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¢ Understanding the genetic basis of how plants defend against pathogens is important to
monitor and maintain resilient tree populations. Swiss needle cast (SNC) and Rhabdocline
needle cast (RNC) epidemics are responsible for major damage of forest ecosystems in North
America.

¢ Here we investigate the genetic architecture of tolerance and resistance to needle cast dis-
eases in Douglas-fir (Pseudotsuga menziesii) caused by two fungal pathogens: SNC caused
by Nothophaeocryptopus gaeumannii, and RNC caused by Rhabdocline pseudotsugae.

e We performed case-control genome-wide association analyses and found disease resis-
tance and tolerance in Douglas-fir to be polygenic and under strong selection. We show that
stomatal regulation as well as ethylene and jasmonic acid pathways are important for resisting
SNC infection, and secondary metabolite pathways play a role in tolerating SNC once the
plant is infected. We identify a major transcriptional regulator of plant defense, ERF1, as the
top candidate for RNC resistance.

e Our findings shed light on the highly polygenic architectures underlying fungal disease
resistance and tolerance and have important implications for forestry and conservation as the
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Introduction

Douglas-fir (Psendotsuga menziesii) is a foundational species in
western North America, found in abundance both in coastal rain-
forests (var. menziesii) and in drier, warm continental climates
(var. glauca). It is one of the most valuable timber trees and a key-
stone species in several forest ecosystems. Anthropogenic factors,
such as climate change, threaten the health and productivity of
Douglas-fir in its native and non-native range. Pathogens also
pose an unprecedented threat to our natural and commercially
valuable forests (Smith er 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 er al., 2004; Evans er al., 2008; Juroszek et al., 2020).
Identifying genetic variation underlying disease resistance is cru-
cial to estimate the adaptive potential of plants and select for
resistant genotypes. Swiss needle cast (SNC), caused by Notho-
phaeocryptopus gaewmannii, and Rhabdocline needle cast (RNC),
caused by Rhbabdocline pseudorsugae, are two such pathogens
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causing diseases exclusive to the widespread ecologically and eco-
nomically important conifer species Douglas-fir (Boyce, 1940;
Chastagner, 2001).

Swiss needle cast (SNC) is thought to be native to Douglas-fir
trees in North America (Boyce, 1940) but was first described in
Switzerland in 1925 and has since spread across the globe, to
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 (Fig. 1a) and has worsened over the last
40 yr (Hansen et al., 2000; Black et al., 2010; Shaw et al., 2021).
Nothophaceocryptopus gaeumannii thrives in humid conditions that
are found where the coastal variety P. menziesii var. menziesii
grows. During V. gaeumannii infection, pseudothecia occlude
Douglas-fir stomata (Fig. 1b), reducing CO, uptake (Capi-
tano, 1999; Manter et al., 2003). Once 25% of the stomata are
occluded, net CO, uptake approaches zero, needle retention
decreases and chlorosis increases (Manter et a2/, 2000, 2003;
Ritékova e al., 2016). This inevitably results in reduction in tree
growth, but tree mortality as a result is rare (Shaw ez 2/, 2011).
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Fig. 1 Damage in coastal Douglas-fir (Pseudotsuga menziesii var. menziesii) trees from (a) Swiss needle cast (SNC) disease caused by
Nothophaeocryptopus gaeumannii that results in poor foliage retention. (b) Nothophaeocryptopus gaeumannii infected Douglas-fir needles. Fruiting
fungal bodies (pseudothecia) appear black and occupy stomata. (c) Heavily infected Douglas-fir tree by Rhabdocline needle cast (RNC) disease caused by
Rhabdocline pseudotsugae. (d) Rhabdocline pseudotsugae causes reddish-brown blotches on infected needles, followed by defoliation, growth loss, and
eventual tree mortality. (e) Distribution of SNC lineages identified at planting sites in Pacific Northwestern USA investigated in this study.

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 ez 4/, 2010). Disease
prediction models have found that warmer winters and higher
spring and summer precipitation in previous years strongly corre-
lates with SNC abundance and severity in the following years
(Stone ez al, 2008; Wilhelmi ez 2/, 2017). As much as 50%
growth loss has been reported in coastal Douglas-fir since 1990
from SNC epidemics (Maguire et al., 2002; Shaw et al., 2021).
The resulting reduction in CO, fixation is a global concern
because Douglas-firs represent a major terrestrial carbon sink.
With climate change resulting in warmer temperatures,
N. gaewmannii severity is projected to expand and become a
major environmental challenge beyond the coastal fog belt (Lee
et al., 2017). Recently, two major sympatric genetic lineages of
N. gaewmannii were identified in the coastal Pacific Northwest. A
distribution modelling approach suggested that the environmen-
tal tolerance range of lineage 1 exceeds that of lineage 2 and that
lineage 1 should expand inland while distribution of lineage 2
should remain limited to its current range (Herpin-Saunier
etal, 2022).

