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Soil salinization is a major environmental problem that seriously threatens the sustainable
development of regional ecosystems and local economies. Fraxinus velutina Torr. is an
excellent salt-tolerant tree species, which is widely planted in the saline-alkaline soils
in China. A growing body of evidence shows that microRNAs (miRNAs) play important
roles in the defense response of plants to salt stress; however, how miRNAs in F. velutina
exert anti-salt stress remains unclear. We previously identified two contrasting F. velutina
cuttings clones, salt-tolerant (R7) and salt-sensitive (S4) and found that R7 exhibits
higher salt tolerance than S4. To identify salt-responsive miRNAs and their target genes,
the leaves and roots of R7 and S4 exposed to salt stress were subjected to miRNA
and degradome sequencing analysis. The results showed that compared with S4, R7
showed 89 and 138 differentially expressed miRNAs in leaves and roots, respectively.
Specifically, in R7 leaves, miR164d, miR171b/c, miR396a, and miR160g targeting
NAC1, SCL22, GRF1, and ARF18, respectively, were involved in salt tolerance. In R7
roots, miR396a, miR156a/b, miR8175, miR319a/d, and miR393a targeting TGA2.3,
SBP14, GR-RBP, TCP2/4, and TIR1, respectively, participated in salt stress responses.
Taken together, the findings presented here revealed the key regulatory network of
miRNAs in R7 responding to salt stress, thereby providing new insights into improving
salt tolerance of F. velutina through miRNA manipulation.

Keywords: Fraxinus velutina Torr., salt stress, microRNA, degradome, defense response

INTRODUCTION

Soil salinization is a major environmental problem. It is estimated that by the year 2050, more than
half of global arable land will be saline contamination (Butcher et al., 2016). Salinized soils hinder
the growth and development of plants, resulting in the loss of biomass production, and even the
deterioration of regional ecosystem (Polle and Chen, 2015; Hossain and Dietz, 2016; Ondrasek and
Rengel, 2021). What’s more serious is that increasing soil salinization is now threatening sustainable
development of local economies (Chen and Mueller, 2018). How to protect and restore the fragile
ecosystem in salinized areas has become an urgent global issue. The selection and cultivation of

Frontiers in Plant Science | www.frontiersin.org 1 April 2022 | Volume 13 | Article 847853

https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/journals/plant-science#editorial-board
https://www.frontiersin.org/journals/plant-science#editorial-board
https://doi.org/10.3389/fpls.2022.847853
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fpls.2022.847853
http://crossmark.crossref.org/dialog/?doi=10.3389/fpls.2022.847853&domain=pdf&date_stamp=2022-04-01
https://www.frontiersin.org/articles/10.3389/fpls.2022.847853/full
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-13-847853 March 28, 2022 Time: 14:11 # 2

Liu et al. MicroRNAs Responding to Salt Stress

naturally salt-tolerant plants are currently considered as an
economically feasible strategy for the problem (Litalien and Zeeb,
2020). Fraxinus velutina Torr. is an excellent salt-tolerant tree
species, which is widely planted in the saline-alkaline soils in
Yellow River Delta, China (Mao et al., 2017). However, the
mechanisms underlying salt tolerance of F. velutina remain
largely unclear.

MicroRNAs (miRNAs) are a class of endogenous small non-
coding RNAs with 18–25 nucleotides (nt), playing key regulatory
roles in the defense response of plants to salt stress by regulating
their target genes at a post-transcriptional level (Kumar et al.,
2018; Song S.et al., 2019; Xu et al., 2021). The overexpression
of miR528 in rice (Oryza sativa) can increase the contents of
ascorbic and abscisic acid, and decrease reactive oxygen species
(ROS) accumulation, thereby enhancing rice salt tolerance
(Wang et al., 2021). Constitutive expression of rice miR528
and miR396 in creeping bentgrass modulates the growth and
development, and enhances the response to salinity stress (Yuan
et al., 2015, 2019). In wheat (Triticum aestivum), miRNA408
has been found to act as a crucial mediator in the tolerance
to Pi deprivation and salt stress through modulating multiple
stresses related to physiological processes (Bai et al., 2018). In
maize (Zea mays), it is evidenced that miR169/NF-YA module
is a key regulatory mediator in the response to salt stress in
leaves and roots (Luan et al., 2014, 2015). In Arabidopsis, it is
confirmed that miRNA393-associated regulatory modules can
enhance the salt stress resistance by mediating several biological
processes, including auxin signaling, redox-related components,
osmoregulation and increased Na+ exclusion (Iglesias et al.,
2014; Chen Z.et al., 2015; Denver and Ullah, 2019). The
overexpressed miR414c in cotton (Gossypium hirsutum) can
negatively regulate iron superoxide dismutase gene, thereby
enhancing plant tolerance to salinity stress (Wang et al., 2019).
A miR156/SPL regulatory module increases tolerance to salinity
stress via up-regulating MdWRKY100 in apple (Malus domestica)
(Ma et al., 2021). However, little information is available about the
regulatory role of miRNAs in F. velutina responding to salt stress.

