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Abstract
MicroRNAs (miRNAs) are small non-coding RNAs that play essential functions in abiotic stress responses. High temperature 
is a serious stress that affects crop yield and quality; however, the regulatory mechanisms of heat-responsive miRNAs remain 
poorly understood in maize (Zea mays L.). Here, 340 miRNAs (215 known and 125 novel) were identified from maize seed-
lings under heat stress and control conditions using high-throughput sequencing in elite inbred line CM1. The 215 known 
miRNAs were divided into 40 families, and 21-nt miRNAs were the most abundant. In total, 35 miRNAs (26 known and 9 
novel) exhibited significantly different expression levels between the heat stress and control samples. Furthermore, 174 tar-
gets were predicted to be cleaved by 115 miRNAs using degradome sequencing. The biological roles and pathways of these 
targets were investigated using Gene Ontology and Kyoto Encyclopedia of Genes and Genomes analyses. On the basis of 
relationships among miRNAs and target genes, as well as the enrichment results, a regulatory network was constructed, and 
16 significantly differentially expressed miRNAs were involved in the network. Our study shows a comprehensive analysis 
of heat-responsive miRNAs and their targets in the maize inbred line CM1. The results are helpful for the functional research 
of the heat stress responsive miRNAs, and provide novel insights into the miRNA-mediated regulatory network and the 
underlying mechanisms in maize during heat stress response.
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Introduction

Maize (Zea mays L.), an important cereal crops, has become 
a model plant in functional genomics and genetic research 
(Schnable et al. 2009). However, its yield and quality are fre-
quently affected by various abiotic stresses, such as drought 

and high temperature. During evolution, plants have devel-
oped complex and elaborate regulatory mechanisms to cope 
with various stresses at the morphological, physiological 
and molecular levels (Tuteja 2007; Yamaguchi-Shinozaki 
and Shinozaki 2006). Multiple genes may be regulated 
under stress conditions (Shinozaki and Yamaguchi-Shino-
zaki 2007), for example, many transcription factors (TFs) 
play significant roles in stress responses by regulating the 
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expression of a series of downstream genes (Casaretto et al. 
2016; Chen and Zhu 2004; Hoang et al. 2017; Lee et al. 
2016; Nakashima et al. 2007; Sun et al. 2013). However, 
the regulatory mechanisms and networks involved in stress 
responses need to be further explored in plants.

MicroRNAs (miRNAs) are a group of approximately 
18–24 nucleotide (nt) non-coding endogenous small RNAs 
(sRNAs) that regulate the expression of target genes at 
the post-transcriptional level (Bartel 2004; Covarrubias 
and Reyes 2010). In plants, primary miRNAs are initially 
generated through transcription by RNA polymerase II 
and then further processed to generate miRNA/miRNA* 
duplexes after being processed in the cell nucleus (Bartel 
2004; Krutzfeldt et al. 2006; Kurihara and Watanabe 2004). 
Finally, the duplexes are transported into the cytoplasm, 
and mature miRNAs are loaded onto Argonaute protein to 
form an RNA-induced silencing complex that guides target 
mRNA regulation (Bartel 2004; Baumberger and Baulcombe 
2005; Mallory et al. 2008). The first known miRNA, lin4, 
was discovered in Caenorhabditis elegans (Lee et al. 1993), 
and improved sequencing technology has led to the iden-
tification of many more miRNAs in eukaryotes. Further-
more, degradome sequencing technology has been exten-
sively used to identify the target mRNAs of miRNAs, and 
the results indicated that single miRNA can regulate one or 
multiple targets. Thus, predicting target genes can contribute 
to the understanding of the biological functions of miRNAs 
(Li et al. 2017; Wang et al. 2019).

miRNAs have important roles in diverse plant develop-
mental stages and stress responses. For example, Arabidop-
sis miR169 targets NF-YA2 and NF-YA10 genes to regulate 
primary root growth (Sorin et al. 2014). In tomato, overex-
pressing miR167 down-regulates the expression levels of 
auxin response factors (ARFs) 6 and 8, which are involved 
in flower organs development (Liu et al. 2014a, b). In par-
ticular, numerous miRNAs that respond to abiotic stresses 
have been identified in plants using sRNA sequencing. For 
example, multiple drought-responsive miRNAs have been 
identified based on their expression patterns in different rice 
cultivars (Balyan et al. 2017). In tomato, Cao et al. (2014) 
reported hundreds of chilling-responsive miRNAs, and 49 
miRNAs are significantly differentially expressed (Cao et al. 
2014). In wheat, 12 miRNAs that respond to heat stress have 
been reported (Xin et al. 2010). Importantly, functional 
analyses of some stress-responsive miRNAs have also been 
performed in plants (Denver and Ullah 2019; Dong and Pei 
2014; Fang et al. 2014; Wang et al. 2012; Yang et al. 2013; 
Yue et al. 2017; Zhang et al. 2011).

