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Abstract
The European black pine (Pinus nigra J. F. Arnold) is a conifer of high economic and ecological importance and is 
considered a potential alternative to several forest tree species in Central Europe to support adaptation to global 
climate warming. However, the fungus Diplodia sapinea (Fr.) Fuckel is causing severe damage and world-wide 
economic loss to this and other Pinus host species. The lack of genomic resources and the scarce knowledge 
of the tree´s molecular defense mechanisms limit any breeding perspectives. Here, we report the results of a 
controlled infection experiment in which the transcriptomic and metabolomic profiles of mock and infected P. 
nigra saplings from two provenances were compared over a period of 21 days. This combined approach suggests 
that P. nigra response to D. sapinea infection is activated between 8 and 21 days post-inoculation when key plant 
defense signaling hormones such as jasmonic acid, abscisic acid and salicylic acid increased. This concurred with 
high differential gene expression, including the activation of major plant defense-related pathways, leading to 
the induction of several phytoalexins and defense-related proteins. Furthermore, some of these responses were 
provenance-specific. Finally, this study identified key genes and metabolic pathways involved in the defense 
response of P. nigra to D. sapinea, providing a solid basis for further exploration of genetic variation among natural 
populations (provenances) of different subspecies with varying constitutive and induced defense responses. 
This deeper understanding will aid in elucidating resistance mechanisms and guiding the selection of plant 
reproductive material for future forest plantations.
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Introduction
Climate change markedly modifies forest disturbance 
regimes on a global scale [1] by increasing pathogen-
related disruptions [2, 3], leading to severe economic loss 
[4] and ecological challenges [5]. Consequently, studies 
on tree-pathogen interactions and studies deciphering 
the basis of forest tree adaptation and resilience to patho-
gens have intensified in recent years [6–11].

The European black pine (Pinus nigra J. F. Arnold) is a 
peri-Mediterranean conifer tree species with high eco-
nomic and ecological importance that is found across 
Europe, Asia Minor, and North Africa in a wide range of 
habitats. In addition to timber production, it is also used 
in reforestation programs to effectively control soil ero-
sion and landslides, as well as for land rehabilitation [5, 
12]. P. nigra is genetically and phenotypically variable, 
with several loosely differentiated subspecies that easily 
interbreed [13–15]. In this study, we consider two eco-
logically divergent provenances, an Austrian provenance 
(P. nigra subsp. nigra) originating from Central European 
continental climates with colder winters and relatively 
regular precipitation, and a Corsican provenance (P. 
nigra subsp. laricio) adapted to Mediterranean mountain 
environments characterized by warmer temperatures 
and pronounced summer drought. It has been proposed 
as one of the most promising tree species for assisted 
migration in Central Europe [16] under many climate 
change scenarios due to its higher tolerance to drought 
compared to other coniferous species [5, 17]. However, 
the species is severely affected by a fungal disease caused 
by the widespread ascomycete Diplodia sapinea (Fr.) 
Fuckel (syn. Diplodia pinea (Desm.) Kickx., Sphaeropsis 
sapinea (Fr.: Fr.) Dyko and Sutton) [18, 19]. The fungus is 
an opportunistic, and necrotrophic pathogen of conifers 
causing worldwide economic losses [20–22].

Horizontal transmission of D. sapinea among nearby 
living trees is the primary mode of infection [23], as the 
fungus can enter plants through small wounds and can 
invade tissues, and may also cause shoot blight, crown 
dieback, blue staining of wood, bark necrosis, and ulti-
mately tree death [24, 25]. However, vertical transmission 
from the mother tree to offspring can occur, result-
ing in a high risk for seeds to become colonized by the 
pathogen [23], further contributing to the dissemina-
tion of D. sapinea and making it one of the most wide-
spread conifer pathogens in the world (CABI Invasive 
Species Compendium: ​h​t​t​p​​:​/​/​​w​w​w​.​​c​a​​b​i​.​​o​r​g​​/​i​s​c​​/​d​​a​t​a​s​h​e​
e​t​/​1​9​1​6​0). This endophytic fungus may also cause latent 
infections with long periods of dormancy in apparently 
healthy trees [26, 27] until stressful environmental condi-
tions such as drought or hail weaken the host and trig-
ger its pathogenicity [28, 29]. Latent infections of D. 
sapinea can be detected in asymptomatic tissue [28, 30, 
31] only by molecular biological methods [23, 32–35]. 

While selection of resistant or less susceptible material of 
this species can be highly promising for effective disease 
management [36], there is still limited understanding of 
the interactions between pine hosts and D. sapinea, as 
noted by [37].

In P. nigra, D. sapinea is known to induce various 
defense responses, both locally at infection sites and 
systemically in distant tissues, enhancing whole-plant 
resistance to subsequent biotic stress through systemic 
induced resistance (SIR) [38–40]. Nevertheless, the 
induced response can be dependent on the site of infec-
tion (i.e., lower stem, upper stem, shoots) [41, 42], result-
ing in either SIR or systemic induced susceptibility (SIS) 
when defenses of symptomatic trees are weaker against 
future attacks. In addition, drought-derived perturba-
tions can contribute to enhanced susceptibility [43, 44]. 
The analysis of phytohormones, phenolic compounds, 
and terpenoids involved in pathogen-induced defense 
mechanisms is important from a metabolic perspective, 
as these compounds act either as signaling and regula-
tory molecules or as direct inhibitors of pathogen activ-
ity. For instance, in Scots pine (P. sylvestris) infected by 
D. sapinea, plant hormones such as jasmonic acid (JA), 
abscisic acid (ABA), salicylic acid (SA) and others lead to 
the induction of defensive chemicals (phytoalexins), pro-
teins and anatomical defenses [37, 45, 46]. Similarly, SIR 
in P. nigra stems is associated with induced lignification 
[41, 47] and accumulation of flavonoids such as taxifolin 
[48], supporting a potential role of these and other phy-
toalexins such as phenolic glycosides and stilbenes [49, 
50] in disease resistance. However, tree resistance can-
not be predicted from phenolic profiles alone, as their 
significant accumulation in symptomatic trees may also 
be indicative of other stress factors, rather than a defense 
response to fungal infection [42, 51]. Terpenoids are 
another major class of specialized metabolites in pines, 
and while they have not been consistently associated with 
SIR in this pathosystem so far [49, 52] as they have been 
for Pinus pinea L. [53], they are generally considered 
antimicrobial [54] and could at least partly contribute to 
reductions in stem lesion length [42].

The genetic dissection of the systemic induced defense 
response can help to effectively combat this patho-
gen in the near future. However, genetic studies remain 
challenging for conifer species due to the limited 
knowledge of genetic variation in natural populations, 
polygenic inheritance of several traits, and difficulties 
to do accurate phenotypic prediction assessments [34]. 
Transcriptomics is a powerful tool to reduce the genomic 
complexity of fully sequenced conifer genomes, target-
ing specific genes [8, 55–57], and complementing asso-
ciation studies [58]. Due to the limited availability of 
reference genomes for most conifer species, which is 
primarily attributed to their exceptionally large genomes 

http://www.cabi.org/isc/datasheet/19160
http://www.cabi.org/isc/datasheet/19160


Page 3 of 23Trujillo-Moya et al. BMC Genomics          (2026) 27:233 

rich in repetitive sequences and pseudogenes [59], cur-
rent research predominantly relies on transcriptome 
data. Transcriptome resources are now available for an 
increasing number of pine species and have been used for 
several applications including RNA-seq, a standard tool 
for investigating genome-wide differential gene expres-
sion under contrasting abiotic [60] and biotic stresses [6, 
9, 61]. For instance, defense transcriptomics of Scots pine 
saplings artificially infected with D. sapinea revealed the 
induction of genes involved in lignin- and phytoalexin-
biosynthesis and pathogenesis-related genes that can 
serve as targets for resistance breeding [62]. Recently, 
[44] integrated concurrent host and pathogen responses 
in P. nigra based on simultaneous transcriptomic analy-
ses at early stages of the infection (≤ 72  h), while late 
molecular responses remain uncharted.

In the present study, we investigated, for the first time, 
the molecular responses of two P. nigra provenances 
(Austrian and Corsican) representing two different sub-
species with distinct ecological backgrounds to a D. sap-
inea infection (single exposure). We used a combined 
transcriptomic (RT-qPCR, RNA-seq) and metabolo-
mic (phytohormones, phenolic compounds, diterpenes 
and volatile organic compounds (VOCs) approach in a 
greenhouse-controlled infection experiment for a period 
of 21  days (Figure S1). The timeframe studied here was 
selected based on the existing literature and on stan-
dard practices when dissecting a pathosystem molecu-
larly. RT-qPCR was used to identify the time point with 
the most notable differential expression for further in-
depth analysis by mRNA sequencing. Due to the lack of 
a P. nigra reference genome, we explored the most rea-
sonable alternatives for establishing a suitable standard 
RNA-seq protocol. First, we used the only publicly avail-
able reference transcriptome of P. nigra, generated to 
study genetic lineages and based on adult needle tissue 
[63]. Second, the comprehensive reference transcriptome 
of a closely related pine species, P. sylvestris, was used, 
which combines different tissue types and developmental 
stages [64]. Finally, with the main aim to identify genes 
and metabolic pathways involved in the induced defense 
response, we hypothesised that: (i) stem inoculation of 
two-year-old P. nigra saplings with D. sapinea would trig-
ger systemic induced reactions in the terminal shoot nee-
dles, including shared and provenance-specific reactions; 
(ii) these responses would include significant alternations 
in stress-related phytohormone profiles, which activate 
plant defense signalling pathways; and (iii) subsequent 
differential gene expression would coincide with signifi-
cant changes in defense proteins and concentrations of 
plant secondary metabolites, such as phenolic and terpe-
noid compounds.

