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Flowering time is an important factor determining yield and seed quality in maize. A

change in flowering time is a strategy used to survive abiotic stresses. Among abiotic

stresses, drought can increase anthesis-silking intervals (ASI), resulting in negative effects

on maize yield. We have analyzed the correlation between flowering time and drought

stress using RNA-seq and bioinformatics tools. Our results identified a total of 619 genes

and 126 transcripts whose expression was altered by drought stress in the maize B73

leaves under short-day condition. Among drought responsive genes, we also identified

20 genes involved in flowering times. Gene Ontology (GO) enrichment analysis was

used to predict the functions of the drought-responsive genes and transcripts. GO

categories related to flowering time included reproduction, flower development, pollen–

pistil interaction, and post-embryonic development. Transcript levels of several genes that

have previously been shown to affect flowering time, such as PRR37, transcription factor

HY5, and CONSTANS, were significantly altered by drought conditions. Furthermore,

we also identified several drought-responsive transcripts containing C2H2 zinc finger,

CCCH, and NAC domains, which are frequently involved in transcriptional regulation and

may thus have potential to alter gene expression programs to change maize flowering

time. Overall, our results provide a genome-wide analysis of differentially expressed

genes (DEGs), novel transcripts, and isoform variants expressed during the reproductive

stage of maize plants subjected to drought stress and short-day condition. Further

characterization of the drought-responsive transcripts identified in this study has the

potential to advance our understanding of the mechanisms that regulate flowering time

under drought stress.
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INTRODUCTION

Maize (Zea mays L.) is a major crop used worldwide as a source of food, fuel, and animal feed.
Maize serves as a key resource for economic and industrial applications, in addition to its role as
food. Flowering time is an important feature of maize production that is widely known to affect
productivity and seed quality. With respect to maize reproduction, 1 week before silking until 2
weeks after silking represents a key period, during which abortion of ovules and the fertilization rate
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are determined, and kernels and ears occur. Pathways required
for flowering have response systems that mediate survival under
various stresses. In response to stress, such as drought, flowering
pathways are accelerated to produce flowers and seeds more
rapidly (Franks et al., 2007; Bernal et al., 2011; Franks, 2011;
Krasensky and Jonak, 2012). Drought stress has many negative
effects, such as decreasing carbon availability flower drop, pollen
death, ovule abortion, and the anthesis-silking interval (ASI)
during the reproductive stages (Hall et al., 1984; Blum, 1996;
Andrade et al., 1999). Drought-induced increases in the ASI
negatively affect the fertilization rate, kernel filling, and seed
quality and weight (Byrne et al., 1995; Bolaños and Edmeades,
1996; Edmeades et al., 1997; Bruce et al., 2002). For this reason,
ASI is frequently used as an index of drought tolerance.

To improve production under drought stress, several attempts
to improve varieties have been undertaken using recombinant
inbred lines (RIL), molecular markers, and quantitative trait
locus (QTL) mapping (Cattivelli et al., 2008; Yu et al., 2008;
McMullen et al., 2009). However, the complexity of the
maize genome and the lack of knowledge of the specific
genetic mechanisms underlying drought tolerance remain a
major challenge. Consistent with the diversity of these highly
heterozygous plants and their genomic complexity, different
genotypes have been found to exhibit different response systems
under drought stress (Shinozaki and Yamaguchi-Shinozaki, 2007;
Hansey et al., 2012; Jiang et al., 2012). Therefore, to improve our
understanding of the relationship between drought and yield,
our goal was to characterize the mechanisms associated with
responses to drought that impact flowering time.

The flowering time determining the ASI of maize is closely
related to flowering time genes. Genes such as FLOWERING
LOCUS C (FLC), CONSTANS (CO), GIGANTEA (GI), and
SUPPRESSOR of OVEREXPRESSION of CONSTANS1 (SOC1)
were known to regulate flowering time (Kim et al., 2006; Buckler
et al., 2009; Jung and Müller, 2009; Kong et al., 2010; Endo-
Higashi and Izawa, 2011; Hung et al., 2012; Ito et al., 2012; Li
et al., 2016). Expression of these genes controlled by photoperiod,
light sensing, circadian, and various stress (Johnson et al., 1994b;
Datta, 2006; Fornara et al., 2009; Jung and Müller, 2009; Meng
et al., 2011; Hung et al., 2012; Coelho et al., 2013; Chao et al.,
2014). Similarly, drought known make changes of ASI, therefore
drought maybe affects the flowering time genes. Changes of the
expression level of the flowering time genes due to drought
have been observed (Franks et al., 2007; Zhuang et al., 2007;
Kakumanu et al., 2012; Corrales et al., 2014; Kooyers, 2015). A
more detailed analysis of gene expression pattern can be lead
to improving our understanding of the regulation of processes
associated with flowering time under drought condition.