Recently, high temperature has become a serious stress 
that negatively influences maize yield and quality in Huang-
Huai-Hai area of China. Our previous study indicated that 
the hybrid An’nong 591 exhibits a high tolerance to high 
temperature in this area, and the heat tolerance was mainly 

contributed by its paternal line CM1 based on their pheno-
typic characters and RNA-seq analysis (Zhao et al. 2019). 
Although the gene expression profiles of protein-coding 
genes were investigated in CM1, heat-responsive miR-
NAs and their targets, especially the miRNA-medicated 
regulatory network remain poorly understood. In this study, 
expression patterns of miRNAs were investigated under con-
trol and heat stress conditions using sRNA sequencing, and 
the target genes were predicted using degradome sequenc-
ing. Importantly, a miRNA-medicated regulatory network 
of maize heat response was constructed. The results provide 
valuable information in the exploration of heat-response 
mechanisms in maize inbred line CM1, which will laid an 
important foundation for creating heat-tolerant germplasm 
through molecular breeding.

Materials and methods

Plant materials, heat treatments and RNA isolation

The elite maize inbred line CM1 was obtained from the 
Maize Engineering Technology Research Center of Anhui 
Province, Anhui Agricultural University. CM1 is a paternal 
line of hybrid An’nong 591, which shows strong tolerance 
to heat stress in production (Zhao et al. 2019). Seedlings of 
the inbred line CM1 were grown in a plant growth cham-
ber under the culture conditions of 28 °C/23 °C (day/night 
temperature) and 16-h light/8-h dark photoperiod. To iden-
tify heat-responsive miRNAs, seedlings were subjected to 
a 42 °C treatment for 24 h at the three-leaf stage, and the 
third leaves were collected for RNA isolation. Total RNA 
was extracted using a total RNA purification kit (LC Sci-
ences, USA) according to the manufacturer’s protocols. The 
quantity and purity of the total RNAs were checked using 
an Agilent Bioanalyzer 2100 (Agilent, USA) and RNA 6000 
Nano LabChip Kit (Agilent). Three independent biologi-
cal replicates were taken for both the heat stress (MH) and 
control (MC) groups.

Library construction, sequencing and bioinformatics 
analysis

Six sRNA libraries were constructed using a TruSeq Small 
RNA Sample Prep kit (Illumina, USA) in accordance with 
the manufacturer’s protocol. Briefly, 1 µg of total RNA per 
sample was used for library construction and ligated to 3′ 
adaptors and 5′ adaptors (Illumina). Subsequently, the first-
strand cDNA was synthesized and used for PCR amplifica-
tion. After the PCR products were gel purified, the sRNA 
library was sequenced on an Illumina HiSeq 2500 (Illu-
mina) platform, and 1 × 50 bp single-end reads were gener-
ated. Raw reads were first processed using ACGT101-miR 
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(v4.2) software (LC Sciences) to remove low-quality reads, 
adapter sequences, junk reads and reads having lengths < 18 
nt and > 25 nt. The remaining reads were aligned to mRNA, 
RFam and Repbase databases, and then, common RNA 
families (rRNA, tRNA, snRNA, and snoRNA), repeats 
and sequences matching maize mRNAs were filtered. The 
remaining valid reads were mapped to maize precursors in 
miRBase 22.0 (Griffiths-Jones et al. 2008) to identify known 
miRNAs and novel 3p- and 5p-derived miRNA candidates. 
Finally, the unmapped sequences were aligned to the maize 
genome (AGPv4) to identify potential novel miRNAs, and 
RNAfold software was used to predict miRNA secondary 
structures (http:// rna. tbi. univie. ac. at/ cgi- bin/ RNAWe bSuite/ 
RNAfo ld. cgi).