Douglas-fir is host to another foliar fungal pathogen,
R. pseudorsugae, which causes RNC in the coastal Pacific North-
west United States and Canada (Chastagner, 2001; Fig. lc,d)
and has spread to Europe. The infection by R. pseudotsugae is
thought to be associated with local environments, particularly
moisture (Wilhelmi ez al,, 2017, 2021). Rhabdocline spp. require
similar environmental conditions as N. gaeumannii with high
humidity, rain, and mild temperatures most conducive to infec-
tion (Parker, 1970; Chastagner er al, 1990). Unlike
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N. gaeumannii, Rhabdocline spp. infection takes place directly
through the cuticle of the needle (Brandt, 1960) and it kill host
cells as it progresses. This produces mottled chlorosis and necro-
tic spots that coalesce giving the foliage a characteristic chlorotic
yellow to light brown color. Needles are generally cast in the early
summer, shortly before or after fruiting bodies emerge
(Brandt, 1960; Chastagner et al., 1990; Wilhelmi ez al., 2021).
Decreases in growth due to the loss of foliage related to Rhabdo-
cline 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). Hereafter we refer to ‘resistance’ as the tree defense
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 pathogen, sensu Wilhelmi ez al. (2017). In
coastal Douglas-fir populations where SNC infections can be
severe, trees have evolved resistance as well as tolerance to SNC
(Shaw et al., 2011; Lee et al., 2017). Wilhelmi et /. (2017) found
evidence for genetic variation across populations in the Pacific
Northwest for SNC tolerance (but not resistance) and RNC resis-
tance. This local adaptation for SNC tolerance and RNC
resistance is consistent with how plant pathosystems evolve (Croll
& McDonald, 2017). Plant populations under stronger pathogen
pressure evolve higher tolerance/resistance to the pathogen.
Therefore, local adaptation plays a key role in the evolutionary
trajectory of plant—pathogen interactions. The difference in toler-
ance/resistance between SNC and RNC is attributed to their
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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). Like SNC, RNC resistance is
also known to have a genetic basis (Wilhelmi ez 4/, 2017, 2021;
Stone, 2018). Even though the epidemiology and pathogenicity
of these two needle cast diseases are well studied, the molecular
genetic basis of resistance and tolerance to infection is poorly
understood.

Genome-wide association studies (GWAS) have played a cru-
cial role in identifying the genetic regions associated with dis-
ease resistance in plants (Zhu ez 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 Northwestern USA. Our statistical analysis has been
adapted for Douglas-fir exome pooled-sequencing data from
multiple populations with 4-20 individuals per population.
A case—control design compares allele frequencies between a
group of disease resistant (or tolerant) individuals (cases) and
a group of disease intolerant individuals (controls). Our aim
was to shed light on the genetic architecture of disease tolerance
and resistance in Douglas-fir and identify candidate genes
that play an adaptive role in fighting off 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 manage-
ment and conservation of Douglas-fir (B. M. Lind e# al, in
preparation).

Materials and Methods

Sampling, study design, and disease phenotyping

A Seed Source Movement Trial (SSMT) was used to evaluate
resistance and tolerance to natural infections of SNC and RNC
by local fungal strains in 60 Douglas-fir populations (seed
sources) from 12 geographic regions in Oregon, Washington,
and California (see Wilhelmi ez al, 2017 for details, Fig. le, Sup-
porting Information Fig. S1; Table S1 have sampling and loca-
tion information). Foresters use SSMTs to test seed sources to
make decisions about planting locations where the seed source
environment and the future climate will be similar. SSMTs are
also known as ‘assisted migration’ with the idea that we are assist-
ing plants move to better suited environments faster than they
would naturally. Each of the 12 regions included samples from
five populations, with samples from each population consisting
of open-pollinated seed from two parent trees naturally regener-
ated within a stand (Table S1). Parents were located 100 m apart
to avoid sampling close relatives. The seed source regions and test
sites were used to capture the climatic gradients experienced by
P. menziesii var. menziesii. 7040 1 yr old trees were planted in the
nine common gardens (test sites) and surveyed after 7 yr (8 yr
old), with different subsets of these test sites included in the
SNC/RNC sequencing pools, as described below. Notes S1 con-
tains the protocol of tree health phenotyping by foresters for this
study. Trees were not artificially infected and were exposed to
naturally occurring levels of SNC/RNC inoculum/infection in
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nature. The timing and level of inoculum is consistent within a
test site but differences in climate, infection timing, and level of
inoculum will vary from site to site.

A two-step process was used to classify individuals into the
‘resistant’ (R), ‘tolerant’ (T), and ‘intolerant’ (I) SNC groups
within each combination of planting site and seed source region
using the tree health phenotypes assigned by foresters. First, indi-
viduals were classified into the resistant group based on the sever-
ity of SNC infection, assessed as the proportion of stomata that
were occluded by pseudothecia, using measurements from two
secondary lateral branches on the fourth whorl from the top of
the tree, one from the North and one from the South side of the
tree. Individuals with no or very few pseudothecia present on
the underside of the needle were classified as resistant (a score of
0 or 1 out of 3), with no more than two individuals per family
included in a site X region group. In many of the site X region
groups, there was an insufficient number of resistant individuals
to form a pool for sequencing, so only 13 site X region resistant
pools were sequenced. Within each site X region group, from
individuals falling into the top 75% by stomatal occlusion, trees
were further classified into ‘tolerant’ and ‘intolerant’ groups
based on an overall health index combining the following pheno-
type criteria: (A) Crown density rated on a scale ranging from 1
to 4, with a 1 corresponding to an unhealthy, sparse crown lack-
ing in needle retention and a 4 corresponding to a full healthy
crown (note: this estimate is a function of all the infections
(every spring) that have occurred since planting and individual
tree tolerance/resistance to infection); (B) Crown color rated on
a scale from 1 to 3, with 1 corresponding to highly chlorotic
crown color and 3 corresponding to a healthy green crown color;
and (C) Needle retention 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 cur-
rent year needles, 50% of its second-year needles and no
third-year needles). As crown density was considered the most
representative measure, the index of overall health was calculated
as: 2 X Crown density + Crown color + Needle retention. Pools
of tolerant and intolerant individuals were constructed within
each site X region combination by picking the highest- and
lowest-ranked individuals from each family using this health
index (note that the cutoffs for these rankings can, therefore, vary
among site X region combinations; Fig. S2). For the RNC analy-
sis, infection severity was assessed as a single index from 0 (most
severe) to 3 (least severe). Pooling for RNC was conducted as
above, but there were fewer populations infected so fewer pools
could be included. The final set of site X region combinations
included in our study come from 5 out of 9 of the planting sites
and 11 out of the 12 seed source regions (see Dryad repository
for detailed list); three California planting sites were excluded
due to limited prevalence of SNC, one planting site was excluded
for logistical reasons associated with sampling DNA, and one
region was excluded due to extreme rhabdocline infection. The
R script used to calculate severity indices and assign resistant/to-
lerant/intolerant phenotypes is included in the Dryad repository
(categorising_infection_severity.R). Fig. S2 illustrates health
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index of SNC tolerant and intolerant individuals selected for
each site.

