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Abstract

In response to various stimuli, plants acquire resistance against pests and/or patho-

gens. Such acquired or induced resistance allows plants to rapidly adapt to their envi-

ronment. Spraying the bark of mature Norway spruce (Picea abies) trees with the

phytohormone methyl jasmonate (MeJA) enhances resistance to tree-killing bark

beetles and their associated phytopathogenic fungi. Analysis of spruce chemical

defenses and beetle colonization success suggests that MeJA treatment both directly

induces immune responses and primes inducible defenses for a faster and stronger

response to subsequent beetle attack. We used metabolite and transcriptome profil-

ing to explore the mechanisms underlying MeJA-induced resistance in Norway

spruce. We demonstrated that MeJA treatment caused substantial changes in the

bark transcriptional response to a triggering stress (mechanical wounding). Profiling

of mRNA expression showed a suite of spruce inducible defenses are primed follow-

ing MeJA treatment. Although monoterpenes and diterpene resin acids increased

more rapidly after wounding in MeJA-treated than control bark, expression of their

biosynthesis genes did not. We suggest that priming of inducible defenses is part of a

complex mixture of defense responses that underpins the increased resistance

against bark beetle colonization observed in Norway spruce. This study provides the

most detailed insights yet into the mechanisms underlying induced resistance in a

long-lived gymnosperm.
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1 | INTRODUCTION

Long-lived Norway spruce (Picea abies) trees encounter a wide range

of environmental conditions and challenges throughout their lifetime.

The ability of this economically and ecologically important gymno-

sperm species to adapt to change and to defend itself against most

biotic and abiotic stresses, has helped it dominate European boreal

and temperate forest ecosystems. However, due to rapid climate
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change, Norway spruce is expected to face more extreme weather

events and higher frequencies of pest outbreaks (Hlásny et al., 2019;

Marini et al., 2017; Mezei et al., 2017). Therefore, understanding the

mechanisms by which Norway spruce adapts to environmental change

and stresses is of great importance.

The enhancement of plant basal resistance, known as induced or

acquired resistance, is an important defense strategy that allows

plants to survive in hostile environments (Wilkinson et al., 2019).

Defense priming is one of two mechanisms behind this phenomenon

and provides increased resistance without incurring high fitness costs

(Martinez-Medina et al., 2016; Wilkinson et al., 2019). Plant defenses

can be primed following the exposure to specific stimuli, such as

chemical elicitors, beneficial microbes, localized pathogen attack and

wounding (Mauch-Mani, Baccelli, Luna, & Flors, 2017). Following the

onset of priming, defenses are maintained at basal levels during

stress-free conditions, but upon an attack (a ‘triggering stress’)

defenses are upregulated faster and stronger, resulting in enhanced

resistance (Martinez-Medina et al., 2016). Over the past 20 years,

defense priming has been well studied in short-lived angiosperms, and

this research has led to a better understanding of the molecular mech-

anisms underpinning the onset, maintenance and triggering of primed

defense responses (Conrath, 2011; Conrath, Pieterse, & Mauch-

Mani, 2002). Mechanisms that have been suggested to maintain a

primed state within a plant include chromatin modifications and the

accumulation of conjugated defense hormones or inactive signalling

proteins (Beckers et al., 2009; Conrath, Beckers, Langenbach, &

Jaskiewicz, 2015; Jaskiewicz, Conrath, & Peterhälnsel, 2011; Pastor,

Balmer, Gamir, Flors, & Mauch-Mani, 2014; Schillheim et al., 2018).

In gymnosperms, defense priming has only recently been concep-

tualized (Krokene, 2015; Mageroy et al., 2020; Zhao, Borg-Karlson,

Erbilgin, & Krokene, 2011). Methyl jasmonate (MeJA), the methylated

form of the plant hormone jasmonic acid (JA), has been shown to

induce long-term resistance (i.e., lasting weeks to months) in Norway

spruce against both the tree-killing bark beetle Ips typographus and

the bluestain fungi that it vectors (Erbilgin, Krokene, Christiansen,

Zeneli, & Gershenzon, 2006; Mageroy et al., 2020; Zeneli, Krokene,

Christiansen, Krekling, & Gershenzon, 2006). MeJA is known to

induce anatomical defense responses, such as the formation of trau-

matic resin ducts (cavities filled with resinous terpenes), and the pro-

duction of defensive chemicals, such as terpenes and polyphenolics

(Fossdal, Nagy, Johnsen, & Dalen, 2007; Franceschi, Krekling, &

Christiansen, 2002; Martin, Tholl, Gershenzon, & Bohlmann, 2002).

However, more recent evidence has shown that although MeJA-

induced resistance may persist for months, defense-related terpenes

return to near basal levels within a few weeks (Mageroy et al., 2020;

Zhao et al., 2011; Zulak et al., 2009). The observation of long-term

acquired resistance in spruce without a persistent maintenance of

upregulated defenses suggests that in addition to directly inducing

defenses MeJA may also prime inducible defenses (Mageroy

et al., 2020).

Almost nothing is known about the molecular mechanisms under-

pinning the onset, maintenance and triggering of primed defense

responses in Norway spruce. While we may expect various priming

mechanisms and gene regulatory networks to be conserved across

the plant kingdom, some will likely differ between angiosperms and

long-lived conifers due to the different life strategies and 400 million

years of evolutionary separation of these plant lineages. The aim of

this study was to explore the molecular aspects of defense priming in

Norway spruce using transcriptomic and metabolite profiling. More

specifically, our objectives were to (a) understand how the basal and

wound-induced transcriptomes of Norway spruce trees change in

response to MeJA treatment, (b) identify the primed defense mecha-

nisms which may underpin the MeJA-induced resistance observed

against I. typographus and its associated bluestain fungi, and

(c) explore the mechanisms which maintain the primed state in Nor-

way spruce.

2 | METHODS

2.1 | Plant material and field procedures

Six trees from a single clone (no. 137) were selected from a stand at

the Hogsmark Experimental Farm in Ås, SE Norway (59�40004.100 N

10�42046.200 E). The trees were vegetatively propagated from cuttings

and planted out in 1970 (Franceschi, Krekling, Berryman, &

Christiansen, 1998). On 30 April 2013, a 3 m section of the lower

stem (0.5–3.5 m height) of each tree was gently brushed with a plastic

scrub brush to remove debris and loose bark scales. The same day,

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 (control) (Figure 1). Four weeks

later, small areas of bark on all trees were mechanically wounded to

elicit-induced defenses. The rest of the bark area was left intact.

Wounding was done by puncturing the bark to the cambium with a

push-pin about 30 times inside four 10 mm × 10 mm areas evenly dis-

tributed around the stem circumference at about 1.75 m height

(Figure 1). This gave four different treatment combinations: MeJA-

treated and wounded (MW), MeJA-treated and intact (MI), control

and wounded (CW), and control and intact (CI) (Figure 1).

