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Abstract

Plant subspecies that have colonized distinct natural habitats must evolve different phenotypic and physiological
features to ensure survival. However, the underlying molecular mechanisms remain poorly understood. In this
study, we selected seven Arabidopsis accessions and six rice varieties with significantly different natural habitat
parameters to investigate the molecular mechanisms behind the differential expression and activity of microRNAs
(miRNAs) at the subspecies level. Compared to Col-0, 24-35 differentially expressed miRNA precursors and 36-110
differentially expressed mature miRNAs were identified in the other six Arabidopsis accessions. Compared to
Nipponbare, 19-40 differentially expressed precursors and 8-101 mature miRNAs were identified in the other five
rice varieties. The expression patterns of the precursors correlate well with those of the mature miRNAs. Both m°®A
modification and single nucleotide polymorphisms (SNPs) associated with miRNA genes were closely linked to
precursor transcription and miRNA maturation. Degradome sequencing data analysis revealed that the high miRNA
level likely caused intense target cleavages in a specific subspecies. In some cases, the affinity of miRNA—target
interactions was significantly influenced by SNPs. Notably, many target genes were functionally involved in organ
development, reproduction or stress responses. The data presented here provide molecular hints into the different
developmental processes and environmental responses among plant subspecies with distinct natural habitats.
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Introduction

As sessile organisms, plants were forced to develop
diverse molecular strategies to perceive and respond to
the environmental fluctuations. Even for a plant species
colonized in distinct natural habitats, several subspe-
cies with different but inheritable phenotypic and physi-
ological features might have evolved for survival, growth,
development and reproduction. From another perspec-
tive, these subspecies could be the ideal objects for the
studies on the influence of the exiguous variations on
the elaborate gene networks involved in environmen-
tal adaptation, considering their basically homologous
genetic backgrounds. Indeed, tremendous efforts have
been made to identify DNA polymorphisms, includ-
ing single nucleotide polymorphisms (SNPs), inser-
tions and deletions, in numerous plant genomes. The
first international ambitious attempt for genome-wide
discovery of the plant genomic variations was launched
at the beginning of 2008. The 1001 Genomes Project
(https://1001genomes.org/) investigated more than one
thousand accessions of Arabidopsis (Arabidopsis thali-
ana) from a worldwide hierarchical collection. By 2016, a
total of 1,135 accession genomes along with the sequence
polymorphism data had been publicly available [1]. For
another model plant rice (Oryza sativa), the 3000 Rice
Genome Project aimed to re-sequence the genomes of
3,024 rice cultivars collected from 89 Asian countries,
and the sequence polymorphism data were made avail-
able at https://registry.opendata.aws/3kricegenome/ [2].

MicroRNAs (miRNAs) are one of the well-charac-
terized small RNA species in plants [3]. The mature
miRNAs are processed from the stem-loop-structured
precursors through dicer-like 1 (DCL1)-mediated two-
step cropping. The processing efficiency is influenced
by several key factors, such as the components of the
miRNA processor and the precursor structures. After
maturation, the 21-nt mature miRNA started with
5'U is preferentially incorporated into the Argonaute
1 (AGO1)-centered RNA-induced silencing complex.
Then, the mature miRNA guides the silencing complex to
the target transcript based on the highly complementary
miRNA binding site (MBS). In many cases, the endonu-
cleolytic activity of AGOL1 leads to the site-specific target
cleavages, which can be detected by modified 5 RACE
(rapid amplification of cDNA ends) at fine-scale [4] or
degradome sequencing (degradome-seq) at large-scale
[5, 6] respectively. The miRNA-guided target cleavages
form a post-transcriptional regulatory pathway criti-
cal for plant development, hormone signaling and stress
responses [7].

Since differential miRNA expression makes a great
contribution to the distinct plant characteristics related
to development and environmental adaptability, many
efforts have been devoted to uncovering the key factors
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influencing miRNA expression and regulatory activity.
Firstly, both natural variations [8] and artificially intro-
duced mutations [9] on the miRNA precursors, especially
within the miRNA: miRNA"-coding regions, can perturb
the stem-loop structures and affect miRNA maturation.
In addition to sequence variations, N®-methyladenosine
(m°A) modification, one of the most prevalent RNA
methylation types, was also reported to play a critical
regulatory role in miRNA biogenesis in both plants and
animals [10-13]. Secondly, as mentioned above, the high
sequence complementarity between MBSs and mature
miRNAs is the prerequisite for efficient target regula-
tion. Several reports have showed the potential impact
of the sequence variations of MBSs or mature miRNAs
on miRNA—target interactions [14-16]. To date, how-
ever, the molecular mechanisms underlying differential
miRNA expression and activity, and the links to the dif-
ferential phenotypic and physiological features are still
under investigation in plants.

In the present study, seven Arabidopsis accessions
(Altai-5, Col-0, ICE73, Kas-2, Kondara, Se-0 and Zal-
1) and six rice varieties (93-11, DANG YU 5 HAO
abbreviated as DY5, MIN BEI WAN XIAN abbreviated
as MBWX, NAN TE HAO abbreviated as NTH, Nip-
ponbare abbreviated as NIP, Suweon 295 abbreviated
as SW295) were selected for the study on the molecular
mechanisms underlying differential miRNA expression
and target regulation. Treating Col-0 and NIP as the
references in Arabidopsis and rice respectively, each of
the other subspecies has at least two significantly differ-
ent natural habitat parameters related to precipitation,
temperature or solar radiation. Transcriptome sequenc-
ing identified 24, 24, 35, 33, 27 and 32 differentially
expressed precursors (|log,FC| > 1, FDR<0.05) in Altai-
5, ICE73, Kas-2, Kondara, Se-0 and Zal-1, as compared
to Col-0 respectively, and 20, 40, 32, 27 and 19 differen-
tially expressed precursors (|log,FC| = 1, FDR<0.05) in
93-11, DY5, MBWX, NTH and SW295, as compared to
NIP respectively. Small RNA sequencing identified 110,
36, 50, 101, 46 and 50 differentially expressed mature
miRNAs ([log,FC| > 1, FDR<0.05) in Altai-5, ICE73,
Kas-2, Kondara, Se-0 and Zal-1, as compared to Col-0
respectively, and 15, 101, 21, 8, 49 differentially expressed
mature miRNAs (|log,FC| = 1, FDR<0.05) in 93-11,
DY5, MBWX, NTH and SW295, as compared to NIP
respectively. In most cases, the differential expression
patterns of the precursors positively correlate with those
of the mature miRNAs in the subspecies investigated.
Further analyses revealed that both m°A modification
and SNPs associated with the miRNA genes were closely
linked to precursor transcription and miRNA matura-
tion. Degradome sequencing data analysis revealed that
the high mature miRNA level likely caused intense tar-
get cleavages in a specific subspecies. Additionally, the
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affinity of miRNA—target interactions was significantly
influenced by the SNPs resided within the mature miR-
NAs or the MBSs. In many cases, the target genes were
functionally involved in organ development, reproduc-
tion or stress responses. Taken together, our results
uncovered the effects of both genomic and epitranscrip-
tomic variations on differential miRNA expression and
regulation, which provided the molecular insights into
the divergent phenotypic and physiological features of
the plant subspecies with distinct habitats.

Materials and methods

Plant materials and growth conditions

The seeds of seven Arabidopsis accessions were surface-
sterilized in 70% ethanol for 3 min and then in 10%
NaClO for 10 min. It was followed by four washes with
sterile distilled water. The seeds were sown on the solid
Gamborg B5 medium at pH 5.8 under sterile condition,
and incubated at 4°C in darkness for two days. Then,
all of the accessions were moved to a growth cham-
ber at 24°C for 16 h in the light (150 pmol/m?/s). The
16-day-old seedlings were used for all of the sequencing
experiments.

The seeds of six rice varieties were incubated at 38°C
in darkness for five days. Then, the seeds were surface-
sterilized in 30% NaClO for 10 min and in 70% ethanol
for 1 min. It was followed by five washes with sterile dis-
tilled water. The seeds were sown on the solid Murashige
and Skoog medium at pH 5.8 under sterile condition, and
moved to a growth chamber at 30 °C for 14 h in the light
(200 umol/m?/s). The 10-day-old seedlings were used for
all of the sequencing experiments.

Transcriptome sequencing (RNA-seq) and data analysis

Total RNAs were isolated by using the TRIzol reagent
(Invitrogen, USA) following the user’s manual. The
amount and purity of each RNA sample was quantified
by using NanoDrop ND-1000 (NanoDrop, Wilming-
ton, DE, USA). The integrity of each RNA sample was
assessed by using Bioanalyzer 2100 (Agilent, CA, USA)
under “RIN (RNA integrity number) value>7.0", and
was confirmed by denaturing agarose electrophoresis.
The poly(A)-tailed RNAs were purified from 1 pg total
RNAs by using Dynabeads Oligo (dT)25-61005 (Thermo
Fisher, CA, USA) through two rounds of purification.
Then, the poly(A)-tailed RNAs were subject to fragmen-
tation by using Magnesium RNA Fragmentation Module
(NEB, cat.e6150, USA) under 94°C for 7 min. The frag-
mented RNAs were reverse-transcribed to create the
single-stranded cDNAs by using SuperScript™ II Reverse
Transcriptase (Invitrogen, cat. 1896649, USA). These
single-stranded cDNAs were treated as the templates to
synthesize U-labeled double-stranded DNAs by using E.
coli DNA polymerase I (NEB, cat.m0209, USA), RNase
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H (NEB, cat.m0297, USA) and dUTP Solution (Thermo
Fisher, cat.R0133, USA). Then, an A-base was added to
the blunt ends of each strand, preparing them for ligation
to the indexed adapters. Size selection was performed for
the fragments ligated with the adapters by using AMPure
XP beads. After the heat-labile UDG enzyme (NEB, cat.
m0280, USA) treatment, the ligated products were ampli-
fied by PCR under the following conditions: initial dena-
turation at 95°C for 3 min; eight cycles of denaturation at
98°C for 15 s, annealing at 60°C for 15 s, and extension at
72°C for 30 s; and final extension at 72°C for 5 min. The
averaged size of the final cDNA library was 300+ 50 bp.
The paired-end sequencing (PE150) was performed by
LC-Bio Technology CO., Ltd. (Hangzhou, China) with
the illumina Novaseq™ 6000 platform following the ven-
dor’s recommended protocol. For RNA-seq, there are
three biological replicates for each subspecies. Each
biological replicate is prepared by pooled sampling with
more than 100 seedlings.