Probe design and sequencing

We used a pool-sequencing approach that targeted exon regions.
For probe design details see Lind et a4l (2022). Briefly, the
sequence capture probes were designed using 37787 genes
identified in Douglas-fir RNA-Seq data from (1) daily and
cyclic-induced experiments (Cronn ez al., 2017) and (2) needles
samples infected by the fungal pathogen causing SNC
N. gaeumannii (Lind et al., 2022). Exon sequences with a length
of at least 100 bp were submitted to Roche NimbleGen for Cus-
tom SeqCap EZ probe design.

For pool-seq, DNA was extracted from newly expanded
Douglas-fir needles to ensure low hyphal load. DNA samples were
normalized at ¢. 10 ng pl ™" and 4-20 individuals were pooled per
site (see Table S2 for DNA concentrations and ploidy of pools) by
combining equimolar amounts of individual DNA samples prior
to library preparation. Barcoded (Roche Diagnostics Corp., India-
napolis, IN, USA) libraries were made using 100-150 ng of DNA
from each pooled DNA sample with an ¢. 450-bp mean insert size.
SeqCap library preparation was performed using custom Nimble-
gen SeqCap probes according to the NimbleGen SeqCap EZ
HyperCap Workflow User’s Guide v.2 (Roche Sequencing Solu-
tions Inc., Pleasanton, CA, USA). Following capture, each library
was sequenced in a 150 bp paired-end format on an Illumina
NovaSeq 6000 instrument at the Genome Quebec Innovation
Centre (McGill University, Montreal, QC, Canada).

Mapping and SNP calling

As in Lind er al (2022), we used the VARScaN pipeline
(Lind, 2022) to process our genomic data. Raw sequence reads
were trimmed with Fastp (v.0.19.5; Chen et al., 2018) by trim-
ming reads that did not pass quality filters of <20 N’s, a mini-
mum mean PHRED quality score of 30 for sliding windows of
5 bp, and a final length of 75 bp with no more than 20 bp called
as N (-n 20 -M 30 -W 5 -l 75 -g -3). Trimmed reads were
mapped with Bwa-MeM (v.0.7.17; Li & Durbin, 2009) to the
congeneric Douglas-fir  P. menziesii var. menziesii reference
(v.1.0) (Wegrzyn et al., 2014). This reference was extended by
including nonredundant contigs from an in-house Douglas-fir
SNC infected needle transcriptome assembly. See Extended
annotation section below for details on the extended reference.
The mapped read .sam files were converted to binary with SAM-
TOOLS v.1.9 (view, sort, index; Li ez al, 2009) and subsequently
filtered for proper pairs and a mapping quality score of 20 or
greater (view -q 20 -f 0x0002 -F 0x0004). Using PICARD tools
v.2.18.9 (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 (v.2.4.3;
Koboldt ez al., 2012) by passing a SAMTOOLS mpileup object
directly to VarScan::mpileup2cns with a minimum coverage set
to 8, P-value < 0.05 from a Fisher exact test on observed vs
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expected read counts for nonhomozygous calls (given sequencing
error), minimum variant frequency of 0.00, ignoring variants
with < 90% support on one strand, a minimum average geno-
type 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-freq-for-
hom 0.80). Global allele frequency was calculated by multiplying
each pool’s ploidy (27) by the pool’s ALT allele frequency, sum-
ming these products, and dividing by the total ploidy across
populations. The output was filtered with a custom PyrHON
(v.3.7, 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 gen-
erated by calculating REF/ALT allele counts by multiplying the
total ploidy of the pool (2 X number of individuals) by the ALT
allele frequency or 1 —ALT allele frequency. SNPs flagged as
being paralogs by were discarded. Paralogous regions were identi-
fied using Douglas-fir haploid megagametophyte data from
Douglas-fir data, where apparent heterozygous regions represent
collapsed paralogs, see Lind ez al. (2022) for details. Code for the
SNP calling pipeline can be found here: https://GitHub.
com/CoAdapTree/varscan_pipeline.

Cochran—Mantel-Haenszel (CMH) test

A case—control method was implemented to identify loci asso-
ciated with SNC and RNC tolerance/resistance. Using output
from the VARScaN pipeline (Lind, 2022) we performed GWAS
using a modified Cochran—Mantel-Haenzel (CMH) test imple-
mented in PyrHON (Lind, 2023) across stratified contingency
tables. Here, each stratum pertains to a single population (i.e.
site X region combination), where each population has a ‘case’
and a ‘control’ pool. In every comparison, ‘case’ was always the
most affected group and ‘control’ was always the least affected
group. Each contingency table is 2 X 2 — case and control X REF
and ALT allele counts. ALT and REF allele counts are calculated
by multiplying the ploidy of the pool (27) by either the ALTfreq
or (I — 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 vs Tolerant, (2) Tolerant vs Resistant, and (3)
Intolerant vs Resistant comparisons. SNC Tolerant vs Resistance
comparison was included for completeness on the off chance that
there were any important GWAS signals that differentiated trees
that had lowest amounts of SNC damage from those that were
intermediate. For RNC, susceptible vs 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 v.4.0.5.
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Extended annotation and Gene Ontology enrichment

The existing Douglas-fir genome annotation (v.1.0) from
treegenesdb.org (Neale ez al, 2017) was extended for this study by
including genes expressed in the transcriptomes of Douglas-fir nee-
dles during (1) SNC infection (Lind ez 2/, 2022), (2) wasp infec-
tion, and (3) cyclic thythms (Cronn ez 4, 2017) that were not
already present in the previous annotation. These transcriptomes
were used to design the probes for this study and therefore includ-
ing these expressed genes in the annotation would allow for more
informative interpretation of the GWAS results. The RNA-Seq
reads were assembled de novo using TRINITY (v.2.8.5; Grabherr
et al, 2011) into 83 829 transcripts with 42616 cydic-induced
transcripts; 26261 wasp-induced  transcripts; and 14952
SNC-induced transcripts. The assembled transcripts were mapped
to the Douglas-fir reference genome using Gmap (v.2019-03-15)
and any previously unannotated genes were appended to the exist-
ing annotation, producing a Douglas-fir extended annotation with
94716 genes. The high number of annotated genes are a result of
merging gene annotations from different tissues and assembly
sources, and it would be important to verify these gene annotations
in the future, particularly those of GWAS top candidate genes.
Opverlap of genes between case—control groups was tested using the
hypergeometric test in R v.4.0.5. Functional annotation of the
assembled transcriptome was conducted using ENTAP (Hart
et al., 2020). Gene Ontology (GO) enrichment of Biological Pro-
cess (BP), Molecular Function (MF) and Cellular Component
(CC) was conducted using ENTAP annotation ToPGO (v.2.38.1)
(Alexa & Rahnenfuhrer, 2024).