Gene expression studies that characterize the response to
drought stress in maize have been attempted in various tissues
(Zheng et al., 2004; Poroyko et al., 2007; Zhuang et al., 2007)
and during multiple stages (Zheng et al., 2004; Yue et al., 2008;
Humbert et al., 2013). With the advent of RNA sequencing
(RNA-seq) technologies and publication of the reference genome
(Schnable et al., 2009), we now have access to a great deal of
information regarding the diversity of the genome and gene
expression in maize, including structural variations, differing

response systems, and alternative splicing events (Wang et al.,
2009; Jain, 2011). Gene annotations and sequences included in
the reference genome have made improved genomic studies
possible. Recently, RNA-seq has been used to characterize
transcriptional changes resulting from abiotic stress (Krasensky
and Jonak, 2012; Frey et al., 2015; Liu et al., 2015), and the
differentially expressed genes (DEGs) identified were found to
be useful for predicting differences in tolerance between maize
cultivars. Alternative splicing (AS) also plays an important role
in stress responses, and AS events have been estimated to occur
for more than 60% of intron-containing genes in Arabidopsis
thaliana (Filichkin et al., 2010). AS is also known to occur in a
differential manner in distinct tissues, developmental stages, and
stress responses in plants (Li et al., 2013; Staiger and Brown, 2013;
Garg et al., 2016; Shankar et al., 2016).

In this study, we used RNA-seq to identify transcriptional
variations between maize plants subjected to well-watered (WW)
and drought-stressed (DS) conditions under short-day condition.
The resulting RNA-seq data was analyzed using bioinformatics
tools to identify changes in gene expression and alternative
splicing under drought stress. Differentially-expressed genes
were subjected to BLAST analysis to predict their functions. We
then focused on drought-responsive genes known or predicted to
be involved in flowering time and analyzed the potential of these
genes to change flowering time in response to drought stress.

MATERIALS AND METHODS

Plant Growth and Drought Conditions
Maize (Zea mays cv. B73) plants were grown in 10-L pots
(37× 37.5× 22 cm). The plants weremaintained in a greenhouse
and grown under short-day condition until top of the tassel
was visible. The short-day condition was set up for 12 h light
and 12 h dark and temperate varied from 26 to 28◦C during
day and 23–25◦C during night. When the tassel was visible, the
plants were divided into two groups: the well-watered (WW) and
drought-stressed (DS) groups. The WW pots were maintained
at potentials >−0.2 MPa (15–20% soil water content) with
irrigation, while DS pots were maintained at <−1.5 MPa (5–8%
soil water content). When pollen shed began, leaf tissue was
harvested from top collared leaf (flag leaf) from three different
plants in each replicate group and condition. As a result, drought
caused changes of ASI to be 3–4 days and the samples from
each condition harvested on different days. On average, DS group
was underlying more than 15 days under drought condition. All
leaves were frozen in liquid nitrogen immediately after collecting
and were then transferred to a deep freezer to be stored at−80◦C.

RNA Isolation and RNA-seq
To construct RNA libraries, leaves collected from WW, and
DS plants were subjected to RNA isolation with biological
replication. Total RNA was prepared from each leaf using the
RNeasy Plant Mini Kit (Qiagen). RNA quality and integrity
was assessed using a 2100 Bioanalyzer RNA Nanochip (Agilent
Technologies) prior to RNA-seq. RNA-seq was then performed
using the Illumina HiSeq platform.
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Bioinformatics
All reads from each sample were aligned to the maize reference
genome [B73_RefGen_v3 annotation build (5b+)] using default
parameters in Tophat2. The Tophat methodology facilitates the
identification of splicing events. Aligned sequences fromTophat2
(Kim et al., 2013) were assembled separately using Cufflinks
2.2.1 (Trapnell et al., 2012). Cufflinks assembles specific isoforms
based on alternative splicing events. Results from Cufflinks were
compared with annotation of the reference genome (http://
plants.ensembl.org/Zea_mays/) using Cuffmerge. Class codes
obtained from Cuffmerge outputs were used to identify novel
isoforms resulting from newly identified splice junctions and
intergenic transcripts.