The pre-treatment of the RNA-seq data, includ-
ing adapter trimming, low-quality read removal and
sequence quality verification, was performed by using
fastp with default parameters [17]. HISAT2 [18] was used
for mapping the sequencing reads to the miRNA precur-
sors, followed by expression level calculation in FPKM
(fragments per kilobase of exon per million fragments
mapped). The miRNA precursors differentially expressed
in one of the Arabidopsis accessions or one of the rice
varieties, as compared to Col-0 or NIP respectively, were
identified by using the estimateDisp module of edgeR (
http://bioconductor.org/packages/release/bioc/html/e
dgeR.html) [19]. The glmFit module of edgeR was used
for statistical significance test. The cutoff “|log,FC| = 1,
FDR<0.05” was applied for the differentially expressed
precursor screening. The heatmaps were drawn by using
the ComplexHeatmap package [20].

Small RNA and degradome sequencing, and data
processing

TruSeq® Small RNA Sample Prep Kit (Illumina, San
Diego, USA) was used for small RNA sequencing (sRNA-
seq) library construction according to the manufacturer’s
manual. Briefly, the RNAs less than 200 nt were sepa-
rated from 1 pg total RNAs by polyacrylamide gel elec-
trophoresis, and were ligated to the adapters by T4 RNA
ligase at both ends. By using SuperScript™ II Reverse
Transcriptase (Invitrogen, USA), the sRNAs contain-
ing the adapters were transcribed to the single-stranded
cDNAs. These cDNAs were treated as the PCR templates
to generate the double-stranded ¢cDNAs which were
then purified by 16% TBE gel electrophoresis. Sequenc-
ing was performed by LC-Bio (Hangzhou, China) with
the Illumina HiSeq 2500 platform following the vendor’s
recommended protocol. For sRNA-seq, there are three
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biological replicates for each subspecies. Each biological
replicate is prepared by pooled sampling with more than
100 seedlings.

For degradome library construction, 150 ng poly(A)-
tailed RNAs were obtained from 20 pg total RNAs
through two-round purification by using Dynabeads
Oligo (dT)25-61005 (Thermo Fisher, CA, USA). Then, the
adapters were ligated to the 5’ ends of the RNA remnants
by RNA ligase. Reverse transcription was performed to
create the first strands of cDNAs with a random primer.
After size selection with AMPure XP beads, the single-
stranded cDNAs were PCR amplified to produce the
double-stranded cDNAs. Single-end sequencing (50 bp)
was performed by LC-Bio (Hangzhou, China) with the
[lumina HiSeq 2500 platform following the vendor’s rec-
ommended protocol.

For the sRNA- and degradome-seq data, FASTX-
Toolkit (http://hannonlab.cshl.edu/fastx_toolkit/) was
used for adapter trimming and low-quality read removal.
Then, the pre-treated sSRNA sequences ranging from 15
to 45 nt were retained for further analyses, while the
pre-treated degradome sequences from 18 to 25 nt were
retained. For a sSRNA or degradome dataset, the expres-
sion level of one sequence was normalized by dividing
the raw read count of this sequence by the total raw read
counts of this dataset, and then multiplied by 10°. The
expression levels normalized in RPM (reads per million)
enabled cross-library comparisons.

The miRNAs differentially expressed in one of the Ara-
bidopsis accessions or one of the rice varieties, as com-
pared to Col-0 or NIP respectively, were identified by
using the estimateDisp module of edgeR (http://biocond
uctor.org/packages/release/bioc/html/edgeR .html) [19].
The glmFit module of edgeR was used for statistical sig-
nificance test. The cutoff “|log,FC| = 1, FDR<0.05” was
applied for the differentially expressed miRNA screening.
“Omicstudio” (https://www.omicstudio.cn/) [21, 13] was
used to draw the Venn diagrams, and the ComplexHeat-
map package (https://github.com/jokergoo/ComplexHea
tmap) [20] was used to draw the heatmaps.

The miRU algorithm [22, 23] was employed for miRNA
target prediction. The predicted miRNA—target pairs
were subject to degradome-based validation as described
in our previous studies [5, 6]. The secondary structures
of the miRNA precursors were predicted by using the
RNAfold program of the Vienna RNA package (http://r
na.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi)
[24].

Methylated RNA immunoprecipitation sequencing (MeRIP-
seq) and data analysis

Total RNAs were isolated by using the TRIzol reagent
(Invitrogen, USA) following the manufacturer’s instruc-
tions. The amount and purity of each RNA sample was
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quantified by using NanoDrop ND-1000 (NanoDrop,
USA). The integrity of each RNA sample was assessed
by using Bioanalyzer 2100 (Agilent, CA, USA) under the
cutoff “RIN (RNA integrity number) value>7.0”, and was
confirmed by denaturing agarose electrophoresis. The
poly(A)-tailed RNAs were extracted from 30 pg total
RNAs by using Dynabeads Oligo (dT)25-61005 (Thermo
Fisher, USA) through two rounds of purification. The
poly(A)-tailed RNAs were fragmented into small pieces
by using Magnesium RNA Fragmentation Module (NEB,
cat.e6150, USA) at 86°C for 7 min. The fragmented RNAs
were incubated with the m®A-specific antibody (Synap-
tic Systems, cat.202003, Germany) in IP buffer (50 mM
Tris-HCl, 750 mM NaCl and 0.5% Igepal CA-630) at 4°C
for 2 h. The immunoprecipitated RNAs were reverse-
transcribed to create the single-stranded c¢cDNAs by
using SuperScript™ II Reverse Transcriptase (Invitrogen,
cat.1896649, USA). Next, the single-stranded cDNAs
were treated as the templates to synthesize the U-labeled
double-stranded DNAs with E. coli DNA polymerase I
(NEB, cat.m0209, USA), RNase H (NEB, cat.m0297, USA)
and dUTP Solution (Thermo Fisher, cat.R0133, USA). An
A-base was then added to the blunt ends of each strand,
which was ready for ligation to the indexed adapter con-
taining a T-base overhang. After adapter ligation, the
DNA fragments were subject to size selection by using
the AMPureXP beads. After the heat-labile UDG enzyme
(NEB, cat.m0280, USA) treatment, the ligated products
were amplified with PCR under the following conditions:
initial denaturation at 95°C for 3 min; 8 cycles of dena-
turation at 98°C for 15 s, annealing at 60°C for 15 s, and
extension at 72°C for 30 s; and final extension at 72°C
for 5 min. The averaged size of the final cDNA library
was 300+50 bp. The 2x150 bp paired-end sequenc-
ing (PE150) was performed by LC-Bio Technology CO.,
Ltd. (Hangzhou, China) with the illumina Novaseq™ 6000
platform following the vendor’s recommended protocol.
For m®A MeRIP-seq, there are three biological replicates
for each sample. Each biological replicate is prepared by
pooled sampling with more than 100 seedlings.

The pre-treatment of the MeRIP-seq data, includ-
ing adapter trimming, low-quality read removal and
sequence quality verification, was performed by using
fastp [17]. HISAT2 [18] was used for mapping the
sequencing reads to the reference genomes of Arabi-
dopsis (The Arabidopsis Information Resource, TAIR10)
(https://www.arabidopsis.org/) [25] and rice (the rice
genome annotation project, RGAP7.0) (https://rice.uga.
edu/) [26] respectively. For both the IP and input librar-
ies, all reads mapped onto the reference genomes were
included in m®A peak calling and differential peak iden-
tification by using exomePeak2 (https://rdrr.io/github/Z
henWeilO/exomePeak2/) [27, 28]. Considering the non-
coding feature of the miRNA genes, the “whole-genome”
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mode of exomePeak2 was used. All of the differential
peaks were identified under the cutoff “|log,FC| > 0.5, P,
< 0.05” The resulting peak files in bed format are com-
patible for visualization on the IGV (Integrative genom-
ics viewer) software (http://www.igv.org) [29]. Besides,
based on the “input” datasets, featureCounts [30] was
used to calculate the expression levels of the miRNA pre-
cursors in FPKM.

