 
Set 4), which is unlikely to have occurred by chance alone (P < 
0.001, 1000 permutations) (Supplemental Figure 3A). This result 
suggested that sQTLs tend to regulate isoforms with different 
protein functions. However, we should note that the prediction 
of the fate of transcript isoforms we performed here is based on 
computational analysis; whether they are actually translated in 
the predicted manner requires systematic experimental testing.
 For example, GRMZM2G145968 was detected with a signifi-
cant cis-sQTL (rs#chr2.S_17348184, P = 5.57 × 10−11) that was 
associated with differential use of two isoforms that differ by an 
HMG_box domain that is present in isoform T01 but absent in 
isoform T02 (Figure 4A). GRMZM2G110185 was detected with 
a significant cis-sQTL (rs#chr5.S_212375203, P = 6.54 × 10−42) 
that was associated with differential use of two isoforms that 
differ by an AAA domain that is present in isoform T02 but ab-
sent in isoform N03 (Figure 4B). The differential uses of isoforms 
at these sQTLs were validated by RT-qPCR assay (Figures 4A 
and 4B).

sQTL-Affected Isoforms Act as siPEPs

Recent studies have shown that the AS of some transcription 
factors could generate truncated splice variants possessing 
dimerization domains but lacking the functional domains re-
quired for DNA binding and/or transcriptional regulation (Seo  

et al., 2011a, 2013; Staudt and Wenkel, 2011). These truncated 
proteins can act as dominant-negative siPEPs to competi-
tively inhibit the corresponding full-size transcription factor ac-
tivity by forming nonfunctional heterodimers (Seo et al., 2011a, 
2013; Staudt and Wenkel, 2011). This protein-level regulation 
has been designated PEPi, which is conceptually similar to the 
RNA interference mediated by small interfering RNAs (siRNAs) 
(Seo et al., 2011a, 2013). To examine whether siPEP-mediated  
PEPi is frequently employed by sQTLs to regulate genotypic 
AS variation, we performed protein structural analysis for the 
transcripts of transcription factors detected with sQTLs. Among 
the 6570 genes detected with sQTLs, 772 genes encoded tran-
scription factors, at which a total of 2148 sQTLs were mapped. 
Within each transcription factor detected with a sQTL, we com-
pared the protein domain organizations of transcript isoforms 
differentially used at the target sQTL. Interestingly, the sQTLs 
of 161 transcription factors involved differential use of the full-
size transcription factor and the truncated splice isoform lack-
ing functional DNA binding domains, which is unexpected by 
chance alone (P < 0.001, 1000 permutations) (Supplemental 
Figure 3B). This result suggested that PEPi is frequently involved 
in the sQTL regulation of transcription factors. These truncated 
isoforms, if present, could act as competitive siPEPs in regulat-
ing the activity of target transcription factors.
 For example, GRMZM2G169382, a gene encoding an AP2 
transcription factor, was detected with a significant trans-sQTL 

Figure 3. sQTL-Associated AS Effects. 

(A) Categorization of sQTL-associated AS events. IR, intron retention; AA, alternative acceptor; AD, alternative donor; ES, exon skipping. 
(B) The distribution of splicing ratio differences between genotypes at each sQTL. 
(C) The distribution of isoform usage pattern. The left pattern indicates that sQTLs only affect the relative usage ratio of isoforms without involving 
major isoform switch between genotypes. The right pattern indicates that sQTLs involve major isoform switch with different major isoforms used be-
tween genotypes.
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(rs#chr3.S_56287892, P = 3.69 × 10−24) at which two isoforms 
(T01 and T02) showed significant splicing ratio differences be-
tween genotypes (Figures 5A and 5B). Interestingly, the isoform 
T01 contained an AP2 DNA binding domain, which would have 
functional transcription factor activity, while isoform T02 lost the 
DNA binding domain (Figure 5C). The differential use of isoforms 
at the sQTL was validated by RT-qPCR assays (Figure 5D). The 
trans-sQTL of GRMZM2G169382 is likely mediated by a PEPi 
mechanism.

AS-Coupled NMD Mediates sQTL Regulation

Alternative splicing of many genes can generate isoforms 
that contain a premature stop codon (PTC) that can be rec-
ognized by NMD degradation pathway, thereby regulating 
the level of functional transcripts (Chang et al., 2007; Brogna  
et al., 2016). However, unlike in mammals, transcripts with re-
tained introns in plants are often insensitive to NMD owing to 
their retention in the nucleus (Kim et al., 2009; Kalyna et al.,  
2012; Göhring et al., 2014). To assess whether NMD plays 
an important role in mediating sQTL regulation, we analyzed 
whether sQTL-affected transcript isoforms are potential tar-
gets of NMD. Transcript isoforms without IR events carrying 
a PTC located at least 50 nucleotides upstream of an exon 
splice junction, 3′-untranslated regions (UTRs) longer than 
350 bp, introns within 3′-UTRs, and upstream open reading 

frames greater than 35 amino acids within 5′-UTRs (Kalyna 
et al., 2012; Drechsel et al., 2013) were marked as potential 
NMD candidates. Interestingly, the sQTLs of 1643 genes in-
volved the differential use of isoform pairs that gain or lost 
NMD features (Supplemental Data Set 5), which is unlikely to 
have occurred by chance alone (P < 0.001, 1000 permuta-
tions) (Supplemental Figure 3C). This result suggested that 
NMD is frequently coupled with AS in modulating genotypic 
splicing variation.
 For instance, GRMZM2G021742, a gene encoding U2 small 
nuclear ribonucleoprotein A, was detected with a significant cis-
sQTL (rs# chr1.S_298434582, P = 4.8 × 10−12), where the two 
isoforms T01 and T02 were differentially used between gen-
otypes (Figure 6A). No significant difference in overall mRNA 
abundance was detected at this cis-sQTL (Figure 6B). The alter-
native acceptor sites of the 5th exon resulted in T02 harboring 
a PTC located 79 bp upstream of the exon-exon junction, and 
T02 showed low expression levels relative to T01, suggesting 
that T02 might be targeted and degraded by NMD. The relative 
isoform expression difference of T02 was validated by RT-qPCR 
(Figure 6C).

