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Abstract: Pinewood nematode (PWN, Bursaphelenchus xylophilus) is the causal agent of pine wilt
disease (PWD), which severely affects Pinus pinaster stands in southwestern Europe. Despite the high
susceptibility of P. pinaster, individuals of selected half-sib families have shown genetic variability in
survival after PWN inoculation, indicating that breeding for resistance can be a valuable strategy
to control PWD. In this work, RNA-seq data from susceptible and resistant plants inoculated with
PWN were used for SNP discovery and analysis. A total of 186,506 SNPs were identified, of which
31 were highly differentiated between resistant and susceptible plants, including SNPs in genes
involved in cell wall lignification, a process previously linked to PWN resistance. Fifteen of these
SNPs were selected for validation through Sanger sequencing and 14 were validated. To evaluate
SNP-phenotype associations, 40 half-sib plants were genotyped for six validated SNPs. Associations
with phenotype after PWN inoculation were found for two SNPs in two different genes (MEE12
and PCMP-E91), as well as two haplotypes of HIPP41, although significance was not maintained
following Bonferroni correction. SNPs here detected may be useful for the development of molecular
markers for PWD resistance and should be further investigated in future association studies.

Keywords: maritime pine; pine wilt disease; RNA-seq; single nucleotide polymorphism;
molecular markers

1. Introduction

Pine wilt disease (PWD) is a worldwide threat to conifer trees that has been spreading
through Eastern Asia and most recently in Europe [1]. In these regions, several pine species
are highly susceptible to PWD, and large areas of forest can be severely affected. PWD is
caused by the migratory plant-parasitic nematode Bursaphelenchus xylophilus, or pinewood
nematode (PWN), which is disseminated by the insect vector Monochamus spp. [2,3]. This
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nematode spreads through the resin canals in the tree’s stem, feeding on plant cells and
destroying the plant tissues, finally disrupting water transport and causing the wilting of
the tree [2,3]. In the Iberian Peninsula, PWN was first detected in the late 1990s [4] and, in
this region, maritime pine (Pinus pinaster) is the most affected species.

Pinus pinaster is naturally distributed in the western Mediterranean Basin [5], where nat-
ural stands are of great importance for coastal protection and wildlife habitat. Pinus pinaster
has also been widely planted for industrial exploitation and is mainly used for paper, wood,
and resin production. Due to its ecological and economic relevance, the loss of P. pinaster
trees in Iberian forests has a major impact on the local environment and economy [1,2].

Despite PWD being an introduced disease, P. pinaster individuals show variable
degrees of susceptibility once infected [6–8]. Two independent studies with large numbers
of half-sibling families revealed that survival after PWN inoculation is a heritable trait
(heritability of 0.37–0.59) [6,7], opening the possibilities for tree breeding for PWN resistance,
as it has been implemented for other pine species [9–11].

The development of molecular markers for the phenotype of interest is an important
step to expedite breeding programs, by allowing for the selection of trees at an early age or
to select parent trees from natural stands [12,13]. However, association studies aiming at
identifying such molecular markers for resistance to PWD are scarce [14] and, to the best
of our knowledge, not yet available for P. pinaster. Being a quantitative trait, resistance to
PWD is likely to have a highly polygenic basis, with many loci having small effects on the
phenotype.

With the rise of next generation sequencing, the developing of molecular markers
has become easier and more affordable, even for non-model species [12]. RNA-seq is
one of these technologies that has been frequently used for the discovery of molecular
markers, such as single nucleotide polymorphisms (SNPs) and simple-sequence repeats
(SSRs) [15–17]. As RNA-seq produces information mainly on protein coding regions,
polymorphisms associated with phenotype are more easily linked to a functional effect.
Therefore, RNA-seq provides an efficient approach to identifying a large number of gene-
based molecular markers and functional gene variants associated with phenotypic traits in
non-model species [15,18].

In this work, we aimed at finding molecular markers for PWD resistance by identifying
SNPs in genes expressed during P. pinaster defence response to PWN. We used RNA-seq
data available from PWN inoculated susceptible and resistant plants from a half-sib family
previously described [6,19] for SNP discovery. More than 186K SNPs were identified
for the half-sib family 440. The divergence between susceptible and resistant groups of
samples was analysed and outliers were identified. To evaluate the SNP dataset, 15 SNPs
were selected for validation through Sanger sequencing. Six of the validated SNPs were
then genotyped for a larger sample of the half-sib family 440 and their association with
phenotype was tested. A set of candidate genes for P. pinaster resistance to PWD was
highlighted in this work. The SNPs here detected can be a valuable resource for future
association studies focusing on resistance to PWD or to other pine diseases and pests.

