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ABSTRACT

Norway spruce is an important coniferous species in boreal forests. Root and stem rot diseases caused by the necrotrophic
pathogen Heterobasidion parviporum threaten the wood production of Norway spruce which necessitates the search for durable
control and management strategies. Breeding for resistant traits is considered a viable long-term strategy. However, identifi-
cation of potential resistant traits and markers remains a major challenge. In this study, short-term disease resistance screening
was conducted using 218 Norway spruce clones from 17 families. Disease resistance was evaluated based on the size of necrosis
lesion length following infection with the pathogen. A subset of needles/branches from clones with small (partial resistant) or
large (susceptible) lesions were used for terpene analysis and transcriptomic profiling. The results revealed that the content of
monoterpene linalool and 1,8-cineole and their respective encoded genes were significantly more abundant and highly ex-
pressed in the partial resistant group. Furthermore, linalool and 1,8-cineole were demonstrated to have inhibitory effect on the
growth of the pathogen H. parviporum, with morphological distortion of the hyphae. RNAseq analysis revealed that transcript of
pathogen genes involved in the regulation of carbohydrate metabolism and stress responses were significantly decreased in
presence of the terpenes. The results suggest the relevance of monoterpenes together with jasmonic acid precursor and some
genes involved in phenylpropanoid biosynthesis, as constitutive tolerance factors for Norway spruce tolerance against necro-
trophic pathogen. The high level of necrosis related cell death gene expression might be factors critical for host susceptibility
and disease development.

1 | Introduction drought, heat, wind-throw and rock-fall (Caudullo, Tinner, and

de Rigo 2016). More severely, spruce forests are affected by

Norway spruce (Picea abies (L.) Karst), with pronounced eco-
nomic and ecological values, is a major coniferous species in
boreal forests in Europe. Due to the shallow root system, spruce
trees are susceptible to abiotic disturbance factors such as

biotic stresses, such as root and stem rot disease, bark beetles,
etc. The species complex Heterobasidion annosum, which exists
worldwide, causes root and stem rot disease in conifer trees in
Northern Europe (Asiegbu, Adomas, and Stenlid 2005;
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Kovalchuk et al. 2013). The species complex consists of five
species, among which the fungus Heterobasidion parviporum
(Hp) prefers to attack Norway spruce. Heterobasidion spp. infect
Norway spruce via trunk wounding or freshly cut stumps and
transmit from tree to tree through root-to-root contact. This
pathogen causes decay within heartwood that extends to sap-
wood on adult trees as well as kills young trees (Asiegbu,
Adomas, and Stenlid 2005). Since H. parviporum is a necro-
trophic pathogen, with a dual nutritional survival strategy by
feeding on living and dead tissues, the fungus is difficult to
eradicate after it occurs in a forest. Multiple approaches have
been used to control root rots, such as stump removal coupled
with the stump treatment with urea or a biological fungal agent
Phlebiopsis gigantea (Garbelotto and Gonthier 2013; Kirhd
et al. 2018). Nevertheless, the external treatment or control
approaches is expensive and time-consuming. Therefore, for the
long-term purpose, aiming for innate in forest trees to avoid the
initial infection provides a durable solution to manage root rot
diseases.

Plant resistance to biotrophic pathogens usually depends on
major resistance genes, which result in a hypersensitive
response and cell death to limit the spread of biotrophic path-
ogens (Chisholm et al. 2006; Dangl and Jones 2001). Resistance
to necrotrophic pathogens, however, is a much more complex
trait and mostly unclear. Preformed resistance is a type of
constitutive resistance that exists before encounter with any
pathogen. As an important approach of preformed resistance,
coniferous trees produce terpenes that usually act as a defensive
barrier to resist pathogens (Bonello et al. 2006; Keeling and
Bohlmann 2006; Mahizan et al. 2019). Oleoresin terpenoids for
example, monoterpenes, sesquiterpenes and diterpenes,
together with phenolics for example, stilbenes, flavonoids and
lignin are prominent secondary metabolites associated with
defense and resistance to pathogens in conifer trees (Kovalchuk
et al. 2013; Bullington et al. 2018; Donoso et al. 2015). Higher
content of terpenes can be induced in Norway spruce by fungi
priming, which has been shown to induce resistance against
bark beetle (Mageroy et al. 2020; Novak et al. 2014). Different
compositions of terpene compounds have been reported in
constitutive and induced terpenoid resin for resistance outcome
(Martin et al. 2002; Axelsson et al. 2020). Factors such as
physical wounding and insect or fungal attacks can induce the
production of stilbenes, flavonoids and lignin in many conifer
species, and these compounds have impacts on defense through
increasing mechanical strength and anti-pathogen/insect
activities (Kolosova and Bohlmann 2012). Concerning the
resistance to H. parviporum in Norway spruce, it has been
shown that genotypes with multiple alleles of gene encoding for
leucoanthocyanidin reductase were less susceptible (Nemesio-
Gorriz et al. 2016). Genes involved in the lignin and flavonoid
biosynthesis, as well as certain terpene and phenolic com-
pounds may determine resistance to root and stem rots
(Kovalchuk et al. 2019; Liu et al. 2022).

Considering the importance of preformed resistance in limiting
pathogen invasion at early stage, selecting this type of trait is
vital in conifer breeding programs. Candidate genetic and
chemical markers will assist in predicting resistant genotypes
and consequently enhancing resistance to root and stem rot
diseases. Breeding for natural genetic resistance is based on a

few basic steps, such as short-term resistance screening using
artificial inoculation and field tests to evaluate the resistance
durability (Sniezko et al. 2014). Although breeding trees
showing resistance to pests or diseases needs sustained supports
from many aspects, successes have been achieved in a few well-
planned cases, such as white pine blister rust resistance in
white pines and white pine weevil resistance in Sitka spruce
(Sniezko and Koch 2017; Woodcock, Marzano, and
Quine 2019). Furthermore, omics approaches including tran-
scriptomic, metagenomic and metabolomic profiling have
facilitated breeding programs to identify genetic factors (Naidoo
et al. 2019).

Our previous studies with small group of clonal materials (70
clones) have demonstrated that Norway spruce resistance to
Heterobasidion involves multiple distinct signaling pathways
and regulatory factors (Liu et al. 2021, 2022). Higher contents of
monoterpenes and sesquiterpenes, as well as the upregulation
of flavonoid biosynthesis genes and peroxidase genes correlated
with resistant trait (Liu et al. 2021, 2022). Yet, resistance
screening from a larger clonal population is necessary to con-
firm and identify additional resistant markers. Moreover,
potential factors contributing to constitutive resistance and
susceptibility merits further detailed investigation. The experi-
mental evidence on direct or indirect inhibitory effect to Hp by
host metabolites has not yet been fully studied.

