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1 | INTRODUCTION

Tamanique P. Kampmann'

| Jill L. Wegrzyn? | Sanushka Naidoo?

Abstract

Fusarium circinatum poses a threat to both commercial and natural pine forests. Large
variation in host resistance exists between species, with many economically important
species being susceptible. Development of resistant genotypes could be expedited
and optimised by investigating the molecular mechanisms underlying host resistance
and susceptibility as well as increasing the available genetic resources. RNA-seq data,
from F. circinatum inoculated and mock-inoculated ca. 6-month-old shoot tissue at
3- and 7-days postinoculation, was generated for three commercially important
tropical pines, Pinus oocarpa, Pinus maximinoi and Pinus greggii. De novo transcriptomes
were assembled and used to investigate the NLR and PR gene content within available
pine references. Host responses to F. circinatum challenge were investigated in
P. oocarpa (resistant) and P. greggii (susceptible), in comparison to previously generated
expression profiles from Pinus tecunumanii (resistant) and Pinus patula (susceptible).
Expression results indicated crosstalk between induced salicylate, jasmonate and
ethylene signalling is involved in host resistance and compromised in susceptible
hosts. Additionally, higher constitutive expression of sulfur metabolism and flavonoid

biosynthesis in resistant hosts suggest involvement of these metabolites in resistance.

KEYWORDS

host-pathogen interaction, Pinus greggii, Pinus maximinoi, Pinus oocarpa, Pinus patula, Pinus
tecunumanii, transcriptome assembly

& Roth, 1946), F. circinatum has spread to multiple countries (Gordon
et al., 2015; Vettraino et al., 2018), resulting in significant losses to

A notable threat to forestry around the world is the fungal pathogen
Fusarium circinatum (Nirenberg & O'Donnell, 1998), which can affect
more than 60 species of Pinus, causing pitch canker in mature trees
and a wilting disease in seedlings (Crous, 2005; Gordon et al., 2001;
Mitchell et al., 2011; M. J. Wingfield et al, 2008). Since the first

description of the disease in the south-eastern United States (Hepting

industry (Mitchell et al., 2011; M. J. Wingfield et al., 2008) and natural
populations of susceptible species such as Pinus radiata (Earle, 2022).

Many commercially important Pinus species, such as Pinus greggii,
Pinus patula and Pinus radiata are highly susceptible to F. circinatum
challenge (Hodge & Dvorak, 2000). Current short-term management

strategies mainly focus on increased silvicultural hygiene to limit
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spread of the pathogen in affected areas and prevent spread to
unaffected areas (Gordon et al., 2015). Long-term control strategies
aim to incorporate genetic resistance of less susceptible species, such
as Pinus maximinoi, Pinus oocarpa and low elevation provenances (LE)
of Pinus tecunumanii, either through direct usage of alternative
species or production of hybrids between resistant species and more
susceptible species with desirable wood and growth traits
(Dvorak, 2012; Gordon et al., 2015; Mitchell et al., 2011).

Our knowledge of the genetic and molecular mechanisms under-
lying this plant-pathogen interaction is growing rapidly. Past studies
aimed at identifying genes or genomic loci involved in the interaction
between Pinus spp. and F. circinatum relied on marker-based methods
(Donoso et al., 2015; Moraga-Suazo et al., 2014; Morse et al., 2004;
Quesada et al., 2010). More recent studies provided the first global
views of these interactions through dual RNA-sequencing and
proteomics of the pathogen and various pine hosts (Amaral et al., 2021;
Carrasco et al, 2017; Hernandez-Escribano et al., 2020; Visser
et al., 2019; Zamora-Ballesteros et al., 2021).

Plant defences are broadly categorised as constitutive and
induced. Constitutive defences include physical, such as cell walls
and bark, as well as chemical, such as oleoresin and phytoanticipins,
barriers that protect against pathogen and pest attack (Nurnberger &
Kemmerling, 2009; Nurnberger & Lipka, 2005). Recent studies on host
resistance to F. circinatum challenge in pines have focused on induced
responses following pathogen challenge (Amaral et al., 2021; Carrasco
et al.,, 2017; Hernandez-Escribano et al., 2020; Visser et al., 2019;
Zamora-Ballesteros et al., 2021), however, transcriptomics also allow
for the possibility to identify differences in constitutive expression that
could contribute to host resistance (Yuan et al., 2018).

Induced defences require pathogen/pest recognition either
through microbe-/damage-associated molecular patterns (MAMPs/
DAMPs), resulting in pattern triggered immunity (PTI), or effector
recognition by host resistance (R) proteins, resulting in effector
triggered immunity (ETI; Agrios, 2005; Dodds & Rathjen, 2010; Jones
& Dangl, 2006; Spoel & Dong, 2012). The majority of plant R proteins
consist of nucleotide-binding leucine rich repeat (NLR) receptors
(Baggs et al., 2017; Gtowacki et al., 2011). Multiple R genes have
been described for the interaction between P. taeda and fusiform rust
Cronartium quercuum f. sp fusiforme (Kubisiak et al., 2005; Quesada
et al., 2014; Wilcox et al., 1996). These P. taeda R genes are allele-
specific, conferring resistance only against rust isolates with the
corresponding avirulence (Avr) effector gene (Wilcox et al., 1996).
Conifer genomes have been shown to contain very large and diverse
NLRs (Van Ghelder et al., 2019). Further expansion of these gene
catalogues could aid studies aiming to map quantitative resistance
traits for pine species.

Two major downstream defence response components in
induced defence are modulation of secondary metabolite bio-
synthesis and pathogenesis-related (PR) gene expression. In conifers,
stress responses include secretion of oleoresin, a complex mixture of
terpenoids, phenolics (including flavonoids) and nitrogen compounds,
as well as volatile emission (Keeling & Bohlmann, 2006; Maffei
et al,, 2011; Zulak & Bohlmann, 2010). Conifers have been shown to

alter oleoresin composition and form traumatic resin ducts in xylem,
where oleoresin accumulates, upon exposure to methyl jasmonate
(MeJA; Zulak & Bohlmann, 2010). Many oleoresin components,
including terpenoids and isoflavonoids, have direct antimicrobial
activity (Maffei et al., 2011), thus modulation of these secondary
metabolites, as well as constitutive differences between hosts, play
an important role in host resistance.

This study expanded the transcriptomic resources available for
tropical pine species and investigated both inducible and constitutive
host defence mechanisms associated with resistance to F. circinatum.
Transcriptomes were sequenced for three economically important
tropical pines, P. oocarpa, P. maximinoi and P. greggii, in response to F.
circinatum challenge using a comparable approach to previously
sequenced transcriptomes for P. tecunumanii and P. patula (Visser
et al., 2018). This enabled generation of a co-expression network to

compare responses between multiple host species.

2 | MATERIALS AND METHODS
2.1 | Plant material

All plants were maintained in the Forestry and Agricultural
Biotechnology Institute (FABI) Fusarium screening greenhouse at
the University of Pretoria experimental unit for the duration of the
trial. P. oocarpa (ca. 6 months old) and P. greggii var australis (ca.
4 months old) seedlings, from single open-pollinated families, were
obtained from York Timbers (Sabie, South Africa). For P. maximinoi
low germination rates precluded usage of seedlings, so rooted
cuttings (ca. 6 months old) were obtained from SAFCOL (South
African Forestry Company Limited).

2.2 | F. circinatum challenge

Plants were challenged with F. circinatum (isolate FCC3579,
obtained from the FABI culture collection) as previously
described (Visser et al., 2015). In short, apical buds of plants
were mock-inoculated using 15% (v/v) sterile glycerol or
inoculated with F. circinatum using spores suspended in 15%
(v/v) sterile glycerol, adjusted to 5x10* spores/ml using a
haemocytometer. Disease progression over time was tracked by
measuring stem and lesion lengths weekly for 6 weeks post-
inoculation to calculate the percentage live stem ([1 - lesion
length/stem length]%). Decline in mean percentage live stem was
compared between treatment groups over time for each host
species using a Kruskal-Wallis rank sum test followed by a
pairwise Wilcoxon rank sum test using Benjamini Hochberg (BH)
multiple testing correction (a=0.01). The pathogen was re-
isolated at 14 days post-inoculation (dpi) from diseased tissue
on % strength potato dextrose agar (% PDA; Merck). For each
host species, tissue was harvested at 3- and 7-dpi for three
biological replicates for each treatment group (inoculated and
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mock-inoculated). Samples were flash frozen upon harvesting
using liquid nitrogen and stored at -80°C. A single biological
replicate consisted of the top 1 cm, from the inoculation point, of

shoot tissue pooled from six seedlings.