Twenty-four hours after wounding, bark samples for chemical

and molecular analysis were collected from trees treated with

MeJA and control trees using a 10-mm cork borer. Bark plugs of

wounded bark were collected at the four wounded areas around

the stem (Figure 1). Plugs of intact bark were collected at four

sites situated about 18 cm below and 45� to the left of each

wounded area. This sampling technique has been used in a previ-

ous study that showed induced defenses in spruce do not spread

much in the tangential direction (Erbilgin et al., 2006). Each plug

was split in two immediately after sampling and four half plugs of

each kind were pooled into one sample and wrapped in aluminium

foil (Figure 1). One sample of half plugs was used for chemical

analysis and one sample was used for molecular analysis. The

chemical samples were kept on dry ice and the molecular samples

were kept in liquid N in the field. All the samples were moved to a

−80�C freezer within 3 hr.
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2.2 | Monoterpene analysis

Monoterpene extractions and quantification were performed as

described by Mageroy et al. (2020). Specifically, the outer cork bark

was removed from the bark plugs, and the phloem was sub-

merged in 1.0 ml of hexane containing 0.25 mg pentadecane

(Lancaster synthesis, England) as an internal standard and 0.19 mg

3-tert-butyl-4-hydroxyanisole (Fluka, Switzerland) as antioxidant.

The samples were extracted in hexane at room temperature for

48 hr before the extract was transferred to new vials and kept at

−25�C until analyses. The phloem plugs were dried at 80�C for 6 hr,

and then weighted on a Sartorius electronic balance for absolute

amount calculation.

The hexane extracts were separated, identified and quantified

using a 2DGC-MS system that consisted of two Agilent 7890 A gas

chromatographs (GCs), each GC combined with a 5975C inert mass-

selective detection with triple axis detector. A split, splitless injector

was used with a 30 s splitless injection at 225�C. The first GC was

equipped with a HP-5 capillary column (Agilent, 30 m, 0.25 mm inner

diameter [id], 0.25 μm film thickness) (Agilent Technologies, CA) to

separate the substances in the extract. The interesting peaks were

then cut from the first GC to the second GC, which was equipped

with a β-cyclodextrin column (J&W Scientific, 30 m, 0.25 mm i.d.,

0.25 μm film thickness, Folsom, California) for chiral separation. The

sample (1 ml) was introduced to the injector and analyzed by the fol-

lowing temperature program: 40�C for 3 min, increasing to 260�C at a

rate of 4�C/min, and remaining constant at 260�C for 10 min. The

interesting peaks were individually cut to the second GC and sepa-

rated by a temperature program of 50�C for 10 min, increasing to

90�C at a rate of 1�C/min, to 220�C at a rate of 10�C/min and kept at

220�C for 5 min. Helium was used as the carrier gas at a flow of

1 ml/min. Electron ionization mass spectra were acquired at 70 eV

with the ion source at 150�C and a mass range of 30–400 Da. The

compounds were identified by comparing retention times (RTs) and

mass spectra with available authenticated standards, or by comparing

retention indexes and mass spectra with reference libraries of

National Institute of Standards and Technology. The amounts of ter-

penes were calculated relative to the internal standard and expressed

as mg/g dry weight equivalent to the mass of pentadecane.

2.3 | Diterpene resin acid analysis

The diterpene resin acid extraction protocol was based on methods

described by Kersten, Kopper, Raffa, and Illman (2006). Bark samples

were extracted overnight in 10 μl/mg tissue methanol with shaking.

Extracts were diluted 1:100 in methanol. Diterpene resin acids were

quantified using LC-Q-Orbitrap mass spectrometer (Thermo Scientific,

Bremen, Germany). An extract volume of 1 μl was injected and the resin

acids separated on a UHPLC Dionex Ultimate 3000XRS (Thermo Scien-

tific, San Jose, CA) with a Phenomenex Kinetex F5 separation column

(100 mm × 2.1 mm, 1.7 μm particle diameter) at 30�C. Mobile phase

F IGURE 1 Overview of experimental design and sampling. (a) Three Norway spruce trees were sprayed with methyl jasmonate on the lower
stem and three trees were sprayed with water (control). 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, MeJA-treated and intact bark, control and wounded
bark, and control and intact bark. After 24 hr, bark plugs were sampled from all treatment combinations using a cork borer. Each bark plug was split
in two, and four half plugs (see panel [c]) from each treatment combination were pooled into one sample for chemical analysis and one sample for
transcriptome analysis. (b) There were three similar blocks of treatments on the lower stem of all six trees. These blocks were sampled at different
times after wounding, but only the 24 hr samples were included in this study. In each block, there were sampling sites for wounded bark, intact bark
and bark inoculated with fungus or mock (the latter two were not used in this study). (c) Each set of samples (wounded, intact, and so forth)
consisted of four sampling sites evenly distributed around the stem circumference
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was 67% methanol in water (pH 2.6), both acidified with 0.1% formic

acid, isocratic at a flow of 0.3 ml/min. The compounds were ionized to

[M+H]+ cations using HESI II electrospray ionization and the following

tune settings: sheath gas flow rate 50; aux gas flow rate 10; spray volt-

age 3.50 kV; capillary temperature 300�C; S-lens RF level 50; heater

temperature 350�C. The ions were collected with targeted SIM acquisi-

tion parameters at a resolution of 70,000 Full width at half maximum

(FWHM), automatic gain control (AGC) target 5 × 104 and maximum ion

injection time (IT) of 50 ms. The targeted ions were fragmented (ddMS2)

at a resolution of 17,500 FWHM, collision energy NCE 28 (40 for

dehydroabietic acid), AGC target 5 × 104, max IT 50 ms, isolation win-

dow 1.0 m/z, loop count 2, intensity threshold at 5.0 × 103 and apex

trigger at 6–7 s with dynamic exclusion for 6.0 s. The MS was targeted

on C20H28O2 from 3 to 8 min and on C20H30O2 from 8 to 13.5 min. Ref-

erence standards of the diterpene resin acids abietic acid, neoabietic

acid, levopimaric acid, palustric acid and dehydroabietic acid were pur-

chased from Santa Cruz Biotechnology (Dallas, Texas). The organic acids

were mixed in methanol in the range 0.05–50 μg/ml. RTs were 6.1 min.

For dehydroabietic acid, 9.4 min for neoabietic acid, 10.0 min for

levopimaric acid, 10.5 min for palustric acid and 11.0 min for abietic acid.

The mass spectrometry (MS)-data were processed with the Tracefinder

4.1 software. Identification criteria were RT match, precursor ion exact

m/z within 2 ppm and presence of three targeted product ions produced

by fragmentation of the precursor ion. An in-house library of product ion

spectra (MS2) for the resin acids aided in the identification. Quantifica-

tion was based on the peak height of the precursor ions. Limit of quanti-

fication was 0.05 μg/ml.

