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Summary 

Infection with the necrotrophic fungus Diplodia sapinea is among the economically and 

ecologically most devastating diseases of conifers in the northern hemisphere accelerated by 

global climate change. The present study aims to characterize the changes mediated by D. 

sapinea infection on its pine host (Pinus sylvestris L.) that lead to the death of its needles. For 

this purpose, we performed an indoor infection experiment and inoculated shoot tips of pine 

seedlings with virulent D. sapinea. The consequences for foliar traits, including the 

phytohormone profile were characterized at both the metabolite and transcriptome level. Our 

results showed that D. sapinea infection strongly affected foliar levels of most phytohormones 

and impaired a multitude of other metabolic and structural foliar traits, such as ROS scavenging. 

Transcriptome analysis revealed that these changes are partially mediated via modified gene 

expression by fungal exposure. D. sapinea appears to overcome defense reactions of its pine 

host by reprogramming gene expression and post-transcriptional controls that determine 

essential foliar metabolic traits such as the phytohormone profile, cell wall composition and 

antioxidative system.       
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Introduction 

The ascomycete fungus Diplodia sapinea (Fr.) Fuckel (= Sphaeropsis sapinea (Fr.) Dyko & B. Sutton, Diplodia 

pinea (Desm.) J. Kickx f.) is reported as one of the most widespread necrotrophic phytopathogens (Fabre et al., 

2011). It induces significant dieback disease damages (Diplodia tip blight) on dominant Pinus species, particularly 

on Scots pine (Pinus sylvestris L.), in forest ecosystems (Paez & Smith, 2018; Brodde et al., 2019). Since this 

species constitutes one of the most widely distributed conifers in both boreal and temperate ecosystems across 

European, North American, and Asian countries with high ecological and economic values (Luchi et al., 2014), 

pine forests in these regions suffer large-scale losses due to Diplodia tip blight infection (Stanosz et al., 2001). 

Prognosticated global climate changes such as prolonged periods of drought and heat, are supposed to render these 

conifer forests more vulnerable to D. sapinea attacks and to increase the devastation of pine forests by Diplodia tip 

blight disease in future (Brodde et al., 2019). 

D. sapinea is an opportunistic pathogen with a latent endophytic stage (Burgess et al., 2004; Flowers et al., 2006; 

CABI, 2019). The fungus can switch its lifestyle from the endophytic (unharmful) to the pathogenic (harmful) 

state, once this balance is disturbed by stress-inducing environmental conditions that weaken its host, such as hail, 

heat and drought (Stanosz et al., 2001; Bußkamp, 2018; Blumenstein et al., 2021 Oliva et al., 2021). However, the 

mechanisms of interaction between the latent D. sapinea pathogen and its host Scots pine are still poorly understood 

(e.g., Terhonen et al., 2019; Hu et al., 2021).  

The vital defense responses of plant to fungal pathogens include programmed cell death (PCD) (also recognized as 

hypersensitive response (HR)), lignification for reinforcement of cell walls, trigging the plant antioxidative system, 

and the hormonal signaling network (Pieterse et al., 2009; Torres, 2010; Spoel & Dong, 2012; Rojas et al., 2014). 

Thus, infection of necrotrophic pathogens such as D. sapinea often result in changes of primary and secondary 

metabolism, tissue dieback, nutrient resorption from host living tissue cells for fungal invasion, and xylem and/or 

phloem destruction of their host plants (Berger et al., 2007). Additionally, necrotrophic pathogens also affect the 

water balance of host plant by mediating its stomatal closure, concomitant with a further reduction of 

photosynthetic C-fixation (Oliva et al., 2014).   

Phytohormones constitute cellular signaling molecules with vital roles in regulation of plant responses to pathogen 

infection (Vanstraelen & Benková, 2012). Particularly, both salicylic acid (SA) and jasmonic acid (JA)-mediated 

signaling pathways are considered as backbones of plant responses to pathogen invasion (Pieterse et al., 2012). For 

tree species, relevant knowledge is obtained mostly through exogenous hormone application, whereas information 

on how indigenous JA and SA signaling of diseased host plants responds to pathogen invasion still needs to be 

elucidated (Gould et al., 2009). Such in-planta analysis is essential to characterize the antagonistic and (or) 

synergistic regulatory interactions among phytohormonal signal pathways in plant defense responses, i.e., the 

phytohormone crosstalk. However, such information is scarce for woody host plants (Hu et al., 2017, 2018, 2021). 

Intending to develop a model system for Diplodia-pine interactions, we conducted an inoculation experiment with 

four-year-old pine saplings in the greenhouse. The results showed that D. sapinea induced systemic responses in 
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its host that caused subsequent destruction of non-infected needles but prevented damage to the roots (Hu et al., 

2021). However, it remains unknown, if these systemic responses differ from the direct responses at both the 

metabolic and molecular level in foliar tissues infected by D. sapinea.  

In this context, we intended to elucidate the direct molecular and metabolic responses of foliar tissues to infection 

by D. sapinea and compare these responses with systemic defense reactions previously reported (Hu et al., 2021). 

For this purpose, we infected pine saplings with isolated D. sapinea strain on the tips and compared the molecular 

and metabolic responses of symptomatic needles with non-infected saplings. We hypothesize that pine shoot tips 

infected with D. sapinea will show (i) significant changes in the stress-related phytohormone profile, (ii) metabolic 

changes similar to drought stress; (iii) specific defense reactions such as changes in ROS contents and cell wall 

composition, that (iv) are mainly controlled at the transcriptional level.  

Materials and Methods 

Plant materials preparation 

Scots pine saplings (Pinus sylvestris L.) of the provenance “85104”, originating from the German central and 

eastern lowland, were purchased from a commercial tree nursery (G.J. Steingaesser & Comp. GmbH, Miltenberg, 

Germany) at a mean height of 95 ± 3 cm. Plants were four-year-old and grown in square pots (18 x 18 x 25 cm) 

filled with commercial potting soil (Corthum; Corthum Breisgau GmbH, Herbolzheim, Germany) in a greenhouse 

for 4–6 weeks from early June to July, 2016 before infection with D. sapinea. All pine saplings were watered four 

times a week to ensure sufficient water supply and fertilized once with a 1% solution of Universol Water Soluble 

Fertilizer Blue (18‐11‐18 N:P:K + 2·5% MgO + TE; Everris, Ipswich, UK). During the growing period, the 

ambient air mean temperature and relative humidity were 28.2 ± 2.5 °C/22.3 ± 2.2 °C and 55.5 ± 8.7%/54.3 ± 6.7% 

(16h and 8h, day and night), respectively as described by Hu et al., (2021).  

Experimental design and pathogen infection  

Two treatments were established, i.e., saplings sprayed with Diplodia sapinea-free malt-peptone broth (non-

infected control) and saplings infected by spraying malt-peptone broth containing D. sapinea (infected) (Hu et al., 

2021). Pine seedlings of the same height and diameter range were selected for the infection experiment (Vornam 

et al., 2019). The replicates included six pine saplings per treatment (n=6). The D. sapinea strain used in the present 

study was isolated from symptomatic tissues of Scots pine tips in northeastern German forests representing 

pathogenic strains and stored in the Northwest German Forest Research Institute (NW-FVA) strain collection 

according to Bußkamp et al. (2020). The origin of the strain is described in detail by Blumenstein et al. (2020). 

The strain of D. sapinea used in the present study was initially identified by the mycelial morphotypes (MTs) and 

further characterized based on micro-morphological characters and DNA sequence analysis as described in 

Bußkamp et al., (2020). For this purpose, the selected strain was stored on slants with malt yeast peptone agar 

(MYP) at 4 °C (Langer 1994). From the selected morphotype, 1–2 mg tissue was suspended in 100 μl TE buffer in 
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a 1.5-ml tube. A microwave (600 W) was used twice for 1 min each time, with a pause of 30 s, to break up cells. 

Tubes were cooled to − 20 °C for 20 min and centrifuged at 10,000 rpm for 5 min. A 100 times diluted portion of 

the supernatant was used for DNA analysis by the polymerase chain reaction (PCR). Primer pairs for amplification 

of the ITS1, 5.8S, and ITS2 regions were ITS1F/ITS4 or ITS1/ITS4 (White et al., 1990; Gardes & Bruns, 1993). 