Differentially expressed genes (DEGs) were identified by
calculating fragments per kilobase of transcript per million
mapped reads (FPKM) values. DEGs were defined as genes
having a false discovery rate (FDR) (Benjamini and Yekutieli,
2001) <0.001 and an absolute log2 fold change value >1.
To further characterize genes identified as being differentially
expressed in response to drought stress, DEGs and consensus
sequences of isoform were mapped to GO classifications
using Blast2GO (Conesa and Götz, 2008). Three categories of
GO annotations were analyzed: biological process, molecular
function, and cellular component. GO enrichment analysis
was performed with BiNGO plugins for Cytoscape (Maere
et al., 2005) using the hypergeometric test and the Bonferrony
correction method. Bonferrony correction was employed for P-
value correction with a cut-off of 0.05. To identify alternative
splicing events associated with drought stress, Cuffdiff data was
analyzed using the spliceR module in R (Vitting-Seerup et al.,
2014).

Quantitative Real-Time Polymerase Chain
Reaction (qRT-PCR) Validation of RNA-seq
Data
RNA isolated from theWW and DS groups was used to construct
a cDNA library. First-strand synthesis was performed using
the PrimeScript First Strand cDNA Synthesis kit (Takara) and
random primers according to the manufacturer’s recommended
procedures. qRT-PCR was carried out using the CFX ConnectTM

Real-Time PCR Detection System (Bio-Rad). The CT-method
was used to quantify changes in gene expression, and the maize
18s rRNA and Actin1 served as references for normalization.
Expression was analyzed for each of the selected genes under

both conditions (WW and DS). Three independent biological
replicates of each sample were subjected to qRT-PCR analysis. To
determine relative fold changes, gene expression was normalized
to CT-values for the reference genes. The CT-values for each gene
under each condition were calculated using 11CT method as
previously described (Livak and Schmittgen, 2001).

RESULTS

RNA-seq Analysis Reveals Changes in the
Maize Transcriptome in Response to
Drought Stress
RNA samples from well-watered (WW) and drought-stressed
(DS) plants were subjected to RNA-seq using an Illumina Hi-
Seq 2000 instrument. A total of six samples were analyzed,
which included three biological replicates for each condition.
For each replicate, 99–113 million reads were obtained. More
than 280 million paired reads were utilized for comparative
analysis, with approximately 47 million reads from each sample
(Table 1). Of these reads, 86.7–89.0% could be mapped to the
reference genome (Zea mays AGPv3.30) as unique and multiple
matches. Mapped reads were analyzed using the Cufflinks
pipeline (Trapnell et al., 2012) to reveal DEGs, alternative splicing
events, and novel transcripts. Expression values associated with
genes and transcripts were calculated using the fragments per
kilobase of exon per million fragments mapped (FPKM) model.
Also expression of ZmDREB2Awas used to validate for the plants
applied drought stress (Figure S1).

Transcriptome Analysis of
Drought-Responsive Genes
To characterize transcriptional variations that occur in response
to drought stress, we conducted differential gene expression
analysis. A total of 34,002 genes were expressed under both
WW and DS conditions. Of these genes, 954 passed the Cuffdiff
test and were considered to be drought-responsive genes. DEGs,
which exhibited a log2 fold change >1, included 617 genes
(Figure 1), 358 of which were upregulated, and 259 of which were
downregulated (Figure 1, Table S1). Of the DEGs, 512 could be
matched to the reference genome, and 105 could not.

A total of 92,438 alternatively-spliced transcripts were
identified. SpliceR was used to identify significantly changed
isoforms. Filtering resulted in the identification of 50,354

TABLE 1 | Summary of RNA-seq data from WW and DS samples.

Cultivar Sample ID Total read bases (bp) Total reads (single reads) Aligned pairs Multiple alignments Discordant Rate of concordant

pairing

B73 WW-1 10,246,560,090 101,451,090 45,700,180 2,121,199 673,769 88.8

WW-2 10,249,098,422 101,476,222 46,020,143 2,484,676 878,517 89.0

WW-3 11,496,381,156 113,825,556 51,076,080 2,366,476 691,398 88.5

DS-1 11,227,197,572 111,160,372 50,012,836 2,201,247 675,166 88.8

DS-2 10,035,278,190 99,359,190 44,618,507 2,156,617 954,509 87.9

DS-3 10,600,680,230 104,957,230 47,021,361 3,850,820 1,521,877 86.7
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FIGURE 1 | Summary of differentially expressed genes, alternative splicing events and novel transcripts (NT) under drought condition. (A) Number of

genes as up regulation, (B) number of genes as down regulation, (C) number of alternative splicing events classified by each type.

