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Climate change (CC) conditions projected for many temperate areas of the world, expressed by way of excessive temperatures and low water availability, will impact forest health directly by means of abiotic stress but also by predisposing trees to pathogenic attack. However, we do not yet know how such environmental conditions alter the physiology and metabolism of trees to render them more susceptible to pathogens. To explore these mechanisms, we conditioned 3-year-old Austrian pine saplings to a simulated CC environment (combined drought and elevated temperatures), followed by pathogenic inoculation with two sister fungal species characterized by contrasting aggressiveness, Diplodia sapinea (aggressive) and D. scrobiculata (less aggressive). Lesion lengths resulting from infection were measured after 3 weeks to determine phenotypes, while dual transcriptomics analysis was conducted on tissues collected from the margins of developing lesions on separate branches 72 h post inoculation. As expected, climate change conditions enhanced host susceptibility to the less aggressive pathogen, D. scrobiculata, to a level that was not statistically different from the more aggressive D. sapinea. Under controlled climate conditions, D. sapinea induced suppression of critical pathways associated with host nitrogen and carbon metabolism, while enhancing its own carbon assimilation. This was accompanied by suppression of host defense-associated pathways. In contrast, D. scrobiculata infection induced host nitrogen and fatty acid metabolism as well as host defense response. The CC treatment, on the other hand, was associated with suppression of critical host carbon and nitrogen metabolic pathways, alongside defense associated pathways, in response to either pathogen. We propose a new working model integrating concurrent host and pathogen responses, connecting the weakened host phenotype under CC treatment with specific metabolic compartments. Our results contribute to a richer understanding of the mechanisms underlying the oft-observed increased susceptibility to fungal infection in trees under conditions of low water availability and open new areas of investigation to further integrate our knowledge in this critical aspect of tree physiology and ecology.
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INTRODUCTION

The elevated temperatures predicted under climate change scenarios can directly impact plant physiology. The effects are expressed mostly through exacerbation of water limitation due to elevated vapor pressure deficits, which impose extra demands on the water relation capabilities of trees (Adams et al., 2009; Williams et al., 2013). Under sub-lethal drought conditions, physiological processes other than carbon starvation or interruption of water conduction can render droughted plants more susceptible to mortality from pathogen attack. For example, plants often respond by reducing photosynthesis and growth, accumulating compatible solutes (osmoprotectants) such as the amino acid proline (Pro), producing reactive oxygen species (ROS), and altering specialized metabolism, among other processes (Chaves et al., 2003; Bhargava and Sawant, 2013).

One system-level question emerges from this conceptual framework: “How does climate change-associated stress affect the internal environment of a tree to predispose it to fungal infection?” This is currently one of the top 10 unanswered questions in plant-pathogen interactions (Harris et al., 2020).

Tree pathosystems, such as those involving Diplodia spp. and other Botryosphaeriaceae, represent a large class of emerging diseases caused by opportunistic fungi that mostly ‘sit-and-wait’ as asymptomatic endophytes, becoming highly destructive necrotrophs only under certain host and environmental conditions (Herre et al., 2007; Slippers and Wingfield, 2007), such as low water availability, that predispose the tree to infection (Blodgett et al., 1997a,b). However, the molecular and metabolic mechanisms underlying stress-induced tree susceptibility to pathogens remain poorly understood. This inhibits predictions of how tree pathosystems will behave and evolve under projected climate change scenarios. System-level studies of the main players will address this deficiency (Bostock et al., 2014). Our work to date using the Austrian pine (Pinus nigra) – D. sapinea pathosystem has addressed basic mechanisms underlying host susceptibility under normal growth (Blodgett and Bonello, 2003; Luchi et al., 2005; Wang et al., 2006; Eyles et al., 2007; Barto et al., 2008; Wallis et al., 2008, 2011; Sherwood and Bonello, 2013, 2016) as well as under drought conditions. Under relatively severe drought, we have observed alterations in (1) levels of some free phenolics, lignin, and terpenoids; (2) Pro metabolism; (3) ROS homeostasis; and (4) possible alteration in programmed cell death (PCD), and fungal capacity to neutralize/take advantage of host responses (Sherwood et al., 2015).

Our aim in this study was to investigate how climate change affects the interactions between host and opportunistic pathogens like Diplodia spp. To do so, we subjected 3-year-old Austrian pine saplings to simulated climate change conditions of combined reduced water availability and elevated temperatures. After a period of conditioning, we inoculated the saplings and monitored infection processes using two closely related species of contrasting aggressiveness: D. sapinea (aggressive) and D. scrobiculata (non-aggressive) (Blodgett and Bonello, 2003; De Wet et al., 2003). To gain insight into system-level processes, we conducted transcriptomic analyses of simultaneous host and pathogen responses. We hypothesized that any shifts in aggressiveness (or, conversely, host susceptibility) due to climate change conditions would be more evident with D. scrobiculata and be explained by differential dual (host and pathogen) gene expression in the preliminary stages of infection.



MATERIALS AND METHODS


Plant Material

Open pollinated, 3-year-old potted Austrian pine saplings were received from Willoway Nurseries (Madison, OH, United States). Trees were maintained in an ornamental nursery yard in the Dept. of Horticulture and Crop Sciences at The Ohio State University (Columbus, OH, United States). After repotting trees into a potting mix consisting of equal parts of Com-Til compost (provided by Department of Public Utilities, city of Columbus, OH, United States), pine bark, and organic matter (the latter primarily comprised of composted yard waste) trees were transferred to the greenhouse for several months of growth.



Growth Chamber Conditions

Three weeks before inoculation, trees were transferred to two growth chambers for acclimation. We imposed the following conditions (more details in Supplementary Information SI1):

Control treatment (CT): daily minimum of 15°C and maximum of 28°C (corresponding to a 16/8 h light/dark cycle), and RH of 60% throughout, to generate a VPD of 0.7 and 1.5 kPa1 during dark and light, respectively.

CC treatment (CCT): daily minimum of 20°C and maximum of 33°C (corresponding to a 16/8 h light/dark cycle), and RH of 60% throughout, to generate a VPD of 0.9 and 2.0 kPa during dark and light, respectively. Pre-dawn needle water potentials were measured with a Scholander pressure bomb (PMS Instrument Co., Corvallis, OR, United States).



Inoculation Treatments

Our experimental design was constrained by logistical limitations imposed by the availability of growth chambers: one for the CT and one for the CCT. To account for variation between growth compartments (Potvin, 2000), we used a split-plot design with combined heat/drought treatment (the CCT) as the main plot factor (represented by individual growth chambers) and inoculation state (i.e., mock-inoculated and plants inoculated with D. sapinea or D. scrobiculata) and sampling time (i.e., 12 and 72 h, and 3 weeks post-inoculation) as the subplot factors (Potvin, 2000). Each inoculation treatment was replicated six times, for a total of 18 trees in each chamber.

On February 17, 2017, trees were inoculated with D. sapinea or D. scrobiculata, or mock inoculated. Isolates of D. sapinea (Sherwood and Bonello, 2013) and D. scrobiculata (Santamaria et al., 2011) were obtained from Dr. Glenn Stanosz of University of Wisconsin Madison and grown and maintained on potato dextrose agar (PDA) in the dark at room temperature. Each treated shoot was lightly wounded by removing a small (<5 mm × 5 mm) area of epidermis, using a razor blade, 3–4 cm distal to the transition point between previous and current year growth. Inoculum (or just PDA growth medium in the case of mocks) was placed on the wound, mycelium side down, and the inoculation court was then wrapped with parafilm. Each tree was randomly assigned to a single inoculation treatment (mock, D. sapinea or D. scrobiculata) and randomly treated on six different branches (two branches per time point). The whole inoculation process was conducted over the course of 5 h. No uninoculated controls were used due to growth chamber space availability imposing limitations on numbers of usable plants.

Shoots were sampled at 12, 72 h (3 days), and 3 weeks for transcriptomics and dissected at 3 weeks for determination of relative susceptibility (phenotype) based on lesion lengths. All mock inoculations resulted in no lesions and were excluded from determination of relative susceptibility. Lesions from D. sapinea and D. scrobiculata-infected branches on each tree were averaged and the means used as a single data point for that tree. Differences in lesion length between D. sapinea and D. scrobiculata were analyzed separately for CT and CCT trees using two-tailed t-tests assuming unequal variances, as the number of available biological replicates was n = 3–6.