A miRNA-Mediated Mechanism Is Involved in sQTL Regulation

miRNAs are a class of small noncoding RNAs that typically bind 
to complementary sequences in mRNA targets and attenuate 

Figure 4. Examples of sQTL-Affected Isoforms Displaying Different Protein Domains. 

Box plots display splicing ratio change at different genotypes of sQTL SNPs. For the transcript model, UTRs are shown in gray boxes on the two 
sides, and CDSs are shown in black boxes in the middle. Lines indicate introns. Transcripts named “T” and “N” stand for known and newly assembled 
transcript, respectively. Red arrow indicates the position of cis-sQTL SNP, and gray arrows indicate the position of other less significant SNPs. The 
positions of primers used for RT-qPCR were indicated by dotted lines with arrows. For the protein model, the conserved domain between different 
isoforms is indicated in green. The RT-qPCR results are shown on the right. For each genotype at the sQTL, four inbred lines were randomly selected 
from the maize association panel for the RT-qPCR assay of kernels at 15 DAP. Values represent the mean ± sd of the measurements (n = 4). 
(A) Significant cis-sQTL detected at GRMZM2G145968 that involved differential use of two isoforms differing in an HMG_box domain. AA and GG 
represent the two genotype groups at sQTL SNP rs#chr2.S_17348184. 
(B) Significant cis-sQTL detected at GRMZM2G110185 that involved differential use of two isoforms differing by an AAA domain. AA and GG represent 
the two genotype groups at sQTL SNP rs#chr5.S_212375203.

http://www.plantcell.org/cgi/content/full/tpc.18.00109/DC1
http://www.plantcell.org/cgi/content/full/tpc.18.00109/DC1


1410 The Plant Cell

gene expression (Iwakawa and Tomari, 2015). AS of some genes 
can generate transcript isoforms that either contain or lack 
binding sites for miRNA. To assess whether a miRNA-mediated 
mechanism is involved in sQTL regulation, we performed bioin-
formatic analysis to examine whether sQTL-affected transcript 
isoforms are potential targets of miRNAs. Bioinformatics analy-
sis showed that there are 334 genes that are potential targets of 
70 high-confidence mature miRNAs. Of these 334 miRNA target 

genes, 63 genes were detected with significant sQTLs. Among 
them, 16 genes involved differential use of isoform pairs that 
gained or lost miRNA target sites relative to each other (Supple-
mental Data Set 6), which is unexpected by chance alone (P = 
0.026, 1000 permutations) (Supplemental Figure 3D). We should 
note that this is a conservative analysis because current miRNA 
annotation in maize is limited. sQTLs might be prevalently cou-
pled with miRNA regulation.

Figure 5. AS-Coupled PEPi. 

(A) An example of the AS-coupled PEPi mechanism. GRMZM2G169382 was detected with a significant trans-sQTL. For the transcript model, UTRs 
are shown in gray boxes on the two sides, and CDSs are shown in black boxes in the middle. Lines indicate introns. Transcripts named “T” stand for 
known transcript. The positions of primers used for RT-qPCR were indicated by dotted lines with arrows. For the upper panel, the average rate at each 
base on the gene is plotted, where individuals were stratified according to their genotype at sQTL SNP rs#chr3.S_56287892. Brown dotted box shows 
where transcript structures differ. 
(B) The box plot shows the difference in splicing ratio and overall gene expression level between genotypes (CC and TT) at sQTL SNP rs#chr3.S_56287892. 
(C) Structure of P02, showing it has lost the whole DNA binding domain relative to P01. 
(D) RT-qPCR results. For each genotype at the sQTL, four inbred lines were randomly selected from the maize association panel for the RT-qPCR assay 
of kernels at 15 DAP. Values represent the mean ± sd of the measurements (n = 4).

http://www.plantcell.org/cgi/content/full/tpc.18.00109/DC1
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 For example, GRMZM2G041223 (ZmGRF8), encoding GRF 
(GROWTH-REGULATING FACTOR)-transcription factor 8, was 
detected with a significant cis-sQTL (rs#chr2.S_12199161,  
P = 5.91 × 10−13), where the isoforms N01, N04, and N06 were 
differentially used between genotypes (Figures 7A and 7B). 
The relative isoform expression difference between transcripts 
was validated by RT-qPCR (Figure 7C). Interestingly, N01 and 
N04 were predicted to contain miRNA binding sites for zma-
miR396a/b/e/f-5p, whereas N06 lost the miRNA binding sites 
(Figure 7A). To validate the miR396 targeting ZmGRF8, RLM-5′-
RACE assays were used to identify the cleavage sites. Our data 
showed that miR396 led to ZmGRF8 RNA cleavage in develop-
ing maize kernels (Figure 7D).

AS and Overall mRNA Level Are under Relatively 
Independent Genetic Control

AS is primarily a cotranscriptional process (Reddy et al., 2013; 
Naftelberg et al., 2015). The factors affecting AS may also  

influence overall gene expression levels. However, the extent 
to which the natural variation in overall mRNA levels and AS is 
commonly regulated remains poorly understood. We assessed 
the overlap of sQTLs mapped in this study with eQTLs previ-
ously identified in the same set of samples (Liu et al., 2017). 
After filtering for genes used to map sQTLs in this study, a total 
of 7696 previously identified cis-eQTLs were used for compar-
ison with cis-sQTLs. Only those cis-sQTLs and cis-eQTLs that 
were located within 100 kb and in LD (r2 ≥ 0.1) and regulate the 
same gene are considered as overlapped loci. Interestingly, we 
found that only 1504 SNPs (16.6%) were simultaneously asso-
ciated with changes in total mRNA level and AS of the same 
gene (Figure 8A), indicating that the natural variation in total 
mRNA levels and AS tend to be under relatively independent 
genetic control. Examples shown in Figure 8 are representative 
genes for each regulation mode. A significant cis-sQTL was de-
tected at su2 (sugary2; GRMZM2G348551), which encodes a 
starch-branching enzyme, but this cis-sQTL had no significant 

Figure 6. AS-Coupled NMD. 

