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ARTICLE INFO ABSTRACT

Keywords: Methyl jasmonate (MeJA) treatment elicits induced resistance (IR) against pests and diseases in Norway spruce
N‘_’rway spruce (Picea abies). We recently demonstrated using mRNA-seq that this MeJA-IR is associated with both a prolonged
glﬁmRNA. . upregulation of inducible defenses and defense priming. Gene expression can be regulated at both a transcrip-
Mztelfsles;r?;?i . tional and post-transcriptional level by small RNAs, including microRNAs (miRNAs). Here we explore the effects
W V) of MeJA treatment and subsequent challenge by wounding on the Norway spruce miRNA transcriptome. We
ounding . . K i
Gene regulation found clusters of prolonged down- or upregulated miRNAs as well as miRNAs whose expression was primed after
Transcriptomics MeJA treatment and subsequent wounding challenge. Differentially expressed miRNAs included miR160,

miR167, miR172, miR319, and the miR482/2118 superfamily. The most prominent mRNA targets predicted to
be differentially expressed by miRNA activity belonged to the nucleotide-binding site leucine-rich repeat (NBS-
LRR) family. Among other predicted miRNA targets were genes regulating jasmonic acid biosynthesis. Our re-

sults indicate that miRNAs have an important role in the regulation of MeJA-IR in Norway spruce.

1. Introduction

Induced resistance (IR) is an important adaptation that allows plants
to increase their resistance to herbivores and pathogens in response to a
triggering stimulus (De Kesel et al., 2021). Two non-exclusive mecha-
nisms underlie IR: prolonged upregulation of inducible defenses and
defense priming (Wilkinson et al., 2019). Prolonged upregulated de-
fenses remain activated for long periods following the triggering stim-
ulus, while primed defenses remain at basal levels until a secondary
challenge elicits an augmented defense response (Wilkinson et al., 2019;
Mageroy et al., 2020a). These two IR mechanisms are associated with
different costs and benefits and the optimal strategy is dependent on the
environment (Wilkinson et al., 2019).

The plant hormone methyl jasmonate (MeJA) has for more than
20 years been used as a tool to study IR in conifers (Franceschi et al.,
2002; Martin et al., 2002). Application of MeJA to the stem bark has
been demonstrated to enhance Norway spruce (Picea abies) resistance to
bark beetle attack and pathogen infection (Kozlowski et al., 1999;
Erbilgin et al., 2006; Zhao et al., 2011). Recently, we showed that MeJA
acts both as a direct inducer of defenses and as a stimulus of defense
priming in Norway spruce (Mageroy et al., 2020a, 2020b). Using mRNA-
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seq analysis of bark tissues collected 4 weeks after MeJA treatment, we
identified transcripts that showed prolonged upregulation, such as those
coding for TIFY domain-containing proteins, and transcripts that were
primed, such as those predicted to encode for pathogenesis-related (PR)
proteins (Mageroy et al., 2020b).

Small RNAs (sRNAs) often have important and essential roles in
regulating gene expression (Yu et al., 2017). MicroRNAs (miRNAs) are
20 to 22 nucleotide sRNAs that are generated from double stranded
hairpin precursor RNAs and function as posttranscriptional regulators
(Yu et al., 2017; Axtell and Meyers, 2018). miRNAs regulate gene
expression post-transcriptionally by either guiding the cleavage of
mRNAs or by inhibiting the translation of complimentary mRNAs (Song
et al., 2019). miRNAs also trigger the generation of phased, secondary,
small interfering RNAs (phasiRNAs) from target mRNAs (Fei et al.,
2013). Some phasiRNAs act in trans (trans acting siRNAs; tasiRNAs) and
directly silence mRNAs other than their source mRNA (Fei et al., 2013).
Many phasiRNAs have been identified, however, their biological roles
and targets remain poorly described (Liu et al., 2020). sRNAs are also
known to affect gene expression by guiding RNA dependent DNA
methylation (RADM)(Tamiru et al., 2018). Although the role of sSRNAs in
plant growth and other biological processes has been extensively studied
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for more than 20 years, diverse new functions of sRNAs in plant im-
munity, defense priming, and epigenetic memory continue to be
discovered (Soto-Suarez et al., 2017; Yakovlev and Fossdal, 2017;
Sanchez-Sanuy et al., 2019; Wang and Galili, 2019).

We wished to understand how the differentially expressed mRNAs
found in our previous study are regulated (Mageroy et al., 2020b). Given
the importance of miRNAs in regulating gene expression, we use
miRNA-seq analysis to explore the changes in miRNA expression
following MeJA treatment and subsequent wounding challenge. By
making use of the same bark tissues as those used for the mRNA-seq
study, we found that as with the mRNA expression, MeJA treatment
profoundly alters both the basal expression of miRNAs and the expres-
sion of miRNAs in response to a subsequent wounding challenge. Po-
tential mRNA targets of the differentially expressed miRNAs were
identified to allow for exploration of regulatory roles of miRNAs in
Norway spruce MeJA-IR.

2. Materials and Methods
2.1. Plant Material and Experimental Setup

Plant material and experimental design was the same as previously
described in Mageroy et al. (2020b). Briefly, six trees from a single clone
(no. 137) were selected from a stand at the Hogsmark Experimental
Farm in As, SE Norway (59°40'04.1” N 10°42'46.2" E). On April 30,
2013, three trees were sprayed with a solution of 100 mM methyl
jasmonate (MeJA) and 0.1% Tween, and three trees were sprayed with a
solution of only 0.1% Tween, as a control treatment (Fig. 1). Approxi-
mately 500 mL of solution was used per tree. Four weeks later, small
areas of bark on all trees were mechanically wounded to elicit inducible
defenses. Wounding was done by puncturing the bark to the cambium
with a push-pin about 30 times inside four 10 x 10 mm areas evenly
distributed around the stem circumference at about 1.75 m height from
the base of the tree (Fig. 1). The rest of the bark area was left intact.
Twenty-four hours after wounding, bark samples were collected for
sRNA sequencing using a 10-mm cork borer. Bark plugs of wounded bark
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were collected at the four wounded areas around the stem (Fig. 1). Plugs
of intact bark were collected at four sites situated about 18 cm below and
45 degrees to the left of each wounded area. This sampling technique has
been used in a previous study that showed defense induction in spruce
do not spread much in the tangential direction (Erbilgin et al., 2006).
This gave four different bark treatment combinations: MeJA-treated and
wounded (MW), MeJA-treated and intact (MI), control and wounded
(CW), and control and intact (CI) (Fig. 1).

2.2. RNA Extraction

The cork bark was removed and the phloem was ground in liquid
nitrogen. Total RNA was purified from phloem powder using Epicentre
MasterPure™ Plant RNA Purification Kit (Epicentre, Madison, WI, USA;
kit now replaced with MasterPure™ Complete DNA and RNA Purifica-
tion Kit, Lucigene, Middleton, WI, USA) according to the manufacturer’s
instructions. Contaminating DNA was removed from the total RNA
samples using the above-mentioned kit, according to the supplier’s
protocol. Total RNA preparations were then stored at —80 °C until SRNA
library preparation.