Results
RT-qPCR on candidate defense-related genes
After 21 days, all D. sapinea inoculated (further referred 
to as inoculated or infected) saplings of the two dif-
ferent provenances (Austrian, Corsican) showed clear 
symptoms of infection, while mock inoculated (fur-
ther referred to as mock) plants showed no symptoms 
throughout the entire infection experiment. The expres-
sion stability of the four candidate reference genes (RGs) 
α-Tubulin, Actin (ACT), α-Tubulin (ATUB), and Ubiqui-
tine (UBI) were evaluated in the needles. ACT and ATUB 
were identified as the two most stably expressed genes 
and were selected for normalization (Figure S2). Most of 
the twenty-one P. nigra candidate defense related ortho-
logs selected for RT-qPCR analysis for all time points 
(for more details see Materials & Methods) showed a 
notable induced expression occurring in 21  days post-
inoculation (dpi) samples (Figure S3) for both the Corsi-
can (19 genes) and the Austrian (12 genes) provenance. 
The highest levels of up-regulation at 21 dpi were found 
in Corsican plants for the P. sylvestris orthologs Glucan 
endo-1,3-beta-glucosidase (contig_28064), endochitinase 
CH5B (contig_48603), and the Picea abies (L.) H. Karst 
ortholog basic endochitinase B (contig_26700).

A principal component analysis (PCA), using delta Cq 
values of all transcripts, grouped all mock and 3—8 dpi 
inoculated samples due to their high similarity in their 
expression profiles (Fig. 1). However, at 21 dpi, infected 
plants were segregated for Austrian and Corsican prov-
enances. Additionally, 21 dpi (PC1: 80.1% explained vari-
ance) appeared to be the most significant time point for 
divergence, further explored via mRNA sequencing and 
differential gene expression analysis.

21 dpi cDNA sequencing (mRNA-seq) and mapping to 
the available reference transcriptomes with different 
alignment methods
All samples from 21 dpi were used for mRNA-seq, from 
which a total of 14.61 million single-end reads were 
obtained via cDNA sequencing (Illumina NextSeq 500; 
Illumina, San Diego, CA, USA) of the libraries (Quant-
Seq 3' mRNA-seq FWD) generated from needles. The 
number of input reads after quality control trimming 
varied between 9.8 million and 16.28 million depending 
on treatment and provenance (Table S1), with an aver-
age input read length of 71 base pairs. Sequence align-
ment (BWA-MEM) to the D. sapinea reference genome 
was then performed, and the fungus was detected in all 
samples. The number of reads that uniquely aligned to 
D. sapinea varied between 0.37 million and 1.19 million 
(3.04% to 9.45% of the total reads; 4.85% on average), 
except for one of the infected Corsican samples in which 
5.65 million reads aligned to the fungal genome (40.41% 
of the total reads).
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Once D. sapinea reads were filtered out, the number of 
remaining input reads varied between 8.33 million and 
15.45 million depending on treatment and provenance. 
When the alignment method BWA-MEM was used, the 
number of reads that uniquely aligned to the P. nigra ref-
erence transcriptome varied between 4.43 million and 
7.6 million (51% of the total reads on average), while the 
mapped reads were reduced to 3.75—6.54 million (44% of 
the total reads on average) when the Salmon alignment 
method was applied. A similar outcome was observed 
when the P. sylvestris reference transcriptome was 
employed, although resulting in higher alignment rates. 
The number of reads uniquely aligning to P. sylvestris 
ranged from 5.77 million to 13.25 million, accounting for 
an average of 84% of the total reads, when utilizing BWA-
MEM. On the other hand, the use of Salmon reduced the 
alignment rate to 67% on average. In all cases, the inter-
replicate correlation between the biological replicates for 
each treatment and provenance combination was high 
(R2: 0.901 ± 0.04), suggesting that the cDNA sequencing 
yielded reliable data for downstream analyses.

Differential gene expression patterns between treatments 
and provenances
The PCA of the overall differential gene expression pro-
file confirmed the large differences between mock and 
inoculated trees at 21 dpi (Fig.  2), also observed during 
candidate genes´ RT-qPCR. This pattern, reflected by 
component 1 (62–78% variance), was observed for both 

provenances (Austrian and Corsican) regardless of the 
reference transcriptome (P. nigra or P. sylvestris) and 
alignment method used (BWA-MEM or Salmon). The 
distance between mock samples from the same prov-
enance was greater for the Austrian samples than for the 
Corsican ones when P. sylvestris was used as the reference 
instead of P. nigra. Nevertheless, differences between 
samples reflected along PC2 were minor (6–7% variance).

Global analysis of differentially expressed genes (DEGs)
Regardless of the alignment method and reference tran-
scriptome selected, an average of 5206 transcripts were 
differentially expressed in the needles of inoculated 
samples when compared to those of mock samples, 
with a slight tendency towards down-regulation (42% 
up- compared to 58% down-regulated DEGs) (Fig. 3 and 
Table S2). A set of 778 up- and 1622 down-regulated 
DEGs were shared between all provenances and align-
ment methods (termed CONSERVATIVE) when P. nigra 
was considered as reference transcriptome, while 534 
up- and 957 down-regulated DEGs were identified using 
P. sylvestris. When considering DEGs shared by both 
provenances in at least one alignment method (termed 
RELAXED), the number of shared genes increased to 
1056 up- and 2003 down-regulated DEGs with P. nigra 
as the reference, or 1846 up- and 2894 down-regulated 
DEGs when using P. sylvestris as reference.

Fig. 1  Principal component analysis (PCA) plot derived from delta Cq values (RT-qPCR) of 21 candidate defense related transcripts, performed on needle 
samples from mock and inoculated saplings for time points 3, 8, and 21 dpi. The dashed circles indicate the 95% confidence intervals for each experi-
mental group. Note the distinct separation of most 8 dpi and all 21 dpi inoculated samples from mock for both Austrian and Corsican sample replicates
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Gene ontology (GO) enrichment analysis
The GO-enrichment analysis performed for the 
RELAXED gene set revealed terms significantly enriched 
(p-value < 0.05) for the three different gene ontolo-
gies explored: biological process (BP), molecular func-
tion (MF), and cellular component (CC) (Figure S4). 
For all categories and for both up- and down-regulated 
gene sets, there were fewer terms when the P. sylvestris 
transcriptome was used as reference instead of P. nigra. 
When using P. nigra as reference, many BP terms were 
enriched in the up-regulated gene set such as the chitin 
catabolic process, cell wall macromolecule catabolic pro-
cess, and carbohydrate metabolic process. Interestingly, 
chitinase activity and chitin binding were the two most 
relevant MF here. In addition, defense response term 
was also enriched in this set, involving several related 
terms such as response to stress, to biotic stimulus, to 
oxidative stress, and to abscisic acid. Regulation of tran-
scription was also enriched. For the down-regulated 
gene set, many terms related to cell wall architecture 
and organization were enriched, together with carbohy-
drate metabolic process, as well as some defense related 
terms such as response to biotic stimulus and oxidative 
stress. Nevertheless, when using P. sylvestris as reference, 
new terms emerged for the up-regulated gene set (i.e., 
response to auxin and desiccation, lipid metabolic pro-
cess), although response to stress was also enriched. For 

the down-regulated gene set, again few terms appeared, 
most of them previously detected for P. nigra. Notably, a 
considerable proportion of differentially expressed genes 
remained without GO annotation.

Metabolic pathway analysis
The Kyoto Encyclopedia of Genes and Genomes (KEGG) 
pathway database was used as an alternative approach 
to categorize gene functions as it directly pinpoints 
specific and well-described biochemical pathways. On 
average, when the P. nigra sequences were used for the 
analysis, 17% of DEGs could be assigned to key enzymes 
involved in a total of 148 biological pathways, while 10% 
DEGs were assigned when P. sylvestris sequences were 
used (Table S3). DEGs were assigned to key enzymes of 
pathways involved in metabolism, genetic information 
processing, environmental information processing, cel-
lular processes, and organismal systems; thus, consti-
tuting a pathway fingerprint (Table S4). In some cases, 
multiple genes were assigned to the same key enzymes, 
as expected due to genome complexity in conifers. Path-
way fingerprints of both up- and down-regulated DEG 
sets were consistent and grouped together, irrespective of 
the reference transcriptome applied (Fig. 4a). At a more 
detailed level, provenances tended to group together but 
were more distinctly separated when the P. nigra refer-
ence was applied (Figure S5a). Finally, the alignment 

Fig. 2  Principal component analysis (PCA) plot of differentially expressed transcripts at 21 dpi (mRNA-seq). a BWA-MEM and (b) Salmon with P. nigra as 
reference transcriptome; c BWA-MEM and (d) Salmon with P. sylvestris as reference transcriptome. Note the high conformity within the four replicates (two 
for mock Austrian) and clear separation between mock and inoculated treatments at 21 dpi for both Austrian and Corsican saplings
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method (BWA-MEM or Salmon) did not significantly 
change the pathway fingerprints. When RELAXED 
and CONSERVATIVE fingerprints were included, they 
integrated perfectly in the previously created hierarchy 
together with their relatives (Figure S5b). Moreover, they 
were generally comparable to the Austrian provenance, 
given that the Corsican provenance differed in certain 
specific pathways, as explained below.

