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Abstract
Background: MicroRNAs (miRNAs) are a class of small non-coding RNAs, which have been demonstrated to play essential roles in plant growth and
development, and in responses to abiotic stress. Heat stress is one of the most serious stresses that affecting crop yield and quality, however, the related
regulatory mechanisms of miRNAs remains poorly understanding in maize.

Results: In this study, a total of 340 miRNAs, including 215 known and 125 novel members, were identi�ed from maize seedlings under heat stress (MH) and
control conditions (MC) using high-throughput sequencing approach. The 215 known miRNAs can be further divided into 40 different families, and 21-nt
miRNAs were found to be most abundant among the known miRNAs. Thirty-�ve miRNAs, including 26 known and 9 novel members, were signi�cantly
different expressed between MC and MH libraries. Furthermore, 174 target genes were predicted to be cleaved by 115 miRNAs using degradome sequencing.
Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses were performed for these targets to explore the biological function and
pathways involved. Based on the relationships of miRNAs, target genes and the enriched results, a regulatory network was constructed for the miRNAs and
their respective target genes, and 16 signi�cantly differently expressed miRNAs (DEMs) were involved in the network.

Conclusions: The results revealed novel insights into the roles of miRNAs in heat stress response and provided a useful foundation for understanding the
regulatory mechanisms of heat-responsive miRNAs in maize.

Background
Maize (Zea mays L.) is one of the most important cereal crops in the world, and has become the model plant in functional genomics and genetic researches
[1]. However, its yield and quality are frequently affected by various abiotic stresses, such as drought, heat, and high salinity. During the process of evolution,
plants have developed complex and elaborate regulatory mechanisms to cope with various stresses via the changes at morphological, physiological and
molecular levels [2, 3]. Studies indicated that a series of genes can be regulated under stress conditions, and can be divided into structural genes and
regulatory genes [4]. For example, many stress-responsive transcription factors (TFs) have been reported, which can regulate plant’s stress responses through
regulating the expression of a serious of downstream genes [5–10]. Although a number of stress-responsive genes have been identi�ed in plants, the
regulatory mechanism and network of stress response still need to be further explored.

MiRNAs are a group of ~ 18–24 nucleotide (nt) non-coding endogenous small RNAs, which are important negative regulators of gene expression at the post-
transcriptional level [11, 12]. MiRNA genes are transcribed by RNA polymerase II (Pol II) to produce primary miRNAs (pri-miRNAs), and then the pri-miRNAs are
processed into precursor-miRNAs (pre-miRNAs) which can be further processed to generate miRNA/miRNA* duplexes [12–14]. Finally, the duplexes are
transported from the nucleus into the cytoplasm, and mature miRNAs are loaded onto argonaute (AGO) protein to form RNA-induced silencing complex (RISC)
that guide target mRNA regulation by either cleaving mRNAs or repressing the translation [12, 15, 16]. Since the �rst miRNA lin4 was discovered in
Caenorhabditis elegans (C. elegans) [17], more and more miRNAs were identi�ed in eukaryotes with the development of high-throughput sequencing
technology. In addition, degradome sequencing has been widely used to predict the target mRNAs of miRNA, and results also indicated that miRNAs can
regulate one or more target genes, thus identi�cation of target genes can contribute to the understanding of the biological roles of miRNAs [18, 19].

To date, a large number of miRNAs have been reported in plants. Increasing evidences indicated that miRNAs have crucial roles in diverse plant developmental
stages and stress responses. For example, Arabidopsis miR169 has been shown to target NF-YA2 and NF-YA10 genes to regulate primary root growth [20]. In
tomato, overexpressing miR167 can down-regulate the expression of auxin response factors (ARFs) 6 and 8, which result in �oral development defects and
female sterility [21]. Especially, numerous stress-responsive miRNAs have been identi�ed in various plant species by high-throughput sequencing. For example,
expression patterns of drought-responsive miRNAs have been revealed between different rice cultivars [22]. In tomato, Cao et al. (2014) reported hundreds of
chilling-responsive miRNAs, and 49 miRNAs were shown signi�cantly differential expression [23]. In wheat, 12 miRNAs have been identi�ed to be responsive
to heat stress [24]. Importantly, functional analysis of some stress-responsive miRNAs has also been reported [25–31].