In this study, we screened and identified partially resistant and
highly susceptible Norway spruce clones by large-scale pheno-
typing of the necrosis development traits from 218 clones.
Combined with terpene metabolite abundance, terpene anti-
fungal effects, transcriptomic and WGCNA analysis, the con-
stitutive resistant genes and metabolites that might contribute
to Norway spruce partial resistance to necrotrophic pathogen
Hp were unraveled. Notably, both the content and gene ex-
pression level of monoterpene linalool and 1,8-cineole were
significantly more abundant in partial resistant group. Direct
antifungal effects of 1,8-cineole, linalool and mixture of the two
chemical compounds were validated against Hp. Screening for
constitutive resistance aids the discovery of gene candidates,
which could be applied as markers for genomic selection in
resistance tree breeding.

2 | Material and Methods

2.1 | Norway Spruce Cultivation and Hp
Infection

The plant materials for this study were provided by the Finnish
spruce breeding program, which created 17 full-sib families
through controlled crosses. Each full-sib family consisted of 7 to
15 trees, totaling 218 trees, which the Natural Resources Insti-
tute Finland (Luke) propagated as cuttings. Eight cuttings
were produced per each clone. The final study material was
provided as 3-year-old rooted cuttings (altogether 2180 cuttings)
in March 2020. The cuttings were transplanted into
15%x15x15cm pots with peat substrate Kekkild FPM 420
(Kekkild Professional, Finland) in greenhouse. The setting of
greenhouse was 23/18°C 16/8 h, with curtain shed with sun-
light strength > 200 W/m?. Plants were kept in greenhouse for
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2 weeks before RNA sample collection and Hp infection. Five
clonal plants were used for Hp infection and three plants for
control (inoculated with media). For Hp infected trees, 42-44
clones (five plants) were randomly selected for locating on one
table. The cuttings of each clone were placed randomly on the
table. Infection and control groups were kept separate to avoid
cross infection. Tree height of all individuals was measured
before and 4 months after the infection.

H. parviporum heterokaryotic isolates (04009, Figure S1), which
was the isolate with strongest virulence among our tested
isolates, were cultivated on malt extract sawdust agar plates
(MEA-S; 2% malt extract, 2% Norway spruce sawdust and 1.5%
agar) at 20°C for 2 weeks before infection. The hyphae reached the
outer edge of plate (9cm in diameter) after 2-week cultivation.
Young hyphae (close to plate edge) were used as the inoculum
material. Specifically, we used 5 mm sterilized puncher to harvest
inoculum plugs from the agar media. The distances between the
punched sites and original inoculated site were the same, ensuring
all the inoculation material have the same vigor.

The infection hole on tree stem was made with a 70% ethanol-
sterilized puncher (5 mm in diameter) to reach the xylem sur-
face, with phloem and cambium tissues removed. The distance
of infection sites from the stem base was about 5cm. The
MEA-S agar plugs with Hp hyphae were utilized for infection.
Trees treated with the sterilized puncher and pure MEA-S plugs
were used as control. The infection sites were sealed with
Parafilm M (Heathrow Scientific, USA) immediately after
infection. The infection period was 4 months (Figure 1A). The
experimental flow was depicted in Figure S2.
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2.2 | Lesion Measurement, Heritability and
Genetic Correlations

The above-ground parts of Norway spruce clones were har-
vested after 4 months post infection. Phloem and cambium
tissues around the infection site were carefully removed with a
knife. The vertical and horizontal length of lesion area in both
xylem and phloem were measured in Fiji ImageJ 1.52
(Schneider, Rasband, and Eliceiri 2012) from 2180 lesion pho-
tos. The difference in lesion sizes between wounded and in-
fected cuttings was estimated by a paired t-test of clonal
replicate means calculated by plyr 1.8.6 (Wickham 2011).
Lesion size was plotted using ggplot2 in R 4.2.3. Best linear
unbiased prediction (BLUP) of length size was calculated for
each clone using lme4 package (Bates et al. 2015) in R 4.2.3.
Variance components include clonal, clonal family, block and
pathogen batch. Based on the BLUP values and lesion sizes, we
selected five partial resistant (PR) and three susceptible (S)
clones as representatives for terpenes quantification and RNA
sequencing.

A standard univariate mixed model was used to divide the
variation in lesion length and height difference into causal
components y = Xb + Zu + e, where b is a vector of fixed effects
(the general mean), u is a vector of random additive genetic
effects among clones within full-sib families (distributed with
the expected value E(u) = 0 and Var(u) = Ac,) and e is a vector
of random residuals (E(e)=0 and Var(e) = c’g). 0?4 is the
additive genetic variance and A is the numerator additive
relationship matrix. X and Z are incidence matrices. Narrow-
sense heritability on a clone-mean basis was calculated as

Clone 3327 Clone 4136 Clone 3227
20|
80
40
20
10 |+
0
218 Clones
60
40
20
0
-10 0 10 20 30 40
Clone BLUP

Summary of Norway spruce tolerance by screening lesions of Heterobasidion parviporum infection. (A) Photos of Norway spruce

clones used in this study. Red arrow indicated the site of infection. (B) Summary of lesion xylem vertical length among 218 clones (n = 5) infected

with H. parviporum and lesion photos of representative trees. Lesion data was plotted with ggplot2 in R, middle line represented the median, the box
upper and lower ends were 75% and 25%. (C) Comparison of lesion length from H. parviporum infected and control clones. Four indicators: xylem
vertical, xylem horizontal, phloem vertical and phloem horizontal length were measured. (D) Clone best linear unbiased prediction (BLUP) values
were calculated with linear model with random effects for variance components using lme4 package in R. [Color figure can be viewed at

wileyonlinelibrary.com]|
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follows: h*=0%4/(c%4 + 0*5/ny), wWhere ny is the harmonic
mean of the ramets per clone (in this case, ny = 4.18).

