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Summary

Understanding the genetic architecture of tolerance and resistance to pathogens is important
to monitor and maintain resilient tree populations. Here we investigate the genetic basis of
tolerance and resistance and to needle cast disease in Douglas-fir (Pseudotsuga menziesii)
caused by two fungal pathogens: Swiss needle cast (SNC) caused by Nothophaeocryptopus
gaeumannii, and Rhabdocline needle cast (RNC) caused by Rhabdocline pseudotsugae). We
performed a case-control genome-wide association analysis (GWAS) and found these traits to
be polygenic. Significant associations with SNC resistance were found for SNPs in genes for
stomatal regulation and ethylene and jasmonic acid pathways, which are known for their

roles in plant defense and immunity. Top-associated SNPs for SNC tolerance were found in
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genes of secondary metabolite pathways. We identified a key upstream transcription factor of
plant defence, ERF1, as the main candidate for RNC resistance. Our findings contribute to
the understanding of the highly polygenic architectures underlying disease resistance and
tolerance in Douglas-fir and have important implications for forestry and conservation as the

climate changes.
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Introduction

Douglas-fir (Pseudotsuga menziesii) is a foundational species in western North America,
found in abundance both in coastal rainforests (var. menziesii) and in drier, warm continental
climates (var. latifolia). It is one of the most valuable timber trees and a keystone species in
several forest ecosystems. Anthropogenic factors, such as climate change, threaten the health
and productivity of Douglas-fir and other forest trees. Pathogens also pose an unprecedented
threat to our natural and commercially valuable forests (Smith et al., 2006). Several plant
pathogens cause diseases that are known to be exacerbated by climate change, with an
increase in epidemics predicted in the future (Bergot et al., 2004; Evans et al., 2008; Juroszek
et al., 2020). Identifying genetic variation underlying resistance is crucial to estimate the
adaptive potential of plants and develop resistant cultivars. Swiss needle cast (SNC), caused
by Nothophaeocryptopus gaeumannii, and Rhabdocline needle cast (RNC), caused by
Rhabdocline pseudotsugae, are two such pathogens causing diseases exclusive to the
widespread ecologically and economically important conifer species Douglas-fir (Boyce,
1940; Chastagner, 2001).

SNC is specific to Douglas-fir trees (Boyce, 1940) and the conditions conducive for disease
development are primarily present on the coastal subvariety P. menziesii var. menziesii. This
disease is thought to be native to North America but was first described in Switzerland in
1925 and eventually spread across the globe, wherever Douglas-fir is grown (Stone, 2018).
The impact of SNC is most severe in the coastal fog zone of British Columbia, Washington,

and Oregon (Figure 1A) and has worsened over the last 40 years (Hansen et al., 2000; Black
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et al., 2010; Shaw et al., 2021). Nothophaeocryptopus gaeumannii spores germinate under
conducive conditions of humidity and temperature in late spring and early summer. The
hyphae enter young Douglas-fir needles via the stomata and the fungus occupies the
intercellular spaces (Capitano, 1999) (Figure 1B). The reproductive structures (pseudothecia)
of N. gaeumannii block the stomata, interfering with gas and water exchange (Manter et al.,
2001; Swiss Needle Cast Collective, 2011). Needle CO2 uptake decreases as the pseudothecia
increase in density. Once 25% of the stomata are occluded, net CO2 uptake is zero, and
foliage retention decreases (Manter et al., 2000, 2003). The symptoms of SNC are foliage
chlorosis and premature needle abscission 1-4 years following infection (Ritdkova et al.,
2016). This inevitably results in reduction in tree growth, but tree mortality as a result is rare
(Shaw et al., 2011). As much as 50% growth loss has been reported in coastal Oregon
populations since 1990 from SNC epidemics (Maguire et al., 2002), presenting a substantial
forest health problem (Shaw et al., 2021). Though it must be noted that unlike other fungal
pathogens, N. gaeumannii is an endophyte that relies on living host cells and is not expected
to induce a strong immune response. However, the occlusion of the stomata during SNC
infection is concerning because Douglas-fir trees, and conifers in general, represent a major
terrestrial carbon sink. (Stone et al., 2008a) show that hyphae of N. gaeumannii oppress
against cells of the palisade parenchyma and spongy mesophyll and may form mucilage
where they contact the cell. It could be that the fungus is influencing membrane permeability
and getting nutrients from the cell without direct penetration by hyphae. This could indicate a
more direct interaction of N. gaeumannii with the leaf than being merely a passive

endophyte. However, evidence of N. gaeumannii triggering an immune response is lacking.

Local climate likely plays a role in the pathogenicity of N. gaeumannii because the most
severe symptoms are found in the low-elevation coastal fog zone and infections have
increased in severity in these zones since 1980 (Black et al., 2010). Subsequent disease
prediction models have found that warmer winter temperatures and greater spring and
summer precipitation in previous years strongly correlates with SNC abundance and severity
in the following years (Stone et al., 2008b; Wilhelmi et al., 2017). With climate change
resulting in warmer temperatures, the zone in which N. gaeumannii severity is high is
projected to expand to higher elevations and inland in Oregon (Lee et al., 2017) and on the

BC Coast, and become a major environmental challenge beyond the coastal fog belt.
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Douglas-fir is host to another foliar fungal pathogen, Rhabdocline pseudotsugae, which
causes RNC in the coastal Pacific Northwest United States and Canada (British Columbia)

(Chastagner, 2001); Figure 1C, D) and has since spread to Europe.