PCR was performed with 45μl Master mix (QIAGEN, Hilden, Germany) and 5 μl of extracted DNA. PCR was 

carried out with initial denaturation at 94 °C for 3 min, followed by 29 cycles of denaturation at 94 °C for 30 s, 

annealing at 55 °C for 45 s, and extension at 72 °C for 60 s; final elongation was performed at 72 °C for 7 min. 

PCR products were separated on 1% agarose gel stained with GelRed fluorescence dye (Biotium, Hayward, CA, 

USA), followed by cleaning with the QIAquick PCR Purification Kit (QIAGEN, Hilden, Germany). Sanger 

sequencing of purified products (Sanger et al., 1977) was commissioned at GATC Biotech (Cologne, Germany). 

Editing and alignment of DNA sequences were performed with MEGA6 (Tamura et al., 2013) and, thereafter, 

sequences were submitted to GenBank (accession No. MG098333).  

Prior to inoculation, fungal isolates were plated on a malt-peptone broth (3% malt, 0.5% peptone) and grown at 25 

°C for one week as described by Schumacher (2012). Subsequently, 20 ml of inoculated malt-peptone broth was 

added into 500-ml fresh Malt Extract Broth (MEB) and incubated for one week at 25 °C to obtain a mycelial 

solution (Vornam et al., 2019). The mycelial solution was homogenized (UltraTurrax®, IKA, Staufen, Germany) 

and diluted at a ratio of 1:2 with fresh malt-peptone broth to obtain the fungal suspension used for inoculation (Hu 

et al., 2021). The D. sapinea infection was conducted on 16th July, 2016. Needles of current and previous year 

shoots of six selected pine saplings were individually sprayed with fungal suspension for ca. 3 seconds with a 

sprayer bottle. Another set of six control (non-infected) Scots pine saplings, sprayed with broth without fungal 

mycelium, was used as non-infected control (details as described by Vornam et al., 2019). The infected and non-

infected saplings were placed separately in two closed transparent UV-foil greenhouses set up in close vicinity 

under similar environmental conditions. After infection, the infected pine saplings were moved and kept under 

enhanced humidity for three days in a smaller greenhouse to enforce the virulence of the fungal mycelium. 

Thereafter, the saplings were moved back to the former foil greenhouse (Vornam et al., 2019). Disease 

development and severity of infection was assessed from the morning of the 3rd day (21st, July, 2016) after D. 

sapinea infection. The occurrence of brown current year needles indicated that the infection was successful.  

As D. sapinea can infect pines without causing symptoms in its endophytic stage, we chose three plants per 

treatment (n=3) randomly and examined the shoots and needles before the inoculation experiment for possible 

colonization by D. sapinea. After the termination of experiment, three pine plants per treatment (n=3) were also 

selected to test the presence and/or absence of D. sapinea. For these purposes, the selected pine shoot tips were 

surface-sterilized (1 min in 70% EtOH/5 min 4% NaOCl/1 min 70% EtOH) and cut into pieces (0.5 cm). The pieces 

were plated on Petri dishes with malt yeast peptone (MYP) agar (Langer et al., 1994). In addition, three shoot 

segments were placed on MYP medium in a 90-mm-diameter plastic Petri dish and incubated for up to 3 weeks at 

room temperature (ca. 22 °C) and ambient daylight. Shoot segments on dishes were visually checked every week 

for developing colonies of D. sapinea and other outgrowing fungi. Emerging mycelia were sub-cultured separately 
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on MYP medium. Subsequently, the isolated fungal strains were stored on MYP slants at 4 °C, first identified by 

morphology, followed by DNA extraction and ITS region sequencing to confirm identity by the procedures 

described above (Bußkamp et al., 2020). The sequences obtained were aligned with BLASTN (Zhang et al., 2000) 

to test if the isolate was the same as used for the experimental infection. The results showed that before infection, 

no endophytic D. sapinea was present in the pine plants. In addition, at the end of the infection experiment, D. 

sapinea could only be isolated from sprayed shoot sections of the infected plants. The isolated strain was the same 

as the initial D. sapinea strain used for infection.  

Plant sample harvest 

Harvest of needle samples was started in the morning of the seventh day after infection (25th, July). At this time, 

the infected current- and previous-year needles on pine shoot tips already showed the dominant brown color of 

necrotic tissues, whereas non-inoculated needles, located basipetal on the same stem did not show visible symptom 

of infection (the symptom details of needles are shown in Figure 1 and Supplementary Figure S1 of Hu et al., 

2021). From the six pine plants each of the infection and control treatments, 5-7 g fresh weight (FW) of 

symptomatic (dominant brown color of infected current- and previous-year needles of infected plants) and 

asymptomatic needles (without visible symptom of needles of non-infected control plants) were collected at similar 

distance from previous year branches with a scissor for biochemical analyses. Additional needle samples (ca. 3-5 

g FW) of infected and control plants were collected in the same places for transcriptomic analysis. All harvested 

needle samples were immediately shock-frozen in liquid N2, and stored at –80 °C (Hu et al., 2021). The needle 

samples for biochemical analysis were homogenized to a fine powder in liquid N2. 

Biochemical analyses 

Phytohormone quantification by LC-MS/MS 

Phytohormone analyses were carried out with homogenized needle samples lyophilized for 5 days (Alpha 2-4 with 

an LDC-1M module for system control; Martin Christ, Germany). For jasmonic acid (JA), hydroxy-JA (OH-JA), 

jasmonoyl-L-isoleucine (JA-Ile), hydroxy-JA-Ile (OH-JA-Ile), carboxy-JA-Ile (COOH-JA-Ile), 12-oxo-

phytodienoic acid (cis-OPDA), salicylic acid (SA), abscisic acid (ABA), indole-3-acetic acid (IAA) and cytokinin 

(CKs) determination, aliquots of 25 mg lyophilized tissue samples were extracted and analyzed as described by 

Vadassery et al., (2012) with minor modifications. Phytohormone separation and quantification were performed 

by high-performance liquid chromatography coupled to tandem mass spectrometry (HPLC-MS/MS) (Agilent 1260, 

Agilent Technologies, Santa Clara, CA, USA; API 5000, Applied Biosystems, Darmstadt, Germany) with a Zorbax 

Eclipse XDB-C18 column (50 × 4.6 mm, 1.8 µm; Agilent Technologies). 60 ng D4-SA (Santa Cruz Biotechnology, 

CA, USA), 60 ng D6-JA (HPC Standards GmbH, Borsdorf, Germany), 60 ng D6-ABA (Santa Cruz 

Biotechnology), 12 ng D6-JA-Ile (HPC Standards GmbH), and 60ng of D5-IAA (OlChemIm s.r.o., Olomouc, 

Czech Republic) were added to each sample as deuterated internal standards. The detailed MS protocol in negative 
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ionization mode has been described previously by Heyer et al., (2018). Analyst 1.5 software (Applied Biosystems) 

was used for dataset processing. IAA was quantified with the same LC-MS/MS system as described above applying 

the same chromatographic conditions, but using the MS in positive ionization mode. The ion-spray voltage was 

maintained at 5500 eV. The turbo gas temperature was set at 700 °C. Nebulizing gas was set at 70 psi, curtain gas 

at 30 psi, heating gas at 60 psi and collision gas at 4 psi. Multiple reaction monitoring (MRM) was used for indol-

3-acetic acid (IAA) analysis by monitoring analyte parent ion → product ion: m/z 176 → 130 for IAA; m/z 181 → 

134 + m/z 181 → 133 for d5-indol-3-acetic acid (internal standard for assay of IAA). Collision energy (CE) was 

19V; de-clustering potential (DP) was 31V. 

For determination of cytokinins (CKs), aliquots of 50 mg homogenized lyophilized fine needle powder were 

extracted using methanol/water (1:1, v/v) and purified by solid-phase extraction. CKs were eluted with 1 ml 0.35 

M ammonia (NH3) in 60% MeOH. Dried eluents were re-solved in 50-100 µl 25% MeOH and quantified by liquid 

chromatography-electrospray ionization - tandem mass spectrometry (LC-ESI-MS/MS) (UPLC-Xevo-TQ-MS, 

Waters, Eschborn, Germany). MS datasets were processed using TargetLynx V4.1 SCN 904 with internal standard 

correction. The details of CK extraction, separation and quantification including external and internal standards 

were described by Eggert & von Wirén, (2017). The limit of quantification for CKs was between 0.5 – 250 nM g-

1 sample dry weight (DW). For each phytohormone species, samples from four replicate pine plants per treatment 

were analyzed (n=4). 