2.3. sRNA Extraction, Library Preparation and Sequencing

Sequencing of sRNA libraries was performed as described by
Yakovlev and co-workers (Yakovlev and Fossdal, 2017). These libraries
were prepared from total RNA extracts using the Ion Total RNA-Seq Kit
v2 for Small RNA Libraries (Cat. No. #4476289, ThermoFisher Scien-
tific) with enrichment steps for sSRNA as detailed in the Ion RNA-Seq
Library Preparation guide (#4476286 revision E). The quality and
quantity of the libraries were assessed at intermediate steps using Agi-
lent Technologies 2100 Bioanalyzer Small RNA kit (#5067-1548, Agi-
lent, Santa Clara, CA, USA). The 12 libraries (Fig. 1) were barcoded and
pooled for sequencing, using a library concentration of 30 pM and an
internal calibration standard (Cat. No. A27832). Libraries were tem-
plated on an automated Ion Chef (ThermoFisher; Chef Package Version
1C.5.0.1), using the Ion PGM Hi-Q Chef Kits (Cat. No. A25948). Initial

® Wounded bark
O Intact bark

Fig. 1. Overview of experimental design and sampling. (A) Three Norway spruce trees were sprayed with methyl jasmonate (MeJA) and three trees were sprayed
with water (control) on the lower stem between 0.5 m and 2.5 m from the ground. Four weeks later, small areas of bark on all trees were wounded while the rest of
the bark area was left intact. This gave four treatment combinations: MeJA-treated and wounded bark (MW), MeJA-treated and intact bark (MI), control and
wounded bark (CW), and control and intact bark (CI). (B) Twenty-four hours after wounding, bark plugs were sampled from all treatment combinations using a cork
borer. (C) Each set of samples (wounded or intact) consisted of four sampling sites evenly distributed around the stem circumference. Each bark plug was split in two
(A), and four half plugs from each treatment combination were pooled into one sample for miRNA analysis. This was the same bark tissue used in our previous study

of the mRNA transcriptome (Mageroy et al., 2020b).
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sequencing was performed with Hi-Q chemistry on an Ion PGM
sequencer with a 316v2 chip (Cat. No. 4488145; Pub. No. MAN0010919
Rev. B.0). Further sequencing was done at the Uppsala Genome Center
with two Ion Proton v3 chips (ThermoFisher Scientific; Cat. No.
4476610). The Ion Torrent Suite versions 5.0.4 and 5.2.1 were used,
with internal calibration enabled, for both base-calling and de-
multiplexing sequencing runs. The total numbers of unfiltered reads
for each treatment, replicate, sequencing chip and instrument are pro-
vided in Supplementary Table S1. The three sequencing runs from the
same barcoded sample we concatenated together to form one fastq file
per replicated treatment (Supplementary Table S1). The BBtools Read-
lengths.sh script from BBMap was used to quantify raw read length
(Bushnell, 2014).

2.4. Analysis

ShortStack version 3.8.3 was used to annotate and count miRNA
reads from sRNA sequence data (Axtell, 2013). Parameters and options
for ShortStack were: -bowtie_cores 12 -bowtie _m 100 —ranmax 10
—mincov 0.2 rpm —dicermin 19 —foldsize 600. The —readfile
parameter used the input from the replicated treatments, where each
sequence file comprised the fastq data concatenated from the libraries of
two Ion Proton runs and the single Ion PGM sequencing run (12 files in
total). A —genomefile containing only the P. abies Z4006 scaffolds from
miRNA loci identified in (Xia et al., 2015) and (Yakovlev and Fossdal,
2017) was used for the alignment (Supplementary file S1). The
—-locifile option, which delimited the coordinates of annotated mature
miRNAs, was also used (Supplementary file S2). Approximately 20
scaffolds were removed from (Xia et al., 2015) since they were labelled
‘contaminants’ or ‘putative mitochondrial fragments’ in that paper
(Supplementary file S3). Two scaffolds (listed as ‘putative contami-
nants’), were later returned since they were found to contain miR482g
and one other miRNA loci as determined in (Xia et al., 2015). Read
counts generated by ShortStack (Supplementary Table S2) and the
DESeq2 R package version 3.5.0 (Love et al., 2014) were used to
determine differential expression. Counts were first pre-filtered to
exclude transcripts with less than 10 total counts over all libraries and
variance stabilizing transformation (VST) was then performed using the
DESeq2 vst function. Principal Component Analysis (PCA) plots were
made using the DEseq2 plotPCA function and visualized using ggplot2
(Wickham, 2016). Pairwise comparisons were made between all li-
braries using the DESeq function of the DESeq2 package. A Benjamini
and Hochberg, 1995 adjusted p-value of 0.05 was used as a cut-off to
determine differentially expressed miRNAs. The R package NMF was
used to generate a heatmap from VST counts of differentially expressed
miRNA transcripts (Gaujoux and Seoighe, 2010). Clustering of miRNA
transcripts by expression pattern was performed using VST counts and
the Pearson method (parallelDist package version 0.2.4)(Eckert, 2018).

Predictions of mRNA targets of differently expressed miRNAs were
inferred by referring to the miRNA targets already described in Yakovlev
and Fossdal (2017) or Xia et al. (2015) and by using psRNATarget (Dai
etal., 2018). The scoring schema V2 in psRNATarget was used to predict
target sequences with a maximum expectation value of 3. The reference
transcriptome used for mapping of mRNA-sequencing reads from the
same bark samples (Mageroy et al., 2020b, see the Supplementary File
S4), was used as the psRNATarget input file.

Protein family (Pfam) assignments of mRNA target sequences were
taken from Mageroy et al. (2020b). Pfam enrichment analysis for each
expression cluster identified in the heatmap was performed in R
(Version 3.5.1) using be3net (de Matos Simoes & Emmert-Streib, 2016).
A Benjamini-Hochberg adjusted p-value of 0.05 was used as the cutoff
for significance.

Network diagrams were produced in R using igraph (Csardi and
Nepusz, 2006) and were visualized using the ggnet2 part of GGally, an
extension of ggplot2 (Wickham, 2016; Schloerke et al., 2020). To aid
readability, network diagrams were divided into three with miRNAs
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with shared mRNA targets appear in the same diagram.
3. Results

3.1. Effects of Methyl Jasmonate Treatment and Subsequent Wounding
on the miRNA Transcriptome

In our previous work, we observed large-scale changes to the Norway
spruce mRNA transcriptome in response to MeJA treatment and/or
wounding challenge (Mageroy et al., 2020b). Small RNAs (sRNAs) can
shape the mRNA transcriptome via both pre- and post-transcriptional
mechanisms (Vaucheret, 2006). Thus, to explore the possible role of
sRNAs in shaping the bark mRNA transcriptome following MeJA treat-
ment and subsequent wounding challenge, we sequenced sRNAs from
the same tissues that we used in our previous mRNA sequencing study
(Mageroy et al., 2020b). In agreement with a previous study examining
sRNA expression in Norway spruce (Nystedt et al., 2013), we found that
the majority of SRNAs in Norway spruce bark were 21 nt miRNAs, with a
very low frequency of 24 nt sRNAs (Fig. 2).

We focused only on the miRNA transcriptome, as miRNAs have
previously been found to be abundant in Norway spruce and are well
known regulators gene expression (Xia et al., 2015; Yakovlev and
Fossdal, 2017). First, sSRNA libraries were mapped to previously iden-
tified Norway spruce miRNA containing scaffolds (Xia et al., 2015;
Yakovlev and Fossdal, 2017). Next, we used a principal component
analysis (PCA) to assess global miRNA expression patterns and the
consistency between biological replicates. The PCA demonstrated that
replicates within the same treatment generally clustered together,
except for replicate 1 (Fig. 3). This was probably due to the fact that the
control replicate 1 had a lower number of reads than all other replicates
(Supplementary Table S1). The PCA also suggested that treatment with
MeJA had the greatest impact on the miRNA transcriptome, as the pri-
mary PCA axis (explaining 39% of the variance) correlated with treat-
ment, whereas the secondary PCA axis (explaining 18% of the variance)
correlated with challenge (Fig. 3).

Pairwise comparisons between all four treatment combinations (CI,
CW, MI, MW, Fig. 1) identified 97 miRNA loci, belonging to 38 families,
which were differentially expressed in at least one of the comparisons
(Figs. 4 and 5). Comparisons to CI provide insight into how each treat-
ments affects baseline miRNA expression. Comparisons to CW show how
the short-term response to wounding in naive bark differs from long-
term MeJA-induced responses and the MeJA-primed response to
wounding. Finally, the comparison between MI and MW also helps
identify differences between prolonged response to MeJA and MeJA-
primed response to wounding. The highest number of differentially
expressed miRNAs were found for the comparisons between MeJA-
treated and wounded versus the control and intact bark tissues (MW
vs. CI) and for MeJA-treated and wounded versus the control and
wounded bark tissues (MW vs. CW) (Fig. 4). The fewest number of
differentially expressed miRNAs were found in the comparison between
control wounded bark tissue and the untreated control bark (CW vs. CI)
(Fig. 4).