As important regulatory molecules, plant miRNAs bind to
their target mRNAs and regulate gene expression by direct
cleavage and degradation of their targets (Djami-Tchatchou et al.,
2017). To date, multiple approaches to study miRNAs, their
target genes, and regulatory networks have been established
(Sun et al., 2014). Of these approaches, the most commonly
used is direct miRNA cloning and/or deep sequencing. Various
experimental approaches like RLM-RACE and degradome
sequencing have been developed to identify miRNA targets in
plants (Shamimuzzaman and Vodkin, 2012; Wang C. et al., 2013).
Degradome sequencing is a powerful approach that integrates
a modified RLM-RACE and deep sequencing, which has been
used to confirm miRNA targets globally in plants. Recently, the
combination of miRNA and degradome sequencing has been
widely used to identify the salt-responsive miRNAs and their
target genes involved in regulating plant tolerance to salt stress
(Yu et al., 2016; Kumar et al., 2017; Cervera-Seco et al., 2019;
Zhang Y.et al., 2020; Xu et al., 2021).

In our previous study, we identified two contrasting cutting
clones R7 (salt-tolerant) and S4 (salt-sensitive) of F. velutina

in which R7 exhibits higher salt tolerance than S4. Meanwhile,
we performed a comparative transcriptome analysis between R7
and S4, and identified some key genes and signaling pathways
underlying high salt tolerance of R7 (Ma et al., 2022). In this
study, to identify the salt-responsive miRNAs and their target
genes involved in salt stress tolerance, an integration of miRNA
and degradome sequencing analysis was performed on the leaves
and roots of R7 and S4 with or without salt treatment. Our work
revealed the key regulatory network of miRNAs in R7 responding
to salt stress, thereby providing new insights into improving salt
tolerance of F. velutina through miRNA manipulation.

MATERIALS AND METHODS

Plant Materials and Culture Conditions
The salt-tolerant R7 and salt-sensitive S4 cutting clones of
F. velutina were collected from the Experimental Base of
Afforestation on Saline-Alkali Soil of Shandong Provincial
Academy of Forestry, Shouguang city, China (118◦42′9.18′′ E,
37◦9′38.94′′ N). As previously described (Ma et al., 2022), 1-year-
old cutting clones of both R7 and S4 were used in this study.
After gently being removed rhizosphere soils, the clones were first
pre-cultured in distilled water without any nutrient for 2 weeks,
and then were transferred to a plastic container with 6 L of
half-strength Hoagland’s solution for 4 weeks; the solution was
refreshed every 7 days. All the experimental cutting clones were
cultured in a growth incubator (LICHEN, Shanghai, China) with
25/20◦C (day/night temperature), and 16 h light (1,200 µmol
m−2 s−1)/8 h dark.

Salt Treatment and Sampling
After 6 weeks of acclimatization, the healthy clones with uniform
size were selected and treated with half-strength Hoagland’s
solution containing 250 mM NaCl for 12 h; the seedlings without
NaCl treatment were considered as the control. After treatment,
the leaves and roots of R7 and S4 were collected and stored
at −80◦C for further analysis. The symbols of leaves and roots
samples were letters ‘L’ and ‘R,’ respectively. For instance, the
samples R7SL and R7CL represented the leaves of R7 cutting
clones with or without salt treatment, respectively.

Small RNA and Degradome Library
Construction and Sequencing
Total of 24 samples (roots and leaves of R7 and S4, and two
treatments with three biological replicates) were used small RNA
and degradome library construction and sequencing. Total RNAs
including small and large-size of tested samples were extracted
using E.Z.N.A. Micro RNA Kit (Omega Bio-Tek, Norcross,
GA, United States) following the manufacturer’s instructions.
The quality and quantity of the isolated RNA were evaluated
using a Bioanalyzer 2100 instrument (Agilent, Santa Clara,
CA, United States) and an RNA 6000 Nano LabChip Kit
(Agilent, Santa Clara, CA, United States), ensuring that the RNA
integrity number value was higher than 8.0. For small RNA
sequencing, the library of each sample was constructed using
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TruSeq Small RNA Library Preparation Kit (Illumina, San Diego,
CA, United States), according to the manufacturer’s protocol.
For degradome sequencing, two libraries from equally pooled
samples of S7 and S4 were, respectively, constructed as previously
described (German et al., 2008, 2009). Both small RNA and
degradome libraries were sequenced on an Illumina Hiseq 4000
instrument (LC-Bio, Hangzhou, China) at single-end (50 bp).

Identification of miRNAs
The raw reads were first trimmed using Trimmomatic v.0.39
(Bolger et al., 2014) to remove the junk reads, adapters, and
low-complexity sequences. The validated reads were subjected
to remove 3′ adaptor (5′-TGGAATTCTCGGGTGCCAAGG-3′)
and perform length filter using Cutadapt v.3.5 (Kechin et al.,
2017). The sequences with 18–25 nt were then subjected to
exclude mRNA and other non-coding RNAs (tRNAs, rRNAs,
snoRNAs, and snRNAs) via aligning the sequences, respectively
to F. velutina mRNA sequences1(Kelly et al., 2020) and Rfam
v.14.6 database2 using the BLAST tool (BLASTN) (Altschul
et al., 1990). The remaining unique sequences were subsequently
aligned to the available plant miRNAs sequences stored in
miRBase v.22.13 to identify the conserved miRNAs in F. velutina
using bowtie v1.3.0 (Langmead et al., 2009) with a maximum
allowed mismatch ≤ 2.