2.4 | Hormone analysis

The same bark extractions used for diterpene resin acid analysis were

used for hormone analysis. Two microliters of 100 mM 3-ethoxy-

4-hydroxybenzaldehyde were added to a 200 μl aliquot of stock metha-

nol extract as an internal standard. The samples were dried under inert

nitrogen for transport purposes. Samples were resuspended in 200 μl

of liquid-chromatography mass spectrometry (LCMS) grade methanol.

These stocks were then diluted 1:10 by placing 50 μl of stock in a new

vial and adding 450 μl of methanol. Ultra Performance Liquid Chroma-

tography (UPLC)-Quadrupole Time-of-Flight (qTOF) MS/MS analyses

and relative quantification of hormones was performed according to

Wilkinson, Pastor, Paplauskas, Pétriacq, and Luna (2018) and Pétriacq,

Stassen, and Ton (2016). Briefly, UPLC-qTOF MS/MS analyses were

conducted on an ACQUITY UPLC system coupled to a SYNAPT G2

qTOF mass spectrometer equipped with an electrospray (ESI) source

(Waters, UK). An ACQUITY UPLC BEH C18 column (2.1 mm × 50 mm,

1.7 μm, Waters) with a precolumn (VanGuard, 2.1 mm × 5 mm, 1.7 μm,

Waters) and a solvent gradient from 95% water with formic acid

(0.05% vol/vol) to 100% acetonitrile with formic acid (0.05% vol/vol)

was used for separation. Detection with SYNAPT G2 was performed

using both –ESI and +ESI. The following extracted ions were used for

identification of hormones: JA (−)209, salicylic acid (SA) (−)137, indole-

3-acetic acid (IAA) (+)176, JA-isoleucine (JA-ILE) (−)322.

2.5 | RNA extraction

The cork bark was removed from the bark samples and the phloem

was ground in liquid nitrogen. RNA was purified from phloem pow-

der using Epicentre MasterPure Plant RNA Purification Kit

(Epicentre, Madison, WI; kit now replaced with MasterPure Com-

plete DNA and RNA Purification Kit, Lucigene, Middleton, WI)

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. The quantity of

total RNA was assessed using a NanoDrop 2000 Spectrophotome-

ter (Thermo Scientific). Total RNA preparations were then stored at

−80�C until library preparation.

2.6 | Library preparations and RNA-sequencing
analysis

Total RNA was sent to the Norwegian High-Throughput Sequencing

Centre and sequenced with an Illumina HiSeq 2500 (Illumina Inc., San

Diego, CA). A total of 12 separately barcoded libraries were made

with the Illumina TruSeq RNA Library Prep Kit v2 (Illumina Inc.): three

each from control intact (CI), control wounded (CW), MeJA-treated

intact (MI) and MeJA-treated wounded (MW). The barcoded libraries

were run over seven lanes. Sequence quality was assessed using the

software FastQC (version 10-01-18; https://www.bioinformatics.

babraham.ac.uk/projects/fastqc/). A reference transcriptome

(Pabies1.0-all-cds.fna) was downloaded from the PlantGenIE.org

website (Sundell et al., 2015). The transcriptome file was processed by

removing identical entries and sequences where all three reading

frames resulted in the formation of stop codons (Supporting Informa-

tion S1). The final database contained 63,522 sequences (minimal

length: 150 bp). Illumina reads were mapped to the curated trans-

criptome using the software rsem (version 1.3.0) with the bowtie2

option (Li & Dewey, 2014). Data were normalized and analyzed for

differentially expressed genes using the edgeR package in R (version

3.4.4) (McCarthy, Chen, & Smyth, 2012; Robinson, McCarthy, &

Smyth, 2010). Normalization for unequal numbers of reads in

sequence libraries was done using the trimmed mean of M values

method and p-values were adjusted using The false discovery rate

(FDR) method described by Benjamini & Hochberg (1995). The alpha

parameter for threshold of statistical significance was set to 0.01.

Transcripts were annotated using BLASTP (v 2.8.1) and the swissprot

database (Camacho et al., 2009).

2.7 | Pfam enrichment analysis

Protein family (Pfam) assignments of amino acid sequences were per-

formed using hmmscan, part of the HMMER software suite for protein

sequence analysis, and the Pfam dataset (version 32.0) (Eddy, 2009; El-

Gebali et al., 2019). Pfam enrichment analysis were performed in R (ver-

sion 3.5.0) using bc3net (de Matos Simoes & Emmert-Streib, 2016).
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FDR was determined using the Benjamini–Hochberg approach. An FDR

adjusted p-value of .05 was used as the cutoff for significance.

3 | RESULTS

To gain a deeper understanding of the effects of methyl jasmonate

(MeJA) treatment on Norway spruce defense responses, we sprayed

the trunk of six large clonal spruce trees growing in the same forest

plot with MeJA or a water control (three trees per treatment). After

4 weeks, small areas of bark on each tree were wounded to elicit

inducible defenses. The rest of the bark area was left intact. This

resulted in four treatment combinations: MI, MW, control (water-

treated) and intact (CI), control (water-treated) and wounded

(CW) (Figure 1). Twenty-four hours after wounding, bark plugs of

wounded and intact bark were collected from all trees; half of each

plug was used for chemical analyses and the other half for trans-

criptome analysis.

3.1 | Confirmation of the defense priming
phenotype using metabolite analysis

Resinous terpenoids are known to be an important part of the conifer

defense repertoire and thus help to provide resistance against disease

and many pests, including I. typographus. Previous studies showed

F IGURE 2 Metabolite analysis of

Norway spruce bark. Bark tissue
harvested 24 hr after wounding was
extracted for monoterpenes (MT),
diterpene resin acids (DA) or the
phytohormones salicylic acid (SA) and
jasmonic acid (JA). (a) The total MT
concentration was determined using
gas-chromatography mass
spectrometry (GCMS) (n = 3 except
for CI n = 2). (b) The total
concentration five DA was
determined using liquid-
chromatography mass spectrometry
(LCMS) (n = 3). The concentrations of
(c) SA and (d) JA were quantified with
LCMS (n = 3). Black points represent
individual replicates. Grey bars
represent the mean of each
treatment. Significance was
determined using a Kruskal–Wallis
followed by a Dunn test. Letters
represent significant difference
between treatments (false discovery
rate-adjusted p-value <.05)
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that while MeJA treatment alone did not cause any sustained changes

in terpene levels in Norway spruce bark, wounding of MeJA-treated

bark triggered accumulation of much higher levels of terpenes than in

trees that were only wounded (Mageroy et al., 2020; Zhao

et al., 2011). Similarly, we observed that 4 weeks after MeJA treat-

ment concentrations of monoterpenes and diterpene resin acids in

the intact bark (MI) were similar to those in bark from untreated trees

(CI) (Figure 2a,b). However, in response to wounding, MW bark accu-

mulated significantly higher amounts of monoterpenes and diterpene

resin acids than CI bark (Figure 2a,b).

