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ABSTRACT. Thermosensitive genic male sterile (TGMS) lines are the core of two-line hybrid systems. MicroRNAs (miRNAs)
play critical roles in plant growth and development. However, knowledge of regulation of anther development by miRNAs
in TGMS eggplant (Solanum melongena) is largely unexplored. To investigate the mechanism underlying miRNA regulation
of male sterility, we employed high-throughput small RNA sequencing in anther samples from the reverse TGMS line
05ms and the temperature-insensitive line S63 in eggplant, under high temperature and low temperature conditions. The
05ms line is sterile at low temperature and fertile at high temperature. A total of 166,273,427 raw reads were obtained, 143
known miRNAs from 42 miRNA families and 104 novel miRNAs were detected. Further, six differentially expressed
miRNAs (DEMs) were identified, including three known (miR168b-3p, miR397–5p, and miR408) and three novel miRNAs
(Novel_116, Novel_119, and Novel_97), which might be related to anther development. Moreover, the six DEMs were vali-
dated by quantitative real-time polymerase chain reaction and 892 target genes of which were predicted. Gene Ontology
analysis of target genes revealed significant enrichment in the “copper ion binding,” “oxidation-reduction process,” and
“oxidoreductase activity” terms. Kyoto Encyclopedia of Genes and Genomes analysis revealed that “plant hormone signal
transduction” and “other glycan degradation” were enriched. In addition, we constructed regulatory networks comprising
miRNAs, target genes, and important terms/pathways and found the miR397-5p was the most linked miRNA,
down-regulated under low temperature. Our findings contribute to understanding of the roles of miRNA during anther
development and provide the theoretical foundation for two-line hybrid breeding of eggplant.

Eggplant (Solanum melongena) is an important vegetable
globally. With rising labor costs, it is estimated that the utiliza-
tion of eggplant with male sterility will play a greater role in
their cultivation. Hybrid seed production using male sterile lines
mainly involves the three- and two-line hybrid systems. The
three-line hybrid system requires male sterile, restorer, and main-
tainer lines, whereas the two-line system involves an environ-
mentally sensitive genic male sterile (EGMS) line, such as a
photoperiod-sensitive or thermosensitive genic male sterile
(PGMS or TGMS) line, which is used to produce hybrid seeds,
thus eliminating the need for maintainer and restorer lines (Sun
et al., 2021). Hence, the two-line system is more convenient for

hybrid seed production (Zhou et al., 2016). The EGMS lines
have been reported in some vegetable crops, including tomato
[Solanum lycopersicum (Sheoran et al., 2009)] and eggplant
(Li et al., 2019).

miRNAs are a class of small endogenous non-coding RNAs.
Since the first report of miRNAs in rabidopsis [Arabidopsis thali-
ana (Llave et al., 2002)], there has been considerable research
aimed at understanding their molecule mechanism (Voinnet,
2009). The miRNAs comprise�21 to 24 nucleotides and function
as negative regulators of gene expression by degrading mRNA
or inhibiting translation (Betti et al., 2021). Extensive research
has demonstrated critical roles for miRNAs in regulation of vari-
ous biological processes (Feng et al., 2019; Shi et al., 2019), in-
cluding organ development and hormone signaling, as well as
responses to abiotic stresses (Lin et al., 2020). Plants are more
vulnerable to environmental stresses, such as low temperature or
high temperature at the reproductive growth stage than during
the vegetative growth phase (Tang et al., 2012). Numerous stud-
ies have identified the roles of miRNAs in regulating plant male
sterility primarily by inhibiting target genes that affect anther
development (Dong et al., 2020) and regulate fertility (Jiang
et al., 2021). The male sterility in eggplant was induced by
suppressing TATA box-binding protein associated factors using
artificial miRNA technology (Toppino et al., 2011). Thirteen
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pairs of miRNA/target genes that regulate male sterility in
PGMS/TGMS rice (Oryza sativa) by responding to temperature
change were identified by miRNA, transcriptome, and degra-
dome sequencing, and miR156, miR5488, and miR399 were
found to affect male sterility in PA64S by influencing anther
wall lignin synthesis and the flavonoid metabolism pathway
(Sun et al., 2021).

Reactive oxygen species (ROS) and phytohormones are two
important signaling systems involved in plant responses to abi-
otic stress, and drive changes that guide plant adaptation and sur-
vival (Devireddy et al., 2021). Cellular reduction/oxidation
(redox) homeostasis plays an important role in balancing temper-
ature tolerance and plant development (Concetta et al., 2015).
High temperature during the anthesis stage causes a significant
rise in ROS content accumulation in anthers, triggering male ste-
rility due to differential antioxidant enzyme activity-mediated
anther damage (Dwivedi et al., 2019). Phytohormones also play
essential roles during anther development processes (Zhang
et al., 2021). Research into a wheat (Triticum aestivum) TGMS
line indicated that six miRNAs and one transacting small inter-
fering RNA regulated the auxin signaling network, which are
linked with male sterility during cold stress (Tang et al., 2012).
Further, arabidopsis transgenic phenotypes of auxin response
factor 6 (arf6) plants mutated miR167 target sites suggest that
miR167 may repress ARF6 translation, preventing proper pollen
release from anthers (Zheng et al., 2019). Abscisic acid (ABA)
is a key phytohormone that regulates plant development and re-
sponses to biotic and abiotic stresses (Yoshida et al., 2015).
MYB33 is a major target of miR159, which promotes ABA Insen-
sitive 5 (ABI5) transcription through directly binding to its pro-
moter. The ABI5 promotes vegetative phase development in
arabidopsis by affecting expression of the miR156-SPL pathway
(Guo et al., 2021). MYB33 and SPL were genes that regulate
early development of tapetum in rice (Huang et al., 2011).
miR397a was up-regulated in ABA-deficient mutant rice (Tian
et al., 2015). Moreover, miRNAs and their target genes have vi-
tal functions in male fertility, lignin formation, and adaptation to
abiotic stress in rice (Tian et al., 2015). miR408 and miR397
were both negatively regulated by copper, an essential mineral
required for plant development, and their target genes encoded
copper-containing proteins, including laccase (LAC) in arabi-
dopsis (Abdel-Ghany and Pilon, 2008).

Eggplant is a thermophilic plant; hence, low temperature is
an important abiotic stress that influences its growth and devel-
opment (Yang et al., 2017). The reverse TGMS (rTGMS) egg-
plant line 05ms is sterile at low temperature and fertile at high
temperature (Li et al., 2019). Abundant evidence supports key
roles for miRNAs in the regulation of anther development in
many crops. However, there have been no reports regarding mi-
RNA expression in eggplant anther. To address this, we per-
formed small RNA sequencing (sRNA-seq) of samples from
anthers (meiosis stage) of the 05ms and S63 eggplant lines culti-
vated under low temperature and high temperature. Two coex-
pression networks, comprising Gene Ontology (GO) terms,
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways,
miRNAs, and target genes, were constructed, and genes with
pivotal roles were discovered. Further, a candidate miRNA with
a role in regulating rTGMS was predicted, and a mechanism by
which it can potentially result in temperature-dependent fertility
conversion was discovered. Our data provide a valuable infor-
mation for miRNA research in eggplant for hybridization

breeding, which broaden our understanding of the mechanisms
underlying fertility conversion in rTGMS lines in plants.