Results

Differential expression of miRNA precursors and mature
miRNAs in distinct subspecies

MiRNAs play an indispensible role in plant development
and stress response mostly through post-transcriptional
gene regulation [31]. The miRNA expression levels make
a great contribution to the distinguishable phenotypic
or physiological features, such as organ development,
reproduction and environmental adaptability, even at
the subspecies level. To investigate the detailed molecu-
lar mechanisms, seven Arabidopsis accessions (Altai-
5, Col-0, ICE73, Kas-2, Kondara, Se-0 and Zal-1) and
six rice varieties (93-11, DY5, MBWX, NTH, NIP and
SW295) were selected for this study. Notably, by treating
Col-0 and NIP as the references in Arabidopsis and rice
respectively, each of the other subspecies was required
to have at least two significantly different natural habitat
parameters, including annual precipitation, annual mean
temperature, annual temperature variation range, mini-
mal solar radiation, maximal solar radiation, and annual
mean solar radiation (see details in Fig. S1).

Since the mature miRNAs are processed from the
stem-loop precursors [3], the precursor levels have a
direct impact on the miRNA abundances. In this regard,
RNA-seq with three biological replicates was performed
for each subspecies to measure the abundances of the
miRNA precursors in FPKM (fragments per kilobase of
exon per million fragments mapped). Col-0 and NIP were
treated as the control materials for the pairwise compari-
sons in Arabidopsis and rice respectively. According to
miRBase (release 22) [32], there are 326 miRNA precur-
sors in Arabidopsis. The RNA-seq data analysis revealed
24 (11 up-regulated and 13 down-regulated), 24 (9 up-
regulated and 15 down-regulated), 35 (17 up-regulated
and 18 down-regulated), 33 (14 up-regulated and 19
down-regulated), 27 (11 up-regulated and 16 down-reg-
ulated) and 32 (15 up-regulated and 17 down-regulated)
differentially expressed precursors in Altai-5, ICE73,
Kas-2, Kondara, Se-0 and Zal-1, respectively (|log,FC| =
1, FDR<0.05; Fig. 1A and Table S1). Compared to Col-
0, seven precursors are differentially expressed in all of
the six accessions investigated. Notably, five out of the
seven precursors, i.e. ath-MIR413, ath-MIR5014b, ath-
MIR5014a, ath-MIR3932b and ath-MIR841b, are uni-
formly down-regulated, and one precursor ath-MIR396b
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are uniformly up-regulated in the six accessions (Table
S1). Besides, among the differentially expressed pre-
cursors, ath-MIR853 was specifically identified in
Altai-5, ath-MIR169m, ath-MIR157b, ath-MIR775 and
ath-MIR5023 were specifically identified in ICE73, ath-
MIR156d, ath-MIR864, ath-MIR5629 and ath-MIR319a
were specifically identified in Kas-2, ath-MIR160b, ath-
MIR156j, ath-MIR156a, ath-MIR5630b and ath-MIR5655
were specifically identified in Kondara, ath-MIR4221,
ath-MIR822, ath-MIR5020b, ath-MIR5029, ath-MIR8176
and ath-MIR824 were specifically identified in Se-0,
and ath-MIR163, ath-MIR5642a, ath-MIR397b and ath-
MIR398a were specifically identified in Zal-1 (Fig. 1A and
Table S1). In rice, 604 miRNA precursors were registered
in miRBase (release 22). Our analysis uncovered 20 (9
up-regulated and 11 down-regulated), 40 (24 up-regu-
lated and 16 down-regulated), 32 (20 up-regulated and 12
down-regulated), 27 (9 up-regulated and 18 down-regu-
lated) and 19 (10 up-regulated and 9 down-regulated) dif-
ferentially expressed precursors in 93-11, DY5, MBWX,
NTH and SW295, respectively (|log,FC| = 1, FDR<0.05;
Fig. 1C and Table S2). Compared to NIP, nine precur-
sors are differentially expressed in all of the five variet-
ies investigated. Notably, four out of the nine precursors,
i.e. 0sa-MIR397b, osa-MIR398b, osa-MIR408 and osa-
MIR528, are uniformly up-regulated, and the remain-
ing five precursors, ie. osa-MIR815b, osa-MIR2103,
0sa-MIR169b, osa-MIR7695 and osa-MIR6247, are uni-
formly down-regulated in the five varieties (Table S2).
Besides, among the differentially expressed precursors,
osa-MIR169c was specifically discovered in 93 -11, osa-
MIR398a, osa-MIR171h, osa-MIR171f, osa-MIR164a,
osa-MIR2863b, osa-MIR160b, osa-MIR156c, osa-
MIR5493, osa-MIR2055, osa-MIR156b, osa-MIR5801b,
osa-MIR160a, osa-MIR5531 and osa-MIR1320 were spe-
cifically discovered in DY5, osa-MIR7693, osa-MIR1431,
0sa-MIR6256, osa-MIR5504, osa-MIR162a and osa-
MIR167h were specifically discovered in MBWX, osa-
MIR6253, osa-MIR812j, osa-MIR6255, osa-MIR166a,
0sa-MIR1868, osa-MIR6246, osa-MIR5535 and osa-
MIR171c were specifically discovered in NTH, and osa-
MIR418 was specifically discovered in SW295 (Fig. 1C
and Table S2).

To calculate the mature miRNA abundances in RPM
(reads per million), sSRNA-seq with three biological rep-
licates was performed for each subspecies. According
to miRBase (release 22), there are 428 mature miRNAs
in Arabidopsis. Compared to Col-0, the sSRNA-seq data
analysis revealed 110 (33 up-regulated and 77 down-
regulated), 36 (16 up-regulated and 20 down-regulated),
50 (9 up-regulated and 41 down-regulated), 101 (26 up-
regulated and 75 down-regulated), 46 (12 up-regulated
and 34 down-regulated) and 50 (20 up-regulated and
30 down-regulated) differentially expressed mature
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Fig. 1 Differential expression analysis of the microRNA (miRNA) precursors and the mature miRNAs in distinct Arabidopsis accessions and rice varieties. A
Venn diagram showing the differentially expressed miRNA precursors identified from the six accessions of Arabidopsis, as compared to Col-0 (|log,FC| = 1,
FDR <0.05). B Venn diagram showing the differentially expressed mature miRNAs identified from the six Arabidopsis accessions (|log,FC| > 1, FDR< 0.05).
C Venn diagram showing the differentially expressed miRNA precursors identified from the five varieties of rice, as compared to Nipponbare (|log,FC|
> 1, FDR<0.05). D Venn diagram showing the differentially expressed mature miRNAs identified from the five rice varieties (/log,FC| > 1, FDR<0.05). E
Expression relationship between the miRNA precursors and the mature miRNAs in Arabidopsis. The differentially expressed precursors and mature miR-
NAs as shown in (A) and (B) were included in this analysis. We focused on the accession(s) in which a miRNA precursor was expressed at the highest or
lowest level (highlighted with a red or green border line respectively in the heatmap on the left). We also focused on the accession(s) in which a mature
miRNA was expressed at the highest or lowest level (highlighted with a red or green border line respectively in the heatmap on the right). If a consistent
expression pattern was observed between the miRNA precursor and its mature miRNA, they would be highlighted in red and connected by a red line. If
an opposite expression pattern was observed, they would be highlighted in blue and connected by a blue line. F Expression relationship between the
miRNA precursors and the mature miRNAs in rice. A similar analysis was performed as described in (E). The heatmaps in (E)and (F) were drawn by using

the ComplexHeatmap package [20]

miRNAs in Altai-5, ICE73, Kas-2, Kondara, Se-0 and
Zal-1, respectively (Jlog,FC| = 1, FDR<0.05; Fig. 1B and
Table S3). Notably, nine mature miRNAs are differentially
expressed in all of the six accessions investigated. Among
the nine miRNAs, five (ath-miR397b, ath-miR5651, ath-
miR1886.2, ath-miR841a-5p and ath-miR841a-3p) are
uniformly down-regulated, and two (ath-miR391-5p and
ath-miR842) are uniformly up-regulated in the six acces-
sions (Table S3). Besides, 12, 3, 7, 9, 6 and 3 differentially
expressed mature miRNAs were specifically discovered in
Altai-5, ICE73, Kas-2, Kondara, Se-0 and Zal-1, respec-
tively (Fig. 1B and Table S3). In rice, 738 mature miR-
NAs were registered in miRBase (release 22). Compared
to NIP, our analysis uncovered 15 (12 up-regulated and
3 down-regulated), 101 (94 up-regulated and 7 down-
regulated), 21 (19 up-regulated and 2 down-regulated),