Linkage disequilibrium decay estimation

To estimate a proxy related to species-wide linkage disequili-
brium (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 cal-
culate background LD, we randomly selected 10 000 SNPs across
the genome, then identified all the contigs harboring those
10 000 SNPs and then calculated 7 among all pairwise combina-
tions of SNPs within each contig. This resulted in us calculating
background # within each of 19095 contigs. The nonlinear
decay of #* with genomic distance was fitted using Hill and Weir
expectation of # between neighboring 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 7
with physical distances. We used the equation:

(7)) = (10+C(2+ C)(11 4 C))
X (1 +a(3+ C)(124+ 12C + C?)(2+ C)(11 + C))
where 7 is sample size, C'is the product of the population recom-

bination parameter (p =4N,.7) and the distance between SNPs
in base pairs as implemented in Remington ez 4/ (2001) and
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Marroni ez 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 # between
sites decays to less than half the maximum 7 value. To evaluate
the extent of LD around GWAS significant SNPs, we calculated
# 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. Due to the fragmented nature
of the Douglas-fir genome, we were only able to assess LD decay
within contigs (with a contig N50 of 44 kbp and scaffold N50 of
340 kbp (Neale ez al., 2017)) and compare this to the distribu-
tion of LD among contigs, which we assume represents the geno-
mic background. This difference in LD decay is biologically
relevant for our research question and it is unlikely that contig
length would drive spurious associations here. Contig length is
more likely to limit our power to detect a decay that extends
beyond the bounds of a contig, resulting in a lower-powered ana-
lysis. Thus, our interpretation of LD decay patterns around
GWAS SNPs is relative to the genomic background and not be
interpreted as standalone estimates of LD due to the fragmented
nature of the reference genome.

Identifying SNC lineages in Douglas-fir samples

Raw pair-end reads of 132 Douglas-fir samples were aligned to
the reference genome of the Swiss needle cast agent
(N. gaeumannii; GenBank accession no. GCA_002116385) with
Minimmar2 (Li, 2018) using the default parameters. Nothophaeo-
crypropus gaeumannii reads were then extracted with SAMTOOLS
and biallelic polymorphic loci (SNPs; minimum mapping quality
of 30) were called using BCFrooLs view (Li er al, 2009)
and exported in VCF format before being used for lineage
assignment.

We designed an assignment procedure to test the most likely
origin of the group of unknown isolates as described in Hamelin
et al. (2022). This procedure consisted of building a Bayesian
naive classifier model for two different classes (i.e. putative SNC
genetic lineages (Bennett ez al., 2016)) based on & SNP loci and
obtaining the probability than an unknown SNC sample to
belong to each of these classes. The training set was composed of
a set of 100 individuals (66 individuals for lineage 1 and 37 for
lineage 2) in which a list of 88 914 haploid SNPs was available.
For each sample to test, the classifier was trained with the £ SNPs
mapped with BCFTooLs among the list of 88 914 SNPs. Confi-
dence (probability of having a positive when it is a true positive)
of the assignment procedure at different # SNP numbers was
determined by doing 1000 reassignment iterations with a ran-
dom sample of one third of the individuals from each SNC line-
age. Values of 99.5% confidence in assignment were attained
with 8 and 9 SNPs for lineage 1 and 2, respectively. The naive
bayes classifier algorithm was implemented in a custom PYTHON
script using the PYTHON package SCIKIT-LEARN 0.24.1 and assum-
ing Multinomial distribution of the data.
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Results

GWAS analysis of Douglas-fir response to Swiss needle
cast (SNC)

The final dataset for SNC GWAS analysis contained 13 Resistant
(R) pools, 55 Tolerant (T) pools and 55 Intolerant (I) pools. 77—
85% of sequenced reads across pools mapped to the reference
Douglas-fir genome. After SNP calling and filtering for quality,
672965 SNPs were retained (Fig. S3A). We conducted GWA
analysis for SNC tolerant, intolerant and resistant populations
and identified 1320 significant SNPs (P.adjust < 0.05 FDR cor-
rected) for SNC;  r case—control comparison; 1095 significant
SNPs (P.adjust < 0.05 FDR corrected) for SNCr ; r case—con-
trol comparison; and 182 significant SNPs (P.adjust < 0.05 FDR
corrected) for SNCj .y T case—control comparison (Fig. 2a;
Table S3). To investigate if SNC tolerant, intolerant and resistant
SNPs may have shared genetic architectures, we investigated
overlap of significant GWAS SNPs between case—control com-
parisons. SNCj s r and SNCr g analyses had a significant over-
lap of 84 SNPs (expected overlap=2.1; P< le-15), thus we
identified 2330 (1320 + 1095-84) SNC resistance-associated
SNPs. The SNC; , r and SNC;j ,, T analyses had a significant
overlap of three SNPs (expected overlap=0.4; P=5.7e-3;
Fig. 2a). The SNC; ; T and SNCr , g analysis had no overlap
in SNPs.

