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Abstract

MicroRNAs (miRNAs) are small noncoding RNAs (18-24 nt) and function in many biological processes in plants. Although Eucalyptus trees
are widely planted across the world, our understanding of the miRNA regulation in the somatic embryogenesis (SE) of Eucalyptus is still
poor. Here we reported, for the first time, the miRNA profiles of differentiated and dedifferentiated tissues of two Eucalyptus species and
identified miRNAs involved in SE of Eucalyptus. Stem and tissue culture-induced callus were obtained from the subculture seedlings of
E. camaldulensis and E. grandis x urophylla and were used as differentiated and dedifferentiated samples, respectively. Small RNA se-
quencing generated 304.2 million clean reads for the Eucalyptus samples (n = 3) and identified 888 miRNA precursors (197 known and 691
novel) for Eucalyptus. These miRNAs were mainly distributed in chromosomes Chr03, Chr05, and Chr08 and can produce 46 miRNA clus-
ters. Then, we identified 327 and 343 differentially expressed miRNAs (DEmiRs) in the dedifferentiation process of E. camaldulensis and E.
grandis x urophylla, respectively. DEmiRs shared by the two Eucalyptus species might be involved in the development of embryonic callus,
such as MIR156, MIR159, MIR160, MIR164, MIR166, MIR169, MIR171, MIR399, and MIR482. Notably, we identified 81 upregulated and 67
downregulated miRNAs specific to E. camaldulensis, which might be associated with the high embryogenic potential. Target prediction
and functional analysis showed that they might be involved in longevity regulating and plant hormone signal transduction pathways.
Further, using the gene expression profiles, we observed the negative regulation of miRNA-target pairs, such as MIR160~ARF18,
MIR396~GRF6, MIR166~ATHB15/HD-ZIP, and MIR156/MIR157~SPL1. Interestingly, transcription factors such as WRKY, MYB, GAMYB,
TCP4, and PIL1 were found to be regulated by the DEmiRs. The genes encoding PILT and RPS21C, regulated by upregulated miRNAs
(e.g., egd-N-miR63-5p, egd-N-miRé3-5p, and MIR169,) were downregulated exclusively in the dedifferentiation of E. camaldulensis. This is
the first time to study the miRNA regulation in the dedifferentiation process of Eucalyptus and it will provide a valuable resource for future
studies. More importantly, it will improve our understanding of miRNA regulation during the somatic embryogenesis of Eucalyptus and
benefit the Eucalyptus breeding program.
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of seeds and the selected hybrids must then be multiplied by veg-
etative propagation (air layering, grafting, stem cutting, and tis-
sue culture) (Durand-Cresswell et al. 1982). During the in vitro
tissue culture-induced organogenesis or somatic embryogenesis
(SE), cells of explants are activated to dedifferentiate and re-enter
the cell cycle and, in some cases, shoots or roots are also regener-
ated after callus formation (Tkeuchi et al. 2013; Pulianmackal et al.

Introduction

Eucalyptus, a highly diverse genus of the Myrtaceae family, is the
most widely planted hardwood due to its increasing importance
for fiber and energy in the world. Their remarkable adaptability
coupled with fast growth and superior wood properties has
driven their rapid adoption for plantation forestry in South

America, Africa, Asia, Spain, Portugal, Middle Eastern countries,
and North America (Durand-Cresswell et al. 1982). This genus
consists of about 700 species, of which Eucalyptus globulus (E. glob-
ulus) and E. grandis are currently the most extensively planted
species (Pappas et al. 2015). Natural regeneration of Eucalyptus
mainly relies on seed and the breeding process is generally slow
because of the length of the juvenile phase before flowering.
Although natural hybridization of Eucalyptus has often been
reported to gain some characteristics (e.g., cold resistance), artifi-
cial hybridization is still a means of producing a limited number

2014). The first step of SE is the callus induction, which includes
a number of characteristic events: dedifferentiation of cells, acti-
vation of cell division and reprogramming of cell physiology, me-
tabolism, and gene expression patterns (Zimmerman 1993). The
second step of SE is the plant regeneration, which is related to
the ability to regenerate plant (also called as embryogenic poten-
tial) (Dinkova and Alejandri-Ramirez 2014). Some studies have
been demonstrated to study the molecular mechanisms of SE in
other plants, such as maize (Lopez-Ruiz et al. 2018), rice (Zhang
et al. 2019), banana (Kumaravel et al. 2017), and Catalpa bungei (Liu
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et al. 2019). However, large is not clear about the molecular mech-
anisms in the SE of Eucalyptus.

MicroRNAs (miRNAs) are a class of small (~21nt) noncoding
RNAs that function in regulating gene expression at posttran-
scriptional level (Ji et al. 2014; Pappas et al. 2015). They have been
reported to function in multiple biological processes in plant,
such as development, flowering, architecture, and response to bi-
otic and abiotic stresses (Axtell et al. 2007). Some studies have
reported miRNAs associated with SE and dedifferentiation in
other plants. Sabana identified 4 upregulated (miR160a, miR166a,
miR171a, and miR319b) and 6 downregulated (miR156f, miR167c,
miR169a, miR319a, miR535a, and miR5179) miRNAs in the em-
bryogenic compared with nonembryogenic calli of coconut
(Sabana et al. 2020). miR166 was reported to be downregulated
while its target gene ATHBI15 was upregulated from the longan
embryonic callus to the globular embryo stages (Zhang et al.
2020). Jin summarized the miRNAs targeting the phytohormone

signaling  pathways during SE, including miR156/
miR157~SPL2,9,10,14, miR159~MYB33, miR390~TAS3,
miR396~GRF, miR160~ARF10,16, miR165/166~HD-ZIPIII,

miR167~ARF6/8, and miR393~TIR1, AFB2 (Jin et al. 2020). Some
studies have been demonstrated to identify miRNAs in
Eucalyptus. For example, Levy found no mutual relationship be-
tween alternations in miR156 and miR172 expression in the ad-
ventitious root induction (Levy et al. 2014); Pappas reported the
variable patterns of conservation and diversity with miRNAs
across Myrtaceae species (Pappas et al. 2015); and Lin identified
386 novel miRNAs in E. grandis and predicted their target genes
(Lin et al. 2018). These studies provide a basis of understanding
the miRNA regulatory networks in Eucalyptus. However, little is
known about the miRNA regulation in the SE of Eucalyptus.