Materials and Methods

PLANT MATERIALS, CULTIVATION ENVIRONMENT, AND TISSUE

COLLECTION. Two inbred eggplant lines, rTGMS line 05ms and
the fertile line S63, were used as the experimental materials
(Supplemental Fig. 1). The rTGMS line was a natural mutation
from S63. Plant seeds were sown on 3 Jan. 2020 in a greenhouse
in Shijiazhuang (lat. 38.03�N, long. 114.26�E), Hebei province,
China. When the plants grew to five to six true leaves (15 Apr.),
seedlings of each line were planted in plastic greenhouse, where
a self-measuring thermometer was placed. The rTGMS line
05ms exhibits male sterility at <18.0 �C and is fully fertile at
>19.5 �C. Anthers samples at meiosis stage were collected at
the sterile period of spring low temperature from 05ms (05ms-
spring), the fertile period of summer high temperature from
05ms (05ms-summer), and the fertile period of spring low tem-
perature from S63 (S63-spring), the fertile period of summer
high temperature from S63 (S63-summer). Samples were taken
in late April and early June. Each time, �10 to 15 flower buds
were taken from five plants as a sample, and quickly peeled off
the ovary and petals, collected the anthers, placed them in a
1.5-mL centrifuge tube, and rapidly transferred into liquid nitro-
gen (–196 �C). There were 12 samples in total (05ms-spring,
05ms-summer, S63-spring, and S63-summer, three biological
replicates). Samples were taken back to the laboratory and stored
in an ultra-low temperature freezer (–80 �C) for RNA extraction.

RNA EXTRACTION AND DETECTION. Total RNA was extracted
from anther by using the DP441 RNA extraction Kit (Tiangen
Biotech Co., Ltd., Beijing, China) according to the manufac-
turer’s instructions. RNA degradation and contamination was
monitored on 1% agarose gels. RNA purity was checked using a
spectrophotometer (NanoPhotometer; IMPLEN, Westlake Vil-
lage, CA). RNA concentration was measured using RNA Assay
Kit in a flurometer (Qubit 2.0; Life Technologies, Carlsbad,
CA). RNA integrity was assessed using the RNA Nano 6000 As-
say Kit of an automated electrophoresis tool (Bioanalyzer 2100;
Agilent Technologies, Palo Alto, CA).

SRNA LIBRARY CONSTRUCTION AND SEQUENCING. Twelve sam-
ples from four treatments (05ms-spring, 05ms-summer, S63-
spring, and S63-summer, three biological replicates) were sent
to Novogene Bioinformatics Technology Co. Ltd. (Beijing,
China) for sRNA-seq analysis. A total amount of 3 mg RNA per
sample was used as input material for the sRNA library. Se-
quencing libraries were generated using NEBNext Multiplex
sRNA Library Prep Set for Illumina (NEB, Ipswich, MA) fol-
lowing the manufacturer’s recommendations, and index codes
were added to attribute sequences to each sample. Polymerase
chain reaction (PCR) products were purified on a 8% polyacryl-
amide gel (100 V, 80 min). DNA fragments corresponding to
140 to 160 bp (the length of small noncoding RNA plus the 3'
and 5' adaptors) were recovered and dissolved in 8-mL elution
buffer. Library quality was then assessed on the automated elec-
trophoresis tool (Bioanalyzer 2100) using DNA High Sensitivity
Chips (Agilent Technologies, Santa Clara, CA). The clustering
of the index-coded samples was performed on a cBot Cluster
Generation System using TruSeq SR Cluster Kit v3-cBot-HS
(Illumia, San Diego, CA) according to the manufacturer’s
instructions. After cluster generation, the library preparations
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were sequenced on an Illumina HisEq. 2500 platform and 50 bp
single-end reads were generated. The raw data were deposited
into the National Center for Biotechnology Information
Sequence Read Archive with accession number PRJNA791470.

SRNA-SEQ DATA ANALYSIS. Clean data (clean reads) were ob-
tained by removing reads using Cutadapt software. The se-
quence quality was verified using FastQC (Wingett and
Andrews, 2018). Then, unique sequences (18 to 30 nt long)
were chosen from clean reads to do all the downstream analyses.
To prevent every unique sRNA mapping to multiple noncoding
RNA, we used the following priority rule: known miR-
NA> ribosomal RNA (rRNA)> transfer RNA (tRNA)> small
nuclear RNA (snRNA)> small nucleolar RNA (snoRNA)>
repeat> gene> novel miRNA; this ensured that every unique
sRNA mapped to only one annotation. sRNA tags were mapped
to reference sequences (Hirakawa et al., 2014) using bowtie-
0.12.9 (Langmead et al., 2009). The known and novel miRNAs
and secondary structures drawn were identified by BLAST
search with the miRBase22.1 database, modified software mir-
deep2 (Friedlander et al., 2011), and sRNA-tools-cli. To remove
tags originating from protein-coding genes, repeat sequences,
rRNA, tRNA, snRNA, and snoRNA, sRNA tags were mapped
to RepeatMasker, Rfam database, or those types of data from
the specified species itself. In our analysis pipeline, families of
known miRNAs were determined using miFam.dat (Kozomara
et al., 2019), and novel miRNA precursors were submitted to
Rfam (Nawrocki et al., 2015) to search for Rfam families. mi-
RNA expression levels were estimated as transcripts per million,
using previously described criteria (Zhou et al., 2010).

IDENTIFICATION OF DIFFERENTIALLY EXPRESSED MIRNA AND

TARGET GENE. Analysis of differential expression between two
groups was performed using the DESeq2 package ver. 3.0.3
(Love et al., 2014). The following criteria were used to identify
significantly upregulated and downregulated miRNAs: | log2
(fold change) | > 1 and adjusted P < 0.05. miRNA target genes
were predicted using psRobot_tar in psRobot for plants (Wu
et al., 2012).

GO AND KEGG ENRICHMENT ANALYSIS OF TARGET GENE. GO
enrichment analysis was used on the target gene candidates
of differentially expressed miRNAs (DEMs) in the following.
GOseq based Wallenius noncentral hypergeometric distribution
(Young et al., 2010), which could adjust for gene length bias,
was implemented for GO enrichment analysis. KEGG is a data-
base resource for understanding high-level functions and utilities
of the biological system, such as the cell, the organism and the
ecosystem, from molecular-level information, especially large-
scale molecular datasets generated by genome sequencing and
other high-throughput experimental technologies (Kanehisa et al.,
2008). We used KOBAS (Mao et al., 2005) software to test the
statistical enrichment of the target gene candidates in KEGG
pathways.