The infection of R. pseudotsugae is thought to be associated with local environments,
particularly moisture (Wilhelmi et al., 2017, 2021). Similar to N.gaeumannii, ascospores of
Rhabdocline spp. are released in late spring/early summer, coinciding with bud burst and
shoot elongation of Douglas-fir. Rhabdocline spp. require similar environmental conditions
as N.gaeumanni with high humidity, rain, and mild temperatures most conducive to spore
release and infection (Parker, 1970; Chastagner, 1990). Infections are initiated by the
germination of mature ascospores on the needle surface. Contrary to N. gaeumannii, infection
takes place directly through the cuticle of the needle (Brandt, 1960), and the fungus then
grows within the needle. Also contrary to N. gaeumannii, an infection by Rhabdocline spp.
Kill host cells as it progresses through the needle. This process produces mottled chlorosis
and necrotic spots which become noticeable in the late summer/early fall. Colonisation of the
needle continues through the winter, and necrotic spots and mottled chlorosis begin to
coalesce giving the foliage a characteristic chlorotic yellow to light brown color. In early
spring, apothecia (fruiting structures of Rhabdocline spp.) emerge from below the epidermis.
The fruiting bodies eventually rupture through the epidermis exposing the asci and releasing
ascocpores to infect newly emerging Douglas-fir foliage. Needles are generally cast in the
early summer, shortly before or after fruiting bodies emerge (Brandt, 1960; Chastagner,
1990; Wilhelmi et al., 2021). Decreases in growth due to the loss of foliage related to
Rhabdocline infection are estimated to be as high as 50% for trees with moderate to severe
infection (Kurkela, 1981).

A tractable approach to improve tree health and resilience to pathogens is to understand and
deploy the innate tolerance and resistance mechanisms of trees. Plant resistance mechanisms
reduce the probability of pathogen infection and tolerance mechanisms reduce loss of fitness
even when infected (Restif & Koella, 2004). For this study we will hereon refer to

‘resistance’ as the tree defence responses that reduce pathogen abundance and ‘tolerance’ as

the tree’s ability to continue to grow and retain its leaves, even in the presence of the
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pathogen sensu Wilhelmi et al. (2017). In coastal Douglas-fir populations where SNC
infections can be severe, trees have evolved resistance and tolerance to SNC (Shaw et al.,
2011; Lee et al., 2017). This is not the case for interior Douglas-fir (Pseudotsuga menziesii
var. glauca) where disease incidence is much lower. Wilhelmi et al. (2017) found evidence
for genetic variation across populations in the Pacific North-West for SNC tolerance (but not
resistance) and RNC resistance. This local adaptation for SNC tolerance and RNC resistance
is consistent with how plant pathosystems evolve (Wilhelmi et al., 2017). In addition to
among population variation, there is within population genetic variation for SNC tolerance in
Coastal Douglas-fir (Johnson, 2002). The difference in tolerance/resistance between SNC and
RNC is attributed to their different infection modes: R. pseudotsugae is a necrotroph that kills
host cells to feed while N. gaeumannii is a biotroph that is endophytic and its nutrition
depends on living host cells (Brandt, 1960; Capitano, 1999). Even though SNC epidemiology
and N. gaeumannii pathogenicity are well studied, the molecular genetic basis of
resistance/tolerance to this disease is poorly understood. RNC epidemiology is well known,
and there is some genetic basis in resistance (Wilhelmi et al., 2017, 2021; Stone, 2018).

Genome-wide association studies (GWAS) have played a crucial role in identifying genomic
regions associated with pathogen resistance in wild and domesticated plants (Zhu et al.,
2008). Here we employ a GWAS approach to understand the genomic basis of tolerance and
resistance to needle cast fungal diseases in Douglas-fir trees from North-Western USA. Our
statistical analysis has been adapted for Douglas-fir exome pooled-sequencing data from
multiple populations with 20 or fewer individuals per population. A case-control design
compares marker frequencies between a group of disease resistant (or tolerant) individuals
(cases) and a group of disease intolerant individuals (controls). Our aim was to examine the
genomic architecture of disease tolerance and resistance in Douglas-fir and identify candidate
genes associated to SNC and RNC. The resistant and tolerant SNPs from our study have been
included in a SNP array for use in genomic selection in forestry management and

conservation of Douglas-fir (Lind, Lu et al. in prep).
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Materials and Methods