Small RNA sequencing has been used to identify known and
novel miRNAs in animals and plants. In Eucalyptus, it has been
used to characterize the miRNAs and their targets (Pappas et al.
2015; Lin et al. 2018). Previously, we analyzed the transcriptome
profiles of SE and identified genes involved in the SE of
Eucalyptus (Xiao et al. 2020). In this study, we aimed to identify
the miRNA profiles of differentiated (stem) and dedifferentiated
(callus) tissues in E. camaldulensis (high embryogenic potential)
and E. grandis x urophylla (low embryogenic potential). Also, we
aimed to characterize differentially expressed miRNAs (DEmiRs)
between differentiated and dedifferentiated tissues, which might
be associated with the embryogenic potential of Eucalyptus. Our
findings will provide a valuable resource for future studies and
improve our understanding toward the molecular mechanisms
during the SE and propagation development of Eucalyptus. The
output of this study will benefit the breeding program of
Eucalyptus in this field.

Materials and methods
Ethics approval

No specific permits were required for the described field studies.
The location is not privately owned or protected in any way, and
the field studies did not involve endangered or protected species.

Plants and tissue culture

The original seeds of E. camaldulensis (high regenerative ability,
voucher ID: c0009) and E. grandis x urophylla (low regenerative
ability, voucher ID: j0017) were obtained from the wild in 1984.
The plants were confirmed by Prof. Dongyun Xiang (senior bota-
nist) and maintained in the experimental fields of Guangxi
Forestry Research Institute. The second generation of in vitro

tissue culture-induced seedlings of E. camaldulensis and E. grandis
x urophylla were maintained on the MS medium supplemented
with 20mg/l Ca(NOs),;, 0.5mg/l 6-BA, and 0.1mg/l IAA until
2-3cm long for this project. The second to the third stems from
the stem tip of the seedlings were obtained and cut into
0.3-0.5 cm segments. About 60 segments of each Eucalyptus spe-
cies were then transferred onto the induction MS medium [sup-
plemented with 20mg/l Ca(NOs),, 1mg/l KT, and 0.5mg/1 2,4-D]
and maintained in dark at 28 + 2°C for 10days. Successful callus
samples were used as dedifferentiated tissues. The induction ex-
periment was replicated three times.

RNA isolation and quality control

Total RNA was isolated from the plant tissues (100mg, in tripli-
cates) using the TRIzol reagent (Invitrogen) according to the man-
ufacturer’s protocol, as previously described (Ji et al. 2014). The
quantity and quality of total RNA were evaluated by Agilent
Bioanalyzer 2100 (Agilent Technologies).

Library preparation of small RNAs

Total RNA (1nug) of each sample was used to construct the small
RNA libraries. Initially, total RNA samples were fractionated on a
15% urea-PAGE gel electrophoresis and a band corresponding to
small RNAs (18-30bp) was excised. After small RNAs extracted
by centrifugation, they were ligated with the adenylated 3’
adapter. Then, RT primer with barcode was used to anneal the 3’
adenylated adapter, followed by the ligation of 5’ adapter and the
reverse transcript reaction. After the first strand cDNA synthesis,
we amplified the product by 15 cycles and carried out another
size selection (103-115bp) from the gel. After gel purification, the
PCR product was quantified by Qubit (Invitrogen) and a single
strand DNA circle (ssDNA circle), which gave the final miRNA li-
brary, was made by pooling multiple samples together.

Small RNA deep sequencing

We first generated the DNA nanoballs (DNBs) with ssDNA circle
by rolling circle replication to enlarge the fluorescent signals at
the sequencing process, as previously described (Drmanac et al.
2010). Then, the DNBs were loaded into the patterned nanoarrays
and single-end sequencing strategy (SE50) was performed on the
BGISEQ-500 platform in BGI-Shenzhen.

Data analysis and miRNA identification

The raw reads were cleaned by SOAPnuke (v2.1.0) to remove low-
quality reads and sequencing adaptors, as previously described
(Liu et al. 2017). In order to identify miRNAs in the Eucalyptus ge-
nome, we first merged the clean reads of all samples into one file
and filtered lowly expressed reads (<50 copies) (Li et al. 2017). The
retained clean data were aligned to the Eucalyptus genome
(http://plantgenie.org) using SOAP2 (Li et al. 2009) without mis-
matches and potential miRNA precursors were predicted using
MIREAP (https://github.com/ligb/mireap), as described (Li et al.
2017). Then, potential miRNAs were searched against all the
plant miRNA sequences in miRBase (v22.1). The family informa-
tion of Eucalyptus miRNAs was manually identified using their
similarities to known miRNAs in other species. miRNA clusters
were identified using a 10,000bp window screening in the ge-
nome. miRNAs not aligned to other known miRNAs were consid-
ered as novel miRNAs.