QUANTITATIVE REAL-TIME PCR ANALYSIS. Total miRNA
samples were extracted from frozen anthers using a DP501 kit
(Tiangen Biotech Co., Ltd.). miRNA First-Strand cDNA was
synthesized using a KR201 Kit (Tiangen Biotech Co., Ltd.). An
miRcute miRNA Detection Kit (FP401; Tiangen Biotech Co.,
Ltd.) was then used to quantify known miRNAs following the
manufacturer’s instructions. Six DEMs were analyzed by quanti-
tative real-time (qRT)-PCR with U6 as a reference. The miRNA
forward primers are listed in Supplemental Table 1, and the

reverse primer was a universal primer provided in the FP401 kit.
Assays were performed on a CFX ConnectTM instrument (Bio-
Rad Laboratories, Hercules, CA) using the following program:
94 �C for 2 min, followed by 40 cycles at 94 �C for 20 s and
60 �C for 30 s. Target genes of miRNAs were analyzed by qRT-
PCR following a previously published method (Li et al., 2019).
The primers are listed in Supplemental Table S, and actin was
used as a reference. Data were analyzed using the 2-rrCT method
(Schmittgen and Livak, 2008).

ANALYSIS OF CONCENTRATIONS OF PHYSIOLOGICAL AND BIO-

CHEMICAL INDICES. ABA concentrations were detected on
the testing platform (QTRAP 6500 LC-MS/MS; AB Sciex,
Framingham, MA). Hydrogen peroxide and catalase (CAT) con-
centrations were measured using the H2O2-1-Y and CAT-1-Y
kits (Comin Biotechnology Co., Ltd., Suzhou, China) with a
testing tool (Cytation 1; BioTek Instruments Inc., Winooski,
VT). Statistical analysis software (IBM SPSS Statistics ver.
18.0; IBM Corp., Armonk, NY) was used to conduct analysis of
variance and the t test to compare 05ms-summer to 05ms-spring
for each category. P < 0.05 was considered statistically signifi-
cant in all analyses. Figures were prepared with an analysis soft-
ware (Prism 8.0.2; GraphPad Software Inc., San Diego, CA).
All data were averaged over three biological replicates.

Results

OVERVIEW OF SRNA LIBRARY SEQUENCING DATA. To investi-
gate the roles of miRNAs in response to temperature variation
during anther development in 05ms, 12 sRNA libraries (three bi-
ological replicates respectively for 05ms-spring, 05ms-summer,
S63-spring, and S63-summer) were constructed and a total of
166,273,427 raw data were obtained using the Illumina sequenc-
ing platform. After removing low-quality reads, 39,602,285
(05ms-spring), 41,921,223 (05ms-summer), 40,774,449 (S63-
spring), and 39,515,432 (CH) clean reads were obtained, respec-
tively (Supplemental Table 2). More than 90% of these sRNA
could be mapped to reference sequences (Supplemental Table 3).
sRNAs in all sequencing libraries were categorized. Interestingly,
there were fewer rRNA, snRNA, and snoRNA in the 05ms line
than in the S63 line in anthers from plants grown under both high
and low temperature conditions (Table 1). sRNAs within specific
length ranges were then selected for the subsequent analysis of
sRNA distribution. The 18–30 nt sRNAs were dominant in all li-
braries. Among these, the most abundant sRNAs were 24 nt siR-
NAs (>40%), followed by 21–22 nt miRNA (10% to 15%; Fig.
1A). We analyzed the first nucleotide bias and found 20–23 nt
miRNAs mostly starting with “U” as the first base, with “C” the
first base in most 21 nt molecules from the 05ms-spring group.
Further, 24-nt miRNAs mostly started with an ‘A’ residue in the
S63-summer and 05ms-spring groups, whereas they began with
“U” in the 05ms-summer and S63-spring groups (Fig. 1B). Next,
sRNAs screened for length were matched to reference genome.
A total of 143 known miRNAs and 104 novel miRNAs were de-
tected in anthers from the four groups. These miRNAs belonged
to 42 miRNA families by comparing them in Solanaceae crops,
with miR156, miR166, miR395, miR169_2, miR172, and
miR399 as the top six families (Fig. 1C).

IDENTIFICATION OF RTGMS-RELATED MIRNAS AND THEIR

TARGET GENES. To identify miRNAs related to anther develop-
ment and fertility conversion in eggplant, we screened for
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DEMs in the 05ms-spring, 05ms-summer, S63-spring, and S63-
summer libraries. DEMs were identified based on threshold val-
ues: false discovery rate < 0.05 and |log2 (fold-change)| > 1.
Most DEMs (n = 113) were identified in the 05ms-spring vs.

S63-spring groups, among which 61 and 52 miRNAs were upre-
gulated and downregulated in 05ms-spring, respectively. Only
41 DEMs were identified in comparisons of both 05ms-spring
vs. 05ms-summer and 05ms-summer vs. S63-summer (Fig. 2A).

Fig. 1. The character analysis of small RNA (sRNA) in the sterile line 05ms and fertile line S63 of eggplant. (A) The length distribution of sRNAs. (B) The
first nucleotide bias analysis of known sRNAs. (C) The microRNA (miRNA) families analysis of known miRNAs (05ms-spring = spring sterile period at
low temperature in 05ms; 05ms-summer = summer fertile period at high temperature in 05ms; S63-spring = spring fertile period at low temperature in S63;
S63-summer = summer fertile period at high temperature in S63). sRNA frequency represents the percentage of sRNA among S63-summer, S63-spring,
05ms-summer, and 05ms-spring under different length. First nucleotide represents the percentage of A/U/C/G in the first base of sRNA of this length. The
numbers above each bar represent the total numbers of sRNA of this length. Different miRNA families were detected in the Solanaceae crops. Family num-
bers represent the numbers of different miRNA families.

Table 1. Categorization of unique reads and total reads of small RNA (sRNA) in the sterile line 05ms and fertile line S63 of eggplant.