To further investigate the genetic architecture of SNC
response phenotypes, we annotated significant GWAS SNPs
with the Douglas-fir genome annotation (see Dryad repository).
SNC; s r SNPs mapped to 614 genes, SNCr ,, g SNPs mapped
to 541 genes, and SNCj 7 SNPs mapped to 82 genes (Fig. 2b;
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Table S3). There were no genes overlapping among all three
case—control comparisons. Seventy-six genes significantly over-
lapped between the SNC; ; g and the SNCr ; r comparisons
(P< 1e-15; expected overlap =10; Fig. 2b; Table S3). Four
genes significantly overlapped between the SNC; ; g and
SNC; ;T comparisons (P=0.02; expected overlap =1.6) and
two genes overlapped between the SNCr ,; g and SNC; T
comparisons (not significant P=0.14; expected overlap =1.3)
(Fig. 2b; Table 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 (Table S3).

Most candidate genes had one significant SNP per gene, but
some genes had up to 16 significant SNPs (Figs 2c, S4). The genes
with the highest number of significant SNPs were identified from
the SNC; , r and SNCr g analyses and thus are putatively
involved in SNC resistance. Candidate genes for SNC tolerance
from the SNC; ,, 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 sig-
nificant SNPs; cyclic. GAZW02100664.1 (gene expressed in circa-
dian rhythm) and GTG2 (GPCR-type G protein 2) had eight
significant SNPs each; three transcripts that were expressed in wasp
and SNC-induced libraries (MSTRG.42441.3_MSTRG.42441,
wasp_MSTRG.42442.1_MSTRG.42442, snc. MSTRG.7080.1_
MSTRG.7080) 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 (Table S3). These
genes also had a higher number of significant SNPs compared to
the 0.999 quantile of the binomial expectation (Fig. S5).
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Fig.2 (a) Number of significantly (false discovery rate adjusted) associated single nucleotide polymoprhisms (SNPs) from Swiss needle cast (SNC) and
Rhabdocline needle cast genome-wide association studies analysis in coastal Douglas-fir (Pseudotsuga menziesii var. menziesii) populations. Asterisks
indicate significantly greater overlap than expected (P < 0.005) by the hypergeometric. Observed overlap indicated below the asterisk and expected
overlap indicated above the asterisk. |, disease intolerant; R, disease resistant; T, disease tolerant. (b) Overlap of SNC tolerant, intolerant, and resistant
candidate genes. Asterisks denote significant overlaps (by hypergeometric test) and ns denotes nonsignificant overlap. (c) Number of significant SNPs per

SNC candidate genes. Inset contains data for four or more SNPs per gene.
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Gene ontology enrichment of SNC candidate genes

To functionally annotate genes containing SNC-associated SNDPs,
we tested GO enrichment of biological processes for the top 100
genes (ranked based on adjusted P-values from the GWAS analy-
sis) for each of three SNC case—control comparisons (Table S3).
Relevant enriched GO terms for SNCj ., r were immune system
process, regulation of defense response, jasmonic acid biosyn-
thetic process, response to biotic stimulus, response to chitin and
response to wounding (Table S3). Relevant enriched GO terms
for SNCr ,, g were immune system process, negative regulation
of the ethylene signaling pathway, and stomatal closure and
movement (Table S3). Relevant enriched GO terms for SNC;
T were immune system process, flavonoid, phenol, terpenoid, lig-
nin, and antibiotic metabolic processes (Table S3). Candidate
genes annotated with defense or immune response functions
were: TPR1, GTG2, HIR1, OPR2, RDI19B, PAD4 and
CYP78A4 from the SNC; g comparison; ETR2, LOX, PER21,
PRR and SDH from the SNCr g comparison; and FMOI,
RD19B and At5g63020 (a predicted R gene) from the SNC; 1
comparison (Table S3).

Linkage disequilibrium of significant SNC SNPs

Natural selection on beneficial mutations generates LD with phy-
sically linked neutral alleles. To investigate if significant SNC
GWA SNPs were under selection in Douglas-fir, we used LD as
proxy for signature of selection. We defined LD decay as the
point when the observed 7 between SNPs decays to less than half
the maximum #* value. SNC resistance and tolerance-associated
SNPs had significantly higher LD than background LD decay
distance for randomly chosen regions in the genome, calculated
using all SNPs across a random subset of 19095 contigs
(P-value < 2.2e-16 background vs SNC;  r; P-value = 1.207e-
11 background vs SNCr  g; P-value = 1.208¢-06 background
vs SNCp 15 Fig. 3a). The background LD decay distance was
224 bp (Fig. S6). Compared to the background, the LD decay
distance of SNCj ,; R SNPs was the largest at 1260 bp, followed
by SNCr , g SNPs at 762 bp, and the SNC; . 7 SNPs at 450 bp
(Fig. S6). Thus, SNC resistance-associated SNPs exhibited stron-
ger LD than SNC tolerance-associated SNPs, which is suggestive
of stronger selection on SNC resistance than tolerance. Natural
selection on both SNC tolerance and resistance-associated SNPs
would be expected to result in genetic hitchhiking of neutral
alleles on the same contig, generating apparent associations with
phenotype at these loci. To look for this signature, we also ana-
lyzed the relationship between the number of significant
SNC-associated SNPs found per gene and pattern of LD across
that gene (Fig. 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 resi-
dual relative to the LD decay model that was fit to the back-
ground SNPs and took the average across these residuals. As
expected, due to genetic hitchhiking hypothesis, we found a sig-
nificant positive relationship between the number of SNPs asso-
ciated with SNC resistance in a gene and the average residual LD
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across those genes for candidate genes from the SNC T vs R com-
parison (P-value = 0.005, correlation = 0.12, Fig. 3d). This rela-
tionship was not significant for genes from the SNC I vs R
comparison or the SNC I vs T comparison (Fig. 3b,c).

GWAS analysis of Douglas-fir response to Rhabdocline
needle cast

The final RNC GWAS analysis had five Resistant (R) and five
Intolerant (I) pools. 80-84% reads from RNC pools mapped
to the reference Douglas-fir genome. 1016287 SNPs were
retained after filtering across five Intolerant (I) and five Resis-
tant (R) pools (Fig. S3B). We conducted GWA analysis for
RNC and identified four significant SNPs (P.adjust < 0.05) for
RNC;  r case—control comparison (Fig. 2a; Table 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 (Spear-
man’s p > 0.6; Fig. 4a). We annotated the four RNC signifi-
cant 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) (Table S3).

