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ABSTRACT

Genetic resistance to disease incited by necrotrophic pathogens is not well understood in plants.
Whereas resistance is often quantitative, there is limited information on the genes that underpin
quantitative variation in disease resistance. We used a population genomic approach to identify genes in
loblolly pine (Pinus taeda) that are associated with resistance to pitch canker, a disease incited by the
necrotrophic pathogen Fusarium circinatum. A set of 498 largely unrelated, clonally propagated genotypes
were inoculated with F circinatum microconidia and lesion length, a measure of disease resistance, data
were collected 4, 8, and 12 weeks after inoculation. Best linear unbiased prediction was used to adjust for
imbalance in number of observations and to identify highly susceptible and highly resistant genotypes
(“tails”). The tails were reinoculated to validate the results of the full population screen. Significant
associations were detected in 10 single nucleotide polymorphisms (SNPs) (out of 3938 tested). As
hypothesized for genes involved in quantitative resistance, the 10 SNPs had small effects and proposed
roles in basal resistance, direct defense, and signal transduction. We also discovered associated genes with
unknown function, which would have remained undetected in a candidate gene approach constrained by
annotation for disease resistance or stress response.

ENETIC interactions between host and pathogen
populations result in abundant natural variation

in the genes involved in host disease resistance. Most of
the studies leading to identification and cloning of
disease resistance genes are focused on major gene
disease resistance (JoHAL and BR1GGs 1992; DANGL and
Jones 2001; JoNes and DaNcL 2006). In cases where
resistance is associated with single genes, genetic effects
are large in magnitude and detection is straightfor-
ward. In contrast, quantitative disease resistance is typ-
ically conditioned by many genes with relatively small
effects. Quantitative resistance is generally considered
to be more durable but also more difficult to investigate
relative to major gene resistance, since the effects of
individual genes are small and phenotyping experi-
ments must be performed with high levels of precision.
As a consequence, the genes and mechanisms of
quantitative disease resistance are poorly understood,
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in part due to the smaller effect of individual genes on
the resistance phenotype. Interactions between plants
and necrotrophic pathogens often exhibit quantitative
resistance (BALINT-KURTI et al. 2008; POLAND et al.
2009).

Pitch canker disease of loblolly pine and other pine
species is incited by the necrotrophic pathogen Fusa-
rium circinatum and is manifest as resinous lesions in
stems and branches (DWINELL et al. 1985; ENEBAK and
Stanosz 2003; CAREY e al. 2005; SakamoTo and
GorpoN 2006). There is evidence for heritable re-
sistance to pitch canker in loblolly pine (KAYIHAN
et al. 2005) as well as other pine species (HopGE and
Dvorak 2000, 2007). In this article we report the first
population-wide phenotypic screen of a clonally prop-
agated population of loblolly pine for association test-
ing (EckERT et al. 2010). Clonal propagation of this
population enabled precise phenotyping, which was re-
quired to obtain the resolution needed to identify can-
didates for quantitative disease resistance loci.

Pine species in general exhibit high levels of nucle-
otide variation and low linkage disequilibrium (LD)
(BROWN et al. 2004). An association genetic approach
relies on the premise that historical, unrecorded re-
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combination events over many generations have re-
duced LD between markers and quantitative trait loci
such that only those marker-trait pairs that are tightly
linked remain detectable; this may enable “fine map-
ping” to identify genes underlying quantitative variation
(FLINT-GARCIA et al. 2003; NEALE and SAVOLAINEN
2004). Association-based approaches have been used
to identify candidate genes underlying traits in plants
(Zuao et al. 2007; SticH el al. 2008; WANG et al. 2008;
YAHIAOUI et al. 2008; INOSTROZA el al. 2009; STRACKE
et al. 2009), based in part on applications in humans
(D’aLronNso et al. 2002; McGUFFIN et al. 2003; EAsToN
et al. 2007; LEE et al. 2007), livestock (MARTINEZ et al.
2006; CHARLIER ¢f al. 2008; GopDARD and HAvEs 2009),
and Drosophila (KENNINGTON et al. 2007; NORRY et al.
2007; JIANG et al. 2009). Recent association studies in
tree species have evaluated single candidate genes or a
modest number of candidate genes for association
(THUMMA et al. 2005; GONZALEZ-MARTINEZ et al. 2007,
2008; INGVARSSON et al. 2008; ECKERT et al. 2009a).
Association mapping has been used to identify disease
resistance genes in several crop species including
sugarcane, maize, barley, and potato (FLINT-GARCIA
et al. 2005; WEI et al. 2006; YU and BuckrLEr 2006;
MALOSETTI et al. 2007; STICH et al. 2008; INOSTROZA et al.
2009; MURRAY et al. 2009). The population analyzed in
this study was genotyped at 3938 SNP loci that were
selected without regard to the functional annotation of
ESTs from which they were derived. Thus, we reasoned
that the status of any particular marker as a candidate
disease resistance gene would be determined by associ-
ation testing, as opposed to previous studies in which
markers were typically evaluated on the basis of their
presumed roles in disease resistance in other species.

Several different, but not mutually exclusive hypothe-
ses have been proposed regarding the genetic origins of
quantitative resistance (POLAND et al. 2009), providing a
useful framework for understanding evolution of re-
sistance to necrotrophic pathogens. These six hypotheses
proposed by POLAND et al. (2009) predict that quantita-
tive disease resistance is conditioned by: (1) genes reg-
ulating morphological and developmental phenotypes;
(2) mutations in genes involved in basal defense causing
small, incremental levels of resistance; (3) components
of chemical warfare, through the action of genes pro-
ducing antibiotic or antifungal compounds; (4) genes
involved in defense signal transduction pathways; (5)
weak forms of defeated R genes; and/or (6) genes notyet
known to be involved in disease resistance.