Determination of δ13C natural abundance and total C and N  

δ13C natural abundance and total C and N contents were determined in aliquots of needle powder dried at 60 °C for 

48 h. Samples (2.0 – 2.5 mg) were weighed into tin capsules (IVA Analysentechnik, Meerbusch, Germany), and 

analyzed using a C/N elemental analyzer (NA 2500, CE Instruments, Milan, Italy) coupled via a Conflo 2 \* 

ROMAN interface (Finnigan MAT GmbH, Bremen, Germany) to an isotope ratio mass spectrometer (Delta plus, 

Thermo Finnigan MAT GmbH, Bremen, Germany) as previously described in Geßler et al., (2005). Glutamic acid 

was used as working standard and calibrated against the primary standard USGS 40 (glutamic acid, δ13CPDB = -

26.389, internal standard range between −33.63‰ and −11.21‰). For δ13C determination, working standards were 

analyzed after every tenth sample to detect any potential instrument drift over time. 

Needle pigment analysis 

Chlorophyll (Chl) a, b and carotenoids (Car) were extracted as described by Mantoura et al., (1997). For this 

purpose, homogenized needle powder (50 mg FW, fresh weight) was mixed with 700 µl 98% methanol containing 

0.5 M ammonium acetate (pH 7.1). After 2 h incubation in the dark at 4 °C, the supernatant containing the pigments 

was separated from the pellet by centrifugation at 15,000 g for 5 min at 4 °C. The pellet was subsequently re-

suspended twice in methanol and subjected again to centrifugation at 15,000 g for 5 min at 4 °C. Needle pigments 

were quantified in the combined extracts using a Genesys 10S spectrophotometer (Fisher Scientific, Waltham, MA, 

USA) at 470.0, 652.4 and 665.2 nm (Lichtenthaler, 1987) and expressed as mg g-1 DW.  
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Determination of hydrogen peroxide  

The concentrations of the reactive oxygen species (ROS) hydrogen peroxide (H2O2) were determined according to 

Velikova et al., (2000). Aliquots of 50 mg FW needle powder were mixed with 1 ml 1% (w v-1) trichloroacetic acid 

(TCA) on ice. The homogenate was centrifuged at 15,000 g for 15 min at 4 °C. Subsequently, 250 µl supernatant 

was added to 250 µl 100 mM phosphate buffer (pH 7.0) and 500 µl 1 M KI. The H2O2 content of the supernatant 

was determined by comparing its absorbance at 390 nm to a standard calibration curve and was expressed as µmol 

g-1 DW.  

Determination of structural biomass (SBM) and preparation for lignin and holo-cellulose analyses 

Structural biomass (SBM) of needle samples was extracted and quantified as reported by Blaschke et al., (2002). 

For this purpose, 500 mg dry needle powder was suspended in 50 ml washing buffer (100 mM K2HPO4/KH2PO4, 

pH 7.8, 0.5% Triton X-100), slowly stirred for 30 min at room temperature and centrifugated at 5,500 g for 20 min. 

The pellet was re-suspended in washing buffer and washed again as above. Subsequently, the pellet was washed 

four times (30 min each time) with 100 % methanol (MeOH). The resulting pellet consisted mainly of cell wall 

material and was defined as SBM. To get rid of esterified phenolic compounds, which interfere with lignin 

determination, especially in needles of pine saplings, the pellet was subjected to alkaline hydrolysis under N2 (2 M 

NaOH for 1 h). The hydrolyzed pellet was washed twice with distilled water, dried at 80 °C for 12 h, weighed and 

used for further gravimetric lignin and holo-cellulose (cellulose and hemicellulose) determination (Brinkmann et 

al., 2002). 

Lignin and holo-cellulose analysis  

For the determination of lignin in pine needle samples (modified after Van Soest, 1963; Rowland & Roberts, 1994), 

dried hydrolyzed SBM pellets of needle tissue was weighed (W1) into 250 ml Erlenmeyer flasks with 30 ml 37% 

hydrochloric acid and 3 ml 97% sulfuric acid. The solution was kept under the fume-hood overnight. Subsequently, 

the mixture was transferred into a 1000 ml glass beaker, 500 ml distilled water were added and the mixture was 

boiled for 10 min under continuous stirring. The boiled solution was filtered and the filtrate oven dried (105 °C for 

24 h) on a pre-weighed sinter (W2) (Robu-Glas, No. 2, 16 – 40 µm, Jena, Germany). Subsequently, samples were 

washed with 500 ml hot distilled water under vacuum until the residue was acid-free (pH 7.0). The filtrate was 

dried again on the sinter at 105 °C for 24 h, cooled and weighed (W3) to determine the dry weight of the residue. 

Lignin contents (% of SBM) were calculated as follows:  

𝐿𝑖𝑔𝑛𝑖𝑛 𝑐𝑜𝑛𝑡𝑒𝑛𝑡(% 𝑆𝐵𝑀) =
(𝑊3 − 𝑊2) × 100

𝑊1
 

The holo-cellulose (cellulose and hemicellulose) content of SBM (%) was calculated by subtracting the lignin 

content (%) from total hydrolysed SBM.  
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Determination of glutathione reductase (GR) and dehydroascorbate reductase (DHAR) enzyme activities 

For determination of glutathione reductase (GR) and dehydroascorbate reductase (DHAR) in vitro enzyme 

activities, aliquots of 50 mg homogenized frozen needle were extracted for 10 min on ice in 1.5 ml pre-cooled KPP 

extraction buffer (100 mM K2HPO4/KH2PO4, pH 7.8, 1% Triton X-100) containing 80 mg pre-washed 

polyvinylpolypyrrolidone (PVPP 6755, Sigma-Aldrich Inc., Steinheim, Germany). After centrifugation (15 min, 

15, 000 g at 4 °C), the supernatant was passed through a Sephadex column (NAP 5, GE Healthcare), as described 

by Arab et al., (2016). The fresh extracts were immediately used for kinetic analyses with a UV-DU650 

spectrophotometer (Beckman Coulter Inc., Fullerton, CA, USA) at 340 nm and 265 nm for GR and DHAR activity, 

respectively. The activity of GR was determined by monitoring glutathione dependent oxidation of 1.25 mM 

NADPH at 340 nm as described by Polle et al. (1990). DHAR activity was assayed directly by following the 

increase in absorbance at 265 nm, resulting from GSH-dependent production of ascorbate. The assay mixture 

consisted of 8 mM DHA, 10 mM GSH and 100 mM potassium phosphate buffer (pH 6.1). To determine the 

recovery rates of GR and DHAR, internal standards (Sigma-Aldrich Chemie GmbH, Steinheim, Germany) were 

added during extraction. The mean recovery rates amounted to 80.4% ± 5.1% for GR and 91.0% ± 4.6% for DHAR. 

Measurements were technically performed in triplicate for all samples (n=6). 

Extraction and quantification of water-soluble thiols  

Thiols were extracted and quantified from needle tissue by the modification of the method of Schupp & 

Rennenberg, (1988) previously described by Strohm et al., (1995). Thiols in needle extracts were quantified as 

monobromobimane derivatives with an ACQUITY UPLC system by fluorescence detection (Waters Corp., Milford 

MA, USA). Standards were subjected to the same reduction and derivatization procedure. The mean recovery rates 

of internal GSH standards added to needle extracts were 82.1% ± 1.5%. Measurements were performed in triplicate 

for each sample (n=6).  

Extraction and quantification of ascorbic acid   

Ascorbic acid contents were determined according to Haberer et al., (2007). Aliquots of 50 mg FW of frozen and 

homogenized needle powder were extracted in 500 µl 5% meta-H3PO4 solution, vortexed and centrifuged for 30 

min at 4 °C and 14,000 g. Two aliquots of 100 µl supernatant, each, were mixed with 20 µl 1.5 M triethanolamine 

and 100 µl sodium phosphate buffer (150 mM, pH 7.4) in safe seal micro-tubes (2 ml, Sarstedt AG & CO, 

Nuembrecht, Germany) for each sample, one to determine the amounts of reduced ascorbate, the other to determine 

the total ascorbate content. Total ascorbate contents were determined after reduction with 50 µl DTT (10 mM) and 

incubation at room temperature for 15 min. The excess DTT was removed by adding 50 µl NEM (0.5%). Samples 

for the determination of both, reduced and total ascorbic acid contents were further processed by adding 200 µl 

TCA (10%), 200 µl orthophosphoric acid (44%), 200 µl 2.2’–dipyridil (4% in ethanol) and 100 µl FeCl3 (3%). 