shared AS events, 67 WW-specific AS events, and 82 DS-
specific AS events (Figure 1C). Alternative transcription
termination sites (ATTS) and alternative transcription start
sites (ATSS) were the most predominant AS events, making
up 11,943 and 9,465 events, respectively (Figure 1C). Other
AS events identified included 9,327 alternative 3′ splice
site events (A3), 6,185 alternative 5′ splice site events (A5),
8,982 intron skipping/retention events (ISI), and 3,786 exon
skipping/inclusion events (ESI). The types of AS events varied by
condition, with the A3, A5, and ESI types being more prevalent
under drought conditions. A total of 177 drought-responsive
isoforms were identified as having q < 0.05. To characterize
whether alternatively spliced transcripts were significantly
differentially expressed under drought conditions, we selected
126 transcripts with log2 fold changes>1 (Table S2). Of these AS
transcripts, 82 (from 76 genes) were upregulated, and 44 (from
43 genes) were downregulated (Figure 1). Generally, genes with
AS isoforms were also identified as DEGs; however, 14 genes

were found only to be differentially spliced. Most genes had a
single differentially expressed isoform, but six upregulated genes
and one downregulated gene had two differentially expressed
isoforms. Some genes were found to have novel transcripts that
were differentially regulated under drought conditions. Of the
upregulated transcripts, 14 were novel transcripts, including
nine transcripts associated with DEGs (Figure 1A). In contrast,
six novel transcripts were downregulated (Figure 1B).

GO Enrichment of Differentially Expressed
Genes and Transcripts
Consensus sequences for drought-responsive genes and
transcripts obtained from RNA-seq results were subjected to
Blast2Go for further analysis of gene function. Many of the DEGs
we identified were known stress-responsive genes. Almost all of
the drought-responsive genes we identified were expressed at
levels similar to previous reports characterizing gene expression
in response to drought stress using genome-wide association
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and QTL mapping (Shinozaki and Yamaguchi-Shinozaki, 2007;
Yue et al., 2008; Setter et al., 2010; Kakumanu et al., 2012;
Thirunavukkarasu et al., 2014). GO terms associated with
biological process for DEGs included response to stress, response
to endogenous stimulus, photosynthesis, chromatic binding,
and response to external stimulus, which are consistent with
drought stress (Figure 2A). GO terms related to reproductive
stages included flower development (six genes), reproduction
(four genes), pollen–pistil interaction (one gene), and post-
embryonic development (one gene) (Table S3). GO terms

from the molecular function category involved in response to
stress included carbohydrate binding, transporter activity, and
chromatin binding.

Known drought-responsive genes found in our results
included the genes encoding alpha- and beta-amylase
(GRMZM2G138464 and GRMZM2G450125), which break
down starch, a process that has been shown to be upregulated
under drought stress (Krasensky and Jonak, 2012; Prasch
et al., 2015). Two genes involved in the ABA biosynthetic
pathway (GRMZM5G858784 and GRMZM2G179147) exhibited

FIGURE 2 | Enrichment analysis of responsive genes and transcripts using GO terms from GO Slim. Significantly overrepresented GO Slim terms were

visualized by BiNGO as app in Cytoscape. The size of a node was proportional to the number of targets in GO category. The color of the node represents the

significance of enrichment: higher significance was represented with deeper color. (A) Result of DEGs (B) result of responsive transcripts.
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increased transcript levels under drought conditions (Yue et al.,
2008; Urano et al., 2009). We also found that expression of
the gene encoding sucrose synthase 7 (GRMZM2G060583)
was downregulated under drought conditions (Table S1).
In a previous study, genes encoding sucrose synthase were
downregulated in ovary tissue, but exhibited no drought-
mediated changes in the leaf meristem (Kakumanu et al.,
2012).