In recent years, heat stress has become one of the most seriously factors that affecting maize yield and quality. Our previously studies demonstrated that
maize inbred line CM1 exhibits high tolerance to high temperature [32]. Although the expression patterns of mRNA genes were investigated by RNA
sequencing, the roles of miRNAs in heat response in maize inbred line CM1 were still unknown. In this study, expression patterns of miRNAs was investigated
between control condition and heat treatment using high-throughput sequencing, and 35 DEMs were identi�ed. The target genes of miRNAs were further
predicted using degradome sequencing, and regulatory network of heat-responsive miRNAs and targets was also constructed. Our result will provide valuable
information to explore the miRNA-mediated regulatory mechanisms in plant heat response, which is helpful for breeding heat-resistant maize varieties in the
future.

Results
High-throughput sequencing and data analysis of small RNAs

In our previously study [32], we reported that maize inbred line CM1 exhibits high tolerance to high temperature stress. To identify miRNAs involved in the
response to heat stress, six small RNA libraries were constructed from the leaves of maize inbred line CM1 under heat treatment (MH1, MH2 and MH3) and
normal conditions (MC1, MC2 and MC3). These libraries were sequenced using an Illumina Hiseq2500 platform, and the generated data were shown in
Table 1. In total, an average of 17,568,632 and 21,192,599 raw reads of the three biological replicates were obtained from MC and MH libraries, respectively.
After �ltering low quality reads, adapter sequences, and junk reads, 5,522,709 − 19,120,848 valid reads were remained from each sample with 18–25 nt in
length, and subsequently used to identify known and novel miRNAs. The length distribution of the small RNAs (sRNAs) was similar between MC and MH
libraries (Fig. 1a). We found that the majority of length distribution of the sRNAs was 21 and 22 nt. In addition, the 24 nt sRNAs were also accounted for a
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large percentage. We noted that the percentage of 18–21 nt sRNAs in MH library was higher than that in MC library, while the opposite result was found for the
range of 22–25 nt sRNAs.

Table 1
Statistics of small RNA sequences from the six libraries.

Type MC1 MC2 MC3 MH1 MH2 MH3

Total % Total % Total % Total % Total % Total %

Raw reads 20,636,944 100.00 13,188,120 100.00 18,880,831 100.00 13,303,420 100.00 11,923,314 100.00 38,351,063 1

Valid reads 9,315,467 45.14 5,522,709 41.88 7,125,136 37.74 7,693,944 57.83 6,893,172 57.81 19,120,848 4

3ADT&length
�lter

5,507,005 26.69 2,657,816 20.15 4,303,780 22.79 3,314,282 24.91 2,675,581 22.44 12,435,168 3

Junk reads 29,539 0.14 29,112 0.22 34,396 0.18 3,4715 0.26 24,114 0.20 62,523 0

Rfam 2,521,197 12.22 1,866,557 14.15 2,249,898 11.92 1,202,084 9.04 1,449,839 12.16 4,165,178 1

mRNA 3,746,950 18.16 3,647,915 27.66 5,856,919 31.02 1,223,256 9.20 1,090,629 9.15 3,462,254 9

Repeats 20,030 0.10 15,058 0.11 17,083 0.09 22,941 0.17 16,194 0.14 52,363 0

rRNA 1,840,815 8.92 1,044,648 7.92 1,184,966 6.28 1,009,375 7.59 1,247,375 10.46 3,155,023 8

tRNA 569,939 2.76 733,926 5.57 969,077 5.13 130,267 0.98 135,382 1.14 824,895 2

snoRNA 9,604 0.05 13,219 0.10 16,023 0.08 4,435 0.03 5,842 0.05 26,990 0

snRNA 11,500 0.06 18,398 0.14 21,375 0.11 2,904 0.02 2,510 0.02 9,273 0

Other Rfam
RNA

89,339 0.43 56,366 0.43 58,457 0.31 55,103 0.41 58,730 0.49 148,997 0

 