Genetic correlations between the four dimensions of lesion trait
(lesion height in phloem, lesion height in xylem, lesion area in
phloem, lesion area in xylem) were estimated according to the
formula rG(xy):ozA(x,y) (O'ZA(x) ozA(y))_z, where O’ZA(x,y) is the
additive genetic covariance between two traits (x, y) and ozA(x)
and 0”4, denote the additive genetic variance components of
each of the traits. The variance and covariance components
were estimated based on a multivariate extension of the mixed
model analysis (Isik, Holland, and Maltecca 2017). The
(phenotypic) correlations between traits on a clone-mean basis
(rpxy)) Were calculated using estimated variance components
from the same analysis, Fp(y)=(0%acey) + T rcey/ M)/ (Paco
+O’25(x)/nH) (O'ZA(Y)+O'ZEQ,)/I’IH))_2, where OZE(x’y)’ OzE(y), GzE(y)
denote the environmental covariances and variances of the two
traits (here referred to as x and y). All the analyses were per-
formed wusing the software package ASReml (Gilmour
et al. 2015). The height increase during infection period
(4 months) was recorded as: Ajncrease = Pafter — Mbefore- The cor-
relation between tree height increases and lesion length was
calculated as mentioned above.

2.3 | Terpenes Determination and Hp
Inhibition Test

Monoterpenes and sesquiterpenes from 8 Hp infected clones (23
individual plants for the PR group and 8 for the S group) were
quantified using a previously described method (Liu et al. 2022;
Kainulainen et al. 1992). Norway spruce needles and young
stem adjacent to the infection cite were collected before path-
ogen Hp infection. Frozen sample was grinded in the liquid
nitrogen and approximately 100 mg powder was used for ex-
traction in 2 mL of n-hexane at room temperature for 2h and
washed twice with 2 mL n-hexane. 1-chloro-octane (70.1 g) was
applied as an internal standard. Chloro-octane was used
because it is similarly soluble in n-hexane and eluted similarly
to monoterpenes and sesquiterpenes on the GC column, is not
present in the actual samples, and does not co-elute with
monoterpenes and sesquiterpenes (Kainulainen et al. 1992).
Details of gas chromatography-mass spectrometry has been
described earlier (Liu et al. 2022). The mass spectra, retention
time and authentic standard compounds were used to identify
and quantify monoterpene and sesquiterpene compounds. For
each detected terpene, the concentration comparison between
PR and S groups were assessed with two-tailed unpaired t-test
in R 4.2.3. All the individuals in each group were considered in
t-test. Furthermore, in this study, needle tissues were sampled
primarily to identify constitutive chemical or molecular mark-
ers in clones found to be either susceptible or resistant. By
sampling the needles before pathogen inoculation, we avoided
destructive stem inoculation which often poses a technical and
logistical challenge and may be impractical for large-scale
screening of novel biomarkers for durable resistance.

For Hp inhibition test, 1,8-cineole (TCI, Shanghai, C0542) and
linalool (Aladdin, Shanghai, L106905) solution was firstly
emulsified by adding 2% Tween-20. The emulsified 1,8-cineole
was diluted into 1:2, 1:4, 1:8, 1:16, 1:32, 1:64 and 1:128 stock.

Cooling autoclaved potato dextrose agar (PDA) (about 46°C)
was mixed with linalool and 1,8-cineole stocks at 9:1 ratio and
was solidified on Petri dish. The mixture of media and MQ
water was applied as control. After solidification, media were
covered with sterile cellophane to facilitate hyphae collection
afterwards. Hp culture was firstly activated on PDA for a week
and were then transferred into the middle of PDA plate con-
taining 1,8-cineole or linalool or mixture using puncher (5 mm
in diameter). Plates were kept at 22°C and the growth of Hp was
recorded daily.

2.4 | Total RNA Extraction and RNAseq Reads
Mapping

Plant material was the needles that were located on similar
position (1/2 of total height) of 3-year-old Norway spruce
clones. Needles with the branch were collected in 2-ml Ep-
pendorf tubes. Hp mycelium inhibition test was conducted on
PDA media pre-covered with sterile cellophane. Both needle
and mycelium samples were immediately frozen in liquid
nitrogen and kept in —80°C until used. Frozen samples were
milled into powder with Mixer Mill MM400 (Retsch technology,
Haan, Germany) in 2mL Eppendorf tube with 5mm sterile
steel ball (60's, 22 Hz). Total RNA extraction followed previous
protocol (Chang, Puryear, and Cairney 1993; Wang et al. 2021).
Briefly, Plant tissues were milled for 60s at 22 Hz with 5mm
sterile steel ball in a Mixer Mill MM400 (Retsch technology,
Haan, Germany) within 2 mL Eppendorf tube. Grounded sam-
ple was transferred to a sterile 2 mL Eppendorf tube with 900 uL
extraction buffer (65°C) and 9 ul DTT (1 mol/L). The tubes were
vortexed and incubated at 65°C for 15 min. 900 uL of chloro-
form: isoamyl alcohol (24:1) were added, followed by mixing
and centrifugating at 10000 g for 10 min at room temperature.
The upper phase was transferred to a new 2 mL Eppendorf tube
and then equal volumes of chloroform: isoamyl alcohol (24:1)
were added for repeating the above step. 1/4 volume of 10 M
LiCl (42.4 g/mol) was added to precipitate RNA. Samples were
mixed well and kept at 4°C overnight. The tube was centrifuged
at 10000 g at 4°C for 30 min, and supernatant was pipetted out
and the pellet was washed by adding 100 uL cold 70% ethanol.
The centrifugation was repeated for 5 min. The supernatant was
pipetted out and the pellet was dried in sterile hood. The pellet
was re-suspended in 20 uL nuclease-free water. RNA was
quantified by NanoDrop 2000c (Thermo Fisher Scientific, USA)
and was checked with Agilent 2100 bioanalyzer (Agilent
Technologies, Germany).

Equal amount of high-quality RNA from 4 to 5 replicates of
each clone were gathered into one clone sample. RNA (1 ug)
samples were shipped to Novagene (UK) for RNA sequencing.
After raw reads quality check with FastQC v0.11.8 and MultiQC
v1.8, ribosomal RNAs were filtered with SortMeRNA v4.2.0
(Kopylova, Noé, and Touzet 2012). Adapter sequences and low-
quality reads (Q < 20 in 5-base sliding windows) were trimmed
with trimmomatic v0.39 (50bp minimum length) (Bolger,
Lohse, and Usadel 2014). The yield reads were qualified again
with FastQC and MultiQC. Processed reads were mapped
against the genome of P. abies or H. parviporum (assembly
ASM299478v1, PDUQ00000000) with STAR v.2.7.2 (Dobin
et al. 2013; Kopylova, Noé, and Touzet 2012), and the genome
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was downloaded from ConGenlE database (Nystedt et al. 2013).
Uniquely mapped reads were checked by htseq-count script
with HTSeq v.0.15.3 (Anders, Pyl, and Huber 2015), which
produced raw count tables.