Typei

S63-summerii S63-spring 05ms-summer 05ms-spring

n % n % n % n %
Total sRNA 21,351,798 100.00 31,377,617 100.00 34,489,484 100.00 29,492,934 100.00
Known_miRNA 293,499 1.37 740,515 2.36 277,559 0.80 199,006 0.67
rRNA 2,958,339 13.86 7,045,340 22.45 3,443,386 9.98 2,832,789 9.60
tRNA 979,408 4.59 322,429 1.03 594,220 1.72 560,505 1.90
snRNA 11,873 0.06 31,077 0.10 12,801 0.04 12,290 0.04
snoRNA 69,039 0.32 274,223 0.87 59,478 0.17 76,749 0.26
Repeat 1,531,812 7.17 2,095,096 6.68 2,658,883 7.71 2,228,272 7.56
Novel_miRNA 222,819 1.04 149,822 0.48 197,517 0.57 115,336 0.39
Other 9,713,590 45.49 12,385,040 39.47 17,331,652 50.25 14,909,604 50.55
i miRNA = micro RNA; rRNA = ribosomal RNA; tRNA = transfer RNA; snRNA = small nuclear RNA; snoRNA = small nucleolar RNA.
ii S63-summer = summer fertile period at high temperature in S63; S63-spring = spring fertile period at low temperature in S63;
05ms-summer = summer fertile period at high temperature in 05ms; 05ms-spring = spring sterile period at low temperature in 05ms.
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These findings suggest that some miRNAs were only expressed
in the sterile line during the 05ms-spring period.

Venn diagram analysis of DEMs showed that six DEMs were
most closely related to sterility because they did not differ signif-
icantly when comparing anther fertility groups (05ms-summer
vs. S63-summer and S63-spring vs. S63-summer), but there
were significant differences when comparing anther sterility
groups (05ms-spring vs. S63-spring and 05ms-spring vs. 05ms-
summer; Fig. 2B). Among these six DEMs, three novel miRNAs
(Novel_116, Novel_119, and Novel_97) were upregulated in
05ms-spring, with Novel_97 the most significantly altered. The
other three DEMs (nta-miR408, sly-miR168b-3p, and sly-
miR397–5p), downregulated in 05ms-spring, were known miR-
NAs, with sly-miR397-5p the most significantly difference (Fig.
2C, Supplemental Table 4). The secondary structures of the six
miRNAs are shown in Fig. 2D.

We performed qRT-PCR to verify further the expression of the
six DEMs between 05ms and S63. The results of qRT-PCR were
consistent with those of sRNA-seq (Fig. 3, Supplemental Table 5).
Software analysis predicted 892 target genes for the six identified
miRNAs. The target genes of miR397–5p were predicted, and
382 target genes were found, including transcription factors

dysfunctional tapetum 1 (dyt1) and WRKY, and many LAC family
genes. We verified the expression levels of four target genes by
qRT-PCR and found the expression levels were opposite of
miR397-5p in 05ms, thus further confirming that they were un-
derlying target genes of miR397-5 (Supplemental Fig. 2). The
four target genes of miR397–5p were Sme2.5_00016.1_g00020.1
(WRKY32), Sme2.5_05438.1_g00004.1 (dyt1), Sme2.5_01800.1_g00006.1
(LAC4), and Sme2.5_02906.1_g00004.1 (LAC4).

BIOLOGICAL FUNCTION ANALYSIS OF TARGET GENES. The regula-
tory function of miRNA is executed through its target genes. To
further understand the biological functions of miRNAs, annotations
of the 892 target genes were classified into three GO categories:
molecular function (29.86%), biological process (55.43%), and cel-
lular component (14.71%) (Fig. 4A). Significant terms included
“copper ion binding” [GO: 0005507 (n = 21)], “oxidation-reduction
process” [GO: 0055114 (n = 59)], and “oxidoreductase activity”
[GO: 0016491 (n = 60)]. These results suggest that the redox is an
important factor in rTGMS fertility conversion. The detailed infor-
mation of the first 20 terms in GO functional enrichment analysis
are listed in Supplemental Table S6.

To further explore our findings, KEGG enrichment analysis
of 892 target genes was conducted. The target genes were

Fig. 2. Analysis of differential expression levels and secondary structures of microRNAs (miRNAs) in the sterile line 05ms and fertile line S63 of eggplant.
(A) Numbers of differentially expressed miRNAs (DEMs) in different comparisons. (B) Venn diagram showing the overlaps in different comparisons.
(C) Heatmap showing the hierarchical cluster analysis results from samples and DEMs. (D) Secondary structures of DEMs. DEMs represents the numbers of
DEMs. “Upregulated” indicates upregulated DEMs. Downregulated indicates downregulated DEMs (05ms-spring = spring sterile period at low temperature
in 05ms; 05ms-summer = summer fertile period at high temperature in 05ms; S63-spring = spring fertile period at low temperature in S63; S63-summer =
summer fertile period at high temperature in S63). The red star indicates the key DEMs. Each column indicates sample, and the colored bar indicates the rela-
tive expression level from high (red) to low (blue). Red highlights indicate the locations of mature sequence of miRNA.
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mapped to 72 biological pathways, and the top 20 pathways
of KEGG functional enrichment analysis is shown in Fig. 4B.
Most target genes were enriched in “plant hormone signal

transduction” [sly04075 (n = 7)], “biosynthesis of amino acids”
[sly01230 (n = 6)], and “spliceosome” [sly03040 (n = 6)]. The
pathways “other glycan degradation” [sly00511 (n = 3)],

Fig. 3. Comparison of results obtained via small RNA sequencing (sRNA-seq) and quantitative real-time PCR (qRT-PCR) for the six differentially expressed
microRNAs (DEMs) at different periods in the sterile line 05ms and fertile line S63 of eggplant. miR168b-3p, miR397–5p, and miR408, Novel_116,
Novel_119, and Novel_97 were the six DEMs (05ms-spring = spring sterile period at low temperature in 05ms; 05ms-summer = summer fertile period at
high temperature in 05ms; S63-spring = spring fertile period at low temperature in S63; S63-summer = summer fertile period at high temperature in S63).
Error bars indicate the SE of three biological replicates.

Fig. 4. Gene Ontology (GO) terms and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways enrichment analysis of the 892 target genes in the sterile
line 05ms and fertile line S63 of eggplant. (A) The top 20 significantly enriched GO terms. (B) The top 20 significantly enriched KEGG pathways.
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“valine, leucine and isoleucine degradation” [sly00280 (n = 4)],
and “glycine, serine and threonine metabolism” [sly00260 (n =
3)] were also particularly noteworthy. The detailed information
of the 72 terms in KEGG functional enrichment analysis is
listed in Supplemental Table 7.

MIRNA-MRNA REGULATORY NETWORK ANALYSIS. To func-
tionally characterize DEMs and their target genes, we built regu-
latory networks including significant GO terms and KEGG
pathways. The three GO terms included in the regulatory net-
work comprised 64 target genes and five miRNAs (Fig. 5). Fur-
ther, three KEGG pathways in the regulatory network included
11 target genes and 4 miRNAs (Fig. 6). Five genes were targeted
by sly-miR397-5p, three of which (Sme2.5_31020.1_g00001.1,
Sme2.5_09769.1_g00002.1, and Sme2.5_00110.1_g00020.1) were
redox (dehydrogenase) enzymes. The sly-miR397-5p was the
most linked in both the KEGG and GO networks, which
could be a key miRNA in eggplant thermosensitive male
sterility.