8 (3 up-regulated and 5 down-regulated), 49 (46 up-
regulated and 3 down-regulated) differentially expressed
mature miRNAs in 93-11, DY5, MBWX, NTH and
SW295, respectively (|log,FC| = 1, FDR<0.05; Fig. 1D
and Table S4). Different from Arabidopsis, none of the
differentially expressed miRNAs was shared by the five
varieties investigated. Instead, among the differentially
expressed mature miRNAs, osa-miR3980a-3p and osa-
miR3980b-3p were specifically discovered in 93-11,
osa-miR156j-3p was specifically discovered in MBWX,
osa-miR396¢-3p was specifically discovered in NTH, osa-
miR5150-5p, osa-miR2880, osa-miR1863c, osa-miR166d-
5p, osa-miR2873a and osa-miR1432-5p were specifically
discovered in SW295. Interestingly, a total of 60 differen-
tially expressed mature miRNAs were specifically discov-
ered in DY5 (Fig. 1D and Table S4).
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Then, we questioned the expression correlation
between precursors and mature miRNAs. To this end,
the differentially expressed precursors and mature miR-
NAs identified above (Table S1 to S4) were analyzed sep-
arately. A pairwise comparison was performed between
the precursors and their mature miRNAs, in order to
identify the precursor—mature miRNA pairs with con-
sistent or opposite expression patterns. Compared to the
other subspecies, if the precursor and its mature miRNA
were expressed at the highest or lowest levels in the same
subspecies, the “precursor—mature” pair was regarded
to be consistently expressed. If the precursor was
expressed at the highest level while its mature miRNA
was expressed at the lowest level in the same subspecies,
or vice versa, the “precursor—mature” pair was regarded
to be oppositely expressed. As a result, 23 pairs involv-
ing 20 precursors and 23 mature miRNAs with con-
sistent expression patterns, and six pairs involving six
precursors and six mature miRNAs with opposite expres-
sion patterns were discovered in Arabidopsis (Fig. 1E
and Table S5). For example, the precursor ath-MIR838
shares a consistent expression pattern with its mature
miRNA ath-miR838, both of which are expressed at the
lowest levels in Col-0. The precursor ath-MIR846 also
shares a consistent expression pattern with its mature
miRNA ath-miR846-5p, both of which are expressed at
the highest levels in Se-0. On the other hand, the precur-
sor ath-MIR8183 is expressed at the highest level, while
its mature miRNA ath-miR8183 is expressed at the low-
est level in Se-0. In rice, 17 pairs involving 16 precursors
and 17 mature miRNAs with consistent expression pat-
terns, and two pairs involving two precursors and two
mature miRNAs with opposite expression patterns were
discovered (Fig. 1F and Table S6). For example, the pre-
cursor osa-MIR1320 shares a consistent expression pat-
tern with its mature miRNA osa-miR1320-3p, both of
which are expressed at the highest levels in DY5. The
precursor osa-MIR398a also shares a consistent expres-
sion pattern with its mature miRNA osa-miR398a, both
of which are expressed at the highest levels in DY5 and at
the lowest levels in NIP. On the other hand, the precur-
sor osa-MIR2873a is expressed at the highest level, while
its mature miRNA osa-miR2873a is expressed at the low-
est level in NTH. Summarily, the above cases show that
in both Arabidopsis and rice, the mature miRNAs usu-
ally share the consistent expression patterns with their
precursors.

Differential méA modification of the miRNA precursors

In both plants and animals, m®A modification has been
reported to play an important role in miRNA biogen-
esis [10-13]. Hence, MeRIP-seq with three biological
replicates was performed for each subspecies to identify
the differential m°A peaks. The software exomePeak2
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[27, 28] was applied for m®A peak calling and differen-
tial peak identification with the “whole-genome” mode.
All of the differential peaks were identified under the
cutoff “|log,FC| > 0.5, P,g; < 0.05” Compared to Col-0,
7,997 and 6,500 differential m°A peaks were discovered
in Altai-5 and ICE73 respectively. And, 5,576 (69.73%)
and 4,527 (69.65%) peaks were hyper-methylated in the
two accessions respectively. A total of 5,762, 9,893, 4,536
and 5,377 differential peaks were discovered in Kas-2,
Kondara, Se-0 and Zal-1 respectively. However, only
1,256 (21.80%), 1,022 (10.33%), 738 (16.27%) and 1,191
(22.15%) were hyper-methylated in the four accessions
respectively (Fig. 2A and Table S7). Thus, the six Arabi-
dopsis accessions can be classified into two groups: one
group includes Altai-5 and ICE73, and the other group
includes Kas-2, Kondara, Se-0 and Zal-1. Compared to
NIP, a total of 7,990, 7,320, 7,111 and 7,257 differential
m®A peaks were discovered in 93 -11, MBWX, NTH and
SW295 respectively. And, 6,334 (79.27%), 4,925 (67.28%),
4,947 (69.57%) and 5,105 (70.35%) peaks were hyper-
methylated in the four rice varieties respectively. In DY5,
7,933 differential peaks were discovered, and only 2,000
(25.21%) peaks were hyper-methylated (Fig. 2B and Table
S8). Thus, the five rice varieties can be classified into two
groups: one group includes 93-11, MBWX, NTH and
SW295, and the other group includes DY5.

Next, we investigated the genomic distribution of the
above identified peaks. The genomic regions were clas-
sified into “5’UTRs (untranslated regions)’, “exons’,
“introns”, “3’'UTRs’, “1-kb upstream regions of the pro-
tein-coding genes” and “1-kb downstream regions of
the protein-coding genes”. In Arabidopsis, quite distinct
genomic distribution patterns were observed for the two
groups defined above. Specifically, in Altai-5 and ICE73,
more than 50% of the hyper-methylated peaks were
assigned to “3’'UTRs’, and around 14% were assigned to
“exons”. However, in the other four accessions, less than
30% of the hyper-methylated peaks were assigned to
“3’UTRs’ and higher than 30% were assigned to “exons”.
Besides, in both Altai-5 and ICE73, around 50% of the
hypo-methylated peaks were assigned to “3’UTRs’, and
more than 20% were assigned to “exons” However, in
the other four accessions, more than 54% of the hypo-
methylated peaks were assigned to “3'UTRs’, and less
than 17% were assigned to “exons” (Fig. 2C and Table S7).
In rice, distinct genomic distribution patterns were also
observed for the two groups defined above. Specifically,
in DY5, 33% and 33.5% of the hyper-methylated peaks
were assigned to “3’'UTRs” and “exons” respectively, and
about 60% and 15% of the hypo-methylated peaks were
assigned to “3’UTRs” and “exons” respectively. However,
in the other four varieties, more than 54% of the hyper-
methylated peaks were assigned to “3’'UTRs’, and less
than 15% were assigned to “exons” And, less than 43% of
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Fig. 2 Transcriptome-wide differential m®A methylation among distinct Arabidopsis accessions and rice varieties, and the microRNAs (miRNAs) associated
with the differential m°A peaks in each accession or variety. A Numbers of the differential m°A peaks identified from the six accessions of Arabidopsis.
For each accession, Col-0 was treated as a control for the differential peak identification. B Numbers of the differential m°A peaks identified from the five
varieties of rice. For each accession, NIP was treated as a control for the differential peak identification. C Genome-wide distribution patterns of the differ-
ential m®A peaks identified from the six accessions of Arabidopsis. The peaks were assigned to 5'UTRs, exons, introns, 3'UTRs, or the 1-kb regions upstream
or downstream of the protein-coding genes. D Genome-wide distribution patterns of the differential m®A peaks identified from the five varieties of rice.

The peaks were assigned to 5'UTRs, exons, introns, 3'UTRs, or the 1-kb regions upstream or downstream of the protein-coding genes. From (A)
differential peaks were identified under the cutoff”

to (D), the

log,FC| > 0.5, P.g < 0.05, and the hyper- and hypo-methylated peaks were represented by red and

blue respectively. E The miRNA precursors associated with the differential m®A peaks in each Arabidopsis accession. F The miRNA precursors associated
with the differential m%A peaks in each rice variety. For both (E) and (F), the differential peaks were classified into two major types: the peaks overlapped
with the miRNA precursors, and the peaks adjacent to the miRNA precursors with a distance less than 500 nt. Each major type was further divided into
hyper-methylated peaks (cells filled in red) and hypo-methylated peaks (cells filled in blue)
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the hypo-methylated peaks were assigned to “3’'UTRs’,
and more than 23% were assigned to “exons” (Fig. 2D and
Table S8). Taken together, a large portion of the differen-
tial m®A peaks were assigned to “3’'UTRs’, while much
less were assigned to “5’UTRs’, which was consistent with
the reported patterns in plants [33]. However, subtle but
distinguishable differences were observed among differ-
ent subspecies.

To investigate the potential role of m°A modification
in differential miRNA expression, a genome-wide search
was performed to identify the miRNA precursors associ-
ated with the differential m°A peaks in Arabidopsis and
rice. The genomic information of the miRNA precur-
sors was obtained from miRBase (release 22) [32]. Since
the miRBase-registered precursors are shorter than
the primary miRNAs (pri-miRNAs) in many cases, the
miRNA-associated peaks were divided into two classes:
(1) the peaks overlapped with the miRBase-registered
precursors; and (2) the peaks overlapped with the 500-nt
upstream or downstream regions of the precursors. As a
result, in Arabidopsis, 21, 21, 23, 25, 22 and 19 miRNA
precursors were discovered to be associated with the dif-
ferential m®A peaks in Altai-5, ICE73, Kas-2, Kondara,
Se-0 and Zal-1, respectively (Fig. 2E and Table S9). Inter-
estingly, for the last four accessions, most of the miRNA-
associated m®A peaks are hypo-methylated. In rice, a
total of 8, 14, 11, 11 and 12 miRNA precursors were dis-
covered to be associated with the differential m®A peaks
in 93-11, DY5, MBWX, NTH and SW295, respectively
(Fig. 2F and Table S10). Notably, except for DY5, most of
the miRNA-associated m°A peaks are hyper-methylated.