We did not have the resources to conduct RNA-seq analysis at all time points, so we decided to analyze host and fungal responses at 72 h, which we deemed the best compromise to uncover significant genes in the interactions. Based on all our work for the past 18 years on this system, we did not expect any detectable systemic effects of multiple, concurrent inoculations on different shoots of the same tree over the local host responses expressed in each shoot.



Tissue Sampling

At sampling time, shoots were removed with pruners, placed individually into paper coin envelopes, and immediately flash frozen in liquid N before transfer to −80°C until processing. Subsequently, tissues were harvested to contain either the whole lesion on CT saplings, or the margin of the much longer lesions on CCT saplings, by collecting shavings obtained with a liquid N-chilled razor blade and liquid N-chilled tweezers. Shavings were first dropped into a 50 ml Falcon tube containing liquid N, and then transferred to pre-weighed 2-ml screw-capped Eppendorf tubes, which were then dropped into liquid N. The tubes were transferred to cardboard freezer boxes and stored at −80°C.



RNA Extraction and Gene Expression Analysis

Tissue collected 72 h post-inoculation was ground in liquid nitrogen using a mortar and pestle that were pre-chilled in liquid N. Ground tissue was returned to the sampling tube and weight determined before storage at −80°C. RNA extraction was carried out following a standard protocol (Chang et al., 1993) modified for pine samples (500 ul extraction buffer preheated at 65°C, sample in buffer incubated at 65°C for an hour), from approximately three biological replicates of each treatment combination. RNA extracts were then treated with DNaseI, amplification grade per the manufacturer’s instructions (Invitrogen, Thermo Fisher Scientific, Waltham, MA, United States) and cleaned-up with the RNeasy Plant Mini Kit per manufacturer’s instructions (Qiagen, Germantown, MD, United States). Samples were quantified spectrophotometrically using a NanoDrop (Thermo Fisher Scientific, Wilmington, DE, United States) and quality and concentration were assessed using TapeStation (Agilent Technologies, Inc., Santa Clara, CA, United States). Samples with 260/280 nm and 260/230 nm ratios between 1.8–2.2 and 1.6–2.2, respectively, were considered of sufficient purity. RNA library preparation for dual transcriptome analyses of host and pathogen was carried out and paired-end sequences were generated via Illumina NextSeq500 platform at the Molecular and Cellular Imaging Center, The Ohio State University, Wooster, OH, United States.



Sequence Quality Control, Assembly, and Annotation

The workflow used here is shown in Supplementary Figure 2 (Supplementary Information SI1). Briefly, all samples were multiplexed and sequenced across four lanes. To exclude lane biases, sequenced reads were mapped to the Pinus tecunumanii transcriptome (Visser et al., 2018) using kallisto v0.44.0 (Bray et al., 2016) and expression data were clustered. Subsequently, reads from all lanes were concatenated for each sample. Concatenated reads were trimmed for adaptors and low-quality bases with Trimmomatic v0.36 (Bolger et al., 2014) and those with a trimmed length >40 were retained. Concatenated and filtered read quality was assessed using FastQC2. To generate a P. nigra reference transcriptome, a series of preliminary transcriptomes was assembled with transABYSS v2.0.1 (Robertson et al., 2010), using trimmed read data with a k-mer range of 21 to 51 with a step of 2 and 55 to 75 with a step of 4, and Trinity v2.4.0 (Grabherr et al., 2011), with a k-mer range of 21 to 31 with a step of 2 using trimmed data as well as in silico normalized trimmed reads both de novo and genome guided against the P. taeda v2.01 genome assembly3. The preliminary assemblies were combined, and the resulting superset of transcripts was run through the Evidential genes pipeline (Gilbert, 2016) to reduce redundancy and select for optimally assembled transcripts, producing a set of putative host unigenes.

As an unannotated D. sapinea reference genome was available, pathogen unigenes were predicted using AUGUSTUS v3.3.3 (Stanke et al., 2008) on the Diplodia sapinea genome (Van Der Nest et al., 2014) using the Aspergillus fumigatus training annotation as well as Diplodia corticola cDNA (ENA accession PRJNA325745) to improve the prediction. Both pine and fungal unigenes were annotated using EnTAP v0.8.2 (Hart et al., 2020) with GeneMarkS-T v5.1 (Tang et al., 2015), diamond v0.8.31 (Buchfink et al., 2014) and eggnog v0.12.7 (Huerta-Cepas et al., 2016). Annotation parameters used were minimum query coverage = 80, minimum target coverage = 60, and minimum e-value = 1.0e–05. BLASTp similarity search alignments were performed against the RefSeq complete protein (release 87), UniProt/SwissProt-KB (2018-04) and NCBI non-redundant (nr, 2018-04) databases for both species, as well as the TAIR10 proteome for pine. For the host, the final reference unigenes were produced by removing sequences with best BLASTp hits from the following taxa as contaminants: Fungi, Bacteria, Insecta, Opisthokonta, Archaea, Viruses and Alveolata. The pine and Diplodia proteomes were further annotated using GhostKOALA (Kanehisa et al., 2016) to add KEGG orthology (KO) numbers and Mercator (Lohse et al., 2014) was used to annotate the Austrian pine proteome for analysis with MapMan (Thimm et al., 2004).



Analysis of Differentially Expressed Genes


Read Mapping and Expression Quantification

Host (from the final reference transcriptome assembly) and pathogen (predicted from the D. sapinea reference genome) unigenes were concatenated to produce a combined reference transcriptome. Kallisto v0.44.0 (Bray et al., 2016) was used to map the concatenated sequenced reads and quantify expression against the combined reference for each sample. Kallisto output was imported into R v4.0.4 (R Core Team, 2021) using tximport v1.22.0 (Soneson et al., 2015) to separate host and pathogen mapped read sets and perform expression analysis. Transcripts that were only represented in mock samples were removed and only those transcripts, which had at least 20 reads in 3 or more samples in each dataset, were retained.



For the Host

Host expression was analyzed using DESeq2 v1.34.0 (Love et al., 2014). Filtered count data were read into a differential expression (DE) object and library sizes were estimated by treatment type. A Poisson distance matrix was generated for the normalized host reads to determine possible clustering of samples by treatment type. A multi-dimensional scaling (MDS) plot was generated to investigate possible correlation by treatment or condition. Analyses of differentially expressed genes (DEGs) were then performed for the following pairwise comparisons of interest: (1) host responses to D. sapinea vs. mock inoculation under CT, (2) host responses to D. scrobiculata vs. mock inoculation under CT, (3) dual responses of host and pathogen following D. sapinea attack vs. D. scrobiculata attack under CT, (4) dual responses of host and pathogen following D. scrobiculata attack under CCT vs. CT (Figure 1).
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FIGURE 1. Pairwise comparisons carried out in this study for estimating differential gene expression. Black arrows indicate comparisons for host only; white arrows indicate both host and pathogen comparisons. CT, control treatment; CCT, climate change treatment; Dsap, inoculated with Diplodia sapinea; Dscr, inoculated with D. scrobiculata; Mock, inoculated with PDA only.




For the Pathogen

Both DESeq2 v1.34.0 (Love et al., 2014) and edgeR v3.36.0 (Robinson et al., 2010) were used to identify differentially expressed genes for the pathogen comparisons. Filtered counts were read into a DE object and effective library sizes were estimated for each treatment type. An MDS plot was generated to visualize the profile differences between different treatment types (climate conditions and inoculation type) and a mean-variance plot was generated to determine the overall fitness of the model. Pairwise comparisons for DEGs were established as follows: (3) D. sapinea vs. D. scrobiculata during infection of pines under CT, (4) D. scrobiculata during infection of CCT pines vs. CT pines (Figure 1).

To perform GO functional enrichment analysis of DEGs we used a false discovery rate (FDR) p < 0.05 and a threshold of log2 fold change ratio of ±0.5 (∼1× fold change in expression). These filtered DEGs were sorted by EGGNOG annotations and KEGG pathways reconstructed to visualize what genes were affected in global metabolic pathways. However, to investigate biological relevance of the most significant and highly expressed genes for a given comparison we applied a more stringent threshold of log2 fold change ratio of ±2.3 (∼5× fold change in expression).