Samples were mixed and incubated at 37 °C for 60 min. Absorption at 525 nm was determined with a UV-DU650 
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spectrophotometer (Beckman Coulter Inc., Fullerton, CA, USA). L-ascorbic acid (Sigma-Aldrich Chemie GmbH, 

Steinheim, Germany, 1.5 mg ml-1) was used as a standard. The mean recovery rate of ascorbate internal standards 

added to needle extracts amounted to 93.5% ± 2.2%.   

Dry weight and water content determination 

Aliquots (approx. 100 mg FW) of homogenized needle material were dried at 60 °C for 48 h to weight constancy 

for DW determination. Water contents were calculated as the difference between fresh and dry weight as below:  

𝑊𝑎𝑡𝑒𝑟𝑐𝑜𝑛𝑡𝑒𝑛𝑡(𝑚𝑔𝐻2 𝑂 𝑚𝑔𝐷𝑊⁄ ) =
𝐹𝑊 − 𝐷𝑊

𝐷𝑊
 

All physiological and biochemical parameters determined in the present study were calculated and expressed on a 

DW basis. 

Statistical analyses of biochemical data 

Statistical tests of results from biochemical analyses were based on needles material from six replicate pine plants 

(n=6) except for phytohormone analyses (n=4), either infected with Diplodia sapinea or used as controls. Data 

were first tested by either Kolmogorov-Smirnov or Shapiro-Wilk tests for normal distribution. Where necessary, 

data were transformed using either log- or square-root transformation to satisfy the assumptions of normality and 

homogeneity of variance. Significant differences between needle samples of D. sapinea infected and non-infected 

control plants were identified using unpaired t-tests. Differences were considered significant at p< 0.05. All 

statistical analyses and graphical work were performed using SPSS 22.0 (SPSS Inc., Chicago, IL, USA) and 

Sigmaplot 14.0 (Systat Software GmbH, Erkrath, Germany).  

In order to compare biochemical and phytohormone data of needles from D. sapinea infected and non-infected 

control plants, raw data were log transformed and subjected to partial least squares-discriminant analysis (PLS-

DA). Subsequently, PLS-DA loading plots were generated and hierarchical cluster analysis (HCA) was performed 

for the generation of heat maps. For this purpose, data were processed using the MetaboAnalyst 5.0 software 

(http://www.metaboanalyst.ca) (Pang et al., 2021). 

Transcriptome analysis 

Total RNA of randomly selected needle samples of three D. sapinea-infected pine trees and three control trees 

were extracted for RNA-Seq using the RNeasy Plant Mini Kit (Qiagen, https://www.qiagen.com) according to the 

manufacturer’s instructions (n=3). RNA concentration and quality were confirmed using a Nanodrop ND-1000 

spectrophotometer (ThermoFisher Scientific, Weil am Rhein, Germany) and a 2100 Bioanalyzer (Agilent 

Technologies). Library preparation and sequencing was performed by the Transcriptome and Genome Analysis 

Laboratory (TAL, Goettingen, Germany) using the TruSeq RNA mRNA Library Preparation Kit v2 and a 
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HiSeq4000 (SR; 1x50 bp; 30 Mi reads/sample) (Illumina, Berlin, Germany), respectively. Raw read data quality 

was verified with fastQC (Andrews, 2014), trimmed using Trimmomatic v0.30 (Bolger et al., 2014) to remove low 

quality reads and reads shorter than 30 nucleotides, and mapped to the genomes of two D. sapinea strains CMW 

190 and CMW 39103 (Van et al., 2014) via hisat2 (Kim et al., 2015) to filter out fungal sequences.  

De novo assembly was carried out using clean reads from all six plant individuals in order to obtain a transcriptome 

that was unbiased and representative of both infected and control groups to accurately identify genes that are 

differentially expressed between treatments. We performed the assembly using the Trinity software package 

(version 2.12.0) with parameter setting of ‘-min_kmer_cov2’, a fixed k-mer size of 25 and other default parameters 

(Grabherr et al., 2013). Transcripts not well supported by reads or of high similarity were removed with two 

filtering steps. First, reads from all samples were individually mapped back to the assembled transcriptome using 

RSEM (Dewey & Li, 2011). Transcripts with abundance superior to one FPKM across all samples were considered 

for further analysis. To remove highly similar or redundant transcripts, we merged transcripts with higher sequence 

identity than 95% using CD-HIT-EST (Li & Godzik, 2006). The quality of the assembly was evaluated in two 

ways. First, the completeness of the assembly and the accuracy of gene sets was evaluated using the BUSCO 

(benchmarking universal single-copy orthologs) software (Simão et al., 2015) against the plant 

embryophyta_odb10 dataset to determine the proportion of a core-set of 1614 highly conserved eukaryotic genes 

in transcriptome mode. Second, we mapped the RNA reads to this draft assembly to evaluate the RNA reads 

mapping rate using kallisto (Bray et al., 2016). 

Transcripts per million (TPM) values were used to estimate gene expression under both treatments. The application 

of multiple statistical packages to identify a conservative set of genes that were differentially expressed has been 

recommended as a strategy to minimize false positives in DEG analysis (Hong et al., 2014). Therefore, differential 

expression analysis was performed using three methods. EdgeR (Robinson et al., 2010), limma (voom) (Law et al., 

2014) and DESeq2 (Oshlack et al., 2010) were used with more strict criteria to determine candidate DEGs, i.e., 

any gene with a false discovery rate (FDR) of <0.05 and a |log2FoldChange| higher than a cutoff of mean 

[abs(log2FoldChange)] + 2 × sd[abs(log2FoldChange)]. The BLASTX program was then used to annotate the 

transcript sequences based on sequence homology against the nr, swissprot, GO and KEGG databases with an E-

value cut-off of 1 × 10-10. Gene ontology and KEGG enrichment analysis of the DEGs was performed and visualized 

with the clusterProfiler R package (Yu et al., 2012). The Benjamini-Hochberg correction was used for multiple 

tests and an adjusted p value of < 0.05 was considered to be significantly enriched. 

Results 

Diplodia sapinea infection modifies the transcriptome of infected pine needles 

To elucidate to which extent the responses of structural and metabolic traits of pine needles to D. sapinea infection 

is mediated by altered gene expression, genome-wide transcript abundances in pine needles were compared 
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between control and pathogen infection treatments. The Trinity-derived transcriptome assembly contained a total 

of 55,068 transcripts with an N50 of 1,586 bp and an average length of 862 bp. About 88.3% of total reads were 

mapped back onto this transcriptome. BUSCO score (Supplementary Table S5) suggested no contamination and 

good assembly quality. Partial least squares discriminant analysis (PLS-DA) showed that the controls were tightly 

clustered and clearly separated from pathogen infected samples (Fig. 1A), indicating strong transcriptomic 

responses to the D. sapinea infection.  

As expected, edgeR, limma (voom) and DESeq2 identified different sets of differentially expressed genes (DEGs) 

(Fig. 1B). Given the relatively stringent cut-off, these analyses collectively yielded 2,035 potential DEGs identified 

by at least one method, constituting ~3.7% of the expressed genes in the pine host. Functional enrichment analysis 

revealed that the DEGs between controls and infected samples were mainly enriched for plant defense responses 

(i.e., response to fungus, chitin, wounding), oxidoreductase activity, ROS scavenging, biosynthesis/regulation of 

phytohormones and the biosynthesis of specific metabolites, including pinene, oxylipin and flavonoids (Fig. 2A; 

Supplementary Tables S6, S7). KEGG pathway enrichment analysis of these DEGs (q-value <0.05) suggested that 

DEGs were mainly enriched in phytohormone signal transduction, plant-pathogen interaction, transcription factors 

and several biosynthesis pathways, including those associated with phenylpropanoid, glutathione, amino sugar and 

nucleotide sugar metabolism (Fig. 2; Supplementary Tables S6, S7).  