When we focused on the RELAXED P. nigra alignment 
gene sets (Fig. 4b), the up-regulation found for most key 
enzymes and pathways involved in signal transduction 
and environmental adaptation such as plant-pathogen 
interaction, mitogen-activated protein kinase (MAPK) 
signalling and plant hormone signal transduction, all 
three crucial for the plant defense response (Table 1; Fig-
ure S6), is particularly notable. In addition, pathways such 
as protein processing, ribosome, pyruvate metabolism, 

glycerolipid metabolism and glycolysis/gluconeogenesis, 
clustered together again with most of their key up-reg-
ulated enzymes. On the contrary, down-regulated genes 
were mostly found in phenylpropanoid biosynthesis, the 
starting point for important plant secondary metabolite 
pathways such as flavonoids and stilbenes, which both 
follow similar trends. Likewise, key enzymes for amino 
sugar and nucleotide sugar metabolism, cutin, suberine 
and wax biosynthesis pathways, were mostly down-reg-
ulated. Finally, some systemic induced responses were 
provenance specific (Figure S7). Particularly, Corsican 
plants showed a clear up-regulation of some pathways 
(e.g., spliceosome and ribosome biogenesis) but an down-
regulation of others (e.g., oxidative phosphorylation and 
phosphatidyl inositol).

Fig. 3  Venn diagrams of up- and down-regulated transcripts in needles of P. nigra plants infected with D. sapinea compared to mock plants at 21 dpi. 
a DEGs for Austrian and Corsican samples detected both by BWA-MEM and Salmon when P. nigra was used as a reference transcriptome. b DEGs for 
Austrian and Corsican samples detected both by BWA-MEM and Salmon when P. sylvestris was used as a reference transcriptome. DEGs strictly shared be-
tween Austrian and Corsican samples for all alignment methods were considered CONSERVATIVE and are highlighted by a black dotted line. DEGs shared 
by at least a single alignment method by both provenances were considered RELAXED and are highlighted by a red dotted line. C and A abbreviations 
refer to Corsican and Austrian, respectively
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Changes in plant hormone and secondary metabolite 
concentrations
Plant hormones
Phytohormone concentrations were quantified in needles 
at 3, 8, and 21 dpi for both mock and inoculated plants. 
In the Austrian provenance inoculated plants, ABA, JA 
and SA contents were significantly increased at 21 dpi, 
while in Corsican provenance inoculated plants, a similar 
but smaller increase was observed for ABA and JA, but 
not for SA (Fig. 5). In addition, indole acetic acid (IAA) 
contents were significantly reduced at 8 and 21 dpi in the 
Corsican provenance (Table S5a). Regarding bioactive 
gibberellins (GAs), both GA1 (13-hydroxylation pathway) 
and GA4 (non-13-hydroxylation pathway) were detected, 
with GA1 being the one with the higher concentration in 
the pine saplings. In the infected plants of Corsican prov-
enance, GA1 concentrations increased slightly at 21 dpi 
(Table S5a). In contrast, GA4 levels were reduced in the 
infected plants across all time points, except at 21 dpi in 
the Austrian provenance, where GA4 levels increased. 
In addition, some GA1 intermediates and degradation 

products exhibited changes between mock and infected 
plants for both provenances (Table S5b). Finally, regard-
ing cytokinins, the content of dihydrozeatin (DHZ) and 
trans-zeatin (tZ) decreased in Austrian and Corsican 
infected plants at 3 dpi. Nevertheless, there was a signifi-
cant increase in the cytokinins from 21 dpi on in the Aus-
trian inoculated plants (Table S5b).

Phenolic compounds and diterpenes
An untargeted LC–MS metabolomics analysis was per-
formed in infected and mock needles. PCA of metabolic 
features showed a clear discrimination between Corsi-
can and Austrian samples (Fig. 6a). Regarding the infec-
tion response, differences between infected and mock 
samples were evident at 21 dpi, suggesting that metabolic 
changes in response to infection started between 8 and 
21 dpi. A hierarchical clustering additionally revealed 
three clear metabolic clusters (Fig.  6b). The first cluster 
included more than half of the metabolites and repre-
sented metabolites more abundant in Corsican samples. 
The second cluster included metabolites more abundant 

Fig. 4  Heat map for DEGs distribution among pathways (pathway fingerprint) showing the P. nigra induced defense response against D. sapinea. a The 
results revealed the similarity of all up- and down-regulated DEG fingerprints regardless of the reference transcriptome, provenance, and alignment 
method used. Pathways (columns) and DEG sets (rows) were sorted by clustering data by similarity using Euclidean distance as the distance metric. The 
number of enzymes represented within each pathway is shown using a color scale from blue (0) to yellow (34). Abbreviations are used to denote the 
different sets of DEGs obtained: “Up’’ and “Down” refer to the up- and down-regulated DEGs, followed by a letter referring to the reference transcriptome 
used (N: P. nigra; S: P. sylvestris), a second letter referring to the provenance (C: Corsican; A: Austrian), and a final letter referring to the alignment method 
used (B: BWA-MEM; S: Salmon). b Detailed view of the RELAXED gene set using the P. nigra transcriptome as reference. Underrepresented pathways (less 
than 3 differentially expressed key enzymes) were excluded to simplify the plot. Rows (pathways) were sorted by clustering using Euclidean distance as 
the distance metric. The number of enzymes represented within each pathway is shown using a color scale from blue (0) to yellow (11)
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Pathway KO Entry Symbol Name DEG log2FC 
(Austrian)

log2FC 
(Corsican)

A K00864 glpK, GK glycerol kinase [EC:2.7.1.30] contig_16160 2.40 3.86

A K04079 HSP90A, htpG molecular chaperone HtpG contig_1146 0.97 1.34

A K05391 CNGC cyclic nucleotide gated channel, plant contig_14071 1.62 0.76

A K12795 SUGT1, SGT1 suppressor of G2 allele of SKP1 contig_12852 - 0.57

A K13412 CPK calcium-dependent protein kinase 
[EC:2.7.11.1]

contig_15851 1.45 2.04

A K13436 PTI1 pto-interacting protein 1 [EC:2.7.11.1] contig_4613 1.44 1.25

A K13448 CML calcium-binding protein CML contig_47666 3.53 3.56

contig_37400 2.47 2.18

A K18835 WRKY2 WRKY transcription factor 2 contig_8179 1.45 1.03

A K13459 RPS2 disease resistance protein RPS2 contig_21507 - −3.78

A K15397 KCS 3-ketoacyl-CoA synthase [EC:2.3.1.199] contig_62409 −1.84 −2.98

contig_131560 −2.57 −4.50

contig_55702 −2.78 −4.25

AB K02183 CALM calmodulin contig_32952 1.59 1.29

contig_31591 - 3.67

AB K13420 FLS2 LRR receptor-like serine/threonine-pro-
tein kinase FLS2 [EC:2.7.11.1]

contig_39894 −3.14 −2.63

AB K13447 RBOH respiratory burst oxidase 
[EC:1.6.3.- 1.11.1.-]

contig_35666 −2.49 −1.87

ABC K13449 PR1 pathogenesis-related protein 1 contig_19585 2.49 4.16

contig_145314 2.46 4.27

ABC K14512 MPK6 mitogen-activated protein kinase 6 
[EC:2.7.11.24]

contig_14614 1.50 1.93

B K00940 ndk, NME nucleoside-diphosphate kinase 
[EC:2.7.4.6]

contig_37 1.27 0.71

B K20547 CHIB basic endochitinase B [EC:3.2.1.14] contig_48603 2.69 4.96

contig_26700 2.45 4.98

B K17686 copA, ctpA, 
ATP7

P-type Cu + transporter [EC:7.2.2.8] contig_36251 −3.14 −4.61

B K20718 ER LRR receptor-like serine/threonine-pro-
tein kinase ERECTA [EC:2.7.11.1]

contig_74606 −3.15 −2.14

BC K13422 MYC2 transcription factor MYC2 contig_4910 1.44 1.76

BC K14497 PP2C protein phosphatase 2 C [EC:3.1.3.16] contig_14511 2.30 1.51

BC K14514 EIN3 ethylene-insensitive protein 3 contig_1279 0.83 0.74

BC K14496 PYL abscisic acid receptor PYR/PYL family contig_65228 −1.30 −1.89

contig_34927 −2.39 −2.99

C K14488 SAUR SAUR family protein contig_38323 4.19 2.70

contig_122884 3.62 3.17

contig_583 −1.94 −1.73

contig_149876 −4.27 −5.46

contig_138431 −4.94 −4.06

contig_35333 −1.70 −3.51

C K13464 JAZ jasmonate ZIM domain-containing 
protein

contig_14625 2.86 2.43

contig_30296 2.11 2.86

contig_78857 1.58 2.27

contig_25662 1.15 0.96

C K14493 GID1 gibberellin receptor GID1 [EC:3.-.-.-] contig_10254 1.79 1.40

C K14500 BSK BR-signaling kinase [EC:2.7.11.1] contig_124 1.22 1.27

C K12126 PIF3 phytochrome-interacting factor 3 contig_428 −1.90 −1.20

C K14484 IAA auxin-responsive protein IAA contig_66 −2.89 −2.99

contig_22341 −1.61 −2.37

C K14486 K14486, ARF auxin response factor contig_6742 −1.46 −0.91

Table 1  DEGs and pathways potentially involved in the induced defense response of P. nigra against D. sapinea. Here the 
log2FoldChange for RELAXED gene set, mapped by BWA-MEM using the P. nigra transcriptome as reference is presented
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in Austrian samples, and the third cluster included 
metabolites induced upon infection in both provenances.

After filtering from a possible 899 features, 77 metab-
olites were retained for further consideration (Table S6; 
Fig.  6c). The metabolic clustering of these 77 metabo-
lites, shown in Fig. 6c, is similar to the one based on the 
raw data (Fig. 6b). The identified metabolites fell into the 
main classes of phenylpropanoids previously identified in 
conifers (reviewed by [65]), namely flavonoids, hydroxy-
benzoic and hydroxycinnamic acids, proanthocyanidins, 
lignans, and stilbenes. Corsican samples were richer 
in flavonoids and glycosylated hydroxycinnamic acids, 
whereas Austrian samples contained higher levels of pro-
anthocyanidins and lignans. In our untargeted LC–MS 
analysis, diterpene resin acids were also identified, with 
higher accumulation in Corsican samples.