RESULTS


Abiotic Stress

On February 14, March 1, March 3, and March 8, 2017, needle water potentials averaged −0.1 and −1.3 kPa, −0.3 and −2.0 kPa, −0.3 and −2.0 kPa, and −0.1 and −2.4 kPa, (N = 6 for each mean), for the pines in the CT and CCT chambers, respectively. Differences in water potential were reflected in needle appearance (Figure 2A).
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FIGURE 2. (A) Chlorotic and partly desiccated appearance of pine needles subjected to climate change treatment (left) vs. deep green and turgid needles in the control treatment (right). (B) Lesion lengths (mm) measured 3 weeks post inoculation. X-axis: Dsap, inoculation with D. sapinea; Dscr, inoculation with D. scrobiculata. Blue bars represent the control climate treatment (CT), red bars the climate change treatment (CCT). Error bars: standard error of the mean. Different letters represent significant differences within climate treatment (lower case letters for CT, upper case letters for CCT). CCT: t6 = 3.078, p = 0.015; CT: t8 = 1.189, p = 0.279.




Diplodia scrobiculata Is as Aggressive as D. sapinea Under Climate Change Conditions

Three weeks post-inoculation, all pines in the CT chamber were alive and had developed lesions in all pathogen inoculated pines. On the other hand, trees in the CCT chamber appeared close to dying with at least half (greater than 50%) of them having at least 1/3 of the crown still green but chlorotic (Figure 2A). In all cases, lesions on CCT saplings were significantly longer than those on CT plants (Figure 2B). Notably, lesions produced by D. scrobiculata in the CCT chamber (Figure 1 in Supplementary Information SI1) were as long as those produced by D. sapinea, i.e., D. scrobiculata became as aggressive as D. sapinea or, conversely, the host became equally susceptible to both pathogens (Figure 2B).



Metatranscriptome Assemblies

FastQC was used to obtain an overview of general read quality (Bray et al., 2016). Trimmed and filtered reads generated using Trimmomatic (Bolger et al., 2014) retained 539,379,336 of the original 857,867,066 reads (∼63%), ranging between 40 and 150 nucleotides in length. Preliminary k-mer assemblies were produced de novo (n = 33) and genome guided against the P. taeda v2.01 genome (n = 6), followed by concatenation to produce a superset containing 5,246,838 transcripts (Table 1). This superset was further reduced, using the Evidential genes pipeline, to 315,357 transcripts for 30,632 Austrian pine unigenes, while 13,863 D. sapinea unigenes were extracted from the D. sapinea genome using the Augustus gene prediction pipeline (Table 1).


TABLE 1. Summary of assembly statistics.
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Functional Annotation of Host and Pathogen Transcriptome

The Austrian pine and D. sapinea unigenes were annotated using EnTAP (Hart et al., 2020). Non-pine sequences as well as unannotated sequences were discarded (Table 1). Annotation resulted in P. nigra v1.0 assembly (Pini_v1.0) containing 19,882 unigenes (8,196 with KEGG Orthology – KO – numbers) and 10,612 D. sapinea unigenes (4,021 with KO numbers). [All raw sequence reads are publicly available in NCBI, and accession information is provided in Supplementary Information SI4.]



Differentially Expressed Genes Analyses

Mapping and filtering produced a subset of 17,443 expressed genes for Austrian pine and 2,303 expressed genes for Diplodia spp. The similarity of the host reads was assessed using a Poisson matrix (Figure 3, Supplementary Information SI1); identical treatment types generally showed the closest relationships. Library size ranges were 15–20 million and 0.004–0.3 million reads per sample for the host and pathogen datasets, respectively (Figure 3). The mean-variance plot indicated that the Poisson model was likely inappropriate for the fungi due to higher-than-expected dispersion over the mean (Figure 4, Supplementary Information SI1). Therefore, we generated respective MDS plots for host RNA-seq data and filtered pathogen RNA-seq data, to evaluate clustering based on treatment/species types (Figure 5, Supplementary Information SI1).
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FIGURE 3. Average library sizes retrieved for host and pathogen for all treatment types. Host average library size range: 15–20 million reads; pathogen average library size range: 0.004–0.3 million reads. CT, control treatment; CCT, climate change treatment; Dsap, inoculated with Diplodia sapinea; Dscr, inoculated with D. scrobiculata.


A series of comparisons enabled us to dissect the changes in gene expression patterns associated with key metabolic responses in the host and pathogens under the two climate conditions (Figure 1, Supplementary Information SI2). Specifically, comparisons 1 and 2 in Figure 1 focus on host gene expression resulting from pathogen inoculation under CT, comparison 3 focuses on dual responses of host and pathogen following D. sapinea vs. D. scrobiculata inoculation under CT, while comparison 4 centers on dual responses of host and pathogen following D. scrobiculata inoculation under CCT vs. CT. The volcano plots in Figure 4 provide an overview of the numbers of highly significant DEGs for the four comparisons, which were then investigated by their EGGNOG annotations (Huerta-Cepas et al., 2016), followed by mapping to KEGG (Kanehisa and Sato, 2020) pathways and biological processes through Gene Ontology (GO).
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FIGURE 4. Volcano plots of DEGs for individual host and pathogen comparisons. Upregulated and downregulated genes marked in green and red, respectively, based on actual fold-change >5 (upregulated) or <–5 (downregulated) [i.e., log2 (fold-change) >2.3 (up) or <–2.3 (down)] and p < 0.05. Labels: (A) host comparison 1, (B) host comparison 2, (C) host comparison 3, (D) host comparison 4, (E) pathogen comparison 3, (F) pathogen comparison 4 (Figure 1). CT, control treatment; CCT, climate change treatment; Dsap, Diplodia sapinea; Dscr, D. scrobiculata; Mock, mock inoculated.


We also looked at gene expression overlaps between different host and pathogen comparisons, respectively. We found 2,526 (31%) overlapping DEGs between comparisons 1 and 2, while 405 (5%) DEGs were exclusive to CTDsap vs. CTMock and 2,910 (35%) DEGs were exclusive to CTDscr vs. CTMock (Figure 4). At the same time, 437 (5%) DEGs overlapped between comparisons 2 and 4, with 1,099 (13%) DEGs exclusive to CCTDscr vs. CTDscr (Figure 5). Similarly for pathogen comparisons, we found 12 (6%) DEGs overlapping between comparisons 3 and 4. Comparison 3 produced 40 (21%) DEGs and 135 (72%) DEGs were mapped to CCTDscr vs. CTDscr, respectively (Figure 5). The complete sets of DEGs and their corresponding GO: Biological processes, for individual comparisons of host and pathogen were tested for enrichment using the TopGO package (Alexa and Rahnenfuhrer, 2021). The classic Fisher method was selected for running the enrichment analysis based on quality comparisons with the elimKS method (Figure 6, Supplementary Information SI1). Enriched GO terms are listed in Supplementary Information SI3.
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FIGURE 5. Venn diagram showing unique and overlapping sets of DEGs for host (top) and pathogen (bottom). CT, control treatment; CCT, climate change treatment; Dsap, Diplodia sapinea; Dscr, D. scrobiculata; Mock, mock inoculated.




Host Responses


Comparison 1: D. sapinea Infection vs. Mock Under Control Treatment

In this comparison, a total of 3,509 genes were differentially expressed (adj. p-value < 0.05). 2,661 of these were assigned KEGG orthologs and were mapped to various general pathways, while 1,221 were annotated to various GO terms. Out of all 3,509 DEGs, 781 were annotated via all three platforms (i.e., EGGNOG, KEGG, and GO) and were assigned to various metabolic functions/pathways. DEGs were annotated to 32 different GO terms, including response to stimulus (646 DEGs), response to stress (381 DEGs), response to oxygen containing compounds (425 DEGs), response to endogenous stimulus (236 DEGs), response to biotic stimulus (292 DEGs), and defense response (298 DEGs), among other responses (Figure 6A). Our stringent filtering threshold (actual fold-change ±5) produced a list of 512 DEGs, with 308 upregulated genes and 204 downregulated genes that had KEGG and GO annotations (spreadsheet Host-comparison1 in Supplementary Information SI2).
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FIGURE 6. (A) Significant host gene functions annotated using Blast2GO. X-axis: number of differentially expressed genes; y-axis: ontology associated functions. Left: comparison 1; right: comparison 2 (Figure 1). (B) Significant host gene functions annotated using Blast2GO. X-axis: number of differentially expressed genes; y-axis: ontology associated functions. Left: comparison 3; right: comparison 4 (Figure 1). (C) Significant pathogen gene functions annotated using Blast2GO. X-axis: number of differentially expressed genes; y-axis: ontology associated functions. Left: comparison 3; right: comparison 4 (Figure 1). CT, control treatment; CCT, climate change treatment; Dsap, Diplodia sapinea; Dscr, D. scrobiculata; Mock, mock inoculated.