ABA, H2O2, AND CAT CONTENT IN 05MS ANTHERS. According
to our previous research results, ABA and ROS had significant
influence on male sterility of eggplant. Thus, ABA, H2O2, and
CAT content in ‘05ms’ anthers from the 05ms-spring and 05ms-
summer were detected. ABA and H2O2 were higher and CAT
was lower in 05ms-spring than in 05ms-summer (Fig. 7). The
content of ABA was 41.50 U/g in 05ms-spring, which was 2.16-
fold higher than that in 05ms-summer. H2O2 content was 1.70-
fold higher in 05ms-spring (2.52 mmol·g�1) than in 05ms-sum-
mer. In particular, the largest difference was that in CAT con-
tent, which was 4.02-fold higher in 05ms-summer (3184.18
nmol·g�1·min�1) than in 05ms-spring (792.48 nmol·g�1·min�1).

Discussion

Heterosis is a useful way to increase yield and improve egg-
plant quality. TGMS lines represent excellent germplasm resources

Fig. 5. Regulatory networks comprising Gene Ontology terms, differentially expressed microRNAs (DEMs), and their target genes in the sterile line 05ms and
fertile line S63 of eggplant. Ellipses, triangles, and rectangles represent GO terms, DEMs, and target genes, respectively.
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because they eliminate the need for an emasculation procedure,
thereby reducing the cost of hybrid seed production. With rapidly
developing sequencing technology, many plant genomes have

been sequenced, and the resulting omics data are excellent resour-
ces for molecular studies (Song et al., 2019). miRNAs are impor-
tant in regulation of plant anther development (Dong et al., 2020).

Fig. 6. Regulatory network comprising Kyoto Encyclopedia of Genes and Genomes pathways, differentially expressed microRNAs (DEMs), and their target genes
in the sterile line 05ms and fertile line S63 of eggplant. Ellipses, triangles, and rectangles represent KEGG pathways, DEMs, and their target genes, respectively.

Fig. 7. The contents comparison of abscisic acid (ABA), hydrogen peroxide (H2O2), and catalase (CAT) between 05ms-spring and 05ms-summer in the sterile
line 05ms. (A) ABA contents in 05ms-spring and 05ms-summer. (B) H2O2 contents in 05ms-spring and 05ms-summer. (C) CAT contents in 05ms-spring and
05ms-summer (05ms-spring = spring sterile period at low temperature in 05ms; 05ms-summer = summer fertile period at high temperature in 05ms). Error
bars indicate the standard error of three biological replicates. Statistical significance was analyzed by a t test to compare 05ms-summer to 05ms-spring for
each category in all statistical. **Significant at P < 0.01.
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In this study, to determine the functions of miRNAs during egg-
plant rTGMS, miRNAs expression levels in the meiosis stage
anthers from the rTGMS line 05ms and the homologous fertile
line S63 were analyzed by high-throughput sequencing. This is the
first report of a comprehensive comparison of miRNA expression
levels between TGMS and temperature-insensitive eggplant lines.

ROS AND MALE STERILITY. ROS homeostasis is critical for an-
ther development, and H2O2 is a key factor in ROS production
(Hameed et al., 2012). Antioxidant enzyme-mediated redox ho-
meostasis was a key index to estimate the deleterious effects of
ROS in anthers. Superoxide dismutase content decreases and
H2O2 content increases in stamens during anther development of
genic male sterile mutant in cotton (Gossypium sp.; Zheng et al.,
2021). Enhanced CAT activities in rice anther help to eliminate
oxidative damage through scavenging of ROS (Zhao et al.,
2018b). Further, a rise in temperature during anthesis can stimu-
late significantly increased ROS content and malondialdehyde
accumulation in anthers, thereby triggering pollen mortality in
wheat (Dwivedi et al., 2019). In this study, GO analysis indi-
cated that target genes were primarily enriched in redox-related
terms. Elevated ABA levels can also cause ROS release (Yu
et al., 2019) and our data show that ABA and H2O2 were higher
and CAT levels markedly lower in the 05ms-spring than in
05ms-summer groups (Fig. 6); therefore, we propose that low
temperature stress can induce ROS burst, which may result in
anther abortion in rTGMS line of eggplant.

MIR397-5P AND MALE STERILITY. Many studies have demon-
strated that miRNAs regulate gene expression by controlling
transcription factors, which may be an important feature of mi-
RNA function (Liu et al., 2016). Some transcription factors were
identified as miRNA target genes in the tomato photoperiod-
sensitive male sterility mutant 7B-1, suggesting that they are as-
sociated with, or involved in, the regulation of male sterility
(Omidvar et al., 2015). In this study, the expression level of
miR397-5p in 05ms-spring was 29.45, whereas that in 05ms-
summer was more than 6 times higher at 185.36. We speculate
that low temperature severely inhibits miR397-5p expression.
Target gene is key to understanding miRNA function. The four
target gene ID numbers were presented by comparing the refer-
ence genome in 2019 and 2014 (Supplemental Table 8). dyt1 is
a bHLH transcription factor, plays a critical role in regulating ta-
petum development, and its alteration can directly lead to anther
abortion (Cui et al., 2016). dyt1 regulates a series of downstream
genes, which are necessary for anther development, including
tapetal development and function 1, Aborted microspores, and
Male sterility 1, and interacts with many transcription factors
(Gu et al., 2014). WRKY family genes respond to low tempera-
ture stress and affect plant stress resistance by participating in
ABA signal transduction (Zhao et al., 2019). LAC genes encode
key lignin biosynthesis enzymes (Xue et al., 2018). Lignin is a
vital constituent part of the plant secondary cell wall and can im-
prove mechanical support (Zhou et al., 2009). LAC was induced
by ABA to positively regulated lignin synthesis and influence
cell wall ductility (Li et al., 2020). Plant tissues with high LAC
gene expression also have high levels of lignification (Wang
et al., 2020). miR397 negatively regulated lignin content by slic-
ing LAC transcription, thereby promoted plant defense (Wei
et al., 2021). Thus, ABA participated in anther response to low
temperature and formation of anther cell wall. Hence, miR397-
5p likely regulates anther development and low temperature

tolerance by negatively regulating these target gene expression
in rTGMS line of eggplant.

Conclusions

The occurrence of male sterility in rTGMS line ‘05ms’ in-
volved many biological processes and metabolic pathways. This
is the first report of miRNAs in the anthers of the male sterility in
eggplant using high-throughput sequencing technology. According
to the analysis results of sRNA-seq, qRT-PCR, and related physio-
logical indexes, we identified 143 known miRNAs and 104 novel
miRNAs, and found that three known miRNAs (miR168b,
miR397, and miR408) and three novel miRNAs (Novel_116,
Novel_119, and Novel_97) probably played an important role
during anther development in ‘05ms’. Target prediction and
annotation showed that these target genes enriched in plant hor-
mone signal transduction and oxidation-reduction process. The
regulatory networks analysis found the miR397-5p was the
most important miRNA. We speculate that the anther abortion
under low temperature conditions might be caused by the hor-
mone imbalance, the destruction of antioxidant system, and the
accumulation of H2O2. Our results will facilitate understanding
of the molecular mechanism underlying miRNA regulation of
fertility conversion and two-line cross-breeding in eggplant.
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Supplemental Fig. 1. Morphological comparison of flowers in the sterile line
05ms and fertile line S63 of eggplant. (A) The phenotype of flower in
05ms. (B) The phenotype of flower in S63.