Among the 25 metabolites with increased accumula-
tion upon infection by D. sapinea, the most represented 
families were flavonoids (16 metabolites) and hydroxy-
cinnamic acids (5 metabolites). Both aglycons and conju-
gated forms (glycosylation and coumaroyl glycosylation) 
were identified.

Volatile organic compounds (VOCs)
A total of 43 VOCs were identified in P. nigra needles: 
6 fatty acid-derived VOCs, 21 monoterpenoids, and 16 
sesquiterpenoids (Table S7). A PCA analysis revealed 
that the distribution of VOCs differed between prov-
enances (Figure S8a). In contrast to the phenolic distribu-
tion, infection did not significantly change the terpenoid 
content (Figure S8a). Nevertheless, a hierarchical cluster 
analysis (Figure S8b) showed that Corsican samples con-
tained higher levels of monoterpenoids and a group of 

Pathway KO Entry Symbol Name DEG log2FC 
(Austrian)

log2FC 
(Corsican)

C K14489 AHK2_3_4 arabidopsis histidine kinase 2/3/4 (cytoki-
nin receptor) [EC:2.7.13.3]

contig_1115 −1.75 −1.59

C K14490 AHP histidine-containing phosphotransfer 
peotein

contig_76203 −3.66 −4.09

D K00430 E1.11.1.7 peroxidase [EC:1.11.1.7] contig_15839 3.65 3.86

contig_95 3.04 4.07

contig_8081 2.61 2.12

contig_114322 −1.94 −2.79

contig_132621 −3.68 −2.97

contig_39622 −4.15 −3.77

contig_77181 −4.27 −5.78

contig_131928 −5.66 −8.87

contig_132175 −5.99 −4.88

contig_131438 −8.76 −5.20

contig_15496 - −3.27

D K10775 PAL phenylalanine ammonia-lyase 
[EC:4.3.1.24]

contig_52979 2.49 3.51

contig_5606 −3.76 −4.38

D K18368 CSE caffeoylshikimate esterase [EC:3.1.1.-] contig_25864 1.67 3.11

D K22395 K22395 cinnamyl-alcohol dehydrogenase 
[EC:1.1.1.195]

contig_49986 3.14 3.99

D K01904 4CL 4-coumarate–CoA ligase [EC:6.2.1.12] contig_37952 −2.11 −1.72

D K09753 CCR cinnamoyl-CoA reductase [EC:1.2.1.44] contig_131640 −4.24 −4.20

contig_132656 −3.08 −3.17

D K13066 COMT caffeic acid 3-O-methyltransferase/
acetylserotonin O-methyltransferase 
[EC:2.1.1.68 2.1.1.4]

contig_128943 −2.36 −3.45

DE K00487 CYP73A trans-cinnamate 4-monooxygenase 
[EC:1.14.14.91]

contig_9871 −1.79 −1.99

DE K00588 E2.1.1.104 caffeoyl-CoA O-methyltransferase 
[EC:2.1.1.104]

contig_10359 −1.11 −1.13

DE K13065 E2.3.1.133, HCT shikimate O-hydroxycinnamoyltransfer-
ase [EC:2.3.1.133]

contig_48805 −4.90 −4.40

E K05277 ANS anthocyanidin synthase [EC:1.14.20.4] contig_34335 −3.54 −3.94

E K08695 ANR anthocyanidin reductase [EC:1.3.1.77] contig_10613 −1.88 −2.12
A Plant-pathogen interaction, B MAPK signaling pathway—plant, C Plant hormone signal transduction, D Phenylpropanoid biosynthesis, E Flavonoid biosynthesis

Table 1  (continued) 
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sesquiterpernoids (alpha- and beta-selinene, alpha- and 
tau-cadinol, beta-elemene, and alpha and beta-caryo-
phyllene). The remaining VOCs (fatty acid-derived and 
a second group of sesquiterpenoids: alpha-and gamma-
muurolene, gamma-cadinene, alpha-amorphene, alpha 
and beta-copaene, germacrene and cubebene) showed 
higher variation among individual plants than between 
groups.

Discussion
Much remains unknown about the defense mechanisms 
of conifers against pathogens compared to model species 
(e.g., Arabidopsis thaliana (L.), Heynh) and crop plants 
(e.g. Zea mays L.). Although previous studies have inves-
tigated the response of P. nigra and other pine species 
to D. sapinea [29, 44, 46, 62], this study presents a novel 
investigation of the molecular responses of two—Aus-
trian and Corsican—P. nigra provenances by combining 
transcriptomics and metabolomics. Doing so builds on 
the previous success of this approach in revealing host 
plant molecular defense mechanisms against pathogens 
[9, 46, 56, 57, 66]. Wound inoculation of P. nigra plants 
with D. sapinea during shoot elongation was effective in 
all inoculated plants at the end of the experiment, as con-
firmed both phenotypically and by the RT-qPCR general 
host response. The latter was monitored using 21 P. nigra 
defense-related candidate genes that showed the great-
est induced expression at 21 dpi, making this time point 

the most interesting to explore further by sequencing; a 
time point previously unexplored by recent studies on 
this pathosystem [44, 52]. The adaptation and redesign 
of primers for both housekeeping genes and candidate 
genes from other closely related species facing the same 
pathogen [62] or other distant conifer pathosystems [57] 
was relatively simple and effective due to the availability 
of the P. nigra transcriptome [63]. RT-qPCR is shown 
here to be a very useful tool for investigating multiple 
time points in this pathosystem in a cost-effective and 
rapid manner prior to RNA-seq and may also be useful in 
other conifer pathosystems where only limited genomic 
information is available.

Utility and limitations of the P. nigra transcriptome
The P. nigra transcriptome was useful for primer adap-
tation and gene expression analyses of specific genes 
along the process. However, a rather low proportion of 
mapped reads in this study indicated a limitation of its 
use in RNA-seq experiments. At the start of this study 
there were no closely related reference genomes avail-
able, and the transcriptomic references used (P. nigra 
and P. sylvestris) are incomplete as they represent a sub-
set of expressed genes. The higher mapping rate of reads 
achieved for P. sylvestris (85%) than for P. nigra (53%) 
could be explained by differences in the experimental 
tissue type and life stage used to generate the transcrip-
tomes (see Introduction [56]). This highlights the need 

Fig. 5  Abscisic acid (ABA), jasmonic acid (JA), and salicylic acid (SA) hormone concentrations in needles of infected and mock plants of Austrian and 
Corsican P. nigra provenances at 3, 8, and 21 dpi. Data are presented as mean ± standard error (SE), N = 4. Significantly different values are indicated with 
letters [(p < 0.001 (a); p < 0.005 (b); p < 0.01 (c)]
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Fig. 6  Phenolic compounds identified in P. nigra needles upon infection by D. sapinea. A Principal component analysis (PCA) of the 889 metabolic fea-
tures identified in the LC–MS untargeted analysis. Green is used for Corsican samples and pink for Austrian samples. B Hierarchical cluster analysis of the 
889 metabolic features identified in the LC–MS untargeted analysis. Colors in the heat map represent the Z-fold. C Hierarchical cluster analysis of the 77 
metabolites identified after manual curation. Colors in the heat map represent the Z-fold. D Sum of areas (TIC, total ion current) of cluster 3 metabolites 
in mock and inoculated samples at the different time points (3,8, 21 dpi). Letters indicate significant differences after ANOVA and post-hoc Tukey test 
(p < 0.01)
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for complete well-annotated conifer genomes, particu-
larly for P. nigra. The choice of alignment method also 
influenced mapping efficiency. While BWA-MEM and 
Salmon are both appropriate aligners for the very short 
read lengths used in RNA-seq gene expression profiling 
[67], such as in our study, BWA-MEM clearly yielded 
more mapped reads than Salmon. As these mapping 
tools use different approaches, their total mapping per-
centages are not directly comparable. The differences in 
the method performance align with previous studies on 
transcript abundance estimation [68]. However, deter-
mining the optimal approach remains challenging, as 
real-life cases might greatly vary and differ substantially 
from simulated data.

Notably, RNA sequencing detected D. sapinea 
sequences even in mock plants, supporting previous find-
ings that this pathogen can be widespread in asymptom-
atic trees (e.g. [69]). Despite this unexpected detection, 
our data interpretation remained unchanged, as systemic 
induced responses took effectively place evidenced phe-
notypically and molecularly by elevated JA levels, sub-
sequent marked differential expression, and pronounced 
metabolomic shifts (all discussed below). These findings 
raise important ecological questions about the latent 
infection dynamics of D. sapinea and the environmental 
conditions that may trigger its pathogenicity.

RNA-seq findings and differential gene expression
RNA-seq revealed a large number of DEGs between 
mock and inoculated trees at 21 dpi. Regardless of the 
reference transcriptome (P. nigra, P. sylvestris) and the 
alignment method applied (BWA-MEM, Salmon), simi-
lar transcriptional patterns were found for both Austrian 
and Corsican provenances, with a large proportion of 
shared transcripts and a slight trend towards down-reg-
ulation. The greater distance between the Austrian mock 
samples when P. sylvestris was used as the reference 
could be due to specific genes that are not easily detected 
against the cross-species reference, but which were bet-
ter captured against the P. nigra reference. The availabil-
ity of only two Austrian mock samples could cause type 
I errors in DEG identification. However, the expression 
changes detected by RNA-seq were validated for almost 
all the transcripts using RT-qPCR without the need for 
further DEGs validation. A large set of genes shared by 
at least one alignment method across both provenances 
represented the general response of P. nigra to D. sapinea 
inoculation. Obtaining gene ontologies (GO) and KEGG 
pathways (KO) through the annotation step were crucial 
for performing enrichment analyses on the DEGs, but 
despite using multiple databases for annotation, a signifi-
cant proportion of genes remained unannotated. Unfor-
tunately, this problem is not easily solved as experimental 
studies on conifers are still limited and annotations are 

generally obtained from model organisms such as Arabi-
dopsis, which are not closely related to conifers. This has 
a significant impact on the results and affects all studies 
on conifers (e.g. [70].