SA and JA are plant hormones which are known to be important

for the regulation of defense responses (Pieterse et al., 2014). We,

therefore, quantified the level of these hormones across the four

treatments combinations using LCMS. SA levels were significantly

lower in MI bark than in CW bark, while levels in MW and CI were

not significantly different from any other treatment (Figure 2c). In

contrast, JA levels were significantly higher in MW bark than in CW

and CI bark, while JA levels in MI were not significantly different from

any other treatment (Figure 2d).

3.2 | Global impact of methyl jasmonate treatment
on basal and wound-induced transcriptomes

Transcriptomes of the four treatment combinations were generated

using mRNA sequencing (RNA-seq) (Figure 1). A principle component

analysis (PCA) indicated that the three biological replicates of the four

treatment groups were consistent and that there was a strong effect

of both the MeJA treatment and wounding on the spruce trans-

criptome (Figure 3a). We then conducted pairwise comparisons

F IGURE 3 Transcriptome analysis of
the bark of Norway spruce trees
subjected to methyl jasmonate (MeJA)
treatment and/or wounding 4 weeks
later. (a) A principal component analysis
(PCA) score plot showing the separation
and grouping of treatments according to
transfer-matrix method normalized
transcript counts. Component
1 separates intact from wounded
samples. Component 2 separates control
from MeJA-treated samples.
Abbreviations: CI, control and intact/
unwounded; CW, control and wounded;
MI, MeJA treated and intact; MW,
MeJA-treated and wounded. (b) The
number of significantly (false discovery
rate-adjusted p-value <.01) induced and
repressed transcripts for the pairwise
comparisons CI-CW, CI-MI, CI-MW and
MW-CW
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between CI and the three other treatment combinations (CW, MI,

MW) (Figure 3b). Although we had only three biological replicates per

treatment, we identified thousands of differentially expressed tran-

scripts (Figure 3b). The effect of wounding was particularly prominent,

with a large majority of the differentially expressed transcript being

identified in the CW versus CI and MW versus CI pairwise compari-

sons (Figure 3b). Although there were a similar number of differen-

tially expressed transcripts in each of these comparisons, the PCA

suggested that the MW and CW transcriptomes differed considerably

(Figure 3a). Therefore, we additionally compared the effects of

wounding in MeJA-treated (MW) and control (CW) bark (Figure 3b).

To decrease the complexity of analyzing the thousands of dif-

ferentially expressed transcripts and to find transcripts with expres-

sion patterns which suggest they could underpin the induced

defense responses, we identified four mutually exclusive transcrip-

tional response patterns (Table 1). These patterns were based on

the description of primed defense responses by Martinez-Medina

et al. (2016) and the mechanisms of acquired resistance as

described by Wilkinson et al. (2019). The four transcriptional

response patterns were: (a) ‘unprimed response to wounding’ –

transcripts that were differentially expressed in both CW and MW

relative to CI, but were not differentially expressed between CW

and MW; (b) ‘prolonged response to MeJA’ – transcripts that were

differentially expressed in both MI and MW relative to CI

(i.e., transcripts that responded to MeJA treatment and were

maintained as up- or downregulated after wounding); (c) ‘primed

state’ – transcripts that were differentially expressed in MI only

(i.e., transcript that were expressed only after MeJA treatment but

not after wounding); (d) ‘primed response to wounding’ – tran-

scripts that were differentially expressed only in MW relative to CI

or were differentially expressed in the comparisons CW versus CI

and MW versus CW. These four transcriptional response patterns

were based on the pairwise comparisons shown in Figure 3b and

are represented graphically in Table 1.

TABLE 1 Four mutually exclusive transcriptional response patterns observed in the bark of Norway spruce trees treated with methyl
jasmonate (MeJA) and then wounded (MW), treated with MeJA and left intact (MI) or not treated with MeJA and wounded (CW) [Colour table

can be viewed at wileyonlinelibrary.com]

Transcriptional response pattern Expression pattern Transcripts

1. Unprimed response to wounding 2,932

DE in CW vs. CI &

DE in MW vs. CI &

not DE in MW vs. CW

2,445

2. Prolonged response to MeJA 48

DE in MI vs. CI & DE in MW vs. CI 71

3. Primed state 102

DE in MI vs. CI 180

4. Primed response to wounding 413

DE in MW vs. CI.

Can be DE in CW vs. CI, but then also

DE in MW vs. CW Not DE in MI vs. CI

153

Note: Transcriptional response patterns are based on the pairwise comparisons shown in Figure 3. The presence of a bar indicates that a transcript is differ-

entially expressed (DE) between the treated and control intact (CI) bark. Differences in the height of two bars indicate that the transcript is DE between

two treatments. Upregulated transcripts are shown in red, downregulated transcripts in blue.
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F IGURE 4 Legend on next page.
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The transcriptional response pattern with the highest number of

differentially expressed transcripts was ‘unprimed response to

wounding’ (Table 1). Transcripts following this pattern were induced

or repressed after wounding to a similar degree in MeJA-treated and

control tissues (MW vs. CI and CW vs. CI, respectively) (Table 1).

Additionally, these transcripts were not differentially expressed in

intact MeJA-treated bark (MI vs. CI). A protein family (Pfam) enrich-

ment analysis of upregulated transcripts showed that the three most

significantly enriched Pfams among the ‘unprimed response to

wounding’ transcripts were aminotransferase Class I & II (PF00155),

chorismate synthase (PF01264), and WRKY DNA-binding domain

(PF03106) (Supporting Information Table S1). In addition, five of the

40 significantly enriched Pfams we detected were related to glutathi-

one detoxification of radical oxygens species and six were related to

cellular transport. The top three enriched Pfams for the down-

regulated transcripts were cytochrome P450 (PF00067), subtilase

family (PF00082), and protease associated domain (PF03106)

(Supporting Information Table S2). In total, three of the 13 significantly

enriched downregulated Pfams were associated with protease

activity.

Transcripts following the ‘prolonged response to MeJA’ pattern

were differentially expressed in both intact and wounded MeJA-

treated bark (MI vs. CI and MW vs. CI, respectively) (Table 1). The

three most significantly enriched upregulated Pfams following this

pattern were cellulose synthase (PF03552), TIFY domain (PF06200),

and multicopper oxidase (PF00394) (Supporting Information

Table S3). Of the seven significantly enriched upregulated Pfams,

three were multicopper oxidases. One Pfam, plastocyanin-like domain

(PF02298), was found to be significantly enriched among down-

regulated transcripts.