2.5 | RNAseq, WGCNA and Statistical Analysis

Combined count table was transformed with variance stabiliz-
ing transformation (vst) and were normalized for library size
and RNA composition effect (Love, Huber, and Anders 2014).
Transformed and normalized counts were used for Principal
component analysis (PCA) (Love, Huber, and Anders 2014).
Differential expressed genes (DEGs) were produced with DE-
Seq. 2 (Love, Huber, and Anders 2014) with adjusted P-value
0.05 and fold change log2 > 1 (Wang, Wen, and Asiegbu 2022).
DEG heatmap (scaled by row) and dendrogram were produced
with package gplots heatmap.2 (Warnes et al. 2024) using DE-
Seq. 2 normalized counts in R. Norway spruce gene annotation
was applied from genome annotation (Nystedt et al. 2013) and
manual check. GO enrichment of DEGs was carried out with
package clusterProfiler 4.0 (Wu et al. 2021) with p-value 0.01
and p adjust BH method. Gene-list Enrichment tool in KOBAS
3.0 (Bu et al. 2021) was applied for KEGG pathway enrichment
of DEGs, with Fisher's exact test and FDR (Benjamini-Hochberg
adjusted) < 0.05.

R package WGCNA (1.72-5) was applied for co-expression
analysis of T and S groups. We combined count tables of T and S
groups from both current and previous studies (Langfelder and
Horvath 2008). VST transformation was performed after the
removal of lowly expressed transcripts with count <1 in all

3 | Results

3.1 | Partial Host Resistance to Necrotrophic
Pathogen Heterobasidion Is a Quantitative Trait

To better quantify the lesion development, we measured vertical
and horizontal length of lesion area in both xylem and phloem
(Figure 1B). The clonal lesions caused by Hp infection are sig-
nificantly larger than those of control (wounding treated)
clones, based on all of four lesion indicators (Figure 1C). This
indicated that our Norway spruce Heterobasidion infection
system was successful and H. parviporum isolate 04009 was
capable to cause considerable damage to young Norway spruce
within 3 months. High correlations among the four lesion in-
dicators were observed (Table 1), suggesting that the lesion
development in vertical and horizontal directions in both xylem
and phloem is consistent. The vertical length of xylem lesion
area was applied as the main indicator to represent the H.
parviporum development in the following analysis.

The length of the xylem lesion ranged from 6.7 mm to 89.0 mm
(Figure 1B). Clone-mean heritability was 0.862 (+0.018) (Table 2).
The histogram of BLUP values for xylem vertical length showed
near normal distribution (Figure 1D). A strikingly large lesion
length was observed for some susceptible clones (Figure 1B).
Representative lesion images for partial resistant (clone 3327),
medium susceptible (clone 4136) and susceptible clonal group
(clone 3227) were shown in Figure 1B. We observed a considerable

TABLE 2 | Clone-mean heritability of Heterobasidion parviporum
infected trees.

libraries and count <100 in at least eight libraries. Gene Lesion Estimate Standard error
modules were identified with 1-step network construction Xylem vertical 0.862 0.018
function blockwiseModules with proper soft-threshold power tem hori {

(power = 6), 100 minimum module and 0.25 merging threshold Xylem horizonta 0.827 0.022
function. Hub genes in the keymodule were identified using Phloem vertical 0.814 0.025
cut-offs of eigengene-based connectivity (KME) > 0.8 and gene Phloem horizontal 0.725 0.036
Trait Significance > 0.2.

TABLE 1 | Genetic and phenotypic correlations among four measurement of Heterobasidion parviporum infected necrotic lesion, as well as

lesions and height increase. Phenotypic correlation were calculated on a clone-mean basis.

Genetic correlation

Phenotypic correlation

Traitl Trait2 rG SE (rG) rP SE (rP)
Xylem horizontal Xylem vertical 0.62 0.06 0.59 0.05
Phloem horizontal Xylem horizontal 0.81 0.04 0.74 0.04
Phloem horizontal Xylem vertical 0.75 0.05 0.69 0.05
Phloem vertical Xylem horizontal 0.63 0.06 0.58 0.05
Phloem vertical Xylem vertical 0.99 0.01 0.96 0.01
Phloem vertical Phloem horizontal 0.81 0.04 0.74 0.04
Xylem horizontal Height increase —0.25 0.31 0.03 0.08
Xylem vertical Height increase —0.24 0.32 —0.03 0.08
Phloem horizontal Height increase —0.30 0.32 0.00 0.08
Phloem vertical Height increase —0.29 0.32 —0.04 0.08
Abbreviations: rG, genetic correlation; rP, phenotypic correlation; SE, standard error.
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variation in lesion size across clones representing the same full-sib
family, indicating a low degree of family-specificity of Hp partial
resistance. Despite this, we found some interesting performance
differences on Hp resistance among the 17 families. For instance,
Family 39 clones are significantly more resistant than clones from
Family 27 (Figure S3). We also measured the tree growth during
the infection period and correlated the increased height with
lesion length. There was no significant correlation between lesion
development and growth.

3.2 | Constitutive Differential Expressed Genes
From Partial Resistant and Susceptible Clones

To reveal the mechanisms of constitutive disease resistance, we
assigned the clones with the smallest and largest lesions to two
groups, partial resistant (PR) and susceptible (S), respectively.
RNAseq analysis was conducted with DEseq. 2 (Love, Huber,
and Anders 2014) to compare the constitutive transcriptomic
characters for the clones of the PR and S groups. The PR and S
groups were well clustered and separated by the first principal
component axis which explained 29% of the variance
(Figure 2A). GO enrichment suggested that the regulation of

plant-type hypersensitive response was significantly enriched in
the S group (Figure 2B). Additionally, KEGG pathway enrich-
ment analysis implied that plant-pathogen interaction and fla-
vonoid biosynthesis pathways were enriched in the S group,
while o-linoleic acid metabolism and phenylpropanoid bio-
synthesis pathways were enhanced in the PR group (Figure 2C).
Based on GO and KEGG pathway enrichment, it was apparent
that the S group samples had a higher expression level of
hypersensitive (HR) and program cell death (PCD) related
genes. On the other hand, the expression of phenylpropanoid
and terpene synthesis genes was enriched in the PR group.