Since the methylated “A” sites could be interfered by
genomic sequence polymorphisms which will lead to
differential m®A modification among distinct subspe-
cies, the genomic polymorphism data of Arabidop-
sis and rice were retrieved from the Arabidopsis 1001
Genomes Project [1] and the Rice 3,000 Genomes Project
[2] respectively. Then, we searched for the polymorphic
sites resided within the differential m®A peaks associ-
ated with the miRNA precursors. Compared to the ref-
erence subspecies (Col-0 and NIP), the polymorphic
sites were classified into two types: (I) other nucleotides
to “A’, which may create an m°A site resulting in hyper-
methylation; and (II) “A” to other nucleotides, which may
destroy an m®A site resulting in hypo-methylation. As a
result, 20, 12, 14, 2 and 8 type I polymorphic sites were
discovered within the hyper-methylated peaks associ-
ated with six, three, two, one and one miRNA precursors
in Altai-5, ICE73, Kas-2, Kondara and Se-0, respectively
(highlighted in red in Table S9). And, 10, 4, 24, 17, 23 and
13 type II polymorphic sites were discovered within the
hypo-methylated peaks associated with five, two, six, six,
nine and six miRNA precursors in Altai-5, ICE73, Kas-
2, Kondara, Se-0 and Zal-1, respectively (highlighted in
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blue in Table S9). However, in rice, only one type II poly-
morphic site was discovered within the hypo-methylated
peak associated with osa-MIR2863b in DY5, and another
type II polymorphic site was discovered within the hypo-
methylated peak associated with osa-MIR1428b in NTH
(highlighted in blue in Table S10).

Differential mSA modification related to differential miRNA
expression

The above analysis showed that dozens of the miRNA
precursors were associated with the differential m°®A
peaks. On the other hand, m®A modification has been
reported to have a significant influence on transcript
stability [34]. Thus, it will be interesting to investigate
whether differential m°A modification can lead to the
differential expression of the miRNA precursors as
observed above (Fig. 1). Indeed, in Arabidopsis, five (ath-
MIR170, ath-MIR2936, ath-MIR3932b, ath-MIR5021
and ath-MIR5654), four (ath-MIR833a, ath-MIR841a,
ath-MIR3932b and ath-MIR5996), four (ath-MIR413,
ath-MIR841a, ath-MIR3932b and ath-MIR5661), seven
(ath-MIR156j, ath-MIR170, ath-MIR841a, ath-MIR2936,
ath-MIR3932b, ath-MIR5628 and ath-MIR5996), six
(ath-MIR413, ath-MIR822, ath-MIR840, ath-MIR841a,
ath-MIR5654 and ath-MIR5996) and four (ath-MIR156c,
ath-MIR413, ath-MIR833a and ath-MIR3932b) precur-
sors associated with the differential m®A peaks are dif-
ferentially expressed in Altai-5, ICE73, Kas-2, Kondara,
Se-0 and Zal-1, respectively (|log,FC| = 1, FDR<0.05;
Table S9). In rice, osa-MIR2932 in 93 - 11, osa-MIR820b,
osa-MIR2863b and osa-MIR6247 in DY5, osa-MIR1883a
and osa-MIR7693 in MBWX, and osa-MIR408 in NTH
are associated with the differential m°A peaks and differ-
entially expressed (|log,FC| = 1, FDR<0.05; Table S10).
It has also been reported that m®A modification plays an
important regulatory role in miRNA processing in both
plants and animals [10-13]. In this regard, a compre-
hensive search was performed to identify the differen-
tially expressed mature miRNAs whose precursors were
associated with the differential m°A peaks. As a result,
six (ath-miR168b-3p, ath-miR168b-5p, ath-miR398b-5p,
ath-miR400, ath-miR5651 and ath-miR5654-3p), four
(ath-miR833a-5p, ath-miR841a-3p, ath-miR841a-5p and
ath-miR1886.2), four (ath-miR398b-3p, ath-miR841a-
3p, ath-miR841a-5p and ath-miR3932b-5p), 13 (ath-
miR163, ath-miR398b-5p, ath-miR400, ath-miR408-3p,
ath-miR781a, ath-miR833a-5p, ath-miR841a-3p,
ath-miR841a-5p, ath-miR848, ath-miR1886.1, ath-
miR1886.2, ath-miR3932b-5p and ath-miR5996),
nine (ath-miR400, ath-miR822-3p, ath-miR822-5p,
ath-miR840-3p, ath-miR840-5p, ath-miR841a-3p,
ath-miR841a-5p, ath-miR1886.2 and ath-miR5996), and
six (ath-miR1886.1, ath-miR1886.2, ath-miR3932b-5p,
ath-miR398b-5p, ath-miR833a-5p and ath-miR833b)
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Fig. 3 (See legend on next page.)

mature miRNAs are differentially expressed in Altai-
5, ICE73, Kas-2, Kondara, Se-0 and Zal-1, respec-
tively (|log,FC| = 1, FDR<0.05; Table S9). In rice,
0sa-miR1861m in DY5 and osa-miR812m in SW295 were

identified to be differentially expressed (|log,FC| > 1,
FDR <0.05; Table S10).

The above results indicate that the differential m°A
modification may have a direct impact on precur-
sor stability or miRNA processing. By using the IGV
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Fig. 3 Differential microRNA (miRNA) expression potentially resulted from the differential m°A modification among distinct Arabidopsis accessions or
rice varieties. A Compared to Col-0, a hypo-methylated peak adjacent to the precursor ath-MIR848 was detected in Kondara. As shown in the histogram,
the level of the mature miR848 is significantly higher in Kondara. B Compared to Col-0, a hyper-methylated peak adjacent to the precursor ath-MIR840
was detected in Se-0. As shown in the histograms, the levels of both the precursor MIR840 and the mature miR840-3p are dramatically reduced in Se-0.C
Compared to Col-0, the hypo-methylated peaks overlapped with the precursor ath-MIR398b were detected in Altai-5, Kas-2, Kondara and Zal-1. As shown
in the histograms, the level of the mature miR398b-3p is significantly lower in Kas-2, and the levels of the mature miR398b-5p are significantly lower in
Altai-5, Kondara and Zal-1. D Compared to Col-0, a hypo-methylated peak overlapped with the precursor ath-MIR408 was detected in Kondara. As shown
in the histogram, the level of the mature miR408-3p is significantly higher in Kondara. E Compared to NIP, a hyper-methylated peak overlapped with the
precursor 0sa-MIR820b was detected in DY5. As shown in the histogram, the level of the precursor MIR820b is significantly up-regulated in DY5. F Com-
pared to NIP, a hyper-methylated peak overlapped with the precursor osa-MIR1883a was detected in MBWX. As shown in the histogram, the level of the
precursor MIR1883a is significantly up-regulated in MBWX. G Compared to NIP, a hypo-methylated peak overlapped with the precursor osa-MIR2932 was
detected in 93— 11. As shown in the histogram, the level of the precursor MIR2932 is dramatically down-regulated in 93 —11. H Compared to NIP, a hyper-
methylated peak overlapped with the precursor osa-MIR7693 was detected in MBWX. As shown in the histogram, the level of the precursor MIR7693 is
significantly up-regulated in MBWX. For all panels, the IGV software [29] was used for m°A peak visualization, and the miRNA precursors are represented by
the blue horizontal bars. The MeRIP-seq data of three biological replicates are presented. The expression patterns of the miRNA precursors are supported

by both the RNA-seq data and the “input”data of MeRIP-seq

visualization tool [29], some typical examples are pre-
sented here for detailed illustration. Compared to Col-0,
a hypo-methylated m°A peak close to ath-MIR848 was
detected in Kondara. On the other hand, the level of the
mature miRNA ath-miR848 in Kondara is significantly
higher than that in Col-0 (FDR<0.05; Fig. 3A). In Se-0,
a hyper-methylated m®A peak close to the precursor
ath-MIR840 was discovered. Notably, in addition to the
mature miRNA ath-miR840-3p, the level of ath-MIR840
is significantly lower in Se-0 than in Col-0, which is sup-
ported by both the RNA-seq data and the “input” data
of MeRIP-seq (FDR<0.05; Fig. 3B). For another case of
Arabidopsis, the m®A peak overlapped with ath-MIR398b
is hypo-methylated in Altai-5, Kas-2, Kondara and Zal-1.
Compared to Col-0, the level of the mature miRNA ath-
miR398b-3p is significantly lower in Kas-2, and the levels
of the other mature miRNA ath-miR398b-5p are signifi-
cantly lower in Altai-5, Kondara and Zal-1 (FDR <0.05;
Fig. 3C). Another m°®A peak overlapped with ath-MIR408
is hypo-methylated in Kondara, and the level of the
mature miRNA ath-miR408-3p is significantly higher in
this accession compared to Col-0 (FDR<0.05; Fig. 3D).
In rice, the m®A peak overlapped with the precursor osa-
MIR820b is hyper-methylated in DY5, and the level of
osa-MIR820b is significantly higher in this variety com-
pared to NIP (FDR<0.05; Fig. 3E). In the rice variety
MBWX, the m°A peak overlapped with osa-MIR1883a is
hyper-methylated. Accordingly, the level of this precursor
is significantly higher in MBWX (FDR < 0.05; Fig. 3F). For
another case of rice, three m®A peaks overlapped with or
close to osa-MIR2932 were discovered in NIP. However,
the m®A modification signal could be hardly detected in
the variety 93 -11. Accordingly, the level of this precur-
sor could also be hardly detected in 93-11 (FDR<0.05;
Fig. 3G). Another m°A peak overlapped with osa-
MIR7693 is hyper-methylated in MBWX. Accordingly,
the level of osa-MIR7693 is significantly higher in this
variety (FDR<0.05; Fig. 3H). Notably, in the four cases
of rice, the expression patterns of the miRNA precursors

are supported by both the RNA-seq data and the “input”
data of MeRIP-seq. Taken together, our results indicate
that differential m°A modification has a notable influence
on miRNA expression likely through the regulation of
precursor stability and/or miRNA maturation.