Transcripts classified as following a ‘primed state’ pattern were

only differentially expressed in MI bark compared to CI bark

(MI vs. CI) and were restored to basal levels after wounding

(Table 1). Over 280 genes followed this pattern. The one Pfam

that was significantly enriched among upregulated transcripts

following a ‘primed state’ pattern was terpene synthase (PF03936)

(Supporting Information Table S5). The most significantly down-

regulated Pfams were sugar transport (PF00083), APETALA2

(PF00847), and major facilitator superfamily (PF07690) (Supporting

Information Table S6).

Transcripts with a ‘primed response to wounding’ expression pat-

tern showed a response characterized by a faster and/or stronger up-

or downregulation after a triggering stress, which in our case was

mechanical wounding (Table 1). Transcripts that were classified as

being primed were differentially expressed in wounded MeJA-treated

bark compared to both control intact and control wounded bark

(MW vs. CI; MW vs. CW) and were not differentially expressed in MI

bark (MI vs. CI). The top three significantly enriched Pfams for

upregulated transcripts were chitinase Class I (PF00182), pectate

lyase (PF00544), and glycosyl hydrolase family 17 (PF00332)

(Supporting Information Table S7). Among the 20 significantly

enriched upregulated Pfams, eight were pathogenesis-related proteins

(PR). Six Pfams related to cell wall modification and two Pfams

belonging to Leucine Rich Repeats (LRR) were also included in this list.

Amongst the downregulated primed transcripts, the most significant

Pfams were UDP-glycosyltransferase (PF00201), universal stress pro-

tein (PF00582), and cytochrome P450 (PF0067) (Supporting Informa-

tion Table S8).

3.3 | Primed terpene accumulation is not
underpinned by priming of terpene biosynthesis genes

Although the accumulation of monoterpenes and diterpene resin

acids followed a primed pattern (Figure 2a,b), the expression of their

biosynthesis genes did not (Figure 4; Supporting Information

Table S10). Most transcripts of genes belonging to the methylerythitol

phosphate pathway were downregulated in response to wounding

(in both MW and CW), except for some terpene synthases (TPS)

involved in monoterpene biosynthesis (Figure 4). In the mevalonate

F IGURE 4 Change in transcript expression of genes related to terpene biosynthesis in Norway spruce bark. The log2 fold-change for
transcripts annotated as enzymes belonging to the mevalonate and non-mevalonate terpene biosynthesis pathway was determined by comparing
the treatments MeJA-treated and intact, control and wounded (CW) and MeJA-treated and wounded (MW) to control and intact (see Table 1 for
a definition of treatments). Additionally, log2 fold-change was determined between MW and CW. A false discovery rate-corrected p-value of .01
was used to qualify a significant change in expression. See Supporting Information Table S10 for more details. Abbreviations: AACT, acetyl-CoA
C-acetyltransferase; CMK, 4-(cytidine 50-diphospho)-2-C-methyl-D-erythritol kinase; DXR, 1-deoxy-D-xylulose-5-phosphate reductoisomerase;
DXS, 1-deoxy-D-xylulose-5-phosphate synthase; FPPS, farnesyl diphosphate synthase; G3P, D-glyceraldehyde; GGPPS, geranylgeranyl
diphosphate synthase; GPPS, dimethylallyltranstransferase/geranyl diphosphate synthase; HDR, 4-hydroxy-3-methylbut-2-enyl-diphosphate
reductase; HDS, (E)-4-hydroxy-3-methylbut-2-enyl-diphosphate synthase; HMG-R, hydroxylmethylglutaryl-CoA reductase; HMG-S,

hydroxymethylglutaryl-CoA synthase; IPPI, isopentenyl-diphosphate D-isomerase; MCT, 2-C-methyl-D-erythritol 4-phosphate
cytidylyltransferase; MDS, 2-C-methyl-D-erythritol 2,4-cyclodiphosphate synthase; MK, mevalonate kinase; MPDC, diphosphomevalonate
decarboxylase; PMK, phosphomevalonate kinase; HMG-CoA, hydroxymethylglutaryl-CoA; DXP, 1-deoxy-D-xylulose 5-phosphate; MEP, 2-C-
methyl-D-erythritol 4-phosphate; CDP-ME, 4-(cytidine 50-diphospho)-2-C-methyl-D-erythritol; CDP-MEP, 2-phospho-4-(cytidine 50-diphospho)-
2-C-methyl-D-erythritol; ME-cPP, 2-C-methyl-D-erythritol 2,4-cyclodiphosphate; HMBPP, 4-hydroxy-3-methylbut-2-enyl diphosphate; IPP,
isopentenyl diphosphate; DMAPP, dimethylallyl diphosphate; GPP, geranyl diphosphate; FPP, farnesyl diphosphate; GGPP, gernaylgeranyl
diphosphate; MT, monoterpene; ST, sesquiterpene; DT, diterpene [Colour figure can be viewed at wileyonlinelibrary.com]
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pathway, most transcripts of enzymes contributing to the synthesis of

the farnesyl pyrophosphate backbone were upregulated by wounding,

both in MeJA-treated and untreated bark (Figure 4). Only one mono-

terpene synthase showed a primed upregulated response. This tran-

script was annotated as (+)-car-3-ene synthase 1 (Supporting

Information Table S10). Overall, sesquiterpene synthases (ST-TPS)

were downregulated in response to wounding (in both MW and CW)

(Figure 4).

3.4 | JA could regulate primed defenses in MeJA
treated plants

The faster and stronger accumulation of JA in MW bark could be

driven by priming of the JA biosynthesis pathway. Many transcripts

annotated as enzymes involved in the biosynthesis of JA were

induced after wounding. However, very few of these enzymes

showed a primed expression pattern 24 hr after wounding (Figure 5;

Supporting Information Table S11).

3.5 | Priming of genes encoding pathogenesis-
related proteins (PRs) may contribute to MeJA-
induced resistance

Following the characterization of MeJA-induced changes in the basal

and wound-induced transcriptomes, we examined defense responses

that underpin MeJA-induced resistance in Norway spruce. We previ-

ously showed that Norway spruce trees treated with MeJA are more

resistant to bark beetle attack 4 weeks after treatment (Mageroy

et al., 2020). Two different defense strategies could underpin such

long-term acquired resistance in Norway spruce and other plants: pro-

longed upregulation of inducible defenses and priming of inducible

defenses (Wilkinson et al., 2019). In our analysis, these strategies

F IGURE 5 Change in transcript expression of genes related to jasmonate biosynthesis and signalling in Norway spruce bark. The log2 fold-
change for transcript annotated as enzymes or proteins belonging to the jasmonate biosynthesis or signalling pathways was determined by
comparing the three treatments types MeJA-treated and intact, control and wounded (CW) and MeJA-treated and wounded (MW) to control and
intact (see Table 1 for a definition of treatments). Additionally, log2 fold-change was determined between MW and CW. A false discovery rate-
corrected p-value of .01 was used to qualify a significant change in expression. See Supporting Information Table S11 for more details.
Abbreviations: 13-LOX, 13-lipoxygenase; AOS, allene oxide synthase; AOC, allene oxide cyclase; OPR, 12-oxophytodienoate reductase; ACX, acyl
CoA-oxidase1; JAR1, JA-amino acid synthetase; 13-HPOT, (13S)-hydroperoxyoctadecatrienoic acid; 12,13-EOT, 12,13(S)-epoxylinolenic acid; cis-