Next, we explored the expression patterns of the differentially
expressed miRNAs in more detail. Hierarchical clustering was used to
group these miRNAs into three main clusters (Fig. 5; Supplementary
Table S3). The expression patterns of these clusters matched expression
patterns described in our mRNA transcriptomics study: miRNAs in
cluster 1 exhibited “prolonged downregulation after MeJA treatment”;
miRNAs in cluster 2 exhibited “primed upregulation following MeJA
treatment and wounding”; and miRNAs in cluster 3 exhibited “pro-
longed upregulation after MeJA treatment” (Mageroy et al., 2020b). The
highest number of differentially expressed miRNAs were found in clus-
ters 3 and cluster 1. These had 41 and 33 different miRNA loci respec-
tively, confirming that, as seen in the PCA analysis, the MeJA treatment
had the largest effect on the miRNA transcriptome.
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Fig. 2. Read length frequency for individual sRNA libraries from Norway spruce bark sprayed with methyl jasmonate or water and then wounded or left intact
(legend; treatment combination and replicate). CI = control intact; MI = methyl jasmonate intact; CW = control wounded; MW = methyl jasmonate wounded. For an
explanation of the experimental design and the different treatment combinations see Fig. 1.
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Fig. 4. Number of differentially expressed miRNAs in pairwise comparisons of
treatment combinations. The stem bark of Norway spruce trees was first
sprayed with methyl jasmonate (MeJA) or water (control), then wounded or left
intact four weeks later, and finally sampled 24 h after wounding. The outcome
was bark samples from four treatment combinations: MeJA-treated and
wounded bark (MW), MeJA-treated and intact bark (MI), control and wounded
bark (CW), and control and intact bark (CI).
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Fig. 5. Clustering of differentially expressed miRNAs and Pfam (protein family) enrichment analysis of their predicted mRNA targets in Norway spruce bark. (A)
Heatmap of z-scores of VST counts computed for all miRNAs differentially expressed (p adjusted < 0.05) in at least one of the six pairwise comparisons between the
four treatment combinations (see Fig. 1 for an explanation of the experimental design and treatment combinations). Differentially expressed miRNAs clustered into
three main expression groups (Cluster 1-3). Cluster 1 = prolonged upregulated. Cluster 2 = primed upregulated. Cluster 3 = prolonged downregulated. (B) Pfam
enrichment analysis of each expression cluster showing the top four enriched (or the two enriched in Cluster 2) Pfam categories with an adjusted p-value < 0.05.
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3.2. mRNA Target Predictions

To explore how the miRNAs in the three clusters (Fig. 5) could have
shaped the mRNA transcriptome we next identified potential miRNA
targets using psRNATarget from the curated Norway spruce tran-
scriptome, to which we mapped mRNA-seq libraries in our previous
study (Mageroy et al., 2020b) (Supplementary Table S3 or Supplemen-
tary Figs. S1 Network diagrams 1-3). We also assessed the Pfam domain
enrichment of the proteins encoded by the putative mRNA targets
identified by psRNATarget for each expression cluster. While some Pfam
accessions were enriched for all three clusters, such as the NB-ARC
domain (PF00931.21), many were only overrepresented in specific
clusters (Supplementary Table S4). Below we report the most notable
miRNAs, enriched Pfams, and differentially expressed mRNA targets for
each of the clusters, as well as those that were found in all three clusters.

3.2.1. Cluster 1: Prolonged Downregulation After MeJA Treatment

miRNA families found only in Cluster 1 included loci from miR162,
miR167, miR319, miR396, miR529, and miR1313. Families miR162,
miR167, miR319, miR396, and miR529 are highly conserved among
plants, while miR1313 seems to be unique for species in the pine family
(Pinaceae) (Axtell et al., 2007; Morin et al., 2008; Liu et al., 2009; Li
etal., 2011, 2019; Wong et al., 2011; Wan et al., 2012; Barik et al., 2015;
Xiaetal., 2015). miR162 is a conserved and known negative regulator of
DICER-LIKE1 (DCL1). It forms part of a self-regulatory loop between
miR162 and DCL1 and provides a key feedback component of miRNA
biogenesis (Liu et al., 2009). In angiosperm plants, miR167 and miR319
target the Auxin Response Factors 6/8 (ARF6/8) and the TCP (TEOSINTE
BRANCHED/CYCLOIDEA/PCF) family of transcription factors, respec-
tively (Nagpal et al., 2005; Schommer et al., 2008; Zhao et al., 2015).
Family miR1313 has previously been identified as a trigger for pha-
siRNAs in Norway spruce (Xia et al., 2015).

3.2.2. Cluster 2: Primed Upregulation After MeJA Treatment and
Wounding

miRNA families unique to Cluster 2 included miR169, miR390,
miR3693, and miR4376. Families miR169 and miR390 are both widely
conserved in plants (Axtell et al., 2007; Chen et al., 2017). Family
miR4376 is conserved across most plants, but absent in monocots (Xia
et al.,, 2015). As of yet, miR3693 has only been identified in Picea
(Yakovlev and Fossdal, 2017). miR390 triggers the production of trans-
acting siRNAs (tasiRNA) from TRANS-ACTING SIRNA GENE 3 (TAS3).
TAS3 is the most studied TAS gene and the components of this pathway
are present in all land plants (Xia et al., 2017). Targets of TAS3 tasiRNAs
include several class-B ARF genes (Xia et al., 2017). Members of the
miR4376 family target ACA10, which encodes AUTOINHIBITED Ca?*-
ATPases and triggers formation of phasiRNAs (Xia et al., 2015).

3.2.3. Cluster 3: Prolonged Upregulation After MeJA Treatment

miRNA families that were differentially expressed and only found in
Cluster 3 included loci from miR156, miR160, miR168, miR171,
miR172, miR397, miR398, miR858, miR1311, and miR11487. Families
miR156, miR160, miR168, miR171, miR172, miR397, and miR398 are
highly conserved among plants (Chavez Montes et al., 2014). Family
miR858 is found in gymnosperms and most eudicots, but is absent in
most monocots (Chavez Montes et al., 2014). The miR1311 family is
specific to Pinaceae and the miR11487 family has so far only been
identified in Picea. In angiosperms, miR160 targets the class-C clade of
ARF which include ARF10 and ARF16/17 (Mallory et al., 2005;
Gutierrez et al., 2012). miR172 and the predicted mRNA target, APE-
TELA2-like transcription factor PaAP2L3 (Nilsson et al., 2007), were the
only miRNA-mRNA target pair that had expression patterns expected of
a transcript regulated by a miRNA (a concurrent upregulation of miR172
and the respective downregulation of PaAP2L3) (Supplementary
Table S3). In angiosperms miR168 triggers phasiRNA production
through ARGONAUTE1 (AGO1) dependent activity (Gyula et al., 2018),
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but this has not yet been confirmed in spruce (Xia et al., 2015). Here we
identified NBS-LRRs as potential targets of miR168 (Supplementary
Figs. S1). Family miR1311 has been identified as a trigger of phasiRNA
from NBS-LRRs in spruce (Xia et al., 2015). Interestingly, the
miR11487b and miR11487c loci had the highest log,-fold changes in
expression in MeJA treated bark tissues (MI and MW) compared to the
control tissues (CW and CI) (Supplementary Table S5). Predicted
miR11487 mRNA targets were annotated as possessing the epigenetic
modification reader domain PWWP or the Putative S-adenosyl-L-
methionine-dependent methyltransferase domain, which can be found
in DNA methyltransferases.

3.2.4. miRNAs Found Across All Three Clusters

Families miR3701, miR482, and miR950 were found in all three
clusters. Families miR3701 and miR950 are specific to conifers, while
the miR482/miR2118 super-family is found in most plants excepts for
ferns and monocots (Wan et al., 2012; Chavez Montes et al., 2014; Xia
et al., 2015). The predicted targets of these miRNA families all comprise
NBS-LRRs (Supplementary Table S3). Additionally, all of these miRNA
families have been identified as triggers of phasiRNA production from
NBS-LRR loci (Xia et al., 2015).