Identification of heat‑responsive differentially 
expressed miRNAs (DEMs)

To identify the DEMs between control and heat stress con-
ditions, the expression levels of miRNAs were normalized 
as described in a previous study (Li et al. 2016). Differ-
entially expressed sequences were analyzed using a t-test. 
DEMs were identified using following criteria: |log2(Fold 
change)|> 1 and p-value ≤ 0.05. Normalized miRNA 
counts were calculated using  log2 (norm + 1) to construct 
a heatmap.

Quantitative real‑time PCR (qRT‑PCR) analysis 
of miRNAs

The qRT-PCR analysis was conducted to validate the abun-
dance changes in detected miRNAs. Total RNA was reverse 
transcribed with a Mir-X™ miRNA First-Strand Synthesis 
kit (Clontech, USA) using the poly (A)-tailing method. All 
the primers used for qRT-PCR are listed in Table S1. qRT-
PCR reactions were performed using methods published in 
our previous study (Zhao et al. 2019). The 5S rRNA was 
used as internal control for the expression analysis (Nie et al. 
2016), and the  2−ΔΔCT method was used to analyze the rela-
tive change in each miRNA’s expression level (Livak and 
Schmittgen 2001).

Identification of miRNA targets using degradome 
sequencing

Two degradome libraries (MC and MH) were constructed 
from the mixed total RNAs of the three biological samples, 
which had been used for sRNA library construction. The 
degradome library was constructed as described previ-
ously (Ma et al. 2010) with some modifications, and library 
sequencing was conducted on an Illumina HiSeq 2500 
(Illumina) platform. After sequencing, raw data were fil-
tered to remove adaptor sequences and low-quality reads. 

CleaveLand v3.0 (Addo-Quaye et al. 2009) and Target-
Finder (http:// targe tfind er. org/) were used to detect poten-
tially sliced targets of miRNAs. And t-plots were generated 
to analyze the degradation patterns based on the signature 
distributions and abundance levels along the transcripts. The 
targets were divided into five pattern-based categories (0–4) 
as described in previous study (Cao et al. 2014).

Gene ontology (GO) and Kyoto encyclopedia 
of genes and genomes (KEGG) enrichment analyses 
and regulatory network construction

GO and KEGG analyses were conducted to determine 
the biological roles of miRNA targets using the GOSeq R 
package (v1.34.1) (Young et al. 2010) and KEGG database 
(http:// www. genome. ad. jp/ kegg/) (Kanehisa et al. 2008), 
respectively. To explore the regulatory mechanisms of miR-
NAs in response to heat stress, relationships of miRNAs, 
targets and enriched GO terms and KEGG pathways were 
used to construct a network using Cytoscape (v3.7.2) soft-
ware as described previously (Xu et al. 2018).

Results

sRNA sequencing and data analysis

In our previously study (Zhao et al. 2019), we reported 
that the maize inbred line CM1 exhibits a high tolerance to 
heat stress. To identify heat-responsive miRNAs, six sRNA 
libraries were constructed (MH1, MH2, MH3, MC1, MC2 
and MC3) and sequenced on an Illumina HiSeq 2500 plat-
form. In total, averages of 17,568,632 and 21,192,599 raw 
reads from the three biological replicates were obtained 
from MC and MH libraries, respectively (Table 1). Finally, 
5,522,709–19,120,848 valid reads of 18–25 nt were obtained 
from each sample, and they were subsequently used to iden-
tify known and novel miRNAs. The length distributions of 
the sRNAs were similar between the MC and MH librar-
ies (Fig. 1A). The majority of the sRNAs were 21–22 nt in 
length. Furthermore, the 24-nt sRNAs accounted for a large 
percentage. The percentage of 18–21 nt sRNAs in the MH 
library was greater than in the MC library, while the oppo-
site was found for 22–25 nt sRNAs.

Identification of known and novel miRNAs in maize 
CM1

In total, 215 known miRNAs were identified from the MC 
and MH libraries (Table S2). The known miRNAs were 
18–25 nt in length, with the 21-nt miRNAs being the most 
numerous, accounting for 55.81%, followed by the 22-nt 
miRNAs accounting for 18.60% (Fig. 1B). These known 

http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi
http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi
http://targetfinder.org/
http://www.genome.ad.jp/kegg/
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miRNAs were divided into 40 families, with a large range 
of members in each miRNA family. The miR166 and 
miR169 families had the most members (22 each), followed 
by the miR156 and miR171 families, which had 21 and 20 
members, respectively. Among the 40 miRNA families, 14 
families contained only one member, such as miR11969, 
miR395 and miR6199 (Fig. 2). After the identification of 
known miRNAs, the remaining sequences were aligned to 
the maize genome to screen for potential novel miRNAs. In 
total, 125 sequences were identified as the novel miRNAs. 
By comparison of the size distribution, significant differ-
ence was found between the known and novel miRNAs. The 
length distributions of the novel miRNAs ranged from 18 to 
24 nt, with 24-nt being the most abundant length represent-
ing 64.00%, followed by 21 nt representing 20.80%. In addi-
tion, only one member of 18-nt length was identified among 
the novel miRNAs (Table S3).