3.3 | Other Potential Resistant Factors for Hp
Inhibition

To depict the detailed transcriptomic differences, we investi-
gated and grouped significant DEGs into certain categories,
including HR and PCD related genes, resistance protein genes,
terpene synthesis genes, phenylpropanoid synthesis genes, and
so forth. The expression of a-linoleic acid metabolism genes,
which were suggested from KEGG analysis, were compared
from S and PR groups. Nine transcripts (five genes) responsible
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FIGURE 2 | RNAseq profiling of samples of partial resistant and susceptible groups. (A) PCA plot of total uniquely mapped reads of samples
from tolerant and susceptible groups. (B) GO enrichment of differential expressed genes of tolerant and susceptible groups. Package clusterProfiler
4.0 was used with p value 0.01 and p adjust BH method. (C) KEGG pathway enrichment of differential expressed genes of tolerant and susceptible
groups. Gene-list Enrichment tool in KOBAS 3.0 was applied, with Fisher's exact test and FDR (Benjamini-Hochberg adjusted) < 0.05. PR, partial
resistant group; S, susceptible group. [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 3 | Heatmap of a-linoleic acid metabolism, phenylpropanoid synthesis, hypersensitive response, and other resistance related genes that
differential expressed. (A) a-linoleic acid metabolism related genes that differentially expressed. (B) Phenylpropanoid synthesis related genes that
differentially expressed. (C) Hypersensitive response genes that differentially expressed. The expression of transcripts that encoding for TMV
resistance N (-like) and subtilisin-like protease were all upregulated in susceptible group. (D) Other resistance related genes that differentially
expressed. The expression of transcripts that encoding for disease resistance proteins, including RGA disease resistance and NBS-LRR disease
resistance proteins. The expression of related genes and total read counts were taken into heatmap production with DESeq. 2 package. Raw count of
transcripts with less than (<=) 5 in more than (>=) 80% samples were removed. Read counts were normalized and transformed with variance
stabilizing transformation (vst) method. ADH, alcohol dehydrogenase; 4CLL5, 4-coumarate ligase-like 5; PLA2, phospholipase a2-alpha; AOS3,
allene oxide synthase 3-like; a-DOX1, alpha-dioxygenase 1. CCR, cinnamoyl-CoA reductase; F5H, ferulate 5-hydroxylase; BGL, f—glucosidase; PER,

peroxidase. [Color figure can be viewed at wileyonlinelibrary.com]

for a-linoleic acid metabolism were upregulated in the PR
group (Figure 3A). In addition, we also observed that phenyl-
propanoid synthesis genes were generally highly expressed in
the PR group (Figure 3B). On the other hand, significant dif-
ferences in expression of genes related to HR and PCD between
PR and S group. Genes related to HR that might contribute to
necrosis, were highly expressed in S group (Figure 3C). Most
strikingly, all the detected transcripts encoding for subtilisin-
like protease (3 transcripts) and TMV resistance N-like proteins
(seven transcripts) were upregulated in S group (Figure 3D).
Moreover, many transcripts encoding for resistance proteins,
NBS-LRR resistance proteins, RGA (resistance gene analogs)
resistance proteins were detected as differentially expressed
genes (Figure 3D). Among these, more transcripts related to
resistance genes were upregulated in S group (32 transcripts)
than the PR group (15 transcripts) (Figure 3D).

3.4 | Terpene Contents Were Distinct From
Partial Resistant and Susceptible Clones

To correlate Norway spruce tolerance to their metabolites, we
investigated the terpene production of the samples in PR and S
groups. Average concentration of tested terpenes were com-
pared. In general, more terpene compounds were significantly
enriched in the PR group, including 1,8-cineole, linalool, sabi-
nene, trans sabinene hydrate, 8-pinene, myrcene, and borneol.
Other terpene compounds including tricyclene, camphene and
bornyl acetate were highly accumulated in S group (Figure 4).

Notably, the average production of terpene linalool and 1,8-
cineole was significantly higher in the PR group than the S
group. In agreement with that, the expression of 1,8-cineole
synthase gene and possible linalool synthase genes were also
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FIGURE 4 | Terpene composition that significantly different in tolerant and susceptible groups. Among the tested monoterpenes and sesqui-

terpenes, the concentration of seven compounds were significantly higher in tolerant (T) group (n = 23) and three compounds were significantly

higher in susceptible (S) group (n = 8). Comparison between two groups using terpene concentration of all clone individuals were conducted with
two-tailed unpaired #-test in R, middle line represented the median, the box upper and lower ends were 75% and 25%, dots are outliers. PR, partial
resistant group; S, susceptible group. *p < 0.05, **p < 0.01. [Color figure can be viewed at wileyonlinelibrary.com]

upregulated in the PR group (Figure 5A,B). The combination of
chemical content and synthase gene expression of the two ter-
pene compounds indicated that linalool and 1,8-cineole were
important chemical determinants of Norway spruce constitutive
disease resistance factors.

3.5 | Antifungal Effect of Terpenes Linalool and
1,8-Cineole

To prove the potential role of terpenes linalool and 1,8-cineole
as resistance factors, we tested their inhibitory effect on Hp
growth. Serial diluted concentrations of 1,8-cineole, linalool and
mixtures of the two terpene were set-up to compare the growth
inhibitory effect. Hp growth was totally blocked with 1.25%
(v/v) of 1,8-cineole and 0.16% (v/v) linalool and 1,8-cineole
mixture on PDA media (Figure 5C), indicating that the inhib-
itory effect with two terpene mixture was much stronger than a
single terpene. The lowest linalool and 1,8-cineole concentra-
tion for significant inhibition effect was 0.16% (v/v) (Figure 5C).
Moreover, Hp hyphae was morphologically distorted when
treated with 1,8-cineole, linalool or two terpene mixtures, with
atypical morphology such as hyphae curling, increased hyphal
branching and deficient cell wall/membrane (Figure 5C).

3.6 | Impact of Linalool and 1,8-Cineole
Treatment on Heterobasidion Gene Expression

To reveal how the spread of Heterobasidion could be inhibited
in partial resistant clones, we performed RNAseq analysis from
samples of Hp treated with linalool or linalool and 1,8-cineole

combined. Consistent with the inhibited phenotypes, linalool
treated Hp showed significantly inhibited growth. Treatment of
linalool and 1,8-cineole mixture exhibited even stronger inhi-
bition effect compared to control or linalool-treated Hp.