(A) An example of an AS-coupled NMD mechanism. GRMZM2G021742 was detected with a significant cis-sQTL. For the transcript model, UTRs 
are shown in gray boxes on the two sides, and CDSs are shown in black boxes in the middle. Lines indicate introns. Transcripts named “T” stand 
for known transcript. Red arrow indicates the position of cis-sQTL SNP, and gray arrows indicate the position of other less significant SNPs. TC, ter-
mination codon; PTC, premature termination codon. The positions of primers used for RT-qPCR were indicated by dotted lines with arrows. For the 
upper panel, the average rate at each base on the gene is plotted, where individuals were stratified according to their genotype (AA and GG) at sQTL 
SNP rs#chr1.S_298434582. Brown dotted box shows where transcript structures differ. Relative to T01, T02 has a PTC located 79 bp upstream of the 
exon-exon junction.
(B) Significant changes in splicing ratio at sQTL SNP rs#chr1.S_298434582 but no difference in overall gene expression level.
(C) RT-qPCR results. For each genotype at the sQTL, four inbred lines were randomly selected from the maize association panel for the RT-qPCR assay 
of kernels at 15 DAP. Values represent the mean ± sd of the measurements (n = 4).
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effect on the total gene expression level (Figure 8B). A signifi-
cant cis-eQTL was detected at ZmMADS1 (MADS box protein1; 
GRMZM2G171365), but this cis-eQTL had no significant effect 
on AS (Figure 8C). Different from su2 and ZmMADS1, both cis-
sQTL and cis-eQTL were detected at Cys2 (Cysteine synthase2; 
GRMZM2G005887), and these two SNPs are in strong LD (r2 = 
0.6) (Figure 8D), indicating that the underlying variant simultane-
ously impacted the AS and mRNA level of Cys2.
 Interestingly, 676 genes were simultaneously detected with 
cis-sQTL and cis-eQTL, but the associated SNPs were not in 
LD (r2 < 0.1), suggesting that the overall mRNA level and AS 
of these genes are subject to independent cis-regulation 
(Supplemental Data Set 7). For example, both significant cis- 

eQTL (rs#chr1.S_298436190, P = 3.6 × 10−14) and cis-sQTL 
(rs#chr1.S_298434582, P = 4.8 × 10−12) were detected at 
GRMZM2G021742, which encodes U2 small nuclear ribo-
nucleoprotein A (Figure 8E). However, rs#chr1.S_298436190 
and rs#chr1.S_298434582 that were 1.6 kb apart were not  
in LD (r2 = 0.0018; Figure 8E), indicating that different 
cis-variants controlled the natural variation in AS and mRNA 
level at GRMZM2G021742.

Cis-sQTLs Are Significantly Enriched in Splice-Site Regions

To examine why the natural variation in AS and mRNA level 
showed relatively independent genetic control, we analyzed 

Figure 7. AS-Coupled miRNA Regulation. 

(A) An example of the AS-coupled miRNA mechanism. GRMZM2G041223 was detected with a significant cis-sQTL. For the transcript model, UTRs 
are shown in gray boxes on the two sides, and CDSs are shown in black boxes in the middle. Lines indicate introns. Transcripts named “N” stand for 
newly assembled transcript. Red arrow indicates the position of cis-sQTL SNP, and gray arrows indicate the position of other less significant SNPs. 
The positions of primers used for RT-qPCR are indicated by dotted lines with arrows. For the upper panel, the average rate at each base on the gene is 
plotted, where individuals were stratified according to their genotype (AA and GG) at sQTL SNP rs#chr2.S_12199161. Brown dotted box shows where 
transcript structures differ. Red box indicates the position of miRNA target site. 
(B) Significant changes in splicing ratio and overall gene expression level at sQTL SNP rs#chr2.S_12199161. 
(C) RT-qPCR results. For each genotype at the sQTL, four inbred lines were randomly selected from the maize association panel for the RT-qPCR assay 
of kernels at 15 DAP. Values represent the mean ± sd of the measurements (n = 4). 
(D) RLM-5′-RACE mapping of ZmGRF8 mRNA cleavage sites. The numbers of clones with particular termini are indicated by arrows.

http://www.plantcell.org/cgi/content/full/tpc.18.00109/DC1
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cis-sQTL and cis-eQTL associated variant types and their relative 
distributions (Figure 9A). All 1.25 million SNPs were used as the 
background SNP set to evaluate the relative enrichment of cis-
sQTL and cis-eQTL SNPs in each variant category. As shown 
in Figure 9B, cis-sQTLs were significantly overrepresented in 
UTRs, 5′ splice donor sites, 3′ splice acceptor sites, regions 
flanking splice sites (within one to three bases of an exon or 
three to eight bases of an intron), intronic regions, start_gained, 
and synonymous variants. Strikingly, we observed more than 
threefold enriched cis-sQTLs at the splice donor/acceptor sites, 
highlighting their crucial roles in modulating splicing variation. 
The other enriched regions such as regions flanking splice sites 

and intronic regions might contain exonic and intronic splicing 
enhancer and silencer sequences that have been shown to be 
important for AS (Pertea et al., 2007; Staiger and Brown, 2013). 
By contrast, for cis-eQTLs, significant relative enrichment was 
detected only in UTRs, start_gain, and synonymous variants 
(Figure 9B). No significant enrichments in splice-site regions 
were detected for cis-eQTLs (Figure 9B). This contrasting distri-
bution of variants for cis-sQTLs and cis-eQTLs suggested that 
different cis-regulatory sequences are preferentially used in the 
cis-regulation of AS and mRNA levels, which might partially ex-
plain the relative independent genetic control of gene expres-
sion levels and AS.

Figure 8. Relatively Independent Genetic Control of sQTLs and eQTLs. 