SNC lineage identification
To identify SNC lineages infecting Douglas-fir in our sampling

sites we mapped sequenced reads to the N. gaeumannii genome.
For the SNC samples, an average of 0.05% (SD =0.012) of the
sequenced reads could be mapped on the V. gaeumannii samples.
Interestingly, similar proportion of reads could also be mapped
on N. gaewmannii genome for Rhabdocline samples, indicating
that N. gaeumannii biomass was likely present in Rbabdocline-
infected needles. One to 4180 SNPs could be mapped, depend-
ing on the sample tested (median =29 SNPs). A total of 117
samples (88.6%) analyzed had the minimum number of SNPs
required (> 8) to obtain assignments with > 99.5% confidence.
This resulted in 61 samples assigned to lineage 1 and 56 samples
to lineage 2 (Table S4). Warmer and wetter sites of the Oregon
coast were dominated by lineage 2, while lineage 1 was more
abundant more eastern and northern sites (T'able 1). This pattern
matched previous observations made on the geographical distri-
bution and ecological preference of the two SNC genetic lineages
(Bennett et al., 2016, 2019).

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 lim-
ited understanding of the genetic, adaptive, and mechanistic pat-
terns  of plant—pathogen interactions impedes critical
management and conservation decisions. This makes empirical
studies delineating the genetic basis of disease resistance crucial.
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Fig. 3 Decay in linkage disequilibrium (LD) around single nucleotide polymorphisms (SNPs) associated with Swiss needle cast (SNC) resistance, tolerance,
and intolerance in coastal Douglas-fir (Pseudotsuga menziesii var. menziesii) populations. A model was fit to genome-wide data to describe the decay in
LD with physical distance (LD inferred from r in allele frequencies across populations), with residuals indicating the relative increase/decrease in the rate of
LD decay around a target SNP of interest. (a) Linkage disequilibrium residuals around SNC-associated SNPs, compared to randomly chosen loci from the
genomic background. Horizontal line in boxplot represents median and whiskers represent maximum and minimum values, excluding outliers. SNPs from
all three SNC groups have significantly greater LD than the background (P < 0.000001). (b—d) Relationship between the number of significant SNPs found
per gene vs average LD across the gene investigated using a linear regression. Pearson correlation value and P-value significance is shown.

Tolerance and resistance represent two major plant defense
mechanisms (Baucom & De Roode, 2011). While pathogen
resistance has been extensively studied, tolerance is less under-
stood in comparison because disease resistance is considered evo-
lutionarily more important (Pagin & Garcia-Arenal, 2018). By
contrast, it has been hypothesized that tolerance and not resis-
tance is the primary defense mechanism of Douglas-fir trees
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against SNC because N. gaeumannii is an endophyte (Temel
et al., 2004, 2005). However, we have only a limited understand-
ing of the genetic basis of tolerance and resistance to SNC, even
though this disease has had a major impact on the forestry econ-
omy of the Pacific Northwest, and climate change is increasing
this impact (Shaw ez al., 2021). We found that both resistance
and tolerance to SNC had complex genetic architectures
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Fig. 4 Patterns of linkage disequilibrium and Gene Ontology (GO) terms associated with Rhabdocline needle cast (RNC) resistant single nucleotide
polymorphisms (SNPs) in coastal Douglas-fir (Pseudotsuga menziesii var. menziesii) populations. (a) Spearman'’s rho correlation coefficients of allele
frequencies of four RNC significant SNPs, one of which maps to the ERF1 gene. Heatmap color scale depicts the range of Spearman’s rho coefficients
among SNPs. Tree topology in heatmap is calculated by hierarchical clustering of rho coefficients. (b) Gene Ontology network of the biological processes
associated with the ERF1 gene. Highly similar GO terms are linked by edges, where line width indicates level of similarity. The size of the circle corresponds
to the frequency of GO term in the GO database, with large circles representing more general terms.

involving hundreds of SNPs (and many genes), which may reflect
the complex pathology of this disease (Stone, 2018; Montwé
et al, 2021). Plant disease resistance is a quantitative trait
(Young, 1996); therefore, our discovery of many candidate genes
associated with SNC resistance is not surprising. Contrary to

e
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Cellular response to ethylene stimulus  Response: (ogsmomc acid

previous studies that suggest that disease tolerance involves few
genes (Pagdn & Garcia-Arenal, 2018), we identified 82 candidate
genes associated with SNC tolerance (SNC I vs T). This suggests
that tolerance to SNC in Douglas-fir, and tolerance perhaps more
broadly in plants, may be much more complex genetically than

Table 1 Candidate genes for Swiss needle cast resistance and tolerance and Rhabdocline needle cast resistance in coastal Douglas-fir (Pseudotsuga
menziesii var. menziesii) tree populations identified using genome-wide association analysis.

Gene name Function Reference
Swiss needle cast AST-like Negatively regulates inducible resistance against pathogens by Nurmberg et al. (2007)
resistance binding to promoters of the jasmonic acid pathway
GTG2 G-protein-coupled receptor for abscisic acid. Regulates Pandey et al. (2009); Zhang
stomatal closure, restricting pathogen invasion etal. (2012)
PRR Activates immune response after detecting pathogen- Wang & Chai (2020)
associated molecular patterns
PAD4 Plays a role in salicylic acid-dependent plant defense against Jirage et al. (1999)
pathogens
PER21 Involved in plant defense responses against pathogenic fungi Mir et al. (2015)
SDH Regulates plant defense to fungi in potatoes via the salicyclic Zhang et al. (2020)
acid pathway
DCR-like Plays a key role in the formation of cutin, which that acts as a Panikashvili et al. (2009);
physical defense barrier against invading fungal pathogens Serrano et al. (2014)
At1g67720 A probable Resistance (R) geneLRR receptor-like serine/ -
threonine-protein kinase
TPR1 Activates TIR-NB-LRR R protein-mediated immune responses Zhu et al. (2010)
ETR2 Ethylene receptor. Ethylene mediates pathogen response Sakai et al. (1998)
LOX Involved in defense against pathogens Kolomiets et al. (2000)
Swiss needle cast FMO1 Critical for systemic acquired resistance in plants Mishina & Zeier (2006)
tolerance RD19B Required for bacterial disease resistance activation Bernoux et al. (2008)
At5g863020 Predicted R gene -
COMT Involved in lignin biosynthesis Ma & Xu (2008)
Rhabdocline needle ERF1 Transcription factor downstream of ethylene and jasmonate Lorenzo et al. (2003)