Lastly the miR393 family is a highly conserved miRNA involved in a
variety of processes including host damage-associated molecular pattern
mediated recognition (Huang et al., 2016). miR393 is commonly upre-
gulated during pathogen and herbivore attack, or grafting (Bozorov
et al., 2012; Pagliarani et al., 2017). This miRNA family is known to
target transcripts of the auxin receptors TRANSPORT INHIBITOR
RESISTANT1/AUXIN SIGNALING F-BOX (TIR1/AFBs; Si-Ammour et al.,
2011; Bozorov et al., 2012), as well as to trigger secondary phasiRNA
production in Norway spruce (Xia et al., 2015). Surprisingly we found
the expression of all four members of the miR393 family to be absent in
bark tissues (Supplementary Table S2).

4. Discussion

sRNAs play an essential role in controlling transcriptional and post-
transcriptional silencing of genes affecting plant development, cell
communication and signaling. In our analyses, we observed that bark
treatment with MeJA altered the miRNA transcriptome both directly
and by changing how the miRNA transcriptome responded to a subse-
quent wounding challenge. The most pronounced effect of MeJA treat-
ment was a prolonged up- or downregulation of miRNAs expression. A
subset of miRNAs were also identified as having the characteristics of a
primed expression response after wounding in pretreated MeJA bark.
However, we did not find an overall strong relationship between
changes in the expression of specific miRNAs and that of their predicted
mRNA targets. The general lack of correspondence could be due to the
fact that while miRNAs can guide the cleavage of mRNAs they can also
inhibit the translation of their mRNAs targets, meaning that a corre-
sponding target mRNA reduction would not be observed in the tran-
scriptome. Alternatively, miRNAs may fine tune the expression of
mRNAs within specific MeJA-induced structures, like developing trau-
matic resin ducts in the cambium, which could form a small portion of
the total bark sample from which we extracted RNA (Krokene et al.,
2008; Celedon et al., 2017). Either way, further analysis of AGO-asso-
ciated miRNAs and target protein expression, or an in situ hybridization
of miRNA targets, would be required to confirm these hypotheses.

4.1. Defense Signaling

While there was minimal correlation between altered miRNA
expression and that of their predicted mRNA targets, Pfam enrichment
analysis of the predicted miRNA targets did show that the defense gene-
associated NB-ARC domain was enriched among mRNA targets in all
expression clusters (Fig. 5B). The NB-ARC domain, otherwise known as
the nucleotide-binding site (NBS) domain, is one of the two core
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domains in NBS-LRR proteins which are well known to participate in
pathogen sensing and plant defenses (McHale et al., 2006; Couto and
Zipfel, 2016; Jones et al., 2016). Because overexpression of NBS-LRRs
results in programmed cell death, it is costly and NBS-LRRs must
therefore be tightly regulated (Wang et al., 2016; Zhang et al., 2016).
Studies of the white spruce (Picea glauca) and Norway spruce genomes
show that they contain over 500 highly diverse NBS-LRR genes repre-
senting 1.35% of all gene transcripts (Zhang et al., 2016; Van Ghelder
etal., 2019). miRNAs can be effective regulators of NBS-LRR expression,
as a small number of miRNAs can regulate substantial numbers of NBS-
LRRs. Thus few evolutionary events are needed to produce an miRNA
that can regulate many targets (Zhang et al., 2016).

Almost 800 phasiRNA-producing loci (PHAS loci) have been identi-
fied in spruce with sequence similarity to NBS-LRR genes (Xia et al.,
2015). Complementary to these loci, spruce also has a large miR482/
miR2118 superfamily with well-known triggers of NBS-LRR phasiRNAs,
as well as 18 other miRNAs that target NBS-LRRs for phasiRNA pro-
duction (Xia et al., 2015). In our study, we found miR482 loci plus other
miRNA triggers of NBS-LRR phasiRNA production in all three expression
clusters. Given the diversity of NBS-LRR structure and function, finding
NBS-LRR targeting miRNAs in all three expression clusters is perhaps not
so unexpected (Lolle et al., 2020). Much more research is required to
understand the diverse roles of NBS-LRRs in spruce defense and how
NBS-LRRs are targeted and regulated by miRNAs.

4.2. Regulation of the Jasmonic Acid Pathway

The jasmonic acid (JA) pathway is an important signaling pathway
that controls plant defenses which are effective against herbivores and
necrotrophic pathogens (Wasternack and Song, 2016). Several miRNAs
that are known to target regulators of the JA pathway were found to be
differentially expressed in our analysis. miR167 and miR319, which
target the JA biosynthesis regulators ARF6/8 and TCP2/4/10 respec-
tively, were prolonged downregulated after MeJA treatment. In Arabi-
dopsis, arf6 arf8 double mutants produce only a third as much JA as wild
type plants (Nagpal et al., 2005; Oh et al., 2008; Tabata et al., 2010).
Similarly, the downregulation of TCP reduces JA levels in Arabidopsis
and, in tomato, the miR319-TCP4/LA network appears to play a sig-
nificant role in modulating JA biosynthesis during defense responses to
root-knot nematode invasion (Schommer et al., 2008; Fujimoto et al.,
2011; Zhao et al., 2015). We also found that miR160, which targets
ARF17 in Arabidopsis, a negative regulator of JA accumulation (Mallory
et al., 2005; Gutierrez et al., 2012), was prolonged upregulated in bark
tissue after MeJA treatment. If these regulators have similar functions in
spruce as in Arabidopsis and tomato, JA levels should be increased after
MeJA treatment. However, we did not find corresponding changes in
expression levels of ARFs that are known targets of miR167, miR319 or
miR160. Additionally, in our previous work on the same bark samples
we found JA levels to be significantly increased in MeJA-treated bark
after wounding, but not in intact MeJA-treated bark (Mageroy et al.,
2020Db). Thus, it remains unclear how miRNAs regulate JA biosynthesis
in Norway spruce.

Another differentially expressed miRNA in our study was the highly
conserved miR172, which is known to target AP2-like transcription
factors in other plants (Nilsson et al., 2007; Chavez Montes et al., 2014;
Chorostecki et al., 2017; Zhang and Chen, 2021). Our analysis also
identified PaAP2L3 as a co-regulated target of miR172. The AP2/ERF
(ethylene response factor) superfamily has regulatory roles in many
plant processes including growth and development, fruit ripening,
hormone signaling, and defense responses (Gu et al., 2017). In Arabi-
dopsis, miR172c forms an auto-regulatory loop with AP2, coordinated by
a conserved heterodimeric protein module containing FRUITFUL (FUL)
and ARF8 proteins (Gasser, 2015; José Ripoll et al., 2015). In our study,
miR172 expression was prolonged upregulated after MeJA treatment,
while its AP2-like target was downregulated only in MeJA-treated intact
bark. In barley and Arabidopsis, miR172 modulates AP2 expression by
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translational repression (Chen, 2004; Zhu and Helliwell, 2011; Anwar
etal., 2018), and also could explain why an increase in miR172 does not
always result in a synchronized decrease in the AP2 mRNA target in our
study. However, it is also likely that Norway spruce has other unknown
miR172 loci that regulate AP2-like transcription factors as the current
genomic reference is highly fragmented. Only one genomic miR172
locus is currently identified in Norway spruce (Xia et al., 2015), and
based on comparison with other gymnosperms at least 2-3 miR172
family members are expected to be present (unpublished data). Recent
publications support a role for miR172 in angiosperms plant defense (Gu
et al.,, 2017; Wang and Galili, 2019). The role of miR172 and AP2 in
regulating reproductive development and meristem function in Norway
spruce has already been described (Nilsson et al., 2007). However, the
role of miR172 loci in spruce defenses is largely unexplored. To better
understand if and how miR172, miR167, miR319, and miR160 regulate
JA-mediated defense in Norway spruce, further analysis of the JA
biosynthesis pathway, JA signaling and perception is required.