Using the P. nigra transcriptome as a reference, an over-
all analysis of GO enrichment terms for the RELAXED 
gene set revealed numerous differentially regulated genes 
related to plant defense responses to biotic stimuli and 
subsequent oxidative stress (Figure S4). Moreover, the 
enriched terms found in the up-regulated gene set show 
that the defense response enhances the chitin catabolism 
and chitinase activity. Chitin is a well-known target of 
plant defense ammunition to combat fungal diseases, as 
it is the key component of fungal cell walls [44, 46]. In 
addition, the response to abscisic acid—also enriched 
here—highlights the essential role of this phytohormone 
in the defense response (discussed further below). Pri-
mary metabolism, including carbohydrate metabolic 
processes, also appears to be crucial here, as it appears 
to be enriched in the up and down-regulated gene sets. 
In addition, the down-regulated gene set was enriched 
for many GO terms related to cell wall architecture and 
organization, together with some plant secondary metab-
olisms, including lignin catabolism and flavonoid biosyn-
thesis processes, making plant secondary metabolites fit 
for the defense needs. Alternatively, when the P. sylvestris 
transcriptome was used as a reference, fewer terms were 
enriched, possibly because species-specific genes were 
missed, and only more general processes were detected.

The KO analysis, although limited here due to the low 
number of annotated genes compared to conifers with a 
complete reference genome available [57], allowed for the 
identification of the most important conserved key genes 
and pathways potentially involved in the plant defense 
response of P. nigra against D. sapinea. Hierarchical 
clustering of pathway fingerprints clearly showed that 
RELAXED gene sets retained the most conserved genes 
from the current transcriptomes for both up- and down-
regulated DEGs. The increased divergence observed 
between provenances when using the P. nigra reference 
(compared to P. sylvestris) is likely due to the higher reso-
lution and specificity of the P. nigra transcriptome, which 
captures more provenance-specific variation. In contrast, 
the P. sylvestris reference primarily reflects conserved 
sequences at lower resolution. This was expected as the P. 
nigra reference is not a single sample reference transcrip-
tome, but rather a transcriptomic resource comprised 
of six geographically distinct samples from five different 
subspecies [63]. Despite the significantly reduced align-
ment rate when using P. nigra as a reference compared 
to P. sylvestris, the pathway fingerprints derived from 
the DEGs were equivalent and the most important genes 
were retained for appropriate in-depth downstream 
pathway analysis. This result led us to further focus on 
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the pathway fingerprint derived from the P. nigra refer-
ence transcriptome (Fig.  4). The analysis indicated that 
the major response genes and pathways may be shared 
between the provenances and that there are some prov-
enance-specific pathways that are differentially expressed 
(Figure S7). These findings confirm our hypothesis that 
D. sapinea stem inoculation of two-year seedlings trig-
gers systemic induced reactions in the terminal shoot 
needles, encompassing both shared and provenance-spe-
cific reactions.

Key defense-related pathways and secondary metabolite 
shifts
Overall, a large number of up-regulated genes (cod-
ing for key enzymes) were found in pathways involved 
in signaling and environmental adaptation, includ-
ing plant-pathogen interaction, MAPK signaling and 
plant hormone signaling (Table  1, Table S4, Figure S6). 
These interconnected pathways (with shared key genes) 
are critical for the plant defense response, as they are 
involved in pathogen recognition and the activation of 
other pathways that adapt plant metabolism and physiol-
ogy to the challenge [44]. The major signaling hormones 
boosted and involved in this process were ABA and JA, 
as previously described in a closely related pathosystem 
[37, 45]. ABA is strongly associated with drought stress 
signaling, but it appears that infection with D. sapinea 
results in a similar host response, as suggested also by 
previous studies [46], anticipating the final stage of this 
disease of a dry, necrotic shoot/stem. Interestingly, SA is 
also relevant here, but its importance may vary in differ-
ent provenances, such as between Austrian and Corsican. 
Differentially regulated genes from the plant-pathogen 
interaction pathway were involved in both interlinked 
immune systems: pattern-triggered immunity (PTI) 
and effector-triggered immunity (ETI) (Figure S6a). The 
expression of two pathogenesis-related protein 1 (PR1) 
genes, contig_19585 and contig_145314, increased as 
a result of gene expression promoted by these path-
ways. These defense proteins are known to be induced 
in response to various pathogens, to mount an efficient 
immune response against pathogen attack [44, 71], and to 
act as markers for salicylic acid-mediated disease resis-
tance [72] among other functions. Additionally, within 
the MAPK signaling pathway, mitogen-activated protein 
kinase 6 (MPK6), represented by contig_14614, plays 
a crucial role in plant disease resistance and is involved 
in multiple signaling pathways [73, 74]. Research has 
shown that there is a complex interaction between the 
MAPK cascade and hormone signaling pathways in plant 
defense [75], with MPK6 amplifying defense signals and 
regulating downstream defense-related genes, including 
those involved in JA biosynthesis [76] (Figure S6bc). The 
elevated JA levels activate the transcription factor MYC2, 

represented by contig_4910, which facilitates defense 
responses by regulating the expression of various genes 
[77, 78], including basic endochitinases B (contig_26700 
and contig_48603). Well known defense proteins that 
offer effective defense against chitin-containing fungal 
pathogens [79–81]. These findings provide further evi-
dence of the conservation of pathways and genes in coni-
fers, as demonstrated by the consistent patterns observed 
in selected genes for RT-qPCR across equivalent [62] and 
different conifer-fungal pathosystems [57].

As a master regulator of JA-responsive genes, MYC2 
plays a pivotal role in JA signaling, further amplifying its 
impact on orchestrating plant defense responses, par-
ticularly those involving the biosynthesis of plant sec-
ondary metabolites (Figure S6d-f ). The phenylpropanoid 
biosynthetic pathway, responsible for the production of 
important plant secondary metabolites such as flavo-
noids, stilbenes, tannins, coumarins, lignans, and others, 
showed mostly down-regulated genes (Table  1, Fig.  6). 
Genes involved in lignin biosynthesis were mostly down-
regulated, apart from a cinnamyl-alcohol dehydrogenase 
(contig_49986) and a caffeoylshikimate esterase (con-
tig_25864). In addition, down-regulation of 8 out of 11 
peroxidases may have reduce lignin formation [82]. Con-
sequently, a decreased flux to the lignin pathway could 
explain the observed accumulation of hydroxycinnamic 
acids following the infection by D. sapinea. However, 
experimental evidence confirming this reduced flux in 
lignin formation will be essential to validate the hypoth-
esis. In addition, the flavonoid biosynthetic pathway also 
showed down-regulation of the anthocyanidin synthase 
(contig_34335) and the anthocyanidin reductase (con-
tig_10613), which may hinder the biosynthesis of antho-
cyanidins and related products such as anthocyanins 
and tannins. These data agree with the observation that 
flavonoids, upstream from anthocyanidins, also accumu-
late upon infection. As a result, the metabolic profiles of 
the inoculated plants shifted towards the accumulation 
of hydroxycinnamic acids (p-coumaric and caffeic acid) 
and flavonoids (kaempferol, naringenin, pinocembrin, 
phloretin, naringenin chalcone, dihydrokaempferol and 
catechin), as previously described by [48]. Notably, the 
absence of stilbene accumulation in response to infection 
is striking, despite this response being well-described in 
the literature for this pathosystem [49] and others [83]. 
Finally, inoculation had no significant effect on terpe-
noid content in the needles of any of the provenances 
studied (Figure S8a), contrary to what was observed on 
the phloem [49, 52]. Nevertheless, similar to the pheno-
lic profiles, constitutive differences between the prov-
enances were observed, which is consistent with known 
oil composition across different subspecies of P. nigra, 
including terpenoids [84, 85].
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By integrating transcriptomic and metabolomic analy-
ses, our findings align with our hypothesis that systemic 
induced responses in needles include significant changes 
in stress-related phytohormone profiles that trigger plant 
defense signaling pathways, and subsequent differential 
gene expression that coincides with significant changes in 
defense proteins and phenolic compounds. The correlo-
gram confirmed the strong correlations discussed above 
between hormones, key DEGs from signal transduction 
and environmental adaptation pathways, as well as DEGs 
from plant secondary metabolite biosynthetic pathways 
and induced secondary metabolites (Figure S6g).

Ultimately, we have identified key genes and metabolic 
pathways involved in the induced defense response—an 
insight that will be critical for genetic studies linking 
resistance or susceptibility to D. sapinea with specific 
genetic variants.

Future research perspectives
This study advances significantly the integration of gene 
expression, metabolomics, and hormonal analyses. 
However, several aspects warrant further research. (a) 
Transcriptomic analyses highlight the need for a robust 
genomic reference for expression studies. Expanding cur-
rent transcriptomic references or developing a complete 
reference genome with appropriate annotation would 
improve the accuracy of similar studies. An additional 
avenue worth exploring is the evaluation of the recently 
published P. tabuliformis genome [86] for its applicabil-
ity to P. nigra and other pine species. (b) Molecular char-
acterization of the DEGs involved in the induced defense 
response, combined with analysis of sequence variation 
(e.g., SNPs) across P. nigra subspecies and provenances, is 
crucial for identifying molecular markers linked to resis-
tant genotypes (either constitutive or SIR), in genome-
wide association studies (GWAS) for breeding purposes. 
To streamline such efforts, standardized protocols for 
mass screening of P. nigra resistance to D. sapinea under 
controlled conditions are needed, along with studies on 
constitutive and inducible defense differences at the RNA 
and metabolomic levels. (c) The isolation and sequenc-
ing of D. sapinea strains with varying levels of virulence 
[87] will support the selection of the appropriate virulent 
inoculum for resistance screening across P. nigra prov-
enances. This approach would facilitate the identification 
of the most resistant genotypes for breeding programs. 
(d) Advancing our understanding of the molecular 
mechanisms underlying the endophytic behavior of D. 
sapinea, including its tissue-specific localization and its 
spread within the host and the environmental triggers 
that shift it from a latent to a pathogenic phase. Abiotic 
stressors such as drought [2, 27, 43], hail [88] or changes 
in soil nitrogen concentration [25, 89] can weaken host 

resistance, thereby facilitating infection either by D. sap-
inea or by co-occurring pathogens [53].