cast resistance

signaling pathways that regulates disease progression

© 2024 The Authors

New Phytologist © 2024 New Phytologist Foundation

New Phytologist (2024)
www.newphytologist.com

85UBD 7 SUOWIWOD SA 81D 3|t jdde Y3 Aq pousenoh afe saole VO Bsn JO'S3|N1 104 Akeiq1 SUlUO AB|IM UO (SUO BIPUCD-pUe-SLLRIALI0Y" A3 | M Afe1q 1 BUI|UO//SANY) SUORIPUOD pUe SW.B L 84} 89S *[7202/50/62] Uo Ariqiiaunuo Ao|im ‘uieg eiseAuN A £6/6T ydu/TTTT OT/I0p/L0o A8 | Afelq1jput|uoyduy/sdny wo.y papeojumod



previously thought, where selection can target multiple points in
(perhaps multiple) physiological pathways that can lead to patho-
genic tolerance.

Disease tolerance and resistance mechanisms in plants are
known to coexist and evolve simultaneously (Restif & Koella,
2004). While most plant defense evolutionary models assume the
two mechanisms to be independent, it has been shown that they
can be co-dependent or correlated (Howick & Lazzaro, 2017).
We found small overlap of only three SNC resistant and
tolerance-associated SNPs, suggesting that the genetic bases of
tolerance and resistance to SNC in Douglas-fir are distinct. This
was echoed in only six candidate genes being associated with both
SNC resistance and tolerance. This suggested that SNC tolerance
and defense have distinct and nonoverlapping genetic architec-
tures. Nonoverlapping genetic architectures of these two SNC
defense mechanisms in Douglas-fir may allow them to evolve
independently and reduce constraints 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 such as waxy
cuticles and cell wall. We found the lignin biosynthesis gene
COMT to be associated with SNC resistance, indicating that lig-
nin biosynthesis might be involved in
N. gaeumannii (Ma & Xu, 2008). Lignin deposition can act as a
physical barrier restricting pathogen growth as it is recalcitrant to
degradation (Lee ez al., 2019). By contrast, induced defenses in
plants involve the production of chemicals, enzymes that degrade

resistance  to

pathogen cells (Freeman & Beattie, 2008). There are two cate-
gories of induced resistance (1) Systemic acquired resistance
(SAR), which is a salicylic acid-dependent process (Lefevere
et al., 2020); (2) Induced systemic resistance (ISR), which is
mediated by the phytohormones ethylene and jasmonate (Ham-
merschmidt, 1999). Plants produce phytohormones to respond
to environmental stressors such as fungal pathogens, rapidly and
specifically. Both jasmonic acid and ethylene signaling pathways
were enriched in genes associated with SNC resistance (Miller
et al., 2017). By contrast, SNC tolerance genes were enriched for
flavonoid, phenol, terpenoid, lignin metabolic process and anti-
biotic metabolic process. Flavanoids, phenols, and terpenes are
secondary metabolites that can function as antibiotics in plants
(Falcone Ferreyra er al., 2012; Sharma et al., 2017; Tuladhar
et al., 2021). Overall, we find that plant phytohormones and
structural barriers play a larger role in SNC resistance and sec-
ondary metabolites play a larger role in SNC tolerance in
Douglas-fir. It must be noted that our GWAS analysis did not
have the power to differentiate between the genetic basis of
Douglas-fir’s response to two lineages of SNC identified in our
dataset. This would be an avenue worth exploring in future
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studies, especially as SNC lineage 1 is known to be more aggres-
sive than lineage 2 (Bennett e a/., 2016, 2019).

This study identified several promising candidate genes for dis-
ease resistance and tolerance (Table 1). One of the most exciting
candidate genes for SNC resistance was the AS1-like gene, which
is a transcription factor that negatively regulates inducible resis-
tance against pathogens by binding to promoters of the jasmonic
acid pathway (Nurmberg ez al, 2007). Loss of function mutations
of AS1 were found to increase resistance against necrotrophic fungi
in A. thaliana (Nurmberg er al., 2007). This suggests that its func-
tion is evolutionarily conserved in plants spanning a 125 million
years ago of divergence. Another important candidate gene for
SNC resistance was GTG2, a G-protein-coupled receptor for
abscisic acid (Pandey ez al., 2009). G-proteins are known to play a
role in plant immunity by regulating stomatal closure, restricting
pathogen invasion (Zhang ez al., 2012). Abscisic acid is one of the
best studied regulators of stomatal closure (Wang et 4/, 2011) and
regulation of stomatal closure was an enriched GO term for SNC
resistance genes. Closing the stomata may have evolved as a consti-
tutive defense response that resists SNC by preventing
N. gaeumannii from entering Douglas-fir needles. Other important
candidates for SNC resistance were PRR, a receptor that activates
immune response after detecting pathogen-associated molecular
patterns (Wang & Chai, 2020); PAD4, which plays a role in sal-
icylic acid-dependent plant defense against pathogens (Jirage ez al,
1999); PER21, a member of peroxidase family that are evolutiona-
rily conserved and involved in plant defense responses against
pathogenic fungi (Mir ez 4/, 2015); SDH, a succinate dehydrogen-
ase that regulates plant defense to fungi in potatoes via the salicyc-
lic 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 ez @/, 2009; Serrano
et al, 2014); and a probable Resistance (R) gene: the LRR
receptor-like serine/threonine-protein kinase (Atlg67720). All this
evidence points to a strong immune response from Douglas-fir to
N. gaewmannii infection. This contradicts previous thinking that
the endophytic nature of V. gaeumannii prevents it from triggering
host immunity compared to necrophytic fungal pathogens.