4.3. PhasiRNA Regulation of RNA-Dependent DNA Methylation

In this study, several phasiRNA trigger miRNAs were differentially
expressed. The function of many phasiRNAs is still poorly understood in
plants (Liu et al., 2020). Nevertheless, it is known that 21-22 nt sec-
ondary siRNAs, which may or may not be phased, can play a crucial role
in non-canonical RADM pathways (Cuerda-Gil and Slotkin, 2016). Xia
et al. (2015) found that the phasiRNA network is greatly expanded in
spruce. They suggest that the expanded miRNA and downstream pha-
siRNA pathways may be important in regulating transposable elements
(TEs) in Norway spruce and thus compensate for the low abundance of
24-nt sRNAs in this species (Xia et al., 2015). Potentially 21 nt pha-
siRNAs could play a role in directing the activity of de novo DNA
methyltransferases in spruce and thus in turn control transcriptional
silencing of TEs. Given the increasing evidence for the regulation of DNA
methylation at TEs which are linked to defense priming and IR (Wil-
kinson et al., 2019), this topic requires further research in spruce.

5. Conclusions

While we are beginning to understand the breadth of the mecha-
nisms by which sRNAs, including miRNAs, regulate plant immunity in
model angiosperms, our understanding in gymnosperms is very rudi-
mentary. The data we present in this study indicate that several miRNAs,
including members of miR167, miR172, miR319 and miR485/2118
families, have a role in the establishment and maintenance of MeJA-IR
in Norway spruce. Further exploration of how miRNAs may regulate
the defenses underpinning MeJA-IR in spruce could use single cell and/
or tissue-specific transcriptomics (e.g. Celedon et al., 2017) as well as
transgenic seedlings expressing short tandem target mimic (STTM)
RNAs which inactivate specific miRNA families, as recently demon-
strated in tomato (Canto-Pastor et al., 2019).

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.plgene.2021.100301.

Author contributions

M.H.M, A.V-S. and P.K. conceptualized the study. P.K. and M.H.M
acquired the funding. M.H.M, A.V-S, and S.W.W analyzed the data. M.H.
M wrote the original draft. M.H.M, P.K., A.V-S, and S.W.W reviewed and
edited the manuscript.

Funding

M.H.M. and P.K. acknowledge support by the Research Council of
Norway (FRIPRO; no. 249920 and 249958/F20, respectively).


https://doi.org/10.1016/j.plgene.2021.100301
https://doi.org/10.1016/j.plgene.2021.100301

S.W. Wilkinson et al.
Data availability statement

Raw sRNA read data are found at NCBI with the BioProject
PRJINA564212 and Biosamples: SAMN12687882, SAMN12687883,
SAMN12687884, SAMN12687885.

Declaration of Competing Interest

The authors declare that the research was conducted in the absence
of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Acknowledgments

We thank Igor Yakovlev for his laboratory guidance. We thank the
National Genomics Infrastructure (NGI)/Uppsala Genome Center and
UPPMAX for providing assistance in miRNA sequencing (Project No.
NGI03662). Bioinformatics were performed on the Abel Cluster, owned
by the University of Oslo and Uninett/Sigma2, and operated by the
Department for Research Computing at USIT, the University of Oslo IT-
department. http://www.hpc.uio.no/ (nn9433k).

References

Anwar, N., Ohta, M., Yazawa, T., Sato, Y., Li, C., Tagiri, A., et al., 2018. MiR172
downregulates the translation of cleistogamy 1 in barley. Ann. Bot. 122, 251-265.
https://doi.org/10.1093/aob/mcy058.

Axtell, M.J., 2013. Classification and comparison of small RNAs from plants. Annu. Rev.
Plant Biol. 64, 137-159. https://doi.org/10.1146/annurev-arplant-050312-120043.

Axtell, M.J., Meyers, B.C., 2018. Revisiting criteria for plant microRNA annotation in the
era of big data. Plant Cell 30, 272-284. https://doi.org/10.1105/tpc.17.00851.

Axtell, M.J., Snyder, J.A., Bartel, D.P., 2007. Common functions for diverse small RNAs
of land plants. Plant Cell 19, 1750-1769. https://doi.org/10.1105/tpc.107.051706.

Barik, S., Kumar, A., Sarkar Das, S., Yadav, S., Gautam, V., Singh, A., et al., 2015.
Coevolution pattern and functional conservation or divergence of miR167s and their
targets across diverse plant species. Sci. Rep. 5, 1-19. https://doi.org/10.1038/
srepl4611.

Benjamini, Y., Hochberg, Y., 1995. Controlling the false discovery rate: a practical and
powerful approach to multiple testing. J. R. Stat. Soc. Ser. B 57, 289-300. https://
doi.org/10.2307/2346101.

Bozorov, T.A., Baldwin, L.T., Kim, S.G., 2012. Identification and profiling of miRNAs
during herbivory reveals jasmonate-dependent and -independent patterns of
accumulation in Nicotiana attenuata. BMC Plant Biol. 12, 209. https://doi.org/
10.1186/1471-2229-12-209.

Bushnell, B. (2014). BBMap: A Fast, Accurate, Splice-Aware Aligner. Berkeley, CA.
Available at: http://sourceforge.net/projects/bbmap/.

Camacho, C., Coulouris, G., Avagyan, V., Ma, N., Papadopoulos, J., Bealer, K., et al.,
2009. BLAST+: architecture and applications. BMC Bioinformatics 10, 421. https://
doi.org/10.1186/1471-2105-10-421.

Canto-Pastor, A., Santos, B.A.M.C., Valli, A.A., Summers, W., Schornack, S.,
Baulcombe, D.C., 2019. Enhanced resistance to bacterial and oomycete pathogens by
short tandem target mimic RNAs in tomato. Proc. Natl. Acad. Sci. U. S. A. 116,
2755-2760. https://doi.org/10.1073/pnas.1814380116.

Celedon, J.M., Yuen, M.M.S., Chiang, A., Henderson, H., Reid, K.E., Bohlmann, J., 2017.
Cell-type- and tissue-specific transcriptomes of the white spruce (Picea glauca) bark
unmask fine-scale spatial patterns of constitutive and induced conifer defense. Plant
J. 92, 710-726. https://doi.org/10.1111/tpj.13673.

Chéavez Montes, R.A., De Fatima Rosas-Cardenas, F., De Paoli, E., Accerbi, M.,
Rymarquis, L.A., Mahalingam, G., et al., 2014. Sample sequencing of vascular plants
demonstrates widespread conservation and divergence of microRNAs. Nat. Commun.
5, 1-15. https://doi.org/10.1038/ncomms4722.

Chen, Q., Li, M., Zhang, Z., Tie, W., Chen, X., Jin, L., et al., 2017. Integrated mRNA and
microRNA analysis identifies genes and small miRNA molecules associated with
transcriptional and post-transcriptional-level responses to both drought stress and re-
watering treatment in tobacco. BMC Genomics 18, 62. https://doi.org/10.1186/
512864-016-3372-0.

Chen, X., 2004. A MicroRNA as a translational repressor of APETALA2 in Arabidopsis
flower development. Science 303, 2022-2025. https://doi.org/10.1126/
science. 1088060 (80).

Chorostecki, U., Moro, B., Rojas, A.M.L., Debernardi, J.M., Schapire, A.L., Notredame, C.,
et al., 2017. Evolutionary footprints reveal insights into plant microRNA biogenesis.
Plant Cell 29, 1248-1261. https://doi.org/10.1105/tpc.17.00272.

Couto, D., Zipfel, C., 2016. Regulation of pattern recognition receptor signalling in
plants. Nat. Rev. Immunol. 16, 537-552. https://doi.org/10.1038/nri.2016.77.
Csardi, G., Nepusz, T., 2006. The igraph software package for complex network research.

InterJ. Complex Syst. 1695.

Cuerda-Gil, D., Slotkin, R.K., 2016. Non-canonical RNA-directed DNA methylation. Nat.

Plants 2, 16163. https://doi.org/10.1038/nplants.2016.163.

Plant Gene 27 (2021) 100301

Dai, X., Zhuang, Z., Zhao, P.X., 2018. psRNATarget: a plant small RNA target analysis
server (2017 release). Nucleic Acids Res. 46, W49-W54. https://doi.org/10.1093/
nar/gky316.

De Kesel, J., Conrath, U., Flors, V., Luna, E., Mageroy, M.H., Mauch-Mani, B., et al., 2021.
The induced resistance lexicon: do’s and don’ts. Trends Plant Sci. https://doi.org/
10.1016/j.tplants.2021.01.001.