(+)-OPDA, cis-(+)-12-oxophytodienoic acid; OPC-8, 3-oxo-2-(2-pentenyl)-cyclopentane-1-octanoic acid; (+)-7-iso-JA, (+)-7-isojasmonic acid;
(+)-7-iso-JA-ILE, (+)-7-isojasmonic acid isoleucine; JA-ILE, jasmonic acid isoleucine; COI1, coronatine insensitive1; JAZ/TIFY, JASMONATE-ZIM
DOMAIN/TIF[F/Y]XG motif containing zinc-finger protein; MYC, bHLHzip transcription factor MYC [Colour figure can be viewed at
wileyonlinelibrary.com]
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correlate to the ‘prolonged response to MeJA’ and the ‘primed

response to wounding’ transcription patterns, respectively.

In the ‘primed response to wounding’ transcript category there

were many transcripts related to genes encoding PRs. The PRs encom-

pass a wide range of defensive proteins such as β-1,3-glucanases,

chitinases, thaumatin family, peroxidases, and endoproteinases (Van

Loon, Rep, & Pieterse, 2006). Differential expression of these genes

was observed both after wounding alone (CW) and after wounding of

bark that had been treated with MeJA (MW) (Supporting Information

Table S12). Interestingly, PR transcripts only made up 1% of the 2,962

upregulated transcripts that followed an ‘unprimed response to

wounding’ pattern, while they accounted for 8% of the 413 upregulated

transcripts that followed a ‘primed response to wounding’ pattern.

Additionally, several PR-related Pfams were enriched among primed

upregulated transcripts. These Pfam categories included chitinase, gly-

cosyl hydrolases family 17 (which includes β-1,3-glucanases), glycosyl

hydrolase family 3 (which includes β-1,3-glucanases), peroxidase,

pathogenesis-related protein Bet v I family (PR10), and tytic trans-

glycolases (which include Barwin domain-containing proteins such as

PR4) (Table 2; Supporting Information Table S7).

3.6 | Role of DNA methylation and histone
modifications in the onset and maintenance of spruce
defense priming

Changes in DNA methylation and post-translational histone modifica-

tions in response to priming stimuli are thought to be important for

ensuring that defenses are maintained as primed (Conrath et al., 2015;

Yakovlev, Carneros, Lee, Olsen, & Fossdal, 2016). In Arabidopsis thaliana

(hereafter referred to as Arabidopsis), changes in DNA methylation

have been linked to altered responsiveness of SA- and JA-dependent

defenses and in turn altered resistance to the biotrophic and nec-

rotrophic pathogens Hyaloperonospora arabidopsidis and Plectosphaerella

cucumerina, respectively (López Sánchez, Stassen, Furci, Smith, &

Ton, 2016). Furthermore, a priming stimuli-induced change in histone

tail modifications and the decompaction of chromatin has been identi-

fied in the promotors of primed Arabidopsis defense genes (Baum

et al., 2019; Jaskiewicz et al., 2011; Schillheim et al., 2018). However,

there is no knowledge about the role of such epigenetic changes in the

maintenance of induced resistance and defense priming in spruce.

As in other plant species, in Norway spruce changes in DNA

methylation, modification of histone tails and chromatin remodelling

is carried out by a suite of enzymes (Yakovlev et al., 2016). We

hypothesized that the genes encoding these epigenetic regulators

may be differentially expressed in response to MeJA treatment if epi-

genetic modifications are indeed involved in onset and maintenance

of defense priming in spruce. In this experiment, we do not have gene

expression data from immediately after the MeJA treatment, that is,

from the onset of priming. However, wounding is also known to be a

priming stimulus (Chassot et al., 2008). Furthermore, both wounding

and MeJA are known to induce the formation of traumatic resin ducts,

inducible terpene cavities that are thought to be key to induced resis-

tance in spruce (Martin et al., 2002; Nagy, Franceschi, Solheim,

Krekling, & Christiansen, 2000). Therefore, we analyzed the trans-

criptome of wounded but otherwise untreated bark (CW) to under-

stand whether specific classes of epigenetic regulators are

differentially expressed in response to a priming cue. The expression

patterns of epigenetic regulators previously described by Ausin

et al. (2016) and Yakovlev et al. (2016) and additional epigenetic regu-

lators identified in our dataset by blast and Pfam domain identification

were used in our analysis (Supporting Information Table S13). All

DNA methylatransferases, DNA demethylases, and histone

demethylases that were differentially expressed in CW bark were

upregulated (Figure 6a). Additionally, most arginine met-

hyltransferases that were differentially expressed in CW bark were

upregulated. In contrast, histone methyltransferases and histone

deacetylases were, in general, downregulated. Similarly, genes

encoding components of the RNA-directed DNA methylation (RdDM)

pathway, which performs de novo DNA methylation, and related pro-

teins were mostly downregulated in CW bark (Figure 6a). Interest-

ingly, there was also a general repression of genes encoding histone

proteins (Figure 6a). In addition to these groups which showed a trend

towards up- or downregulation, there was also groups which were

neutral. Histone acetyltransferases and chromatin remodellers were

two groups with equal numbers of up- and downregulated genes

(Figure 6a). Similar patterns of expression for the RdDM pathway

components, arginine methyltransferases, histone demethylases, his-

tone deacetylases, and histones were observed in bark of trees that

were wounded 4 weeks after MeJA treatment (MW) (Figure 6b).