2. Materials and Methods
2.1. Plant Material

The P. pinaster half-sibling family 440 was selected for the inoculation assays [6,19,20].
This family had been previously evaluated regarding the genetic effects on survival after
PWN inoculation of 2-year-old plants and had a predicted survival mean of 15% (in
a range of 6–23%) [6]. Seeds were collected from the mother tree 440, belonging to a
reference population for PWD resistance [21] located in the south of Portugal (“Herdade
da Comporta”, 38◦21′28.52′′ N, 8◦45′49.89′′ W). Plants germinated from these seeds were
maintained in 4L pots in a greenhouse and placed according to a completely randomized
experimental design.
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2.2. PWN Inoculum

Bursaphelenchus xylophilus isolate Bx013.003 from INIAV’s Nematology Laboratory
collection (Oeiras, Portugal) [6,19,22] was obtained from a wild population infecting a
P. pinaster adult tree in central Portugal (39◦43′33.8′′ N, 9◦01′55.7′′ W). The sequence of
the ITS region of this isolate is available at NCBI GenBank (ref. MF611984.1). PWNs
were reproduced in flasks containing a non-sporulating Botrytis cinerea strain grown on
autoclaved barley grains, at 25 ± 1 ◦C. Prior to inoculations, the isolate was allowed to
grow on sterilized wood to maintain virulence. Finally PWNs were extracted from the
wood using the “tray” method [23] and suspended in water at a calibrated concentration of
2000 PWN/mL.

2.3. Inoculation Assays and Sample Collection

For SNP discovery, RNA-seq data were generated from plant samples collected in
a previously performed inoculation assay as described by Modesto et al. [19]. In short,
4-year-old plants were inoculated with PWN and samples from the stem were collected
72 h post inoculation (hpi). Symptoms were evaluated weekly for 210 days and classified
on a scale of 0 to 4, based on the percentage of needles presenting wilting or discoloration
symptoms (0—absence of symptoms; 1—1 to 25%; 2—26 to 50%; 3—51 to 75%; 4—76 to
100%). Four susceptible plants (level 4 in the symptoms scale) and five resistant plants
(level 0) were sequenced through Illumina HiSeq 2500.

For the genotyping of validated SNPs in a larger sample through Sanger sequencing,
90 three-year-old plants of the half-sibling family 440 were inoculated (September 2019)
with a suspension of 1000 PWNs, following the method of Futai and Furuno [24], as
described in Modesto et al. [19]. The inoculum was pipetted into a small longitudinal
wound made in the main stem with a sterile scalpel below the apical shoot region. After
inoculation, symptoms were observed weekly for 273 days post-inoculation (dpi) and
registered according to the scale (0–4) used before. Plants with symptoms (levels 1 to 4)
were considered susceptible, while plants without any symptoms (level 0), by the end of
the observation time, were classified as resistant. Needle samples were collected prior to
inoculations and stored at −80 ◦C.

The height and diameter at the base of the stem were measured for all plants before the
inoculation assay, and significant differences between susceptible and resistant plants were
evaluated with a two-sample unpaired t-test using R v4.1.0 (https://www.r-project.org,
accessed on 26 June 2021).

2.4. RNA-Seq

RNA-seq data used for this work are available at the public database European
Nucleotide Archive (ENA) at EMBL EBI under the accession number PRJEB26836 [19]. The
quality of these data was evaluated with FastQC v0.11.2 [25]. As a reference, the P. pinaster
transcriptome described in Cañas et al. [26], was used, together with 34,737 new transcripts
assembled from data originating in P. pinaster samples inoculated with PWN [19]. Reads
were mapped to P. pinaster and PWN transcriptomes [27] using BWA alignment software
v0.7.17 (BWA-MEM) [28]. Mapping results were filtered to keep only uniquely mapped
reads with SAMtools v1.6 [29]. Pinus pinaster and PWN mapping results were separated in
two different files and only P. pinaster data was used for subsequent analysis.

2.5. SNP Calling and Analysis

SNP calling was performed using GATK v3.7.0 [30,31] according to the software best
practices for RNA-seq short variant discovery. SNPs with missing information for more
than two samples were excluded and called variants were filtered using GATK hard filters
(FS > 30.0, QD < 2.0, SB < −10.0, MQ < 58.0). These filters were adjusted by comparing
our SNP data with an Illumina Infinium SNP array previously designed for P. pinaster [16],
aiming at obtaining good quality variants without excluding many SNPs present in both

https://www.r-project.org
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datasets. SNPs detected both in our data and in the SNP array were considered true SNPs.
Filtered SNPs were functionally annotated using SnpEff v4.3t [32].

Minor allele frequencies (MAF), nucleotide diversity (π) and Tajima’s D were calcu-
lated using VCFtools v0.1.16 [33]. For π and Tajima’s D, a sliding window of 200 bp was
used for the calculations. Genetic differentiation (FST) was estimated between susceptible
and resistant groups of samples using the same software and a sliding window of 200 bp.