Sampling, study design, and disease phenotyping

A Seed Source Movement Trial (SSMT) was used to evaluate resistance and tolerance to
SNC and resistance to RNC in 60 Douglas-fir populations from 12 geographic regions in
Oregon, Washington and California (see Wilhelmi et al 2017 for details, File S1, Figure S1).
Each region was represented by five populations and each population was represented by
open-pollinated seed from two parent trees naturally regenerated within a stand (File S1).
Parents were located 100m apart to avoid inbreeding. The seed source and test sites were
used to capture the climatic gradients experienced by P. menziesii var. menziesii. Adult trees
in the common gardens were surveyed for overall tree health ranging from 0 to 3 based on
crown density, crown colour and needle retention. SNC-resistant individuals were identified
as those with overall health of 0 or 1. Of the remaining individuals with overall health index
>1, infection status for SNC was assessed based on an index combining the following
phenotype criteria: (A) Crown density was rated on a scale ranging from 1-4, with a 1
corresponding to a sickly sparse crown lacking in needle retention and a 4 corresponding to a
full healthy crown; (B) Crown colour was rated on a scale from 1-3, with a 3 corresponding
to a green healthy crown color and a 1 corresponding to highly chlorotic, sickly crown
colour; (C) Needle retention was rated on a secondary lateral branch located on the fourth
whorl and on the south side of the tree, and was estimated as the proportion of needles
retained in each year of growth (e.g., 1.5 refers to a tree holding 100% of its current year
needles, 50% of its second-year needles and no third-year needles). As crown density was
considered the most representative measure, an index of overall severity of infection was
calculated as the sum of 2A + B + C. Pools of tolerant and intolerant individuals were
constructed within each site*region combination by picking the highest- and lowest-ranked
individuals from each family using this index. The final dataset for SNC contained 13
Resistant (R) pools, 55 Tolerant (T) pools and 55 Intolerant (1) pools. For RNC, severity was
assessed as a single index from 0 (least severe) to three (most severe). Pooling for RNC was
conducted as above, but there were many fewer populations infected, so for RNC we had 5
Resistant (R) and 5 Intolerant (1) pools.
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Probe design and sequencing

We used a pool-sequencing approach that targeted exon regions. For probe design details see
(Lind et al., 2022). Briefly, the sequence capture probes were designed using genes identified
in Douglas-fir RNA-seq data from (1) daily and cyclic induced experiments (Cronn et al.,
2017) and (2) needles samples infected by the fungal pathogen causing SNC
Nothophaeocryptopus gaeumannii and wasp (unpublished). Exon sequences with a length of

at least 100bp were submitted to Roche NimbleGen for Custom SeqCap EZ probe design.

DNA was extracted from Douglas-fir diploid needle tissue. DNA samples were normalised at
10ng/pl and 10 to 20 individuals were pooled per site (See File S2) by combining equimolar
amounts of individual DNA samples prior to library preparation. Barcoded (Kapa, Dual-
Indexed Adapter Kit) libraries were made using 100-150ng of DNA from each pooled DNA
sample with an approximately 450-bp mean insert size. SeqCap library preparation was
performed using custom Nimblegen SeqCap probes according to the NimbleGen SeqCap EZ
HyperCap Workflow User’s Guide Ver 2 (Roche Sequencing Solutions, Inc., CA USA).
Following capture, each library was sequenced in a 150bp paired-end format on an Illumina
NovaSeq 6000 instrument at the Genome Quebec Innovation Centre (McGill University,

Montreal, Canada).

Mapping and SNP calling

As in (Lind et al., 2022), we used the VarScan pipeline (Lind, 2021a) to process our genomic
data. Raw sequence reads were trimmed with fastp (v0.19.5, Chen et al. 2018) by trimming
reads that did not pass quality filters of less than twenty N’s, a minimum mean Phred quality
score of 30 for sliding windows of five base pairs, and a final length of 75 base pairs with no
more than 20 base pairs called as N (-n 20 -M 30 -W 5 -1 75 -g -3). Trimmed reads were mapped
with bwa-mem (v0.7.17, Li & Durbin 2009) to the congeneric Douglas-fir Pseudotsuga
menziesii var. menziesii reference (v1.0) (Wegrzyn et al., 2014). This reference was extended
by including non-redundant contigs from an in-house Douglas-fir SNC infected needle
transcriptome assembly. The mapped read .sam files were converted to binary with SAMtools

v1.9 (view, sort, index; Li et al. 2009) and subsequently filtered for proper pairs and a mapping
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quality score of 20 or greater (view -g 20 -f 0x0002 -F 0x0004). Using Picard tools v2.18.9

(http://picard.sourceforge.net), read groups were added and duplicates subsequently removed

from filtered bam files. Indel realignment was performed with GATK 3.8 (McKenna et al.
2010). SNP calling was done using VarScan (v2.4.3; Koboldt et al. 2012) by passing a
SAMtools mpileup object directly to VarScan::mpileup2cns with a minimum coverage set to
8, -value < 0.05, minimum variant frequency of 0.00, ignoring variants with >90% support on
one strand, a minimum average genotype quality of 20, and a minimum allele frequency of
0.80 to call a site homozygous (--min-coverage 8 --p-value 0.05 --min-var-freq 0.00 --strand-
filter 1 --min-avg-qual 20 --min-freg-for-hom 0.80). Global allele frequency was calculated by
multiplying each pool’s ploidy (2N) by the pool’s ALT allele frequency, summing these
products, and dividing by the total ploidy across populations. The output was filtered with a

custom python (v3.7, www.python.org) script to remove indels, keeping only biallelic loci,

genotype quality score > 20, and filter for global minor allele frequency > 0.05. SNP
contingency tables were generated by calculating REF/ALT allele counts by multiplying the
total ploidy of the pool (2 * number of individuals) by the ALT allele frequency or 1- ALT
allele frequency. SNPs flagged as being paralogs by (Lind et al., 2022) were discarded. Code
for the SNP calling pipeline can be found here:

https://GitHub.com/CoAdapTree/varscan pipeline.