In addition to DEGs, we found 126 transcripts with
significantly different expression in response to drought. Like the
DEGs, transcripts known to be involved in the drought response
exhibited altered regulation under drought conditions. For
example, beta-amylase (GRMZM2G450125), chitinase (GRMZ
M2G005633), carotenoid hydroxylase (GRMZM2G164318),
WRKY transcripts (GRMZM2G120320 and GRMZM2G01
8487), and heat shock proteins (GRMZM2G024668 and GRMZ
M2G428391) were upregulated by drought. These proteins have
been reported to play important roles in the response to drought
stress (Hu et al., 2009; Banerjee and Roychoudhury, 2015; Prasch
et al., 2015). Differentially expressed isoforms were associated
with many of the same GO terms as DEGs. Biological process GO
terms associated with differentially expressed isoforms included
response to stress, response to abiotic stimulus, and response
to endogenous stimulus. We also identified several novel
stress-induced transcript isoforms. Of the 14 novel isoforms
that exhibited significantly different expression, isoform of
six transcripts (GRMZM2G162598_T01, GRMZM2G0452
39_T01, GRMZM2G163809_T02, GRMZM5G846082_T01,
GRMZM2G068519_T01, and GRMZM2G099305_T01) had no
annotations based on BLAST results, five upregulated novel
isoforms (GRMZM2G025322_T01, GRMZM2G140355_T01,
GRMZM2G154580_T01, AC233865.1_FGT001, and GRMZ
M2G103250_T01) were associated with response to stress as a
biological process, and four upregulated isoforms (GRMZM2G1
40355_T01, GRMZM2G061419_T01, AC233865.1_FGT001, and
GRMZM2G106945_T01) were associated with DNA and protein
binding according to molecular function (Table S2). Several
transcript-associated GO terms were identified that were related
to specific reproductive stages, including pollination, flower
development, and post-embryonic development in the biological
processes category (Table S4). A total of 13 transcripts were
found to have GO terms related to reproductive stages. Twelve
of these genes were also identified as DEGs. The exception
was GRMZM2G140355, which only exhibited isoform-specific
changes.

Transcriptome Changes in
Drought-Responsive Genes Associated
with Flowering Time
Genes that play a role in regulation of flowering time have been
reported in various studies. Recently, a total of 919 candidate
genes related to maize flowering time were reported by Li
et al. based on analysis of published data (Li et al., 2016). The
candidate genes were contains genes such as ZmCCT and ZCN8
are well-known flowering time regulators in maize (Meng et al.,
2011; Hung et al., 2012), and homologs of many genes that have

been shown to regulate flowering time in other plants, such as
CONSTANS (CO), FLOWERING LOCUS T (FT), MADS-box,
and EARLY FLOWERING (Dong et al., 2012; Hung et al., 2012).
To assess changes in these previously reported flowering time
genes under drought conditions, we compared expression data
for these genes from WW reproductive stage plants and those
under DS (Table S4). A total of 792 genes are expressed in both
conditions, and 172 genes were not expressed. Among the 792
genes, only 19 genes exhibited significant changes under drought
conditions. Thirteen genes (GRMZM2G047055, GRMZM2
G154580, GRMZM2G062458, AC208915.3_FG010, GRMZM
2G104549, GRMZM2G176173, GRMZM2G137046, GRMZ
M2G389155, GRMZM2G069146, GRMZM2G005459, GRMZ
M2G134941, GRMZM2G004483, and GRMZM2G092363) were
upregulated, and six genes (GRMZM2G414192, GRMZM2G021
777, GRMZM2G012717, GRMZM2G161680, GRMZM2G10
7886, and GRMZM2G142718) were downregulated (Table S1).
We can also find homologs of the genes from model organisms
(Table S5). We found six genes with significant changes in
isoform expression (GRMZM2G137046, GRMZM2G004483,
GRMZM2G154580, GRMZM2G047055, GRMZM2G140355,
and GRMZM2G021777). The GRMZM2G140355 gene resulted
not statistically differentially expressed, but had significant
differentially transcriptional change. Novel transcripts were
discovered to be significantly expressed isoforms of two genes
(GRMZ2G004483 and GRMZM2G154580) in the list (Table S2).

qRT-PCR Validation of Differentially
Expressed Transcripts
To confirm the accuracy of RNA-seq results, expression of
19 DEGs and one isoform change was analyzed by qRT-PCR
for the three biological replicates (Figure 3). Except for one
gene (GRMZM2G140355), which has only one isoform with
significantly different expression, all of the genes were only
identified as DEGs. The correlation between RNA-seq data and
qRT-PCR was evaluated by comparing fold changes in gene
expression. The qRT-PCR results revealed that the expression
pattern of these genes was similar to that observed in the RNA-
seq analysis.

To confirm alternative splicing results, the six drought-
responsive isoforms (GRMZM2G137046, GRMZM2G004483,
GRMZM2G154580, GRMZM2G047055, GRMZM2G140355,
and GRMZM2G021777) were validated using qRT-PCR. Primers
were designed to amplify a specific region of difference between
isoforms, and the results of this analysis revealed that expression
of the isoform was drought-responsive (Figures S2–S7),
confirming RNA-seq results.