2.3 | Data generation

Frozen tissue samples were sent to Novogene Corporation Inc.
for total RNA isolation (proprietary method), library construction
(strand specific with a 300 bp insert size) and sequencing (PE150)
using the lllumina HiSeq. 2500 (lllumina). Data quality was
assessed using FastQC (Andrews, 2010). Reference transcrip-
tomes (P. patula = Pipt_v2.0, P. tecunumanii [LE] = Pnte_v1.0) and
RNA-sequencing libraries for 3- and 7-dpi F. circinatum inocu-
lated and mock-inoculated P. patula and P. tecunumanii (LE), from
a previous study (Visser et al., 2018), were obtained from the
National Centre for Biotechnology Information (NCBI) Transcrip-
tome Shotgun Assembly (TSA) and Short Read Archive (SRA)
databases.

24 | Combined de novo and genome-guided
transcriptome assembly

Trimmomatic v0.36 (Bolger et al., 2014) was used to ensure read
data contained no adapter sequences and to trim and filter
sequences to ensure a minimum per base phred quality score of
30, reads shorter than 40 nt after trimming were discarded.
Filtered read data was normalised in silico to a maximum
coverage of 100X using Trinity v2.6.6 (Grabherr et al.,, 2011).
Normalised reads were mapped to the P. taeda v2.01 genome
assembly (https://treegenesdb.org/) using STAR v2.5.3a (Dobin
et al., 2013). Trimmomatic filtered, normalised and mapped data
sets were in turn assembled using Trinity to produce six
preliminary transcriptomes per data set using k-mer values
between 21 and 31 with a step of 2, giving a total of 12 de
novo and six genome-guided Trinity assemblies (Supporting
Information: Figure S1). A further 21 de novo assemblies were
produced from the trimmomatic filtered data using transABySS
v2.0.1 (Robertson et al., 2010) with k-mers ranging between 21
and 31 with a step of 2 as well as 33 and 89 with a step of 4.
Minimum contig length was set to 350 for all assemblies. An
assembly code was prefixed to sequence IDs for each preliminary
assembly, to allow tracking of sequence origin (Supporting
Information: Figure S1). Preliminary assemblies were subse-
quently concatenated and run through the EvidentialGene
tr2aacds v2017.12.21 (Gilbert, 2013) pipeline to reduce redun-
dancy and select for the optimal assembled transcript for each
gene based on coding potential. Assembly metrics were calcu-
lated using transrate v1.0.3 (Smith-Unna et al., 2016).

The eukaryotic non-model transcriptome annotation pipeline
v0.8.2 (EnTAP; Hart et al.,, 2019) was used to annotate primary

B9-wiLey—

transcripts resulting from EvidentialGene. GeneMarkS-T v5.1
March 2014 (Tang et al., 2015) was used to predict coding regions
and resulting protein sequences. Similarity search alignments
were performed using diamond v0.8.31 (Buchfink et al., 2014)
against the Arabidopsis thaliana (TAIR10 release 2018.03),
RefSeq (release 87), SwissProt (release 2018-03) and NCBI
nonredundant (release 2018-03) protein databases with a mini-
mum query coverage of 80% and minimum target coverage of
60%. EggNOG v0.12.7 (Huerta-Cepas et al., 2016) was used for
further functional annotation. All non-pine origin sequences and
unannotated contigs were discarded to produce the final
transcriptomes for P. oocarpa (Pioo_v1.0), P. greggii (Pigr_v1.0)
and P. maximinoi (Pima_v1.0). Remaining protein sequences were
additionally annotated using Mercator (Lohse et al.,, 2014) to
allow visualisation of expression in MapMan v3.5.1R2 (Thimm
et al., 2014), as well as GhostKOALA (Kanehisa et al., 2016)
to predict Kyoto Encyclopaedia of Genes and Genomes (KEGG)
orthology (KO) of proteins. Benchmarking Universal Single
Copy Orthologs (BUSCO) v3.0.2 (Simao et al., 2015; Waterhouse
et al., 2017), with the eukaryote (n =255), viridiplantae (n = 425)
and embryophyte (n =1,614) OrthoDB 10 databases, was used to
determine the completeness and contiguity of assemblies.

2.5 | Gene family identification

Orthofinder 2.4.0 (Emms & Kelly, 2015) was used to cluster the
three assembled proteomes with 120 other proteomes retrieved
from the PLAZA (Van Bel et al., 2017; https://bioinformatics.psb.
ugent.be/plaza/), TSA (https://www.ncbi.nlm.nih.gov/genbank/
tsa/) and treegenes (Falk et al.,, 2018; Wegrzyn et al., 2019;
https://treegenesdb.org/) databases (Supporting Information:
Table S1), using default settings as in previous studies (Blande
et al., 2017; Hill et al., 2016; Visser et al., 2018). A total of
4,280,273 protein sequences were clustered to identify putative
gene families. The data included the proteomes of two red algae
(Cyanidioshyzon merolae and Chondrus cripus) as outgroup, seven
species of green algae, the liverwort Marchantia polymorpha, the
moss Physcomitrella patens, the clubmoss Selaginella moellendorf-
fii, three non-coniferous gymnosperms (Cycas micholitzii, Ginkgo
biloba, Gnetum montanum), 21 coniferous gymnosperms (14 of
which were Pinus spp.) and 87 angiosperms (Supporting Informa-
tion: Table S1). Putative PR-gene orthogroups were identified
using known PR-gene sequences (Custers et al.,, 2004; Fister
et al., 2016; Marcus et al., 1997; Sooriyaarachchi et al., 2011) as
previously described (Visser et al., 2018).

Putative NLR resistance (R) genes were identified by first
extracting sequences associated with NB-ARC, TIR, RPWS,
LRRNT and LRR1-LRR3 Pfam protein domains from eggNOG
annotation. Domain organisation of these genes was charac-
terised, as described Van Ghelder et al. (2019), using HMMER
v3.3 (http://hmmer.org/) with the Pfam, TIGRFAM and super-
family HMM databases.
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2.6 | Expression analysis
2.6.1 | Expression quantification

Kallisto v0.44.0 (Bray et al., 2016) was used to map reads to a
combined host-pathogen reference transcriptome and quantify
expression with 100 bootstrap samples and bias correction
(Supporting Information: Figure S2). Kallisto output was imported
into Rv3.6.1 (R Core Team, 2019) with tximport v1.14.0 (Soneson
et al., 2015). Transcripts with an average read count below 100
across at least three samples were filtered out as low-expression
transcripts. For all mapping, the P. tecunumanii (Pnte_v1.0)
transcriptome was used as host reference and the previously
annotated F. circinatum transcriptome (Visser et al., 2019)
obtained from the FSP34 genome assembly (B. D. Wingfield
et al.,, 2012) was used as pathogen reference sequence and
pathogen expression data was removed before host expression

analysis.

2.6.2 | Differential expression

DESeq. 2 v1.26.0 (Love et al., 2014) was used to test for significant
(Abs|Log,(fold change)| = 0.5, p < 0.05) differentially expressed genes
(DEGs) in inoculated relative to mock-inoculated samples at each
timepoint using a Wald test with Benjamini & Hochberg (BH) false

discovery rate (FDR) correction.