Phytohormone biosynthesis is reprogrammed by D. sapinea infection 

To identify direct foliar responses induced by virulent D. sapinea exposure, we compared the phytohormone profile 

of infected pine needles with non-infected controls. A total of 22 phytohormones were identified across all plants 

following infection with D. sapinea at 7 days post-infection (Fig. 3A). PLS-DA showed a clear separation between 

the control and D. sapinea induced pine phytohormones along the first axis (Fig. 3A). Phytohormones like JA and 

its derivatives with variable importance in projection (VIP) values ≥ 1.0 contributed most to this separation. 

Hierarchical cluster analysis (HCA) showed the separation pattern accordingly (Fig. 3B). Thus, D. sapinea 

infection induces significant phytohormonal changes in the infected pine needles (Fig. 3A, B).  

Upon D. sapinea infection, the levels of most detected foliar phytohormones were strongly up-regulated compared 

to controls (Supplementary Table S1), i.e., adenine, abscisic acid (ABA), salicylic acid (SA), jasmonoyl-L-

isoleucine (JA-Ile) as well as total cytokinin (CK) and most of its components. In addition, jasmonic acid (JA), 

hydroxy-JA (OH-JA), hydroxy-JA-Ile (OH-JA-Ile) and carboxy-jasmonoyl-L-isoleucine (COOH-JA-Ile) were 

detected in infected needles, but not in needles of control plants (Supplementary Table S1). Only indole-3-acetic 

acid (IAA) contents showed reduced patterns in needles of infected pine saplings compared to control saplings. 

Adenosine and several cytokinins contents showed unaffected patterns by D. sapinea infection (Supplementary 

Table S1). 
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Transcriptome analysis largely uncovered the molecular mechanism that mediated the significant changes of the 

phytohormone profile in infected needles (Fig. 4). In the pathway of ABA metabolism, however, significantly up-

regulated key genes not only included phytoene synthase (CrtB), and β-carotene hydroxylase (CrtZ) involved in 

ABA synthesis, but also abscisate beta-glucosyltransferase (AOG) and ABA 8’-hydroxylases (CYP707A) involved 

in ABA catabolism. In the downstream ABA-mediated stomatal closure pathway, the expression of protein 

phosphatase 2C (PP2C) and putative sulfate-permeable R-type/quick-activating anion channel1 

(QUAC1/ALMT12) were significantly increased in the D. sapinea-infected needles. Different to these balanced 

changes in ABA metabolism, 12-oxo-phytodienoic acid reductase (OPR) in the JA biosynthesis pathway and 1-

aminocyclopropane-1-carboxylic synthase (ACS) in the ethylene biosynthesis pathway that constitute rate-limiting 

enzymes of biosynthesis of these phytohormones, were both up-regulated to ~1,000 fold compared with controls. 

We also found that the JA-related synthesis enzymes lipoxygenase (LOX2S) and OPC-8: CoA ligase 1 (OPCL1) 

were up-regulated (Fig. 4). Among the four known pathways of Trp-dependent IAA biosynthesis (Mashiguchi et 

al., 2011), only the pathway through YUCCA genes was detected in pine. However, expression pattern of most 

genes involved in this pathway were not affected by D. sapinea infection or even slightly down-regulated, despite 

an enhanced expression of genes of the chorismate precursor. At the same time, the expression of auxin transporter 

protein 1 (AUX1) was significantly induced, indicating that reduced IAA levels may not be a consequence of 

reduced synthesis, but rather of enhanced export. At the same time, the induction of small auxin up-regulated RNA 

(SAUR) genes may indicate the induction of early senescence. In the isochorismate route, both isochorismate 

synthases menF and PHYLLO were down-regulated, while two transcripts of the ENHANCED PSEUDOMONAS 

SUSCEPTIBILITY 1 (EPS1), an acyltransferase that spontaneously decomposes isochorismate-9-glutamate into 

SA and 2-hydroxy-acryloyl-N-glutamate, were significantly up-regulated upon D. sapinea infection. In the 

phenylalanine route, almost all related genes showed increased expression, particularly for PAL, the key enzyme 

to catalyze the deamination of phenylalanine to trans-cinnamic acid as part of the phenylpropanoid pathway in SA 

biosynthesis in response to D. sapinea infection in pine (Fig. 4). We did not observe signaling reactions induced 

by the cytokinin zeatin at the transcriptomic level. 

General structural and metabolic responses of pine needles to the infection with D. sapinea  

To detect metabolic differences between D. sapineaa-infected needles and control plants, tissue hydration, 

structural biomass (SBM), cell wall and pigment composition, δ13C natural abundance, foliar total N and C 

contents, antioxidant levels and activities of central antioxidative enzymes were analyzed. PLS-DA based on a total 

of 25 physiological parameters revealed a distinct clustering pattern between infected needles and needles of control 

plants (Fig. 3C). A similar clustering of physiological and biochemical parameters was observed by HCA (Fig. 

3D). These results show that D. sapinea infection also induced dominant local changes of foliar structure and 

metabolism of its pine hosts (Fig. 3C, D).  

Tissue hydration, as an indicator of current water balance, was impaired in D. sapinea-infected needles compared 

to controls after 7 days post-infection (Fig. 5A; Supplementary Table S2). Still stable carbon isotopes δ13C natural 
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abundance, an indicator of long-term water balance at undisturbed photosynthesis, was not affected by the fungal 

invader. D. sapinea infection significantly reduced SBM, total nitrogen (N) and carbon (C) contents of D. sapinea-

infected needles indicating reduced assimilation (see below). However, the C:N ratio of the needles was maintained 

at D. sapinea infection (Fig. 5F; Supplementary Table S2).   

In infected needles, a marked accumulation of the lignin is consistent with the gene regulation in the 

phenylpropanoid pathway involved in lignin biosynthesis (Fig. 6; Supplementary Table S2). In contrast to lignin, 

cellulose levels were dramatically reduced in the infected needles which is in line with the down-regulation of 

cellulose synthase (CESA) and the up-regulation of beta-glucosidase (Fig. 6).  

Diplodia sapinea infection affects the biosynthesis of photosynthetic pigments  

Levels of several photosynthetic pigments, such as chlorophyll a, chlorophyll b, and carotenoids (Car) showed 

significantly reduced patterns in D. sapinea infected needles (Fig. 7B; Supplementary Table S2). Transcriptome 

analysis revealed that both, chlorophyll synthase (i.e., ChlG) and chlorophyllase (i.e., CLH) are down-regulated in 

the infected samples (Fig. 7). Additionally, the expression of a substantial number of genes assigned to the 

photosynthetic pigment biosynthesis route were inhibited (Fig. 7).  

ROS scavenging and antioxidant activities is reprogrammed by D. sapinea infection 

Our metabolite analysis revealed strongly enhanced accumulation of the ROS (H2O2) in D. sapinea infected needles 

(Fig. 5B). This increase was accompanied by dramatically increased contents of total GSH and reduced GSH and 

their precursor γ-glutamyl-cysteine (γ-EC). Also oxidized glutathione (GSSG) contents were enhanced, inducing 

more oxidized redox state of glutathione in the infected needles (Fig. 8; Supplementary Table S3). The increased 

GSSG level could be attributed to a reduced glutathione reductase (GR) activity (Supplementary Table S3). 

Conversely, the reduced and total ascorbate as well as dehydroascorbate (DHA) contents and the ascorbate redox 

state of the needles were not affected by the D. sapinea infection (Supplementary Table S4). These results are 

consistent with the unaffected dehydroascorbate reductase (DHAR) activity in the infected needles (Supplementary 

Table S4). Despite these differences in GSH and ascorbate metabolism, unchanged gene expression was observed 

in the biosynthesis pathways of both metabolites indicating post-transcriptional regulation of glutathione 

biosynthesis (Figs. 7A, 8B). However, the expression of three enzymes of GSH consumption was up-regulated 

irrespective of glutathione accumulation, i.e., glutathione S-transferases (GST), gamma-glutamyltranspeptidase 

(GGT1_5) and Peroxiredoxin (PRX1) (Fig. 8A). In addition, the transcripts of 15 peroxidases that catalyze the 

oxidation of phenolic and non-phenolic aromatic compounds with ROS were dramatically up-regulated in infected 

needles.  

Discussion 
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In the present study, global profiling of phytohormone contents and the abundance of the associated transcriptome 

revealed changes in ABA, CKs, IAA, JA, SA and ethylene levels as major responses of pine needles to D. sapinea 

infection, regulated at the level of gene expression. To the best of our knowledge, this is the first report on stress-

induced responses of phytohormone profiles in needles of a conifer host infected with a pathogenic fungus. 