DISCUSSION

Various environmental stresses, such as drought, can affect maize
production directly or indirectly. Over the years, numerous
attempts have been made to elucidate the relationship between
flowering time and drought stress by analyzing QTLs, genetic
variation, and polymorphisms (Bruce et al., 2002; Franks et al.,
2007; Su et al., 2013; Ziyomo and Bernardo, 2013; Xu et al.,
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FIGURE 3 | Validation of relative gene expression obtained from RNA-seq by qRT-PCR. Relative expression values of qRT-PCR are presented as an average

SD of three biological replicates.

2014; Li et al., 2016). With respect to flowering time, days to
anthesis and silking are key events, and drought can increase the
interval between them. Increased ASI is associated with a low
rate of fertilization, which has resulted in ASI being used as an
indicator of tolerance to drought stress. In order to gain insight
into themolecular events that regulate flowering time in response
to drought stress, we used RNA-seq. In our data, RNA-seq has
identified a large number of differentially expressed transcript
isoforms and novel transcripts. Therefore, to gain deeper insight
into the effects of drought stress on the ASI, we explored
changes in expression of genes and transcripts under drought
conditions.

Flowering time is very sensitive to drought conditions, but the
B73 maize strain is widely known to exhibit a smaller change
in ASI in response to drought (Sari-Gorla et al., 1999; Ziyomo
and Bernardo, 2013). On average, the ASI has a duration of 1
day in our plants under WW conditions, which increases to 4
days under DS conditions. We find that days to silking does not
change in response to drought, but that the 3–4 day shift is due
to advanced anthesis under DS conditions. Plants may advance
flowering time to increase survival and ensure production of
offspring under drought stress (Su et al., 2013; Kooyers, 2015).
In this study, we focus on changes of drought responsive genes
among flowering time genes under short-day condition. As is

widely known, characteristic of B73 are temperate plant and had
adapted to long-day condition. Our study has two important
factors in environment, such as drought and photoperiod, which
can affect flowering time genes. Considering the environment
condition, we analyzed with high cut-off to more accuracy and
obtained DEGs and isoforms.

Flowering time has been shown to be directly related to
grain yields, therefore, many studies have explored flowering
time in cereal and model plants (Buckler et al., 2009; Jung
and Müller, 2009; Kong et al., 2010; Endo-Higashi and
Izawa, 2011; Chen et al., 2012; Hung et al., 2012; Li et al.,
2016). Based on these studies, we were able to analyze

expression of homologs of genes previously reported to be
related to flowering time in other plants (Li et al., 2016).
Previously published expression data was in agreement
with expression values from our RNA-seq data (Table S4).
Our results identified 19 genes with significantly changed
genes reported as candidate regulators of maize flowering
time. Among these 19 genes, six genes (GRMZM2G004483,
GRMZM2G154580, GRMZM2G176173, GRMZM2G092363,
GRMZM2G140355, and GRMZM2G021777) were confirmed
to play roles in biological processes related to flowering time,
such as reproduction, flower development, and post-embryonic
development (Figure 2). Changes in expression of these genes

Frontiers in Plant Science | www.frontiersin.org 7 March 2017 | Volume 8 | Article 267

http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Science/archive


Song et al. Flowering Time Genes under Drought Stress

may, therefore, directly lead to changes in flowering time under
drought conditions.

A subset of the drought-responsive genes we identified were
found to possess CCT domains [CONSTANS, CONSTANS-
LIKE, and TIMING OF CHLOROPHYLL A/B BINDING1
(TOC1)]. CCT domain-containing proteins have been shown to
play a role in regulation of flowering time (Xue et al., 2008; Hung
et al., 2012) and are affected by drought stress (Weng et al.,
2014). Two genes (GRMZM2G09236 and GRMZM2G176173)
similar to CONSTANS CO8 were found to be upregulated
under drought conditions. CONSTANS CO8 genes have been
reported to play a similar role to that of Grain number,
plant height, and heading date7 (Ghd7), which is regarded
to be a regulator of heading date and yield potential in
crop plants (Coelho et al., 2013; Weng et al., 2014). In
contrast, genes (GRMZM2G021777 and GRMZM2G107886)
related to CONSTANS CO5 and the zinc finger-containing gene
CONSTANS-LIKE 16 were downregulated. CONSTANS CO5
shares similarity with the zinc finger protein CONSTANS-LIKE
3 (COL3), which was identified as an interactor of COP1 in
Arabidopsis (Datta, 2006). COP1 has been shown to regulate
flowering time by acting as a repressor of flowering (Reed et al.,
1994). Genes related to TOC1 exhibited opposite responses.
Two genes (AC208915.3_FG010 and GRMZM2G104549) were
upregulated, but a third (GRMZM2G414192) was downregulated
under drought conditions. These CCT domain-containing
proteins have been reported to be involved in flowering and
regulation of circadian rhythms via activation of SUPPRESSOR
OF CONSTANS (SOC1) (Samach, 2000; Wenkel et al., 2006).
Above the CCT domains, gene belonging to the Dof family
(GRMZM2G142718), which has been linked to control of
flowering time (Kim et al., 2006; Fornara et al., 2009;
Corrales et al., 2014) was also identified as a downregulated
gene.