Identi�cation of known and novel miRNAs

To identify known miRNAs, the valid reads were used to compare with known plant miRNA precursors or mature miRNAs by alignment against miRBase
(v22.0). Totally, 215 known miRNAs were identi�ed from the MC and MH libraries (Table S1). The length size of the known miRNAs was ranged from 18 to 25
nt, and we found that the 21 nt miRNAs were the most abundant, accounting for 55.81% followed by the 22 nt miRNAs (18.60%) (Fig 1b). These known
miRNAs were divided into 40 different miRNA families, and the number of each miRNA family has a large range. The miR166 and miR169 families contained
the largest number with 22 members, followed by miR156 and miR171 families, which have 21 and 20 miRNAs, respectively. Among the 40 miRNA families,
14 families contained only one member, such as miR11969, miR395 and miR6199 families (Fig. 2). After identi�cation of known miRNAs from the valid data,
the remaining unmapped sequences were further aligned to the maize genome to screen potential novel miRNAs, and the RNAfold software was used to
predict the secondary structures of the sequences to formulate a hairpin structure or not. Finally, a total of 125 members were identi�ed as the novel miRNAs.
The length distribution of the novel miRNAs ranges from 18 to 24 nt, and the 24 nt miRNA was most abundant (64.00%), followed by the 21 nt miRNAs
(20.80%) (Table S2).

DEMs in response to heat stress and qRT-PCR validation

Expression patterns of the identi�ed miRNAs were analyzed based on the normalized method reported previously [33]. Pearson correlation analysis was
performed to evaluate the correlation among the biological replicates for MC and MH samples. As shown in Fig. 3a, the correlation coe�cient (R) of the three
biological replicates was greater than 0.913 and 0.945 for MC and MH libraries, respectively, suggesting high reproducibility of the biological replicates of the
high-throughput sequencing. DEMs from the known and novel miRNAs were screened followed the differential expression analysis criteria, and 35 miRNAs
were shown signi�cantly different expression between MC and MH samples, including 26 known miRNAs and 9 novel miRNAs. Compared with the expression
in MC library, 21 miRNAs were up-regulated and 14 members were down-regulated (Fig. 3b and 3c). We noted that the 35 DEMs belong to different miRNA
families, and some DEMs were shown with large fold change, such as zma-miR160f-5p_R-1, mtr-miR171c and zma-miR168b-3p_R+1 (Table S3). In addition,
the same family miRNAs were shown with same expression patterns, for example, each of the �ve miR164 family members shown up-regulated, while down-
regulated expression were detected for the three miR168 family members. To validate the expression patterns of DEMs, 10 DEMs were selected to validate the
high-throughput sequencing results by quantitative real-time polymerase chain reaction (qRT-PCR). As shown in Fig. 4, the expression patterns of the 10
selected miRNAs were similar with the sequencing data, suggesting the reliability of sequencing data and can be used for further analysis.

Identi�cation of miRNA targets by degradome sequencing

The target genes of miRNAs were predicted using degradome sequencing technology. We used the CleaveLand and TargetFinder software to detect potentially
sliced targets of miRNAs in the MC and MH libraries. Totally, 21136209 and 11630262 raw reads were obtained for the MC and MH libraries, respectively. And
a total of 9395171 (44.45%) and 4861092 (41.80%) of the reads were mapped to the maize transcript in MC and MH libraries, respectively (Table S4). The
cleavage products were divided into �ve categories (0-4) according to the relative abundance of the signatures at the target cleavage sites (Fig. 5). In the MC
library, a total of 1563 cleavage events were identi�ed, which 683 (43.70%), 72 (4.61%), 437 (27.96%), 29 (1.86%) and 342 (21.88%) were grouped into
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category 0, 1, 2, 3, and 4, respectively. In the MH library, a total of 1386 cleavage events were identi�ed, with 596 (43.00%), 97 (6.70%), 459 (33.12%), 9 (0.65%)
and 225 (16.23%) cleavage events in category 0, 1, 2, 3, and 4, respectively (Fig. 6).