2.6.3 | Co-expression network analysis

DESeq. 2 was used to normalise expression data and apply a
variance stabilizing transformation. Batch effects between
sequencing sets (P. patula and P. tecunumanii vs. P. greggii and
P. oocarpa), were evaluated using principal component analysis (R
Core Team, 2019) and removed using ComBat, from sva v3.34.0
(Leek et al., 2019). Variable stabilising transformed (VST) and
batch corrected expression data for samples were clustered
based on their Euclidean distance to identify outliers. Weighted
Gene Co-expression Network Analysis (WGCNA) was performed
to identify highly co-expressed genes using WGCNA v1.68
(Langfelder & Horvath, 2008, 2012). A signed-hybrid type of
adjacency matrix was constructed with B=7, the lowest soft-
thresholding power for which the scale free topology fit was
greater than 0.9 (Supporting Information: Figure S3), using
biweight midcorrelation and transformed into a topological
overlap matrix (TOM) to calculate dissimilarity. Average-linkage
hierarchical clustering was used to cluster genes based on
dissimilarity, co-expression modules identified using dynamic
tree cut with a minimum module size of 30 and similar modules
merged using a cut height of 0.25 (Supporting Information:
Figure S4). The resulting network was visualised using Cytoscape
v3.6 (Shannon et al., 2003). Module eigengenes (ME), a

representation of expression for each module, were calculated
and used to calculate correlation between modules and design
factors. Additionally, gene significance (GS), which represents
correlation between genes and samples, was calculated for each
gene in each module.

2.6.4 | Enrichment analysis

Overrepresented gene ontology (GO) terms were identified using
goseq v1.38.0 (Young et al., 2010) to test for significant enrichment
(BH FDR, p <0.1) of GO terms relative to the Pnte_v1.0 reference
transcriptome annotation. GO enrichment was determined separately
for up- and downregulated DEGs. GO-Figure (Reijnders &
Waterhouse, 2021) was used to visualise enriched GO terms based

on semantic similarity.

3 | RESULTS
3.1 | Relative host resistance to F. circinatum

Six-month-old seedlings of P. greggii (susceptible) and P. oocarpa
(resistant) as well as rooted cuttings of P. maximinoi (moderately
resistant), were inoculated with F. circinatum or mock-inoculated with
sterile glycerol. Discoloration of stem and needles at the inoculation
site was visible on all inoculated plants by 14-days post inoculation
(dpi). Lesion development was more pronounced on P. greggii and P.
oocarpa seedlings compared to the P. maximinoi cuttings (Supporting
Information: Figure S5).

Disease progression was monitored by observing the decline
in mean percentage live stem over 6 weeks (Figure 1). A marked
decline in mean percentage live stem was observed for inoculated
P. greggii seedlings over time, with significant differences
(Wilcoxon rank sum test, p<0.01) between inoculated and
mock-inoculated groups already visible at 14 dpi, similar to P.
patula. Disease progression in P. maximinoi cuttings and P.
oocarpa seedlings peaked at ca. 21-28 dpi, with most inoculated
plants showing signs of recovery by 42 dpi, similar to P.
tecunumanii. The resistance observed for the P. maximinoi
cuttings was higher than expected from previous trials using
seedlings (Hodge & Dvorak, 2000, 2007). Consequently, while
this species was retained for resource generation, it was excluded

from expression analysis.

3.2 | Transcriptome assemblies

Shoot tissue was harvested from inoculated and mock-inoculated
plants at 3- and 7-dpi for three biological replicates per group. RNA
sequencing yielded between 29 and 40 million read pairs, represent-
ing between 9 and 12 Gb of sequence, per sample, resulting in a total
of ca. 400 million read pairs per species representing ca. 120 Gb of
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FIGURE 1 Disease progression over time on inoculated and mock-inoculated plants. Top: disease progression for Pinus greggii, Pinus oocapra
and Pinus maximinoi. Bottom: previously observed disease progression for Pinus patula and Pinus tecunumanii (Visser et al., 2018). The y-axis

represents the mean percentage live stem, with error bars representing standard error of the mean (n = 20). The x-axis represents inoculated and
mock-inoculated groups between 14- and 42-days post-inoculation (dpi). For each host species, shared letters above bars indicate no significant

difference between groups (Wilcoxon rank sum test, p < 0.01).

sequence (Supporting Information: Table S2). Read trimming and
filtering with Trimmomatic reduced this to ca. 320 million reads
(ca. 98 Gb) per species.

Preliminary transcriptome assembly using Trinity and Trans-
ABySS produced 39 assemblies per species (Supporting Informa-
tion: Figure S6). The EvidentialGenes pipeline was used to reduce
redundancy across preliminary assemblies, resulting in ca.
92,000-149,000 transcripts (Supporting Information: Table S3).
Functional annotation with EnTAP produced descriptions for
>76% of sequences, of which ca. 50% were discarded as non-pine
origin for each assembly, producing final assemblies consisting of
36,698 (Pigr_v1.0), 44,862 (Pnma_v1.0) and 32,285 (Pioo_v1.0)
unigenes for P. greggii, P. maximinoi and P. oocarpa, respectively
(Supporting Information: Data S1-S3). More than 70% of reads
mapped back to each of the final assemblies (Supporting
Information: Table S4). Similar to previous conifer assemblies,
the top molecular function (MF) GO terms identified were nucleic
acid binding terms (organic cyclic- and heterocyclic compound
binding), hydrolase activity, transferase activity and ion binding
(Figure 2), while the top biological process (BP) GO terms were
indicative of growth, extensive metabolic activity and responses
to stress, similar to previously assembled stress transcriptomes
(Carrasco et al., 2017; Dunwell et al., 2008; Hernandez-Escribano
et al., 2020; Visser et al., 2018; Wegrzyn et al., 2014).

The Benchmarking Universal Single Copy Ortholog (BUSCO) tool
was used to assess assembly completeness. The P. greggii, P.
maximinoi and P. oocarpa assemblies showed high completeness
(>95%) and contiguity (>98%) with low redundancy (<6%) when

compared against the Viridiplantae and Embryophyta BUSCOs
(Supporting Information: Figure S7, Table S5). Completeness (>98%)
and contiguity (>97%) was also high compared to the Eukaryota
BUSCOs (Supporting Information: Figure S7, Table S5), though this
lineage also showed more duplication (<27%). These quality metrics
were similar to previously assembled high-quality gymnosperm

transcriptomes (Supporting Information: Figure S7, Table S5).

3.3 | Comparison of gene families

OrthoFinder (Emms & Kelly, 2015) produced 100,173 orthogroups,
containing 4005 506 (93.6%) proteins, of which 324 contained
sequences from all 123 species. For the three assembled transcrip-
tomes, ca. 97%-99% of predicted proteins were assigned to
orthogroups, with ca. 0.02%-0.14% of proteins assigned to
species-specific orthogroups (Supporting Information: Table S1).

3.3.1 | Identification of putative resistance genes

As nucleotide-binding, leucine-rich repeat (NLR) family proteins
represent the main group of plant resistance (R) proteins, the full
complement of assembled NLRs were identified for P. greggii, P.
patula, P. maximinoi, P. oocarpa and P. tecunumanii LE. As described by
Van Ghelder et al. (2019), protein sequences containing at least one
of the canonical NB-ARC, resistance to powdery mildew 8 (RPW8) or
Toll-interleukin 1 receptor (TIR) Pfam domains were considered NLRs
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FIGURE 2 Distribution of biological process, molecular function and cellular compartment Gene Ontology (GO) terms in the assembled
transcriptomes. Red—Pinus greggii v1.0 assembly. Grey—Pinus maximinoi v1.0 assembly. Blue—Pinus oocarpa v1.0 assembly. [Color figure can be

viewed at wileyonlinelibrary.com]

TABLE 1 Nucleotide-binding leucine rich repeat (NLR)
distribution across five pine transcriptomes

Total NLRs  %NLR genes TNL CNL RNL
Pinus greggii 382 1.02 196 145 41
Pinus patula 713 1.35 300 367 46
Pinus maximinoi 485 1.06 264 173 48
Pinus oocarpa 485 1.48 242 197 46
Pinus tecunumanii 676 2.36 262 361 53

while those containing only coiled-coil (CC) or leucine-rich repeat
(LRR) domains were excluded as these domains are not NLR specific.
The number of identified NLR genes ranged from 382 in P. greggii to
713 in P. patula, representing between 1.0% and 2.36% of the total
assembled gene space (Table 1, Supporting Information: Table S6).

Identified NLR genes were classified as TNL if a TIR domain was
present, RNL if an RPW8 domain was present and CNL if neither of
those domains were present.