(A) Venn diagram showing the overlap between sQTLs and eQTLs. From (B) to (E), Manhattan plots show GWAS results for splicing ratios and overall 
expression levels for each gene. Transcripts named “T” and “N” stand for known and newly assembled transcript, respectively. 
(B) An example of a gene (su2) with only cis-sQTLs detected without affecting the expression level. Box plots display splicing ratio change at different 
genotypes (AA and GG) of sQTL SNP rs#chr6.S_113238630. 
(C) An example of a gene (ZmMADS1) with only cis-eQTLs detected without affecting the splicing. Box plots display total mRNA level change at dif-
ferent genotypes (CC and TT) of eQTL SNP rs#chr9.S_153813326. 
(D) An example of a gene (Cys2) with detected variants affecting both AS and total mRNA level. Box plots display splicing ratio change at differ-
ent genotypes (AA and TT) of sQTL SNP rs#chr1.S_177030930 and total mRNA level change at different genotypes (GG and TT) of eQTL SNP 
rs#chr1.S_177028005. 
(E) Independent cis-regulation of AS and total mRNA level. Both cis-sQTLs and cis-eQTLs were detected at GRMZM2G021742, but the two SNPs were 
not in LD (r2 =0.0018). Box plots display splicing ratio change at different genotypes (AA and GG) of sQTL SNP rs#chr1.S_298434582 and total mRNA 
level change at different genotypes (CC and GG) of eQTL SNP rs#chr1.S_298436190.
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Trans-Acting Splicing Regulators

In addition to the cis-signals in pre-mRNAs, the regulation of 
AS depends on trans-acting splicing regulators that recognize 
pre-mRNA sequence elements. To identify such trans-acting 
factors, we defined trans-clusters as trans-sQTL SNPs associ-
ated with the splicing variation of more than two trans-regulated 
targets. For each trans-cluster, the genes where the most sig-
nificant trans-associated splicing SNPs are located or nearby 
were considered potential trans-acting splicing regulators. Af-
ter merging trans-clusters with their trans-associated splicing 
SNPs in LD (r2 ≥ 0.1), a total of 214 putative trans-acting splicing 
regulators were identified (Supplemental Data Set 8). Gene an-
notations for these putative trans-regulators showed that many 
of them are transcription factors, splicing factors, and splicing- 
related proteins (Supplemental Data Set 8). Most of these  

putative trans-regulators (67%) were detected with cis-sQTL, 
cis-eQTL, or both (Supplemental Data Set 8).

ZmGRP1 Functions as a Splicing Factor

Among the putative trans-regulators, ZmGRP1 regulates the 
largest trans-cluster that affects the AS of 21 downstream 
genes (Figure 10A; Supplemental Data Set 8). ZmGRP1 is an 
hnRNP-like glycine-rich RNA binding protein that shows 75% 
and 74% protein sequence identity with AtGRP7 and AtGRP8 
in Arabidopsis (Figure 10B), which have been shown to play im-
portant roles in pre-mRNA splicing (Streitner et al., 2010, 2012). 
To further validate the function of ZmGRP1, we knocked out 
endogenous ZmGRP1 using CRISPR/Cas9 technology (Belhaj  
et al., 2015). Two 20-bp sequences in the second exon of ZmGRP1 
were selected as target sites for Cas9 cleavage (Figure 10C).  

Figure 9. Characterization of the SNP Effect. 

(A) Pie charts indicating proportions of SNPs annotated with each functional category. 
(B) Relative enrichment of cis-sQTLs and cis-eQTLs in each functional category. The x axis shows different types of variants. The y axis indicates the 
fold enrichment of cis-sQTLs and cis-eQTLs in each variant relative to the background SNPs. P values were calculated using a hypergeometric test.
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Figure 10. ZmGRP1 Functions as a Trans-Acting Splicing Factor. 

(A) Trans-acting splicing regulators. The histogram shows the distribution of trans-clusters. The lines with arrows indicate that ZmGRP1 regulates the 
AS of 21 downstream genes. 
(B) The protein sequence alignment of RRM domain of ZmGRP1 and its Arabidopsis homologs, AtGRP7 and AtGRP8. 
(C) The homozygous mutation line of CRISPR/Cas9, with an 81-bp insertion and a 284-bp deletion in the coding region that truncated the ZmGRP1 
ORF. The upper panel shows the gene structure of ZmGRP1. Exons and introns were shown as boxes and lines, respectively. CDSs are shown in black 
and the two target sites are shown in red boxes. The lower panel represents RNA-seq read alignment of ZmGRP1 for both KO#2 and the wild type. 
(D) to (G) Examples of genes with differential exon usages. The results of differential exon usages from the mRNA sequencing are shown on the left, 
and the corresponding RT-qPCR results are shown on the right. Immature kernels of KO#2 and wild-type plants were collected at 15 DAP for mRNA 
sequencing and RT-qPCR analysis. Values represent the mean ± sd of the measurements for wild type (n = 4 biological replications) and KO#2 (n = 3 bio-
logical replications). Exons in red that exhibited significantly differential usage between KO#2 and wild-type plants were indicated by asterisk.



1416 The Plant Cell

Two homozygous mutation lines (KO#2 and KO#5) were gen-
erated with large insertion and deletion in the coding region 
that truncated the ZmGRP1 open reading frame (ORF; Figure 
10C; Supplemental Figure 4). To examine the effect of the loss 
of function of ZmGRP1 on downstream genes, we sequenced 
mRNAs of immature kernels of KO#2 and wild-type plants 
collected at 15 DAP. Exon usage analysis showed that a total 
of 1039 genes (q < 0.05) exhibited significant exon usage dif-
ferences between KO#2 and wild-type plants (Supplemental  
Data Set 9). To validate the mRNA sequencing results, we ran-
domly selected seven genes with differential exon usages for 
RT-qPCR analysis (Figures 10D to 10G; Supplemental Figure 
5). All seven genes showed consistent exon expression differ-
ences with the mRNA sequencing results. GO analysis showed 
that the genes detected with significant exon usage differ-
ences were enriched in small molecule metabolic process, 
mRNA processing, and translation initiation (Supplemental 
Data Set 10).