The mature miRNA sequences obtained were mapped to
the F. velutina reference genome sequence (see Text Footnote
1) by bowtie software, and then the corresponding flanking
sequences of these miRNAs were extracted and used to predict
the hairpin RNA structures using UNAfold v3.8 (Markham and
Zuker, 2008). The potential miRNA precursors must meet the
criteria as following: (1) the miRNAs were located on the arms
(3′ or 5′) of stem-loop hairpin structure; (2) the miRNAs cannot
contain large loops or breaks; (3) a maximum mismatches ≤ 6
were allowed between the miRNAs and their opposite sequences;
(4) the predicted miRNA precursor structures must have minimal
free folding energy index (>0.8) and negative minimal folding
free energy, to differentiate them from other RNAs (Zhang et al.,
2006; Yin et al., 2008).

The remaining small RNA sequences were used to identify
novel miRNAs. After mapped to the F. velutina reference genome
sequence, the flanking sequences of small RNAs were retrieved to
predict secondary structures as the above mentioned. Only the
small RNAs exhibiting a perfect stem-loop structure and meeting
the criteria for plant miRNAs were identified as candidate novel
miRNAs (Meyers et al., 2008).

Degradome Sequencing Data Analysis
and miRNA Targets Identification
After trimmed by Trimmomatic software, the validated
degradome sequencing reads were subjected to predict the
putative miRNA cleaved targets using the CleaveLand pipeline
v.3.0 (Addo-Quaye et al., 2009). In brief, the sequencing reads
were mapped to the F. velutina mRNA sequences downloaded

1 http://ashgenome.org/
2http://rfam.xfam.org/
3http://www.mirbase.org/

from Ash Tree Genomes Database (see Text Footnote 1), and the
perfect matching alignments were retained. The resulting tags
with a 35–36 nt extended signature by adding 15 nt of upstream
sequence were subsequently aligned to the identified mature
miRNAs in this study, with a maximum allowed mismatch ≤ 5.
Alignments where the degradome tag position coincided with the
10th or 11th nt of a given miRNA were kept and scored (Allen
et al., 2005). According to the previously described, targets were
classified into I, II, or III (Addo-Quaye et al., 2008). In addition,
t-plots showing the distribution of signatures of miRNA cleaved
targets were built using R package.

Identification of Salt-Responsive
miRNAs and Their Targets
The expression levels of the miRNAs were determined and
normalized by transcripts per kilobase million. The differentially
expressed miRNAs (DEmiRs) between each group were identified
using R package DEseq2 (Love et al., 2014), with | log2 fold
change| ≥ 1 and P-value ≤ 0.05.

We previously performed a comparative transcriptome
analysis between R7 and S4, and identified some key genes and
signaling pathways underlying high salt tolerance of R7 (Ma et al.,
2022). To narrow the targets of salt-responsive miRNAs, our
previous transcriptome data were used. For each comparison,
the miRNA-target pairs containing DEmiRs and differentially
expressed genes (DEGs) were selected for further analysis, and
for each selected pair, the expression patterns of DEmiR were
opposite to that of DEGs.

Validation of the Identified miRNAs by
Quantitative Real-Time PCR
To verify the results of small RNA sequencing, 15 DEmiRs
including 12 conserved (ptc-miR160a, ptc-miR160g,
mtr-miR164d, stu-MIR167d-p3_2ss6TC19CT, bna-MIR169c-
p5_2ss12GC17TG, gma-miR169j-5p, mtr-MIR2592bj-
p3_2ss12TC19AT, mtr-MIR2592bj-p3_2ss12TC19AT,
mtr-miR393a_L+1, hbr-miR396a_R-1_2ss19TC20CT, hbr-
miR396a_R-1_2ss19TC20CT, and gma-miR403a_R-1) and
3 novels (PC-3p-46517_176, PC-3p-56802_134, and PC-5p-
55954_137) were randomly selected to perform quantitative
real-time PCR (qRT-PCR) analysis (Supplementary Table 1).
Total RNA isolated from leaves and roots using the
E.Z.N.A. Micro RNA Kit (Omega Bio-Tek, Norcross, GA,
United States) according to the manufacturer’s protocol.
The primers were designed using Primer 5.0 software and
synthesized by Sangon Biotech Co., Ltd. (Shanhai, China).
The reverse transcription of miRNA was performed using
Mir-X miRNA First-Strand Synthesis and TB Green qRT-
PCR User Manual (Takara, Dalian, China) according to the
manufacturer’s protocol.

The qRT-PCR was performed with the TB Green Premix Ex
Taq II kit (Takara, Dalian, China) on a CFX Connect Real-
Time instrument (Bio-Rad, Hercules, CA, United States). Each
sample had three independent replicates. The 5.8s rRNA was
used as an internal reference gene. The relative expression level
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of each miRNA was calculated based on the 2−1 1 Ct method
(Livak and Schmittgen, 2001).