Genomic polymorphisms related to differential miRNA
expression

Since the hairpin-like structures of the miRNA precur-
sors are indispensible for their efficient processing [3],
the DNA polymorphism-induced structure variations
have a reasonable impact on miRNA maturation. In
this regard, the genomic polymorphism data of Arabi-
dopsis and rice, mainly including SNPs, were retrieved
from the Arabidopsis 1001 Genomes Project [1] and
the Rice 3,000 Genomes Project [2] respectively. Then,
we searched for the polymorphic sites on the miRNA
precursors, and evaluated their effects on the precur-
sor structures based on the RNAfold predictions [24].
In Arabidopsis, referring to Col-0, two SNP sites were
identified on the mature miRNA-coding region of the
precursor ath-MIR833a in Altai-5, ICE73, Kondara and
Zal-1 respectively, and one SNP site was allocated to
the mature miRNA-coding region in Kas-2 (Fig. 4A). In
each case, the sequence complementarity of the stem
region encoding the mature miRNA ath-miR833a-5p is
obviously reduced by the SNPs. Notably, the precursor
levels are decreased in the five accessions, especially in
ICE73, Kas-2 and Zal-1 (FDR<0.05). This result is sup-
ported by both the RNA-seq data and the “input” data of
MeRIP-seq (Fig. 4A). Besides, the levels of ath-miR833a-
5p could be hardly detected in all of the five accessions
(Fig. 4A), indicating that the miRNA processing was sig-
nificantly inhibited. Also in Arabidopsis, three SNP sites
were discovered on the precursor ath-MIR393b in Altai-5
and Kas-2 respectively, and two SNP sites were discov-
ered in Zal-1. In each accession, a large loop at the bot-
tom of the mature miRNA-coding region is introduced
by a SNP site, which may interfere efficient miRNA
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Fig.4 Effects of the single nucleotide polymorphisms (SNPs) on microRNA (miRNA) structures and expression. A The secondary structure and expression
of ath-MIR833a affected by the SNPs. The differential expression levels of the precursors ath-MIR833a and the mature miRNA ath-miR833a-3p are shown
by the histograms on the right. B The secondary structure and expression of ath-MIR393b affected by the SNPs. The differential expression level of the
mature miRNA ath-miR393b-3p is shown by the histogram on the right. For (A) and (B), the SNP sites on the miRNA precursors are marked by the blue
and red asterisks in the reference accession Col-0 and the other accessions respectively. The mature miRNA-coding regions are marked by yellow lines on
the precursors. C The secondary structure and expression of osa-MIR1882e affected by the SNPs. The differential expression levels of the precursors osa-
MIR1882e and the mature miRNA osa-miR1882e-3p are shown by the histograms on the right. D The secondary structure and expression of osa-MIR1850
affected by the SNPs. The differential expression level of the mature miRNA osa-miR1850.1 is shown by the histogram on the right. For (C) and (D), the SNP
sites on the precursors are marked by the blue and red asterisks in the reference variety NIP and the other varieties respectively. The mature miRNA-coding
regions are marked by the yellow lines on the precursors. The secondary structures of the miRNA precursors were predicted by using RNAfold [24]. The
expression patterns of the miRNA precursors are supported by both the RNA-seq data and the “input” data of MeRIP-seq

processing. Indeed, the mature miRNA ath-miR393b-3p
is significantly repressed in all of the three accessions, as

may interfere efficient miRNA processing. Indeed, the
levels of the mature miRNA osa-miR1850.1 are signifi-

compared to Col-0 (FDR<0.05; Fig. 4B). In rice, refer-
ring to NIP, four SNP sites were identified on the precur-
sor osa-MIR1882e in DY5 and NTH respectively. The
secondary structures of osa-MIR1882e are significantly
altered. Accordingly, the precursor levels are greatly
reduced in the two varieties, which is supported by the
RNA-seq data and the “input” data of MeRIP-seq. The
accumulation of the mature miRNA osa-miR1882e-3p
is also greatly repressed in both varieties (FDR<0.05;
Fig. 4C). Also in rice, several SNP sites were identified
on the precursor osa-MIR1850 in MBWX and NTH. In
each variety, a loop structure at the bottom of the mature
miRNA-coding region is introduced by a SNP site, which

cantly reduced in both varieties (FDR<0.05; Fig. 4D).
Some additional cases were discovered for ath-MIR172e,
ath-MIR777, ath-MIR822 and ath-MIR833b in Arabi-
dopsis, and osa-MIR156g in rice (Fig. S2). Summarily, the
SNP sites identified above have a direct impact on the
structures of the miRNA precursors, thus likely interfer-
ing the stability and processing of the precursors.

Target gene regulation affected by differential miRNA
expression

The above results indicate that both genomic and epitran-
scriptomic variations have potential impacts on differen-
tial miRNA expression. However, the biological relevance
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remains unclear. In plants, miRNAs regulate gene expres-
sion mostly through site-specific transcript cleavages
[3]. Degradome-seq is a powerful tool for miRNA target
validation, and the regulatory intensity can be evaluated
based on the signature levels [5, 6]. In this regard, the
degradome-seq experiment was performed for the seven
accessions of Arabidopsis and the six varieties of rice, in
order to measure the regulatory intensity in RPM. On the
other hand, among the differentially expressed miRNAs
identified above (Fig. 1B and D), we focused on the highly
expressed miRNAs specifically present in one subspecies.
The miRU algorithm [22, 23] was employed to predict

the miRNA targets. Then, the predicted miRNA—tar-
get pairs were subject to degradome-based validation as
described in the previous studies [5, 6]. For each vali-
dated pair, the intensity of the site-specific cleavage sig-
nals was compared among different subspecies based on
the levels of the degradome signatures. Only those pairs
with cleavage signals well correlated with the subspecies-
specific expression patterns of the regulatory miRNAs
were retained for functional analysis.

As a result, several miRNA—target pairs with notable
biological functions were identified. In Arabidopsis, the
mature miRNA ath-miR393a-5p is highly expressed in
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Fig.5 The correlation between the mature microRNA (miRNA) abundance and its regulatory intensity as exemplified by the degradome-based compara-
tive analysis. A The high level of ath-miR393a-5p is well correlated to the enhanced cleavage signals on its target transcripts in Kondara. The histogram
shows the levels of ath-miR393a-5p in different Arabidopsis accessions (measured by the y axis in RPM). The target plots (t-plots) show the degradome
signals surrounding the miRNA binding sites (MBSs, indicated by the blue lines) on the targets. The y axes measure the degradome signal intensity in
RPM, and the signals detected from Kondara were denoted by the yellow dots. All of the target genes are functionally related to pollen maturation. B The
high level of ath-miR395b/c/f is well correlated to the enhanced cleavage signal on its target transcript in Zal-1. The histogram shows the levels of ath-
miR395b/c/fin different Arabidopsis accessions (measured by the y axis in RPM). The t-plot shows the degradome signals surrounding the MBS (indicated
by the blue line) on the target. The y axis measures the degradome signal intensity in RPM, and the signals detected from Zal-1 were denoted by the
yellow dots. The target gene is functionally related to chloroplast. C The high level of osa-miR160a-5p is well correlated to the enhanced cleavage signals
on its target transcripts in DY5. The histogram shows the levels of osa-miR160a-5p in different rice varieties (measured by the y axis in RPM). The t-plots
show the degradome signals surrounding the MBSs (indicated by the blue lines) on the targets. The y axes measure the degradome signal intensity in
RPM, and the signals detected from DY5 were denoted by the red triangles. The target genes are functionally related to flower development. D The high
level of osa-miR393a is well correlated to the enhanced cleavage signal on its target transcript in DY5. The histogram shows the levels of osa-miR393a
in different rice varieties (measured by the y axis in RPM). The t-plot shows the degradome signals surrounding the MBS (indicated by the blue line) on
the target. The y axis measures the degradome signal intensity in RPM, and the signals detected from DY5 were denoted by the red triangles. The target
gene is functionally related to flower development. E The high level of osa-miR166a-3p is well correlated to the enhanced cleavage signals on its target
transcripts in DY5. The histogram shows the levels of osa-miR166a-3p in different rice varieties (measured by the y axis in RPM). The t-plots show the de-
gradome signals surrounding the MBSs (indicated by the blue lines) on the targets. The y axes measure the degradome signal intensity in RPM, and the
signals detected from DY5 were denoted by the red triangles. The target genes are functionally related to flower development. For all t-plots, the strong

degradome signatures mapped to the middle of the MBSs were identified to be the cleavage signals