Of these cleavage events, a total of 174 (527 transcripts) target genes were predicted to be cleaved by 115 miRNAs (104 known miRNAs and 11 novel
miRNAs). We found that many of the target genes encode different families of transcription factors, such as auxin response factor (ARF), homeobox-leucine
zipper protein (HD-Zip), squamosa-promoter binding protein (SBP), NAC domain-containing protein and GRAS protein family (Table S5). Many miRNAs have
multiple target genes, and the same family miRNA always have the same type of target genes. For example, the targets of zma-miR160 family encode ARF
transcription factors; the targets of zma-miR171 family encode GRAS transcription factors, which might suggest the conserved regulation mechanism of
miRNAs. Of the 35 DEMs, degradome sequencing showed that only 17 members had target genes, including 16 known miRNAs and 1 novel miRNAs (Table
S3).

GO and KEGG enrichment analysis of miRNA targets

To better understand the potential biological functions of the 174 targets identi�ed by degradome sequencing, GO and KEGG enrichment analysis were
performed for these target genes. GO enrichment analysis includes three ontologies of molecular function (MF), cellular component (CC), and biological
process (BP) on the basis of the ontological descriptions of GO terms. The 30 most signi�cantly GO terms were shown in Fig. 7. In the molecular function
category, the most abundant of targets were enriched in GO terms of DNA binding (GO:0003677), sequence-speci�c DNA binding transcription factor activity
(GO:0003700), and protein dimerization activity (GO:0046983). In the cellular component category, the most abundant of targets were enriched in nucleus
(GO:0005634) and nucleolus (GO:0005730). In the biological process category, GO terms with most genes were regulation of transcription, DNA-templated
(GO:0006355) and auxin-activated signaling pathway (GO:0009734). Particularly, we also found some genes were enriched in GO term response to hormone
(GO:0009725), heat acclimation (GO:0010286), response to hydrogen peroxide (GO:0042542) and etc., which might have potential roles in response to heat
stress.

KEGG analysis indicated that a total of 42 pathways were enriched for the 174 target genes, and 30 pathways were shown in Fig. 8 based on the signi�cance
of qvalue. Among the 30 pathways, 4 of them were signi�cantly enriched pathways (qvalue<0.05), including ubiquinone and other terpenoid-quinone
biosynthesis (ko00130), selenocompound metabolism (ko00450), monobactam biosynthesis (ko00261), sulfur metabolism (ko00920). Of these enriched
pathways, the metabolic pathways (ko01100) pathway was the most enriched pathway with 18 genes, followed by biosynthesis of secondary metabolites
(ko01110) and ribosome (ko03010) pathways, which contain 10 and 7 members, respectively. In addition, 4 and 3 members were enriched in plant hormone
signal transduction (ko04075) pathway and spliceosome (ko03040), and one gene was enriched in MAPK signaling pathway-plant (ko04016) pathway.

Regulatory network of heat-responsive miRNAs in maize

As mentioned above, one miRNA can function on several different target genes, and one gene also can be targeted by one or more miRNAs. To explore the
potential regulatory mechanisms of miRNAs under heat stress in maize, regulatory network was constructed using Cytoscape software based on the
relationships of miRNAs, target genes and the enriched GO terms and KEGG pathways. As shown in Fig. 9, 11 up-regulated DEMs and 5 down-regulated DEMs
were shown to involve in the network, respectively. It can be seen that the target genes were mainly enriched in several GO terms, such as regulation of
transcription, DNA-templated (GO:0006355), nucleus (GO:0005634),          DNA binding (GO:0003677), and the mainly enriched pathways were metabolic
pathways (ko01100), biosynthesis of secondary metabolites (ko01110), and ribosome (ko03010). The relationships of miRNA, targets and the enriched GO
terms and pathways were clearly presented in the network. Thus, the regulatory network provided an important foundation for further identi�cation of
important miRNAs and target genes in responsive to heat stress.