2.6. SNP Validation

Thirty-one SNPs presenting high differentiation between susceptible and resistant
groups (FST ≥ 0.8) were selected for validation through Sanger sequencing. Primers were
designed for the 26 genes containing these SNPs (Supplementary Table S1) using PerlPrimer
v1.1.21 [34] and NCBI Primer-BLAST (accessed in January 2020). For one of the genes, it
was not possible to design primers to amplify the region containing the SNP.

DNA was extracted from the needles of the same samples used for RNA-seq using
the CTAB method [35] with minor modifications: 1% PVP-40 in the extraction buffer, no
ammonium acetate in the washing buffer, and 0.1 vol. 3M sodium acetate in the final DNA
precipitation. The DNA was amplified with GoTaq DNA Polymerase (Promega) according
to the manufacturer’s recommendations and using optimized annealing temperatures
(Supplementary Table S1). Amplified gene fragments were purified using SureClean
(Bioline) (directly) or High Pure PCR purification kit (Roche) (from 1% agarose gel) and
sequenced on an ABI 3730xl (Macrogen, Spain). The obtained sequences were checked and
aligned on ChromasPro v2.1.9 (Technelysium) and the presence or absence of the SNPs
was confirmed.

2.7. SNP Genotyping and Sequence Analysis

Genotyping of a larger sample was performed for six genes containing validated SNPs
(Supplementary Table S1). For this, 40 samples from the inoculation assay described above
were used. The first 20 samples reaching level 4 in the symptoms scale were selected as
susceptible plants for genotyping, while 20 random healthy plants (level 0) were selected
as resistant plants. DNA was extracted and amplified as described above (Supplementary
Table S1). PCR products were purified using SureClean and sequenced on an ABI 3730xl
(Macrogen, Spain). The obtained sequences were checked and aligned on ChromasPro
v2.1.9 and all SNPs in each gene fragment were identified. Sequences were deposited in the
European Nucleotide Archive (ENA) at EMBL EBI under accession number PRJEB51636.

Sequences were aligned with ClustalW [36] for each gene. For sequences with het-
erozygous SNPs, the haplotypes were reconstructed using PHASE v2.1.1 [37,38]. Nu-
cleotide diversity (π), diversity at nonsynonymous sites (πN), diversity at synonymous sites
(πS), haplotype diversity (H), and Tajima’s D neutrality test were estimated with DnaSP
v6.12.03 [39] for each gene.

2.8. Association Analysis

Association analysis was performed using the R package SNPassoc v2.0-11 [40] in
R. Genotyping data were filtered to exclude SNPs with a minor allele frequency below
0.05 and SNPs outside of Hardy–Weinberg equilibrium (p ≤ 0.001). Logistic regression
was performed to assess the association between SNPs or haplotypes and phenotypes,
considering resistance as case (1) and susceptibility as control (0). Diameter at the base
of the stem and plant height were included as covariates, as they were shown before to
influence the plant outcome after PWN inoculation [6]. The null hypothesis (absence of
association) was rejected at a 5% significance level. The Bonferroni method was used to
correct the statistical threshold.
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3. Results
3.1. RNA-Seq, SNP Discovery and SNP Annotation

To identify SNPs primarily in P. pinaster coding genes, RNA-seq data available for
a set of nine P. pinaster samples were used [19]. These data were generated during a
previous gene expression study, where plants were inoculated with PWN and stem sam-
ples were collected at 72 hpi. Five resistant plants and four susceptible plants were se-
quenced by RNA-seq. A detailed description of the symptom’s progression can be found
in Modesto et al. [19].

After quality control and read filtering, 17–20 million reads were obtained per sample,
with sizes ranging between 70–125 bp. An average mapping ratio of 97.8% (±0.1) was
obtained, from which 57.8% (±0.8) were uniquely mapped (Supplementary Table S2). From
these, 99.3% (±0.4) of the reads were mapped to P. pinaster transcriptome, while 0.7% (±0.4)
were mapped to PWN transcriptome. Only the reads uniquely mapped to P. pinaster were
kept for SNP discovery.

For the nine samples analysed, it was possible to identify a total of 414,443 SNPs before
applying any filter, from which 2,569 SNPs were also present in an Illumina SNP array
developed for P. pinaster [16]. After filtering this dataset in order to exclude low quality
SNPs (see Materials and Methods), 186,506 SNPs were retained (Supplementary Table S3),
including 2,297 SNPs that were previously reported [16]. Most of these SNPs corresponded
to transitions (58.4%) (Supplementary Figure S1), with a transition/transversion ratio
(Ts/Tv) of 1.41, similar to what was previously observed for P. pinaster (59.3% transitions
and 1.46 Ts/Tv ratio) [16]. Ts/Tv ratio was similar in susceptible and resistant groups of
samples (Table 1).

Table 1. Number of SNPs and genetic diversity estimates for all samples, for pinewood nematode
susceptible samples, and for resistant samples.