4 | DISCUSSION

This study has documented how MeJA treatment primes Norway

spruce defenses. Such defense priming may have important ecologi-

cal implications for the world's largest terrestrial forest biomes. Prim-

ing of Norway spruce defenses following MeJA treatment was first

recognized by Zhao and colleagues (Zhao et al., 2011). They found

TABLE 2 Transcripts of pathogenesis-related proteins (PRs) in
Norway spruce bark showing a primed response to wounding, as
defined in Table 1

PR class Description Up Down

PR 1 Sterol binding 2 0

PR 2 β-1,3-glucanase 13 0

PR 3, 4, 8, 11 Chitinase 19 0

PR 5 Thaumatin-like 4 1

PR 9 Peroxidase 10 1

PR 10 Ribonuclease-like 4 0

PR 14 Lipid transferase 1 0

Total 53 2

Note: Columns show the number of transcripts that were significantly dif-

ferentially expressed in each PR class (false discovery rate-adjusted

p-value <.01).
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that 4 weeks after MeJA treatment intact spruce bark only had

slightly elevated total terpene levels, while wounding of MeJA-

treated bark led to considerably higher terpene concentrations than

in both intact and wounded control bark (Zhao et al., 2011). Later,

Mageroy and colleagues showed that MeJA treatment of spruce pre-

vents successful bark beetle attack during an epidemic outbreak

(Mageroy et al., 2020). However, the molecular mechanisms under-

pinning this long-lasting acquired resistance in spruce have not pre-

viously been explored. Using a two-by-two experimental design

(Figure 1), we have begun to dissect the effects of MeJA treatment

on both the basal spruce transcriptome and the transcriptional

responses to wounding. Although our study is limited in that we

were only able to analyze one time point 24 hr after wounding in a

single Norway spruce clone, we provide a snapshot into the com-

plexity the spruce defense response (Figure 7). Below we describe

transcriptional changes during three different inducible defense

responses: unprimed response to wounding, prolonged (and

unprimed) response to MeJA, and primed response to wounding

(Figure 7a). Additionally, our study provides some insights into the

transcriptional underpinning of the defense priming mechanism in

Norway spruce by investigating differential gene expression during

the three main phases of priming: onset, maintenance and triggering

of primed defenses (Figure 7b).

4.1 | Unprimed response to wounding

The largest group of differentially expressed transcripts were those

that followed an unprimed response to wounding pattern. The wound

response is a general defense response that involves the induction of

F IGURE 6 The response to wounding of different categories of epigenetic regulators, without (CW) and with (MW) prior methyl jasmonate
treatment of Norway spruce bark. Bars show the numbers of epigenetic regulator encoding genes which were significantly (false discovery rate
adjusted p-value <.01) up- (light grey) or downregulated (dark grey) in response to (a) wounding (CW) and (b) wounding after treatment with
methyl jasmonate (MW)
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various localized chemical and anatomical defenses, such as swelling

of polyphenolic cells and the formation of traumatic resin ducts

(Franceschi, Krokene, Christiansen, & Krekling, 2005). Wounding also

results in the formation of callus tissue, which can be fortified with

the production of polyphenolics, lignin and suberin (Franceschi

et al., 2005). The most significantly enriched Pfam category among

wound-induced transcripts in our study was aminotransferase Class

I & II. Enzymes belonging to this category include aspartate, tyrosine,

and aromatic aminotransferases. Likewise, the ethylene synthesis

enzyme, 1-aminocyclopropane-1-carboxylate synthase (ACC

synthase) is known to be upregulated in response to wounding and to

regulate ethylene-induced formation of traumatic resin ducts and

enhance polyphenolic production (Hudgins & Franceschi, 2004; Ralph,

Hudgins, Jancsik, Franceschi, & Bohlmann, 2007).

Many of the enriched Pfam categories among transcripts that were

downregulated in response to wounding were plant proteases. Plant

proteases are known to play important roles in plant immunity,

although their specific function varies depending upon the protease

type (Balakireva & Zamyatnin, 2018). Subtilases, one of the top down-

regulated protease Pfam categories in wounded bark, are involved in

plant cell death following Pseudomonas syringae infection and their

expression is induced by salicylic acid (Jordá, Conejero, & Vera, 2000).

It is possible that the downregulation of subtilases we observed in Nor-

way spruce is due to negative cross-talk between SA and JA signalling

F IGURE 7 Conceptual model of Norway spruce-induced defense responses, adapted from Wilkinson et al. (2019) and Martinez-Medina
et al. (2016). We used a two-by-two experimental design to dissect the transcriptional responses of spruce bark to a priming stimulus (methyl
jasmonate [MeJA]) (white arrow) and a subsequent triggering stress (mechanical wounding) (black arrow). This gave four different treatment
combinations that were sampled 24 hr after wounding (grey arrow): control and intact (CI), control and wounded (CW), MeJA-treated and intact
(MI), and MeJA-treated and wounded (MW). (a) Using the transcript expression patterns described in Table 1, we observed three types of
inducible defense responses: unprimed prolonged responses to MeJA (yellow), unprimed responses to wounding (green), and primed responses to
wounding (dark blue). (b) In addition, we explored transcriptional responses during the three main phases of defense priming: onset (turquoise),
maintenance (light blue), and triggering (dark blue). The right-hand panels show which treatment combinations were used to study the different
types of inducible defense responses (a) and phases of the priming mechanism (b). The dotted blue and yellow shapes assume that wounding also
functions as a priming stimulus [Colour figure can be viewed at wileyonlinelibrary.com]
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pathways (Koornneef & Pieterse, 2008). A previous study indicated that

there is no antagonism between JA and SA-mediated signalling in

spruce (Arnerup et al., 2013). However, our hormone profiling data sug-

gest that there may be some antagonism between the signalling path-

ways, as SA levels were reduced after MeJA treatment (Figure 2c).

4.2 | Prolonged response to MeJA treatment

Given that sustained upregulation of genes is not thought to be a

cost-effective defense strategy we found a surprising number of tran-

scripts that were maintained as up- or downregulated 4 weeks after

MeJA-treatment (Wilkinson et al., 2019). Two of the three most sig-

nificantly enriched Pfams among prolonged upregulated transcripts

were cell wall related: multicopper oxidase, which includes the laccase

group of proteins, and cellulose synthase. Cell walls serve as an impor-

tant first line of defense against invaders and overexpression of

laccase has been shown to increase resistance to the fungal pathogen

Verticillium dahlia in cotton (Y. Zhang et al., 2019).

The TIFY category of Pfam motifs was also one of the top three

enriched categories amongst the transcripts following a prolonged

upregulation pattern after MeJA treatment. The TIFY motif is found

in proteins such as Jasmonate ZIM (zinc-finger inflorescence

meristem)-Domain (JAZ) proteins that are transcriptional repressors of

JA signaling (Bai, Meng, Huang, Qi, & Chen, 2011). Upregulation of

these repressors could help to tightly regulate the JA signalling

pathway.

4.3 | Onset and maintenance of defense priming
after MeJA treatment

We observed differential expression of numerous epigenetic regula-

tors that could be involved in establishing the epigenetic marks which

maintain spruce defenses as primed. Both epigenetic ‘writers’

(i.e., methyltransferases and acetyltransferases) and ‘erasers’

(i.e., demethylases and deacetylases) were differentially expressed in

response to wounding. The altered expression of genes encoding the

epigenetic machinery could arise from the need to (a) unpack chroma-

tin in promotors of positive regulators of JA-dependent defenses

and/or the defense genes themselves, (b) condense chromatin in

promotors of negative regulators and/or defense genes antagonized

by JA, and/or (c) alter the chromatin structure and activity of trans-

posable elements (TEs) which trans-regulate important defense genes

from elsewhere in the genome (Wilkinson et al., 2019). Chromatin

structure is influenced by covalent modifications of histone proteins.