Discussion
High temperature has become one of the most serious environmental stresses that affecting plant growth and development. For example, high temperature
occurred in the �owering period can lead to serious yield reduction in maize production. Thus, improving the adaptability to high temperature has become a
new focus in the process of crop molecular breeding. Plant has developed elaborate regulatory mechanisms at morphological, physiological and molecular
levels to cope with heat stress [34, 35], and many studies have paid more attention on gene expression and its roles in response to abiotic stresses [36–39].
MiRNAs are a group of non-coding sRNAs that play essential roles in plant growth, development, and stress responses [20–23, 40, 41]. In our previous study,
we showed that inbred line CM1 play high tolerance to heat stress, and revealed the transcriptomic divergence of the maize hybrid An’nong 591, its maternal
line (CB25), and paternal line (CM1) under heat stress [32], but the heat-responsive miRNAs and their genetic regulation mechanisms remain poorly known.

In this study, a total of 340 miRNAs (215 known and 125 novel) were identi�ed in the MC and MH libraries. The known miRNAs have been further divided 40
different families, and many miRNA families have been previously reported to be involved in the regulation of stress responses, such as miR156, miR167,
miR169, and miR396 [11]. Our result indicated that the length distribution of sRNAs and the known miRNAs varied from 18 to 25 nt, and the 21 nt sequences
were the most frequent length and 22 nt ranked in the second. For the novel miRNAs, the 24 nt miRNA was the most abundant (64.00%), and the length
distribution ranges from 18 to 24 nt. Some studies reported that the 24 nt sRNAs are more than the 21 nt sRNAs in plants. It is well known that distinct sizes of
sRNAs are produced by different members of the DCL family, for example, CL1 is mainly responsible for the biogenesis of 21 nt miRNAs, while DCL3 is involve
in the production of 24 nt miRNAs. Thus, functional diversity of different DCL members may responsible for this difference [42, 43]. Compared with the
expression of the known miRNAs, no members were shown with high expression level among the 125 novel miRNAs (Table S1 and S2). Among the 35 DEMs,
we noted that 8 miRNAs, including zma-miR164f-5p_R-1, zma-miR394a-5p, 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 in the MC or MH library. This �nding was consistent with previous studies that novel
miRNAs often expressed at lower levels [19, 44]. The expression patterns of the DEMs were also compared with previous studies. In our study, �ve conserved
miRNA families, including miR156, miR159, miR167, miR168, and miR169 among the DEMs, exhibited down-regulated expression, and the same expression
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patterns of four families (miR156, miR159, miR167, and miR169) were found among rice heat-responsive miRNAs. However, different expression patterns
were also found. For example, miR164 and miR399 were up-regulated in our study while down-regulated expression was detected for the two families in rice
[45]. In addition, miR160 exhibited up-regulated expression in rice and our study, while down-regulated expression in response to heat stress was reported in
other species [45–47]. It can be concluded that different plant species and heat treatment method are possibly responsible for the differences among these
studies. On the other hand, these observations also suggested the complex regulatory mechanisms of plant heat response mediated by miRNAs, although
many miRNA families are evolutionarily conserved in different species.