N SNPs Transcripts Ts/Tv Syn NonSyn π MAF

All samples 9 186,506 25,857 1.41 48,992 52,882 0.003282
(±0.036491)

0.274
(±0.147)

Susceptible 4 164,416 24,206 1.41 43,312 46,784 0.003396
(±0.039505)

0.304
(±0.140)

Resistant 5 166,979 24,514 1.40 43,809 47,685 0.003250
(±0.037789)

0.294
(±0.142)

N—number of samples; Ts/Tv—transitions/tranversions ratio; Syn—synonymous SNPs; NonSyn—
nonsynonymous SNPs; π—nucleotide diversity; MAF—minor allele frequency.

Most of the SNPs (86.4%) were detected in transcripts with a predicted protein-coding
sequence (CDS), while the remaining (13.6%) were located in transcripts without a predicted
CDS that were considered noncoding (Figure 1a). From the SNPs comprised in coding
regions, 52,121 (52%) were classified as nonsynonymous, resulting in amino acid changes
(missense SNP) or premature stop codons (nonsense SNP).
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3.2. Genetic Diversity and Differentiation

The 186,506 SNPs identified were located in 25,857 transcripts, in an average of one
SNP every 192 bp. From these SNPs, 18,997 were singletons, existing in only one sample.
Minor allele frequencies were similar between susceptible (MAF = 0.30± 0.14) and resistant
(MAF = 0.29 ± 0.14) groups of individuals (Table 1), as well as the mean nucleotide
diversity values (π = 0.0034 ± 0.0395 for susceptible samples; π = 0.0033 ± 0.0378 for
resistant samples). Tajima’s D median values were close to zero, showing no indication of
population decline or population expansion (Figure 1b).

Genetic differentiation between susceptible and resistant groups was very low
(FST = 0.00 ± 0.12), as expected for samples of the same half-sib family. However, sev-
eral SNPs presented high differentiation between groups, including 31 SNPs with an FST
above 0.80 (Figure 2a, Supplementary Table S4), and may be associated with the observed
phenotypes. These SNPs were located in 26 transcripts and included 14 SNPs found in
transcripts with no predicted CDS, four synonymous, and four nonsynonymous SNPs
(Figure 2b). The remaining were located in the 3′-untranslated regions (UTRs; six) or
5′-UTRs (three). Median nucleotide diversity (π) of the regions containing these SNPs was
higher in resistant samples (π = 0.0041) than in susceptible plants (π = 0.0023) (Figure 2c).

Within the transcripts containing SNPs with FST ≥ 0.80, it was possible to identify
two genes that may be involved in lignin biosynthesis (peroxidase 31 and laccase-3), a
gene involved in the synthesis of phenolic compounds (UGT5), a probable resistance
gene (isotig35427), and a Myb transcription factor (isotig42428) (Supplementary Table S4).
However, 12 transcripts have unknown function (five) or were not annotated (seven).

3.3. SNP Validation through Sanger Sequencing

SNPs with high differentiation (FST ≥ 0.8) between resistant and susceptible groups of
samples were selected for validation. For 14 out of 26 transcripts comprising these SNPs, it
was not possible to design primers to amplify a fragment including the SNPs (one) or the
amplifications failed (13). Therefore, 12 transcripts comprising 15 SNPs were sequenced and
the presence or absence of these SNPs was observed (Table 2). Fourteen of these SNPs were
validated (93%), while one was not (7%) (Table 2). However, the genotype was miscalled
in the RNA-seq analysis for two of the validated SNPs, for at least one of the sequenced
samples (Table 2), giving a rate of 80% of validated and correctly genotyped SNPs.
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Table 2. Summary of the SNP validation.

Transcript SNP Pos. SNP
Annotation

Gene Annotation
Geno. RNA-Seq Geno. Sanger

Val. Gen. Additional
SNPsSus Res Sus Res

isotig67703 386 3′-UTR

pentatricopeptide
repeat-containing protein

At2g27610 [Quercus
suber] (PCMP)

AA GG AA GG 3 3 304CT; 320CT

isotig30230 197 5′-UTR maternal effect embryo arrest 12
[Arabidopsis thaliana] (MEE12) AA CC AA CC 3 3 -

isotig42428 236 3′-UTR
protein PHOSPHATE

STARVATION RESPONSE 1
[Quercus suber] (PHR1)

AA GG AA GG 3 3 -

isotig53013 453 Syn

pentatricopeptide
repeat-containing protein

At4g21065 [Elaeis guineensis]
(PCMP-H28)

CC GG CC GG 3 3
594TA;
651AC

unigene161 348 Syn kinesin-like protein KIN-12F
[Nelumbo nucifera] (KIN12) AA GG AA GG 3 3 -

unigene8832 646 Syn

heavy metal-associated
isoprenylated plant protein
41-like [Elaeis guineensis]

(HIPP41)

TT CC TT CC 3 3 -
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Table 2. Cont.