Identification of heat‑responsive miRNAs 
and qRT‑PCR validation

Expression patterns of the identified miRNAs were analyzed 
using the normalized method reported previously (Li et al. 
2016). A Pearson’s correlation analysis was used to analyze 
the correlations among the biological replicates of MC and 
MH samples. As shown in Fig. 3A, the correlation coef-
ficients (R values) of the three biological replicates were 
greater than 0.913 and 0.945 for the MC and MH libraries, 
respectively, suggesting the high reproducibility of the high-
throughput sequencing. A total of 35 miRNAs (26 known 
and 9 novel) were significantly differentially expressed 
between MC and MH samples. Compared with the expres-
sion in the MC library, 21 miRNAs were up-regulated and 
14 were down-regulated (Fig. 3B, C. The 35 DEMs belonged 
to different miRNA families, and some DEMs showed large 
fold change, such as zma-miR160f-5p_R-1, mtr-miR171c 
and zma-miR168b-3p_R + 1 (Table S4). Additionally, miR-
NAs in the same family showed similar expression patterns. 
For example, the expression levels of the five miR164 fam-
ily members were up-regulated, while those of the three 
miR168 family members were down-regulated. To validate 
the DEM expression patterns, 10 DEMs were selected for a 
qRT-PCR analysis. Our results indicated that most of the 10 
selected miRNAs shared similar expression trends compared 
to those indicated by the sequencing data (Fig. 4), suggesting 
the reliability of the latter.

Identification of miRNA target genes

Degradome sequencing was used to predict the target genes 
of detected miRNAs. The CleaveLand and TargetFinder 
packages were used to identify sliced targets of miRNAs 
in the MC and MH libraries. In total, 21,136,209 and Ta
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11,630,262 raw reads were generated from the MC and MH 
libraries, respectively. Additionally, 9,395,171 (44.45%) and 
4,861,092 (41.80%) reads were mapped to the maize tran-
script in the MC and MH libraries, respectively (Table S5). 
On the basis of the relative abundance of the signatures at 
the cleavage sites, cleavage products were divided into five 
categories (0–4) (Fig. 5). In the MC library, 1,563 cleav-
age events were identified, with 683 (43.70%), 72 (4.61%), 
437 (27.96%), 29 (1.86%) and 342 (21.88%) being classi-
fied into categories 0–4, respectively. In the MH library, 

1,386 cleavage events were identified, with 596 (43.00%), 
97 (7.00%), 459 (33.12%), 9 (0.65%) and 225 (16.23%) 
being classified into categories 0–4, respectively (Fig. 6; 
Table S6). 

Among these cleavage events, 174 (527 transcripts) 
targets were predicted to be cleaved by 115 miRNAs (104 
known and 11 novel). Many of the targets encoded different 
TF families, such as auxin response factor (ARF), squamosa 
promoter binding protein-like (SPL) transcription factor, and 
NAM, ATAF and CUC (NAC) domain-containing protein 

Fig. 1  Length distributions of detected small RNAs and known miRNAs in the MC and MH libraries. A Size distribution of sRNAs (18–25 nt). 
B Size distribution of known miRNAs. MC, control conditions; MH, heat stress conditions

Fig. 2  Numbers of known miRNAs in different families detected from MC and MH libraries
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(Table S6). We noted that the same miRNA family tend to 
share the same type of target genes. For example, the tar-
gets of the zma-miR160 family encode ARF TFs, and the 
targets of the zma-miR171 family encode GRAS TFs. These 
findings may suggest a conserved regulatory mechanism 
of miRNAs. Notably, many miRNAs have multiple target 
genes. For example, there are 15 genes predicted to be the 
targets of zma-miR156k-5p and 8 targets were predicted for 
zma-miR166a-3p. Of the 35 DEMs, degradome sequencing 
showed that only 17 members (16 known and 1 novel miR-
NAs) had target genes (Table S4).