3.3.2 | PR gene identification

Putative PR orthogroups were identified as previously described
(Fister et al., 2016; Visser et al, 2018), using known PR-gene
sequences from A. thaliana, B. distachyon, P. trichocarpa and V. vinifera
for PR-1 through PR-17 (Fister et al., 2016), from Helianthus annuus
and Lactuca sativa for PR-18 (Custers et al., 2004), and from
Macadamia integrifolia and P. sylvestris for PR-19 (Asiegbu et al., 2003;
Marcus et al., 1997). Due to the high homology between PR-15 and
PR-16 families, and the expectation that PR-15 is monocot specific
(Dunwell et al., 2008), no distinction was made between these
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families and all putative PR-15 and PR-16 families were grouped as
PR-16. Putative PR gene family orthogroups containing sequences
from all conifer proteomes used were identified for 14 PR classes:
PR-1, -2, -3, -4, -5, -7, -8, -9, -10, -11, -14, -16, -17, -18 (Supporting
Information: Table S7).

The majority of conifer proteomes, including the assembled P.
maximinoi and P. oocarpa proteomes, contained between one and
three putative PR-6 members, however, as in previous studies,
angiosperms on average had more putative PR-6 members (Support-
ing Information: Table S7). A single putative PR-12 defensin was
identified from the P. maximinoi proteome, while the P. greggii and P.
oocarpa assemblies each contained a putative PR-13 thionin. Aside
from these three conifer genes, PR-12 was only represented by basal
angiosperms and dicots, while PR-13 was only present in monocots
and brassicaceae, as expected from previous studies.

Putative PR-19 members were identified for all conifer pro-
teomes used excluding Abies alba, P. cembra and P. lambertiana. The
absence of PR-19 members for these species is likely due to
incomplete annotation rather than absence from the genomes. As in
previous studies, while the putative PR-19 orthogroup contained
sequences from S. moellendorffii as well as some basal angiosperms
and a few monocots, PR-19 members were absent from the non-
coniferous gymnosperms (Manners, 2009; Visser et al., 2018).
Interestingly, although the PR-19 type sequence was originally
identified from the dicot M. integrifolia, no dicot PR-19 members
were identified, including from M. integrifolia. The only BLASTp hit in
the M. integrifolia proteome (Maca016912-RA) for the type sequence
MiAMP1 (P80915.1) was more than 400 amino acids longer and the
alignment only covered 32% of the type sequence, suggesting that
either the MiAMP gene is absent from the current assembly or the
peptide is produced through cleavage of a precursor, though these

antimicrobial peptides require further investigation in dicots.

3.4 | Constitutive differences associated with
resistance

Filtering of low-expression transcripts resulted in 16 240 expressed
genes across P. greggii, P. patula, P. oocarpa and P. tecunumanii
seedlings. P. maximinoi was excluded from comparative expression
analyses due to the unexpected response phenotype suggesting
possible ontogenetic differences between seedlings and cuttings. A
7-dpi inoculated P. tecunumanii sample (Pt7IBR3) was identified as an
outlier and discarded for network analysis (Supporting Information:
Figure S8). Principal component analysis showed that ca. 37% of the
variation within the data was associated with the separate sequenc-
ing batches (Supporting Information: Figure S9%a), with principal
component (PC) 1 separating P. tecunumanii and P. patula from P.
oocarpa and P. greggii, while PC2 seemed to separate samples by host
resistance. Following batch effect correction samples no longer
showed separation based on sequencing batch (Supporting Informa-
tion: Figure S9b), the new PC1 accounted for ca. 17% of the variation
in the data and separated samples based on host resistance and
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treatment, while PC2 accounted for ca. 14% of variation and
separated samples partially on harvesting timepoint.

A weighted gene co-expression network analysis (WGCNA)
identified clusters of co-expressed genes in resistant and susceptible
hosts. In total, WGCNA identified 43 co-expression modules,
containing between 31 and 2,397 genes (Supporting Information:
Table S8). Modules were numbered based on size, from largest to
smallest. Module-trait correlations were calculated using module
eigengenes (MEs) for each identified module with various levels of
the trial design factors; treatment (inoculated/mock-inoculated),
timepoint (3-/7-dpi), phenotype (resistant/susceptible hosts), as well
as each host species (Supporting Information: Table S8).

Module M07 (n=705, r=0.58, p=6e-04) had the highest
correlation to treatment and 84.6% (597) of genes in this module
were DEGs (Supporting Information: Tables S8 and S9). Module
eigengene expression showed on average higher expression in all
inoculated relative to mock-inoculated samples at both timepoints for
resistant host species, while only 7-dpi inoculated P. patula samples
showed higher expression of these genes for susceptible host
samples (Supporting Information: Figure S10). This module was
enriched for GO terms associated with pathogen recognition,
mitogen activated protein kinase (MAPK) signalling, ET biosynthesis,
phytohormone signalling responses to ET, JA and SA, increased
transcription and translation, as well as terpenoid biosynthesis
(Figure 3a, Supporting Information: Table S10).

Module M15 (n=467, r=0.64, p=8e-05) had the highest
positive correlation to harvesting timepoint (Supporting Information:
Table S8), while M19 (n=294, r=-0.63, p =1e-04), M26 (n= 164,
r=-0.63, p=1e-04) and M29 (n=110, r=-0.82, p = 9e-10) had the
highest negative correlations to time. The M26 and M29 modules
had no enriched GO terms. Genes in the M15 module mostly showed
higher expression at 7- relative to 3-dpi in all samples, except some
inoculated samples from resistant hosts (Supporting Information:
Figure S11). Enriched GO terms for this module were mostly
associated with cellular proliferation and growth (Figure 3b, Support-
ing Information: Table $10). The M19 module was enriched for GO
terms associated with flavonoid biosynthesis, auxin transport and
systemic responses to ET/JA signalling (Figure 3c, Supporting
Information: Table S10). Genes in this module showed higher average
expression at 3-dpi compared to 7-dpi in all hosts except P. patula,
which showed low expression at both timepoints (Supporting
Information: Figure S12). Interestingly, the decline on average
expression of genes in this module was more pronounced in
susceptible hosts.

The highest positive correlations to resistance phenotype
(Supporting Information: Table S8) were MO06 (nh=731, r=0.67,
p =3e-05) and M02 (n=1 303, r=0.92, p = 1e-16). The M02 module
showed higher module eigengene expression on average for all
samples in resistant compared to susceptible hosts (Supporting
Information: Figure S13). This module was enriched for MF and CC
terms related to glutathione binding and the chloroplast (Supporting
Information: Table S10), and contained numerous genes involved in

the biosynthesis of phenylpropanoids, flavonoids, cysteine and
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methionine, as well as glutathione and sulfur metabolism. The M06
module also showed above-average eigengene expression for all P.
oocarpa samples and below-average eigengene expression for all P.
greggii samples (Supporting Information: Figure S14). While there was
no clear pattern for most P. patula samples, 7-dpi inoculated samples
also showed below-average eigengene expression. Additionally,
although most P. tecunumanii samples showed higher than average
eigengene expression, 7-dpi inoculated P. tecunumanii samples
showed below-average eigengene expression for this module. This
module was enriched for BP terms associated with responses to light
intensity, seed and fruit development, and protein unfolding as well
as CC terms associated with chloroplast and membrane bound
organelles (Supporting Information: Table $10). Sulfur metabolism-
related genes, APS reductase, APS kinase, sulphite reductase, two
homologs of serine acetyl transferase, two homologs of O-acetyl(thiol)
lyase, glutathione synthetase, and cystathionine f3 lyase were present
within the M02 and M06 modules, and showed higher average
expression in samples from resistant compared to susceptible hosts
(Figure 4, Supporting Information: Table S11).