Transcript SNP Pos. SNP
Annotation

Gene Annotation Geno. RNA-Seq Geno. Sanger
Val. Gen. Additional

SNPsSus Res Sus Res

unigene52225 105 Noncoding unknown [Picea sitchensis]
(ung52225) CC TT CC TT 3 3

145CT;
171GA

isotig37698 586 NonSyn UDP-glycosyltransferase UGT5
[Picea glauca] (UGT5) GG CC GC CC 3 × 505CT; 577AT;

739TG; 745TC

unigene58419 178 NonSyn

pentatricopeptide
repeat-containing protein

At3g16610 [Prunus mume]
(PCMP-E91)

GG AA GG AG 3 × -

unigene188104 297 Noncoding no annotation (ung188104) CC GG CC GG 3 3 -
298 Noncoding GG CC GG CC 3 3 -
305 Noncoding TT GG TT GG 3 3 -

isotig09645 590 5′-UTR
Guanine nucleotide-binding

protein, beta subunit
[Parasponia andersonii] (GB1)

AA GG AA GG 3 3 780AG;
804CT

620 5′-UTR TT AA TT AA 3 3

isotig46969 1304 NonSyn
hypothetical protein

PHAVU_003G104100g
[Phaseolus vulgaris] (HP)

GG CC CC CC × × -

SNP pos.—SNP position; Geno.—genotype; Val.—Validated; Gen.—Correctly genotyped; Sus—susceptible; Res—
resistant; Noncoding—SNPs in noncoding regions; Syn—synonymous SNPs; NonSyn—nonsynonymous SNPs.

On the other hand, it was possible to detect 12 more SNPs by Sanger sequencing than
previously detected by the RNA-seq analysis. Ten of these SNPs were excluded by the hard
filters applied in the RNA-seq data analysis, with four being excluded by the mapping
quality (MQ) filter and six SNPs located in regions without read coverage in more than two
samples. The two remaining SNPs were not detected in the RNA-seq analysis, probably
due to low depth coverage (one to eight reads) of the regions where the SNPs were located
in all samples.

3.4. Inoculation Assay, Genotyping, and Sequence Analysis

To assess if there is an association between the validated SNPs and the plants’ pheno-
types in a larger dataset, the genotyping of six gene fragments (Table 3) was performed
for 40 individuals (20 resistant and 20 susceptible). To do this, a new inoculation assay
was performed with 3-year-old plants from the half-sib family 440, the same used for the
RNA-seq. The first symptoms appeared at 14 dpi and progressed gradually until the end
of the experiment (Figure 3). At 273 dpi, 48% of the plants presented symptoms, while 52%
remained healthy. No significant differences were found in height and diameter at the base
of the stem between resistant and susceptible groups of plants (Supplementary Figure S2).

The sequenced fragments included coding (exons) and noncoding (introns, 3′-UTR,
and 5′-UTR) regions (Table 3) in a total of 2359 bp. These fragments contained 20 SNPs,
including the six previously validated. Seven of these SNPs were synonymous, seven
were nonsynonymous, and six were in noncoding regions. Nucleotide diversity (π) ranged
between 0.00091 (KIN12) and 0.00984 (PCMP-E91), being similar between susceptible and
resistant groups, with the exception of PCMP-E91 and KIN12, for which susceptible plants
presented higher values. For PCMP-E91, nucleotide diversity at nonsynonymous sites (πN)
was higher than nucleotide diversity at synonymous sites (πS) (Table 3).

The neutrality test Tajima’s D rejected the null neutral model for PHR1 in the resistant
group and for UGT5 (Table 3). In both cases, D values were positive, indicating an excess of
intermediate frequency alleles consistent with balancing selection or population decline.
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Table 3. Summary of genetic diversity estimates for the six sequenced gene fragments.

Gene Frag.
Size (bp)

Group Seq Regions SNPs
SNP Effect

π (±SD) πS πN Hap. H (±SD) Tajima’s
DNoncoding Syn NonSyn

HIPP41 673 All 80
3 exons;

2
introns

6 2 2 2 0.00227
(±0.00018) 0.01095 0.00173 9 0.757 (±0.028) 0.61044

Res 40 - 6 2 2 2 0.00230
(±0.00039) 0.01020 0.00176 9 0.676 (±0.074) 0.26373

Sus 40 - 4 1 2 1 0.00204
(±0.00014) 0.01014 0.00167 6 0.762 (±0.031) 1.10499

KIN12 395 All 80 exon 1 - 1 - 0.00108
(±0.00011) 0.00575 0.00000 2 0.425 (±0.042) 1.32948