Eckert, A., 2018. ParallelDist: Parallel Distance Matrix Computation Using Multiple
Threads.

Eddy, S.R., 2009. A new generation of homology search tools based on probabilistic
inference. Genome Inform. 23, 205-211. Available at: http://www.ncbi.nlm.nih.
gov/pubmed/20180275 [Accessed March 5, 2019].

El-Gebali, S., Mistry, J., Bateman, A., Eddy, S.R., Luciani, A., Potter, S.C., et al., 2019.
The Pfam protein families database in 2019. Nucleic Acids Res. 47, D427-D432.
https://doi.org/10.1093/nar/gky995.

Erbilgin, N., Krokene, P., Christiansen, E., Zeneli, G., Gershenzon, J., 2006. Exogenous
application of methyl jasmonate elicits defenses in Norway spruce (Picea abies) and
reduces host colonization by the bark beetle Ips typographus. Oecologia 148,
426-436. https://doi.org/10.1007/s00442-006-0394-3.

Fei, Q., Xia, R., Meyers, B.C., 2013. Phased, secondary, small interfering RNAs in
posttranscriptional regulatory networks. Plant Cell 25, 2400-2415. https://doi.org/
10.1105/tpc.113.114652.

Franceschi, V.R., Krekling, T., Christiansen, E., 2002. Application of methyl jasmonate on
Picea abies (Pinaceae) stems induces defense-related responses in phloem and xylem.
Am. J. Bot. 89, 578-586. https://doi.org/10.3732/ajb.89.4.578.

Fujimoto, T., Tomitaka, Y., Abe, H., Tsuda, S., Futai, K., Mizukubo, T., 2011. Expression
profile of jasmonic acid-induced genes and the induced resistance against the root-
knot nematode (Meloidogyne incognita) in tomato plants (Solanum lycopersicum) after
foliar treatment with methyl jasmonate. J. Plant Physiol. 168, 1084-1097. https://
doi.org/10.1016/j.jplph.2010.12.002.

Gasser, C., 2015. Fruit development: miRNA pumps up the volume. Nat. Plants 1.
https://doi.org/10.1038/nplants.2015.37.

Gaujoux, R., Seoighe, C., 2010. A flexible R package for nonnegative matrix
factorization. BMC Bioinforma. 11 https://doi.org/10.1186/1471-2105-11-367.

Gu, C., Guo, Z.-H., Hao, P.-P., Wang, G.-M., Jin, Z.-M., Zhang, S.-L., 2017. Multiple
regulatory roles of AP2/ERF transcription factor in angiosperm. Bot. Stud. 58, 6.
https://doi.org/10.1186/540529-016-0159-1.

Gutierrez, L., Mongelard, G., Flokovd, K., Pacurar, D.I., Novak, O., Staswick, P., et al.,
2012. Auxin controls Arabidopsis adventitious root initiation by regulating jasmonic
acid homeostasis. Plant Cell 24, 2515-2527. https://doi.org/10.1105/
tpc.112.099119.

Gyula, P., Baksa, L., T6th, T., Mohorianu, 1., Dalmay, T., Szittya, G., 2018. Ambient
temperature regulates the expression of a small set of sSRNAs influencing plant
development through NF - YA2 and YUC2. Plant Cell Environ. 41, 2404-2417.
https://doi.org/10.1111/pce.13355.

Huang, J., Yang, M., Zhang, X., 2016. The function of small RNAs in plant biotic stress
response. J. Integr. Plant Biol. 58, 312-327. https://doi.org/10.1111/jipb.12463.

Jones, J.D.G.G., Vance, R.E., Dangl, J.L., 2016. Intracellular innate immune surveillance
devices in plants and animals. Science 354. https://doi.org/10.1126/science.
aaf6395 (80).

José Ripoll, J., Bailey, L.J., Mai, Q.-A., Wu, S.L., Hon, C.T., Chapman, E.J., et al., 2015.
microRNA regulation of fruit growth. Nat. Plants 1, 15036. https://doi.org/
10.1038/nplants.2015.36.

Kozlowski, G., Buchala, A., Métraux, J.-P.P., 1999. Methyl jasmonate protects Norway
spruce [Picea abies (L.) karst.] seedlings against Pythium ultimum Trow. Physiol. Mol.
Plant Pathol. 55, 53-58. https://doi.org/10.1006/pmpp.1999.0205.

Krokene, P., Nagy, N.E., Solheim, H., 2008. Methyl jasmonate and oxalic acid treatment
of Norway spruce: anatomically based defense responses and increased resistance
against fungal infection. Tree Physiol. 28, 29-35. https://doi.org/10.1093/
treephys/28.1.29.

Li, A.L., Wen, Z., Yang, K., Wen, X.P., 2019. Conserved mir396b-GRF regulation is
involved in abiotic stress responses in pitaya (Hylocereus polyrhizus). Int. J. Mol. Sci.
20 https://doi.org/10.3390/ijms20102501.

Li, Y., Li, C., Ding, G., Jin, Y., 2011. Evolution of MIR159/319 microRNA genes and their
post-transcriptional regulatory link to siRNA pathways. BMC Evol. Biol. 11 https://
doi.org/10.1186/1471-2148-11-122.

Liu, Q., Feng, Y., Zhu, Z., 2009. Dicer-like (DCL) proteins in plants. Funct. Integr.
Genomics 9, 277-286. https://doi.org/10.1007/s10142-009-0111-5.

Liu, Y., Teng, C., Xia, R., Meyers, B.C., 2020. PhasiRNAs in plants: their biogenesis, genic
sources, and roles in stress responses, development, and reproduction. Plant Cell 32,
3059-3080. https://doi.org/10.1105/tpc.20.00335.

Lolle, S., Stevens, D., Coaker, G., 2020. Plant NLR-triggered immunity: from receptor
activation to downstream signaling. Curr. Opin. Immunol. 62, 99-105. https://doi.
org/10.1016/j.c0i.2019.12.007.

Love, M.L., Huber, W., Anders, S., 2014. Moderated estimation of fold change and
dispersion for RNA-seq data with DESeq2. Genome Biol. 15, 550. https://doi.org/
10.1186/513059-014-0550-8.

Mageroy, M.H., Wilkinson, S.W., Tengs, T., Cross, H., Almvik, M., Pétriacq, P., et al.,
2020b. Molecular underpinnings of methyl jasmonate-induced resistance in Norway
spruce. Plant Cell Environ. 43, 1827-1843. https://doi.org/10.1111/pce.13774.

Mageroy, M.H.M.H., Christiansen, E., Langstrom, B., Borg-Karlson, A.-K., Solheim, H.,
Bjorklund, N., et al., 2020a. Priming of inducible defenses protects Norway spruce
against tree-killing bark beetles. Plant Cell Environ. 43, 420-430. https://doi.org/
10.1111/pce.13661.

Mallory, A.C., Bartel, D.P., Bartel, B., 2005. MicroRNA-directed regulation of Arabidopsis
Auxin response Factorl7 is essential for proper development and modulates