Significant changes of the phytohormone profiles observed in our results confirm that D. sapinea infection causes 

similar host stressful response patterns as drought (Arango-Velez et al., 2016), in line with our hypotheses (i) and 

(ii) as well as with previous reports (Hu et al., 2018, 2021), particularly for elevated levels of ABA, SA, JA-Ile, JA 

and its derivatives.  

Phytohormones, such as CKs (Walters & McRoberts, 2006), ABA (Ton et al., 2009) and IAA (Kazan & Manners, 

2009), are traditionally known to regulate plant growth and development. In addition, they also played vital roles 

in functioning of the plant immune signaling network. For example, ABA may inhibit the fungal pathogen entry 

into the needles via stomatal closure, a mechanism even more important in response to low water availability. This 

view is consistent with the observed elevated ABA level mediated by gene expression-controlled induction of 

biosynthesis in response to D. sapinea infection. The present results may suggest a possible novel role of IAA 

signaling and senescence induction in plant defense responses to necrotrophic fungi such as D. sapinea. However, 

this conclusion needs further analyses by expression pattern experiment, e.g., using an RT-PCR approach. The 

enhanced gene expression of auxin transporter protein 1 (AUX1) and small auxin up-regulated RNA (SAUR) 

affects auxin levels by altering auxin transport (Ren & Gray, 2015; Xu et al., 2017). Therefore, the induction of 

AUX1 and SAUR genes may explain the reduced IAA levels of D. sapinea infected needles attributed to the 

enhanced IAA export. In addition, previous studies showed that overexpression lines of SAUR genes exhibited an 

early senescence phenotype (Hou et al., 2013; Bemer et al., 2017); a delayed leaf senescence phenotype was 

observed in loss-of-function mutations in SAUR genes (Hou et al., 2013). These observations suggest a senescence-

inducing function of SAUR genes that is probably regulated by interaction with a PP2C.D phosphatase (Xiao et 

al., 2015). Thus, in the present study, we assume that enhanced expression of SAUR genes may be responsible for 

the observed early senescence and cellular suicide of pine needles in response to D. sapinea infection. In contrast, 

both possible biosynthesis routes for SA in plants, i.e., the isochorismate and phenylalanine pathways (Peng et al., 

2021), were activated to contribute to SA accumulation in infected pine needles. 

In general, changes of the antioxidative system constitute defense reactions aimed to keep reactive oxygen species 

(ROS) in safe levels under biotic stress (Foyer & Rennenberg, 2000; Foyer & Noctor, 2011). The responses of the 

antioxidative system induced by the D. sapinea infection was also observed in infected needles of the pine host of 

current study. However, these changes can be interpreted as unsuccessful defense. Enhanced glutathione (GSH) 

synthesis as defense reaction to the fungal infection was achieved, but counteracted by decreased GR activity, 

apparently both by post-transcriptional control. Consequently, GSSG accumulation and a more oxidized redox state 

of glutathione as well as elevated H2O2 levels were observed. This response of the antioxidative system of infected 

pine needles is consistent with both, local responses in the bark and wood and systemic responses of non-infected 

pine needles in D. sapinea-infected pine trees (Hu et al., 2018, 2021). The up-regulated expression of enzymes 
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involved in GSH consumption, i.e., Glutathione S-transferases (GST), gamma-glutamyltranspeptidase (GGT1_5) 

and Peroxiredoxin (PRX1), may have contributed to a limitation of GSH availability for ROS scavenging. The 

similar patterns of redox state of GSH have previously been reported as the hypersensitive response to pathogen 

infection, subsequently resulting in the programmed cell death (PCD) (Foyer & Noctor, 2011). In our results, 

necrosis of the terminal shoot that spreads through the entire host plant with increasing fungal exposure, reflecting 

the typical symptoms of infection with necrotrophic D. sapinea (Oliva et al., 2014; Sherwood et al., 2015).  

As previously reported for the systemic response of non-infected needles and roots of infected pine hosts (Hu et 

al., 2021), JA and its derivatives OH-JA, OH-JA-Ile and COOH-JA-Ile were not detected in controls, but only in 

infected needles. This result indicates local induction of biosynthesis of JA class phytohormones in response to D. 

sapinea infection as a defense reaction. It is well documented that JA signaling is responsible to necrotrophic 

pathogen attack, whereas SA signaling constitutes a response to biotrophic and hemi-biotrophic pathogens attacks 

(Glazebrook, 2005; Robert-Seilaniantz et al., 2011). Thus, our results are agreed with the opinion that JA is rapidly 

synthesized from linolenic acid upon D. sapinea infection and, subsequently, metabolized to JA-Ile, the active form 

of JA. Since the transcripts of genes coding for JASMONATE RESISTANT (JAR) were not detected in our 

samples, it is assumed that the induction of the biosynthesis of JA class phytohormones is an early response to D. 

sapinea infection. To confirm this assumption, quantification of JA pathway components and the associated 

transcriptome in a time-course approach is required in future studies of responses to D. sapinea infection.  

Although the interplay between SA and JA is well-documented in plant-pathogen relationship, the increased levels 

of SA in the present results (+ ~12-fold) in D. sapinea infected needles constitute new information for the response 

to a necrotrophic invader and show the complex interactions of SA-JA signaling pathways during pathogen 

invasion (Koornneef & Pieterse, 2008; Hu et al., 2018). In addition, the enhanced SA level observed in infected 

needles is in line with the systemic response observed in non-infected needles and roots of pine plants upon 

infection by D. sapinea (Hu et al., 2021). This result suggests that long-distance transport of SA out of D. sapinea 

infected needles may be responsible for the systemic accumulation of this phytohormone in non-infected tissues 

(Hu et al., 2021). Time courses of xylem sap and phloem exudate analyses are required in future studies to test this 

assumption.  

Consistent with an impaired water status in bark and wood organs of D. sapinea infected Scots pine hosts in the 

field (Hu et al., 2018), reduced hydration of infected needles was observed in our results with pine saplings 

(hypothesis ii). To determine whether D. sapinea infection triggered corresponding transcriptomic response that 

resemble drought, we examined the expression pattern of genes involved in stomatal movement (Malcheska et al., 

2017; Batool et al., 2018). It has been shown that sulfate is a central signal of drought that induces stomatal closure 

via anion channels (i.e., QUAC1/ALMT12 and SLAC1) and/or guard cell ABA synthesis. Our results showed that 

the expression of a sulfate transporter SULTR, responsible for sulfate uptake, significantly increased at 7 days post-

infection. Sulfate taken up into guard cells is supposed to up-regulate the expression of NCED, a key step of ABA 

synthesis, thereby leading to elevated ABA concentration in the guard cell cytosol. Coincidentally, our 
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transcriptomic analysis showed that NCED was almost 13-fold up-regulated upon pathogen exposure. Sulfate is 

also proposed to gate both the R-Type anion channel QUAC1 and S-type anion channel SLAC1 under drought 

stress. However, in the present study, the highly activated QUAC1 showed a contrasting expression pattern with 

SLAC1, indicating a differential role of these two anion channels in pathogen-induced water deficit response. We 

also scrutinized the gene expression of potassium outward channels GORK, which can mediate stomatal turgor 

loss and, consequently, stomatal closure. However, GORK was not significantly affected by pathogen infection 

(data not shown). These finding collectively suggested that D. sapinea infection has led to similar, but not to 

identical transcriptomic responses than drought in pine needles. Nevertheless, the present result is surprising since 

the enhanced ABA accumulation should have prevented extensive water loss by stomatal closure. However, it is 

still unclear which processes determine water loss from the infected needles, since pathogens may have evolved 

specific virulence factors, such as coronatine that effectively re-open stomata as an important pathogenesis strategy 

to counteract stomatal closure (Melotto et al., 2006; Zheng et al., 2012).   