Cochrane-Mantel-Haenszel (CMH) test

A case-control method was implemented to identify loci associated with SNC and RNC
tolerances/resistance. Using output from the VVarScan pipeline (Lind, 2021a) we performed
GWAS using a modified Cochrane-Mantel-Haenzel (CMH) test implemented in python
(Lind, 2021b) across stratified contingency tables. Here, each stratum pertains to a single
population, where each population has a 'case’ and a 'control’ pool. Each contingency table is
2x2 - case and control x REF and ALT allele counts. ALT and REF allele counts are
calculated by multiplying the ploidy of the pool (2N) by either the ALTfreq or (1 - ALTfreq),
respectively. This step converts read depth into pseudo-counts, which represent our real
replication level. Pseudo-counts are necessary because sequencing coverage per pool exceeds
the number of individuals in each pool, resulting in resampling of same allele from a single
individual several times. Our tested case-control comparisons for SNC were as follows (1)

Intolerant versus Tolerant, (2) Tolerant versus Resistant, and (3) Intolerant versus Resistant
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comparisons. For RNC, susceptible versus resistant groups were contrasted to identify SNPs
associated with resistance. Code for the CMH pipeline is available here:

https://github.com/CoAdapTree/cmh_test. False discovery rate (FDR) correction was applied

with a threshold of <0.05 for significance. Finally, we tested for enrichment in outlier status
between groups of SNPs identified among the three SNC case-control comparisons using the

hypergeometric test in R v4.0.5.

Extended annotation and Gene Ontology enrichment

The existing Douglas-fir genome annotation (v1.0) from treegenesdb.org (Neale et al., 2017)
was improved for this study by including genes expressed in Douglas-fir needles during (1)
SNC infection (2) wasp infection and (3) cyclic rhythms. The SNC and wasp mRNA-seq data
were generated for this study and the cyclic MRNA-seq data were from (Cronn et al., 2017).
The RNA-seq reads were assembled de novo using Trinity (v2.8.5, (Grabherr et al., 2011)
into 83,829 transcripts with 42,616 cyclic-induced transcripts; 26,261 wasp-induced
transcripts; and 14,952 SNC-induced transcripts. The assembled transcripts were mapped to
the Douglas-fir reference genome using GMAP (v2019-03-15) and any previously
unannotated genes were appended to the existing annotation, producing a Douglas-fir merged
annotation with 94,716 genes. The high number of annotated genes are a result of merging
gene annotations from different tissues and assembly sources. Overlap of genes between
case-control groups was tested using the hypergeometric test in R v4.0.5. Functional
annotation of the assembled transcriptome was conducted using EnTAP (Hart et al., 2020).
Gene Ontology (GO) enrichment of Biological Process (BP), Molecular Function (MF) and
Cellular Component (CC) was conducted using EnTAP annotation topGO (v2.38.1) (Alexa &
Rahnenfuhrer, 2019).

Linkage Disequilibrium (LD) decay estimation

To estimate a proxy related to species-wide linkage disequilibrium (LD), we calculated the
correlation in allele frequency among SNPs across all populations using squared Spearman’s
rank correlation coefficient, p? (Hill & Robertson, 1968). To calculate background LD, we

randomly selected 10,000 SNPs across the genome, then identified all the contigs harbouring
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those 10,000 SNPs and then calculated r 2 among all pairwise combinations of SNPs within
each contig. This resulted in us calculating background r 2 within each of 19,095 contigs. The
non-linear decay of r 2 with genomic distance was fitted using Hill and Weir expectation

of r 2 between neighbouring sites (Hill & Weir, 1988), which is derived for a single
population but should give an approximately accurate shape for the expected rate of decay of

r 2with physical distances. We used the equation:

E(r?) = [10+C(2+C)(11+C)] * [1+ n(3+C)(12+12C+C?)(2+C)(11+C)]

where n is sample size, C is the product of the population recombination parameter (p = 4Ner)
and the distance between SNPs in base pairs as implemented in (Remington et al., 2001;
Marroni et al., 2011). Nonlinear least squares were used to fit this equation to SNC data using
the R package nls. LD decay or LD half-life was calculated as the point when the

observed r 2 between sites decays to less than half the maximum r 2 value. To evaluate the
extent of LD around GWAS significant SNPs, we calculated r 2 for all SNPs (neutral and
significant) on contigs that contained at least one significant GWAS SNP (for each pool).
Using the fitted background LD, we calculated residual LD for all contrasts with the GWAS
significant SNPs.

Results

GWAS analysis of Douglas-fir response to Swiss Needle Cast (SNC)

77 - 85% reads across pools mapped to the reference Douglas-fir genome. 672,965 SNPs
were retained after filtering across 13 Resistant (R) pools, 55 Tolerant (T) pools and 55
Intolerant (1) pools (Figure S2A). We identified 1320 significant SNPs (p.adjust < 0.05 FDR
corrected) for SNCi vsr case-control comparison; 1095 significant SNPs (p.adjust < 0.05 FDR
corrected) for SNCr vsr case-control comparison; and 182 significant SNPs (p.adjust < 0.05
FDR corrected) for SNC, vs T case-control comparison (Figure 1E, File S3). The SNC,vsr and
SNCrsr had a significant overlap of 84 SNPs (expected overlap = 2.1; p < le-15), thus we
identified 2,330 (1320+1095-85) SNC resistance-associated SNPs. The SNCivsr and SNCi vs
T had a significant overlap of 3 SNPs SNPs (expected overlap = 0.4; p = 5.7e-3; Figure 1E).
The SNCivst and SNCr vsr analysis had no overlap in SNPs.