AS Contributes to Trait Variation

To evaluate the importance of AS for phenotypic variation, we 
determined whether the sQTLs identified in this study were 
mapped to the 2351 marker-trait associations previously identi-
fied in the same population, including QTLs for metabolite levels 
(Wen et al., 2014; Deng et al., 2017) and phenotypic traits of 
kernels (Li et al., 2013; Yang et al., 2014; Liu et al., 2017). A total 
of 739 unique sQTLs were colocalized (<100 kb; r2 ≥ 0.1) with 
previously identified trait QTLs (Figure 11A; Supplemental Data 
Set 11). Notably, 611 sQTLs (83%) were associated with trait 
variation in the absence of changes in overall gene expression 
levels, strongly indicating the importance of AS in regulating 
phenotypic variation.
 In one arginine metabolic pathway, arginine is first catalyzed 
by ADC (arginine decarboxylase) into agmatine, followed by the 
catalysis of PHT (putrescine hydroxycinnamoyltransferase) into 
various agmatine conjugates. The feruloyl-agmatine conjugates 
(n1376) are further modified by MT (methyltransferase) into n1394 
(N-feruloyl, N-methoxyagmatine) (Wen et al., 2014). However, 
which gene encodes MT in the reaction is unclear. Significant 
mQTLs were detected for the n1376 (rs#chr7.S_169265854, P = 
4.17 × 10−7) and n1394 (rs#chr7.S_169265857, P = 2.75 × 10−7) 
content in a previous metabolic study (Figure 11B; Wen et al., 
2014). SNPs rs#chr7.S_169265854 and rs#chr7.S_169265857 
were in strong LD (r2 = 0.89). Interestingly, we found that a sig-
nificant cis-sQTL (rs#chr7.S_169266411, P = 3.63 × 10−10) for 
GRMZM2G014295 was in strong LD with rs#chr7.S_169265854 
and rs#chr7.S_169265857 (r2>0.9) (Figure 11B), potentially in-
dicating that these three SNPs are in strong LD with a common 
causal variant. GRMZM2G014295 encodes a methyltransferase. 
Given this, GRMZM2G014295 is high likely the underlying gene 
catalyzing the metabolic step from feruloyl-agmatine conjugates 
to N-feruloyl, N-methoxyagmatine. No significant difference in 
the expression level of GRMZM2G014295 was detected at the 
cis-sQTL SNP. These results suggest that the metabolic content 
of n1394 and n1376 is most likely controlled via the splicing 
regulation of GRMZM2G014295.

DISCUSSION

We assembled the transcriptome of immature kernels from 368 
diverse maize inbred lines. A total of 48,855 novel transcripts 
from known genes were identified. The results showed that 50% 
(12,616 genes) of intron-containing genes undergo AS and dis-
play natural variation in the maize population. Considering that 
we only sampled one stage of kernel development, splicing vari-
ation could be widespread in natural populations. Some stud-
ies argued that much of the AS is not due to regulated splicing 
but represents splicing noise without biological consequences  
(Melamud and Moult, 2009; Pickrell et al., 2010a). Using a GWAS 
approach, we identified 19,554 unique sQTLs regulating the 
splicing variation in 6570 genes (representing 54% of mapped 
genes). The proportion of genes with sQTLs might be under-
estimated due to the use of a stringent Bonferroni-corrected  
threshold for claiming sQTL. Based on our results, we conclude 
that the widespread natural variation in AS is mostly under ge-
netic control rather than resulting from splicing noise. Similar 
to the genetic architecture feature of gene expression level (Fu 
et al., 2013), splicing variation is under relatively simple genetic 
control. Moreover, we found that most sQTLs showed small iso-
form usage changes without involving major isoform switching 
between genotypes. Further studies of transcriptomes of other 
tissues at other developmental stages will provide a more com-
plete picture of the genetic regulation of natural variation in AS.
 Although increasing proteome diversity is one of the important 
postulated roles of AS, the extent of its influence on proteome 
diversity is far from being settled. Widespread natural variation 
in AS has been observed; however, the extent to which it leads 
to functional protein isoforms remains unclear. To this end, we 
compared the protein domain structure of isoforms differentially 
used at sQTLs. The sQTLs of the 1977 genes involved using iso-
form pairs exhibiting gained, lost, or exchanged domains rela-
tive to each other, potentially indicating that these sQTL-affected 
isoforms might have distinct protein functions. This functional 
divergence between isoforms might be underestimated because 
our current bioinformatic analysis of protein sequences of iso-
form pairs is highly dependent on the database of known protein 
domains. Many important protein domains or motifs might have 
not been characterized yet. Therefore, the functional divergence 
between isoforms encoded by the same gene might be wide-
spread. Similar observations were reported in a recent compar-
ative functional profiling of alternative isoforms in humans (Yang 
et al., 2016). Those authors found that AS can produce isoforms 
with vastly different interaction profiles, and alternative isoforms 
functionally behave like distinct proteins rather than minor vari-
ants of each other (Yang et al., 2016). Many genes encoding 
alternatively spliced isoforms with distinct functional character-
istics have been identified in plants (Zhang and Mount, 2009; 
Posé et al., 2013; Wang et al., 2015). For example, the MADS 
box transcription factor gene FLOWERING LOCUS M (FLM) in 
Arabidopsis encodes two isoforms that regulate flowering in op-
position, with FLM-β repressing flowering while FLM-δ activating 
flowering (Posé et al., 2013).
 We provided compelling evidence that AS-coupled NMD, 
and miRNA-mediated mechanism and siPEP-mediated PEPi 
are frequently involved in sQTL regulation. Notably, the sQTLs 
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of 1643 genes involved the differential use of isoform pairs 
that gain or lost NMD features. This result is consistent with 
recent results in Arabidopsis, in which NMD is a widespread 
mechanism for regulating gene expression, with 11 to 18% 
of alternatively spliced transcripts degraded by NMD (Kalyna  
et al., 2012; Drechsel et al., 2013). Previous studies have shown 
that AS typically produces transcripts that gained or lost miRNA 
target sites (Thatcher et al., 2014). We predicted miRNA targets 
against all sQTL-affected transcripts and found that the sQTLs 
of 16 genes involved differential use of alternative isoforms 

carrying miRNA target sites. We should also note that due to 
the current limited miRNA annotation in maize only 70 high- 
confidence miRNAs were used in this analysis. A miRNA- 
mediated mechanism might be prevalently involved in sQTL 
regulation. In addition, siPEP-mediated PEPi is a recently pro-
posed gene regulation mechanism (Seo et al., 2011a, 2013; 
Staudt and Wenkel, 2011). Our analysis in this study provided 
an overall evaluation of AS-coupled PEPi in maize. The results 
showed that the sQTLs of 161 transcription factors are po-
tentially involved in regulation by PEPi. These results suggest 

Figure 11. sQTLs Colocalize with Trait Associations. 