Statistical Analyses
Statistical data were presented as mean ± standard deviation
(SD). Student’s t-test was used to compare the differences between
two groups. A P-value ≤ 0.05 was considered to be significant
difference. GraphPad Prism v.9.0 (GraphPad Software Inc., La
Jolla, CA, United States) was used to perform statistical analysis.

RESULTS

Identification of Conserved and Novel
miRNAs in F. velutina
To identify miRNAs in F. velutina responding to salt stress,
24 small RNA sequencing libraries from leaf and root samples
of R7 and S4 under salt treatment and control conditions
were constructed and sequenced. In total, an average of 11.92
million raw reads for each sample were obtained. After removing
low quality reads and adaptor sequences, approximately 2.13
million unique validated reads were obtained for each sample
(Supplementary Table 2). After further excluding mRNA,
tRNAs, rRNAs, snoRNAs, and snRNAs, an average of 2.12 million

unique reads with length of 18–25 nt were generated for each
sample (Supplementary Table 3).

To identify the conserved and novel miRNAs in F. velutina,
the filtered unique reads were aligned to the miRBase v.22.1
database and F. velutina reference genome. A total of 987
miRNAs including 560 conserved and 427 novel miRNAs
were identified. The majority of miRNAs were distributed
between 20 and 24 nt, with 24 nt exhibiting the highest
abundance (Figure 1A). On the basis of sequence similarity,
these miRNAs were further classified into 50 miRNA families,
with MIR156, MIR159, MIR166, and MIR396 presenting
relatively high abundance (Supplementary Figure 1A and
Supplementary Table 4).

Identification of Specifically Expressed
miRNAs Between Salt-Tolerant R7 and
Salt-Sensitive S4
Based on the normalized expression levels, the correlation
analysis between the expression levels within each sample was
analyzed. The results showed that the correlation coefficient,
γ2 between three biological replicates in each group was 0.878,
indicating the replicates were highly consistent (Supplementary
Figure 1B). There were 188 and 47 specifically expressed miRNAs

FIGURE 1 | Identification of miRNAs from Fraxinus velutina tolerant (R7) and sensitive (S4) leaves and roots. (A) Length distribution of all miRNAs identified in this
study. (B) The distribution of all miRNAs between leaf and root samples. (C) The distribution of expressed miRNAs of leaves and roots in R7 and S4 with or without
salt treatment. (D) The correlation between small RNA sequencing (x-axis) and qRT-PCR (y-axis) results. R7SL, R7 leaves with salt treatment; R7CL, R7 leaves
without salt treatment; R7SR, R7 roots with salt treatment; R7CR, R7 roots without salt treatment; S4SL, S4 leaves with salt treatment; S4CL, S4 leaves without salt
treatment; S4SR, S4 roots with salt treatment; S4CR, S4 roots without salt treatment.
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FIGURE 2 | Prediction of miRNA targets based on degradome sequencing data. (A) Number of miRNAs and target genes in all miRNA-target pairs in Fraxinus
velutina tolerant (R7) and sensitive (S4). (B) The distribution of miRNA-target pairs between R7 and S4. (C) The percentage of transcript factors (TFs) in all targets
from R7 and S4. (D) Network of all miRNA-TF pairs in R7 and S4.

in leaf and root, respectively, and 752 shared miRNAs in both
tissues (Figure 1B). There were 796 and 800 miRNAs were
expressed in R7 and S4 leaves, respectively; 42 and 93 miRNAs
were exclusively expressed in R7 and S4 leaves under salt
stress, respectively (Figure 1C). In roots, there were 565 and
690 miRNAs expressed in R7 and S4, respectively; 55 and 11
miRNAs were exclusively expressed in R7 and S4 roots under salt
treatment, respectively (Figure 1C).

To confirm the small RNA sequencing data, 15 DEmiRs
were randomly selected to conduct qRT-PCR analysis. The
results showed that these selected miRNAs exhibited the same
expression patterns with that of small RNA sequencing data
(Supplementary Figure 2). In addition, based on the log2 fold
change of each comparison, the correlation analysis between
qRT-PCR results and sequencing data was performed. The results
revealed a high correlation coefficient (R2 = 0.8935) between
sequencing data and qRT-PCR results, demonstrating that the
sequencing data are accurate and reliable (Figure 1D).

Identification of Target Genes for
miRNAs
To investigate biological function of these miRNAs, degradome
sequencing from R7 and S4 samples were performed to identify
the putative target genes for the miRNAs. After trimmed and
polished, 9719583 and 13021448 validated reads were generated
from R7 and S4, respectively. The reads were further mapped

to the F. velutina reference genome, and the results revealed
that more than 99% of the reads were perfectly aligned back
to the reference (Supplementary Table 5). After analyzing by
CleaveL and, 247 miRNA-target pairs, including 194 miRNAs
targeting 229 genes were identified in R7; 273 pairs, including
213 miRNAs targeting 239 genes were in S4 (Figure 2A
and Supplementary Table 6). Among the miRNA-target pairs,
185 and 210 pairs were exclusively identified in R7 and S4,
respectively; 62 pairs were overlapped in both R7 and S4
(Figure 2B). Among the targets, we found that there were
25 (10.92%) and 28 (11.72%) genes encoding transcription
factors (TF) targeted by the miRNAs in R7 and S4, respectively
(Figure 2C). For example, an ethylene-responsive transcription
factor 4 (ERF4) was targeted by bna-MIR169c-p5_2ss12GC17TG
in R7, and a transcription factor TGA2.3 (TGA2.3) was
regulated by mtr-miR390_L-1 in S4. Additionally, we also
found multiple shared miRNA-TF pairs in both plants, such
as mtr-miR166c_1ss9GT-MYBS3 and mtr-miR164d_1ss13GA-
NAC1 (Figure 2D).