The highest negative correlations to resistance phenotype were
M08 (n =697, r=-0.73, p=7e-07), M11 (n=582, r=-0.63, p = le-
04), M33 (n=69, r=-0.69, p =1e-05) and M04 (n =823, r=-0.95,
p=6e-22). The M04 module had no enriched GO terms but
contained many gibberellic acid (GA) biosynthesis genes, suggesting
involvement of the GA signalling pathway in this module (Supporting
Information: Table S12). Average eigengene expression for this
module was higher in all susceptible relative to resistant samples
(Supporting Information: Figure S15). Genes in the MO8 module were
enriched for GO terms related to responses to oxidative stress,
cytoplasmic translation and NADPH regeneration. This module
showed higher average eigengene expression in all P. patula samples,
and lower average eigengene expression in P. tecunumanii samples,
with about average eigengene expression for P. greggii and P. oocarpa
samples (Supporting Information: Figure S16). The M33 module
showed higher average eigengene expression in susceptible samples,
excluding 7-dpi P. patula samples, relative to resistant samples
(Supporting Information: Figure S17). This module was enriched for
GO terms related to starvation and cold stress (Figure 3d). The M11
module was enriched for responses to SA and ET as well as various
PTl-related BP terms (Figure 3e). Genes in this module showed higher
expression in susceptible samples and lower expression in resistant
samples (Supporting Information: Figure S18) similar to the M33
module (Supporting Information: Figure S17). Interestingly, this

module also had a weak positive correlation with treatment
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(r=0.43, p = 2e-02) as most inoculated resistant, but not susceptible,
samples had higher eigengene expression for this module compared
to mock-inoculated samples, suggesting that genes in this module

could be F. circinatum responsive in resistant hosts.

3.5 | Host response comparison

Differential expression (DE) analysis, in inoculated relative to mock-
inoculated samples, was performed to identify host response
mechanisms underlying resistance and susceptibility to F. circinatum
challenge at 3- and 7-dpi in P. greggii (susceptible) and P. oocarpa
(resistant, Supporting Information: Table S9). This analysis was also
repeated for P. patula (susceptible) and P. tecunumanii (resistant) data
previously analysed (Visser et al., 2019) to allow for comparison
between hosts with similar resistance phenotypes to F. circinatum
challenge.

DE analysis for P. greggii identified 208 differentially expressed
genes (DEGs) at 3-dpi and 43 DEGs at 7-dpi (Figure 5, Supporting
Information: Table S9). In P. oocarpa, DE analysis identified 269 DEGs
at 3-dpi and 603 DEGs at 7-dpi. Interestingly, while more DEGs were
identified at the later timepoint compared to the earlier timepoint for
P. oocarpa, similar to previous studies (Carrasco et al, 2017;
Hernandez-Escribano et al., 2020; Visser et al., 2019), P. greggii

showed a decrease in the number of DEGs over time (Figure 5).

3.5.1 | Responses underlying susceptibility

Upregulated DEGs at 3-dpi in P. greggii included: five putative PR-16
genes (the only PR genes upregulated by P. greggii, Table 2,
Supporting Information: Table S9), a single putative R-gene
(Table 3, Supporting Information: Table S9), two auxin-induced protein
genes, the first three genes involved in jasmonic acid (JA)
biosynthesis (LOX, AOS and AOC, Figure 6, Supporting Information:
Table S9), two genes involved in flavonoid and anthocyanin
biosynthesis (DFR, anthocyanidin reductase), a single gene involved
in abscisic acid biosynthesis (carotenoid cleavage dioxygenase), and a
methyl esterase 1 gene (Supporting Information: Table S9). No gene
ontology (GO) terms were enriched for upregulated genes at 3-dpi.

Downregulated genes at 3-dpi had 24 enriched cellular compart-
ment GO terms (Supporting Information: Table $13), mostly related
to cytosolic translation, as well as cell-cell junctions, plasmodesma
and the symplast. Of the downregulated DEGs, 21 coded for

FIGURE 3 Semantic similarity scatterplots summarising enriched biological process GO terms for modules significantly correlated with trial
design factors. (a) Module M07 (n = 705) showed positive correlation with treatment (r = 0.58, p = 6e-04). (b) Module M15 (n =467) showed
positive correlation to timepoint (r = 0.64, p = 8e-05). (c) Module M19 (n = 294) showed negative correlation to timepoint (r = -0.63, p = 1e-04).
(d) Module M33 (n = 69) showed negative correlation to phenotype (r = -0.69, p = 1e-05). (e) Module M11 (n = 582) showed negative correlation
to phenotype (r=-0.63, p = 1e-04), as well as weak positive correlation to treatment (r = 0.43, p = 2e-02). Axes represent semantic space X and
Y, circles represent GO terms arranged by similarity within the semantic space. Circle size is scaled by the number of enriched GO terms
represented and circles are coloured based on the goseq log1o(FDR) for enriched terms.
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FIGURE 4 Summary of sulfur metabolism related gene expression within the co-expression network. Expression values represent average
(across three biological replicates) VST expression relative to the mean for each gene at both timepoints (3- and 7-days post inoculation) in
inoculated (l) and mock-inoculated (M) samples for each host (Pg, Pinus greggii; Pp, Pinus patula; Po, Pinus oocarpa; Pt, Pinus tecunumanii). Tables
are outlined to indicate susceptible (orange) and resistant (purple) hosts. *Represents genes within the M02 and M06 modules, with positive
correlations to host resistance phenotype. Expression tables are grouped by host response phenotype, with susceptible hosts (P. greggii and
P. patula) on top and resistant hosts (P. oocarpa and P. tecunumanii) on the bottom, and rows correspond to putative homologs within the
co-expression network. Thick black lines represent direct enzymatic steps, thin black lines represent multi-step processes leading to downstream
production, dashed grey lines show points in the pathway where product can be reconverted into substrate. Grey boxes represent enzymes, the
yellow box highlights peroxide which could act as a defence signal, orange boxes represent products of sulfur metabolism that have been
associated with roles in defence, so-called sulfur defence compounds. APS, adenosine 5’-phosphosulfate; PAPS, 3’-phosphoadenosine
5'-phosphosulfate; SAM, S-adenosyl methionine; SRP, sulfur-rich proteins.
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FIGURE 5 Comparison of differentially expressed genes in inoculated relative to mock-inoculated samples in Fusarium circinatum susceptible
and resistant pines between timepoints. Numbers in red represent upregulated genes, numbers in blue represent downregulated genes, numbers
in yellow represent contra-regulated genes (genes upregulated at one timepoint and downregulated at the other. dpi, days postinoculation. Data
for Pinus patula and Pinus tecunumani originate from a previous study (Visser et al., 2018).

ribosomal proteins and 10 were involved in RNA recognition, binding
and processing (Supporting Information: Table S9). Additionally, a
UGT73B5, a flavonol 3-O-glucosyltransferase putatively associated
with anthocyanin and flavonol glycoside biosynthesis from flavo-
noids, as well as an isoflavone reductase gene were also
downregulated.

The few upregulated DEGs at 7-dpi included a cytokinin oxidase
gene, a LOX gene (Figure 6), an ABA stress ripening (ASR) gene and
three ABA receptor genes, resulting in enrichment for the molecular
function term abscisic acid binding (Supporting Information:
Table S13). The 7-dpi downregulated genes had no enriched GO
terms, though included a UGT73B5, as well as a chitin recognition
protein gene and two putative R-genes (Table 3, Supporting
Information: Table S9), one of which was also downregulated in P.
patula at 3-dpi and upregulated in P. tecunumanii at 7-dpi (Supporting
Information: Table S9).

Only three DEGs were present at both timepoints (Figure 5).
These were, a predicted RING-H2 finger gene upregulated at both
timepoints, an uncharacterized protein gene downregulated at both
timepoints and a BEACH domain-containing gene upregulated at 3-dpi
and downregulated at 7-dpi (Supporting Information: Table S9).

Interestingly, of the 157 putative R-genes showing differential
expression in at least one host (66 TNL, 71 CNL, 20 RNL), 127 (54
TNL, 56 CNL, 17 RNL) were only differentially expressed by P. patula

at 7-dpi. Additionally, only 3 (2 TNL, 1 CNL) of these were
upregulated (Supporting Information: Table S9).