(A) Overall summary of the colocalization of sQTLs with mQTLs and pQTLs. 
(B) Pathway of degradation from arginine to agmatine. The derived conjugate Fer-Agm is further modified into N-Fer, N-methoxy-Agm. ADC, arginine 
decarboxylase; PHT, putrescine:hydroxycinnamoyltransferase. A cis-sQTL (rs#chr7.S_169266411) detected at GRMZM2G014295, which encodes a 
methyltransferase, colocalized with mQTL for the content of Fer-Agm (rs#chr7.S_169265854) and N-Fer, N-methoxy-Agm (rs#chr7.S_169265857). 
Transcripts named “T” stand for known transcript.
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that AS functions as a central modulator in the gene regulatory 
network by coupling with different layers of gene regulation 
mechanisms, which allows both coordination and versatility in 
gene expression for plants to respond robustly and precisely to 
genetic and environmental perturbations.
 The analysis in this study showed that only a small pro-
portion of variants were simultaneously associated with total 
mRNA level and AS, indicating that the natural variation in 
overall mRNA level and AS tend to be independently regulated. 
Similar results were also observed in recent studies in humans, 
in which most sQTLs (74%) were not associated with gene 
expression levels (Li et al., 2016). Our further variant analysis 
for cis-sQTLs and cis-eQTLs revealed that different cis-regula-
tory sequences are preferentially used for the cis-regulation of 
AS and mRNA level, which could partially explain the relative  
genetic independence between overall mRNA level and AS.  
Notably, we identified both cis-sQTL and cis-eQTL at 676 
genes, but the associated SNPs were not in LD, indicating 
that these genes contain independent cis-variants that in-
dependently regulate the mRNA levels and AS. These results 
suggested that plants may have evolved elaborate regulatory 
mechanisms to modulate mRNA levels and AS variation in re-
sponse to developmental and environmental cues.
 Previous studies have shown that mutations affecting splic-
ing underlie a number of genes for plant growth, development, 
and responses to external cues (Cai et al., 1998; Isshiki et al., 
1998; Seo et al., 2011b, 2012; Li et al., 2012). These individual 
gene studies illustrated that AS is an important factor deter-
mining phenotypic variation. However, an overall evaluation of 
the relative importance of AS in regulating phenotypic varia-
tion is generally lacking. The comparative analysis of sQTLs 
and previous marker-trait associations showed that 3.8% of 
mapped sQTLs were colocalized with previous association 
signals for metabolic and phenotypic traits of kernel scored 
in the same population. Notably, 83% of these colocalized 
sQTLs are not simultaneously associated with changes in 
overall mRNA levels. We applied the same colocalization anal-
ysis for the previous identified eQTLs with trait associations. 
The results showed that 5.9% of mapped eQTLs colocalized 
with trait associations (Figure 10A). This result suggested that 
AS, whose role has not been sufficiently appreciated in previ-
ous genetic studies, is as important as the gene expression 
levels in regulating plant phenotypes. Considering the relative 
genetic independence of AS from the overall gene expression 
level, our results demonstrate that AS represents an important 
source of trait associations and thus should be routinely con-
sidered in further genetic studies.

METHODS

Plant Materials

An association panel comprising 368 diverse maize inbred lines was used 
in this study (Yang et al., 2011; Li et al., 2013). Transcriptome sequencing 
was previously performed on the immature kernels at 15 DAP of these 
368 inbred lines (Fu et al., 2013). The same transcriptome data were used 
for AS analysis in this study. The detailed information on the transcrip-
tome sequencing can be found in the previous study (Fu et al., 2013). 

Briefly, the association population was originally planted in two biological 
replications in the field (Fu et al., 2013). Five immature kernels from three 
to four ears in each block were collected at 15 DAP. The collected imma-
ture kernels in two replications were then bulked for total RNA extraction 
and sequencing.

Transcriptome Assembly and Quantification

The paired-end (2 × 90 bp) libraries were filtered with FASTX-toolkit 
(http://hannonlab.cshl.edu/fastx_toolkit/) to remove low-quality reads. 
Only reads with a quality score of more than 20 in at least 80% bases  
were retained and subsequently aligned to the B73 reference genome 
(version 3.31) using HISAT2 version 2.0.4 (Kim et al., 2015; Pertea  
et al., 2016), with a minimum intron size of 60 bp and maximum intron 
size of 50,000 bp. On average, 47.8 million reads were aligned to the 
genome and 41.9 million reads were aligned to one unique location in 
the genome. Only uniquely mapped reads were subsequently passed to 
StringTie version 1.3.0 (Pertea et al., 2015, 2016) for transcript assembly 
in each library using 63,230 annotated maize transcripts (AGPv3) as a ref-
erence transcriptome. The transcripts assembled from each library were 
combined into a unified set of transcripts using the merge function in  
StringTie. The discovery of novel junctions required at least 10 spanning 
reads and any new transcripts required to represent at least 10% of the 
total gene abundance in at least one library.