We also observed differential isoform expression for a subset
of candidate genes (GRMZM2G137046, GRMZM2G004483,
GRMZM2G154580, GRMZM2G047055, GRMZM2G140355,
and GRMZM2G021777). The GRMZM2G140355 gene resulted
not statistically differentially expressed, but exhibited changes
in isoform expression. Novel transcripts were identified for two
of these genes (GRMZM2G140355 and GRMZM2G154580).
The novel transcript for GRMZM2G140355 is predicted to be
related to transcription factor HY5 according to BLAST results,
which, as described above, has been shown to interact directly
with COP1 (Reyes et al., 2004). Another novel transcript (of
GRMZM2G154580) has a blast results similar to PRR37, which
has been reported to act as a floral repressor of FT-like genes,
which delay flowering time in sorghum (Johnson et al., 1994b).

In response to drought, alternative splicing of the genes
described above enhanced expression of the functional isoform.
Alternative splicing increases functional capacity of genes, and
provides an opportunity for gene regulation and another function
(Yan et al., 2012). As make more than one mRNA transcript from
pre-mRNA transcripts. The differential splice sites has possibility
that are determined by interaction of binding proteins, transcript
factors, and splicing factors which guide spliceosome (Nilsen and
Graveley, 2010; Wachter et al., 2012). The consensus sequences

of isoforms obtained our results (Table S2) also have potential to
improve their functions, reaction rates, and give new functions.

In addition to these candidate genes, we also identified
genes that appear to be related to alterations in flowering time
based on BLAST results. Several genes involved in flowering
time contained CCT domains and were found in the list of
DEGs. Among the downregulated genes, GRMZM2G012717
is related to the zinc finger-containing gene CONSTANS-
LIKE 16 (described above). A GATA transcription factor
(GRMZM2G039586), which has a similar role to CONSTANS,
was found in the upregulated genes (Reyes, 2004). However,
FLOWERING LOCUS C (FLC), a transcriptional repressor of
SOC1, was not identified as a DEG. In addition to CCT domain-
containing genes, other genes related to flowering time were
also found to be differentially regulated. Phytochrome kinase
substrate 1 (PKS1; GRMZM2G066291), which plays a role in
promoting flowering (Johnson et al., 1994b; Reed et al., 1994),
was upregulated. C2H2 zinc finger gene (GRMZM2G105224),
which is related to genes that control flowering time (Kim
et al., 2006; Fornara et al., 2009; Corrales et al., 2014),
was found in the downregulated genes (Table S1). A gene
(GRMZM2G171912) related to HY5 (described above) and
two genes (GRMZM2G079632 and GRMZM2G159500) with
NAC domains exhibited differential isoform expression. NAC-
domain proteins are known to control developmental stress
responses, including flowering time (Olsen et al., 2005; Yoo
et al., 2007). bHLH transcription factors have been shown to
control multiple relevant processes, including flowering time
and abiotic stress (Ito et al., 2012; Liu et al., 2013). In our
list, two genes (GRMZM2G350312 and GRMZM2G005939)
were annotated as bHLH-like transcripts. Two downregulated
genes (GRMZM2G105224 and GRMZM5G801627) contained
C2H2 and CCCH zinc fingers. Similar zinc finger proteins
have been reported play roles in repressing flowering time
(Weingartner et al., 2011; Chao et al., 2014). In addition, C2H2,
bHLH, and NAC domain-containing proteins have already
been reported to be important for responses to various abiotic
stresses (Shinozaki and Yamaguchi-Shinozaki, 2007; Marino
et al., 2008; Golldack et al., 2014). It has been suggested
that some of these genes involved in abiotic stress response
pathways have the potential to alter the flowering times of
plants.