http://www.hpc.uio.no/
https://doi.org/10.1093/aob/mcy058
https://doi.org/10.1146/annurev-arplant-050312-120043
https://doi.org/10.1105/tpc.17.00851
https://doi.org/10.1105/tpc.107.051706
https://doi.org/10.1038/srep14611
https://doi.org/10.1038/srep14611
https://doi.org/10.2307/2346101
https://doi.org/10.2307/2346101
https://doi.org/10.1186/1471-2229-12-209
https://doi.org/10.1186/1471-2229-12-209
http://sourceforge.net/projects/bbmap/
https://doi.org/10.1186/1471-2105-10-421
https://doi.org/10.1186/1471-2105-10-421
https://doi.org/10.1073/pnas.1814380116
https://doi.org/10.1111/tpj.13673
https://doi.org/10.1038/ncomms4722
https://doi.org/10.1186/s12864-016-3372-0
https://doi.org/10.1186/s12864-016-3372-0
https://doi.org/10.1126/science.1088060
https://doi.org/10.1126/science.1088060
https://doi.org/10.1105/tpc.17.00272
https://doi.org/10.1038/nri.2016.77
http://refhub.elsevier.com/S2352-4073(21)00031-7/rf0075
http://refhub.elsevier.com/S2352-4073(21)00031-7/rf0075
https://doi.org/10.1038/nplants.2016.163
https://doi.org/10.1093/nar/gky316
https://doi.org/10.1093/nar/gky316
https://doi.org/10.1016/j.tplants.2021.01.001
https://doi.org/10.1016/j.tplants.2021.01.001
http://refhub.elsevier.com/S2352-4073(21)00031-7/rf0095
http://refhub.elsevier.com/S2352-4073(21)00031-7/rf0095
http://refhub.elsevier.com/S2352-4073(21)00031-7/rf9077
http://refhub.elsevier.com/S2352-4073(21)00031-7/rf9077
http://refhub.elsevier.com/S2352-4073(21)00031-7/rf9077
https://doi.org/10.1093/nar/gky995
https://doi.org/10.1007/s00442-006-0394-3
https://doi.org/10.1105/tpc.113.114652
https://doi.org/10.1105/tpc.113.114652
https://doi.org/10.3732/ajb.89.4.578
https://doi.org/10.1016/j.jplph.2010.12.002
https://doi.org/10.1016/j.jplph.2010.12.002
https://doi.org/10.1038/nplants.2015.37
https://doi.org/10.1186/1471-2105-11-367
https://doi.org/10.1186/s40529-016-0159-1
https://doi.org/10.1105/tpc.112.099119
https://doi.org/10.1105/tpc.112.099119
https://doi.org/10.1111/pce.13355
https://doi.org/10.1111/jipb.12463
https://doi.org/10.1126/science.aaf6395
https://doi.org/10.1126/science.aaf6395
https://doi.org/10.1038/nplants.2015.36
https://doi.org/10.1038/nplants.2015.36
https://doi.org/10.1006/pmpp.1999.0205
https://doi.org/10.1093/treephys/28.1.29
https://doi.org/10.1093/treephys/28.1.29
https://doi.org/10.3390/ijms20102501
https://doi.org/10.1186/1471-2148-11-122
https://doi.org/10.1186/1471-2148-11-122
https://doi.org/10.1007/s10142-009-0111-5
https://doi.org/10.1105/tpc.20.00335
https://doi.org/10.1016/j.coi.2019.12.007
https://doi.org/10.1016/j.coi.2019.12.007
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1111/pce.13774
https://doi.org/10.1111/pce.13661
https://doi.org/10.1111/pce.13661

S.W. Wilkinson et al.

expression of early auxin response genes. Plant Cell 17, 1360-1375. https://doi.org/
10.1105/tpc.105.031716.

Martin, D., Tholl, D., Gershenzon, J., Bohlmann, J., 2002. Methyl jasmonate induces
traumatic resin ducts, terpenoid resin biosynthesis, and terpenoid accumulation in
developing xylem of Norway spruce stems. Plant Physiol. 129, 1003-1018. https://
doi.org/10.1104/pp.011001.

McHale, L., Tan, X., Koehl, P., Michelmore, R.W., 2006. Plant NBS-LRR proteins:
adaptable guards. Genome Biol. 7, 212. https://doi.org/10.1186/gb-2006-7-4-212.

Morin, R.D., Aksay, G., Dolgosheina, E., Ebhardt, H.A., Magrini, V., Mardis, E.R., et al.,
2008. Comparative analysis of the small RNA transcriptomes of Pinus contorta and
Oryza sativa. Genome Res. 18, 571-584. https://doi.org/10.1101/gr.6897308.

Nagpal, P, Ellis, C.M., Weber, H., Ploense, S.E., Barkawi, L.S., Guilfoyle, T.J., et al.,
2005. Auxin response factors ARF6 and ARF8 promote jasmonic acid production and
flower maturation. Development 132, 4107-4118. https://doi.org/10.1242/
dev.01955.

Nilsson, L., Carlsbecker, A., Sundas-Larsson, A., Vahala, T., 2007. APETALA2 like genes
from Picea abies show functional similarities to their Arabidopsis homologues. Planta
225, 589-602. https://doi.org/10.1007/s00425-006-0374-1.

Nystedt, B., Street, N.R., Wetterbom, A., Zuccolo, A., Lin, Y.-C.C., Scofield, D.G., et al.,
2013. The Norway spruce genome sequence and conifer genome evolution. Nature
497, 579-584. https://doi.org/10.1038/nature12211.

Oh, T.J., Wartell, R.M., Cairney, J., Pullman, G.S., 2008. Evidence for stage-specific
modulation of specific microRNAs (miRNAs) and miRNA processing components in
zygotic embryo and female gametophyte of loblolly pine (Pinus taeda). New Phytol.
179, 67-80. https://doi.org/10.1111/j.1469-8137.2008.02448.x.

Pagliarani, C., Vitali, M., Ferrero, M., Vitulo, N., Incarbone, M., Lovisolo, C., et al., 2017.
The accumulation of miRNAs differentially modulated by drought stress is affected
by grafting in grapevine. Plant Physiol. 173, 2180-2195. https://doi.org/10.1104/
pp.16.01119.

Sanchez-Sanuy, F., Peris-Peris, C., Tomiyama, S., Okada, K., Hsing, Y.I., San Segundo, B.,
et al., 2019. Osa-miR7695 enhances transcriptional priming in defense responses
against the rice blast fungus. BMC Plant Biol. 19, 563. https://doi.org/10.1186/
512870-019-2156-5.

Schloerke, B., Cook, D., Larmarange, J., Briatte, F., Marbach, M., Thoen, E., et al., 2020.
GGally: Extension to “ggplot2”. https://CRAN.R-project.org/package=GGally.

Schommer, C., Palatnik, J.F., Aggarwal, P., Chételat, A., Cubas, P., Farmer, E.E., et al.,
2008. Control of jasmonate biosynthesis and senescence by miR319 targets. PLoS
Biol. 6, €230 https://doi.org/10.1371/journal.pbio.0060230.

Si-Ammour, A., Windels, D., Arn-Bouldoires, E., Kutter, C., Ailhas, J., Meins, F., et al.,
2011. miR393 and secondary siRNAs regulate expression of the TIR1/AFB2 auxin
receptor clade and auxin-related development of Arabidopsis leaves. Plant Physiol.
157, 683-691. https://doi.org/10.1104/pp.111.180083.

Song, X., Li, Y., Cao, X., Qi, Y., 2019. MicroRNAs and their regulatory roles in plant-
environment interactions. Annu. Rev. Plant Biol. 70, 489-525. https://doi.org/
10.1146/annurev-arplant-050718-100334.

Soto-Sudrez, M., Baldrich, P., Weigel, D., Rubio-Somoza, 1., San Segundo, B., 2017. The
Arabidopsis miR396 mediates pathogen-associated molecular pattern-triggered
immune responses against fungal pathogens. Sci. Rep. 7 https://doi.org/10.1038/
srep44898.

Tabata, R., Ikezaki, M., Fujibe, T., Aida, M., Tian, C.E., Ueno, Y., et al., 2010. Arabidopsis
auxin response factor 6 and 8 regulate jasmonic acid biosynthesis and floral organ
development via repression of class 1 KNOX genes. Plant Cell Physiol. 51, 164-175.
https://doi.org/10.1093/pcp/pcpl76.

Tamiru, M., Hardcastle, T.J., Lewsey, M.G., 2018. Regulation of genome-wide DNA
methylation by mobile small RNAs. New Phytol. 217, 540-546. https://doi.org/
10.1111/nph.14874.

Plant Gene 27 (2021) 100301

Van Ghelder, C., Parent, G.J., Rigault, P., Prunier, J., Giguere, 1., Caron, S., et al., 2019.
The large repertoire of conifer NLR resistance genes includes drought responsive and
highly diversified RNLs. Sci. Rep. 9, 1-13. https://doi.org/10.1038/541598-019-
47950-7.

Vaucheret, H., 2006. Post-transcriptional small RNA pathways in plants: mechanisms
and regulations. Genes Dev. 20, 759-771. https://doi.org/10.1101/gad.1410506.