Known and novel transcripts were subsequently quantified in each 
inbred line using StringTie with default parameters. New transcripts from 
intergenic regions were not included in our analysis. According to a pre-
vious method (Thatcher et al., 2014), a simulation was performed to de-
termine the expression threshold in fragments per kilobase of transcript 
per million mapped reads (FPKM) for transcript isoforms, and the details 
are shown in Supplemental Figure 6. Known and novel transcripts with 
expression less than 0.35 FPKM in <5% inbred lines were filtered out. To 
control the impact of transcript fragments, only transcripts with at least 
70% long as the canonical transcript were kept for subsequent analysis. 
We subsequently calculated the splicing ratio of each isoform relative 
to the total transcript abundance of the gene, and the splicing ratio was 
used as the phenotype for genome-wide association analysis.

sQTL Mapping

The genome v2 coordinates of 1.25 million SNPs from previous studies 
(Liu et al., 2017) were converted to genome v3 coordinates using Cross-
Map version 2.0.5 (Zhao et al., 2014). Each of 1.25 million SNPs was 
tested for association with each splicing ratio. The population structure 
and kinship coefficients were estimated according to Fu et al. (2013). 
Principle component analysis was performed to detect the unknown 
confounding factors, and the first two PCs were included as covariates 
in association analysis. GWAS was performed to identify sQTLs using a 
mixed linear model accounting for population structure, family related-
ness, and hidden confounders (Yu et al., 2006) with Tassel version 5.2.10 
(Bradbury et al., 2007). A standard Bonferroni correction assumes the in-
dependence of all tests performed. Obviously, the SNPs used for GWAS 
are not independent because they are in LD at different levels. To deter-
mine how many independent statistical tests were actually performed in 
splicing GWAS, we performed LD analysis for the 1.25 million SNPs using 
PLINK (Purcell et al., 2007) with a window size of 50 SNPs and step size 
of 5 SNPs. We obtained 67,334 independent SNPs (r2 < 0.1). Therefore, 
a Bonferroni-corrected P < 7.43 × 10−7 (0.05/n, n = 67,334) was used to 
define significant associations at α = 0.05. We then performed two steps 
of filtering for the initial associations. First, for each gene detected with 
sQTL, we conducted LD analysis for the associated SNPs to identify 
independently associated SNPs. A unique sQTL was defined when the 
associated SNP was not in LD (r2 <0.1) with any other associated SNPs 
on the same chromosome for the target gene. Second, we examined the 
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splicing ratio changes at each unique sQTL. Only sQTLs that exhibited 
more than 5% difference in splicing ratio were remained for subsequent 
analysis. We analyzed the relative positions of sQTLs and their associated 
genes and detected an obvious inflection point at the position of 20 kb 
(Figure 2B), which exhibited a similar distribution as that for the relative 
positions of eQTLs and their associated genes (Fu et al., 2013). There-
fore, a sQTL was considered a cis-sQTL when the SNP was detected 
within 20 kb of the transcription start site or transcription end site of the 
target gene; otherwise, the sQTL was considered a trans-sQTL.

sQTL Validation

To verify the sQTLs, we randomly selected 20 genes detected with local 
sQTLs and performed RT-PCR analysis to examine the relative differences  
in isoform expression between genotypes at the sQTL. To facilitate the 
RT-PCR analysis, the 20 genes were randomly selected from genes with 
two expressed isoforms. The materials used for RT-PCR assay were 
sampled from an independent experiment of the association panel that 
was grown in winter nursery (2015, Hainan, China) with two replications. 
For each inbred line, immature seeds collected from the two replications 
at 15 DAP were pooled together for total RNA extraction. For each ge-
notypic class at the examined sQTL, five inbred lines carrying the same 
SNP allele were randomly selected to be bulked as a biological repli-
cate, and three biological replicates were used in the RT-PCR analysis. 
Two micrograms of total RNA was reverse transcribed using a random 
primer and reverse transcriptase (Promega) following the manufacturer’s 
instructions. cDNA was then analyzed by amplification of Tubulin (con-
trol) and transcript isoforms for each gene. Reactions were analyzed by 
agarose gel electrophoresis and ethidium bromide staining. The primers 
used in the RT-PCR assay can be found in Supplemental Data Set 12.

Gene Function Enrichment Analysis

To test whether genes detected with sQTLs share common functional 
features, GO term and pathway enrichment analyses were performed 
using a hypergeometric test. GO terms were determined by the web 
toolkit agriGO (Du et al., 2010). GO categories that contain at least five 
genes were considered significantly enriched with an false discovery 
rate-corrected P < 0.05. Similarly, to test whether genes detected with 
sQTLs were enriched in specific pathways, MapMan database (Thimm 
et al., 2004) was used to categorize the pathways. Pathways containing 
at least five genes were considered significantly overrepresented with 
BH-corrected P < 0.05. In addition, a set of splicing-related genes from 
the splicing-related gene database in plantGDB (Duvick et al., 2008) and 
spliceosome genes from the KEGG database (Kanehisa et al., 2012) were 
also used for functional annotation.

AS Event Characterization

To characterize the type of splicing events affected by sQTLs, pairwise 
comparison of sQTL-associated transcripts within each regulated gene 
was performed using the ASTALAVISTA tool (Foissac and Sammeth, 
2007). ASTALAVISTA extracts and classifies the different splicing events 
based on the transcript model and splice junctions. The AS events were 
classified into (1) IR, (2) AA, (3) AD, (4) ES, and (5) other events. The “other 
events” represent complex AS events comprising duplicated IR, ES, AA, 
and AD events or a combination of those.

Conserved Domain Prediction and PEPi Analysis

PfamScan was used to search protein domains against the Pfam HMM 
library based on HMMER3 (Eddy, 2011) for all novel and known tran-

scripts, using protein sequences as input. The Pfam database (Finn et al.,  
2016) (version 30.0) contains 16,306 protein families. ORFs for all novel  
and known transcripts were searched from authentic start codon for 
each gene. For transcripts that did not cover the authentic start codon, 
the longest ORF was used to search protein domains. After filtering at  
E-value < 1 × 10−3, resulting domain hits for novel and known transcripts 
were then compared in a pairwise manner. The annotation information 
from PlantTFDB (Jin et al., 2014), GrassTFDB (Yilmaz et al., 2009), and 
MapMan (Thimm et al., 2004) database was integrated as database of 
transcription factors. For each transcription factor regulated by sQTLs, 
the domain configuration of transcript isoforms was compared in a 
pairwise manner to determine whether the isoform pair involved a PEPi 
mechanism. Read coverage was obtained by genomecov function in 
bedtools (Quinlan and Hall, 2010) with -dz -split parameters.