Res 40 - 1 - 1 - 0.00091
(±0.00019) 0.00483 0.00000 2 0.358 (±0.073) 0.74452

Sus 40 - 1 - 1 - 0.00122
(±0.00011) 0.00650 0 2 0.481 (±0.042) 1.49197

MEE12 384 All 80 5′-UTR 1 1 - - 0.00130
(±0.00002) - - 2 0.506 (±0.008) 1.81156

Res 40 - 1 1 - - 0.00124
(±0.00011) - - 2 0.481 (±0.042) 1.49197

Sus 40 - 1 1 - - 0.00124
(±0.00011) - - 2 0.481 (±0.042) 1.49197

PCMP-
E91 124 All 68 exon 4 - - 4 0.00910

(±0.00065) 0.00000 0.01149 5 0.667 (±0.033) 0.74798

Res 30 - 2 - - 2 0.00803
(±0.00053) 0.00000 0.01013 4 0.683 (±0.053) 1.99045

Sus 38 - 4 - - 4 0.00984
(±0.00102) 0.00000 0.01242 5 0.653 (±0.047) 0.68160

PHR1 486 All 80 3′-UTR 3 3 - - 0.00216
(±0.00012) - - 5 0.578 (±0.036) 1.36955

Res 40 - 2 2 - - 0.00206
(±0.00012) - - 3 0.549 (±0.041) 2.12756 *

Sus 40 - 3 3 - - 0.00230
(±0.00022) - - 5 0.614 (±0.059) 1.2714

UGT5 297 All 78 exon 5 - 4 1 0.00845
(±0.00020) 0.03037 0.00216 3 0.558 (±0.027) 3.27745 **

Res 40 - 5 - 4 1 0.00856
(±0.00036) 0.02959 0.00205 3 0.528 (±0.051) 2.72844 **

Sus 38 - 5 - 4 1 0.00856
(±0.00036) 0.03053 0.00225 3 0.585 (±0.038) 2.92830 **

Frag. Size—size of the amplified fragment; Noncoding—SNPs in noncoding regions; Syn—synonymous SNPs;
NonSyn—nonsynonymous SNPs; π—nucleotide diversity; πS—nucleotide diversity in synonymous sites; πN—
nucleotide diversity in nonsynonymous sites; Hap.—number of haplotypes; Tajima’s D neutrality test [41];
SD—standard deviation. * p-value < 0.05; ** p-value < 0.01.
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3.5. Association Analysis

Association analysis between single SNPs and the phenotype was performed after
excluding SNPs with a minor allele frequency below 0.05 (six) and SNPs outside of the
Hardy–Weinberg equilibrium (two) (Supplementary Table S5). The association analysis for
each SNP and genetic model is represented in Supplementary Figure S3.
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MEE12 SNP 197 showed a significant association with the phenotype (Table 4), both
before (p = 0.0244 for the dominant model and p = 0.0222 for the additive model) and
after adjusting for diameter at the basis of the stem and plant height [6] (p = 0.0168 for the
dominant model and p = 0.0109 for the additive model). For this SNP, the genotypes A/C
and C/C were associated with a higher chance of being resistant to PWN inoculation, while
A/A genotype seems to be associated with susceptibility in both additive and dominant
models (Table 4, Supplementary Figure S4). PCMP-E91 SNP 178 was also significantly
associated with the phenotype for the recessive model, with both non-adjusted (p = 0.0295)
and adjusted (p = 0.0074) statistical tests. For this gene, the genotype G/G was associated
with an increased probability of being susceptible (Table 4, Supplementary Figure S4).
These association results were not significant after Bonferroni correction.

Table 4. Significant association results between genotypes and phenotypes. All analyses were
performed with SNPassoc using a logistic regression model.

SNP Genetic
Model Genotypes Sus n = 20

n (%)
Res n = 20

n (%) OR (95% CI) p-Value AIC OR (95% CI)
adj.

p-Value
adj. AIC adj.

MEE12
SNP197

Dominant A/A 8 (40%) 2 (10%) 1.00 0.0244 * 54.4 1.00 0.0168 * 54.7
A/C-C/C 12 (60%) 18 (90%) 6.00

(1.08–33.27)
7.40

(1.20–45.67)
log-

Additive 0,1,2 20 (50%) 20 (50%) 3.00 (1.09–8.25) 0.0222 * 54.2 3.69
(1.23–11.09) 0.0109 * 53.9

PCMP-
E91

SNP178
Recessive A/A-A/G 10 (52.6%) 13 (86.7%) 1.00 0.0295 * 45.9 1.00 0.0074 ** 44.1

G/G 9 (47.4%) 2 (13.3%) 0.17 (0.03–0.97) 0.07 (0.01–0.69)

Sus—susceptible; Res—resistant; n—number of samples; OR—odds ratio; CI—confidence interval; AIC—akaike
information criterion; adj.—results of the statistical analysis adjusted for diameter at the basis of the stem and
plant height. * p-value < 0.05; ** p-value < 0.01.

Association analyses were also performed between haplotypes and phenotypes for
each gene (Table 5, Supplementary Table S6). Two haplotypes of the gene HIPP41 were
significantly associated with susceptibility (haplotype 3, p = 0.0263, and haplotype 4, p =
0.0441) (Table 5). However, these association results were not significant after Bonferroni
correction.

Table 5. Significant results of the haplotype association analysis. All analyses were performed with
SNPassoc using a logistic regression model.