10
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We annotated significant GWAS SNPs with the Douglas-fir genome annotation
(treegenesdb.org). SNCivsr SNPs mapped to 614 genes, SNCrvsr SNPs mapped to 541
genes, and SNC,vs T SNPs mapped to 82 genes (Figure 2A, File S3). There were no genes
overlapping among all three comparisons. 76 genes significantly overlapped between the
SNCivsr and the SNCrvsr comparisons (p < le-15; expected overlap = 10; Figure 2A, File
S3). Four genes significantly overlapped between the SNCivsr and SNCivs T comparisons (p
= 0.02; expected overlap = 1.6) and two genes overlapped between the SNCtvsr and SNCi vs
T comparisons (not significant p = 0.14; expected overlap = 1.3) (Figure 2A, File S3).
Overall, we found 1073 unique candidate genes underlying resistance to SNC, 76 unique
candidate genes underlying tolerance to SNC, and six candidate genes potentially involved in

both resistance and tolerance to SNC.

Most candidate genes had one significant SNP per gene, but some genes had up to 16
significant SNPs (Figure 2B). The genes with the highest number of significant SNPs were
identified from the SNCivsr and SNCr vsr analyses and thus are putatively involved in SNC
resistance. Candidate genes for SNC tolerance from the SNC, vs T analysis had a maximum of
three SNPs per gene. Notably, the gene TPR1 (topless-related protein 1) had 16 significant
SNPs; CYP78A4 (Cytochrome P450 78A4) had 9 significant SNPs;

cyclic. GAZW02100664.1 (gene expressed in circadian rhythm) and GTG2 (GPCR-type G
protein 2) had eight significant SNPs each; three transcripts wasp

(MSTRG.42441.3 MSTRG.42441, wasp_MSTRG.42442.1 MSTRG.42442,

snc_ MSTRG.7080.1_MSTRG.7080) expressed in wasp and SNC induced libraries had seven
significant SNPs each; and RNF8A (E3 ubiquitin-protein ligase rnf8-A), PRR
(pentatricopeptide repeat-containing protein) and DCR (BAHD acyltransferase DCR-like)
has six significant GWAS SNPs each (File S3).

Gene Ontology (GO) enrichment of SNC candidate genes
We tested GO enrichment of biological processes for the top 100 genes (ranked based on p-

values from the GWAS analysis) for each of three SNC case-control comparisons (File S3).

Relevant enriched GO terms for SNCi vsr Were immune system process, regulation of defense

11



Singh et al

response, jasmonic acid biosynthetic process, response to biotic stimulus, response to chitin
and response to wounding (File S4). Relevant enriched GO terms for SNC+ vsr Were immune
system process, negative regulation of the ethylene signalling pathway, and stomatal closure
and movement (File S4). Relevant enriched GO terms for SNCivs T were immune system
process, flavonoid, phenol, terpenoid, lignin, and antibiotic metabolic processes (File S4).
Candidate genes annotated with defense or immune response functions were: TPR1, GTG2,
HIR1, OPR2, RD19B, PAD4 and CYP78A4 from the SNCivsr comparison; ETR2, LOX,
PER21, PRR and SDH from the SNCr+ vsr comparison; and FMO1, RD19B and At5963020
(a predicted R gene) from the SNCivs T comparison (File S3).

Linkage disequilibrium (LD) of significant SNC SNPs

We defined LD decay as the point when the observed r 2 between SNPs decays to less than
half the maximum r 2 value. The background LD decay distance across the genome
calculated using all SNPs across a random subset of 19,095 contigs was 224 bp (Figure 3A,
Figure S3). Compared to the background, the LD decay distance of SNCivsr SNPs was the
largest at 1260 bp, followed by SNCtvsr SNPs at 762 bp, and the SNCivs T SNPs at 450 bp
(Figure 3A, Figure S3). Thus, SNC resistance-associated SNPs exhibited higher LD than
SNC tolerance-associated SNPs, which is suggestive of stronger selection on the SNC
resistance-associated SNPs. Natural selection on both SNC tolerant and resistance-associated
SNPs would be expected to result in genetic hitchhiking of neutral alleles on the same contig.
To look for this signature, we also analysed the relationship between the number of
significant SNC associated SNPs found per gene and pattern of LD across that gene (Figures
3B-D). To represent the amount of LD across a gene relative to the background expectation,
for each pairwise combination of SNPs we represented their observed LD as a residual
relative to the LD decay model that was fit to the background SNPs and took the average
across these residuals. As expected, due to genetic hitchhiking hypothesis, we found a
significant positive relationship between the number of SNPs associated with SNC resistance
in a gene and the average residual-LD across those genes for candidate genes from the SNC
T vs R comparison (pvalue = 0.005, correlation = 0.12, Figure 3D). This relationship was not
significant for genes from the SNC IvsR comparison or the SNC IvsT comparison (Figure
3B, C).