Transcriptomic analysis revealed that the carbon assimilation
(carbohydrate metabolic process, cellulose catabolic process and
polysaccharide catabolic process) of Hp were largely inhibited by
linalool and mixture treatment. Hp treated with two terpene mix-
ture suffered more stress, indicated by the upregulation of genes in
pathways of glutathione metabolic process and response to oxida-
tive stress (Figure 6A,B). Significantly, multiple genes encoding for
glutathione s-transferase were uniquely upregulated in the chemical
mixture than control or 1,8-cineole treatment (Figure 6C). In
addition, several cytochrome P450 monooxygenase and peroxidase
genes were also upregulated in the mixture treatment (Figure 6D).

Furthermore, we investigated the effect of linalool and 1,8-
cineole on the expression of Hp effector genes. Notably, glyco-
side hydrolase genes were significantly downregulated at both
linalool and combined treatment. However, some other effector
genes were upregulated with terpenes treatment, such as
thaumatin-like protein and histidine kinase genes. These
effector genes might be responsible for stress tolerance. Yet,
many other effector genes with unknown functions were in-
fluenced by this two-terpene treatment (Figure S4).

3.7 | Gene Modules for the Tolerance Trait

To explore the co-expression pattern of tolerance related genes,
we performed WGCNA among PR and S groups. In addition to

8 of 16

Plant, Cell & Environment, 2024

85UBJ17 SUOWIWOD SAIIea1D) a|gedl(dde auy Ag pausenob are sadile YO ‘8sh JO Sa|nJ 10} AfeiqiTauluQ A3 |1 UO (SUO1IPUOI-PUR-SLLIBI WO AS | 1M Ale.d Ul Uo//:SANy) SUOIPUCD pue S | U39S *[7202/TT/ST] uo Arelqiauliuo A8|IAN ‘snysexereAuouuon AQ 082S T 99d/TTTT 0T/I0p/wod AS | Im' Aeiq 1 pul|uo//Sdny woly pepeojumoq ‘0 ‘Ov0ES9ET


https://wileyonlinelibrary.com

A DMAPP<—> |PP| €<—> IPP B
/ \ Row Z-Score
/| \
B-Phellandrene 1,8-Cineole Limonene MA_10312144g0010_1,8-cineole synthase
synthase synthase synthase MA_10435955g0030_possible linalool synthase
1,8-Cineole Liigsitesel ||| MA_1043595590010_possible linalool synthase
synthase synthase MA_10435955g0020_possible linalool synthase
B-Phellandrene Limonene o Dortiol Pocic

1,8-Cineole Linalool

@)

1.25% 0.63% 0.32%

1,8-cineole Linalool

Mixture

0.16%

Susceptible Partial Resistant

0.08% control D 0.08% control

il

FIGURE 5 | Linalool and 1,8-cineole biosynthesis pathways and their inhibitory effect. (A) The biosynthesis pathways of four terpenes
1,8-cineole, linalool, linalool and limonene in plants. The expression of possible linalool and 1,8-cineole synthase genes were enriched in partial resistant

group, which were highlighted in red. The genes of 8-phellandrene and limonene synthases were not detected as differential expressed genes. (B) Heatmap

of differential expressed genes of possible linalool and 1,8-cineole synthases in tolerant and susceptible groups. (C) Inhibitory effect of linalool, 1,8-cineole

and mixture against pathogen H. parviporum. (D) Disordered hyphae morphology of H. parviporum treated with linalool, 1,8-cineole and mixture. DMAPP,
dimethylallyl pyrophosphate; GPP, geranyl diphosphate; IPP, isopentenyl diphosphate; IPPI, isopentenyl diphosphate isomerase; MEP, methyl-erythritol-
4-phosphate; MVA, mevalonate; NPP, neryl diphosphate. [Color figure can be viewed at wileyonlinelibrary.com]

the transcriptomic analysis of the samples in this study, we also
combined the RNAseq data from our previous resistance
screening. GWCNA analysis of the PR group (nine clones) and S
group (seven clones) was performed to explore potential tran-
scriptomic networks of tolerance trait. A total of 21 850 tran-
scripts post filtering were applied to construct networks for the
key modules of highly correlated genes. Samples were clustered
well for the resistance trait (Figure 7A). In total 35 modules
were identified with the soft-threshold power of 6 (Figure 7B).
The darkgrey and salmon modules were most significant
modules that correlated with the lesion trait, with coefficient
values of 0.69 and —0.67. 199 hub genes in darkgrey module and
321 hub genes in salmon module (Figure 7C,D). The relation-
ship of the tolerance traits and modules were present with a
heatmap of hub gene adjacency (Figure 7E). Multiple gene
modules showed significant correlation with Norway spruce,
providing many more potential target genes that might con-
tribute to resistance trait than we currently realized.

4 | Discussion

4.1 | Norway Spruce Resistance to
Heterobasidion is a Quantitative Trait

We evaluated the potential resistance of Norway spruce against
necrotrophic pathogen (Heterobasidion sp). Our screening
showed the resistance phenotype (lesion length) was in a con-
tinuous mode, supporting the idea that tree resistance against
necrotrophic pathogen is determined by multiple factors and

complex networks. In addition, we investigated the correlation
of lesion length and tree growth within the infection period.
Nonsignificant correlation was detected between lesion devel-
opment and tree height increase. This indicated that the
resistance and growth trade-off was not present at least within
the infection period, which was consistent with our previous
study (Liu et al. 2022).

Although resistance to Heterobasidion is a quantitative trait,
we noticed that three S-group clones had extremely large
lesions (> 10-fold in length) compared to other clones, as
similar phenotype has been observed in our previous study
(Kovalchuk et al. 2019). This suggests that susceptibility
factors, like necrotic cell death might exist to benefit the
growth and spread of Hp in sapwood and phloem. Compar-
ison of transcriptomic and metabolic clues revealed potential
susceptibility and resistance factors, which might determine
the distinguished phenotypes of Norway spruce against ne-
crotrophic pathogen Hp.