Primary Metabolic Responses

Among 28 DEGs with photosynthetic GO terms, only two were assigned to both KEGG and GO (Figure 7A). Six different transcripts were mapped to fatty acid biosynthesis on KEGG and assigned to fatty acid or lipid metabolism GO terms (Figure 7A).
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FIGURE 7. (A) Most significant DEGs by actual fold-change (Y-axis) >5 (up) or <–5 (down) and p < 0.05, in host metabolic pathways (T = transcript): T1 – ATP synthase delta chain, T2 – photosystem II, T11–T14 – 3-oxoacyl-[acyl-carrier-protein] reductase (fabG), T15 – fatty acid synthase (FAS1), T16 – FAS2, T17–T18 – Stearoyl-[acyl-carrier-protein] 9-desaturase 7, chloroplastic (FAB2), T21 – carbonic anhydrase, T24 – Glutamate dehydrogenase A (gdhA) (Spreadsheet Host-comparison2 in Supplementary Information SI2). (B) T26–T29-calmodulin-like proteins (CML), T31-calmodulin (CALM), T33–T35- pathogenesis related 1 (PR1), T36-WRKY, T37–39-enhanced disease susceptibility (EDS1), T40-elongation factor (efTu), T43–T45-jasmonate domain protein (JAZ), T46–T47-auxin responsive protein, T49-Gibberellin Insensitive 1 (GID1), T50–T52 protein phosphatase 2C (PP2C), T53-coronatine insensitive protein (COI1), T54-age-related resistance-A (ARR-A) protein, T55-serine threonine protein kinase, T56–T57-xyloglucan endotransglycosylase (TCH4), T59-cyclin D3, T61–T62-cinnamoyl alcohol dehydrogenase (CAD), T64–T67-peroxidase, T69-caffeoyl CoA o-methyltransferase, T70–T71-beta glucosidase, T74–T77-4-coumarate CoA ligase, T78-cinnamoyl CoA reductase, T79-putative lysophospholipase, T82–T87-chalcone synthase, T88–T89-flavonoid 3′-monoxygenase, T90-anthocyanidin reductase, T91-acetyl CoA-acetyltransferase, T92-farnesyl pyrophosphate synthetase (Spreadsheet Host-comparison2 in Supplementary Information SI2). (C) T3-a/bccP, T4-ferredoxin, T5–T7-chlorophyll a-b binding protein, T8-fructose-1,6-bisphosphatase, T9-glyceraldehyde-3-phosphate dehydrogenase (GAPD), T12-3-oxoacyl-[acyl-carrier-protein] reductase (fabG), T15-fatty acid synthase (FAS1), T16-FAS2, T17-adaptor protein (fadD), T19–T20-myristoyl-acyl carrier protein thioesterase, T22, T23-carbonic anhydrase, T28, T32-CML, T38-WRKY, T40-efTu, T72, T73-beta-glucosidase, T110, T111-isocitrate dehydrogenase, T112-dihydrolipoyl dehydrogenase, T113-citrate synthase, T114-ATP-citrate synthase subunit, T115-fumarate hydratase, T116-aconitase hydratase, T118-gdhA, T119-alanine aminotransferase, T120-PyrABCN, T123-alcohol dehydrogenase. (D) T41-ROS burst protein, T46-auxin responsive protein, T50-PP2C, T58-TCH4, T68-peroxidase, T69-caffeoyl-CoA o-methyl transferase, T72, T73-beta glucosidase, T80, T81-reductase, T90-anthocyanidin reductase, T93, T94-geranylgeranyl pyrophosphate synthase (GGPPS), T95-Cu transporting ATPase, T96-chitinase, T97-1-aminocyclopropane-1-carboxylate synthase, T98-isocitrate dehydrogenase, T99-T106-glutathione reductase, T107-glutathione peroxidase, T108-Ribonucleotide Reductase Catalytic Subunit M1 (RRM1), T109-ribonucleotide diphosphate (RNDP) reductase, T123-alcohol dehydrogenase (Spreadsheet Host-comparison4 in Supplementary Information SI2). Numeric bar labels indicate actual fold-change of respective transcripts.




Defense Associated Responses

Gene ontology terms associated with defense responses, such as oxygen containing compounds (646 DEGs), defense response to fungus (73 DEGs), response to chitin (40 DEGs), cell wall thickening (4 DEGs), and callose deposition (8 DEGs) were identified (Figure 6A). 12 DEGs were mapped to the KEGG pathway for plant-pathogen interactions. Two calcium binding (CML – calmodulin like) proteins associated with cell morphogenesis involved in differentiation and 18 DEGs assigned to GO: calcium-mediated signaling were identified (Figure 6A). Three transcripts were annotated to pathogenesis-related protein 1 (PR1) on KEGG and EGGNOG and assigned GO: defense response, along with a WRKY transcription factor and another transcript annotated to disease resistance (RPS2) (Figure 7B) (Spreadsheet Host-comparison1 in Supplementary Information SI2).



Phytohormone Responses

A total of 15 transcripts were mapped to the plant hormone transduction pathway on KEGG, including significant responses for jasmonate ZIM domain-containing (JAZ) proteins, gibberellin receptor (GID1), and auxin responsive GH3 gene (Figure 7B).



Specialized Metabolic Responses

The biosynthesis and metabolism of terpenoids were represented in various GO terms such as terpenoid metabolic process (17 DEGs), tetraterpenoid biosynthetic process (5 DEGs), sesquiterpenoid metabolic process (6 DEGs), and diterpenoid metabolic process (9 DEGs) (Figure 6A). We found 7 DEGs mapped to terpenoid backbone biosynthesis on KEGG, 29 DEGs associated with GO: phenylpropanoid metabolic process (Figure 6A), and 11 DEGs mapped to phenylpropanoid biosynthesis pathway on KEGG. These included beta-glucosidase, cinnamyl alcohol dehydrogenase, peroxidase, 4-coumarate-CoA ligase, cinnamoyl-CoA reductase, chalcone synthase, and flavonoid 3′-monooxygenase (Figure 7B) (Spreadsheet Host-comparison1 in Supplementary Information SI2).

The enrichment analysis produced a list of 10 most significant GO terms with respect to both classic Fisher and Kolmogorov-Smirnov elimination tests (Spreadsheet Host-comparison1 in Supplementary Information SI3). The most enriched terms included obsolete oxidation-reduction process, carbohydrate metabolic process, cellular amino acid metabolic process, fatty acid metabolic process, and response to chitin (Figure 7 in Supplementary Figures 7–10).




Comparison 2: D. scrobiculata Infection vs. Mock Under Control Treatment

In this comparison, a total of 6,628 genes were differentially expressed. 2,935 of these were assigned KEGG orthologs and were mapped to various general pathways, while 2,384 were annotated to various GO terms. Out of all 6,628 DEGs, 1,576 were filtered via annotation on all three platforms and mapped to 32 different GO terms including response to stimulus (1,788 DEGs), response to biotic stimulus (286 DEGs), defense response (373 DEGs), carbohydrate metabolic process (352 DEGs), among others (Figure 6A). Our 5-fold threshold produced a filtered list of 2,434 DEGs, with 1,537 upregulated genes and 897 downregulated genes (Spreadsheet Host-comparison2 in Supplementary Information SI2).


Primary Metabolic Responses

A total of 90 DEGs were represented by photosynthesis through GO annotation (Figure 6A), and further identified on KEGG, including ATP synthase (ATPF1D), photosystem II (psb27) protein, and a chlorophyll a-b binding (LHCB7) protein (Spreadsheet Host-comparison2 in Supplementary Information SI2) (Figure 7A). 21 DEGs were mapped to fatty acid biosynthesis process on KEGG, including fatty acid synthase genes, short-chain type dehydrogenase (fabG), and acyl-CoA-synthetase (Spreadsheet Host-comparison2 in Supplementary Information SI2). Under nitrogen metabolism, carbonic anhydrase (CAH) protein and another glutamate dehydrogenase (gdhA) transcript were higher in D. scrobiculata infected pines as compared to mock infected pines (Figure 7A).