Gene Haplotype Haplotype
Freq. OR (95% CI) p-Value

HIPP41 1 CAG 0.3868 1.00 -

2 TAA 0.1018 1.06
(0.19–5.91) 0.9459

3 TAG 0.2232 0.22
(0.06–0.84) 0.0263 *

4 TGA 0.2475 0.34
(0.12–0.97) 0.0441 *

genoH.rare 0.0407 1.00
(0.07–14.61) 0.9995

Freq.—frequency; OR—odds ratio; CI—confidence interval. * p-value < 0.05.

4. Discussion

In this work, we used previously published transcriptomics data of P. pinaster plants
inoculated with PWN for SNP detection. This strategy allowed for the identification of
SNPs in genes expressed during PWN infection that may be associated with PWD resistance.
As P. pinaster genome is quite large (24.5 Gb) [42], the detection of SNPs at the genome
level can be difficult and expensive. The use of RNA-seq data provided a more targeted
and efficient way of detecting SNPs in candidate genes for the trait of interest [15,17,18].
SNPs here detected may not directly affect the phenotype after inoculation, but rather be
physically linked to causal variants that are not detectable with the method used, such as
variants in regulating regions or structural variants.
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Although genomic resources for conifer species are usually limited, an Illumina In-
finium SNP array comprising 8,410 SNPs was previously developed for P. pinaster [16].
However, this array had an extremely limited number of SNPs in candidate genes for
biotic stress response (53 transcripts). Furthermore, this SNP array was never tested for the
reference population for PWD resistance [6,21], from which the half-sib family used in this
study originated (Comporta, Portugal). This population may present distinct variants from
the ones previously studied with the SNP array [16,43]. In fact, only a very low percentage
(1.3%) of the 186,506 SNPs detected here was present in the SNP array, corresponding
to only 2,297 SNPs (or 2,569 before filtering) in common. None of the SNPs with high
Fst values between resistant and susceptible plants identified in our study were included
in this set. Therefore, detecting SNPs in genes expressed after PWN inoculation in the
samples showing contrasting phenotypes for the trait of interest might be a better approach
to identify SNPs that can be used in future selection programs for PWD resistance. Al-
though a larger sample size would increase the statistical power to detect significant SNP
associations with phenotype, it was still possible to detect a high number of SNPs (180,506)
in the RNA-seq data.

To ensure the quality of the SNP dataset obtained in this work, stringent hard filters
were used. Although the final dataset included a large number of SNPs, several true SNPs
have been excluded by filtering, as demonstrated by the detection of excluded SNPs in
the Sanger sequencing validation results. On the other hand, two samples were wrongly
identified as homozygotes for two SNPs in the RNA-seq analysis, when these samples were
in fact heterozygotes. This probably resulted from a low RNA-seq read coverage in these
regions leading to the detection of only one of the alleles. Including filters for minimum
depth coverage may decrease the number of miscalled genotypes and further improve the
SNPs dataset.

Genetic differentiation between resistant and susceptible groups was low, as the
samples were all from the same half-sib family, but highly variable probably due to the small
sample size. In contrast, a small set of SNPs presented very high levels of differentiation,
with one allele being prevalent in the susceptible group while the resistant group presented
mostly the other allele, suggesting they might be linked to phenotype. Some of these highly
differentiated SNPs were located in transcripts with functions described as relevant for
PWN resistance [19]. For instance, one SNP was positioned in the 3′UTR of a resistance gene,
which can impact the post-transcriptional regulation of this gene. Other SNPs of interest
were found in peroxidase 31 (PER31) and laccase-3 (LAC3), which code for proteins involved
in the lignin biosynthesis pathway [44,45], and UGT5, involved in the synthesis of phenolic
compounds in Picea glauca [46]. In PER31 and UGT5, the SNPs highly differentiated between
resistant and susceptible plants were nonsynonymous, leading to amino acid changes and
being consequently more likely to impact protein function, which may in turn affect lignin
deposition or accumulation of phenols. This is consistent with the results from a previous
work [19], in which resistant plants were shown to have increased cell wall lignification
after inoculation when compared to susceptible plants. Future studies addressing the
functional effect of these SNPs could be of interest to further elucidate P. pinaster resistance
to PWD.