Pathogens impose strong selection pressure on their hosts.
Positive selection occurs when an allele favored by natural selec-
tion 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 is highly correlated to haplotype-
derived estimates (Lucek & Willi, 2021). We found that LD
among SNC tolerance and resistance-associated SNPs was signifi-
cantly higher than background LD (Fig. 3a). Additionally, LD
decay distance on contigs with SNC resistance-associated SNPs
was fivefold higher than from random background contigs, and
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LD decay on contigs with SNC tolerance-associated SNPs was
twofold higher than random background contigs (Fig. S6).
Together, patterns of LD 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 tolerance-associate SNPs. The other alternative of
course is that high LD is driven by low recombination or other
demographic factors and not selection (Ptak ez af., 2004).

Genetic hitchhiking is the increase in allele frequency of neu-
tral/deleterious SNPs due to physical linkage to a SNP under
selection (Fay & Wu, 2000; Mitchell-Olds ez al., 2007). Thus,
genetic hitchhiking can be an indicator of the strength of nat-
ural selection (Charlesworth ez al, 1997) and this assumption
has formed the basis of tests for adaptation (Yeaman
et al., 2016). However, such tests are limited in power to cannot
detect selection in genes with few SNPs. We found that candi-
date genes for SNC resistance phenotypes had some of the high-
est number of significant SNPs per gene, exceeding expectation
under the binomial distribution that accounts for the total
number of SNPs per gene (Fig. S5). This suggests that at least
one causal SNC resistance variant (which is unknown to us) is
under strong natural selection. To estimate the extent of genetic
hitchhiking around SNC resistant/tolerant SNPs, we calculated
the LD between SNC-associated SNPs and all other SNPs on
the same contigs and estimated the rate of LD decay with physi-
cal distance. SNC resistance and tolerance-associated SNPs had
higher LD than background levels (Fig. 3a). We also found a
positive relationship between number of significant SNPs per
genes and the landscape of LD decay around that gene, suggest-
ing that selection on causal SNC resistance-associated variants
causes elevated LD (Fig. 3d). This relationship did not hold for
SNC rtolerance-associated SNPs. This strong relationship
between LD and SNP number also implies that the true num-
ber of causal variants underlying SNC resistance is lower than
what we found. 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). Of 16
significant SNPs in TPR1, one SNP was synonymous and the
other 15 SNPs were in introns (see Supplementary Data on
Dryad). However, this gene also contained 52 other SNPs (that
were not GWAS outliers) of which 11 where nonsynonymous
SNPs, three were synonymous and one SNP resulted in a pre-
mature stop codon. Disease resistance genes are some of the
fastest evolving genes and the high number of SNPs in TPR1
may be indicative of rapid evolution. Furthermore, premature
stop codons are thought to play a role in regulating R proteins
(Parker er al, 2021). 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 ez al., 2013).
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The most strongly associated candidate gene for RNC resis-
tance was ERF1, a member of the ERF/AP2 transcription factor
family. ERF1 acts downstream of two major plant immunity
pathways (ethylene and jasmonate signaling, Fig. 4b), regulating
pathogen response genes that inhibit disease progression (Lor-
enzo er al., 2003). It is possible (but unlikely) that RNC resis-
tance in Douglas-fir involves only one large effect gene. However,
it is more likely that our statistical power to detect more RNC
resistance-associated SNPs was limited by the few individuals that
were sampled for this GWAS comparison. Interestingly, the
ERF1 gene was found to be locally adapted to summer heat
moisture and Hargreaves climate moisture deficit environmental
variables in natural populations of coastal Douglas-fir (Lind
et al., 2023). This is striking as R. pseudotsugae spore release is
dependent on moisture available through high humidity, dew, or
rainfall (Wilhelmi ez al, 2021). It also implies that climate
change will impact the ability of Douglas-fir trees to response
to RNC.

A limitation of our study is that we pooled continuous disease
phenotypes into binary case—control groups. This mostly likely
decreased our power to detect smaller effect loci and resulted in
loss of haplotype information. However, the trade-off between
sequencing costs and DNA pooling allowed us to include more
Douglas-fir populations and hence include more genetic variation
in our GWAS analysis. Our experimental approach leveraged
samples from an extensive field experiment and had the advan-
tage of studying host responses in multiple populations, on mul-
tiple sites, in a large common garden under natural conditions,
with naturally occurring infection. While a controlled glasshouse
experiment with controlled infections would make the GWAS
less noisy, field experiments provide a more realistic picture of
the multifaceted selection pressures that trees face in nature.
Another potential limitation in our study may arise from the lack
of a chromosome-scale reference genome assembly. It is possible
that multiple contigs with strong association signals are actually
tightly linked, so that the hitchhiking effect we observed within
contigs is also driving some noncausal associations in other
contigs. However, it is difficult to assess this without a
chromosome-scale reference genome to explore any patterning in
the distribution of our associated loci across chromosomes.
Because pool-seq approaches are unable to resolve haplotypes,
our estimation of LD is constrained to among-population com-
ponents that are observable as correlations in allele frequency
across populations. Thus, some of our analyses related to LD
might be less sensitive than analyses based on individual haplo-
types.

In conclusion, our study sheds light on the complex genetic
architectures of tolerance and resistance to the little understood
needle cast diseases SNC and RNC. We find that genetic varia-
tion associated with disease resistance is under strong selection
and that disease tolerance plays an important role in tree immu-
nity. The SNP array that we designed using the SNPs identified
in this study pave the way for improved genomics-informed
selection and breeding approached in forestry management and
conservation of Douglas-fir trees.
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