Defense Associated Responses

A total of 495 DEGs were mapped to various GO terms associated with defense responses by the host, including defense response (373 DEGs), defense response to fungus (54 DEGs), defense response by cell wall thickening (12 DEGs), and callose deposition (14 DEGs) (Figure 6A). 25 DEGs were assigned to the plant-pathogen interaction pathway (Figure 6A), including calcium binding (CML) protein, calmodulin (CALM) protein, elongation factor Tu, heat shock (HSP90A) protein, and WRKY proteins (Figure 7B).



Phytohormone and Associated Responses

A total of 415 DEGs were assigned to hormone related GO terms, including GO: response to hormone (322 DEGs) and hormone mediated signaling pathway (93 DEGs) and 43 DEGs were mapped to the plant hormone signal transduction pathway (Figure 6A). Most significant DEGs included JAZ proteins, auxin responsive GH3 gene, xyloglucan endotransglucosylase hydrolase (TCH4) protein, gibberellin receptor (GID1) protein, coronatine-insensitive (COI-1) protein, ubiquitin dependent protein catabolic process, two-component response regulator (ARR-A) protein, protein phosphatase 2C, cyclin D3 (CYCD3) protein (Figure 7B).



Specialized Metabolic Responses

A total of 32 DEGs were mapped to terpenoid backbone biosynthesis pathway on KEGG (Figure 6A). Most significant DEGs included, acetyl-CoA acetyltransferase and farnesyl pyrophosphate synthetase (FPPS) protein (Figure 7B). We also found 22 transcripts mapped to the phenylpropanoid biosynthesis pathway on KEGG, including cinnamyl alcohol dehydrogenase, peroxidase, reductase, and 4-coumarate-CoA ligase (4CL) (Figure 7B). Further, there were 11 transcripts mapped to flavonoid biosynthesis pathway on KEGG, including chalcone synthase (CHS), flavonoid 3′-monooxygenase (CYP75B1) (Figure 7B).

The enrichment analysis produced a list of 19 most significant GO terms with respect to both classic Fisher and Kolmogorov-Smirnov elimination tests (Spreadsheet Host-comparison2 in Supplementary Information SI3). The most enriched terms included ribosome biogenesis, rRNA metabolic process, response to chitin, and cytosolic transport (Figure 8 in Supplementary Figures 7–10).




Comparison 3: Effects of D. sapinea vs. D. scrobiculata Infections Under Control Treatment

In this comparison, a total of 434 genes were differentially expressed. All 434 DEGs were assigned KEGG orthologs and were mapped to various general pathways, but only 172 were annotated to various GO terms. 130 host DEGs were annotated to different metabolic pathways on all three platforms, with higher number of annotations for pathways like response to stimulus (50 DEGs), lipid metabolic process (30 DEGs), nitrogen compound metabolic process (44 DEGs), and carbohydrate metabolic process (38 DEGs) (Figure 6B). Our 5-fold threshold produced a filtered list of 233 genes that were less expressed in hosts infected by D. sapinea relative to D. scrobiculata infected hosts (Spreadsheet Host-comparison3 in Supplementary Information SI2).


Primary Metabolic Responses

Under the citric acid cycle pathway on KEGG and assigned GO: carbohydrate metabolic process, significant DEGs were reported for isocitrate dehydrogenase genes, citrate synthase genes, dihydrolipoyl dehydrogenase, fumarate hydratase, aconitate hydratase (Figure 7C). Under nitrogen metabolism, significant DEGs were annotated as alanine aminotransferase and glutamate dehydrogenase (Figure 7C). Four transcripts mapped to fatty acid biosynthesis pathway on KEGG were also downregulated, including fatty acid synthase, acyl-CoA-synthase, and short chain dehydrogenase (Figure 7C).



Defense Associated Responses

Three genes mapped to the plant-pathogen interactions and MAPK signaling pathway on KEGG and assigned GO: receptor mediated endocytosis, nucleotide metabolic process, mitochondrial translation, were downregulated. Of them, calmodulin, serine-threonine protein kinase, elongation factor efTu protein were the most significant DEGs (Figure 7D).



Phytohormone and Associated Responses

Under plant hormone signal transduction pathway on KEGG, significant DE included xyloglucan endotransglucosylase hydrolase protein (TCH4) and assigned GO: response to external stimulus, plant-type cell wall organization (Figure 7D). Additionally, 9 DEGs were mapped to the glutathione metabolism pathway on KEGG and assigned GO: response to oxidative stress, glutamate metabolic process, NADP metabolic process, including glutathione S-transferase and glutathione reductase (Figure 7D). Others cAMP signaling pathway associated genes such as cell division control protein RAC1, RAS homolog gene family protein RHOA, and a serine threonine protein phosphatase were lower (Figure 7D).

The cinnamoyl alcohol dehydrogenase, mapped to phenylpropanoid and lignin biosynthesis pathways was also lower in D. sapinea infected hosts relative to D. scrobiculata infected hosts (Figure 7D).

The enrichment analysis produced a list of 10 most significant GO terms with respect to both classic Fisher and Kolmogorov-Smirnov elimination tests (Spreadsheet Host-comparison3 in Supplementary Information SI3). The most enriched terms included DNA metabolic process, DNA methylation, DNA duplex unwinding, leaf vascular tissue pattern formation, and phloem or xylem histogenesis (Figure 9 in Supplementary Figures 7–10).




Comparison 4: Host Response to D. scrobiculata Infection Under Climate Change Treatment

In this comparison, a total of 2,048 genes were differentially expressed. 732 of these were mapped to various KEGG pathways and 679 DEGs assigned to various GO terms and the most represented GO functions included response to stress (561 DEGs), response to nitrogen metabolic process (256 DEGs), carbohydrate metabolic process (209 DEGs), response to oxygen-containing compound (145 DEGs), response to abiotic stimulus (158 DEGs), and defense response (51 DEGs) (Figure 6B). Our 5-fold threshold produced a filtered list of 936 DEGs, with 162 upregulated genes and 674 downregulated genes (Spreadsheet Host-comparison4 in Supplementary Information SI2).


Primary Metabolic Responses

We found that 7 transcripts mapped to KEGG pathways associated with photosynthesis and carbon fixation, including chlorophyll A-B binding protein, ferredoxin protein, phosphoenolpyruvate carboxykinase, fructose-1,6-bisphosphatase, and glyceraldehyde-3-dehydrogenase (Figure 7C). We also found two beta-glucosidase genes downregulated 23-fold and 6-fold, respectively in pines infected with D. scrobiculata under CCT as compared to CT (Figure 7C). We also found 60 genes mapped to GO terms associated with lipid metabolic process, including myristoyl-acyl carrier protein thioesterase, and fatty acyl-CoA reductase (Figure 7C). An alcohol dehydrogenase gene assigned to GO: response to hypoxia, response to abiotic stimulus, was also upregulated (Figure 7C).



Defense Associated Responses

Among the key GO terms related to defense, 51 DEGs were assigned to defense response, 101 DEGs assigned to cellular response to stimulus, 158 DEGs for response to abiotic stress, 25 DEGs for defense response to fungus, 70 DEGs for response to biotic stress (Figure 6B). Other important defense associated GO functions included respiratory burst involved in defense, resistance gene-related defense response signaling pathway, defense response by cell wall thickening, and defense response by callose deposition (Figure 6B). We further found 9 DEGs mapped to the plant-pathogen interactions pathway on KEGG. Significant DEGs included 3-ketoacyl-coa synthase, respiratory burst oxidase, calcium binding protein, and WRKY transcription factor (Figures 7C,D).



Phytohormone Responses

We also found 117 DEGs assigned GO: response to hormone, 56 DEGs assigned GO: response to abscisic acid (Figure 6B), and 9 DEGs mapped to the plant hormone signal transduction process on KEGG. Significant DEGs included auxin-responsive protein, phosphatase 2C, xyloglucan endotransglucosylase hydrolase, copper-transporting ATPase protein (Figure 7D). Other DEGs mapped under the host mitogen associated protein kinase (MAPK) signaling included respiratory burst oxidase, chitinase and 1-aminocyclopropane -1-carboxylate synthase (ACS6) (Figure 7D). Interestingly, we also found 14 DEGs mapped to the glutathione metabolism pathway, besides 145 DEGs assigned GO: response to oxygen-containing compound and 2 DEGs assigned GO: respiratory burst involved in defense (Figure 6B). Significant DEGs included glutathione S-transferase, and glutathione peroxidase (Figure 7D) (Spreadsheet Host-comparison4 in Supplementary Information SI2).