When genotyping a set of the candidate genes identified by the genetic differentiation
analysis in a sample of 40 individuals, it was possible to confirm the association between two
SNPs, located in the genes MEE12 and PCMP-E91, and the phenotype. These associations
were nominally significant, but did not remain significant following stringent correction
for multiple testing. These results should therefore be taken with caution. MEE12 is
a transcription initiation factor involved in embryo development [47] and pollen tube
guidance [48,49] in Arabidopsis. Although a role for MEE12 in plant defence is unknown,
other MEE genes have been implicated in defence responses [50,51]. Alternatively, MEE12
SNP197 may be in linkage with a polymorphism that has functional relevance in resistance,
instead of directly affecting the phenotype.
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The protein encoded by PCMP-E91 is part of the pentatricopeptide repeat (PPR) pro-
tein family, a very large family found in higher plants that is involved in RNA modification
processes [52,53], such as RNA editing [54], splicing [55], and processing [56]. Although
the function of many of these proteins is still unknown, studied PPR proteins have various
roles in regulating embryogenesis, fruit growth and ripening, circadian rhythm, among oth-
ers [52,53]. Several PPR proteins have been also associated with response to abiotic [57,58]
and biotic stresses [59,60]. Therefore, PCMP-E91 may have an important role in P. pinaster
defence and resistance to PWN. The SNP associated with phenotype is a nonsynonymous
SNP, resulting in an amino acid change and may consequently impact protein function.
Furthermore, nucleotide diversity at nonsynonymous sites (πN) in PCMP-E91 was higher
than nucleotide diversity at synonymous sites (πS), suggesting that this gene may be under
positive selection. As PWN was detected in the Iberia Peninsula only in the late 1990s [4],
PCMP-E91 may have evolved in response to other selective pressures, such as other pests
or pathogens, and now be effective against PWD.

An association was also detected between two haplotypes of the gene HIPP41 and phe-
notype, which were not significant after correction for multiple testing. These haplotypes
seem to be associated with susceptibility to PWN. HIPPs are a large family of metal-binding
metallochaperones that occur only in vascular plants [61]. They are involved in a variety
of functions, including heavy-metal homeostasis and detoxification, plant development,
response to abiotic stresses, and response to biotic stresses [61–63]. In rice, HIPP41 was
associated with response to cadmium and to cold [61]. In P. pinaster, HIPP41 may be directly
involved in response to PWN and have a role in susceptibility to PWD, as described for
other HIPP genes in response to the beet cyst nematode Heterodera schachtii [63].

Although there was no statistically significant association between the SNPs in UGT5
and phenotype, the Tajima’s D test for this gene was significantly positive, indicating
that this gene may be under balancing selection. Several genes with known roles in
plant defence response have been described as being under balancing selection [64,65].
The interaction of P. pinaster with multiple pests and pathogens during its long lifespan
would create a selective pressure to maintain variability in genes relevant for defence
response. In accordance, UGT5 seems to be involved in the biosynthesis of the phenolic
compounds acetophenones, which have a role in P. glauca resistance to spruce budworm [46].
Different contents of these phenolic compounds may also impact P. pinaster outcome during
PWN infection.

Even though SNP-phenotype associations were confirmed for two SNPs in two can-
didate genes, no significant association remained after stringent correction for multiple
comparisons. The absence of strong associations may be due to the small effect that each
SNP likely has on the resistance phenotype, a trait that is most likely polygenic given its
quantitative nature [6,43]. Therefore, the sample size used may be too small to have enough
statistical power to detect significant results for variants with small effects. Although
these results cannot be directly applied, polymorphisms in candidate genes, especially in
MEE12, PCMP-E91, HIPP41, and UGT5, may be useful in the development of markers
for resistance to PWD, and warrant further investigation in genotyping assays of a larger
sample representing several families of the reference population for PWD resistance [6,21].

5. Conclusions

Our results confirmed that using RNA-seq data for SNP discovery is a valuable
approach to identify SNPs in candidate genes potentially linked to the trait of interest.
These SNPs can be particularly informative as they were identified under the biotic stress
in study and in a population showing contrasting phenotypes for the relevant trait. The
identified SNPs have the potential to be used in future association studies searching for
markers connected to PWD, not only in the half-sib family 440, but also in other families
originating from the same population in the South of Portugal. The SNPs here identified
can be added to other previously discovered P. pinaster SNPs to obtain a high-density
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SNP array that include interesting SNPs for PWD resistance, increasing the potential for
discovery of significant genome wide associations.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/f13060946/s1, Supplementary Figure S1. Type of SNPs identified
in P. pinaster RNA-seq analysis; Supplementary Figure S2. Boxplots of the height and diameter at
the base of the stem of inoculated plants (half-sib family 440) and t-test results for the comparison
of these parameters’ means between susceptible and resistant plants; Supplementary Figure S3.
Association analysis of the SNPs in the six sequenced gene fragments under different genetic models
with resistance to PWN; Supplementary Figure S4. Genotypes distribution for SNPs associated
with phenotype; Supplementary Table S1. Summary of PCR conditions and sequencing results of
the 26 SNPs selected for validation; Supplementary Table S2. Summary of mapping statistic per
sample and per sequencing lane; Supplementary Table S3. SNPs detected in P. pinaster RNA-seq
data; Supplementary Table S4. Details and functional annotation of the SNPs with an Fst ≥ 0.80;
Supplementary Table S5. Allele frequencies and Hardy–Weinberg Equilibrium significance values
calculated by SNPassoc; Supplementary Table S6. Non-significant results of the haplotype association
analysis obtained with SNPassoc. All analyses were performed using a logistics regression model.
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