GO and KEGG enrichment analyses of miRNA targets

GO and KEGG analyses were performed for the 174 tar-
gets. GO enrichment analysis indicated that the targets 
were significantly enriched in 31 terms (FDR < 0.05), and 
the 30 most significant GO terms are shown in Fig. 7. In 
the molecular function category, the targets were mainly 
enriched in the GO terms “DNA binding” (GO:0003677), 
“sequence-specific DNA binding transcription factor 

activity” (GO:0003700), and “protein dimerization activ-
ity” (GO:0046983). In the cellular component category, the 
targets were mainly enriched in “nucleus” (GO:0005634) 
and “nucleolus” (GO:0005730). In the biological pro-
cess category, the targets were mainly enriched in “regu-
lation of transcription, DNA-templated” (GO:0006355) 
and “auxin-activated signaling pathway” (GO:0009734). 
Besides, some genes were enriched in “response to hor-
mone” (GO:0009725), “heat acclimation” (GO:0010286), 
and “response to hydrogen peroxide” (GO:0042542), sug-
gesting that these genes may have potential roles in heat 
stress responses.

The KEGG analysis indicated that 42 pathways were 
enriched for the 174 target genes, and 30 pathways were 
shown in Fig. 8. Among these 30 pathways, four path-
ways, including “ubiquinone and other terpenoid-quinone 
biosynthesis” (ko00130), “selenocompound metabo-
lism” (ko00450), “monobactam biosynthesis” (ko00261), 
and “sulfur metabolism” (ko00920), were significantly 
enriched (q-value < 0.05). Among the enriched pathways, 
the “metabolic pathways” (ko01100) contained 18 genes, 

Fig. 3  Pearson’s correlation and DEMs analysis. A Pearson’s correlations between different biological replicates. B Volcano plot of significant 
DEMs between MC and MH libraries. C Hierarchical clustering of the 35 significant DEMs
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while “biosynthesis of secondary metabolites” (ko01110) 
and “ribosome” (ko03010) pathways contained 10 and 7 
genes, respectively. Additionally, four and three genes were 
enriched in “plant hormone signal transduction” (ko04075) 
and “spliceosome” (ko03040) pathways, respectively, and 
one gene was enriched in the “MAPK signaling pathway-
plant” (ko04016) pathway.

Regulatory network of heat‑responsive miRNAs 
in maize

A single miRNA may affect several different targets, and 
one target may also be cleaved by one or more miRNAs. On 
the basis of the relationships among miRNAs and targets, as 
well as enriched GO terms and pathways, a miRNA-medi-
ated regulatory network of heat response was constructed in 
maize CM1. As shown in Fig. 9, 11 up-regulated DEMs (aof-
miR160c_R-1_1ss20CT, aof-miR166b_L-2, mtr-miR171c, 
osa-miR164e_R + 1_2ss20AC21GA, zma-miR160a-5p, 
zma-miR160f-5p_R-1, zma-miR164a-5p, zma-miR164e-
5p, zma-miR164f-5p_R-1, zma-miR164h-5p_R-2_1ss19GT, 
and zma-miR171l-3p_L-3_1ss21CT) and 5 down-regulated 
DEMs (PC-3p-89210_61, tae-MIR9774-p5_2ss16CT18AC, 
zma-miR166c-5p, zma-miR169i-3p_R + 1_1, and zma-
miR169i-3p_R + 1_2) were involved in the network. The 

targets of the miRNAs were mainly assigned in several 
GO terms, such as “regulation of transcription, DNA-tem-
plated” (GO:0006355), “nucleus”(GO:0005634), and “DNA 
binding”(GO:0003677), and the most highly enriched path-
ways were “metabolic pathways” (ko01100), “biosynthe-
sis of secondary metabolites” (ko01110), and “ribosome” 
(ko03010). The relationships among the miRNAs, targets, 
and enriched GO terms and pathways provides an important 
foundation for exploring the functional roles and regulatory 
mechanisms of heat-responsive miRNAs in maize CM1.