MiRNAs act as negative regulators to regulate the expression of mRNA at the post-transcriptional level [11, 12], and the identi�cation of target genes is an
important step to explore miRNA function. In the present study, the target genes of miRNAs were detected by degradome sequencing. A total of 174 (527
transcripts) target genes were predicted to be cleaved by 115 miRNAs, and no targets were identi�ed for the other 225 miRNAs by degradome sequencing. We
noted that many of the target genes encode transcription factor families. For example, SPL transcription factors were targeted by miR156 family, and GRAS
transcription factors were targeted by miR171 family, suggesting the conserved function and regulation mechanism of the miRNAs. Increasing studies
indicated that transcription factors have important roles in plant growth and development, and response to abiotic stresses [9, 48]. In Arabidopsis, NAC
transcription factor NTL4 has been demonstrated to participate in a reactive oxygen species (ROS)-mediated positive feedback loop that modulates
programmed cell death under heat stress conditions [49]. Chao et al. (2017) reported that overexpression of Arabidopsis SPL transcriptional factors SPL1 or
SPL12 can enhanced the thermotolerance in transgenic plants at reproductive stage [50]. Recently, Wang et al. (2019) demonstrated the association of four
HD-Zip I members with genetic variations in perennial ryegrass responses to heat stress through investigating the expression patterns between heat-sensitive
and heat-tolerant lines [51]. We noted that two heat shock proteins were targeted zma-miR396e-5p and PC-3p-184258_13, respectively, and were only detected
in the MH library. Heat shock proteins are a group of molecular chaperones and their expression can be rapidly induced by various environmental stresses,
which have been demonstrated to play crucial roles in protecting proteins and cells from damage when under stressed conditions[52–54]. KOG annotation
indicated that these genes involved in the posttranslational modi�cation, protein turnover, and chaperones, suggesting the potential roles of zma-miR396e-5p
and PC-3p-184258_13 in the regulation of heat response.

GO and KEGG enrichment analysis were performed for the 174 target genes to further explore the biological function of miRNAs. GO analysis indicated that
the target genes mainly involved in DNA binding, DNA binding transcription factor activity, protein dimerization activity, nucleus, regulation of transcription,
DNA-templated, and auxin-activated signaling pathway. In the GO biological process, we should note that some genes were enriched in the GO terms of
response to hormone, response to hydrogen peroxide, heat acclimation, and protein stabilization. KEGG pathway analysis indicated that target genes were
mainly involved in the metabolic pathways, biosynthesis of secondary metabolites, ribosome, ubiquinone and other terpenoid-quinone biosynthesis, and plant
hormone signal transduction pathways based on the enriched gene number. Some target genes were involved in some important pathways. For example, 3
genes were found to be involved in the spliceosome pathway. Consistent with many studies, our previous study indicated that heat stress can result in a
signi�cant increase in the number of alternative splicing (AS) events [32], which can be regulated by different plant developmental stages and environmental
stress [55, 56]. In addition, one gene was targeted by a DEM (zma-miR169i-3p_R + 1_1) with down-regulated expression, and involved in the mitogen-activated
protein kinase (MAPK) signaling pathway that has been demonstrated to play important roles in plant growth and development, and stress response [57].
These �ndings might suggest the potential functions of these targets in response to heat stress. To further explore the important target genes and the
regulatory mechanisms of miRNAs, the regulatory network was constructed based on the directed relationships of miRNA, target genes, the enriched GO terms
and KEGG pathways. A total of 16 DEMs, and their enriched terms and pathways were highlighted in the regulatory network. The regulatory network provides
an important foundation for identi�cation of important miRNA and target genes to explore the regulation mechanism of heat-responsive miRNAs in maize.

Conclusions
In this study, high-throughput sequencing was performed to identify heat-responsive miRNA in the leaves of maize inbred line CM1. We identi�ed 340 miRNAs
in the MC and MH libraries, including 215 known miRNAs and 125 novel miRNAs. A total of 35 members were shown signi�cantly different expression
between control conditions and heat treatment. Target genes of the miRNAs were predicted by degradome sequencing, and 174 genes (527 transcripts) were
found to be targeted by 115 miRNAs. GO and KEGG pathway enrichment analysis were performed for the predicted targets, and regulatory network was further
constructed based on their relationships of miRNAs and targets. Our results provided valuable information to elucidate the regulatory mechanisms of heat-
responsive miRNAs in maize.