Expression profile of small RNAs

Before miRNA expression was profiled, we annotated other kinds
of small RNAs in each sample. First, ribosomal RNA (rRNA),
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transfer RNA (tRNA), small cytoplasmic RNA (scRNA), small nu-
clear RNA (snRNA), small nucleolar RNA (snoRNA), and signal
recognition particle RNA (srpRNA) were annotated by mapping
the clean reads to NCBI GenBank and Rfam (v14.0) databases
(Kalvari et al. 2021). Then, mRNA fragments were identified by
mapping the clean reads to the Eucalyptus mRNA sequences.
After the reads aligned to the rRNA, tRNA, scRNA, snRNA,
snoRNA, and srpRNA were removed, we aligned the retained
clean reads of each sample to all the miRNA precursors identified
before using BLAST (no mismatch). Reads aligned to each mature
miRNA were zero counted. Normalization of miRNA expression
was performed using the transcripts per million reads (TPM)
method and total clean reads were used as background.

Differential expression analysis

We performed differential expression analysis of miRNAs using
edgeR, as previously described (Chen et al. 2019). Raw counts of
all miRNAs were used as input for edgeR. Some cutoffs were ap-
plied to the expression levels and statistical values to select dif-
ferentially expressed miRNAs, such as TPM > 5, log2 fold change
(log2fc) > 1 or log2fc < —1, P-value < 0.05 and false discovery
rate <0.1.

miRNA target prediction

Target prediction of the Eucalyptus miRNAs was performed using
three software, including psRobot (Wu et al. 2012), TarHunterL
(https://github.com/XMaBio/TarHunterL), —and  TargetFinder
(https://github.com/carringtonlab/TargetFinder). Considering the
miRNA-mRNA interaction sites are conserved, a target gene iden-
tified by all three software were considered to be the target of an
miRNA. The gene sequences of Eucalyptus were obtained from
The Plant Genome Integrative Explorer (http://plantgenie.org)
and their annotation were obtained from the NCBI platform.

Functional analysis

We first annotated the Eucalyptus genes by mapping them to the
KEGG and GO databases. Then, the enrichment of GO terms and
pathways by the miRNA target genes were identified using two
statistical values—P-value (calculated by Fisher's exact test,
<0.05) and g-value (calculated by the R package “qvalue,” <0.05),
as previously described (Wei et al. 2017).

Quantitative real-time PCR

We applied the poly-A tail extension method to the quantitative
real-time PCR (qRT-PCR) experiment to confirm the expression
levels of miRNAs identified in this study. A total of seven miRNAs
(miR156a-3p, miR482b-3p, miR390a-3p, miR396d-3p, N-miR1-5p,
N-miR6-3p, and N-miR18-5p) were randomly selected and the ac-
tin gene was used as internal control. Primer sequences for the
miRNA candidates and internal control were predicted and syn-
thesized at BGI-Shenzhen (Shenzhen, China). The gPCR proce-
dures were the same as a previous study with some
modifications (Shi and Chiang 2005). Briefly, we used the miRNA
First Strand cDNA Synthesis (Tailing Reaction) reagent (B532451,
Sangon Biotech, Shanghai, China) to add the poly-A tail to the
RNA and reverse transcription. Then, the cDNA product (diluted
10 times) was used for the qRT-PCR experiment with the miRNAs
gPCR Kit (SYBR Green, B532461, Sangon, Shanghai, China), fol-
lowing the manufacturer’s protocol. Next, the gRT-PCR reactions
were performed and analyzed on the gTOWERE2.2 PCR machine
(AnalytikJena, Germany). ACt value was used to show the expres-
sion level of an miRNA in one sample and AACt value was used to
show the relative normalized expression (RNE, RNE = 2744t of

an miRNA in two samples, as previously described (Chen et al.
2019).

Data availability

The small RNA sequencing data can be accessed from the NCBI
Sequence Read Archive (SRA) platform (http://trace.ncbi.nlm.nih.
gov/Traces/sra/) under the accession number PRINA631631. All
data supporting the results of this article are contained within
the article and its Supplementary materials. Table S1: miRNAs
identified in the Eucalyptus grandis genome. Table S2: miRNA ex-
pression profiles of the two Eucalyptus cultivars. Table S3:
Differentially expressed miRNAs in the dedifferentiation of
Eucalyptus. Table S4: Biological processes of gene ontology regu-
lated by the differentially expressed miRNAs in E. camaldulensis
and E. grandis x urophylla. Table S5: Primer sequences used for the
tailed miRNA gRT-PCR. Supplementary material is available at
figshare: https://doi.org/10.25387/g3.14151566.

Results
Global miRNA identification in Eucalyptus

Due to the unavailable access of Eucalyptus miRNAs, we first
identified miRNAs in the E. grandis genome using the small RNA
sequencing data of differentiated (stem) and dedifferentiated (tis-
sue culture-induced callus) of two Eucalyptus species (E. camaldu-
lensis stem: Al; E. camaldulensis callus: A2; E. grandis x urophylla
stem: B1; E. grandis x urophylla callus: B2). Initially, we obtained
346.4 million raw reads (average 28.9 million reads) and 304.2
million clean reads (average 25.4 million reads). Using the clean
data, we identified 888 miRNA precursors (producing 1067 ma-
ture miRNAs, Supplementary Table S1), including 691 novel and
197 known miRNAs. Length distribution (Figure 1A) showed that
786 Eucalyptus mature miRNAs were in the length of 21 nt, which
took 73.7% of the total miRNAs. Figure 1A also showed that the
first nucleic acid of the miRNAs was enriched with uracil (U),
which agrees with the base bias of plant miRNAs in miRBase
(Griffiths-Jones et al. 2008). Next, we analyzed the chromosome
distribution of the Eucalyptus miRNAs. Figure 1B showed that
chromosome Chr03 can produce the most miRNAs (142 miRNA
precursors), followed by chromosomes Chr05 (129 miRNA precur-
sors) and Chr08 (92 miRNA precursors). Based on the miRNA
locations in the Eucalyptus genome, we identified 46 miRNA clus-
ters whose members are located within 10kb (Supplementary
Table S1) and have the potential of being transcribed together.
We also found that 55, 52, and 782 miRNA precursors were lo-
cated in the exon, intron, and intergenic regions, respectively.
The redundant one was egd-MIR169aj, which can be produced by
two chromosomes—Chr03 and Chr09 (Supplementary Table S1).
These miRNAs were used as the reference for downstream
analyses, including the miRNA expression profiling and target
prediction.