Identification of Salt Stress-Responsive
miRNAs
To identify miRNAs involved in response to salt stress,
the differentially expressed miRNAs (DEmiRs) was analyzed
using DEseq2. The results revealed 141 (40 up- and 101
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down-regulated miRNAs) and 192 (102 up- and 90 down-
regulated miRNAs) DEmiRs in R7, and S4 leaves, respectively
(Figure 3A). In roots, 262 DEmiRs including 124 up- and
138 down-regulated miRNAs were identified in R7, and 249
DEmiRs including 68 up- and 181 down-regulated miRNAs
were in S4 (Figure 3A and Supplementary Table 7). Under
salt stress, there were 66 and 172 specific DEmiRs in leaf
and root samples, respectively, with 215 shared DEmiRs
in both tissues (Figure 3B and Supplementary Table 7).
Among these shared DEmiRs, 27 DEmiRs presented in all
comparisons, in which only 8 DEmiRs showed the consistent
or opposite expression patterns between these two tissues in
two clones after salt treatment (Figure 3C). The distribution
analysis of leaf DEmiRs revealed that 24 DEmiRs exhibited
opposite expression patterns between R7 and S4 after salt

treatment (Figure 3D). Among the root DEmiRs, 32 DEmiRs
presented opposed regulations between R7 and S4 after salt
stress (Figure 3E).

Analysis of Salt Stress-Responsive
miRNA Targets
To explore regulatory roles of DEmiRs in F. velutina response to
salt stress, our previous transcriptome data were used to narrow
the miRNA-target pairs. The results showed that 65 DEmiR-DEG
pairs were identified among the comparisons (Supplementary
Table 8). To further investigate the mechanisms underlying
enhanced salt tolerance in R7, the specific DEmiRs in R7 leaves
(89 DEmiRs) and roots (138 DEmiRs) were further analyzed.
In the leaves, 8 specific DEmiR-DEG pairs, including 8 DEmiRs

FIGURE 3 | Identification of salt stress-responsive miRNAs. (A) Statistics of up- and downregulated differentially expressed miRNAs (DEmiRs) in leaves and roots.
The red and green represented up- and down-regulated DEmiRs, respectively. (B) The distribution of DEmiRs between leaves and roots. (C) Expression patterns of
the shared DEmiRs in all comparisons. From red to blue indicated the fold change from high to low. (D) The distribution of up- and downregulated DEmiR in R7 and
S4 leaves. (E) The distribution of up- and down-regulated DEmiR in R7 and S4 roots. R7SL, R7 leaves with salt treatment; R7CL, R7 leaves without salt treatment;
R7SR, R7 roots with salt treatment; R7CR, R7 roots without salt treatment; S4SL, S4 leaves with salt treatment; S4CL, S4 leaves without salt treatment; S4SR, S4
roots with salt treatment; S4CR, S4 roots without salt treatment.
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TABLE 1 | The specific DEmiR-DEG modules in Fraxinus velutina ‘R7’ leaf under salt stress.

miRNA name miRNA sequence R7SL/R7CL Target transcript R7SL/R7CL Annotation Gene symbol

mtr-miR164d.1 TGGAGAAGCAGGGCACATGCT −8.86 FRAX13_000377180.1_R0 2.25 NAC domain-containing
protein 21/22-like

NAC021

mtr-miR164d.2 TGGAGAAGCAGGACACATGCT −5.42 FRAX13_000009950.1_R1 2.5 NAC1 transcription
factor family protein

NAC1

ptc-miR160g TGCCTGGCTCCCTGGATGCCA −5.42 FRAX13_000237750.1_R0 2.33 Auxin response factor
18-like

ARF18

mes-MIR171b-p3 TGATTGAGCCGTGCCAATATC −3.09 FRAX13_000246880.2_R0 2.95 Scarecrow-like protein
22

SCL22

ptc-MIR171c-p3 TTGAGCCGCGCCAATATCACT −2.96 FRAX13_000246880.2_R0 2.95 Scarecrow-like protein
22

SCL22

sly-MIR482e-p3 TTTCCTATTCCTCCCATACCGA −1.28 FRAX13_000069400.1_R0 2.02 Apoptotic ATPase –

PC-3p-189214 AAGATTGCCCACTGTGGACAGGAG 4.91 FRAX13_000157350.3_R0 −2.59 Fructose-bisphosphate
aldolase 1

FBA1

mtr-miR396a-5p TTCCACAGCTTTCTTGAACTTTT 1.6 FRAX13_000056290.1_R0 −6.63 Growth-regulating factor
1-like