In the present study, the impaired water status was observed with the decrease of photosynthetic pigments 

suggesting a reduced photosynthesis. The remaining photosynthetic pigments may not only be responsible for the 

light energy absorbing (Gough et al., 2003; Tanaka et al., 2011), but together with their breakdown products may 

also function as a defense against necrotrophic D. sapinea because of the toxicity to the cells of pathogen (Kariola 

et al., 2005; Hu et al., 2015). This function may be even more important in the systemic response to D. sapinea 

infection, where increased rather than reduced levels of photosynthetic pigments were observed in non-infected 

needles of pine plants (Hu et al., 2021). Combined with the enhanced ROS (H2O2) levels, the present results indicate 

that local needle damages caused by necrotrophic D. sapinea include the release of chlorophylls from chloroplasts 

thylakoid membranes of infected tissue. This will accelerate ROS production, particularly since rapid degradation 

seems to be down-regulated in infected needles as indicated by reduced gene expression of chlorophyllase. 

Necrotrophic pathogens retrieve nutrients from dead plant cells, which requires the breakdown of plant cell walls 

and tissue structures (Oliva et al., 2014). The reduced portion of SBM on dry weight observed in our results is a 

consequence of such breakdown and consistent with the findings in both, systemic non-infected tissues of pine 

saplings (Hu et al., 2021) as well as tissues of pine trees in the field (Hu et al., 2018). The reduction of SBM in 

host tissues prepares the ground for successful penetration by D. sapinea fungus, because cell walls constitute an 

essential physical defense upon pathogen infection (Hématy et al., 2009; Olivia et al., 2014; Sherwood & Bonello, 

2016). Transcriptome and metabolome analyses in the present study indicate that reprogramming of the 

phenylpropanoid pathway with increased lignin formation at the expense of cellulose constitutes a defense reaction 

to the D. sapinea infection (hypothesis iii and iv). Apparently, the pine host retrieves C from SBM by cellulose 

degradation for enhanced lignin synthesis, in line with other fungus attacks (e.g., Ahamed & Ahring, 2011). Active 

lignification has been well documented as a defense reaction of plants upon pathogen infection (Glazebrook, 2005) 

and was observed in both in vivo and in vitro experiments as systemic induced response of Austrian pine against 

D. sapinea attack (Bonello & Blodgett, 2003; Blodgett et al., 2007). Increased lignification, as observed in our 

results in D. sapinea infected Scots pine needles, were also observed in other necrotrophic and biotrophic fungi 
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(Smith et al., 2007; Zhang et al., 2007; Hu et al., 2017), such as Austrian pine infected by D. scrobiculata in vivo 

(Blodgett et al., 2007; Wallis et al., 2008; Sherwood & Bonello, 2016). Also in vitro studies indicate that 

lignification plays an essential role in the response of its host against D. sapinea (Celimene et al., 2001; Sherwood 

& Bonello, 2013). However, the present results clearly show that enhanced lignification of the cell walls of pine 

needles was insufficient to prevent D. sapinea invasion.  

In this context, changes of lignification processes in our results could be recognized as the consequence of plant- 

pathogen interactions mediated by the plant hormonal signaling cascades, particularly of CKs (Nafisi et al., 2015). 

Consistent with such assumption, our results show enhanced levels of CKs including their bioactive forms (i.e., 

DZ, iPR, tZR, iPRMP) and inactive forms for storing (i.e., cZR, DZR) as well as its precursor, adenine, in D. 

sapinea infected needles. The accumulated foliar CKs are in line with systemic enhanced levels of CKs in non-

infected needles of pine saplings infected by D. sapinea (Hu et al., 2021). In previous studies, elevated CKs levels 

were related to enhanced resistance to necrotrophic fungi infection in tomato infected by Botrytis cinerea 

(Swartzberg et al., 2008) and Arabidopsis infected by Alternaria brassicicola KACC40036 Choi et al., (2011). 

Therefore, changes in composition of SBM, e.g., cellulose and lignin in response to D. sapinea infection could 

relate to the changes of CKs levels (Nafisi et al., 2015). However, the function of CKs in plants in response to 

pathogen attacks still needs to be elucidated in future study (Bari & Jones, 2009).  

In summary, our results indicate that successful D. sapinea attack of pine needles depends on (1) reprogramming 

of the host´s phytohormone synthesis and crosstalk towards early senescence by gene expression despite the 

induction of defense reactions; (2) enhanced ROS production, e.g., during the degradation of photosynthetic 

pigments; (3) counteracting enhanced ROS scavenging via elevated glutathione (GSH) synthesis by reducing the 

regeneration of this antioxidant at the post-transcriptional level; (4) disturbing the foliar water balance by de-

regulating stomatal aperture; and (5) enhancement of foliar cell wall barriers by stimulated lignification through 

gene expression, but only to an extent insufficient to prevent fungal invasion. Thus, the induction of combined 

changes of transcriptional and post-transcriptional processes in host tissues appears to overcome the defense 

reactions of host tissues and mediate successful invasion of pine needles and its cellular suicide by necrotrophic D. 

sapinea.  
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Figure Legends: 

 

 

Figure 1. Identification of differentially expressed genes (DEGs) between non-infected controls and infected 

needles. (A) PLS-DA plots of transcripts identified by RNA-seq of pine needles infected by Diplodia sapinea at 

seven days post-infection. The first (Dim 1) and second (Dim 2) principal components explain 51% of the variance. 

(B) Differentially expressed genes (DEGs) identified by three methods, edgeR, limma(voom), and DESeq2. (C) 

Venn diagram of DEGs identified by these three methods. 
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Figure 2. Functional enrichment analysis of DEGs against the databases of (A) GO and (B) KEGG pathways in 

the pine transcriptome infected by Diplodia sapinea. 
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Figure 3. Partial least squares-discriminant analyses (PLS-DA), loading plot diagrams and hierarchical cluster 

analyses (HCA) with heatmaps of phytohormone profiles, primary metabolites, pigments, cell wall compounds, 

and components of the antioxidant system detected in needles of pine saplings of Diplodia sapinea infection and 

non-infected controls. A: PLS-DA and its loading plot diagrams of phytohormone profiles; B: HCA with heatmap 

of phytohormone profiles; C: PLS-DA and its loading plot diagrams of metabolites, pigments, cell wall components 

and the antioxidant system; D: HCA with heatmap of metabolites, pigments, cell wall components and the 

antioxidant system in non-infected controls and infected needles.  

 

 

 

Figure 4. DEGs and metabolites involved in phytohormone biosynthesis in pine needles following Diplodia 

sapinea infection. Enzymes are indicated in uppercase letters. Heat map of ABA, IAA, SA, JA and ethylene 

pathway-related gene expression and values are presented as fold changes relative to controls. (A) Abscisic acid 

(ABA) pathway. crtB, 15-cis-phytoene synthase; PDS, 15-cis-phytoene desaturase; ZDS, zeta-carotene desaturase; 

LcyB, lycopene beta-cyclase; CrtZ, β-carotene 3-hydroxylase; ZEP, zeaxanthin epoxidase; VDE, violaxanthin de-

epoxidase; NCED, 9-cis-epoxycarotenoid dioxygenase; ABA2, xanthoxin dehydrogenase; AAO3, abscisic-

aldehyde oxidase; AOG, abscisate beta-glucosyltransferase; CYP707A, abscisic acid 8'-hydroxylase; SULTR, 

sulfate transporter; PYR/PYL, PYRABACTIN RESISTANCE/PYR1-LIKE; PP2C, protein phosphatase 2C; 

SnRK2, Sucrose nonfermenting 1 (SNF1)-related protein kinase 2; SLAC1, slow anion channel 1; QUAC1, quick 

anion channel 1; CDPK, calcium dependent protein kinase. (B) Possible biosynthesis routes for Indole-3-acetic 

acid (IAA) and salicylic acid (SA) in plants. aroF, 3-deoxy-7-phosphoheptulonate synthase; aroB, 3-
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dehydroquinate synthase; aroDE, 3-dehydroquinate dehydratase; aroK, shikimate kinase; aroA, 3-

phosphoshikimate 1-carboxyvinyltransferase; aroC, chorismate synthase; menF, isochorismate synthase; 

PHYLLO, protein PHYLLO, chloroplastic; trpE, anthranilate synthase component 1; trpG, anthranilate synthase 

component 2; trpD, anthranilate phosphoribosyltransferase; trpF, N-(5'-phosphoribosyl)anthranilate isomerase; 

trpC, indole-3-glycerol phosphate synthase; trpA, Tryptophan synthase alpha chain; trpB, Tryptophan synthase 

beta chain; TAA1, L-tryptophan-pyruvate aminotransferase 1; YUCCA, Tryptophan aminotransferase; DDC, 

aromatic-L-amino-acid decarboxylase; PBS3, avrPphB SUSCEPTIBLE3; EPS1, enhanced pseudomonas 

susceptibility 1; CM, chorismate mutase; ADT, arogenate dehydratase; PAT, prephenate-aminotransferase; 