miRNA expression profiles

We next profiled the miRNA expression in the differentiated and
dedifferentiated tissues of E. camaldulensis and E. grandis x uro-
phylla. After lowly expressed miRNAs (average TPM < 5) were fil-
tered, we identified 998 miRNAs (Figure 1C, Supplementary Table
S2), of which 500, 547, 505, and 620 distributed in A1, A2, B1, and
B2, respectively. Venn diagram (Figure 1C) showed that 230
miRNAs were detected in all samples, whereas 81, 79, 60, and 163
miRNAs were specifically identified in A1, A2, B1, and B2, respec-
tively. The distribution of miRNAs in different expression levels
revealed that more than 60% of the miRNAs were expressed <5
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Figure 1 Overview of small RNA sequencing. (A) Length distribution of miRNAs identified in Eucalyptus. (B) Number of miRNAs identified in all
chromosomes. (C) Comparison of miRNAs identified in the Eucalyptus camaldulensis (A1: differentiated, A2: dedifferentiated) and E. grandis x urophylla (B1:
differentiated, B2: dedifferentiated). Only miRNAs with TPM > 5 were shown. (D) Expression levels of miRNAs identified in each sample. Mean values of

miRNA expression in each sample (n=3) were applied.

TPM (Figure 1D), whereas 31-38 miRNAs were expressed more
than 1000 TPM in these samples. We showed in Table 1 the top
10 highly expressed miRNAs in these samples. It is interesting
that the only the top three highly expressed miRNAs were shared
by all four samples and that MIR166 family members were highly
expressed in the dedifferentiated tissues of both E. camaldulensis
and E. grandis x urophylla.

Differentially expressed miRNAs in E.
camaldulensis

We next compared the miRNA profiles of differentiated and
dedifferentiated tissues in E. camaldulensis. Compared with the
differentiated tissue, we first identified 143 upregulated and 184
downregulated miRNAs in the dedifferentiated tissue of E. camal-
dulensis (Figure 2A, Supplementary Table S3). Among them, we
found that 3 MIR167, 26 MIR169, 7 MIR3627, and 3 MIR159 mem-
bers were upregulated and that 11 MIR156, 4 MIR164, 9 MIR166, 8
MIR171, 7 MIR395, and 43 MIR399 were downregulated. Target
prediction showed that 303 of the DEmiRs can target 846 genes in

E. camaldulensis (Table 2). For example, 130 upregulated miRNAs
can target 405 genes including Eucgr.A00998 (transcription factor
PIL1), Eucgr.B03766/Eucgr.G03183 (transcription factor GAMYB),
Eucgr.G01528 (acetyl-CoA-benzylalcohol acetyltransferase), and
Eucgr.B03050 (AP2/ERF and B3 domain-containing transcription
factor RAV1); and 173 downregulated miRNAs in dedifferentiated
tissue can target 373 genes including auxin response factors (e.g.,

Eucgr.D00264, Eucgr.F04380, Eucgr.G02838, Eucgr.J00923,
Eucgr.K01240), growth-regulating factors  (Eucgr.A01418,
Eucgr.A01534, Eucgr.C00823, Eucgr.D01674, Eucgr.D02603,

Eucgr.FO0097, and Eucgr.F04420), Eucgr.F02691 (ethylene-respon-
sive transcription factor ABR1) and Eucgr.K01046 (squamosa
promoter-binding protein).

Next, we analyzed the potential pathways and biological pro-
cesses involved by the differentially expressed miRNAs in the
dedifferentiated tissue of E. camaldulensis. KEGG pathway enrich-
ment (Figure 2B) showed that 160, 49, 45, 36, 9, and 3 target genes
were involved in “Ras signaling pathway (ko04014),” “Plant hor-
mone signal transduction (ko04075)," “Longevity regulation

Table 1 Top 10 highly expressed miRNAs identified in the differentiated and dedifferentiated tissues of E. camaldulensis and Eucalyptus

grandis x urophylla

Bl B2

Order Al A2

1 egd-miR398a-3p egd-miR398a-3p
2 egd-miR398b-3p egd-miR398b-3p
3 egd-N-miR1-3p egd-N-miR1-3p
4 egd-miR166d-3p egd-miR482a-3p
5 egd-miR166h-3p egd-miR482a-5p
6 egd-N-miR2-3p egd-miR397a-5p
7 egd-miR166f-3p egd-miR397b-5p
8 egd-miR166g-3p egd-N-miR2-3p
9 egd-miR166a-3p egd-miR159b-3p
10 egd-miR166c-3p egd-miR159a-3p

egd-miR398a-3p
egd-miR398b-3p
egd-N-miR1-3p
egd-miR166d-3p
egd-miR166h-3p
egd-miR166c¢-3p
egd-miR166f-3p
egd-miR166g-3p
egd-miR166e-3p
egd-miR166a-3p

egd-miR398a-3p
egd-miR398b-3p
egd-N-miR1-3p
egd-miR482a-3p
egd-miR397a-5p
egd-miR397b-5p
egd-miR159b-3p
egd-miR159a-3p
egd-miR482a-5p
egd-miR168a-5p
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Figure 2 Differentially expressed miRNAs identified in Eucalyptus camaldulensis and E. grandis x urophylla. (A) Volcano plot of upregulated (red) and
downregulated (green) miRNA identified in the dedifferentiated tissue of E. camaldulensis compared with the differentiated tissue. (B) KEGG pathway
enrichment by the target genes of differentially expressed miRNAs in E. camaldulensis. (C) Volcano plot of upregulated (red) and downregulated (green)
miRNA identified in the dedifferentiated tissue of E. grandis x urophylla compared with the differentiated tissue. (D) KEGG pathway enrichment by the
target genes of differentially expressed miRNAs in E. grandis x urophylla.