Supplemental Fig. 2. Quantitative real-time polymerase chain reaction con-
firmation of target genes at different periods in the sterile line 05ms and
fertile line S63 of eggplant: 05ms-spring = spring sterile period at low
temperature in 05ms; 05ms-summer = summer fertile period at high tem-
perature in 05ms; S63-spring = spring fertile period at low temperature in
S63; S63-summer = summer fertile period at high temperature in S63.
Sme2.5_00016.1_g00020.1, Sme2.5_01800.1_g00006.1, Sme2.5_05438.1_g00004.1,
and Sme2.5_02906.1_g00004.1 are the four target genes. Different letters
above the bars represent significant differences at P < 0.05 according to
Duncan’s multiple range test.
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Supplemental Table 1. The primers information of quantitative real time polymerase chain reaction validation of microRNAs and their tar-
get genes in eggplant.

Target gene Forward (50 to 30) Reverse (50 to 30)
Sme2.5_00016.1_g00020.1 TGTTCGCAAGCACATTGAGC TTTTTGGGTACGGGCATGTC
Sme2.5_00110.1_g00016.1 TATTGGGCTTGACGATGCTG AGCCTTCCTTGCAAGAACAC
Sme2.5_00166.1_g00017.1 ATGGGCTGCAATTGCTTCAC AGCACTGTTCATGAGTCTGAGG
Sme2.5_01236.1_g00003.1 AACTAAAGGCCGCAATTCGC CCTTGCAGCTTGTTTTGTGC
Sme2.5_01800.1_g00006.1 TCGTTGCTTTTCACGGTTGG ATGCCGAAGAAATGCGCTTG
Sme2.5_01957.1_g00005.1 TGCAACCTGTTTCTGCATCC AGGCAGATGCTTTTGGTGTC
Sme2.5_03745.1_g00003.1 AAACGCCACAAGAACACTGC TCTCTTTCTCAGACAGCATCCG
Sme2.5_05438.1_g00004.1 TTCAAGTGGCTCACATTGGC TTTAGAGGCAGTCACACTGGTG
Sme2.5_02906.1_g00004.1 TTAACCCTTGCCCAACATGC TTGCTGGAAAATCCGTCGTG
Sme2.5_01553.1_g00004.1 AAACCAACGTACTGCAAGCG AAACACTTGTGGGACAGTGC
Actini TTACTCATTCACCACCACAG ACCATCGGGAAGCTCATAG
novel_97 GCGCAACGTGTTGGATATTGATATTCTT —
novel_116 GCGTTTTGACTGCCTCTAATACAAG —
novel_119 GCGCAGTGCTCTTTGAATTTAGATAAAT —
sly-miR168b-3p CCCGCCTTGCATCAACTGAAT —
sly-miR397–5P ATTGAGTGCAGCGTTGATGA —
nta-miR408 TGCACTGCCTCTTCCCTGGCT —
U6ii TCTAACAGTGTAGTTTGTCCCTTCG —
i Actin was the reference gene for mRNA.
ii U6 was the reference gene for microRNA.

Supplemental Table 2. Quality statistics for small RNA sequencing data at different periods in the sterile line 05ms and fertile line S63 of
eggplant.

Samplei Raw reads, n Bases (G) Error rate, % Q20, %ii Q30, %iii GC content, %

Clean reads

n %
S63-summer1 15,431,011 0.772 0.0001 0.9935 0.9742 0.5001 14,859,280 96.29%
S63-summer2 11,725,861 0.586 0.0001 0.9925 0.9712 0.513 11,265,962 96.08%
S63-summer3 13,799,582 0.690 0.0001 0.9932 0.9728 0.4891 13,390,190 97.03%
S63-spring1 14,926,424 0.746 0.0001 0.9936 0.9749 0.4908 14,738,573 98.74%
S63-spring2 13,406,802 0.670 0.0001 0.987 0.9598 0.4999 13,083,603 97.59%
S63-spring3 13,312,690 0.666 0.0001 0.9935 0.9741 0.4954 12,952,273 97.29%
05ms-summer1 13,657,109 0.683 0.0001 0.9944 0.9772 0.4657 13,476,123 98.67%
05ms-summer2 13,630,980 0.682 0.0001 0.9946 0.9768 0.4618 13,460,662 98.75%
05ms-summer3 15,190,866 0.760 0.0001 0.9945 0.977 0.4689 14,984,438 98.64%
05ms-spring1 13,970,705 0.699 0.0001 0.9916 0.9697 0.4936 13,447,354 96.25%
05ms-spring2 13,582,149 0.679 0.0001 0.9905 0.9676 0.4613 13,010,691 95.79%
05ms-spring3 13,639,248 0.682G 0.0001 0.9928 0.9728 0.4595 13,144,240 96.37%
i S63-summer = summer fertile period at high temperature in S63 (S63-summer1, S63-summer2, and S63-summer3 were the three biologi-
cal repeats); S63-spring = spring fertile period at low temperature in S63 (S63-spring1, S63-spring2, and S63-spring3 were the three bio-
logical repeats); 05ms-summer = summer fertile period at high temperature in 05ms (05ms-summer1, 05ms-summer2, and 05ms-summer3
were the three biological repeats); 05ms-spring = spring sterile period at low temperature in 05ms (05ms-spring1, 05ms-spring2, and
05ms-spring3 were the three biological repeats).
ii Q20 = percentage of bases with Phred value more than 20 in the total bases.
iii Q30 = percentage of bases with Phred value more than 30 in the total bases.
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Supplemental Table 3. Mapping statistics to the reference genomes in 12 small RNA (sRNA) libraries derived from the sterile line 05ms
and fertile line S63 of eggplant.