Specialized Metabolic Responses

We also observed 47 DEGs assigned to GO: terpenoid metabolic process (Figure 6B), and 7 transcripts that were mapped to the terpenoid backbone biosynthesis pathway, including geranylgeranyl pyrophosphate synthase (Figure 7C). 30 DEGs were assigned to phenylpropanoid metabolic process (Figure 6B), and 7 DEGs were mapped to the phenylpropanoid and flavonoid biosynthesis pathway on KEGG, including reductase, caffeoyl-CoA o-methyltransferase, peroxidase, and flavonoid 3′-monooxygenase (Figure 7D) (Spreadsheet Host-comparison4 in Supplementary Information SI2).

The enrichment analysis produced a list of 13 most significant GO terms with respect to both classic Fisher and Kolmogorov-Smirnov elimination tests (Spreadsheet Host-comparison4 in Supplementary Information SI3). The most enriched terms included cotyledon vascular tissue pattern formation, alpha-amino acid biosynthetic process, mRNA metabolic process, fatty acid beta-oxidation, and establishment of localization in cell (Figure 10 in Supplementary Figures 7–10).





Pathogen Responses


Comparison 3: D. sapinea vs. D. scrobiculata Infections Under Control Treatment

In this comparison, a total of 211 genes were differentially expressed. Out of these, 156 DEGs were assigned KEGG orthologs and were mapped to various general pathways, and 172 DEGs were annotated to various GO terms. Our 5-fold threshold produced a filtered list of 58 DEGs, with 27 genes more highly expressed, and 21 genes expressed lower in D. sapinea relative to D. scrobiculata (Spreadsheet Pathogen-comparison3 in Supplementary Information SI2). We also found 30 DEGs that were assigned to various GO terms and the most represented GO functions included response to stimulus (50 DEGs), response to nitrogen metabolic process (44 DEGs), carbohydrate metabolic process (38 DEGs), and lipid metabolic process (30 DEGs) (Figure 6C).


Primary Metabolic Responses

We found two transcripts mapped to KEGG pathways for carbon metabolism and biosynthesis of amino acids. Significant DEGs included glyceraldehde-3-phosphate dehydrogenase, and triose phosphate isomerase under various carbon-associated pathways (Table 2). Additionally, a thiamine biosynthesis protein (NMT1) that was assigned GO: nitrogen metabolic process, aromatic compound metabolic process, was also higher (Table 2). Under various lipid associated pathways, a sterol 24-c-methyltransferase transcript, and RING finger transcript were also reported (Table 2).


TABLE 2. Significant DE genes under various metabolic pathways for pathogen comparison 3 (Figure 1): CTDsap vs. CTDscr.
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Specialized Metabolism and Signaling

We also found a gamma-glutamyl transpeptidase transcript annotated to glutathione metabolism pathway on KEGG and assigned GO: response to nitrogen starvation, and elongation factor 2 transcript to be lower in D. sapinea as compared to D. scrobiculata under CT (Table 2).

The enrichment analysis produced a list of 8 most significant GO terms with respect to both classic Fisher and Kolmogorov-Smirnov elimination tests (Spreadsheet Pathogen-comparison3 in Supplementary Information SI3). The most enriched terms included nuclear chromosome segregation, ascospore-type prospore assembly, protein deubiquitination, polyol metabolic process, and response to stress (Figure 11 in Supplementary Figures 11–12).




Comparison 4: D. scrobiculata Under Climate Change Treatment vs. Control Treatment

We documented a total of 147 DEGs significantly affected by the climate treatment. Out of these 147 DEGs, 56 were assigned KEGG orthologs and were mapped to various general pathways, and all were annotated with GO terms. Thereafter, our 5-fold threshold produced a filtered list of 30 DEGs, with 6 upregulated and 24 downregulated by climate change conditions (Spreadsheet Pathogen-comparison4 in Supplementary Information SI2). The same 56 DEGs that had KEGG orthologs were also assigned various GO terms, including nitrogen compound metabolic process (51 DEGs), carbohydrate and its derivative metabolic process (42 DEGs), response to stress (26 DEGs), response to heat (12 DEGs) (Figure 6C).


Primary Metabolic Responses

Various carbon metabolizing enzyme genes such as triose phosphate isomerase, beta-glucosidase, L-iditol 2-dehydrogenase, and cardiolipin synthase were among the most significant (Table 3). We also found 21 DEGs assigned GO: amino acid metabolic process (Figure 6C), including thiamine biosynthesis protein (NMT1), cyanide hydratase, aspartyl-tRNA-synthetase, heat shock protein (HSPA1), large subunit of ribosomal protein L7Ae and small subunit of the ribosomal protein (Table 3). The large subunit was assigned GO: cytoplasmic translation, obsolete mycelium development and the small subunit was assigned GO: RNA export from nucleus, cytoplasmic translation (Table 3), although both subunits are constituents of the EF-Tu protein domain.


TABLE 3. Significant DE genes under various metabolic pathways for pathogen comparison 4 (Figure 1): CCTDscr vs. CTDscr.
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The enrichment analysis produced a list of 11 most significant GO terms with respect to both classic Fisher and Kolmogorov-Smirnov elimination tests (Spreadsheet Pathogen-comparison4 in Supplementary Information SI3). The most enriched terms included ATP metabolic process, cellular amino acid catabolic process, alpha-amino acid catabolic process, electron transport chain, and respiratory electron transport chain (Figure 12 in Supplementary Figures 11–12).






DISCUSSION

Climate change poses major physiological challenges that can shift the dynamics of tree-pathogen interactions (Desprez-Loustau et al., 2006). The CCT used in this study mimicked possible climate change scenarios that allowed the investigation of how host and pathogens may be impacted by such adverse conditions. While we found clear indications of abiotic stress responses in both host and pathogen, we acknowledge that the responses we documented are on a noticeably short time scale, one that does not consider longer term adaptive responses, both physiological/ecological (habituation) and evolutionary. Even so, we found that a simulated CCT shifted the outcome of the interactions between Austrian pine and the normally non-aggressive fungus D. scrobiculata, resulting in lesions on par with D. sapinea. We speculate either enhanced aggressiveness of the pathogen, increased susceptibility of the host, or both, support the phenotypic findings of past studies (reviewed in Desprez-Loustau et al., 2006).

We dissected the underlying molecular features of this phenomenon via a dual transcriptomics approach. One challenge with this approach is that read recovery rates vary widely between host and pathogen due to substantially lower absolute amounts of pathogen RNA relative to host RNA in infected tissues (Naidoo et al., 2018). We mitigated this challenge in our recovery method for host and pathogen reads by filtering out transcripts that were only represented in mock samples but had no reads in infected samples. We further only retained transcripts that were represented at least 20 times in at least three sample types irrespective of treatment combination (Visser et al., 2019; Hernandez-Escribano et al., 2020).

Within these limits we asked several key questions through different comparisons, considering the host response to the two pathogens separately, the host response under climate change conditions and the pathogen responses under both climate change and control climate. The most significant DEGs were then analyzed under two major categories, primary and specialized metabolism, the latter associated with defense. This eventually resulted in the cellular models presented in Figure 8, one for the host and one for the pathogens. We infer the following conclusions from the main comparisons in the study.
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FIGURE 8. Working models of host (top) and pathogen (bottom) cellular networks of various primary and specialized metabolic pathways. Abbreviations represent GO function and colored arrows indicate respective host and pathogen comparisons. Arrow widths represent arbitrary relative magnitude of changes in significantly expressed DEGs mapped under each pathway for a given host/pathogen comparison. Enriched pathways are marked with asterisks.



Reduced Host Photosynthetic Rate Contributes to D. sapinea Pathogenesis

Host photosynthetic pathways were suppressed, specifically in D. sapinea infection vs. mock inoculation under CT (comparison 1). The ATP synthase delta chain protein and photosystem II proteins are localized in the chloroplast and are involved in ATP proton pump assembly and PSII (photosystem II) light harvesting complex, respectively. Meanwhile, carbonic anhydrase (CAH) is involved in important cellular functions such as mesophyll carbon dioxide conductance, oxidative stress protection, lipid biosynthesis, and phytohormone mediated signaling (Polishchuk, 2021) but, perhaps more importantly, with ABA-independent stomatal closure (Kolbe et al., 2018). Taken together, this evidence suggests that attack by D. sapinea suppresses photosynthesis, leading to host carbon starvation.