Conclusions
This study provides novel insights into the defense 
mechanisms of P. nigra against the pathogen D. sapinea. 
By combining transcriptomics and metabolomics, the 
study identified key molecular responses in two P. nigra 
provenances (Austrian and Corsican) during D. sapinea 
infection. The findings highlight the effectiveness of RT-
qPCR for monitoring gene expression and suggest its 
usefulness in other conifer pathosystems with limited 
genomic information. However, the study also revealed 
limitations in the current P. nigra transcriptome refer-
ence and the need for a complete reference genome for 
this forest tree species. RNA-seq analysis effectively 
detected differential gene expression between mock and 
infected trees at 21 dpi, most of them shared by both 
Austrian and Corsican plants. Pathway analysis identi-
fied conserved key genes and pathways related to plant 
defense response, including plant-pathogen interaction, 
MAPK and plant hormone signaling (PR1, MPK6, MYC2, 
endochitinases among others). Hormones such as JA and 
ABA were found to play important roles in the defense 
response, and genes involved in the PTI and ETI path-
ways were up-regulated. Moreover, the study observed 
changes in secondary metabolite biosynthesis, including 
the accumulation of specific flavonoids and hydroxycin-
namic acids in response to infection. However, stilbenes 
and VOCs were not induced upon inoculation, despite 
their documented role in other pathosystems. This sys-
temic induced defense response and its nature agree 
with our initial hypotheses. Overall, this study enhances 
our understanding of the defense molecular mechanisms 
employed by P. nigra against D. sapinea and provides 
valuable insights for future research in this and other 
conifer pathosystems. Further exploration of the differ-
ent subspecies and provenances with varying constitu-
tive and induced defense responses against D. sapinea 
will be helpful to fully understand the dynamics of this 
pathogen.

Experimental procedures
Plant material and study design
Potted two-year-old black pine (Pinus nigra) saplings 
(180 plants) from two different open-pollinated prov-
enances—Austria (P. nigra  subsp.  nigra, seed stand: 
Hernstein 7(5.1/sm), coordinates: 47.90N, 16.14E,) and 
Corsica (P. nigra  subsp.  laricio, seed stand: PLO902, 
seeds provided from Vilmorin (www.vilmorin-tree-seeds.
com),  coordinates: south-west France, artificial stands, 
privacy policy)—grown under identical conditions, were 
purchased from the commercial forest nursery (LIECO 
GmbG & Co KG) and repotted into 1L pots in the forest 

http://www.vilmorin-tree-seeds.com
http://www.vilmorin-tree-seeds.com
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garden of the Austrian Research Centre for Forests (BFW, 
coordinates: 48.17N, 16.30E,), in Vienna, Austria. The 
entire experiment took place at this location. The ter-
minal shoots of all saplings were measured to enable the 
selection of 48 individuals with similar shoot length from 
both provenances (159 ± 15  mm Austrian, 149 ± 18  mm 
Corsican) and thereby ensure biological uniformity. Prior 
to the treatments, these were further randomly divided 
into two groups of 24 saplings for mock and inoculation, 
respectively.

Diplodia sapinea cultivation, preparation of the inoculum
The D. sapinea strain used for inoculation was isolated 
from symptomatic, current-year shoots of D. sapinea-
infected black pine trees in Austria (Austrian D. sapinea 
strain EGY V/2 (2018)). Needles were removed from the 
shoots, and sterilized in 96% EtOH (1  min), 4% NaOCl 
(3  min), and finally in 96% EtOH (30  s). Afterwards, 
5 mm long pieces were cut out under sterile conditions 
and placed on Bavendamm medium (10  g agar–agar, 
2.4  g malt extract, 2.4  g tannic acid per 500  ml water, 
adjusted to a pH above 8.6 before autoclaving to ensure 
solidification of the medium), which is fairly selective 
for D. sapinea. Petri dishes were kept at room tempera-
ture and monitored regularly during the following days 
for the development of D.  sapinea. If greyish mycelium 
resembling D.  sapinea appeared, pieces of mycelium 
were transferred to fresh Bavendamm medium plates. 
To stimulate development of fruiting bodies, autoclaved 
black pine needles were placed on the medium surface 
and after one week of growth the petri dishes were then 
exposed to near UV light (350–400  nm). Once fruiting 
bodies appeared, cultures could be identified as D.  sap-
inea according to culture morphology as well as mor-
phology of fruiting bodies and conidia. Morphological 
identification was further confirmed by molecular iden-
tification using PCR (Figure S9). DNA was extracted 
from fungus cultures by adding 50 mg mycelium to a ZR 
BashingBead Lysis Tube (2.0 mm) filled with 750 µl Bash-
ingBead Buffer (Zymo Research, Irvine, CA, USA) fol-
lowed by homogenization on a MagNA Lyser instrument 
(Roche, Rotkreuz, Switzerland) at 7000 rpm for 90 s and 
DNA isolation with the Quick-DNA Plant/Seed Mini-
prep Kit (Zymo Research). PCR for D. sapinea and D. 
scrobiculata was done using species-specific PCR assays 
[32]. PCR reactions were conducted in 50  µl volumes 
including 0.2  mM of each dNTP, 1 × Buffer B2, 2.5  mM 
MgCl2, 1.25 units HOT FIREPol DNA Polymerase (Solis 
BioDyne, Tartu, Estonia), 300  nM of each primer and 
20  ng DNA template. The PCR temperature profile was 
conducted as described [32], except for the elongation of 
the initial denaturation step to 12 min at 95 °C, to activate 
the hot-start polymerase. PCR products were visualized 

using D1000 ScreenTapes on a 4200 TapeStation system 
(Agilent, Santa Clara, CA, USA).

Infection protocol
Inoculation treatment via inoculation under the bark flap 
was carried out during the period of shoot elongation 
and needle unfolding, a prerequisite for successful symp-
tom development. The treatment involved inserting an 
agar cube (≈ 4 × 4 mm) into a bark flap cut with a scalpel 
on the current year's terminal shoot approximately 1 cm 
from the shoot base. The flap was then closed again and 
wrapped with parafilm to prevent desiccation. In patho-
gen-inoculated plants, the agar cube contained myce-
lium of D. sapinea, while agar cubes without D. sapinea 
were used for the mock controls. For the duration of the 
experiment—May to September 2020—the plants of both 
provenances were regularly watered and kept in random 
order in two foil greenhouses, one containing the mock 
plants, and the other one contained D. sapinea inocu-
lated plants. After 21  days post-inoculation (dpi), all 
saplings inoculated with D. sapinea, from both Austrian 
and Corsican provenances, exhibited clear symptoms of 
infection. This included curling of the shoot tips, an early 
stage preceding the development of the characteristic 
"shepherd's crook" shape when the shoot ultimately dies. 
In contrast, mock plants showed no symptoms through-
out the entire infection experiment (Figure S10) nor after 
21 dpi.

Sampling
Plant material—all needles from the current-year ter-
minal shoot—was always collected in the morning and 
stored in RNase-free tubes. The distance of sampled 
needle tissue from the inoculation site ranged from 1 cm 
at the base of the terminal shoot to 15 cm for at the top. 
Samples were collected at 3, 8, and 21 dpi for all sample 
groups (mock Austrian, infected Austrian, mock Corsi-
can, infected Corsican) with a total of 4 biological repli-
cates sampled per treatment. Samples were immediately 
frozen in liquid nitrogen and stored at −80  °C until fur-
ther analysis. Downstream molecular analysis (described 
below) for all samples consisted of RT-qPCR, identifi-
cation and quantification of plant hormones, phenolic 
compounds, diterpenes and VOCs. The RNA-seq was 
analyzed for the 21-dpi instant only.

RNA extraction
Twenty frozen pine needles were added to a ZR 
BashingBead Lysis Tube (2.0  mm) (Zymo Research) 
supplemented with 800 µl Lysis Solution and 8 µl 2-Mer-
captoethanol (Sigma-Aldrich, St. Louis, MO, USA) and 
homogenized on a MagNA Lyser instrument (Roche) 
at 7000  rpm for 30  s. RNA extraction was conducted 
according to Protocol B of the Spectrum Plant Total 
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RNA Kit (Sigma-Aldrich) including a DNase digestion 
step with the On-Column DNase I Digest Set (Sigma-
Aldrich). RNA concentrations were measured on the 
DS-11 FX + spectrophotometer (DeNovix, Wilmington, 
DE, USA). RNA integrity numbers (RIN) were assessed 
on a 4200 TapeStation system with the RNA ScreenTape 
assay (Agilent).

RT-qPCR
Twenty-one P. nigra orthologs were selected for RT-qPCR 
analysis: 18 P. sylvestris genes which were up-regulated 
when infected by D. sapinea [62], and 3 P. abies genes 
which were up-regulated when infected by Chrysomyxa 
rhododendri [6, 57]. Blastn, megablast and tblastx [90] 
with default setup on Geneious Prime 2021.1.1 software 
https://www.geneious.com) were used to find ortholog 
transcripts from the P. nigra reference transcriptome 
[63]. Primers from P. sylvestris [62] and P. abies [57] were 
then used for amplification when possible, applying slight 
modifications when necessary. The same approach was 
used for the primer design of 4 candidate reference genes 
(RGs): α-Tubulin [62], ACT, ATUB and UBI [57].