GRF1

FIGURE 4 | Analysis of salt stress-responsive miRNAs in F. velutina tolerant ‘R7’ leaves and roots. (A) Expression patterns of miRNAs and targets from specific
DEmiR-DEG pairs in R7 leaves and roots. From red to blue represented the fold change from high to low. (B) Target plots (t-plots) of the selected DEmiR-DEG pairs
in R7 leaves and roots confirmed by degradome sequencing. The red circle and letter represented slice site.

targeting 7 DEGs were identified (Table 1). Among these pairs,
multiple DEGs were related to the plant response to salt stress,
such as mtr-miR164d_1ss13GA targeted NAC1 transcription
factor (NAC1), ptc-miR160g targeted ARF18 (Figures 4A,B). In
the roots, there were 35 specific DEmiR-DEG pairs including
29 DEmiRs targeting 29 DEGs (Table 2). Among these pairs,
multiple DEGs were associated with the plant response to salt
stress, such as mtr-miR396a-5p_L-2 targeted TGA2.3 and mtr-
miR396b-5p_1ss7AG targeted growth-regulating factor 7 (GRF7)
(Figures 4A,B).

DISCUSSION

In our previous study, we identified two F. velutina cuttings
clones, salt-tolerant R7 and salt-sensitive S4 and found that
R7 exhibits higher salt tolerance than S4. Meanwhile, we
performed a comparative transcriptome analysis between R7
and S4, and identified several crucial genes and signaling
pathways involved in high salt tolerance of R7 (Ma et al.,
2022). In the present study, utilizing an integration of
miRNA, mRNA, and degradome sequencing data analysis;
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TABLE 2 | The specific DEmiR-DEG modules in Fraxinus velutina ‘R7’ root under salt stress.

miRNA name miRNA sequence R7SR/R7CR Target transcript R7SR/R7CR Annotation Gene symbol

aqc-miR171f TGATTGAGCCGTGCCAATATC 3.28 FRAX13_000341870.1_R0 -12.02 Scarecrow protein 27 SCL27

ath-miR160a-5p TGCCTGGCTCCCTGTATGCCA 3.96 FRAX13_000237750.1_R1 -11.55 Auxin response factor 18 ARF18

ath-miR8175.1 CGTTCCCCGGCAACGGCGCCA −2.8 FRAX13_000273800.1_R0 3.55 Glycine-rich RNA-binding protein GR-RBP

ath-miR8175.2 TCCCCGGCAACGGCGCCA −5.62 FRAX13_000273800.1_R0 3.55 Glycine-rich RNA-binding protein GR-RBP

cpa-MIR156b-p3 GCTCACTTCTCTTTCTGTCAGC −1.91 FRAX13_000042370.1_R0 2.35 40S ribosomal protein S17 RibS17

csi-miR160c-5p TGCCTGGCTCCCTGTATGTTT 8.4 FRAX13_000014800.1_R1 -10.82 Auxin response factor 18 ARF18

gma-miR156a TGACAGAAGAGAGTGAGCAC 3.52 FRAX13_000348650.1_R2 -9.94 Squamosa promoter-binding protein 14 SBP14

gma-miR167k TGAAGCTGCCAGCCTGATCTTA 6.25 FRAX13_000233720.1_R0 -6.15 Auxin response factor 8 ARF18

gma-miR319d TTGGACTGAAGGGAGCTCCTC 2.38 FRAX13_000007840.1_R0 -13.08 Transcription factor TCP4 TCP4

gma-miR319d TTGGACTGAAGGGAGCTCCTC 2.38 FRAX13_000135760.1_R0 -11.57 Transcription factor TCP4 TCP4

gma-miR403a TTAGATTCACGCACAAACTTT 8.58 FRAX13_000374100.1_R0 -8.67 Photosystem I reaction center subunit III PsaF

gma-MIR5368-p3 TGGGATTGGGTTTGGGCC −7.99 FRAX13_000063930.2_R0 7.12 Stem-specific protein TSJT1 TSJT1

hbr-MIR6173-p5 GATACCCCAGTAGTCCTAGCC −13.69 FRAX13_000197560.1_R0 4.33 Heat shock cognate 70 kDa protein HSP70

mtr-miR156b-5p TGACAGAAGAGAGTGAGCAC 3.52 FRAX13_000348650.1_R2 -9.94 Squamosa promoter-binding protein 14 SBP14

mtr-miR159a TTTGGATTGAAGGGAGCTCTAA 8.11 FRAX13_000091660.2_R0 -8.75 Uncharacterized protein -

mtr-miR164d TGGAGAAGCAGGGCACATGCT 7.94 FRAX13_000377180.1_R0 -10.59 NAC domain-containing protein 21/22 NAC021

mtr-miR164d TGGAGAAGCAGGGCACATGCT 7.94 FRAX13_000258310.1_R0 -6.67 Oxygen-evolving enhancer protein 1 PSBO1

mtr-miR166b TCTCGGACCAGGCTTCATTCC 2.92 FRAX13_000346530.2_R9 -11.21 NAC domain-containing protein 82 NAC082