Table 2 Target prediction of differentially expressed miRNAs in Eucalyptus camaldulensis and E. grandis x urophylla

Cultivar Type miRNA Targets Examples
E. camaldulensis Total 310 1401
Upregulated 135 819 Transcription factor PIL1, transcription factor
GAMYB, growth-regulating factor 1, AP2/ERF
and B3 domain-containing transcription fac-
tor RAV1
Downregulated 175 608 Auxin response factors, transcription factor
MYB1R1, ethylene-responsive transcription
factor ABR1, translation initiation factor IF-2
E. grandis x urophylla Total 314 1550
Upregulated 105 783 Transcription factor PIL1, transcription factor
bHLHE9, probable WRKY transcription factor
19, growth-regulating factor 1, auxin re-
sponse factor 6, transcription factor MYB23
Downregulated 209 810 Factor of DNA methylation 1, transcription fac-

tor bHLHO5, transcription factor GAMYB,
transcription factor IBH1, transcription factor
MYB108, truncated transcription factor
CAULIFLOWER A
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pathway—multiple species (ko04213),” “Flavonoid biosynthesis
(ko00941),” “Zeatin biosynthesis (ko00908),” and “Aflatoxin bio-
synthesis (ko00254),” respectively. Gene ontology annotation
(Supplementary Table S4) showed that the target genes of differ-
entially expressed miRNAs in dedifferentiated tissue have the po-
tential of regulating the biological processes such as
“G0:0009809-lignin biosynthetic process,” “GO:0009744-response
to sucrose,” “GO:0009909-regulation of flower development,” and
“G0:0010075-regulation of meristem growth.”

Differentially expressed miRNAs in E. grandis x
urophylla

In E. grandis x urophylla, we identified 128 upregulated and 215
downregulated miRNAs in dedifferentiation process (Figure 2C,
Supplementary Table S3). The callus upregulated miRNAs in-
clude 13 MIR169, 4 MIR3627, 3 MIR390, and 4 MIR482, whereas
the callus downregulated miRNAs include 21 MIR156, 3 MIR160,
11 MIR166, 44 MIR169, 12 MIR171, and 43 MIR399. We found that
314 DEmiRs in the dedifferentiated tissue of E. grandis x urophylla
were predicted to target 1550 genes (Table 2). In details, 105 upre-
gulated miRNAs target 783 genes, including Eucgr.A00998 (tran-

scription factor PIL1), Eucgr.C00360 (transcription factor
bHLH69),  Eucgr.C00823  (growth-regulating  factor 1),
Eucgr.C01912 (probable WRKY transcription factor 19),

Eucgr.D00264 (auxin response factor 6), and Eucgr.J02212 (tran-
scription factor MYB23), and 209 downregulated miRNAs target
810 genes, such as auxin response factors (e.g., Eucgr.F04380,

Eucgr.G02838,  Eucgr.K01240, EucgrJ00923, Eucgr.K03433,
Eucgr.D00264), Eucgr.F03952 (factor of DNA methylation 1),
Eucgr.H01993 (myb family transcription factor EFM),

Eucgr.G01493 (transcription factor bHLH95), transcription factor
GAMYB (Eucgr.B03766, Eucgr.G03183), Eucgr.K03562 (transcrip-
tion factor MYB108), Eucgr.C00212 (transcription factor IBH1),
and Eucgr.I02059 (truncated transcription factor CAULIFLOWER
A). Functional analysis (Figure 2D) showed that the differentially
expressed miRNAs in the callus tissue of E. grandis x urophylla
were involved by pathways such as Aflatoxin biosynthesis
(ko00254), “Brassinosteroid biosynthesis (ko00905),” “ABC trans-
porters (ko02010),” “Spliceosome (ko03040),” and “Estrogen signal-
ing pathway (ko04915).” GO analysis (Supplementary Table S4) of
the target genes revealed that GO:0009809-lignin biosynthetic
process, “GO:0006952-defense response,” “GO:0006355-regulation
of transcription, DNA-templated,” “GO:0009658-chloroplast
organization,” and “GO:0009867-jasmonic acid-mediated signal-
ing pathway” were significantly enriched by the differentially
expressed miRNAs in dedifferentiation process of E. grandis x uro-
phylla. Based on the functional analysis, we found that the biolog-
ical processes and pathways regulated by the differentially
expressed miRNAs in E. camaldulensis and E. grandis x urophylla
were different, which might indicate the different embryogenetic
potentials of these two Eucalyptus cultivars.

miRNAs related to somatic embryogenesis

To investigate the miRNAs related to the embryogenetic potential
of Eucalyptus, we next compared the DEmiRs in E. camaldulensis
and E. grandis x urophylla. It showed that they shared 62 upregu-
lated and 117 downregulated miRNAs (Figure 3A, Supplementary
Table S3), including miRNAs from families MIR156, MIR159,
MIR160, MIR164, MIR166, MIR169, MIR171, MIR399, and MIR482.
We also identified 81 upregulated (e.g., miR159¢c-3p, miR167a-5p,
miR397a-3p, miR397c-5p, miR397d-3p, miR397d-5p, N-miR1-5p,
N-miR5-5p) and 67 downregulated (e.g., miR482b-3p, N-miR3-3p,
miR156a-3p, N-miR40-3p, N-miR18-5p) miRNAs specific to E.