12
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GWAS analysis of Douglas-fir response to Rhabdocline Needle Cast (RNC)

80-84 % reads from RNC pools mapped to the reference Douglas-fir genome. 1,016,287
SNPs were retained after filtering across 5 Intolerant (I) and 5 Resistant (R) pools (Figure
S2B). We identified four significant SNPs (p.adjust < 0.05) for RNCi vsr case-control
comparison (Figure 1E, File S3). The RNC significant SNPs had no overlap with SNC
significant SNPs. We estimated the correlation of the allele frequencies of the four SNPs in
our dataset as a proxy for LD and found three SNP are in a cluster of high LD with each other
(Spearman’s p > 0.6; Figure 4A). We annotated the four RNC significant SNPs and only one
mapped to two genes (not fully overlapping) located on opposite strands, while the other
three SNPs were intergenic. On the - strand was Eukaryotic Release Factor 1 (ERF1) and on
the + strand was the Eurkaryotic Release Factor 105 (ERF105) (File S3).

Discussion

The eco-evolutionary dynamic of climate change and plant pathogens has increased the
severity of disease in agricultural and wild plant communities (Garrett et al., 2006). However,
our limited understanding of the genetic, adaptive, and mechanistic patterns of plant-
pathogen interactions impedes critical management and conservation decisions. This makes
empirical studies delineating the genetic basis of disease resistance crucial. Here we
investigated the genetic basis of resistance of two needle-cast disease-causing fungi in
economically and ecologically important Douglas-fir using a case-control approach to
genome-wide association analyses. We found SNC resistance and SNC tolerance in Douglas-
fir to have polygenic and largely non-overlapping genomic architectures. Our analyses
identified a suite of candidate genes for SNC tolerance/resistance and RNC resistance
involved in key plant immunity pathways and shed light on the signatures of selection in

these genes.

Tolerance and resistance represent two major plant defence mechanisms (Baucom & De
Roode, 2011). While pathogen resistance has been extensively studied, tolerance is less
understood in comparison because disease resistance is considered evolutionarily more

important (Pagan & Garcia-Arenal, 2018). In contrast, it has been hypothesised that tolerance

13
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and not resistance is the primary defense mechanism of Douglas-fir trees against SNC
because N. gaeumannii is an endophyte (Temel et al., 2004, 2005). However, neither the
genetic basis of tolerance nor resistance to SNC is well understood, even though this disease
has had a major impact on the forestry economy of the Pacific Northwest and its severity
increasing with climate change is increasing this impact (Shaw et al., 2021). We found that
both resistance and tolerance to SNC had complex genetic architectures involving hundreds
of SNPs, which may reflect the complex pathology of this disease (Stone, 2018; Montwé et
al., 2021). Plant disease resistance is a highly quantitative trait (Young, 2003), therefore our
discovery of more than one thousand candidate genes associated with SNC resistance is not
surprising. However, contrary to previous studies that suggest that disease tolerance involves
few genes (Pagan & Garcia-Arenal, 2018), we identified many candidate genes associated
with SNC tolerance. This suggests that tolerance to SNC in Douglas-fir, and tolerance
perhaps more broadly in plants, may be much more complex genetically than previously
thought, where selection can target multiple points in (perhaps multiple) physiological

pathways that can lead to pathogenic tolerance.

Disease tolerance and resistance mechanisms in plants are known to coexist and evolve
simultaneously(Restif & Koella, 2004). While most plant defence evolutionary models
assume the two mechanisms to be independent, it has been shown that they can be co-
dependent too (Howick & Lazzaro, 2017). We found small overlap of only three SNC
resistant and tolerance-associated SNPs, which suggests that the genetic bases of tolerance
and resistance to SNC in Douglas-fir are distinct. This was also echoed in only six candidate
genes being associated with both SNC resistance and tolerance. The non-overlapping
genomic architectures of these two SNC defence mechanisms in Douglas-fir may allow them
to evolve independently and reduce constrains imposed by genetic trade-offs (Howick &
Lazzaro, 2017). One of the six overlapping genes was the cysteine protease RD19B that is
known to play a role in pathogen resistance in Arabidopsis thaliana (Bernoux et al., 2008).
Given that each of these pairs of contrasts involves repeated use of the same pool of
individuals (e.g. both I vs. R and T vs. R involve comparison with the R strain), this limited
overlap is particularly noteworthy as more overlap might be expected given the

nonindependence of the comparisons.

Plants have evolved constitutive and induced immunity for defense against pests and