Kondara compared to the other six accessions. Accord-
ingly, the cleavage signals detected on the four tar-
gets, AT1G12820.1, AT3G26810.1, AT3G62980.1 and
AT4G03190.1, are specifically stronger in Kondara
(Fig. 5A). Intriguingly, all of the target genes are function-
ally related to pollen maturation. To seek for the experi-
mental evidence supporting the potential function, the
gene expression data publicly available at the electronic
Fluorescent Pictograph (eFP) Browser (https://www.bar.
utoronto.ca/) [35] were used. By comparing the data cov-
ering 47 different tissues, the four genes, especially for
AT1G12820, AT3G62980 and AT4G03190, were observed
to be expressed at quite low levels in mature pollen (Fig.
S3A), pointing to the potentially negative role of these
genes in pollen maturation. For another case of Arabi-
dopsis, ath-miR395b, ath-miR395c and ath-miR395f,
all of which shared the identical sequence, are highly
expressed in Zal-1 compared to the other six accessions.
Accordingly, the cleavage signals detected on the target
AT3G22890.1 are specifically stronger in Zal-1 (Fig. 5B).
The target gene is functionally related to chloroplast.
Indeed, compared to the expression data of pollen, flow-
ers, seeds and roots, AT3G22890 is expressed at higher
levels in the organs enriched with chloroplasts, including
cotyledons, cauline leaves and rosette leaves. Interest-
ingly, the gene expression could be induced by osmotic,
drought and heat treatments respectively (Fig. S3B). In
rice, the level of osa-miR160a-5p in DY5 is especially
higher than those in the other five varieties. Accord-
ingly, the cleavage signals detected on the two targets,
LOC_0Os04g43910.1 and LOC_Os06g47150.1, are spe-
cifically stronger in DY5 (Fig. 5C). The two target genes
were annotated to be functionally involved in flower
development. Indeed, the expression data retrieved from
RGAP7.0 (https://rice.uga.edu/) [26] show that both
genes are expressed at higher levels in inflorescences, as

compared to the levels in seeds, seedlings, stems, leaves
and roots. Besides, the expression levels of the two genes
were elevated under the heat and cold stress treatments
respectively (Fig. S3C). For another case of rice, osa-
miR393a is highly expressed in DY5, and the cleavage
signals detected on its target LOC_Os04g32460.1 are
also specifically stronger in DY5 compared to the other
five varieties (Fig. 5D). Supporting the annotated role of
LOC_0Os04¢32460 in flower development, the expression
level of this gene is especially high in inflorescences, as
compared to the other tissues. Besides, the gene expres-
sion was obviously repressed under the drought treat-
ment (Fig. S3D). The mature miRNA osa-miR166a-3p
is highly expressed in DY5, and the cleavage signals
detected on its targets LOC_0Os03g43930.1 and LOC_
Os12g41860.1 are also specifically stronger in DY5 com-
pared to the other varieties (Fig. 5E). Supporting the
annotated role of LOC_0Os12¢41860 in flower develop-
ment, the expression level of this gene is especially high
in inflorescences. Besides, the expression of the two tar-
get genes could be significantly induced by the cold treat-
ment (Fig. S3E). Taken together, in both Arabidopsis and
rice, the expression of most target genes could be affected
by stress treatments, indicating their role in abiotic stress
responses.

MiRNA—target interactions interfered by DNA
polymorphisms

The above results show that the subspecies-specific
intensive target regulation may result from the well-cor-
related expression patterns of the regulatory miRNAs.
On the other hand, the miRNA—target interactions
can be interfered by sequence polymorphisms through
a direct impact on the miRNA binding affinity. In this
regard, by using the miRU algorithm [22, 23], all tran-
scripts available in TAIR10 and RGAP7.0 were subject to


https://www.bar.utoronto.ca/
https://www.bar.utoronto.ca/
https://rice.uga.edu/

Feng et al. BMC Plant Biology

(2026) 26:675

A 1.6

AT2G29130.1 . * Col-0
12 Altai-5
£ ® Kondara
E ® Zal-1
o
0.8
0.4
L]
L
T T T T T
709 719 729 739 749 759 769
ath-miR397b
AAUCRARUGCUGCACUCAAUGA
Col-0 :::::.: :::::::::::: penalty: 3.5
GUAGUUGCUACGUGAGUUACU
ARUCRAUGCUGCACUCAAUGA
Altai-5 ::::i:i.isziizzzzzs::: penalty: 1.5
GUAGUUGCCACGUGAGUUACU
AAUCRAUGCUGCACUCARUGA
Kondara ::::i:.::::::::zz::::: penalty:1.5
GUAGUUGCCACGUGAGUUACU
ARUCARAUGCUGCACUCAAUGA
Zal-l ii:z.iziizisz:z:z:z:: penalty: 1.5
GUAGUUGCGACGUGAGUUACU
B 0.8
AT3G13690.1 * Col-0
Altai-5
= 0.6
o
o
0.4
0.2 T .o L]
(s
- . s e 0
LN . . . o e L
2439 2449 2459 2469 2479 2489 2499
I
ath-miR419
CAACAUCCUCAUCACUCAUGA
Col-0 ::::::::::: :: ::::.: penalty:5
GUUGUBGGRGUCGUMGURUU
CAACAUCCUCAUCACUCAUGA
Alall fiirsissianiat wniisd Pe"a|tyi3
GUUGUAGGAGUAGUAAGUAUU
c 0.2 Col-0
& Col-
5.4 AT5G15140.1 o6 St
=
& 0.12
0.08 - o
0.04 -
T T T T T
382 392 402 412 422 432 442
ath-miR414
GGAUGAUGACGAUGACGAUGA
Col-0 ::.::::: ::::: ::::: penalty:55
ACUGCUACUACUACUUCUACU
GGAUGAUGAUGAUGACGAUGA
Zal-1  ::::iciiiiiii: o:i:i:: penalty: 3
ACUACUACUACUACUUCUACU

Fig. 6 (See legend on next page.)

Page 15 of 19

0.5
D 0s03g10620.1 s NIP
0.4 7 £ 9311
DYS
=
& 0.3
0.2“ " I ‘a
0.1 2| A A A A s o .‘ ) &
‘ .l ‘lllA s 1 A ‘ o Y AL
1142 1152 1162 172 1182 1192 1202
S
osa-miR1846¢-5p
AGCGCCCCCAGCCUCCUCGCC
NIP trzrzrzz.: penalty: 5
UCGCCGGGGCCGGAGGAGUG&
AGCGCCCCCAGCCUCCUAGCU
93-11 ritaas penalty: 7
UCGCCGGAGCCGGE-GGBGUGA
AGCGCCCCCAGCCUCCUAGCU
DY5 FITEEE penalty: 7
UCGCCGGAGCCGGAGGAGUGA
0.2
E 0s01g59660.1 « NIP
0.161 . 4 9311
z
g 0.12-
'y 'y
0.08
0.04 4
1240 1250 1260 1270 1280 1290 1300
osa-miR159f
UGGAGCUCCCUUCACUCCAAG
NIP :.::cssssssss: sisse: penalty:Z.S
AUCUCGAGGGAAGUUAGGUUC
UGGAGCUCCCUUCACUCCAAG
9311 :.srivrsiiiisa :: penalty: 4.5

AUCUCGAGGGAAGUUAAGUUC

F oos
0s03g40920.1 s NIP
0.04 1 DYS
z
o 0.03 1 -
0.02 1
0.01 1
T T T L T Ll
1313 1323 1333 1343 1353 1363 1373
osa-miR2880
CAUCCCGUCUGAACGGGAAACCGU
NIP ::::: soc.sssssss: sosse penalty:3.5
GUAGGACAGGCUUGCCCUAUGGCA
CAUCCCGUCCGAAUGGGAAACGGU
DYS pisis meegsue cosn penalty: 6

GUAGGACAGGCUUGCCCUAUGGCA



Feng et al. BMC Plant Biology (2026) 26:675 Page 16 of 19

(See figure on previous page.)

Fig. 6 Effects of the sequence polymorphisms on microRNA (miRNA)-mediated target regulation. A The impact of single nucleotide polymorphisms
(SNPs) on differential regulation of the transcript AT2G29130.1 by ath-miR397b among the Arabidopsis accessions Col-0, Altai-5, Kondara and Zal-1. B
The impact of SNPs on differential regulation of the transcript AT3G13690.1 by ath-miR419 between Col-0 and Altai-5. C The impact of SNPs on differen-
tial regulation of the transcript AT5G15140.1 by ath-miR414 between Col-0 and Zal-1. D The impact of SNPs on differential regulation of the transcript
LOC_0s03g10620.1 by osa-miR1846c-5p among NIP, 93 —11 and DY5. E The impact of SNPs on differential regulation of the transcript LOC_Os01g59660.1
by 0sa-miR159f between the rice varieties NIP and 93— 11. F The impact of SNPs on differential regulation of the transcript LOC_0s03g40920.1 by osa-
miR2880 between the rice varieties NIP and DY5. For all figure panels, the target plots show the degradome signatures within the local regions surround-
ing the miRNA binding sites (marked by blue bars). Those prominent signatures mapped to the 9th to 12th nucleotides of the regulatory miRNAs were
regarded as the cleavage signals. The miRNA—target al.ignments were performed by TargetFinder [36]. The penalties measure the binding affinity of the
miRNA—target pairs in different Arabidopsis accessions or rice varieties (a higher penalty indicates the lower binding affinity). The SNPs were highlighted

inred

MBS prediction for all of the miRBase-registered miR-
NAs (release 22), in order to obtain the miRNA—tar-
get pair lists of Col-0 and NIP respectively. Treating
these pairs as the references, we searched for the poly-
morphic sites allocated either to the miRNAs or to the
MBSs. For each pair containing the polymorphic site(s),
the change of the miRNA—target affinity was assessed
by TargetFinder [36]. For Arabidopsis, the miRNA—tar-
get pairs met the following criterion would be retained:
the difference of the penalty between Col-0 and the
other accession was greater than or equal to “2” Com-
pared to Col-0, the increased penalty of a pair indicates
the reduced miRNA—target affinity, while the decreased
penalty indicates the elevated affinity. In Arabidopsis,
a total of 205, 113, 240, 266, 169 and 244 miRNA—tar-
get pairs with significant changes of interaction affinity
were identified in Altai-5, ICE73, Kas-2, Kondara, Se-0
and Zal-1, respectively (Table S11). The same criterion
was applied for rice, by using NIP as the reference. As
a result, 909, 1,105, 1,110, 1,232 and 101 pairs with sig-
nificant changes of binding affinity were identified in
93-11, DY5, MBWX, NTH and SW295, respectively
(Table S11). All of these miRNA—target pairs could be
classified into three classes according to the locations of
the polymorphic sites: (1) the pairs with the polymor-
phic sites allocated to the mature miRNAs; (2) the pairs
with the polymorphic sites allocated to the MBSs; and
(3) the pairs with the polymorphic sites allocated to both
regions. Interestingly, except for SW295, the numbers of
the miRNA—target pairs belonging to the second class
are much higher than those of the other two classes in
both Arabidopsis and rice.