mtr-miR393a.1 TTCCAAAGGGATCGCATTGATC −6.32 FRAX13_000133160.1_R0 6.07 TRANSPORT INHIBITOR RESPONSE 1 TIR1

mtr-miR393a.1 TTCCAAAGGGATCGCATTGATC −6.32 FRAX13_000333380.1_R0 3.12 TRANSPORT INHIBITOR RESPONSE 1 TIR1

mtr-miR393a.2 TTCCAAAGGGATCGCATTGATT −7.31 FRAX13_000133160.1_R0 6.07 TRANSPORT INHIBITOR RESPONSE 1 TIR1

mtr-miR393a.3 TCCAAAGGGATCGCATTGATCT −5.01 FRAX13_000333380.1_R0 3.12 TRANSPORT INHIBITOR RESPONSE 1 TIR1

mtr-miR396a-5p.1 CCACAGCTTTCTTGAACTT −5.52 FRAX13_000342850.1_R0 9.76 Transcription factor TGA2.3 TGA2.3

mtr-miR396b-5p.2 TTCCACGGCTTTCTTGAACTG 1.91 FRAX13_000275590.1_R0 -2.54 Growth-regulating factor 7 GRF14

ppe-MIR477b-p5 CCTCAAGGGCTTCCAATATTCC 10.53 FRAX13_000177010.1_R0 -7.99 Uncharacterized protein -

ppe-MIR477b-p5 CCTCAAGGGCTTCCAATATTCC 10.53 FRAX13_000299180.1_R8 -7.76 Putative late blight resistance proteinhomolog R1A-10 R1A-10

ptc-MIR156g-p3 GCTCTCTAGTCTTCTGTCATC 9.29 FRAX13_000375700.1_R0 -4.34 Protein JINGUBANG JGB

ptc-miR160a.1 TGCCTGGCTCCCTGTATGCCA 3.96 FRAX13_000027470.2_R1 -10.75 Auxin response factor 18 ARF18

ptc-miR160a.1 TGCCTGGCTCCCTGTATGCCA 3.96 FRAX13_000014800.1_R0 -10.49 Auxin response factor 18 ARF18

ptc-miR160a.2 TGCCTGGCTCCCTGTATGCCT 6.16 FRAX13_000027470.2_R1 -10.75 Auxin response factor 18 ARF18

ptc-miR160g TGCCTGGCTCCCTGGATGCCA 6.66 FRAX13_000237750.1_R1 -11.55 Auxin response factor 18 ARF18

ptc-miR160g TGCCTGGCTCCCTGGATGCCA 6.66 FRAX13_000237750.1_R0 -10.76 Auxin response factor 18 ARF18

ptc-miR319e TTGGACTGAAGGGAGCTCCTC 2.38 FRAX13_000091670.1_R0 -8.21 Transcription factor TCP4 TCP4

rgl-miR7972 TTGTCAGGCTTGTAATTCTCC 2.67 FRAX13_000187960.1_R0 -13.96 Transcriptional activator DEMETER DEM

sly-miR319a TTGGACTGAAGGGAGCTCCT 1.68 FRAX13_000142340.1_R0 -4.74 Transcription factor TCP2 TCP2
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FIGURE 5 | The miRNA-related molecular mechanisms for enhancing salt tolerance of F. velutina ‘R7’. Under salt stress, multiple miRNA/target modules were
involved in R7 response to salt stress. In the leaf, miR164d/NAC1, miR171/SCL22, miR396a/GRF1/WRKY28, and miR160g/ARF18 modules were involved in plant
response to salt stress by regulating multiple biological processes, such as antioxidant system and auxin signaling. In the root, miR396a/TGA2.3, miR156/SBP14,
miR319/TCPs/ICKs, and miR393a/TIR1 modules enhanced plant tolerance to salt stress by regulating several processes including ROS scavenging, cell
proliferation, and ion homeostasis.

we identified several key miRNA-target modules contributing
to the high salt tolerance of R7. Specifically, the miRNA-
target modules identified in R7 leaf were primarily related
with antioxidant system and auxin signaling; while miRNA-
target modules in R7 root mainly belonged to ion homeostasis
and ROS scavenging.

It is well reported that miR171/GRAS module is an
important contributor to plant development and biotic and
abiotic stress resistance in Medicago truncatula (Hirsch
et al., 2009). In apple, miR171i/SCL26.1 module can
enhance drought stress tolerance via regulating antioxidant
system (Wang et al., 2020). In the present study, we
found both miR171b (mes-MIR171b-p3) and miR171c
(mes-MIR171b-p3) upregulated a GRAS transcription
factor SCL22 (FRAX13_000246880.2_R0), suggesting
that miR171b/c-SCL22 module is involved in regulating
antioxidant system, resulting in the enhanced tolerance
to salt stress. The miR396a-5p/GRF1 module enhances
tobacco (Nicotiana tabacum) tolerance to salt stress (Chen
L.et al., 2015). Under stress, GRF1 inhibits plant growth
by regulating WRKY28 expression in Arabidopsis (Piya
et al., 2020). The present study found that miR396a
(mtr-miR396a-5p) over-expression down-regulated GRF1
(FRAX13_000056290.1_R0), further down-regulated WRKY28,
implying that miR396a/GRF1/WRKY28 module enhances
tolerance to salt stress by promoting plant growth. Thus,
miR171b/c-SCL22 and miR396a/GRF1/WRKY28 modules are
important regulators in enhancing salt stress resistance in
F. velutina.