The following defined parameter values were applied 
for new primer design: Length of primers = 18–22  bp, 
Tm = 50–65ºC, CG content = 40–60%, no hairpin, and self 
and pair dimer or Tm below primer Tm. The final set of 
primers was tested by using the “Extract PCR Product” 
function in Geneious Prime to confirm the reference 
specificity [63] and formation of a unique virtual product 
of the expected size. Primer sequences and PCR reaction 
efficiencies are listed in Table S8.

For RT-qPCR, 1  µg total RNA were used for reverse 
transcription (RT) with the SuperScript III First-Strand 
Synthesis SuperMix (Invitrogen, Carlsbad, CA, USA) 
and oligo (dT) primers according to the manufacturer’s 
protocol. No RT controls (without RT enzyme) were 
included to monitor for contaminant DNA. RT-qPCR 
reactions were adjusted to a total volume of 20 µl includ-
ing 1 × HOT FIREPol EvaGreen qPCR Mix Plus (ROX) 
(Solis BioDyne, Tartu, Estonia), 200  nM of each primer 
and 25 ng cDNA. Samples were analyzed in duplicates on 
a qTOWER3 G real-time PCR cycler (Analytik Jena, Jena, 
Germany) with the following temperature conditions: 
95 °C for 12 min, 40 cycles of 95 °C for 15 s and 60 °C for 
1 min, followed by a melting curve analysis step (60 °C – 
95 °C). The expression stabilities of the four candidate ref-
erence genes (RGs), namely α-Tubulin, ACT, ATUB and 
UBI, were evaluated using the RefFinder tool on a sub-
set of the samples [91]. Actin and ATUB were identified 
as the two most stably expressed genes and selected for 
normalization. Target Cq-values were corrected for the 
PCR reaction efficiencies and normalized to the geomet-
ric mean of both RGs. Fold changes were calculated with 
the comparative 2−ΔΔCT method [92]. Statistical analyses 

(two-tailed unpaired t-test with Welch’s correction) were 
performed with GraphPad Prism 8.4.3 software (Graph-
Pad Software, San Diego, CA, USA). A p-value of < 0.05 
was considered significant.

Library preparation, pooling, and sequencing
Twenty-one dpi samples stored at −80 °C were processed 
at Lexogen GmbH (Vienna, Austria). Concentration of 
the samples was analyzed by UV–Vis spectrophotometry 
(Nanodrop 2000c; Thermo Fisher Scientific, Waltham, 
MA, USA), and RNA integrity was assessed using Frag-
ment Analyzer (Agilent). Libraries for sample subset 
were prepared manually according to the user guide 
(015UG009V0252) of QuantSeq 3' mRNA-seq FWD 
Library Prep Kit (Lexogen). Briefly, 50  ng of extracted 
RNA was denatured for 30  s at 85  °C with oligo(dT) 
primers containing an Illumina-compatible sequence at 
its 5’ end followed by reverse transcription at 42  °C for 
1 h. After RNA removal, the second strand of cDNA was 
synthesized by a random primer containing an Illumina-
compatible linker sequence at its 5’ end. Finally, indi-
vidual sample barcodes (dual indexing) for multiplexing 
were introduced via 15 cycles of PCR (determined by 
qPCR). All libraries were analyzed for adapter dimers, 
size distribution, and concentration on a Fragment Ana-
lyzer System using the DNF-474 HS NGS Fragment kit 
(1–6,000  bp) (Agilent). After pooling the libraries in an 
equimolar ratio, the concentration and the size distribu-
tion of the lane mix was analyzed by Qubit dsDNA HS 
assay (Thermo Fisher Scientific) and by 2100 Bioanalyzer 
device using the HS-DNA assay (Agilent), respectively. 
A 2 nM dilution of the lane mix was then denatured and 
diluted for sequencing. Finally, sequencing of 75 bp reads 
was performed on an Illumina NextSeq 500 sequencer 
with a v2 75 cycle High Output kit (Illumina).

Bioinformatic analysis and differential expression analysis
The sample data was demultiplexed from the raw 
sequencing data using the sample and barcode multi-
plexing scheme with the software bcl2fastq (v2.20.0.422). 
Adapter trimming was performed by using the software 
Cutadapt [93] (​h​t​t​p​​s​:​/​​/​c​u​t​​a​d​​a​p​t​​.​r​e​​a​d​t​h​​e​d​​o​c​s​.​i​o​/​e​n​/​s​t​a​
b​l​e​/). The overall quality of the sequencing method was 
quantified then with the FastQC tool (​h​t​t​p​​s​:​/​​/​w​w​w​​.​b​​i​o​i​​
n​f​o​​r​m​a​t​​i​c​​s​.​b​​a​b​r​​a​h​a​m​​.​a​​c​.​u​​k​/​p​​r​o​j​e​​c​t​​s​/​f​a​s​t​q​c​/). The ​a​l​i​g​n​
m​e​n​t​s were done in two steps. First with BWA-MEM (​
h​t​t​p​​:​/​/​​b​i​o​-​​b​w​​a​.​s​​o​u​r​​c​e​f​o​​r​g​​e​.​n​e​t​/​b​w​a​.​s​h​t​m​l) using the 
reference of D. sapinea CMW 190 (GenBank assembly 
accession: GCA_000671355.1). This alignment resulted 
in a fraction of the input reads aligning to this reference. 
Second, the remaining reads of this alignment were then 
used as input for another round of alignments against 
the target reference transcriptomes P. nigra [63] and P. 
sylvestris [64]. For both species, two different alignment 

https://www.geneious.com
https://cutadapt.readthedocs.io/en/stable/
https://cutadapt.readthedocs.io/en/stable/
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://bio-bwa.sourceforge.net/bwa.shtml
http://bio-bwa.sourceforge.net/bwa.shtml
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methods (BWA-MEM and Salmon) and single quantifi-
cation method (Salmon) ([94]; ​h​t​t​p​​s​:​/​​/​c​o​m​​b​i​​n​e​-​​l​a​b​​.​g​i​t​​h​u​​
b​.​i​o​/​s​a​l​m​o​n​/) was used. BWA-MEM is a widely used ​s​h​o​
r​t​-​r​e​a​d aligner that uses the Burrows-Wheeler transform, 
offering a favorable memory and runtime trade-off [95] 
Salmon, meanwhile, is a transcriptome quantifier that 
directly quantifies gene and transcript abundance from 
RNA-Seq data using a quasi-mapping approach. This 
approach has been shown to offer high sensitivity and 
specificity [68]. Alignments with BWA-MEM were sorted 
with samtools and transformed into binary format ([96]; 
http://www.htslib.org/).

The differential expression analysis between inoculated 
and mock samples for each provenance was done with 
DESeq2 package [97], which is implemented in the Bio-
conductor platform [98, 99] in R [100]. The null hypoth-
esis tested, inclusive of both provenances, implied that 
the logarithmic fold change in gene expression between 
infected and mock plants was exactly zero. Signifi-
cant DEGs were assessed using standard parameters of 
DESeq2 and adjusted (FDR) p-value < 0.1. This threshold 
was selected because our results focused on the overlap-
ping set of genes (RELAXED) from the different align-
ments, making this choice appropriate. PCA was used 
to visualize sample-to-sample variance, and the input for 
this analysis was normalized using read counts obtained 
with the rlog transformation of DESeq2. Finally, Venn 
diagrams of up- and down-regulated transcripts were 
created by using jvenn [101].

Annotation of reference transcriptomes and gene ontology 
enrichment analysis
Even though annotations for both the P. nigra and P. syl-
vestris reference transcriptomes were available from the 
literature, for better comparison, the transcriptomes 
were annotated using the Taxonomy-oriented Annota-
tion (TOA) pipeline [102] in the amino acid annotation 
mode. TOA is a transcriptome annotation platform with 
a focus on plants. Information from genomic databases 
was used sequentially in this order: Gymno PLAZA 1.0, 
Dicots PLAZA 4.0, Monocots PLAZA 4.0, NCBI Ref-
Seq Plant and NCBI Nucleotide Database (NT, selecting 
plant sequences), complemented with information from 
NCBI Gene, InterPro, and Gene Ontology databases was 
implemented in the pipeline. Based on this annotation, 
a further 2,365 transcripts were removed from the pub-
lished P. nigra transcriptome as contaminants (updated 
accession ERZ9534504). This P. nigra transcriptome con-
tained 97,990 transcripts, of which 32,157 got annotated, 
24,871 with a GO-term. The P. sylvestris transcriptome 
contained 1.3 million transcripts, of which 166,493 got 
annotated, of which 123,503 received a GO-term. The 
lower number of annotated transcripts here, compared to 
the 236,906 transcripts with a GO-term in the annotation 

published together with the reference transcriptome, is 
due to differences in the annotation method as we only 
annotated detected ORFs.

Gene sets associated with biological processes (BP), 
molecular functions (MF), and cellular components (CC) 
were tested for GO terms enrichment using the R-pack-
age topGO [103]. As input for the analysis, we selected 
those differentially expressed genes that were detected in 
both Austrian and Corsican provenances with at least one 
of the mapping approaches (BWA-MEM and Salmon) 
for each reference species (P. nigra or P. sylvestris). The 
default “weight01” algorithm associated with a Fisher's 
exact test was applied to select the most relevant terms 
[103, 104]. A p-value < 0.05 was applied for the statisti-
cal test, and no FDR was calculated because the p-values 
returned by the “weight01” method were interpreted by 
[103] as corrected or not affected by multiple testing.