Then, the miRNA—target pairs identified above were
subject to degradome-based validation as described pre-
viously [5, 6]. For each validated pair, the site-specific
cleavage signal intensity was compared between the poly-
morphic site-containing accessions and Col-0 in Ara-
bidopsis, and between the polymorphic site-containing
varieties and NIP in rice, respectively. Only those pairs
with cleavage signals well correlated with the changes
of the calculated penalty-based interaction affinity were
retained. That is, the reduced affinity of a pair in a sub-
species will theoretically lead to the weakened cleavage

signals in this subspecies, while the increased affinity will
enhance the cleavages accordingly. As a result, a total
of 14 and 12 miRNA—target pairs were discovered in
Arabidopsis and rice respectively (Fig. 6 and Fig. S4).
For example, an MBS of ath-miR397b was discovered
on the transcript AT2G29130.1 in Col-0, and the bind-
ing affinity of this pair was measured with the Tar-
getFinder-calculated penalty “3.5” Degradome-based
cleavage signal could be hardly detected in Col-0, indi-
cating the weak or fake interaction between ath-miR397b
and AT2G29130.1. However, a conserved SNP “U to G”
was discovered at the 13th nucleotide of ath-miR397b in
Altai-5, Kondara and Zal-1, respectively. This SNP leads
to a significant elevation of the affinity between ath-
miR397b and AT2G29130.1, as indicated by the penalty
“1.5” Accordingly, the degradome-based cleavage signals
could be detected in all of the three accessions (Fig. 6A).
Based on the annotation, AT2G29130 was responsive to
water deprivation. To seek for the experimental evidence,
the gene expression data available at the eFP Browser
[35] were used. Expectedly, the expression of AT2G29130
was significantly induced under the drought treatment
(Fig. S5A). Notably, the annual precipitation in the nat-
ural habitats of Altai-5, Kondara and Zal-1 is 170 mm,
558 mm and 302 mm respectively, while that of Col-0
is much higher (1,012 mm). Thus, the SNP-induced dif-
ferential regulation of AT2G29130 may contribute to the
distinct water tolerance in different accessions. In another
case, an MBS of ath-miR419 was identified on the tran-
script AT3G13690.1. However, the miRNA—target inter-
action affinity is relatively low in Col-0, according to the
calculated penalty “5” In Altai-5, a “C to A” SNP site on
ath-miR419 results in the increased affinity between the
miRNA and AT3G13690.1. Based on the degradome-
seq data, the cleavage signal intensity is much higher in
Altai-5 than that in Col-0 (Fig. 6B). The eFP expression
data show that the expression of AT3G13690 is repressed
under multiple stress treatments, such as cold, heat,
salt and drought (Fig. S5B). In this regard, AT3G13690
plays a potential role in stress signal transduction. Also
in Arabidopsis, an MBS of ath-miR414 was detected on
the transcript AT5G15140.1. In Col-0, the ath-miR414—
AT5G15140.1 interaction was relatively weak based on
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the calculated penalty “5.5” However in Zal-1, two SNPs
discovered on the MBS and the mature miRNA greatly
enhanced the miRNA—target interaction as reflected by
the penalty “3”. Accordingly, the stronger cleavage signals
were detected from the degradome-seq library of Zal-1
(Fig. 6C). It was noticed that the annual precipitation in
the natural habitat of Zal-1 (302 mm) is much less than
Col-0 (1,012 mm), and the annual mean temperature of
Zal-1 (-1.1°C) is much lower than Col-0 (13.0°C). Intrigu-
ingly, based on the expression data available at the eFP
Browser, the expression of AT5G15140 was significantly
repressed under the drought and heat treatments respec-
tively (Fig. S5C), pointing to its biological role in water
and temperature sensing.

In rice, an MBS of osa-miR1846c-5p was detected on
LOC _0Os03g10620.1 in NIP, and the miRNA—target
interaction is supported by the degradome-seq data.
However in 93-11 and DY5, the SNPs discovered on
the MBS and the mature miRNA significantly weaken
the interaction, since the penalty is increased from “5”
to “7”. No cleavage signal was detected in the two vari-
eties accordingly (Fig. 6D). The expression data retrieved
from RGAP7.0 [26] show that LOC_0Os03g10620 can
be repressed under the salt and drought stress treat-
ments respectively (Fig. S5D). Also in rice, the interac-
tion between osa-miR159f and LOC_Os01g59660.1 was
predicted in both NIP and 93 -11. Compared to NIP, the
miRNA—target interaction in 93-11 is interfered by a
SNP site on osa-miR159f. Based on the degradome-seq
data, the cleavage signal intensity is reduced in 93-11
accordingly (Fig. 6E). Functional annotations indicate
that LOC_0s01g59660 is potentially involved in stimulus
response and reproduction. Consistently, the expression
data retrieved from RGAP7.0 show that the gene expres-
sion can be greatly inhibited under the cold and heat
treatments respectively, and is highly active in inflores-
cences (Fig. S5E).

For another case in rice, the interaction between osa-
miR2880 and LOC_0s03g40920.1 was detected in NIP,
which was supported by the degradome-based cleavage
signal. However, in DY5, three SNPs on the MBS lead to
the decreased interaction affinity of this pair (Fig. 6F). As
reflected by the expression data retrieved from RGAP7.0,
LOC_0s03g40920 is responsive to multiple stress treat-
ments, such as heat, salt and drought (Fig. S5F).

Discussion

In the present study, 24-35 differentially expressed
miRNA precursors and 36-110 differentially expressed
mature miRNAs were identified in the six Arabidop-
sis accessions, as compared to Col-0 (Fig. 1A and B).
And, 19-40 differentially expressed precursors and
8-101 mature miRNAs were identified in the five rice
varieties, as compared to Nipponbare (Fig. 1C and D).
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Considering the large discrepancy of the natural habitat
parameters among distinct subspecies, the differential
miRNA expression may have a potential contribution to
the different environmental adaptability of the subspecies
investigated. On the other hand, our analysis shows that
in most cases, the expression pattern of a mature miRNA
correlates well with that of its precursor (Fig. 1E and F),
supporting the notion that the mature miRNA produc-
tion is highly dependent on the expression level of the
precursor.

Based on the MeRIP-seq data, several miRNA precur-
sors were discovered to be differentially methylated in
distinct subspecies of Arabidopsis and rice (Fig. 2E and
F). Among these cases, some differential m°A peaks are
overlapped with the miRBase-registered precursors,
while some peaks are overlapped with the 200-nt exten-
sions of the precursors. Similar to the protein-coding
genes, the plant miRNA genes are transcribed by RNA
polymerase II [3]. The poly(A)-tailed primary transcripts
termed pri-miRNAs are unstable and hard to be cloned.
Instead, the secondary transcripts with the stem-loop
structures, named as pre-miRNAs, are usually registered
in miRBase [32]. Thus, our observation indicates that dif-
ferential m°A modification may occur on the primary
transcripts of the miRNA genes. On the other hand, it is
well-known that m®A modification plays an important
regulatory role in transcript stability [34] and miRNA
processing [11-13] in plants. Interestingly, our results
show that both hyper- and hypo-methylation will lead to
the up- or down-regulation of miRNA expression (Fig. 3).

The SNPs were identified to have a significant impact
on the stem-loop structures of the miRNA precursors.
Supported by the sequencing data, these SNP sites were
suggested to have a direct impact on the precursor stabil-
ity and the mature miRNA levels. Interestingly, in several
cases, the SNP sites along with the miRNA expression
patterns are highly conserved among the subspecies
investigated (Fig. 4). Moreover, the SNP sites discovered
on the MBSs or the mature miRNAs, have an obvious
influence on the interaction affinity of the miRNA—tar-
get pairs (Fig. 6 and Fig. S4). Intriguingly, based on the
tissue- and treatment-specific expression data, many of
these target genes were indicted to have important bio-
logical functions related to organ development, repro-
duction or stress responses. Indeed, some of these SNP
sites were observed to be evolutionarily conserved
among several Arabidopsis accessions or rice varieties.
Degradome sequencing data analysis shows that the high
abundance of a mature miRNA likely leads to intense tar-
get cleavages in a specific subspecies. Interestingly, based
on the tissue-specific expression data, most of the target
genes are likely to be involved in reproduction.
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Conclusions

Summarily, based on the study on distinct Arabidopsis
accessions and rice varieties, our results show the great
influence of the genomic and epitranscriptomic varia-
tions on the expression and regulatory activity of the
miRNA genes. The data provide the molecular hints
potentially linked to the different developmental pro-
cesses and environmental responses among the plant
subspecies with distinct natural habitats.
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