camaldulensis (Figure 3A). The Heatmap (Figure 3B) confirmed the
dysregulation of these miRNAs specific to E. camaldulensis and
showed the expression patterns across the differentiated and
dedifferentiated tissues of E. camaldulensis and E. grandis x uro-
phylla. In Figure 3C, we listed the expression levels of 6 miRNAs
(e.g., miR399a-5p, N-miR83-5p, N-miR125-3p, miR395a-3p, N-
miR40-3p, miR156a-3p) specifically dysregulated in E. camaldulen-
sis. Functional analysis of the targets of E. camaldulensis specifi-
cally dysregulated miRNAs revealed that they were involved in
the pathways including “MAPK signaling pathway (ko04010),”
Longevity regulating pathway—multiple species (ko04213),
Estrogen signaling pathway (ko04915), Plant hormone signal
transduction  (ko04075), and Brassinosteroid biosynthesis
(ko00905).

Next, we analyzed the expression of SE-related DEmiRs and
their targets (Table 3). Together with the transcriptome profiles
of the same material, we observed the negative regulation of
MIR160~ARF18, MIR396~GRF6, MIR1606~THB15/HD-ZIP, and
MIR156/MIR157~SPL1. In addition, MIR171 and MIR535 was pre-
dicted to regulate the SCL6 (squamosa promoter-binding protein
1) and Eucgr.E01067 (glucan endo-1,3-beta-glucosidase 11)/
Eucgr.K00316 (hypothetical protein), respectively. Interestingly,
transcription factor (e.g., WRKY, MYB, GAMYB, TCP4, PIL1) and ri-
bosomal protein genes were identified to be potential targets of
DEmiRs in E. camaldulensis and/or E. grandis x urophylla (Table 3).
Notably, although egd-N-miR63-5p and MIR169 were found to be
upregulated in both E. camaldulensis and E. grandis x urophylla,
their target genes PIL1 and RPS21C (40S ribosomal protein S21-2)
were downregulated only in the dedifferentiated tissues com-
pared with differentiated tissues of E. camaldulensis. Whether
these miRNAs and their targets have functions in the SE and em-
bryogenetic potential requires further experiments to be ex-
plored.

Quantitative real time-PCR

Next, we used tailed miRNA qRT-PCR strategy to validate the dif-
ferential expression of seven randomly selected miRNAs in the
differentiated and dedifferentiated tissues of E. camaldulensis and
E. grandis x urophylla. The primer sequences for these miRNAs can
be found in Supplementary Table S5. Comparison of small RNA
sequencing and gRT-PCR results is shown in Figure 4. Overall, 12
(85.7%) out of 14 events were agreed by both small RNA sequenc-
ing and qRT-PCR. Using deep sequencing, egd-miR482b-3p, egd-
miR156a-3p, and egd-N-miR1-5p were found with downregula-
tion only in E. camaldulensis, whereas egd-miR390a-3p, egd-
miR396d-3p, and egd-N-miR6-3p were found with dysregulation
only in E. grandis x urophylla. The specific regulations of these
miRNAs were confirmed by qRT-PCR. High agreement of miRNA
expression patterns in small RNA sequencing and qRT-PCR indi-
cate that the miRNAs identified in this study might be associated
with the somatic embryogenesis and embryogenetic potential of
Eucalyptus, which requires more experiments.

Discussion

Although some studies have been demonstrated to study the
Eucalyptus miRNAs (Levy et al. 2014; Pappas et al. 2015; Lin et al.
2018), the miRNA identities and sequences of Eucalyptus are still
missing in miRbase (v22). In this study, we conducted the small
RNA sequencing and identified a total of 888 miRNA precursors
and 1067 mature miRNAs in the Eucalyptus genome
(Supplementary Table S1). Among them, 197 precursors were
aligned to other known miRNAs, whereas 691 could be specific to
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Figure 3 miRNAs involved in the dedifferentiation of Eucalyptus callus. (A) Comparison of upregulated (left) and downregulated (right) miRNAs identified

in the dedifferentiated tissue compared with the differentiated tissue in E. camaldulensis and E. grandis x urophyll

a. (B) Heatmap of differentially expressed

miRNAs specifically identified in E. camaldulensis. Only some DEmiRs were shown in the plot by the program. (C) Box plots of the expression patterns for
six miRNAs (miR399a-5p, N-miR8&3-5p, N-miR125-3p, miR395a-3p, N-miR40-3p, and miR156a-3p) in all samples.

the Eucalyptus. The miRNAs identified in this study can provide
a valuable source to study the regulation mechanisms of noncod-
ing RNAs in the somatic embryogenesis of Eucalyptus.
Comparison of miRNAs identified this study (Figure 1C) revealed
104 miRNAs specific to the callus tissues of Eucalyptus, including
six highly expressed miRNAs (e.g., egd-miR482a-3p, egd-
miR482a-5p, egd-miR397a-5p, egd-miR397b-5p, egd-miR159b-3p,

egd-miR159a-3p) (Table 1). Although 79 miRNAs specifically iden-
tifled in the callus tissue of E. camaldulensis (Figure 1C,
Supplementary Table S2) might be related to the high potential of
embryogenesis.