KEGG annotation
Homology is a fruitful tool for mapping conserved 
(orthologous) genes and therewith we analyzed changes 
in well described and characterized pathways and genes. 
Metabolic pathway and orthology-oriented functional 
annotations of the transcript sequences (.fasta files) were 
performed against the Kyoto Encyclopedia of Genes and 
Genomes (KEGG) database [105] using the KEGG Auto-
matic Annotation Server (KAAS; ​h​t​t​p​​s​:​/​​/​w​w​w​​.​g​​e​n​o​​m​e​
.​​j​p​/​t​​o​o​​l​s​/​k​a​a​s​/) [106]. KEGG Orthology (KO) ​a​s​s​i​g​n​m​
e​n​t was applied using the Bi-directional Best Hit (BBH) 
method and all datasets of dicot plants, monocot plants 
and a basal magnoliophyte were selected as reference 
organisms (Table S9). This analysis was applied for all dif-
ferentially up- and down-regulated genes. P.nigra path-
way hierarchy model was created by merging all plant 
reference pathway hierarchies available at KEGG (Table 
S10) and was used to standardize the KO assignment 
results (Table S3-S4).

Orange Data Mining (https://orange.biolab.si); [107] 
was used to plot heat maps as a graphical method for 
visualizing up-/down-regulated pathways and genes 
among samples. Samples and pathways/genes were 
sorted by clustering for similarity. In this analysis, 
k-means was used for grouping, and hierarchical cluster-
ing with average linkage was applied for clustering rows. 
Here, Euclidean distance was used as distance metric.

Identification and quantification of plant hormones
Material (100  mg fresh weight) was suspended in 80% 
methanol – 1% acetic acid containing internal standards 
and the extract was shaken for one hour at 4ºC. The 
extract was kept at −20ºC overnight and then centri-
fuged, and the supernatant was then dried in a vacuum 
evaporator. The dry residue was dissolved in 1% acetic 
acid and passed through an Oasis HLB reverse phase 

https://combine-lab.github.io/salmon/
https://combine-lab.github.io/salmon/
http://www.htslib.org/
https://www.genome.jp/tools/kaas/
https://www.genome.jp/tools/kaas/
https://orange.biolab.si
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column as described in [108] and [109]. For gibberel-
lic acids (Gas), indole-3-acetic acid (IAA), abscisic acid 
(ABA), salicylic acid (SA) and jasmonic acid (JA) quanti-
fication, the dried eluate was dissolved in water 5% aceto-
nitrile—1% acetic acid, and the hormones were separated 
using an autosampler and reverse phase UHPLC chro-
matography (2.6 µm Accucore RP-MS column, 100 mm 
length × 2.1 mm i.d.; Thermo Fisher Scientific) with a 5 to 
50% acetonitrile gradient containing 0.05% acetic acid at 
400 µL/min over 21 min.

For cytokinins (CKs), the extracts were additionally 
passed through an Oasis MCX (cationic exchange) and 
eluted with 60% methanol—5% NH4OH to obtain the 
basic fraction containing cytokinins. The final eluate was 
dried and dissolved in 5% acetonitrile—1% acetic acid 
and cytokinins were separated with a 5 to 50% acetoni-
trile gradient over 10 min.

The hormones were analyzed with a Q-Exactive mass 
spectrometer (Orbitrap detector; Thermo Fisher Sci-
entific) using targeted Selected Ion Monitoring (SIM). 
The concentrations of hormones in the extracts were 
determined using embedded calibration curves and the 
Xcalibur 4.0 and TraceFinder 4.1 SP1 programs. The 
embedded calibration curve is obtained by representing 
the Area C/Area C* ratio as a function of different con-
centrations of C (ppb), for a given concentration of C* 
(ppb) (1 ppb in case of D-GAs or D-CKs, and 50 ppb in 
case of D-IAA, D-JA, D-ABA and D-SA). The value of 
the quotient Ccurva/C*curve, is the value obtained in the 
curve from the area ratio of the extract (Area C/Area C 
*) obtained with Q-Exactive, and C*curve is the constant 
value used to construct the curve. The method for quan-
tification is based in an embedded calibration curve to 
measure the concentration of each of the analytes based 
on its direct relationship with the concentration of the 
added deuterated form.

The internal standards for quantification of each of the 
different plant hormones were deuterium-labelled hor-
mones, except for JA, for which the compound dihydro-
jasmonic acid (dhJA) was used. Unpaired t-test was used 
to assess statistical differences. The internal standards for 
quantification of GA1, GA4, ABA, IAA, SA, DHZ, iP, tZ, 
and JA plant hormones are listed in Table S11. Concen-
tration of the internal standards used for hormone profil-
ing was 50 ppb for ABA, IAA, SA and JA, and for active 
gibberellins GA1, GA4 and cytokinins DHZ, iP, and tZ 
was 1 ppb.

Identification and quantification of phenolic compounds 
and diterpenes
From all time points, 50 mg of frozen ground tissue were 
resuspended in 500 μL of 75% acetonitrile with 1  ppm 
genistein as the internal standard. The homogenate was 
vortexed, sonicated for 10 min, and centrifuged for 5 min 

at 14,000 rpm. Supernatants were filtered with a 0.2 μM 
filter. Four biological replicates per time point were 
extracted and analyzed.

The LC-HRMS analysis was performed on an Orbitrap 
Exploris 120 mass spectrometer coupled with a Vanquish 
UHPLC System (Thermo Fisher Scientific). LC was car-
ried out by reverse-phase ultraperformance liquid chro-
matography using a Acquity PREMIER BEH C18 UPLC 
column (1.7 μM particle size, dimensions 2.1 × 150 mm) 
(Waters Corp, Mildford, MA, USA).

During sample running, the mobile phase consisted of 
0.1% formic acid in water (phase A), and 0.1% formic acid 
in acetonitrile (phase B). The solvent gradient program 
was conditioned as follows: 0.5% solvent B over the first 
2  min, 0.5—30% solvent B over 25  min, 30—100% sol-
vent B over 13 min, 2 min at 100% B, return to the ini-
tial 0.5% solvent B over 1 min, and conditioning at 0.5% 
B for 2 min. The flow rate was 0.4 ml/min and the injec-
tion volume was 1 μL. The column temperature was set 
at 40ºC.

Ionization was performed with heated electrospray 
ionization (H-ESI) in positive and negative mode. Sam-
ples were acquired in full scan mode (resolution set at 
120,000 measured at FWHM) and mixes were acquired 
in both full scan and data dependent acquisition (DDA) 
to help with compound identification. For DDA, resolu-
tion was set at 30,000 and the intensity threshold at 2e5. 
Mass range m/z was 150 to 1500.

Peak identification and annotation, data analysis, and 
statistics were performed with Compound Discoverer 
3.3 software (Thermo Fisher Scientific). PCA analysis 
and hierarchical clustering was performed with Metabo-
analyst 6.0 [110]. After logarithmic transformation, data 
scaling was performed by mean centering and dividing 
by the standard deviation of each variable. Clustering 
was performed using Euclidean distance measure and the 
Ward clustering method.

To obtain a general view on how the infection affected 
the phenolic profiles in both provenances, an untar-
geted LC–MS metabolic profiling was performed. For a 
first clean-up of the raw data, only peaks with assigned 
formula containing C, H and O and with at least one 
match in database searches were kept and subjected to 
statistical analysis. After ANOVA and t-test analyses, 
889 features with log2FC > 1 and adjusted p-value < 0.05 
(Benjamini–Hochberg correction) for at least one com-
parison were kept. This feature list was subjected to more 
stringent conditions (log2FC > 2, adjusted p-value < 0.01) 
and manually curated. For manual curation, features 
not compatible with molecular formula containing only 
C, H and O elements were removed (specific search for 
phenolics and terpenoids). Features distant less than 
0.01 min were grouped and treated as corresponding to 
the same compound. Compound identification included 
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adducts analysis to retrieve a final molecular formula and 
selection of the compound name according to criteria 
specified in supplementary Table S6: authentic standard, 
compatible retention time, MS/MS data available, corre-
spondence with spectral libraries or previous identifica-
tion of the compound in the bibliography.

Identification and quantification of VOCs
Pine needles were frozen in liquid nitrogen and pow-
dered. 100  mg samples of frozen powder were resus-
pended in 1 mL of a saturated NaCl solution, sonicated 
for 5 min, and subjected to headspace solid phase micro-
extraction (HS-SPME) using a 65  µM Polydimethylsi-
loxane/Divinylbenzene (PDMS/DVB) fiber (Supelco, 
Bellefonte, PA, USA). Pre-incubation and extraction 
were performed at 50ºC for 10 and 20 min, respectively. 
Desorption was performed for 1 min at 250ºC in a split 
1:3 mode. VOCs trapped in the fiber were analyzed by 
GC–MS using a 6890 N gas chromatograph (Agilent) 
coupled with a 5975B Inert XL MSD mass spectrometer 
(Agilent). The column used was an Agilent J&W Scientific 
DB-5 fused silica capillary column (5%—phenyl—95%—
dimethylpolysiloxane as the stationary phase, 60  m 
length, 0.25  mm i.d., and 1  mm thickness film). Oven 
temperature conditions were 40ºC for 2 min, 5ºC min−1 
ramp until 250ºC and then held isothermally at 250ºC 
for 5 min. Helium was used as carrier gas at 1.4 ml min−1 
constant flow. M/z detection was obtained by an Agilent 
mass spectrometer operating in the EI mode (ionization 
energy, 70 eV; source temperature 230ºC). Data acquisi-
tion was performed in scanning mode (mass range m/z 
35–220). Chromatograms and spectra were recorded and 
processed using Masshunter software (Agilent). Com-
pound identification was based on both the comparison 
between the MS for each putative compound with those 
of the NIST Mass Spectral library and the match to our 
retention time and Mass Spectra custom library gen-
erated using commercially available compounds. Data 
analysis and visualization was performed using Simca-P 
software (Umetrics, Sweden) and MetaboAnalyst [110].
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