3.5.2 | Responses in resistant hosts

Upregulated DEGs at 3-dpi in P. oocarpa were enriched for BP, MF
and CC GO terms related to gene expression and cytosolic translation
(Supporting Information: Table S14). The only phytohormone
signalling-related DEGs were two PAD4 genes, involved in salicylic
acid (SA) signalling, a 12-oxophytodienoate reductase (OPR) gene,
involved in JA biosynthesis and induced by JA signalling (Figure 6), an
IAMT1, involved in auxin methylation, and a 1-aminocyclopropane-1-
carboxylase synthase (ACS), a gene involved in ethylene (ET)
biosynthesis that was upregulated at all timepoints in both resistant
hosts (Figure 7, Supporting Information: Table S9). Upregulated genes
at 3-dpi in P. oocarpa also included 11 putative R-genes, three of
which were also upregulated at 7-dpi (Table 3, Supporting
Information: Table S9), a putative PR-1 which was also upregulated
at 3-dpi in P. tecunumanii, a putative PR-3 and PR-5 which were
upregulated at both timepoints in P. oocarpa as well as P.
tecunumanii, and three putative PR-9 genes, two of which were
also upregulated at both timepoints in both resistant hosts
(Table 2, Supporting Information: Table S9).
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TABLE 2 Comparison of putative pathogenesis-related genes differentially expressed in Pinus greggii and Pinus oocarpa to Pinus patula
and Pinus tecunumanii

Susceptible hosts Resistant hosts
P. greggii P. patula P. oocarpa P. tecunumanii

Gene 3-dpi 7-dpi 3-dpi 7-dpi 3-dpi 7-dpi 3-dpi 7-dpi
PR-1_04 - - _ - 2.15 - 0.95 -

PR-1_14 - - - 2.63 - _ - 1.83
PR-1_01 - - - 1.07 - 231 - 217
PR-2_02 - - - 2.03 - _ 1.14 1.42
PR-2_08 - - - 1.54 - 2.72 - 1.96
PR-3_02 - - - 1.87 2.00 1.55 1.98
PR-3_16 - - - 2.00 - 1.55 1.00
PR-3_09 - - - 1.53 - 1.82 - 2.28
PR-3_10 - - - - - 1.83 - 0.97
PR-3_08 - - - 0.60 - - -

PR-3_06 - - - 0.73 - - -

PR-4_01 - - - 1.93 - 1.53 1.46
PR-4_02 - - - 1.16 - 1.45 0.76 1.05
PR-4_03 - - - 1.76 - 1.64 - 2.03
PR-5_06 - - - 0.98 2.19 1.65 2.51
PR-5_07 - - - 1.05 - 1.19 1.58
PR-5_30 - - - 1.56 - 1.85 1.31 0.97
PR-5_25 - - - 1.12 - 1.14 0.96 -

PR-5_17 - - - 1.63 - 2.66 - 243
PR-5_01 - - - 1.75 - 1.75 - 1.83
PR-5_03 - - - - - 0.71
PR-5_38 - - - 1.68 - -

PR-5_19 - - - - - -

PR-5_27 - - - - - -

PR-7_04 - - - - - -

PR-9_14 - - - 1.82 1.82
PR-9_27 - - - 1.86 1.25 1.62
PR-9_16 - - - 0.59 - 0.85
PR-9_33 - - - 1.77 1.14 1.29
PR-9_21 - - - 1.79 1.15 1.08
PR-9_36 - - - 2.19 - 1.61
PR-10_03 - - - 1.32 -0.73 0.76
PR-11_01 - - - 2.34 1.22 1.69
PR-16_06 - - - 1.34 1.65 -

PR-16_36 - - - 1.10 - 2.07
PR-16_10 - - - - 1.00 -

PR-16_40 - - - - - 1.22
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TABLE 2 (Continued)

Susceptible hosts

B9-wiLey— 2

Resistant hosts

P. greggii P. patula P. oocarpa P. tecunumanii
Gene 3-dpi 7-dpi 3-dpi 7-dpi 3-dpi 7-dpi 3-dpi 7-dpi
PR-16_35 - - - - _ - - -
PR-16_23 - - - - 2.62 - - -
PR-16_31 - - - -1.05 3.66 - - -
PR-16_27 - - - -1.31 221 - - -
PR-16_48 - - -1.00 -1.19 1.96 - - -
PR-16_29 - - - 2.95 - 2.50 - 2.09
PR-16_38 - - - 1.94 - 1.25 - 1.27
PR-16_14 - - - - - 0.86 - -
PR-16_58 - - - _ - 0.61 - -
PR-16_18 0.79 - - - - - - -
PR-16_62 1.17 - - - - - - -
PR-16_20 1.75 - - - - - - -
PR-16_19 1.99 - - - - - - -
PR-16_52 1.01 - - -1.20 - - - -
PR-17_02 - - - 2.13 - 241 - 1.27
PR-18_02 - - - 261 - 271 1.82 2.09
PR-19_01 - - - 0.66 - 1.67 - 0.65

Note: The gene list was limited to only PR genes differentially expressed in P. greggii and/or P. oocarpa. Values represent significant (FDR < 0.05) Log2

(Fold Change) in inoculated relative to mock-inoculated samples.

Downregulated DEGs at 3-dpi were enriched for BP and CC GO
terms related to photosynthesis, RNA stabilization and plastid
organisation (Supporting Information: Table S14). Downregulated
DEGs also included a UGT73B5 that was downregulated at both
timepoints, an ASR gene, an auxin response factor, and an auxin
induced protein gene that was also downregulated in P. greggii
(Supporting Information: Table S9).

Upregulated DEGs at 7-dpi were enriched for BP GO terms related
to responses to chitin, JA and ET as well as terpenoid biosynthesis
(Supporting Information: Table S14). DEGs included nine putative R-
genes, an ACS and an ACO gene, an ETR1 as well as an RTE1 gene, an ET
response factor (ERF), a PAD4, an OPR, LOX genes, multiple JAZ and auxin-
induced genes as well as a GID1A receptor gene (Figures 6, 7, Supporting
Information: Table S9). Additionally, upregulated DEGs included multiple
putative PR-genes, many of which were also upregulated in P.
tecunumanii (Table 2, Supporting Information: Table S9).

Downregulated DEGs at 7-dpi were enriched for BP GO
terms related to xylem and phloem formation and CC GO terms
related to the chloroplast (Supporting Information: Table S14).
Downregulated DEGs included two putative PR-3 genes
(Table 2, Supporting Information: Table S9) as well as two
genes involved in JA biosynthesis (AOS and OPCL, Figure 6,
Supporting Information: Table S9).

4 | DISCUSSION

Multiple studies have quantified F. circinatum resistance of Pinus spp. by
measuring lesion development on seedlings (Hodge & Dvorak, 2000, 2007;
Mitchell et al., 2012; Roux et al, 2007). These studies consistently
showed high susceptibility to F. circinatum challenge for P. patula and
P. greggii with relatively high resistance for P. oocarpa and low elevation
P. tecunumanii. The contrasting resistance and susceptibility of low
elevation P. tecunumanii and P. patula to F. circinatum challenge have
previously been confirmed and used as a pathosystem to investigate the
host-pathogen interaction between Pinus spp. and F. circinatum (Visser
et al.,, 2018; Visser et al., 2019). Disease progression over time confirmed
the expected F. circinatum resistance of P. oocarpa seedlings as well as the
expected susceptibility of P. greggii seedlings, allowing expansion of the
pathosystem to include two resistant and two susceptible Pinus-F.
circinatum interactions for further molecular biology insights.

The three assembled transcriptomes add to the ever-growing
index of conifer reference sequences, a valuable resource for
conservation and forestry, and the orthogroups identified can also
be used in future to identify and characterize other important gene
families within tropical pines. Accordingly, the transcriptomes in this
study formed part of the data set used to design the Pitro50K tropical
pine SNP chip (Jackson et al., 2021). Additionally, in combination with
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TABLE 3 Summary of putative resistance (R) genes differentially expressed in response to Fusarium circinatum challenge