In general, the acetylation of histone lysine residues is associated with

gene activation, while methylation can be either an activating or rep-

ressing mark (Pfluger & Wagner, 2007). In response to wounding,

transcripts of arginine methyltransferases and histone demethylases

were upregulated, while histone deacetylases and histone methylases

were downregulated. Further experiments are needed to determine

whether and how these changes in expression of histone modifying

enzymes could influence the chromatin landscape and in turn whether

this can prime the tissue for a faster and stronger response to subse-

quent challenge.

DNA methylation is also thought to influence chromatin structure.

In a number of plant species, the RdDM pathway plays an important

role in both de novo DNA methylation and the maintenance of methyl-

ation in the CHH DNA context (H = any nucleotide other than guanine)

(Matzke, Kanno, & Matzke, 2014). However, in spruce, it is unclear how

the RdDM pathway functions, as 24 nt sRNAs, which are known to

guide the RdDM DNA methyltransferase Domains Rearranged Methyl-

transferase 2 (DRM2) in angiosperms, are rare in vegetative spruce tis-

sue (Nystedt et al., 2013). In angiosperms, a non-canonical RdDM

pathway has been described which involves 21 and 22 nt sRNAs

(tasiRNAs) derived from Pol II generated transcripts (Matzke

et al., 2014). Potentially, 21 and 22 nt sRNAs are more important than

24 nt sRNAs for directing the action of DRM2 in spruce bark. Despite

our incomplete understanding of the spruce RdDM pathway, it would

seem that in response to wounding many genes which are homologous

to genes encoding members of the RdDM pathway in other species

were downregulated. Additionally, three genes annotated as DNA

demethylases (Supporting Information Table S13), including a

ROS1-like gene, were upregulated. In Arabidopsis, ROS1 is a main DNA

demethylase in vegetative tissue and is known to antagonize the RdDM

pathway (Tang, Lang, Zhang, & Zhu, 2016; H. Zhang, Lang, &

Zhu, 2018). This evidence suggests demethylation of RdDM targeted

loci may occur in spruce bark in response to wounding. Potentially,

these changes in DNA methylation could play a role in maintenance of

induced resistance and defense priming in Norway spruce. However,

methylome analysis will be required to determine if and where changes

in DNA methylation occur.

4.4 | Transcriptome changes in the primed state

The transcriptome had not returned to a completely naïve state

4 weeks after MeJA treatment. Transcripts that were differentially

expressed in intact bark 4 weeks after MeJA treatment (MI), but

which returned to basal levels by 24 hr post wounding, contribute to

the primed state. One enriched Pfam among transcripts that were

upregulated in the primed state was terpene synthase. The terpene

synthase Pfam included several transcripts annotated as monoterpene

synthases. Interestingly, the concentration of monoterpenes was not

found to be higher in MeJA-treated intact bark than in control bark.

Post-transcriptional or post-translational regulation of terpenes

synthases could account for this discrepancy between transcript

abundance and terpene content observed in the primed state (Zulak

et al., 2009).

4.5 | MeJA-primed responses to wounding

Based on our previous work and analysis of bark terpenes, we hypoth-

esized that genes encoding terpene biosynthesis enzymes would
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show a primed response to wounding (Mageroy et al., 2020; Zhao

et al., 2011). Surprisingly, in our mRNA-seq dataset we did not

observe this pattern for most terpene biosynthesis genes. While ter-

pene accumulation almost certainly has a role in MeJA-induced resis-

tance (Mageroy et al., 2020; Zhao et al., 2011), this response did not

seem to be underpinned by priming of the terpene biosynthesis path-

way at a transcriptional level. An explanation for the incongruence

between terpene accumulation and the expression of terpene biosyn-

thesis genes could be that any cell-specific transcriptional responses

were diluted in our whole-tissue samples. Celedon and Bohlmann

recently showed that transcriptome analysis of whole bark tissue can

mask cell-type-specific responses to MeJA treatment (Celedon &

Bohlmann, 2019). It is possible that after MeJA-induced formation of

traumatic resin ducts, terpene biosynthesis is limited to the epithelial

cells surrounding these ducts. Thus, upregulation of transcripts related

to terpene biosynthesis could be dampened in our analysis of whole

bark tissue. Future studies looking at priming of individual cell-types

would be of great interest.

Unlike terpene biosynthesis enzymes, numerous PR genes were

primed by MeJA at the transcription level in Norway spruce bark. For

example, genes encoding enzymes annotated as chitinases were more

strongly upregulated in response to wounding in bark previously

treated with MeJA (MW) than in untreated bark (CW). Chitin is a

major constituent of both fungal cell walls and insect exoskeletons.

Plant chitinases are known to reduce fungal viability and promote fun-

gal detection (Pusztahelyi, 2018). Thus, a greater pool of chitin-

degrading enzymes would very likely enhance a plants ability to fight

off attack by insect pests and fungal pathogens. In comparison to ter-

penes and phenolics, there has been less focus on the role of PRs in

conifer defense. However, our results indicate that priming of PRs

may play an important role in MeJA-induced resistance in spruce.

4.6 | JA regulation of primed spruce defenses

The accumulation of JA and not SA following wounding of MeJA-

treated bark (MW) suggests that MeJA primes JA-dependent

defenses in spruce. JA-dependent defenses may include PR proteins

and cell wall modifying enzymes. However, it is difficult to link JA

accumulation to the primed expression pattern of PRs and other

defense genes without more detailed molecular analyses. One poten-

tial mechanism behind the primed accumulation of JA could be that

the JA biosynthesis pathway genes are primed, but we did not

observe a primed response of JA biosynthesis enzymes in our RNAseq

data. This could be because transcriptome analysis 24 hr after

wounding is too late to detect differences between MeJA-treated and

control bark in the speed of upregulation of JA biosynthesis enzymes.

From Arabidopsis, it is known that JA accumulates within a few

minutes after wounding, and that JA biosynthesis enzymes are

upregulated very soon after (Glauser et al., 2009, 2008). To clarify the

role of JA signaling in primed defense gene expression in spruce, fur-

ther investigation of earlier time points after wounding of MeJA-

treated trees is required.

5 | CONCLUSION

The Norway spruce defense syndrome is a complex mixture of ana-

tomical, chemical, and molecular defense responses that are over-

lapping in space and time (Franceschi et al., 2005). This study

indicates that MeJA both directly induces and primes the inducible

defense repertoire of Norway spruce. We have only begun to scratch

the surface of the molecular underpinnings of long-term acquired

resistance in this important gymnosperm species. For instance, con-

siderable further study is required to understand the role of DNA

methylation and other epigenetic modifications in spruce defense

priming.
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