pathogens (Freeman & Beattie, 2008). Constitutive defenses consist of structural barriers that
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prevent infection such as waxy cuticles and cell wall. Induced defenses involved the
production of chemicals, enzymes that degrade pathogen cells or cause programmed host cell
death (Freeman & Beattie, 2008). There are two categories of induced resistance (1) Systemic
acquired resistance (SAR), which is a salicylic acid dependent process that produces
pathogenesis related (PR) proteins (Lefevere et al., 2020); (2) Induced systemic resistance
(ISR), which is mediated by the phytohormones ethylene and jasmonate and does not involve
PR proteins (Hammerschmidt, 1999). We found the gene COMT, which is involved in lignin
biosynthesis, to be associated with SNC resistance and this provides a clue that lignin
biosynthesis might be involved in resistance to N. gaeumannii (Ma & Xu, 2008). Lignin is
another secondary metabolite found in fir needles and lignin deposition can also act as a
physical barrier restricting pathogen growth as lignin is a polymer that is very recalcitrant to
degradation (Lee et al., 2019). Furthermore, we found that genes associated with SNC
resistance were enriched with GO terms related to defense response as well as the jasmonic
acid and ethylene signalling pathways, which play a key role in plant immunity (Miller et al.,
2017). Interestingly, regulation of stomatal closure and movement were also enriched GO
terms for SNC resistance genes. This may point to stomatal regulation during N. gaeumannii
infection as an important defense response. Swiss Needle Cast-resistance genes were also
involved in responses to biotic stress and chitin. This could reflect the interaction of cells in
the needles of Douglas-fir with N. gaeumannii, as fungal cell walls contain chitin and plant
cell walls do not (Pusztahelyi, 2018). Plants have evolved immune responses that detect
fungal chitin as a microbe-associated molecular pattern (Pusztahelyi, 2018). The ‘response to
wounding’ GO term that was enriched in SNC resistance genes may refer to the abscission of
needles caused by SNC or reflect a general response to infection. Interestingly, SNC
tolerance genes were enriched for flavonoid, phenol, terpenoid, lignin metabolic process and
antibiotic metabolic process. Flavanoids, phenols, and terpenes are secondary metabolites
that can function as antibiotics in plants (Falcone Ferreyra et al., 2012; Sharma et al., 2017;
Tuladhar et al., 2021). Overall, we find that plant phytohormones play a larger role in SNC
resistance and secondary metabolites play a larger role in SNC tolerance in Douglas-fir.
Plants produce phytohormones to rapidly and specifically respond to environmental stressors,

such as fungal pathogens.

One of the most intriguing candidate genes for SNC resistance was the AS1-like gene, which

is a transcription factor that negatively regulates inducible resistance against pathogens by
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binding to promoters of the jasmonic acid pathway (Nurmberg et al., 2007). Loss of function
mutations of AS1 were found to increase resistance against necrotrophic fungi in A. thaliana
and thus function was evolutionarily conserved in plants spanning a 125 Ma of divergence
time (Nurmberg et al., 2007). Another important candidate gene for SNC resistance was
GTG2, a G-protein coupled receptor for abscisic acid (Pandey et al., 2009). G-proteins are
known to play a role in plant immunity by regulating stomatal closure, restricting pathogen
invasion (Zhang et al., 2012). Abscisic acid is one of the best studied regulators of stomatal
closure (Wang et al., 2011). Pattern-recognition receptor (PRR) was another key candidate
gene found in our study. PRRs are important plant receptors that activate immune response
after detecting pathogen associated molecular patterns (Wang & Chai, 2020). Other important
candidates for SNC resistance were PAD4, which plays a role in salicylic acid-dependent
plant defense against pathogens (Jirage et al., 1999); LOX gene, known to play a role in plant
defense by programmed cell death hypersensitive response at the site of necrosis (Rustérucci
et al., 1999; Kolomiets et al., 2000); PER21, a member of peroxidase family that are
evolutionarily conserved and involved in plant defense responses against pathogenic fungi
(Mir et al., 2015); SDH, a succinate dehydrogenase that regulates plant defense to fungi in
potatoes via the salicyclic acid pathway (Zhang et al., 2020); a DCR-like gene that plays a
key role in the formation of cutin, which is a key component of the plant cuticle that acts as a
physical defense barrier against invading fungal pathogens (Panikashvili et al., 2009; Serrano
et al., 2014); a probable Resistance (R) gene: the LRR receptor-like serine/threonine-protein
kinase (At1g67720); and the FMOL1 gene, a flavin dependent monooxygenase that is a crucial
component of acquired systemic resistance against pathogens (Mishina & Zeier, 2006). All
this evidence points to a strong immune response from Douglas-fir to N. gaeumannii
infection. This contradicts previous thinking about the endophytic nature of N. gaeumannii

compared to necrophytic fungal pathogens prevents it from triggering host immunity.

Pathogens impose selection pressure on their hosts. Positive selection occurs when an allele
favored by natural selection increases in frequency in the population. Due to genetic
hitchhiking, neighboring linked neutral alleles also increase in frequency, reducing nearby
variation, which results in selective sweeps (Maynard Smith & Haigh, 1974; Barton, 2000).
Such signatures of positive selection can be detected by searching for regions of reduced
variation or elevated LD patterns introduced by selective sweeps across the genome (Nielsen,
2005). While we lost haplotype information with our pool-seq datasets, we use the correlation

of allele frequencies across populations between loci as a proxy for LD. This method was
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highly correlated to haplotype-derived estimates (Lucek & Willi, 2021). We found that the
LD decay on contigs with SNC resistance-associated SNPs was 5-fold higher than from
random background contigs, and LD decay on contigs with SNC tolerance-associated SNPs
was 2-fold higher than random background contigs. This LD patterns suggest that SNC
tolerance and resistance-associated SNPs are experiencing positive selection in Douglas-fir

and that selection is stronger on resistance-associated SNPs than the tolerant SNPs.