Wan, L.C., Zhang, H., Lu, S., Zhang, L., Qiu, Z., Zhao, Y., et al., 2012. Transcriptome-wide
identification and characterization of miRNAs from Pinus densata. BMC Genomics
13, 132. https://doi.org/10.1186/1471-2164-13-132.

Wang, L., Ye, X., Liu, H,, Liu, X., Wei, C., Huang, Y., et al., 2016. Both overexpression and
suppression of an Oryza sativa NB-LRR-like gene OsLSR result in autoactivation of
immune response and thiamine accumulation. Sci. Rep. 6, 1-13. https://doi.org/
10.1038/srep24079.

Wang, W., Galili, G., 2019. Tuning the orchestra: miRNAs in plant immunity. Trends
Plant Sci. https://doi.org/10.1016/j.tplants.2019.01.009 (Elsevier Ltd).

Wasternack, C., Song, S., 2016. Jasmonates: biosynthesis, metabolism, and signaling by
proteins activating and repressing transciption. J. Exp. Bot. 68, erw443 https://doi.
org/10.1093/jxb/erw443.

Wickham, H., 2016. ggplot2: Elegant Graphics for Data Analysis. Springer-Verlag, New
York.

Wilkinson, S.W., Magergy, M.H., Lopez Sanchez, A., Smith, L.M., Furci, L., Cotton, T.E.A.,
et al., 2019. Surviving in a hostile world: plant strategies to resist pests and diseases.
Annu. Rev. Phytopathol. 57, 505-529. https://doi.org/10.1146/annurev-phyto-
082718.

Wong, M.M.L., Cannon, C.H., Wickneswari, R., 2011. Identification of lignin genes and
regulatory sequences involved in secondary cell wall formation in Acacia
auriculiformis and Acacia mangium via de novo transcriptome sequencing. BMC
Genomics 12. https://doi.org/10.1186/1471-2164-12-342.

Xia, R., Xu, J., Arikit, S., Meyers, B.C., 2015. Extensive families of miRNAs and PHAS loci
in Norway spruce demonstrate the origins of complex phasiRNA networks in seed
plants. Mol. Biol. Evol. 32, 2905-2918. https://doi.org/10.1093/molbev/msv164.

Xia, R., Xu, J., Meyers, B.C., 2017. The emergence, evolution, and diversification of the
miR390-TAS3-ARF pathway in land plants. Plant Cell 29, 1232-1247. https://doi.
org/10.1105/tpc.17.00185.

Yakovlev, I.A., Fossdal, C.G., 2017. In silico analysis of small RNAs suggest roles for novel
and conserved miRNAs in the formation of epigenetic memory in somatic embryos of
Norway spruce. Front. Physiol. 8 https://doi.org/10.3389/fphys.2017.00674.

Yu, Y., Jia, T., Chen, X., 2017. The ‘how’ and ‘where’ of plant microRNAs. New Phytol.
216, 1002-1017. https://doi.org/10.1111/nph.14834.

Zhang, B., Chen, X., 2021. Secrets of the MIR172 family in plant development and
flowering unveiled. PLoS Biol. 19, 3001099 https://doi.org/10.1371/journal.
pbio.3001099.

Zhang, Y., Xia, R., Kuang, H., Meyers, B.C., 2016. The diversification of plant NBS-LRR
defense genes directs the evolution of MicroRNAs that target them. Mol. Biol. Evol.
33, 2692-2705. https://doi.org/10.1093/molbev/msw154.

Zhao, T., Borg-Karlson, A.K., Erbilgin, N., Krokene, P., 2011. Host resistance elicited by
methyl jasmonate reduces emission of aggregation pheromones by the spruce bark
beetle, Ips typographus. Oecologia 167, 691-699. https://doi.org/10.1007/500442-
011-2017-x.

Zhao, W., Li, Z., Fan, J., Hu, C., Yang, R., Qi, X., et al., 2015. Identification of jasmonic
acid-associated microRNAs and characterization of the regulatory roles of the
miR319/TCP4 module under root-knot nematode stress in tomato. J. Exp. Bot. 66,
4653-4667. https://doi.org/10.1093/jxb/erv238.

Zhu, Q.H., Helliwell, C.A., 2011. Regulation of flowering time and floral patterning by
miR172. J. Exp. Bot. 62, 487-495. https://doi.org/10.1093/jxb/erq295.


https://doi.org/10.1105/tpc.105.031716
https://doi.org/10.1105/tpc.105.031716
https://doi.org/10.1104/pp.011001
https://doi.org/10.1104/pp.011001
https://doi.org/10.1186/gb-2006-7-4-212
https://doi.org/10.1101/gr.6897308
https://doi.org/10.1242/dev.01955
https://doi.org/10.1242/dev.01955
https://doi.org/10.1007/s00425-006-0374-1
https://doi.org/10.1038/nature12211
https://doi.org/10.1111/j.1469-8137.2008.02448.x
https://doi.org/10.1104/pp.16.01119
https://doi.org/10.1104/pp.16.01119
https://doi.org/10.1186/s12870-019-2156-5
https://doi.org/10.1186/s12870-019-2156-5
https://CRAN.R-project.org/package=GGally
https://doi.org/10.1371/journal.pbio.0060230
https://doi.org/10.1104/pp.111.180083
https://doi.org/10.1146/annurev-arplant-050718-100334
https://doi.org/10.1146/annurev-arplant-050718-100334
https://doi.org/10.1038/srep44898
https://doi.org/10.1038/srep44898
https://doi.org/10.1093/pcp/pcp176
https://doi.org/10.1111/nph.14874
https://doi.org/10.1111/nph.14874
https://doi.org/10.1038/s41598-019-47950-7
https://doi.org/10.1038/s41598-019-47950-7
https://doi.org/10.1101/gad.1410506
https://doi.org/10.1186/1471-2164-13-132
https://doi.org/10.1038/srep24079
https://doi.org/10.1038/srep24079
https://doi.org/10.1016/j.tplants.2019.01.009
https://doi.org/10.1093/jxb/erw443
https://doi.org/10.1093/jxb/erw443
http://refhub.elsevier.com/S2352-4073(21)00031-7/rf0325
http://refhub.elsevier.com/S2352-4073(21)00031-7/rf0325
https://doi.org/10.1146/annurev-phyto-082718
https://doi.org/10.1146/annurev-phyto-082718
https://doi.org/10.1186/1471-2164-12-342
https://doi.org/10.1093/molbev/msv164
https://doi.org/10.1105/tpc.17.00185
https://doi.org/10.1105/tpc.17.00185
https://doi.org/10.3389/fphys.2017.00674
https://doi.org/10.1111/nph.14834
https://doi.org/10.1371/journal.pbio.3001099
https://doi.org/10.1371/journal.pbio.3001099
https://doi.org/10.1093/molbev/msw154
https://doi.org/10.1007/s00442-011-2017-x
https://doi.org/10.1007/s00442-011-2017-x
https://doi.org/10.1093/jxb/erv238
https://doi.org/10.1093/jxb/erq295

	The microRNA response associated with methyl jasmonate-induced resistance in Norway spruce bark
	1 Introduction
	2 Materials and Methods
	2.1 Plant Material and Experimental Setup
	2.2 RNA Extraction
	2.3 sRNA Extraction, Library Preparation and Sequencing
	2.4 Analysis

	3 Results
	3.1 Effects of Methyl Jasmonate Treatment and Subsequent Wounding on the miRNA Transcriptome
	3.2 mRNA Target Predictions
	3.2.1 Cluster 1: Prolonged Downregulation After MeJA Treatment
	3.2.2 Cluster 2: Primed Upregulation After MeJA Treatment and Wounding
	3.2.3 Cluster 3: Prolonged Upregulation After MeJA Treatment
	3.2.4 miRNAs Found Across All Three Clusters


	4 Discussion
	4.1 Defense Signaling
	4.2 Regulation of the Jasmonic Acid Pathway
	4.3 PhasiRNA Regulation of RNA-Dependent DNA Methylation

	5 Conclusions
	Author contributions
	Funding
	Data availability statement
	Declaration of Competing Interest
	Acknowledgments
	References