Alternative splicing events induced by abiotic stress have
been reported in plants (Li et al., 2013; Staiger and Brown,
2013; Thatcher et al., 2016). These types of changes allow
plants to respond more rapidly to environmental changes and
may play important roles in survival and offspring production
(Sonenberg and Hinnebusch, 2009; Lackner et al., 2012). Our
results identified 617 drought-responsive DEGs and 126 isoform
changes related to flowering time under drought stress. Among
candidate genes previously reported to be associated with
flowering time, we confirmed 19 to be drought-responsive genes.
In addition to these candidate genes, we also identified new
genes with potential to be involved in flowering time based on
BLAST results. Some transcription factors (HY5 and PRR37)
that act as repressors to proteins which may play role in delay
flowering time were found to be upregulated. Similarly, known
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repressors of flowering time (containing C2H2 and CCCH zinc
finger domains) were downregulated.

In summary, we propose that changes in expression of these
drought-responsive genes advance anthesis, leading to an overall
increase in the ASI. Overall, our results provide a genome-
wide analysis of DEGs, novel transcripts, and isoform expression
changes during the reproductive stage of maize under drought
stress. Further characterization of these changes in genetic
regulation will be of great value for improvement of maize
breeding.

CONCLUSIONS

In the present study, we investigated changes in transcription in
response to drought stress during flowering inmaize under short-
day condition. Using RNA-seq, we analyzed changes in gene-
and isoform-specific transcription to identify genes involved
flowering time under drought stress. These genes are likely to
be directly or indirectly associated with changes in the ASI in
maize. Further characterization of these transcriptome changes
will improve our understanding of the regulation of processes
associated with flowering time under drought condition.
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Figure S1 | Relative expression of ZmDREB2A as drought stress markers.

Relative expression values of qRT-PCR are presented as an average SD of three

biological replicates.

Figure S2 | qRT-PCR validation of relative expression of isoform from

drought-responsive gene (GRMZM2G004483). (A) Sashimi plot of the gene

under WW, (B) sashimi plot of gene under DS, (C) blue tracks show RNA-seq

read coverage and annotated genes and red tracks show validated region using

qRT-PCR, (D) relative expression data (log2 fold change) from qRT-PCR under

each condition. Relative expression values of qRT-PCR are presented as an

average SD of three biological replicates.

Figure S3 | qRT-PCR validation of relative expression of isoform from

drought-responsive gene (GRMZM2G021777). (A) Sashimi plot of the gene

under WW, (B) sashimi plot of gene under DS, (C) blue tracks show RNA-seq

read coverage and annotated genes and red tracks show validated region using

qRT-PCR, (D) relative expression data (log2 fold change) from qRT-PCR under

each condition. Relative expression values of qRT-PCR are presented as an

average SD of three biological replicates.

Figure S4 | qRT-PCR validation of relative expression of isoform from

drought-responsive gene (GRMZM2G047055). (A) Sashimi plot of the gene

under WW, (B) sashimi plot of gene under DS, (C) blue tracks show RNA-seq

read coverage and annotated genes and red tracks show validated region using

qRT-PCR, (D) relative expression data (log2 fold change) from qRT-PCR under

each condition. Relative expression values of qRT-PCR are presented as an

average SD of three biological replicates.

Figure S5 | qRT-PCR validation of relative expression of isoform from

drought-responsive gene (GRMZM2G137046). (A) Sashimi plot of the gene

under WW, (B) sashimi plot of gene under DS, (C) blue tracks show RNA-seq

read coverage and annotated genes and red tracks show validated region using

qRT-PCR, (D) relative expression data (log2 fold change) from qRT-PCR under

each condition. Relative expression values of qRT-PCR are presented as an

average SD of three biological replicates.

Figure S6 | qRT-PCR validation of relative expression of isoform from

drought-responsive gene (GRMZM2G140355). (A) Sashimi plot of the gene

under WW, (B) sashimi plot of gene under DS, (C) blue tracks show RNA-seq

read coverage and annotated genes and red tracks show validated region using

qRT-PCR, (D) relative expression data (log2 fold change) from qRT-PCR under

each condition. Relative expression values of qRT-PCR are presented as an

average SD of three biological replicates.

Figure S7 | qRT-PCR validation of relative expression of isoform from

drought-responsive gene (GRMZM2G154580). (A) Sashimi plot of the gene

under WW, (B) sashimi plot of gene under DS, (C) blue tracks show RNA-seq

read coverage and annotated genes and red tracks show validated region using

qRT-PCR, (D) relative expression data (log2 fold change) from qRT-PCR under

each condition. Relative expression values of qRT-PCR are presented as an

average SD of three biological replicates.

Table S1 | List of differentially expressed genes (DEGs) under drought.

Table S2 | List of differentially expressed isoforms.

Table S3 | GO Slim terms from results of BiNGO.

Table S4 | Expression values of candidate flowering time genes from

published data.

Table S5 | List of drought-responsive genes involved in flowering time.
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