Suppressed Host Defense Responses Contribute to D. sapinea Pathogenesis

Under CT, and compared directly to D. scrobiculata infection, critical defense responses were suppressed by D. sapinea infection, including calmodulin-like (CML) protein genes that have been associated with HR expression (Chiasson et al., 2005), enhanced resistance to insect pests (Ma et al., 2008), and biotrophic and hemi-biotrophic lifestyles (Leba et al., 2012). Similarly, PR proteins, an inducible and diverse group that accumulate in response to stress and have been demonstrated to be significantly associated with necrotrophic pathogens (Boccardo et al., 2019), were suppressed, as were WRKY transcription factors, which reportedly mediate the cross-talk between salicylic acid and jasmonic mediated defense signaling (Li et al., 2004; Zheng et al., 2006). Finally, pathways associated with biosynthesis of specialized metabolites like phenolics and flavonoids, which have been associated with resistance in this system (Sherwood and Bonello, 2013), were also suppressed. Thus, compared to D. scrobiculata infection, the elicitation of host defense responses by D. sapinea is severely impaired under CT, which explains, at least in part, the baseline difference in aggressiveness between the two pathogens.



Necrotrophic Host Interactions With D. sapinea Trigger Phytohormone Crosstalk

Plant defense responses are regulated by the crosstalk between phytohormone pathways. Under CT and upon D. sapinea infection, Austrian pine responded by ramping up crosstalk of various phytohormones, leading primarily to jasmonate-mediated defense signaling, consistent with the basic necrotrophic aspects of this association. Such response was concomitant with a downregulation of auxin and gibberellic acid-responsive genes and an upregulation of PP2C type proteins. Jasmonate ZIM-domain (JAZ) containing proteins have been associated with regulation of jasmonate accumulation via suppression of MYC2 proteins (Chini et al. 2007), while auxin responsive genes are linked to reductions of host defense by suppression of the salicylic acid pathway (Djami-Tchatchou et al., 2020). Gibberellin receptors such as GID1 are crucial for GA signal transduction and have been associated with enhanced susceptibility in host plants via antagonistic crosstalk with jasmonate pathways (Song et al., 2014). Finally, PP2C type proteins have been linked to modulation of defense responses by possible suppression of various target PR proteins and ROS-scavenging enzymes (Zhu et al., 2018).



D. scrobiculata-Induced Host Nitrogen and Fatty Acid Metabolism Contributes to Host Defense

Our data suggest that D. scrobiculata infection increases metabolism and transport of amino acids and lipids but does not affect photosynthesis, unlike D. sapinea under CT. However, one glutamate dehydrogenase (GDH) transcript was upregulated, suggesting that infection results in enhanced reversible transamination of 2-oxoglutarate to form glutamate (Labboun et al., 2009), which contributes to leaf glutamate homeostasis along with the NADH-GOGAT cycle. The fatty acid biosynthesis pathway was also overall highly induced. Among induced fatty acid enzymes, acyl-CoA dehydrogenase and various short chain fatty acid dehydrogenases catalyze the initial step in respective cycles of fatty acid beta oxidation. Similarly, fatty acid synthases (FAS) catalyze the biosynthesis of various long chain fatty acids from respective precursor acyl-CoAs. Furthermore, xyloglucan endotransglucosylase hydrolase (XTH) activity was enhanced. XTH induces cell growth and extension (Miedes et al., 2014) via increased short chain xyloglucan synthesis (Niraula et al., 2021). Taken together, this evidence suggests that Austrian pine enhances homeostasis and growth processes in response to D. scrobiculata infection under CT, contributing to a positive outcome for the host against this less aggressive pathogen.



D. scrobiculata Elicits a Stronger Defense Response

Under CT, D. scrobiculata infection elicited a much stronger host defense response compared to D. sapinea infection and the mock treatment via enhancement of PR protein biosynthesis, as well as calcium and jasmonate-mediated defense signaling. This was especially evident by enhanced biosynthesis of coronatine insensitive1 (COI1) proteins, which are critical in almost every step of jasmonate signaling (Katsir et al., 2008). There are further indications of phytohormone cross-talk from enhanced ARR-A proteins that are involved in age-related defense response in coordination with phytohormones such as salicylates, jasmonates, and ethylene (Shah and Zeier, 2013). At the same time, enhanced CALM proteins, along with CMLs, a calcium dependent protein kinase, and calcineurin B-like proteins suggests active regulation of the calcium-calmodulin signaling pathway (Cheval et al., 2013), which has been associated with responses to both biotic and abiotic stress.

Diplodia scrobiculata also induced host defense-associated phenylpropanoid pathways, demonstrated by several significant DEGs. Cinnamoyl alcohol dehydrogenases (CAD) are involved in lignin biosynthesis and have been associated with defense-induced phenylpropanoid metabolism (Logemann et al., 1997; Tronchet et al., 2010). Furthermore, the peroxidase-generated apoplastic oxidative burst contributes to damage associated molecular pattern (DAMP)-elicited immunity (Survila et al., 2016). We also documented an induction in flavonoid and terpenoid biosynthesis. Strong induction of host defenses is likely a key contributor to the less aggressive baseline phenotype exhibited by D. scrobiculata infection under CT.



Impaired Host Primary Metabolism and Defense Responses Further Aid D. sapinea Pathogenesis

Diplodia sapinea had more profound effects than D. scrobiculata on host primary metabolism. What appears to be a rapid depletion of carbon, nitrogen, and lipid resources might explain why the host is less able to counter a D. sapinea infection than a D. scrobiculata infection under CT. We observed some overlap in DEGs between biological comparisons 1 and 2, where we investigated host responses to D. sapinea vs. mock and host responses to D. scrobiculata vs. mock inoculation, respectively, under CT. We then used comparison 3 to further dissect differences in dual host and pathogen responses following D. sapinea and D. scrobiculata attacks under CT. While we observed no significant differences in host photosynthetic and carbon fixation pathways, the carbohydrate metabolic process was heavily suppressed in D. sapinea infected hosts compared to D. scrobiculata infected hosts. Specifically, key genes of the Krebs cycle, such as citrate synthase, aconitase hydratase (which catalyzes isomerization of citrate to isocitrate), isocitrate dehydrogenase (which catalyzes conversion of isocitrate to alpha-ketoglutarate and release of carbon dioxide), and fumarate hydratase (which catalyzes conversion of fumarate into malate) were significantly suppressed. Dihydrolipoyl dehydrogenase, which is part of the pyruvate dehydrogenase multienzyme complex that connects cytosolic glycolysis with mitochondrial citrate cycle and acts as an ROS neutralizer (Babady et al., 2007), was also suppressed.

Fatty acid biosynthesis and nitrogen metabolism were also inhibited in Austrian pine inoculated with D. sapinea, compared to D. scrobiculata. Suppressed activity of critical enzymes such as gdhA, alanine aminotransferase, and glutamine aminotransferase (pyrABCN) indicate reduced nitrogen assimilation, possibly as a result of cellular hypoxia (Diab and Limami, 2016). Such processes may be the consequence of stomatal closure induced by D. sapinea and subsequent reduction in photosynthesis and nitrogen assimilation, which ultimately leads to depletion of carbon and nitrogen, and respiratory oxygen.

Finally, we observed reduced host defense responses, as indicated by suppression of CML, efTu, and glutathione reductase. Thus, it appears that reduced assimilation/metabolism of carbon, nitrogen, and fatty acids in Austrian pine, coupled with various suppressed defense responses, contribute to the accelerated baseline pathogenesis observed with D. sapinea vs. D. scrobiculata under CT.



Carbon Metabolism and Nitrogen Assimilation Are Crucial for D. sapinea Information Processing and Pathogenesis

In line with suppression of host carbon and nitrogen assimilation, fungal nitrogen assimilation and carbon metabolism were higher in D. sapinea compared to D. scrobiculata under CT. Specifically, glycolytic enzyme genes such as glyceraldehyde 3-phosphate dehydrogenase (GAPD) and another triose phosphate isomerase were enhanced in D. sapinea compared to D. scrobiculata under CT. At the same time, enhanced nitrogen metabolism (Nmt1 and elongation factor 2) is also indicative of higher activity of D. sapinea compared to D. scrobiculata under CT. In addition, we found enhanced environmental information processing in D. sapinea, as indicated by signaling pathways involved in necrotopsis, AMPK, and plant-pathogen interactions. For instance, a gamma-glutamyltranspeptidase (GGT) is involved in glutathione metabolism and is associated with enhanced transport of amino acids and detoxification of free oxygen radicals (Mehdi et al., 2001). Heat shock proteins also aid in fungal morphogenesis and environmental processing, including hyphal formation and pathogenicity (Tiwari et al., 2015).