Methods
Plant materials, heat treatment and RNA isolation

The elite maize inbred line CM1 was obtained from Maize Engineering Technology Research Center of Anhui Province (provided by Professor Qing Ma and
Beijiu Cheng), which is a paternal line of maize hybrid An’nong 591. Seedlings of the CM1 were grown in a greenhouse at 28 °C/23 °C (day/night) with a 16-h
light/8-h dark photoperiod. To identify heat-responsive miRNAs, seedlings were subjected to 42 °C treatment for 24 h at the three leaves stage. After heat
treatment, the third leaves were collected, immediately frozen in liquid nitrogen and stored at −80 °C for RNA isolation. Total RNA was isolated from each
sample using a total RNA puri�cation Kit (LC Sciences, USA) following the manufacturer’s protocols. The quantity and purity of the total RNAs were checked
by an Agilent Bioanalyzer 2100 (Agilent, USA) and RNA 6000 Nano LabChip Kit (Agilent, USA), and sample with a minimum RNA integrity number (RIN) value >
7.0 was used for further research. Three biological replicates were performed for heat treatment group (MH) and control condition group (MC), respectively.

Small RNA library construction, deep sequencing and data analysis
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Small RNA libraries were constructed using a TruSeq Small RNA Sample Prep Kit (Illumina, USA) following the manufacturer’s protocol. 1 µg of total RNA
sample was used for library construction, and ligated to 3′ adaptors and 5′ adaptors (Illumina, USA), respectively. Subsequently, the �rst-strand cDNA was
synthesized by reverse transcription PCR (RT-PCR), and the resulting cDNAs were used to PCR ampli�cation using the adaptor primers. After the gel
purification of PCR products, the sRNA libraries were sequenced on an Illumina Hiseq2500 (Illumina, USA) platform to generate 1×50 bp single-end reads. Raw
reads of sequencing data was �rstly processed with ACGT101-miR (v4.2) software (LC Sciences, USA) by removing low-quality reads, adapter sequences, junk
reads, and read length < 18 nt and >25 nt. The remaining reads were aligned to mRNA, RFam (http://rfam.xfam.org) and Repbase
(https://www.girinst.org/repbase/) databases, and then common RNA families (rRNA, tRNA, snRNA, and snoRNA), repeats, and sequences matching maize
mRNA were filtered. The last valid sequences with length in 18–25 nt were mapped to speci�c species precursors in miRBase 22.0 (http://www.mirbase.org/)
[58] by BLAST search to identify known miRNAs and novel 3p- and 5p- derived miRNA candidates. One nucleotide mismatch at both 3′ and 5′ ends was
allowed in the alignment. Finally, the unmapped sequences were aligned to the maize genome (AGPv4) to identify potential novel miRNAs, and secondary
structures were predicted using RNAfold software (http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi).

Identi�cation of DEMs in response to heat stress

To identify the DEMs between control condition and heat treatment, expression levels of all miRNAs in the six libraries were normalized according to previous
study [33]. Differentially expressed sequence was analyzed using a t-test. MiRNAs were considered to be signi�cantly differentially expressed members
followed the criteria: |log2(Fold change)| >1 and p-value <= 0.05. Normalized counts of the expressed miRNAs were transformed by log2 (norm+1), and used to
drawn a heat map with R package pheatmap.

qRT-PCR analysis of miRNAs

To validate the expression of miRNAs by high-throughput sequencing, qRT-PCR analysis was performed. Total RNA used for library construction was used for
�rst-strand cDNA synthesis using Poly (A)-tailing reaction with Mir-X™ miRNA First-Strand Synthesis Kit (Clontech, USA). All primers used in this study were
listed in Table S6. qRT-PCR reactions were performed according to our previous studies [32]. The 5S rRNA was used as internal control for the expression
analysis of miRNAs [32, 59]. The relative expression level of the miRNAs was calculated by the 2-ΔΔCT method [60]. Three biological replicates were performed
for each treatment.