4.2 | High Linalool and 1,8-Cineole Content and
Their Synthase Gene Expression in PR Group

Induced Norway spruce resistance by the infection of Hetero-
basidion is well studied (Kovalchuk et al. 2019; Chaudhary
et al. 2020; Wen, Terhonen, and Asiegbu 2022). Yet, our
knowledge of the constitutive resistance of Norway spruce is
still rather limited. The chemical compositions of tree tissues
are considered as a vital factor for tree resistance to pathogens
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color was scaled by row. [Color figure can be viewed at wileyonlinelibrary.com]

and insects (Wang et al. 2023). Monoterpenes, including 1,8-
cineole and linalool, are present in multiple tissues of spruce
and are internally transported via xylem sap (Duan, Bonn, and
Kreuzwieser 2020). Monoterpene linalool, as a natural product
from aromatic plants, has been widely studied in medical

ancer and antimicrobial

research for its bioactive properties, anti-inflammatory, antic-

functions (Pereira et al. 2018; Singh

and Sharma 2015). As to the roles in plant biology, linalool is
thought to have a major anti-pathogen property. It has been
shown to inhibit mycelial growth of a plant pathogen Fusarium
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FIGURE 7 | Weighted gene co-expression network analysis (WGCNA) of transcriptome from tolerance and susceptible groups. (A) Sample
dendrogram and trait heatmap based on lesion length. (B) Module-trait relationships using gene modules and lesion length. Numbers represent the

corresponding correlation and p value. (C, D) Scatterplot of gene significance for lesion in darkgrey and salmon modules, which were the two most

significant modules. (E) Visualization of hierarchical clustering dendrogram of eigengenes and the eigengene adjacency for the relationships among

modules and the phenotype lesion area (value). [Color figure can be viewed at wileyonlinelibrary.com]

oxysporum, with damage to pathogen cell membrane integrity
and depression in its multiple metabolic pathways (Li
et al. 2023). 1,8-cineole has the inhibitory ability of biofilm and
hyphae formation of Fusarium solani species complex (Zhang
et al. 2022). Another study claimed that 1,8-cineole act on
organelles of B. cinerea and has synergistic effect with terpinen-
4-ol for its anti-fungal ability (Yu et al. 2015).

Our investigation of terpene composition of S and PR groups
suggested that seven terpenes (1,8-cineole, linalool, b-pinene,
sabinene, borneol, myrcene, and trans sabinene hydrate) were
positively correlated and three terpenes (Bornyl acetate, cam-
phene, and tricyclene) were negatively correlated with Hp
partial resistance. Most significantly, we detected the higher
expression level of 1,8-cineole synthase gene and possible
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linalool synthase genes in the PR group. Therefore, we proposed
that production and accumulation of linalool and 1,8-cineole
might contribute to Norway spruce partial resistance to necro-
trophic pathogen Hp.

4.3 | Antifungal Effect of Terpenes Linalool and
1,8-Cineole

A few decades ago, antimicrobial activities of multiple
monoterpenes were reported against fungal and/or bacterial
strains (Mahizan et al. 2019; Dorman and Deans 2000; Kurita
et al. 1979). Linalool and 1,8-cineole were reported as multi-
functional chemicals for plants (Li et al. 2023; Zhang
et al. 2022; An et al. 2021). Volatile organic compounds have
been found playing crucial roles in resisting biotic stresses of
Norway spruce. For instance, Linalool is a monoterpene
alcohol with antimicrobial and anti-inflammatory properties,
which is effective in inhibiting the growth of a wide range of
pathogenic fungi and bacteria (Maczka et al. 2022). The syn-
thesis of linalool is significantly induced and increased in
Norway spruce when confronting biotic stress, thereby en-
hancing the plant's defenses (Blande, Turunen, and
Holopainen 2009; Danielsson 2011). It has been found that
linalool is able to interfere with the metabolic processes of
pathogen, reducing their growth rate and thereby decreasing
the damage to plant tissues (Li et al. 2023; Shimada
et al. 2021). The 1,8-cineole is another important monoterpene
with strong antioxidant properties. This monoterpene can
effectively resist a variety of necrotrophic pathogens, including
the notorious Norway spruce pathogen H. parviporum. 1,8-
cineole protects trees by disrupting the pathogen's cell mem-
branes and inhibiting its growth and reproduction (Kusumoto
et al. 2014). From the perspective of insect resistance, Norway
spruce secretes more 1,8-cineole in the bark when attacked by
European spruce bark beetle. This suggests that the potential
of Norway spruce to induce defense compounds may partly
determine its resistance to this pest, thus inhibiting the
potential large-scale attack (Schiebe et al. 2012). Previous
studies have also suggested that linalool and 1,8-cineole have
positive effects on disease and pest resistance of Norway
spruce. Yet, the antifungal effect of Linalool and 1,8-cineole to
the necrotroph Hp was not reported.

In this study, we observed direct inhibitory effect of terpenes
linalool and 1,8-cineole in vivo, which was consistent to the
resistant phenotype of Norway spruce clones with higher lin-
alool and 1,8-cineole contents compared to susceptible clones.
Here we propose that the synthesis of terpenes linalool and
1,8-cineole could be constitutive resistance factors in Norway
spruce against necrotrophic pathogen Hp, as it is evident from
host transcriptomic and terpene metabolic levels, as well as
pathogen direct inhibition and transcriptomic expression
levels.

The normal growth of Hp was interrupted when treated with
linalool or 1,8-cineole, or mixtures of the two chemicals. The
inhibitory concentration was a bit higher than those tested in
our terpene analysis. However, considering the fact that
local terpene concentration from the infection site can be higher
than the average terpene concentration used in vitro, the

concentration of linalool and 1,8-cineole in Norway spruce tis-
sues are efficient to limit the Hp invasion (Duan, Bonn, and
Kreuzwieser 2020). The basal levels of linalool and 1,8-cineole
in the PR group were high enough to inhibit Hp growth.

Transcriptomic data suggests that potential pathogenicity fac-
tors of Hp was also negatively affected by linalool and 1,8-
cineole treatment. Glycoside hydrolases are pathogen effectors
used to degrade plant tissues (Bradley et al. 2022). We dis-
covered that effector genes encoding glycoside hydrolase were
downregulated when treated with linalool and 1,8-cineole. On
the other hand, effector genes related to stress tolerance were
upregulated with terpene treatment. Thaumatin-like proteins
are defense proteins in fungi (de Jests-Pires et al. 2020). Hp
exhibited stress responses with upregulation of a thaumatin-like
protein gene when treated with terpenes, especially with lin-
alool and 1,8-cineole mixture. Yet, many other unknown
effector genes were also influenced by terpene treatment. In this
study, however, we did not include the transcriptomic analysis
from 1,8-cineole treated sample because of poor quality RNA
harvested. This situation was probably raised from the inhibi-
tion of RNA synthesis or partial degradation of fungal RNA, or
from the interference of the 1,8-cineol terpene in the isolation of
high-quality RNA.