Another indicator of the strength of selection is the number of significantly associated SNPs
(Figure 2B). Candidate genes for SNC resistance phenotypes had some of the highest number
of significant SNPs per gene, suggesting that they are under stronger selection than SNC
tolerance genes (Figure 3). However, the large number of significant SNPs does not directly
indicate many selected causal SNPs, it could also arise indirectly due to selection, causing
flanking SNPs to have similar allele frequency patterns (Mitchell-Olds et al., 2007). We
found a positive relationship between number of significant SNPs per genes and the
landscape of LD around that gene, suggesting that selection on causal SNC resistance-
associated variants was causing an elevation in LD. As this relationship did not hold for SNC
tolerance-associated SNPs, we conclude that selection is stronger on SNC resistance in
Douglas-fir than SNC tolerance and that the number of causal variants underlying SNC
resistance is much lower than identified here. Of the candidate SNC resistance genes that had
many SNPs, of note was the gene TPR1 that contains 16 significant SNPs. This gene has
been shown to activate TIR-NB-LRR R protein-mediated immune responses by repressing its
negative regulators in A. thaliana (Zhu et al., 2010). The GTG2, PRR, and DCR-like genes
discussed above had six or more outlier SNPs each. While likely driven in part by hitchhiking
with strong selection, this high number of significant SNPs in SNC resistance genes may also
represent selection on multiple causal variants, as the result of the plant-pathogen arms race
that requires plant R genes to constantly evolve to keep up with the evolutionary trajectory of
the pathogen (Yang et al., 2013).

The most strongly associated candidate gene for RNC resistance was ERF1, a member of the
ERF/AP2 transcription factor family. ERF1 acts downstream of two major plant immunity
pathways (ethylene and jasmonate signalling, Figure 4B), regulating pathogen response genes
that inhibit disease progression (Lorenzo et al., 2003). It is possible (but unlikely) that RNC

resistance in Douglas-fir involves only one large effect gene. However, it is more likely that
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our statistical power to detect more RNC resistance-associated SNPs was limited by the few
individuals that were sampled for this GWAS comparison. There was no overlap in the
candidate SNPs or genes for SNC and RNC, this was partly expected as the two fungal
pathogens have very different pathological behaviours (Stone et al., 2008b,a). However, there
is an overlap in the plant immunity pathways, ethylene and jasmonate, that are involved in
both RNC and SNC resistance. Interestingly, the ERF1 is locally adapted to summer heat
moisture and Hargreaves climate moisture deficit environmental variables in natural
populations of coastal Douglas-fir (Lind et al, Baypass results, in prep). This is striking as R.
pseudotsugae spore release is dependent on moisture available through high humidity, dew or
rainfall (Wilhelmi et al., 2021). It also implies that climate change will impact the ability of

Douglas-fir trees to response to RNC.

In conclusion, our study sheds light on the polygenic genomic architectures of tolerance and
resistance to the little understood needle cast diseases SNC and RNC in Douglas-fir. The
SNP-array that we designed using the SNPs from this study pave the way for improved

genomic selection in forestry management and conservation of Douglas-fir trees.
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Figure 1 Damage in coastal Douglas-fir forests from (A) Swiss Needle Cast (SNC) disease
caused by Nothophaeocryptopus gaeumannii. (B) N. gaeumannii infected Douglas-fir
needles. (C) Rhabdocline Needle Cast (RNC) epidemic caused by Rhabdocline
pseudotsugae in Pacific North-Western USA. (D) R. pseudotsugae infected Douglas-fir
needles. (E) Number of significantly associated SNPs (FDR adjusted) from SNC and RNC
GWAS analysis. Asterisks indicate greater than expected significant (p < 0.005)
hypergeometric overlap across tests. Observed overlap indicated below the asterisk and
expected overlap indicated above the asterisk. | = disease intolerant, R = disease resistant;

T=disease tolerant.
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Figure 2 (A) Overlap of SNC tolerant and resistant candidate genes. Asterisks denote

significant hypergeometric overlaps and n.s. denotes non-significant overlap (B) Number of

significant SNPs per SNC candidate genes.
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Figure 3 Overview of Linkage disequilibrium (LD) around SNC resistant and tolerant SNPs
(A) Genome-wide LD residuals compared to LD residuals around SNC associated SNPs. LD
is calculated as r?as a function of distance. For SNC associated SNPs, r?is the correlation of
allele frequencies of significant SNC SNPs and ‘neutral’ SNPs on the same contig.
Background LD is calculated using a random set of SNPs across the genome (see Methods).
Residuals are the difference between the observed and expected LD (B, C, D) Relationship

between the number of significant SNPs found per gene versus average LD across the gene.

28



Singh et al

wy?-mm phosphoretay signal transcuction system

09 response to biotic stimulus
[CI7190000047443-10789% | 0.8 o p -

positive mguiation of biological process | FSSPONS2 10 stress.
. .
98 response Lo Chemical cefense response
o5 regulation of transcrigtion, DNA-templated .
JO7190000006591-205668 In. reguiation of metabolic process.
03

positive reguiation of gene expression
cellular ro5poNEe to SUMUILS

BN
response 10 ‘substance
oo _,.Ma.m“.u. . “

response o oxygen-conlaining CompoUnd

|

.3“ stimulus.
[

Galulr response 16,0 compound
017190000019269-39557 . ‘
W“?W indced systegnic rsistance

3 3

2 response to rogen compaund

£ immune effector process

m—;m .

:
i

899562~ 16S900000081 L

5
:
§
§

Colular mSpONss 10 aifiylens stimuls. mwrrmncm

Figure 4 (A) Spearman’s rho correlation of allele frequency of RNC significant SNPs. (B)
Gene Ontology network of the biological processes associated with the ERF1 gene.
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