Identi�cation of miRNA targets by degradome sequencing

In this study, two degradome libraries (MC and MH) were constructed from the mixed total RNAs of the three biological samples, which used for sRNA library
construction. The method used for degradome library construction was previously described by Ma et al. [61] with some modifications. Poly-(A) RNA was
puri�ed using poly-T oligo-attached magnetic beads. The 5' adapters were ligated to the 5' end of the 3′ cleavage product of the mRNA, and used to synthesize
�rst-strand cDNA and followed by PCR amplification. Finally, 1×50 bp single-end sequencing was performed using an Illumina Hiseq2500 (Illumina, USA)
platform. After sequencing, raw reads were �ltered to remove adaptor sequences and low quality reads. CleaveLand v3.0 [62] and TargetFinder
(http://target�nder.org/) were used for detect potentially sliced targets of miRNAs. And t-plots were generated to analyze the degradation patterns based on
the distribution of signatures and abundance along the transcripts, and divided into �ve categories (0-4).

GO and KEGG enrichment analysis and regulatory network construction

GO and KEGG enrichment analysis were performed to investigate the biological function of miRNA target genes. GOSeq R package (v1.34.1) [63] was used to
identify the functional categories based on molecular function, biological processes and cellular component. Pathway enrichment analysis was performed
using KEGG pathway database (http://www.genome.ad.jp/kegg/) [64]. To explore the regulatory network of miRNAs in response to heat stress, the
relationships of miRNAs and the target genes enriched in the GO terms and KEGG pathways were used to construct the network using Cytoscape (v3.7.2)
software with the similar method as described previously [65]. MiRNAs, targets, enriched GO terms and pathways were represented as nodes, and the directed
relationships among them were represented as edges.
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Figures

Figure 1

Length distribution of sRNAs and known miRNAs. a Length distribution of sRNAs (18-25 nt) in the MC and MH libraries. b Length distribution of known
miRNAs in the MC and MH libraries. MC, control conditions; MH, heat treatment conditions.
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Figure 2

Member numbers of known miRNA families identi�ed from MC and MH libraries.
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Figure 3

Pearson correlation and DEMs analysis. a Pearson correlation between different biological replicates. b Volcano plot of signi�cantly DEMs between MC and
MH libraries. The red and green dots represent the signi�cantly up- and down-regulated miRNAs, respectively. c Hierarchical clustering of the 35 signi�cantly
DEMs. The red represents up-regulation and blue represents down-regulation.
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Figure 4

qRT-PCR validation of DEMs detected by high-throughput sequencing.
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Figure 5

Representative target plots (t-plots) of different categories predicted by degradome sequencing. The x-axis represented the distribution of the degradome tags
along the target mRNA sequences. The red vertical lines represented the cleavage sites on the target mRNA sequences.
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Figure 6

Categories of the cleavage products in the MC and MH libraries.
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Figure 7

GO analysis of target genes identi�ed by degradome sequencing. The 30 most signi�cant GO terms of molecular function (MF), cellular component (CC), and
biological process (BP), were shown in the �gure. The number of enriched genes of each term was shown on the right of each bar.
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Figure 8

KEGG pathway analysis of target gens identi�ed by degradome sequencing. The rich factor represented the ratio between the number of target genes and all
annotated genes enriched in the pathway. Different colors represented the signi�cance of the qvalue.
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Figure 9

Regulatory network of heat-responsive miRNAs in maize. Red triangles and blue triangles represented the signi�cantly up-regulated and down-regulated
miRNAs, respectively, while yellow indicated no signi�cantly change. Black dots represented the targets of miRNA. GO terms and KEGG pathways were shown
by gray ellipses, and the enriched terms and pathways for the genes that targeted by DEMs were shown by blue ellipses.
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