Among the top 10 highly expressed miRNAs (Table 1),
miR482a, miR397a/b, and miR159a/b were shared by the dediffer-
entiated tissues of both E. camaldulensis and E. grandis x urophylla
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Table 3 Expression changes of SE-related miRNAs and their target genes

miRNA Log2FC of miRNA Target Log2FC of target gene Description
A2vs Al B2 vus Bl A2 vs Al B2 vs Bl
egd-miR160a-5p —2.631 —4.801 Eucgr.K01240 0.526 —-0.501 Auxin response factor 18
egd-miR160b-5p —2.631 —4.802
egd-miR396a-5p -3.661 —3.236 Eucgr.FO0097 1.117 -3.179 Growth-regulating factor 6
egd-miR396b-5p —3.670 —3.237
egd-miR396¢-5p -3.199 —1.537
egd-miR396d-5p —3.200 -1.534
egd-miR166a-3p —4.791 —5.388 Eucgr.F03066 1.585 —-0.282 Homeobox-leucine zipper protein ATHB-15
egd-miR166b-3p —4.858 —5.443
egd-miR166¢-3p —4.772 —5.307
egd-miR166d-3p —4.689 —5.097
egd-miR166e-3p —4.833 —5.400
egd-miR166f-3p —4.787 -5.371
egd-miR166g-3p —4.787 -5.371
egd-miR166h-3p —4.689 —5.097
egd-miR166a-3p —4.791 —5.388 Eucgr.D00184 5.012 2.379 Homeobox-leucine zipper protein HOX32
egd-miR166b-3p —4.858 —5.443
egd-miR166¢-3p —4.772 —5.307
egd-miR166d-3p —4.689 —5.097
egd-miR166e-3p —4.833 —5.400
egd-miR166f-3p —4.787 -5.371
egd-miR166g-3p —4.787 -5.371
egd-miR166h-3p —4.689 —5.097
egd-miR166a-3p —4.791 —5.388 Eucgr.B02504 2.994 2.755 Homeobox-leucine zipper protein REVOLUTA
egd-miR166b-3p —4.858 —5.443
egd-miR166¢-3p —4.772 —5.307
egd-miR166d-3p —4.689 —5.097
egd-miR166e-3p —4.833 —5.400
egd-miR166f-3p —4.787 -5.371
egd-miR166g-3p —4.787 -5.371
egd-miR166h-3p —4.689 —5.097
egd-miR166a-5p —1.066 —1.648 Eucgr.B00437 4.417 1.582 Probable WRKY transcription factor 61
egd-miR171a-3p —7.026 —6.251 Eucgr.E01510 1.156 1.610 Scarecrow-like protein 6
egd-miR171b-3p —6.803 —4.935
egd-miR171c-3p —6.804 —4.936
egd-miR171d-3p -1.231 —1.953
egd-miR171i-3p —4.298 —3.049
egd-miR171j-3p —4.298 —3.049
egd-miR156b-5p —1.066 —2.518 Eucgr.K01046 2.361 2.611 Squamosa promoter-binding protein 1
egd-miR1561-5p —3.745 0.726
egd-miR157a-5p —5.944 —5.412
egd-miR157b-5p -5.981 —5.475
egd-miR157c-5p —5.944 -5.412
egd-miR157d-5p —5.944 —5.412
egd-miR156b-5p —1.066 —2.518 Eucgr.F02583 5.510 5.692 Transcription repressor MYB6
egd-miR156¢-5p —1.067 -2.519
egd-miR535a-5p —1.520 —1.740 Eucgr.E01067 1.001 2.267 Glucan endo-1,3-beta-glucosidase 11
egd-miR535b-5p —1.525 —1.745
egd-miR535a-5p -1.520 —1.740 Eucgr.K00316 1.347 3.012 Hypothetical protein
egd-miR535b-5p —1.525 —1.745
egd-N-miR145-3p —4.962 0 Eucgr.F02691 1.935 —1.087 Ethylene-responsive transcription factor
egd-N-miR146-3p —4.976 0 ABR1
egd-miR159¢-3p 1.139 —0.396 Eucgr.B03766 -1.461 —2.900 Transcription factor GAMYB
Eucgr.F01204 —4.767 —5.999 Transcription factor TCP4
egd-N-miR62-5p 4.497 3.552 Eucgr.A00998 —4.333 0.165 Transcription factor PIL1
egd-N-miR63-5p 4.497 3.552 Eucgr.A00998 —4.333 0.165 Transcription factor PIL1
egd-miR169ac-5p 2.028 —6.016 Eucgr.B01917 —-1.333 0.517 40S ribosomal protein 521-2
egd-miR169ad-5p 1.972 -6.016
egd-miR169ae-5p 2.028 —6.016
egd-miR169af-5p 2.028 -6.016
egd-miR169m-3p 2.028 —6.016
egd-miR169n-5p 2.028 -6.016
egd-miR1690-5p 2.028 —6.016
egd-miR169p-5p 2.028 -6.016
egd-miR169t-5p 2.028 —6.016
egd-miR169u-3p 1.972 -6.016
egd-miR169v-5p 2.028 ~6.016
egd-miR169w-5p 2.028 -6.016
egd-miR169x-5p 2.028 —6.016
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Figure 4 gRT-PCR experiment. Log2FC and Log2RNE represent the log2 fold values of gene expression changes identified by small RNA sequencing and

gRT-PCR, respectively.