Discussion

Recently, high temperature has become a frequently occur-
ring environmental stress that affects maize growth and 
development. For example, high temperature occurred dur-
ing the flowering period lead to serious yield reductions in 
the production. Thus, improving adaptability to high temper-
ature has become a new focus of crop molecular breeding. 
Plants have developed elaborate regulatory mechanisms to 
cope with heat stress (Ravichandran et al. 2019; Zandalinas 
et al. 2018). Increasing evidences indicated that miRNAs 
have essential functions in plant growth, development and 
stress responses (Balyan et al. 2017; Cao et al. 2014; Ding 

Fig. 4  qRT-PCR validation of DEMs detected by high-throughput sequencing



202 Plant Growth Regulation (2022) 96:195–208

1 3

et al. 2009; Liu et al. 2014a, b; Sorin et al. 2014; Sunkar 
et al. 2007). Previously, we showed that maize inbred line 
CM1 has a high tolerance to heat stress and the transcrip-
tomic analysis was also performed to investigate the expres-
sion differences under heat stress condition compared with 
the maternal line and  F1 plants (Zhao et al. 2019). However, 

the heat-responsive miRNAs and their regulatory mecha-
nisms remain poorly understood in CM1.

In total, 340 miRNAs (215 known and 125 novel) were 
identified in the MC and MH libraries. The known miR-
NAs were divided into 40 families, and the roles of many 
miRNA families, such as miR156, miR167, miR169, and 
miR396, in stress responses have been demonstrated in pre-
vious studies (Covarrubias and Reyes 2010). Our results 
indicated that the 21-nt sequences of the known miRNAs 
were the most abundant, and 22-nt ranked in the second. 
Among the novel miRNAs, the 24-nt sequences were the 
most frequent (64.00%). Previous studies reported that there 
are greater numbers of 24-nt sRNAs than 21-nt sRNAs in 
plants. Distinct lengths of sRNAs are produced by differ-
ent members of the Dicer-like (DCL) family. For example, 
DCL1 is mainly responsible for the biosynthesis of 21-nt 
miRNAs, while DCL3 is responsible for 24-nt miRNAs. The 
functional diversity among different DCL members may be 
responsible for this difference (Huang et al. 2019; Rogers 
and Chen 2013). Compared with the expression levels of 
the known miRNAs, none of the 125 novel miRNAs showed 
a high expression level (Tables S3). Among the 35 DEMs, 
8 miRNAs, zma-miR164f-5p_R-1, zma-miR394a-5p, 

Fig. 5  Representative target plots (t-plots) of different categories in the two libraries

Fig. 6  Categories of cleavage products in the MC and MH libraries
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zma-miR168a-5p, zma-miR168b-3p_R + 1, zma-miR160f-
5p_R-1, zma-miR164a-5p, tae-MIR9774-p3_1ss4AG, and 
zma-miR160a-5p, exhibited high expression levels in the 
MC or MH library. Like some previous studies, this study 
indicated that the expression levels of novel miRNAs were 
lower than those of known miRNAs (Li et al. 2017; Liu 
et al. 2014a, b). The expression patterns of the DEMs were 
also compared to those found in previous studies. Five 
conserved families (miR156, miR159, miR167, miR168 
and miR169), exhibited down-regulated expression levels, 
while four families (miR156, miR159, miR167 and miR169) 
showed similar expression patterns to rice heat-responsive 
miRNAs. However, different expression patterns were also 
found. For example, the expression levels of miR164 and 
miR399 were up-regulated in our study, but down-regulated 
in rice (Li et al. 2015). Furthermore, miR160 exhibited up-
regulated expression in our study and rice, but down-regu-
lated expression in other species (Li et al. 2015; Pan et al. 
2017; Wang et al. 2015). Different plant species, genetic 
background, developmental stages and heat treatment meth-
ods may be responsible for the differences among these stud-
ies. However, these observations also suggested the complex 

regulatory mechanisms of plant heat responses mediated by 
miRNAs, even though many miRNA families are evolution-
arily conserved in different species.

miRNAs act as negative regulators of the expression lev-
els of target mRNAs (Bartel 2004; Covarrubias and Reyes 
2010). A total of 174 (527 transcripts) target genes were 
predicted to be cleaved by 115 miRNAs, while no target 
genes were detected for the other 225 miRNAs using degra-
dome sequencing. We noted that many of the target genes 
encode TF families. For example, SPL TFs were targeted 
by the miR156 family, and GRAS TFs were targeted by the 
miR171 family, which might suggest the conserved regu-
latory mechanism for the miRNAs. Studies have increas-
ingly indicated that TFs play crucial roles in stress responses 
(Chen and Zhu 2004; Huang et al. 2012). In Arabidopsis, the 
NTL4 TF participates in a reactive oxygen species mediated 
pathway that regulates programmed cell death in response to 
heat stress (Lee et al. 2014). Chao et al. (2017) reported that 
the overexpression of Arabidopsis SPL TFs SPL1 or SPL12 
improves the thermotolerance of transgenic plants during 
the reproductive stage (Chao et al. 2017). We noted that two 
heat shock proteins were targeted by zma-miR396e-5p and 