Susceptible hosts Resistant hosts

P. greggii P. patula P. oocarpa P. tecunumanii
Gene NLR-type 3-dpi 7-dpi 3-dpi 7-dpi 3-dpi 7-dpi 3-dpi 7-dpi
Pnte31HSn_TRINITY_DN77221 c1_g1 TNL - - - -1.69 0.60 - - -
Pnte31HS_TRINITY_DN112489_c0_g1 TNL - - - -1.44 - 1.49 - -
Pnte31HSn_TRINITY_DN88838_c4_g2 TNL - - - -1.39 - 1.28 - -
Pnte25LSn_TRINITY_DN99813_c1_g4 TNL - - - - 0.97 - - -
Pnte31HSn_TRINITY_DN85734_c0_g9 TNL - - - - 1.07 - - 1.10
Pnte31LSn_TRINITY_DN100564_c13_g1 TNL - - - - - - - 1.25
Pnte31LS_TRINITY_DN126865_c0_g2 TNL - - - - - - -
Pnte31LSn_TRINITY_DN99240_cO_g1 TNL - -0.99 - - - - 1.04
Pnte31LSn_TRINITY_DN100433_c3_g1 TNL - - - - - - - -
Pnte31HSNn_TRINITY_DN85689 _c0_g1 TNL - - - - - 0.93 - -
Pnte25LS_TRINITY_DN125236_c0_g8 TNL - - - - - - - 0.85
Pnte25HSn_TRINITY_DN82026_c1_g2 TNL - - - 0.83 - 0.84 - -
Pnte31LSng_TRINITY_GG_11029_c10_g1 CNL - - - -2.95 - - - -
Pnte31LS_TRINITY_DN127426_c12_g3 CNL - - - -1.36 1.31 1.09 - -
Pnte25HSng_TRINITY_GG_52253_c1 gl CNL - - -0.67 -1.29 - - - -
Pnte25LSn_TRINITY_DN100613_c3_g3 CNL - - - -0.97 0.95 - - -
Pnte31HS_TRINITY_DN113197_c8_g1 CNL - - - -0.97 0.68 - - -
Pnte31LSng_TRINITY_GG_43676_c1_g3 CNL - - - -0.96 - - - 0.81
Pnte25LSng_TRINITY_GG_79990_c0_g3 CNL - - - -0.86 1.12 - - -
Pnte25HSng_TRINITY_GG_39472_c0_g1 CNL 1.46 - - - - - - -
Pnte25LSng_TRINITY_GG_53595_c2_g1 CNL - - - - 0.80 0.86 - -
Pnte31LSng_TRINITY_GG_61666_c0_g1 CNL - - - - _ - -
Pnte25HSn_TRINITY_DN88591_c2_g2 CNL - - - - - - - 0.63
Pnte25LSn_TRINITY_DN100422_c0_g2 CNL - - - - - -2.73 - -
Pnte31HS_TRINITY_DN113003_c7_g2 CNL - - - - - - - -0.70
Pnte31HSng_TRINITY_GG_54512_c8_gl CNL - - - - - - - -
Pnte31HSng_TRINITY_GG_51897_c1_g2 CNL - - -1.05 - - - - -
Pnte25HSng_TRINITY_GG_18986_c0_g1 RNL - - - -1.05 - 1.49 - -
Pnte25HS_TRINITY_DN112081_c0_g2 RNL - - - - - - 0.96 -
Pnte25LS_TRINITY_DN119343_c3_g1 RNL - - - - - - - 0.55

Note: R-genes differentially expressed only in P. patula at 7-dpi (days post inoculation) were excluded. Values represent significant (FDR < 0.05) Log2

(Fold Change) in inoculated relative to mock-inoculated samples.

previously assembled pine references, a repertoire of tropical pine
sequences was identified for two important families of defence-related
genes, NLR receptor genes and PR defence response genes. As
expected from previous studies, the number of expressed putative
NLR genes identified represented substantial proportions of the gene
space relative to angiosperm transcriptomes (Van Ghelder et al., 2019).
PR gene family members could be identified in all assembled

transcriptomes for almost all the PR gene families known to be
present in conifers except PR-6, which was absent from the
P. greggii, P. monticola and P. tecunumanii proteomes. The low
copy number of PR-6 genes identified in other conifer proteomes
suggest the possibility that PR-6 might have been lost in these species,
however, insufficient data is available at this time to determine
whether the gene is missing only from the assemblies or the genome.
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FIGURE 6 Summary of differentially expressed genes involved in jasmonic acid biosynthesis and signalling. Values in tables represent
significant Log,(Fold Change) in inoculated relative to mock-inoculated samples for each host species (Pg, Pinus greggii; Pp, Pinus patula; Po, Pinus
oocarpa; Pt, Pinus tecunumanii) at 3- and 7-days postinoculation. Tables are outlined to indicate susceptible (orange) and resistant (purple) hosts.
Rows in tables correspond to putative homologs. Grey boxes represent enzymes, Borderless text represents metabolic compounds. Black
bordered text represents processes. Black boxes represent phytohormone receptor and signalling components. Thick black lines represent direct
enzymatic steps. Thin black lines represent multistep processes or interaction between phytohormones and signalling components. Dashed red
lines represent inhibition. 12,13-EOT, 12,13(S)-epoxy-octadecatrienoic acid; 13-HPOT, 13(S)-hydroperoxy-octadecatrienoic acid; AOC, allene
oxide cyclase; AOS, allene oxide synthase; COI1, coronatine insensitive 1; JA, jasmonic acid; JA-lle, jasmonoyl isoleucine; JAZ, jasmonate-zim-
domain protein; JMT, jasmonate methyl transferase; KAT2, 3-ketoacyl-CoA thiolase; LOX, lipoxygenase; MeJA, methyl-jasmonate; MFP,
multifunctional protein; OPCL, 3-oxo0-2-(2'(Z)-pentenyl)-cyclopentane-1-octanoic acid ligase; OPDA, oxophytodienoic acid; OPR3, OPDA
reductase 3.
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4.1 | Induced responses show similarity between
resistant hosts

P. oocarpa responses suggested active defence at 3-dpi that amplify
and diversify over time to 7-dpi. Upregulation of multiple putative
R- and PR-genes combined with downregulation of genes involved in
photosynthesis at 3-dpi indicated active defence responses. While
the low number of phytohormone-related P. oocarpa DEGs limited
investigation of these pathways at 3-dpi, upregulation of biosynthesis
genes suggested possible involvement of JA and ET signalling while
upregulation of an IAMT and downregulation of an ASR as well as an
auxin induced protein gene suggested suppression of auxin. Auxin is a
central regulator of phytohormone signalling and has been shown to
have antagonistic effects on JA signalling (Grunewald et al., 2009).
Thus, suppression of auxin could allow for JA signalling. This differs
from the 3-dpi responses previously observed for P. tecunumanii,
which pointed to active auxin and ET signalling with suppressed JA
signalling (Visser et al., 2019). This could suggest differences in timing
of earlier defence responses between these resistant species,
however, this requires further investigation as only a few DEGs
were associated with these pathways. At 7-dpi for P. oocarpa, a larger
complement of ET and JA biosynthesis and response genes were
upregulated, suggesting amplified signalling by these pathways.
Additionally, in contrast to 3-dpi, multiple auxin responsive genes
were upregulated, suggesting involvement of auxin signalling at
7-dpi. Although no SA biosynthesis-related genes were differentially
expressed by P. oocarpa, upregulation of PAD4 genes suggest a role
for SA signalling at both timepoints (Zhou et al., 1998). These
responses are similar to the 7-dpi responses observed for P.
tecunumanii (Visser et al., 2019).

The importance of both SA as well as JA and ET signalling
pathways in host resistance to F. circinatum is further supported by
module M07. Module eigengene expression was higher in inoculated
samples from resistant hosts compared to susceptible and more than
80% of genes in this module were induced at some point in resistant
hosts. Transcriptional responses in moderately resistant P. pinaster
also indicated involvement of these three phytohormone signalling
pathways (Hernandez-Escribano et al., 2020). Additionally, a compar-
ison between resistant Pinus pinea and susceptible P. radiata
challenged with F. circinatum observed upregulation of SA bio-
synthesis in the resistant host only, as well as more pronounced JA
and ET responses in the resistant relative to the susceptible host
(Zamora-Ballesteros et al., 2021).