In the callus-derived protoplast, both miR482a and miR482b were
upregulated (Xu et al. 2017), and they were supposed to regulate
the disease resistance pathways and the expression of plant pro-
toplast totipotency (Wu et al. 2015). miR482 family has been
proved to target mRNAs for nucleotide-binding site-leucine-rich
repeats (NBS-LRR) disease resistance proteins using transient ex-
pression in Nicotiana benthamiana (Shivaprasad et al. 2012). In this
study, no NBS-LRR gene was predicted to be regulated by
miR482a, probably due to the limited annotation of Eucalyptus
genes. However, we found that miR482a was predicted to target
30 genes encoding disease resistance proteins, such as
Eucgr.A00735 (putative disease resistance protein At4gl11170),
Eucgr.A02363 (RGA1), Eucgr.C02142 (RPS6), Eucgr.H03707 (RML1B),
Eucgr.HO03723 (TAO1) and 14 genes encoding TMV resistance pro-
tein N. Interestingly, MIR397 has been reported to be particularly
expressed in undifferentiated tissue and to be overexpressed in
undifferentiated rice callus (Luo et al. 2006; Chen et al. 2011),
which coincide with our results. MIR397 was reported to target a
family of copper-containing oxidase enzymes—laccase, which is
proposed to function in the formation of lignin, an integral part
of the secondary cell walls of plants (Luo et al. 2006). We found a
total of 112 laccase genes regulated by MIR397 in Eucalyptus.
Also, miR397b-3p was upregulated in the callus of both E. camal-
dulensis and E. grandis x urophylla, and miR397a-3p was upregu-
lated only in the dedifferentiated tissue of E. camaldulensis
(Supplementary Table S3). Like MIR397, MIR159 has been studied
to regulate the development of callus in multiple plants, such as
Dimocarpus longan (Lin and Lai 2013; Xu et al. 2020), Moringa oleifera
(Pirro et al. 2019), and Larix leptolepis (Zhang et al. 2010). miR159
has been shown to be induced by ABA and to regulate MYB33
during the seed germination of Arabidopsis (Reyes and Chua
2007). Although in the present study miR159 was not differen-
tially expressed in the dedifferentiated tissue, its high expression

indicates a potential role in the dedifferentiation and the callus
development.

In addition, we identified 81 upregulated and 67 downregu-
lated miRNAs specifically in the dedifferentiated tissue of E.
camaldulensis compared with E. grandis x urophylla (Figure 3A).
Among them, some miRNAs were detected with relative high ex-
pression in the stem or callus, such as miR156a-3p, miR167a-5p,
miR482b-3p, miR3488-3p, and miR535a-3p (Supplementary Table
S2). miR156a and miR482b were downregulated in the callus of E.
camaldulensis (Supplementary Table S3). In Arabidopsis, the re-
pression of miR156a by MYB33, a target of miR159, has the capac-
ity of accelerate the vegetative development through its target
SPLY (Guo et al. 2017). In E. grandis and in E. brachyphylla, the ex-
pression of miR156 was shown to have no relationship with the
rooting ability (Levy et al. 2014). Thus, the relationship between
miR156 and somatic embryogenesis in E. grandis requires further
experiments to be explored. The expression of miR167a was
found to be upregulated during the development of rice callus
and its target ARF8 was found to be downregulated (Chun et al.
2013). miR535-3p is the passenger miRNA of miR535, which was
relevant from their expression (Supplementary Table S2).
miR535-5p was downregulated in both E. camaldulensis and E.
grandis x urophylla (Supplementary Table S3). In rice, SPL14, the
target of miR535, remains at a low level during the vegetative
growth and can strengthen the ability of disease resistance in
plant (Agirre et al. 2008). miR3488 was identified due to its simi-
larity to an animal miRNA. More experiments are required to
characterize its presence in Eucalyptus and the association with
the somatic embryogenesis.

We also identified a number of novel miRNAs for Eucalyptus
(Supplementary Table S1) and some of them were highly
expressed in the differentiated and dedifferentiated tissues, such
as egd-N-miR1-3p, egd-N-miR2-3p, egd-N-miR4-3p, egd-N-miR5-
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5p, and egd-N-miR7-5p (Table 1, Supplementary Table S2). The
abundance of these miRNAs support that they might be specific
to the stem or the callus of Eucalyptus. Further, some of them
were found to be differentially expressed in this study, such as
egd-N-miR1-3p, egd-N-miR2-3p, and egd-N-miR5-5p
(Supplementary Table S3). Among them, 99 Eucalyptus novel
miRNAs were identified with dysregulation specific in E. camaldu-
lensis, such as egd-N-miR3-3p and egd-N-miR-5p (Supplementary
Table S3). Target prediction identified Eucgr.B01315 ((-)-germa-
crene D synthase) is the target of egd-N-miR3-3p, whereas egd-N-
miR5-5p can regulate the expression of Eucgr.C03404 (myosin-17)
and Eucgr.E03882 (microtubule-associated protein 70-5).
Although it is not clear about their functions in the SE, our results
provide a valuable resource for future studies in Eucalyptus.

Conclusion

In this study, we analyzed the small RNA profiles of differenti-
ated and dedifferentiated tissues of two Eucalyptus cultivars—E.
camaldulensis and E. grandis x urophylla. In total, we identified 691
novel and 197 known miRNAs for Eucalyptus, most of which dis-
tributed in chromosome Chr03 and Chr05. In the stem and callus,
we detected 998 miRNAs with TPM > 5, of which 230 shared by
all samples. Further, we identified 143 upregulated and 184
downregulated miRNAs in the dedifferentiation process of E.
camaldulensis, and 128 upregulated and 215 downregulated
miRNAs in E. grandis x urophylla. Comparison of the differentially
expressed miRNAs in dedifferentiated tissues revealed 62 upregu-
lated and 117 downregulated miRNAs shared by both E. camaldu-
lensis and E. grandis x urophylla, which might be related to the SE
of Eucalyptus. Further, the upregulation of 81 miRNAs and down-
regulation of 67 miRNAs were specifically identified in E. camaldu-
lensis. These miRNAs were shown to function in the regulation of
pathways like Longevity regulating pathway—multiple species
and Plant hormone signal transduction. The expression of
miRNAs was confirmed by gRT-PCR and their relationship with
SE was agreed with previous studies in other plants. This is the
first time to study the association of miRNAs and SE in
Eucalyptus. The output of this study will provide a valuable re-
source for future studies in Eucalyptus. More importantly, our
findings will benefit the molecular research in this field and the
breeding program of Eucalyptus.
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