NMD Analysis

The coding sequences (CDSs) of novel transcripts were first predicted 
using EMBOSS version 6.4.0 (Rice et al., 2000), and the ORF translat-
ing from authentic start codon was considered the coding region. To 
determine whether the isoform regulated by sQTL was a putative NMD 
target, the transcript structure of isoform pairs was compared. Transcript 
isoforms without IR events carrying a PTC located at least 50 nucleotides 
upstream of an exon splice junction, 3′-UTRs longer than 350 bp, in-
trons within 3′-UTRs, and upstream open reading frames greater than 35  
amino acids within 5′-UTRs (Kalyna et al., 2012; Drechsel et al., 2013) 
were marked as potential NMD candidates.

miRNA Target Analysis

To determine whether sQTL-affected isoforms involve miRNA regulation 
mechanism, the potential miRNA target sites of isoforms were predicted 
using targetfinder.pl (Fahlgren and Carrington, 2010) with miRBase Re-
lease 22 database, which contains 325 maize miRNAs. To reduce false 
positives of miRNA target prediction, only 70 miRNAs that were anno-
tated as high-confidence mature miRNAs were used for prediction. Using 
a default miRNA/target complementarity score of 4, miRNA target sites 
were obtained for each transcript.

Variant Enrichment Analysis

The effect of each variant was annotated by the SnpEff program (Cingolani  
et al., 2012) to derive functional consequences based on different  
genomic regions and effect consequences. The hypergeometric test 
(phyper function in R) was performed to test the enrichment of the ratio 
of different types of SNP effects compared with background.

Modified 5′-RACE

To examine the cleavage sites in the ZmGRF8 transcripts, we performed 
modified 5′-RNA ligation-mediated (RLM) RACE following the manufac-
turer’s instructions of the FirstChoice RLM-RACE kit (Invitrogen). The 
cDNA templates from developing kernels of B73 at 15 DAP were am-
plified through two rounds of PCR with the universal sense or antisense 
primers provided in the kit and two gene-specific primers. The PCR 
products were cloned into the pEASY vector (TransGen) and sequenced.

Knockout of ZmGRP1

A pCAMBIA-derived CRISPR/Cas9 binary vector with two gRNA expres-
sion cassettes targeting two adjacent sites of ZmGRP1 was generated 
according to previously described protocol (Xing et al., 2014). The con-
struct was transformed into Agrobacterium tumefaciens strain EHA105, 
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and then Agrobacterium-mediated method was used to transform the 
immature embryos of receptor line. A total of six independent T0 trans-
genic plants were obtained. In order to identify the positive CRISPR-Cas9 
knockout lines, the PCR amplicons encompassing the gRNA-targeted 
sites for each of the transgenic plants were separated on agarose gels 
and cloned in the pMD-18T vector (Takara). At least eight clones per 
PCR product were sequenced. After PCR amplification and sequenc-
ing, two T0 plants with homozygous deletions at the target sites were 
identified (referred to as KO#2 and KO#5). The homozygous T0 plant 
KO#2 was self-pollinated to get T1 progenies. The resulting T1 proge-
nies, together with the wild type, were planted and further genotyped by 
PCR and sequencing to confirm the presence of mutations at the target 
sites. Immature kernels of T1 and wild-type plants were collected at 15 
DAP for mRNA sequencing. The primers used are listed in Supplemental 
Data Set 12.

mRNA Sequencing and Exon Usage Differential Analysis

Total RNA was isolated and purified using RNAprep pure plant kits (Tian-
gen Biotech). Libraries of mRNA were prepared and sequenced using 
HiSeq 150-bp paired-end Illumina RNA-Seq protocol, with three and 
four biological replicates for KO#2 and the wild type, respectively. After 
filtering out reads with low sequencing quality, ∼44.5 million reads were 
maintained in each sample (Supplemental Data Set 13). The resulting 
sequences were aligned to the B73 genome sequence v3 (AGPv3.31) 
with HISAT2 (Kim et al., 2015; Pertea et al., 2016) using a minimum intron 
size of 60 bp and a maximum intron size of 50,000 bp. Only uniquely 
mapped reads were kept for subsequent analysis. On average, 37 million 
reads were uniquely mapped onto the reference genome (Supplemental 
Data Set 13). Genome-matched reads were assembled for each sample 
with Cufflinks (Trapnell et al., 2012), and the merged transcripts from all 
samples were used to count reads mapped onto each exon. Differential 
exon usage between KO#2 and the wild type were tested using DEXSeq  
packages, which uses generalized linear models and offers reliable 
control of false discoveries by taking biological variation into account  
(Anders et al., 2012). The P value for each exon was obtained by a χ2 
likelihood ratio test and adjusted using Benjamini-Hochberg method  
(Anders et al., 2012).

RT-qPCR Analysis

For sQTL validation, four inbred lines for each genotype at sQTL were 
selected for RT-qPCR validation. For differentially used exon validation, 
the same samples used for RNA-seq were used for RT-qPCR validation. 
Total RNA (2 μg) was reverse transcribed using a random primer and re-
verse transcriptase (Promega) following the manufacturer’s instructions. 
RT-qPCR was performed on an ABI 7500 real-time PCR system using 
the SYBR Premix Ex Taq II kit (Takara), and measurements were obtained 
using the comparative CT (2−△CT) method relative quantification method 
(Schmittgen and Livak, 2008). Tubulin was used as an internal control. 
All data are based on three independent biological replicates, each with 
three technical replicates. The primers used are listed in Supplemental 
Data Set 12.

Accession Numbers

The raw sequence of RNA-seq for ZmGRP1 was deposited into Sequence 
Read Archive of National Center for Biotechnology Information under 
accession number SRP132125. Sequence data from this article can 
be found in the GenBank/EMBL databases under the following acces-
sion numbers: ZmGRF8, GRMZM2G041223; su2, GRMZM2G348551; 
ZmMADS1, GRMZM2G171365; Cys2, GRMZM2G005887; ZmGRP1, 
GRMZM2G080603; AtGRP7, AT2G21660; and AtGRP8, AT4G39260.
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