Fig. 7  GO enrichment analysis of the 174 target genes
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PC-3p-184258_13, respectively, and were only detected in 
the MH library. The expression levels of heat shock pro-
teins are rapidly induced by various environmental stresses 
and involving in protecting proteins and cells from damage 
under stressed conditions (Campbell et al. 2001; Kadota and 
Shirasu 2012; Wang et al. 2004). The two heat shock pro-
teins were involved in posttranslational modification, protein 
turnover and chaperones as determined by a KOG annota-
tion, suggesting the potential roles of zma-miR396e-5p and 
PC-3p-184258_13 in the regulation of heat responses.

GO and KEGG analyses were performed for the 174 targets, 
and we noted that some targets were involved in “response to 
hormone”, “response to hydrogen peroxide”, “heat acclima-
tion” and “protein stabilization” terms in the GO biological 

process category. The pathway analysis indicated that targets 
were mainly enriched in “metabolic pathways”, “biosynthesis 
of secondary metabolites”, “ribosome”, “ubiquinone and other 
terpenoid-quinone biosynthesis” and “plant hormone signal 
transduction pathways” on the basis of the enriched gene num-
bers. Some target genes were involved in important pathways. 
For example, three genes were enriched in the “spliceosome” 
pathway. Heat stress may lead to an increase in alternative 
splicing events (Zhao et al. 2019), which are regulated by dif-
ferent plant developmental stages and environmental stresses 
(Filichkin et al. 2015; Laloum et al. 2018). Additionally, one 
gene targeted by a DEM (zma-miR169i-3p_R + 1_1) with 
down-regulated expression, was involved in the “MAPK 
signaling pathway-plant” pathway, which has important roles 

Fig. 8  KEGG pathway analysis of the 174 target genes
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in abiotic stress response (Danquah et al. 2014). These find-
ings suggest the potential functions of these targets in heat 
stress responses. To further explore the regulatory mechanisms 
of heat-responsive miRNAs, a regulatory network was con-
structed based on the direct relationships among miRNAs, 
targets, and enriched GO terms and KEGG pathways. A total 
of 16 DEMs, and their enriched terms and pathways, were 
highlighted in the regulatory network. The results provide an 
important foundation for the identification of heat-responsive 
miRNAs and their targets and for the exploration of the regula-
tory mechanisms of heat response in maize.

Conclusions

In this study, a total of 340 miRNAs, including 215 known 
and 125 novel members, were identified from the seedlings 
of maize inbred line CM1 using high-throughput sequenc-
ing. Expression profiles analysis indicated that expression 
levels of most known miRNAs were higher than those of 
the novel miRNAs, and 35 members (26 known and 9 
novel) were found to be responsive to heat stress. Tar-
gets of the detected miRNAs were further predicted by 

Fig. 9  Regulatory network of heat-responsive miRNAs in maize 
inbred line CM1. Red and blue triangles represent the significantly 
up- and down-regulated miRNAs, respectively, while yellow repre-
sents no significant change. Black dots represent the targets of miR-

NAs. GO terms and KEGG pathways are represented by gray ellipses, 
and the enriched terms and pathways for the target genes of DEMs 
are represented by blue ellipses
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degradome sequencing, and 174 genes (527 transcripts) 
were found to be targeted by 115 miRNAs. Among the 35 
DEMs, 17 miRNAs (16 known and 1 novel miRNAs) had 
target genes in the MC or MH library. GO and KEGG anal-
yses were further performed for the targets to explore their 
biological roles, and some important GO terms and path-
ways were enriched for these genes. Finally, a miRNA-
mediated regulatory network was constructed based on the 
relationships among miRNAs, targets and the enriched GO 
terms and pathways. Our results provide valuable informa-
tion for the identification of heat-responsive miRNAs and 
the related targets, which can be used for creating heat-
tolerant germplasm through molecular breeding in maize.
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