Samplei

sRNA 1 Mapped sRNA – Mapped sRNA

Total reads, n Mapped reads, n % Mapped reads, n % Mapped reads, n %
S63-summer1 8,279,842 7,778,339 93.94 4,941,506 59.68 2,836,833 34.26
S63-summer2 5,373,114 5,085,627 94.65 3,345,816 62.27 1,739,811 32.38
S63-summer3 9,043,949 8,487,832 93.85 5,338,099 59.02 3,149,733 34.83
S63-spring1 12,665,324 11,937,446 94.25 8,050,251 63.56 3,887,195 30.69
S63-spring2 10,348,911 9,735,434 94.07 6,496,229 62.77 3,239,205 31.30
S63-spring3 10,276,720 9,704,737 94.43 6,549,154 63.73 3,155,583 30.71
05ms-summer1 11,903,426 11,154,058 93.70 6,890,987 57.89 4,263,071 35.81
05ms-summer2 12,161,809 11,380,868 93.58 7,006,263 57.61 4,374,605 35.97
05ms-summer3 12,747,309 11,954,558 93.78 7,427,333 58.27 4,527,225 35.52
05ms-spring1 7,925,178 7,442,319 93.91 4,755,057 60.00 2,687,262 33.91
05ms-spring2 11,632,421 10,820,742 93.02 6,669,084 57.33 4,151,658 35.69
05ms-spring3 12,038,859 11,229,873 93.28 6,901,272 57.32 4,328,601 35.96
i S63-summer = summer fertile period at high temperature in S63 (S63-summer1, S63-summer2, and S63-summer3 were the three biologi-
cal repeats); S63-spring = spring fertile period at low temperature in S63 (S63-spring1, S63-spring2, and S63-spring3 were the three bio-
logical repeats); 05ms-summer = summer fertile period at high temperature in 05ms (05ms-summer1, 05ms-summer2, and 05ms-summer3
were the three biological repeats); 05ms-spring = spring sterile period at low temperature in 05ms (05ms-spring1, 05ms-spring2, and
05ms-spring3 were the three biological repeats).
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Supplemental Table 5. The quantitative real time polymerase chain reaction (qRT-PCR) validation of differential expressed microRNAs
(miRNAs) at different periods in the sterile line 05ms and fertile line S63 of eggplant.

miRNA Materiali

small RNA-seq qRT-PCR

TPM SD SE Relative expression SD SE

sly-miR168b-3p 05ms-summer 1084.41 167.19 96.53 1.00 0.00 0.00
S63-summer 1217.02 654.26 377.75 7.51 1.66 0.96
S63-spring 608.44 60.9 35.16 0.21 0.01 0.00
05ms-spring 906.06 158.8 91.68 0.36 0.01 0.01

sly-miR397–5P 05ms-summer 185.36 59.61 34.42 1.00 0.00 0.00
S63-summer 269.10 193.76 111.87 1.52 0.09 0.05
S63-spring 52.73 30.08 17.36 0.48 0.05 0.03
05ms-spring 29.45 14.79 8.54 0.39 0.03 0.02

nta-miR408 05ms-summer 736.92 90.44 52.22 1.00 0.00 0.00
S63-summer 1399.61 890.45 514.12 7.89 1.48 0.85
S63-spring 615.20 112.83 65.15 0.36 0.02 0.01
05ms-spring 412.51 153.02 88.35 0.22 0.01 0.01

novel_97 05ms-summer 718.76 250.21 144.47 1.00 0.00 0.00
S63-summer 685.49 163.34 94.31 3.35 0.17 0.1
S63-spring 295.93 151.5 87.47 0.78 0.11 0.06
05ms-spring 3192.99 1490.3 860.45 65.92 19.53 11.27

novel_116 05ms-summer 146.53 46.35 26.76 1.00 0.00 0.00
S63-summer 120.62 36.87 21.29 0.30 0.03 0.02
S63-spring 50.23 36.60 21.13 0.19 0.04 0.02
05ms-spring 444.67 175.24 101.18 1.55 0.17 0.10

novel_119 05ms-summer 51.78 23.59 13.62 1.00 0.00 0.00
S63-summer 28.52 14.36 8.29 0.10 0.01 0.01
S63-spring 27.29 32.55 18.79 0.19 0.04 0.02
05ms-spring 256.60 165.56 95.59 4.82 0.70 0.40

i 05ms-summer = summer fertile period at high temperature in 05ms; S63-summer = summer fertile period at high temperature in S63;
S63-spring = spring fertile period at low temperature in S63; 05ms-spring = spring sterile period at low temperature in 05ms.
TPM = transcripts per million; SD = standard deviation; SE = standard error.

Supplemental Table 6. The first 20 enrichment Gene Ontology (GO) terms on target genes of the six differentially expressed microRNAs
in the sterile line 05ms and fertile line S63 of eggplant.

GO accession Description Term type P value Adjusted P DEG item
GO:0005507 Copper ion binding molecular_function 2.93E-14 1.41E-10 21
GO:0055114 Oxidation-reduction process biological_process 1.42E-05 0.026051 59
GO:0016491 Oxidoreductase activity molecular_function 1.63E-05 0.026051 60
GO:0010374 Stomatal complex development biological_process 0.00093505 0.49922 2
GO:0048580 Regulation of post-embryonic development biological_process 0.00093505 0.49922 2
GO:0048582 Positive regulation of post-embryonic development biological_process 0.00093505 0.49922 2
GO:0090558 Plant epidermis development biological_process 0.00093505 0.49922 2
GO:2000038 Regulation of stomatal complex development biological_process 0.00093505 0.49922 2
GO:2000123 Positive regulation of stomatal complex development biological_process 0.00093505 0.49922 2
GO:0000724 Double-strand break repair via homologous recombination biological_process 0.0012165 0.58452 2
GO:0008608 Attachment of spindle microtubules to kinetochore biological_process 0.0032414 1 5
GO:0002115 Store-operated calcium entry biological_process 0.0035942 1 3
GO:0010959 Regulation of metal ion transport biological_process 0.0035942 1 3
GO:0043269 Regulation of ion transport biological_process 0.0035942 1 3
GO:0051924 Regulation of calcium ion transport biological_process 0.0035942 1 3
GO:2001256 Regulation of store-operated calcium entry biological_process 0.0035942 1 3
GO:0034453 Microtubule anchoring biological_process 0.0041243 1 5
GO:0015298 Solute:cation antiporter activity molecular_function 0.0044125 1 4
GO:0015299 Solute:proton antiporter activity molecular_function 0.0044125 1 4
GO:0019773 Proteasome core complex, alpha-subunit complex cellular_component 0.0047891 1 3

DEG = differentially expressed gene.
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Supplemental Table 7. The 72 enrichment Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways on target genes of the six differ-
entially expressed microRNAs in the sterile line 05ms and fertile line S63 of eggplant.