Climate Change Induces Host Starvation via Suppression of Primary Metabolism

Host trees subjected to CCT and further challenged with D. scrobiculata displayed depletion of carbon resources, an outcome (if not a process) similar to the situation with D. sapinea under CT. This was evident from suppression of pigments involved in photoexcitation of chlorophyll, to enzymatic genes involved in the Calvin cycle, as well as starch and sucrose metabolism. Additionally, we also documented suppressed carbonic anhydrase activity, similar to D. sapinea infected hosts in comparison 3. Furthermore, enhanced upstream enzymes of host fatty acid metabolism, such as biotin carboxyl carrier protein (a/bccp) and an alcohol dehydrogenase, indicated synthesis of short chain fatty acids; however, fatty acid elongation and branching was affected as indicated by suppressed myristoyl-acyl carrier protein thioesterases. Suppressed fatty acid biosynthesis suggests impairment of membrane integrity and lipid transport, which contribute to stress responses (Michaud and Jouhet, 2019). Thus, climate change conditions, as implemented here, cause suppression of carbon fixation and metabolism leading to carbon starvation, compounding the effects of D. scrobiculata infection and resulting in enhanced pathogenesis.



Climate Change Weakens the Host by Suppressing Defense Associated Metabolic Pathways

In D. scrobiculata infected hosts under CCT, reduced defense responses were indicated by suppression of CML and WRKY, in addition to enzymes in the phenylpropanoid biosynthesis pathway, such as caffeoyl-CoA-o-methyl transferase and beta glucosidases, and geranylgeranyl pyrophosphate synthases (GGPS) in the terpenoid biosynthesis pathway. Additionally, we report enhanced MAPK signaling and oxidative burst, as implied by reduced glutathione metabolism, all indicative of host responses to abiotic stress. Similarly to D. sapinea infected hosts under CT, the PP2C family proteins were also induced in D. scrobiculata infected hosts under CCT, indicating direct host defense suppression. Reduced glutathione metabolism, by means of suppressed glutathione and ribonucleotide diphosphate reductase (RNDP) activities, further indicates reduced ROS detoxification and lowered nitrogen transport in Austrian pine under CCT. Thus, climate change conditions, as implemented here, result in suppression of host defense responses.



Carbon and Nitrogen Assimilation Are Crucial for D. scrobiculata Survival Under Climate Change

Comparison 4, in which we investigated dual responses of host and pathogen following D. scrobiculata attack under CCT vs. CT, also revealed important patterns in gene expression in D. scrobiculata itself. For example, we found evidence of enhanced carbon metabolism by way of triose phosphate isomerase and enolase gene upregulation. Amino acid metabolism was enhanced as indicated by upregulation of a glutamine synthetase gene, in addition to the triose phosphate isomerase gene. Interestingly, the glutamine synthetase transcript was also mapped to the necroptosis pathway and has been reported to induce susceptibility via nitrogen competition between host and pathogen (Huang et al., 2017). We also documented enhanced protein processing and stress responses, as indicated by upregulation of heat shock (HSP) proteins and an aminoacyl-tRNA synthase gene. Taken together, this evidence suggests that the focus of pathogen metabolism is to acquire carbon and nitrogen, while lowered lipid metabolism could be a response to the climate change conditions as implemented in this study.



Integrated Model

All in all, our work highlights some major themes that facilitate a deeper understanding of pine-pathogen interactions under variable climate. We synthesize our results in two cellular models, one for the host and one for the two pathogens (Figure 8). The comparisons arranged in panels of Figures 6A–C, 7A–D highlight host responses to the two pathogens vs. the mock and, more importantly, two different scenarios of host susceptibility, one including the baseline response to D. sapinea infection under CT, the other host responses to D. scrobiculata infection under CCT. The first observation is that maintaining primary metabolism homeostasis is key for survival of both the host and the pathogens. Infection by D. sapinea induces suppression of host carbon fixation and metabolism, fatty acid biosynthesis, and nitrogen metabolism, thereby leading to primary nutrient starvation (Figure 8). This is further supported by enhanced carbon and nitrogen metabolism in D. sapinea itself (Figure 8), which likely further contributes to host starvation. Moreover, suppressed host fatty acid metabolic pathways likely affect membrane integrity and vesicular trafficking, thereby influencing host response to stress (Michaud and Jouhet, 2019). On the other hand, suppressed lipid metabolism and steroid biosynthesis in D. sapinea perhaps suggests reduced activity of lipid transporters as well as reduced membrane trafficking (Rizzo et al., 2019). In contrast, infection by the less aggressive D. scrobiculata did not alter host carbon fixation, while nitrogen metabolism and fatty acid biosynthesis were enhanced (Figure 8) along with indications of active growth and homeostasis in hosts. Thus, the impaired state of host carbon fixation and metabolism is one of the primary explanations for the higher aggressiveness of D. sapinea, while primary metabolism of carbon, nitrogen, and fatty acids either remain unaffected or are enhanced.

Suppressed primary metabolism in P. nigra also likely contributes to the limitation of carbon-based defenses (phenolics, terpenoids), as well as ROS signaling. Indeed, host defense activation against D. sapinea was on a much lesser scale, relative to D. scrobiculata, under the baseline conditions of CT (Figure 8). For example, phenylpropanoid biosynthesis, which is at the core of defense-associated phenolics and flavonoids (Sherwood and Bonello, 2013), was much more pronounced in hosts under attack by D. scrobiculata than D. sapinea (Figure 8). Furthermore, terpenoid biosynthesis in D. scrobiculata-infected hosts was enhanced, whereas D. sapinea infection did not induce any changes (Figure 8). Interestingly, on the pathogen side, the plant pathogen interactions pathway was more enhanced and GO enriched in D. sapinea than in D. scrobiculata (Figure 8). Thus, the state of specialized metabolism on both sides of the interaction supports a view in which D. sapinea elicits global impairment of host metabolism affecting assimilation, growth and defense response via carbon and nitrogen starvation, explaining the occurrence of longer lesions under CT.

The picture changed dramatically under the climate change regimen for D. scrobiculata-infected hosts, which clearly experienced suppression of carbon fixation, starch and sucrose metabolism, nitrogen metabolism, and fatty acid biosynthesis, in a manner similar to that of hosts attacked by D. sapinea under control climate. These pathways were also GO enriched, further highlighting how CCT led to depletion of host resources and increased D. scrobiculata aggressiveness (Figure 8). Likewise, CCT induced suppression of phenylpropanoid biosynthesis, terpenoid biosynthesis, and defense response pathways in the host (Figure 8). This was accompanied by suppression of ROS and hormone signaling pathways. On the pathogen side, while carbon metabolism and nitrogen metabolism were both GO enriched and enhanced, activity of phenylpropanoid metabolism was lower under CCT (Figure 8), possibly due to feedback from low production of phenylpropanoids in the starving host. Concurrently, we recorded a glutamine synthetase transcript mapped to the necroptosis pathway in D. scrobiculata under CCT, like D. sapinea infected hosts under CT. Also, CCT appears to affect D. scrobiculata via reduced MAPK signaling and post-translational protein processing, suggesting some impairment of host immune signaling (Figure 8). This suggests that CCT causes genome-wide suppression of various critical host secondary metabolic pathways either directly or via suppression of primary metabolism, thereby predisposing hosts to pathogenic infections.

Taken together, our evidence shows how critical carbon and nitrogen are for sustenance of cellular integrity and operation in plant pathogen interactions, no matter what the environmental conditions. Nitrogen and carbon mobilization and transport are highly responsive to both biotic and abiotic stress, and the cumulative stress from the climate change regime and pathogenic infection further aggravates host resource depletion and thus the ability to fight off infection. This appears to ultimately explain the altered lesion phenotypes under CCT. While informative, a study like ours points to metabolic pathways being affected; however, direct measurements of metabolites are necessary to determine how CC-associated stress affects the internal environment of the tree host at a system level to predispose trees to fungal infection.
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N = total number of contigs; N50 = statistically weighted average such that 50% of the entire assembly is formed by contigs of equal size or larger than this value; N with

ORF = number of contigs with Open Reading Frames.
2Pini_v1.0: Pinus nigra v1.0 transcriptome assembly.
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