Auxin response factors (ARFs) have been confirmed to
play crucial roles in plant tolerance to abiotic stress through
regulating the auxin signaling pathway (Liu et al., 2018; Song
X.et al., 2019; Cui et al., 2020). In poplar, miR390/TAS3/ARFs
module has been confirmed to be a key regulator of lateral
root growth of poplar (Populus spp.) plants under salt stress
by modulating the auxin pathway (He et al., 2018). In the
present study, we found miR160g (ptc-miR160g) up-regulated
ARF18 (FRAX13_000237750.1_R0) expression, suggesting that
the miR160g/ARF18 module contributes to salt tolerance via
modulating auxin pathway. Previous study has shown that
the overexpressed miR393 regulates rice salt and drought
tolerance by inhibiting transport inhibitor response protein
(TIR1) (Xia et al., 2012). In this study, we found that miR393a
(mtr-miR393a.1, mtr-miR393a.2, and mtr-miR393a.3) down-
regulated TIR1 (FRAX13_000333380.1_R0) under salt stress,
indicating that miR393a/TIR1 module enhances plant tolerance
to salt stress via mediating auxin signaling pathway. Together,
miR160g/ARF18 and miR393a/TIR1 modules enhance tolerance
to salt stress by regulating auxin signaling pathway in F. velutina.

Much evidence shows that NAC transcription factors play
vital roles in plant development (Guo et al., 2005; Petricka
et al., 2012), cell apoptosis (Lee et al., 2014), and abiotic
stress tolerance (Tran et al., 2010). Overexpressed PeNAC1
in Arabidopsis enhances tolerance to salt stress by regulating
Na+/K+ homeostasis (Wang J. Y. et al., 2013). In this
study, we found that miR164d (mtr-miR164d) targeted NAC1
(FRAX13_000009950.1_R1) and up-regulated NAC1 expression
in R7 subjected to salt stress, suggesting that miR164d/NAC1
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module enhances salt tolerance through regulating Na+/K+
homeostasis. The increasing evidence has shown that the TGA
(TGACG motif-binding factor) transcription factors, a basic
leucine zipper (bZIP) gene subfamily, play crucial roles in
response to salt stress (Du et al., 2014; Zhang et al., 2014).
The overexpression of GmTGA13 enhances Arabidopsis and
soybean (Glycine max) salt tolerance through regulating ion
homeostasis (Ke et al., 2021). In the present study, we found
TGA2.3 (FRAX13_000342850.1_R0) was targeted by miR396a
(mtr-miR396a-5p.1), suggesting that miR396a/TGA2.3 module
enhances salt tolerance via mediating ion homeostasis. Thus,
miR164d/NAC1 and miR396a/TGA2.3 modules contribute to the
enhanced salt tolerance in F. velutina.

Multiple studies have shown that squamosa-promoter binding
protein box (SBP-box) can regulate the salt tolerance in many
plants, such as Betula platyphylla Suk (Ning et al., 2017)
and rice (Lan et al., 2019). Silencing CaSBP12 in pepper
(Capsicum annuum) enhances tolerance to salt stress and
reduces the ROS accumulation (Zhang H. X.et al., 2020). In
this study, we found that miR156a/b (gma-miR156a and mtr-
miR156b-5p) targeted SBP14 (FRAX13_000348650.1_R2) and
up-regulated SBP14 expression under salt stress, suggesting that
miR156a/b-SBP14 module increases ROS scavenging, thereafter
leading to the enhanced salt tolerance. A previous study
has shown that GR-RBPs is a positive regulatory molecule
in regulating ROS accumulation to enhance salt tolerance
in Arabidopsis (Tan et al., 2014). Our study showed that
miR8175 (ath-miR8175.1 and ath-miR8175.2) directly bonded
to GR-RBP (FRAX13_000273800.1_R0) and up-regulated GR-
RBP expression in R7 subjected to salt stress, indicating that
miR8175/GR-RBP module enhances tolerance to salt stress.
Collectively, miR156a/b-SBP14 and miR8175/GR-RBP modules
are key regulators, regulating ROS scavenging, of high salt
tolerance in F. velutina.

CONCLUSION

In summary, this work revealed the key regulatory network
of miRNAs in salt-tolerant clone R7 of F. velutina responding
to salt stress. The small RNA and degradome sequencing data
presented here allowed us to propose potential regulatory roles
of miRNAs in the defense response of R7 to salt stress (Figure 5).
Under salt stress, multiple miRNA/target modules were involved
in R7 response to salt stress. In the leaf, miR164d/NAC1,
miR171/SCL22, miR396a/GRF1/WRKY28, and miR160g/ARF18
modules were involved in plant response to salt stress by
regulating multiple biological processes, such as antioxidant
system and auxin signaling. In the root, miR396a/TGA2.3,
miR156/SBP14, miR319/TCPs/ICKs, and miR393a/TIR1 modules
enhanced plant tolerance to salt stress by regulating several
processes including ROS scavenging, cell proliferation, and ion
homeostasis. The miRNA-target modules identified here pave
a novel avenue for improving the salt tolerance of F. velutina
through miRNA manipulation.
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