KEGG term IDi Input number Background number P value Adjusted P value
Other glycan degradation sly00511 3 13 0.002087408 0.150293372
Valine, leucine and isoleucine degradation sly00280 4 57 0.017789953 0.640438321
Glycine, serine and threonine metabolism sly00260 4 67 0.029223302 0.70135926
Zeatin biosynthesis sly00908 3 50 0.056226214 0.781192236
Homologous recombination sly03440 3 55 0.069858077 0.781192236
Lipoic acid metabolism sly00785 1 5 0.094650857 0.781192236
Spliceosome sly03040 6 185 0.095023049 0.781192236
Ether lipid metabolism sly00565 2 30 0.096674881 0.781192236
Ubiquitin mediated proteolysis sly04120 5 152 0.116644795 0.781192236
Other types of O-glycan biosynthesis sly00514 1 7 0.124177323 0.781192236
SNARE interactions in vesicular transport sly04130 2 44 0.174516072 0.781192236
Riboflavin metabolism sly00740 1 11 0.180387728 0.781192236
Monoterpenoid biosynthesis sly00902 1 11 0.180387728 0.781192236
Sulfur relay system sly04122 1 12 0.193870399 0.781192236
Lysine biosynthesis sly00300 1 13 0.207132484 0.781192236
Biosynthesis of amino acids sly01230 6 236 0.208075978 0.781192236
Biosynthesis of secondary metabolites sly01110 21 1036 0.209148395 0.781192236
Arachidonic acid metabolism sly00590 1 14 0.220177572 0.781192236
Folate biosynthesis sly00790 1 15 0.233009196 0.781192236
Plant hormone signal transduction sly04075 7 301 0.243606088 0.781192236
2-oxocarboxylic acid metabolism sly01210 2 62 0.283423371 0.781192236
Valine, leucine and isoleucine biosynthesis sly00290 1 24 0.339442942 0.781192236
mRNA surveillance pathway sly03015 3 124 0.347123517 0.781192236
Glycosylphosphatidylinositol (GPI)-anchor biosynthesis sly00563 1 25 0.350321998 0.781192236
Carbon fixation in photosynthetic organisms sly00710 2 80 0.391329807 0.781192236
Pantothenate and CoA biosynthesis sly00770 1 29 0.392085027 0.781192236
Tryptophan metabolism sly00380 1 30 0.402101651 0.781192236
Steroid biosynthesis sly00100 1 31 0.411954127 0.781192236
Fatty acid elongation sly00062 1 33 0.431177296 0.781192236
Diterpenoid biosynthesis sly00904 1 33 0.431177296 0.781192236
Tropane, piperidine and pyridine alkaloid biosynthesis sly00960 1 33 0.431177296 0.781192236
Propanoate metabolism sly00640 1 33 0.431177296 0.781192236
Fatty acid metabolism sly01212 2 90 0.448213282 0.781192236
Regulation of autophagy sly04140 1 35 0.44977542 0.781192236
Nitrogen metabolism sly00910 1 35 0.44977542 0.781192236
Photosynthesis sly00195 2 91 0.453740377 0.781192236
Glycerophospholipid metabolism sly00564 2 94 0.470130897 0.781192236
Phagosome sly04145 2 94 0.470130897 0.781192236
Carotenoid biosynthesis sly00906 1 38 0.476544687 0.781192236
Ubiquinone and other terpenoid-quinone biosynthesis sly00130 1 38 0.476544687 0.781192236
Cysteine and methionine metabolism sly00270 2 98 0.491524106 0.781192236
Basal transcription factors sly03022 1 40 0.493667219 0.781192236
Biosynthesis of unsaturated fatty acids sly01040 1 40 0.493667219 0.781192236
Pentose and glucuronate interconversions sly00040 2 103 0.517493436 0.781192236
Glutathione metabolism sly00480 2 108 0.542573475 0.781192236
Fatty acid degradation sly00071 1 49 0.564079662 0.781192236
beta-Alanine metabolism sly00410 1 49 0.564079662 0.781192236
alpha-Linolenic acid metabolism sly00592 1 49 0.564079662 0.781192236
Proteasome sly03050 1 50 0.571275429 0.781192236
RNA degradation sly03018 2 114 0.571463388 0.781192236
DNA replication sly03030 1 51 0.57835306 0.781192236
Alanine, aspartate and glutamate metabolism sly00250 1 51 0.57835306 0.781192236
Metabolic pathways sly01100 32 1961 0.588655869 0.781192236
Glycolysis/gluconeogenesis sly00010 2 122 0.607902159 0.781192236
Terpenoid backbone biosynthesis sly00900 1 56 0.612035608 0.781192236
Carbon metabolism sly01200 4 253 0.613360259 0.781192236

(Continued on next page)
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Supplemental Table 7. (Continued)

KEGG term IDi Input number Background number P value Adjusted P value
Citrate cycle (TCA cycle) sly00020 1 57 0.618443853 0.781192236
Glycerolipid metabolism sly00561 1 63 0.654741809 0.812782935
Glyoxylate and dicarboxylate metabolism sly00630 1 67 0.677011032 0.826182954
Phenylalanine metabolism sly00360 2 152 0.723622983 0.864418711
Ribosome sly03010 5 365 0.732354742 0.864418711
Aminoacyl-tRNA biosynthesis sly00970 1 87 0.768662542 0.877466404
Ribosome biogenesis in eukaryotes sly03008 1 90 0.779970137 0.877466404
Pyruvate metabolism sly00620 1 90 0.779970137 0.877466404
Phenylpropanoid biosynthesis sly00940 2 190 0.827751972 0.916894492
Starch and sucrose metabolism sly00500 2 204 0.856257374 0.934098954
Amino sugar and nucleotide sugar metabolism sly00520 1 123 0.873329514 0.938503358
Protein processing in endoplasmic reticulum sly04141 2 238 0.908495808 0.948001054
Oxidative phosphorylation sly00190 1 152 0.922137021 0.948001054
Purine metabolism sly00230 1 154 0.924710472 0.948001054
RNA transport sly03013 1 167 0.939494959 0.948001054
Plant-pathogen interaction sly04626 1 176 0.948001054 0.948001054
i KEGG address.

Supplemental Table 8. The genetic information of four key target genes of the six differentially expressed microRNAs in reference genome
between 2014 and 2019.

Gene_idi (2014) Gene_idi (2019) Chromesome KEGG GO Swissport annotation
Sme2.5_00016.1_g00020.1 Smechr0700082 E07 K02888 GO:0003700

GO:0006355
GO:0043565

Probable WRKY transcription
factor 32 OS=Arabidopsis
thaliana OX=3702
GN=WRKY32 PE=2 SV=1

Sme2.5_01800.1_g00006.1 Smechr1002355 E10 K05909 GO:0005507
GO:0016491
GO:0055114

Laccase-4 OS=A. thaliana
OX=3702 GN=IRX12 PE=2
SV=2

Sme2.5_05438.1_g00004.1 Smechr0201865 E02 K07198 GO:0046983 Transcription factor dyt1 OS=A.
thaliana OX=3702 GN=dyt1
PE=2 SV=1

Sme2.5_02906.1_g00004.1 Smechr0900622 E09 K05909 GO:0005507
GO:0016491
GO:0055114

Laccase-4 OS=A. thaliana
OX=3702 GN=IRX12 PE=2
SV=2

i Address of gene.
KEGG = Kyoto Encyclopedia of Genes and Genomes; GO = Gene Ontology.
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