4.4 | High Programmed Cell Death-Related Gene
Expression in S Group

Hypersensitive cell death (HR) and associated necrotic cell
death was reported to facilitate the infection by necrotrophic
pathogens Botrytis cinerea and Sclerotinia sclerotiorum (Govrin
and Levine 2000). Similarly, the clones that exhibited high
levels of necrotic related cell death, showed extremely low
resistance against H. parviporum in this study. Some subtilisin-
like proteases have active role in plant PCD (Figueiredo, Sousa
Silva, and Figueiredo 2018), which contribute to plant resist-
ance against biotrophic pathogens. TMV resistance N-like
proteins are typical resistance proteins that elicit hyper-
sensitive necrotic response in plants (Levy, Edelbaum, and
Sela 2004). HR and PCD are effective approaches for plants to
stop the establishment of infection by biotrophic pathogens.
The higher expression of several transcripts encoding for
subtilisin-like proteases and TMV resistance N-like proteins in
S group indicated a high potential to initiate either a HR, PCD
or necrotic cell death when infected with Hp. The initiation of
necrotic cell death and associated HR and PCD, however,
might benefit necrotrophic pathogen Hp to spread by utilizing
dead plant tissues.

Similarly, more transcripts encoding for resistance proteins,
NBS-LRR resistance proteins, RGA resistance proteins were
enriched in the S groups than the PR groups. These resistance
proteins typically recognize pathogen effector proteins, which
might lead to resistance responses including necrotic cell
death, HR and PCD. However, this basic level gene expression
is similar to anti-biotrophic resistance genes that existed in
some Norway spruce clones (S group) that correlated with Hp
susceptibility. We showed that the expression of anti-biotrophic
resistance genes did not contribute to the tree partial resistance
against necrotrophic pathogen.
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4.5 | Other Potential Resistant Factors for Hp
Inhibition

Linoleic acid is the precursor of jasmonic acid, which is a sig-
naling hormone that mediates plant resistance against necro-
trophic pathogens. Constitutive higher expression of linoleic
acid related genes in partial resistant group might represent a
resistance factor. Phenylpropanoids are important metabolic
compounds in plant resistance (Dong and Lin 2021; Kolosova
and Bohlmann 2012; Shimada et al. 2021). We discovered that
phenylpropanoid synthesis genes were upregulated in partial
resistant group, indicating the constitutive resistant role of
phenylpropanoids. Hypersensitive response was a mechanism
for plant to quickly limit the pathogen spread (Heath 1998;
Glazebrook 2005). However, hypersensitive response might
facilitate the growth of necrotrophic pathogen. In this study,
we found a significant higher expression pattern of hyper-
sensitive response related genes of Norway spruce in Hp sus-
ceptible group. This finding supports the idea that
hypersensitive response in trees was a susceptible factor for
necrotrophic pathogen, which might lead to the extreme ex-
tensive lesion development.

We also investigated many other homologs of disease resist-
ance genes and noticed that more disease resistance genes were
highly expressed in the S group (Chang, Puryear, and
Cairney 1993) than the PR group (Martin et al. 2002). Like HR
genes, these genes are mostly responsible for resistance to bio-
trophic pathogen and play opposite function in trees when
facing necrotrophic pathogen. Additionally, genes related to cell
wall enrichment might also contribute to Hp resistance. For
instance, {3-glucosidases are involved in formation of required
intermediates for cell wall lignification and defense (Ketudat
Cairns et al. 2015). Recent studies have suggested xyloglucan
endotransglucosylase/hydrolase (XTH) are responsible for reg-
ulation of cell wall xyloglucan polymers and stress resistance
(Ishida and Yokoyama 2022). Transcripts encoding for (-
glucosidases and XTH were upregulated in the PR group,
indicating the probably active roles of these genes in Norway
spruce partial resistance to Hp. In this study, the expression of
flavonoid biosynthesis pathway was upregulated, while phe-
nylpropanoid biosynthesis pathway was downregulated in the S
group. These were contrary to our previous reports by
Kovalchuk et al (Axelsson et al. 2020) and Liu et al (Kolosova
and Bohlmann 2012), which was possibly because of the gene
redundancy involving these pathways and the complexity of
tree resistance to necrotrophic pathogen. The 3-carene was
proposed as a resistance factor in previous studies (Fildt
et al. 2003) and in Sitka spruce (Robert et al. 2010; Roach
et al. 2014). However, the expression of (+)-3-carene synthase
genes was not detected as DEG, suggesting that (+)-3-carene
synthesis was not a constitutive resistance factor in Norway
spruce.

4.6 | Host Family on Hp Tolerance

Previous study indicated that host family influence the terpene
profiles and fungal endophytes, with indirect impact on the
disease resistance outcome (Bullington et al. 2018). In our
study, the Norway spruce resistance to Hp from the view of

clonal family also exhibited differential levels. Several families
had significantly different resistance performance. However,
huge variation of resistant levels is obvious in most of 17 clonal
families, indicating that maternal parent identity has positive
but limited role to Hp resistance performance. There was no
correlation of tree growth and lesion length in this study.
Similar results were found in our previous screening of 3-year-
old Norway spruce (Liu et al. 2022). Taken together, these
indicated that the lesion development does not affect the
growth of young trees at least during the infection period in
these young seedlings.

5 | Conclusion

Although Heterobasidion is known as a root and stem rot
pathogen, our previous study (Mukrimin et al. 2019) using
Fourier-transform infrared spectroscopy (FT-IR) for analysis of
18 needle samples from asymptomatic and symptomatic Nor-
way spruce trees, showed that FT-IR spectra could be used to
distinguish needle tissue extracts of symptomatic and asymp-
tomatic Heterobasidion infected trees. Consequently, this
observation strengthened the use of needles as a nondestructive
sampling strategy. The result showed that some terpene content
and their related gene expression were associated to Hp partial
resistance phenotype, indicating the terpene (linalool and 1,8-
cineole) synthesis as possible constitutive characters of Hp
resistance. Hypersensitive and necrotic responses are constitu-
tive characteristic or pre-infection features similar with other
biotic factors. Hypersensitive and necrosis cell death was re-
ported to facilitate the infection by necrotrophic pathogens
Botrytis cinerea and Sclerotinia sclerotiorum (Li et al. 2023).
Induction of necrotic cell death, hypersensitive response and
programmed cell death in Norway spruce might facilitate ne-
crotrophic pathogen Hp invasive growth in Norway spruce
wood. Thus, we propose that the basal levels of terpenes
(linalool and 1,8-cineole) constitutive disease resistance factors
for spruce against necrotrophic pathogen Hp. On the other
hand, the basal expression level of necrosis related cell death
genes are possible susceptible predisposing factors that lead to
fast necrotic lesion development induced by the necrotrophic
pathogen Hp.
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