TAT, tyrosine aminotransferase; PAL, phenylalanine ammonialyase; AIM1, abnormal inflorescence 

meristem 1; BA2H, benzoic acid 2-hydroxylas. (C) Jasmonic acid (JA) biosynthesis. LOX2S, lipoxygenase; AOS, 

allene oxide synthase; AOC, allene oxide cyclase; OPR, 12-oxophytodienoate reductase; OPCL1, OPC-8:0 CoA 

ligase 1, JAR, jasmonate resistant. (D) Ethylene metabolism. thrA, bifunctional aspartokinase; lysC, aspartate 

kinase; asd, aspartate-semialdehyde dehydrogenase; hom, homoserine dehydrogenase; metC, cysteine-S-conjugate 

beta-lyase; ahcY, adenosylhomocysteinase; mmuM, homocysteine S-methyltransferase; metE, 5-

methyltetrahydropteroyltriglutamate-homocysteine methyltransferase; metK, S-adenosylmethionine synthetase; 

TAT, tyrosine aminotransferase; GTK, L-glutamine-4-(methylsulfanyl)-2-oxobutanoate aminotransferase; ISS1, 

aromatic aminotransferase; NMT1, DNA (cytosine-5)-methyltransferase 1; DNMT3A, DNA (cytosine-5)-

methyltransferase 3A; ACS, 1-aminocyclopropane-1-carboxylate synthase; ACC oxidase, 

aminocyclopropanecarboxylate oxidase; cysK, cysteine synthase; ATCYSC1, L-3-cyanoalanine synthase/ cysteine 

synthase; cysE, serine O-acetyltransferase; speD, S-adenosylmethionine decarboxylase; speE, spermidine 

synthase; MTN, 5'-methylthioadenosine nucleosidase; mtnK, 5-methylthioribose kinase; mtnA, methylthioribose-

1-phosphate isomerase; DEP1, methylthioribulose 1-phosphate dehydratase/enolase-phosphatase E1; mtnD, 1,2-

dihydroxy-3-keto-5-methylthiopentene dioxygenase. 
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Figure 5. Tissue hydration status (A), reactive oxygen species (ROS: H2O2) levels (B), δ13C abundance (C), total 

carbon (D), nitrogen (E) levels and carbon/nitrogen ratio (F) in needles of Diplodia sapinea infection and non-

infected control plants. Columns show means (±SE). Bold asterisks represent significant differences between 

control and D. sapinea-infected leaves at p< 0.05. 

 

 

 

Figure 6. DEGs and metabolites involved in lignin and cellulose biosynthesis in pine needles following Diplodia 

sapinea infection. Enzymes are indicated in uppercase letters. Heat map of phenylpropanoid and cellulose pathway-

related gene expression and values are presented as fold changes relative to controls. (A) Phenylpropanoid pathway. 

PAL, phenylalanine ammonia-lyase; CYP73A, trans-cinnamate 4-monooxygenase; COMT, caffeic O-

methyltransferase; 4CL, 4-coumarate: CoA ligase; HCT, N-hydroxycinnamoyl transferase; CCR, cinnamoyl-CoA 

reductase; CAD, cinnamoyl alcohol dehydrogenase; PRDX6, peroxiredoxin 6. (B) Cellulose pathway. CESA, 

cellulose synthase A; EglA, β-1,4-endoglucanase; bglB, β-glucosidase; bglX, β-glucosidase. (C) Comparison of 

cell wall compositions (SBM, lignin and holo-cellulose) between controls and infected pine needles. Columns show 

means (±SE). Bold asterisks represent significant differences between control and D. sapinea-infected leaves at p< 

0.05. 
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Figure 7. DEGs and metabolites involved in the chlorophyll metabolism in pine needles following Diplodia 

sapinea infection. Enzymes are indicated in uppercase letters. Heat map of phenylpropanoid and cellulose pathway-

related gene expression and values are presented as fold changes relative to controls. (A) Chlorophyll biosynthesis 

pathway. EARS, glutamyl-tRNA synthetase; hemA, glutamyl-tRNA reductase; hemL, glutamate-1-semialdehyde 

2,1-aminomutase; hemB, porphobilinogen synthase; hemC, hydroxymethylbilane synthase; hemD, 

uroporphyrinogen-III synthase; hemE, uroporphyrinogen decarboxylase; CPOX, coproporphyrinogen III oxidase; 

PPOX, protoporphyrinogen/coproporphyrinogen III oxidase; chlI, magnesium chelatase subunit I; chlD, 
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magnesium chelatase subunit D; chlH, magnesium chelatase subunit H; bchM, magnesium-protoporphyrin O-

methyltransferase; chlE, magnesium-protoporphyrin IX monomethyl ester (oxidative) cyclase; DVR, divinyl 

chlorophyllide a 8-vinyl-reductase; CAO, chlorophyllide a oxygenase; NOL, chlorophyll(ide) b reductase; chlG, 

chlorophyll/bacteriochlorophyll a synthase; CLH, chlorophyllase; HCAR, 7-hydroxymethyl chlorophyll a 

reductase; SGR, magnesium dechelatase; PAO, pheophorbide a oxygenase; RCCR, red chlorophyll catabolite 

reductase. (B) Comparison of needle pigments (chlorophyll a, chlorophyll b, chlorophyll a+b and carotenoids) 

between controls and infected pine needles. Columns show means (±SE). Bold asterisks represent significant 

differences between control and D. sapinea infected leaves at p< 0.05. 

 

 

 

Figure 8. DEGs and metabolites involved in antioxidant metabolism in pine needles following Diplodia sapinea 

infection. Enzymes are indicated in uppercase letters. Heat map of GSH and ascorbic acid metabolism-related gene 
expression and values are presented as fold changes relative to controls. (A) Glutathione pathway. PAPSS, 3'-

phosphoadenosine-5'-phosphosulfate synthase; APS, adenosine 5'-phosphosulfate; PAPS, 3-phosphoadenosine 5-

phosphosulfate; HINT4, bifunctional adenosine 5'-phosphosulfate phosphorylase/adenylylsulfatase; CysC, 
adenylyl-sulfate kinase; APR, adenosine 5'-phosphosulphate reductase; SUOX, sulfite oxidase; Sir, sulfite 

reductase; cysE, serine acetyltransferase; cysK, Cysteine synthase A; ATCYSC1, cysteine synthase; GGCT, γ-

glutamylcyclotransferase; OPLAH, 5-oxoprolinase (ATP-hydrolysing); CARP, leucyl aminopeptidase; pepN, 
aminopeptidase N; gshA, glutamate-cysteine ligase; GGT1-5, γ-glutamyltranspeptidase; GSS, glutathione 

synthase; GSR, glutathione reductase (NADPH); IDH1, isocitrate dehydrogenase; PGD, 6-phosphogluconate 

dehydrogenase; G6PD, glucose-6-phosphate 1-dehydrogenase; gpx, glutathione peroxidase; PRDX6, 

peroxiredoxin 6; PRX1, glutaredoxin/glutathione-dependent peroxiredoxin; DHAR, dehydroascorbate reductase; 
GST, glutathione S-transferase. (B) Ascorbic acid pathway. GME, GDP-D-mannose 3', 5'-epimerase; VTC2-5, 

GDP-L-galactose phosphorylase; VTC4, inositol-phosphate phosphatase; IMPL2, histidinol-phosphatase; GLDH, 
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L-galactono-1,4-lactone dehydrogenase; APX, L-ascorbate peroxidase; NADH, ubiquinone oxidoreductase. (C) 

Comparison of glutathione reductase (GR) activity, glutathione dehydrogenase (DHAR) activity, total glutathione 

(GSH), glutathione disulfide (GSSG), cysteine, γ-glutamylcysteine (γ-EC), reduced glutathione and redox state 

(GSH: GSSG) between control and infected pine needles. (D) Comparison of total ascorbate (Asc), 

dehydroascorbate (DHA), reduced ascorbate and redox state (reduced Asc:DHA) between controls and infected 
pine needles. Columns show means (±SE). Bold asterisks represent significant differences between control and D. 

sapinea infected leaves at p< 0.05. 
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