Enriched GO terms for module M15 suggested increased
expression of growth-related genes at 7- relative to 3-dpi in most
samples, excluding inoculated samples from resistant hosts. Defence
responses are metabolically expensive, often resulting in a trade-off
between growth and defence (Huot et al., 2014). Thus, co-expression
analysis suggested that resistant hosts activate defence responses
earlier than susceptible hosts and suppress growth to allow for
amplification of the responses over time, however, constitutive

differences between hosts are also likely to contribute to resistance.
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FIGURE 7 Summary of differentially expressed genes involved in
ethylene biosynthesis and signalling. Values in tables represent
significant Log,(Fold Change) in inoculated relative to mock-
inoculated samples for each host species (Pg, Pinus greggii; Pp, Pinus
patula; Po, Pinus oocarpa; Pt, Pinus tecunumanii) at 3- and 7-days
postinoculation. Tables are outlined to indicate susceptible (orange)
and resistant (purple) hosts. Rows in tables correspond to putative
homologs. Grey boxes represent enzymes, Borderless text represents
metabolic compounds. Black bordered text represents processes.
Black boxes represent phytohormone receptor and signalling
components. Thick black lines represent direct enzymatic steps. Thin
black lines represent interaction between phytohormones and
signalling components. ACS, ACC-synthase; ACC 1-
aminocyclopropane-1-carboxylic acid; ACO, ACC-oxidase; ET,
ethylene; EIN, ethylene insensitive; ERF, ethylene response factor;
Met, methionine; SAMS, SAM synthetase; SAM, S-adenosyl-I-
methionine.

4.2 | Constitutive expression suggests a role for
sulfur and flavonoid metabolism in resistance

Higher average eigengene expression, in resistant relative to
susceptible hosts, of sulfur metabolism-related genes in modules
MO02 and MO06 indicated the potential for rapid defence activation
and higher constitutive levels of defence-related compounds. Plants
capture sulfur by reducing inorganic sulphates to sulphides which are

incorporated into cysteine allowing subsequent production of
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important metabolites including methionine, biotin, glutathione and
sulfur-containing defence compounds (Capaldi et al., 2015). Conse-
quently, sulfur is associated with numerous metabolic pathways,
including biotic stress, and sulfur deficiency has been associated with
increased susceptibility of Brassica napus to Leptosphaeria maculans,
Botrytis cinerea and Phytophthora brassicae (Dubuis et al., 2005). Thus,
a higher constitutive capacity for sulfur assimilation and metabolism
could allow for faster host responses.

Flavonoid biosynthesis could play important roles in host
resistance to both pathogen challenge and wounding. Flavonoids
are phenolic secondary metabolites involved in plant responses to
biotic and abiotic stresses (Falcone Ferreyra et al., 2012; Truet-
ter, 2006). GO enrichment of genes in module M02 suggest that
resistant hosts have higher constitutive expression of flavonoid
biosynthesis. Flavonoid phytoalexins have been shown to increase
resistance to Tobacco mosaic virus in Nicotiana tabacum (Chong
et al., 2002), Phytophtora sojae in Glycine max (Graham et al., 2007)
and Colletotrichum sublineolum in Sorghum bicolor (Ibraheem
et al., 2010). Additionally, flavonoid biosynthesis genes were
upregulated in P. pinea but not P. radiata in response to F. circinatum
challenge at 4-dpi (Zamora-Ballesteros et al., 2021). Thus, the higher
constitutive expression of flavonoid biosynthesis-related genes in
resistant relative to susceptible hosts observed in module M02 could
contribute to resistance, suggesting that investigation of flavonoids in
resistant hosts could yield phytoalexins targeting F. circinatum.
Furthermore, both wounding and MeJA signalling have been shown
to induce flavonoid biosynthesis in spruce (Richard et al., 2000). This
points to the possibility that the decrease in expression of flavonoid
biosynthesis genes in module M19 from 3- to 7-dpi, as well as the
increase of growth-related genes in module M15, could be related to
the attenuation of wound responses following apical bud clipping
during inoculation, though a future study including an unwounded

control would be required to investigate this.

4.3 | Induced responses differ between susceptible
hosts

Responses in P. greggii indicated a loss of defence responses over
time. While upregulated genes at 3-dpi included a few genes
involved in auxin and JA signalling as well as a few PR-16 genes,
suggesting the presence of some defence responses, these
responses were absent at 7-dpi. This could be associated with
the downregulation of genes involved in transcription and
translation at 3-dpi. The biotrophic smut fungus, Ustilago maydis,
has been shown to successfully suppress host defences following
penetration of the host dermis (Doehlemann et al., 2008). Swett
et al. (2016) showed that F. circinatum is capable of biotrophically
colonizing P. radiata roots, only resulting in tissue deterioration
once the fungus reaches the root collar, suggesting the potential
for a hemibiotrophic lifestyle. This gives rise to the possibility that
the observed responses in P. greggii are the result of host defence

suppression during biotrophic colonization.
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While responses for resistant hosts show a lot of overlap,
susceptible host responses show large variation. In contrast to the
attenuation of responses observed for P. greggii, previously observed
responses in P. patula suggested a delayed and compromised defence
response, with less defence-related gene expression at 3-dpi and
highly amplified responses at 7-dpi though key ET and JA signalling
components, as well as a large complement of R-genes, were
downregulated (Visser et al., 2019). Additionally, host responses to
F. circinatum at 4-dpi in P. radiata showed upregulation of JA and ET
biosynthesis genes, though a considerably higher number of JA and
ET biosynthesis genes were upregulated in resistant P. pinea during
the same trial, suggesting that the P. radiata response could be
insufficient (Zamora-Ballesteros et al., 2021). Susceptibility to F.
circinatum in P. patula could be further exacerbated by the higher
constitutive expression of genes in module M06, many of which are
involved in production of reactive oxygen species (ROS). Pathogen
recognition in plants often triggers a hypersensitive response (HR),
which includes ROS accumulation, resulting in localised cell death
(reviewed in Barna et al., 2012). While this is an effective strategy
against biotrophic pathogens, this often causes susceptibility against
necrotrophs (Barna et al., 2012; Govrin & Levine, 2000). This
suggests that susceptibility to F. circinatum challenge results
from different failures in the induced responses of these three

susceptible host species.

4.4 | Constitutive expression suggests
predisposition to susceptibility

One possible explanation for the suppressed or missing JA/ET
responses in susceptible relative to resistant hosts at 3-dpi could be
antagonism by other phytohormone signalling pathways. Phyto-
hormone crosstalk is complex and likely to be dosage dependent
(Yang et al., 2015). The interaction between JA and SA signalling is
usually classified as antagonistic (Naseem et al., 2015; Yang
et al., 2015), though synergistic interactions also exist (Liu et al., 2016;
Makandar et al., 2010). Furthermore, while JA-SA antagonism has
been well described in angiosperms, current evidence suggests that
this clearly defined antagonism only evolved after the angiosperm/
gymnosperm split and additive roles for these hormones have been
described in conifer defence responses (de Vries et al., 2018; Rigsby
et al., 2019). Host responses in P. tecunumanii, as well as P. oocarpa,
suggest that both these pathways play a role in host resistance
(Visser et al, 2019). Module M11 suggested higher constitutive
expression of certain SA-related innate immune responses in
susceptible relative to resistant hosts. Although this module showed
higher expression in inoculated relative to mock-inoculated samples
from resistant hosts, further supporting a role for SA in host
resistance, higher constitutive or wound responsive SA signalling in
susceptible hosts could be detrimental to host resistance. Addition-
ally, module M04, which showed higher expression in all susceptible
relative to resistant samples, included genes involved in GA signalling.

Increased cellular GA results in degradation of DELLA proteins,
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attenuating JA signalling through the release of JAZ proteins
(Hou et al., 2010).

Module M33 suggested higher constitutive cold stress responses
in susceptible relative to resistant hosts. P. patula and P. greggii have
been shown to have significantly higher frost tolerance compared to
P. tecunumanii and P. oocarpa (Hodge et al., 2012). Interestingly, while
high-elevation provenances of P. tecunumanii are more susceptible to
F. circinatum compared to low-elevation provenances (Hodge &
Dvorak, 2000), the high-elevation provenances have higher frost
tolerance (Hodge et al., 2012). This gives rise to an issue in breeding
programs, where hybrids might have increased F. circinatum resist-
ance but decreased frost tolerance (Mitchell et al., 2013). Conse-
quently, elucidating the genetic architecture of these responses
would be invaluable to commercial pine forestry.

In conclusion, differences in both constitutive and induced
expression between hosts have been implicated in host resistance
and various points where resistance is effective against F. circinatum
at the molecular level have been identified. These responses suggest
that treatment with phytohormones to manipulate host defences or
nutrient supplementation to improve sulfur metabolism could
counteract compromised defences in susceptible hosts, leading
to protection of seedlings. These are the next experiments to
be explored.
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