In this study, our main objective was to evaluate the
genetic architecture of pitch canker disease resistance:
to quantify the extent to which genes contribute to vari-
ation in the disease phenotype, to evaluate the hypoth-
esis that disease resistance was quantitative, and to
identify candidate genes for resistance as well as quan-
tify their magnitude of effect. In the process of identi-
fying candidate genes for resistance we were also able to

evaluate support for hypotheses recently put forth by
PorLAND el al. (2009) regarding the biological roles and
origins of quantitative resistance genes.

MATERIALS AND METHODS

Plant material: Loblolly pine (Pinus taeda L..) material was
propagated by juvenile stem cuttings (LEBUDE et al. 2004), at
the North Carolina State University (NCSU) Horticultural
Field Laboratory, Raleigh, NC, obtained from repeatedly
hedged stock plants representing a sample of 498 genotypes
collected as wild selections of the NCSU Cooperative Tree
Improvement Program (NCTIP), supplemented by a few
unrelated genotypes from controlled crosses from the
NCTIP and the Western Gulf Forest Tree Improvement Pro-
gram (Figure 1). Depending on propagation efficiency and
availability, one to four cuttings of each clone were trans-
ferred to the greenhouse facilities at the University of
Florida, Gainesville, FL. The plants were placed on Ebb-n-
Flow benches and subirrigated twice daily with a Peter’s
Professional Fertilizer (10-20-10; adjusted to 2 mM ammo-
nium nitrate) supplemented with iron (Sequestrene; ad-

justed to 0.037 mM elemental iron). The cuttings were then

hedged to stimulate flushing and were placed in the ex-
perimental design.

Experimental designs: Two inoculation experiments were
performed. An initial inoculation experiment consisted of up
to four replicates of the entire population of 498 genotypes,
placed in a randomized incomplete block design with 21 rows
and 22 columns per replicate. A subset of genotypes from this
first experiment was selected on the basis of response to
pathogen challenge. This subset was composed of the 50 most
susceptible and the 50 most resistant genotypes. The selected
plants were hedged and transferred to l-gallon pots and
placed in a 9 X 9 partially balanced lattice design. Shoots
selected for inoculation in the second experiment were
individually identified for repeated measures.

Fungal inoculum: F circinatum strain S45 was cultured in
PDA (potato dextrose agar) medium for 10-15 days, as
described by YOUNG et al. (2006). Microconidia, representing
clonally derived spores of a single genetic isolate, were then
harvested by flooding the culture plates with 5 ml of sterile
distilled water and collecting the spore suspension with a
pipette onto a glass beaker. The concentration of microconidia
was estimated using a hemacytometer and dilutions were made
until a final concentration of 500 spores/pl (YOUNG et al.
2006) was obtained.

Phenotyping: One to five shoots per plant were selected for
inoculation and the tips were cut off to allow fungal penetra-
tion. Plants were sprayed with the spore solution described
above using a manual pressure spray pump. For reinoculation
experiments, selected genotypes from the resistant and
susceptible tails were transferred to 1-gallon pots and hedged
twice to induce multiple shoot growth. Plants were wounded at
the shoot tip and 2 pl of inoculum (500 spores/pl) were
manually placed on the wound with a pipettor. After in-
oculation, all plants were placed overnight in a humid
chamber, constructed by sealing flood benches in clear plastic
sheeting material. The following morning, the plastic was
removed.

Lesion length measurements were taken at 4, 8, and 12
weeks after inoculation, using a digital caliper. Lesion lengths
were recorded, in millimeters, from the shoot tip (wound site)
to the lowest point where necrosis was observed. To keep data
collection consistent, lesion lengths of a given block were
recorded by the same person in all three measurements.
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Estimates of clonal values were obtained using best linear
unbiased predictions (BLUP) in ASReml (GILMOUR et al.
2006) with the following model for the initial inoculation
experiment:

Yijimno = M + Rep; + clone]- + rep*clone,-j + ram(clone*rep),—jk

+ tray(rep);; + row(rep)in + col(rep)in + Cijtimno,

where:

® Yijkimno 18 the oth lesion log length observation for the kth
ramet within the jth clone in the mth row and the nth
column of the Ith tray within the ith replicate for each time
point.

W is an overall mean.

rep; is the fixed effect replication i = 1-4.

clone; is the random variable clone ~ NID(0,02 ).

9 clone

rep*clone;; is the random variable rep by clone

~NID (07 O-Elnne*rep)'

e ram (clone*rep) ;i is the random variable ramet within clone
by rep NNID(()? Ufam(clone*rep) ) L .

e tray(rep); is the random variable tray within replicate
~NID (07 (_)-Lzray(rcp))' . L .

e row(rep);, is the random variable row within replicate
~ NID(QvUEow(rep))' . L .

e col(rep),, is the random variable column within replicate
~ NID(0, 0 oyepy)- - .

® Cjjiimo 18 the random variable error within the experiment
~NID(0, o?).

e The random variables rep*clone;, tray(rep) 4 and col (rep) ;,,

were later excluded from the model because of zero

variance.

The genotypes were ranked according to their clonal BLUP
estimates and the 50 most susceptible and resistant genotypes
(tails) were selected. For the second inoculation experiment
the BLUPs were obtained using the following model, with the
same variables as described above:

Yiimno = I + Rep; + clone; + rep*clone;; + row(rep)in
+ col(rep);, + Cijmno.

Clonal repeatability was estimated using the following
formula:

2
(o)
_ clone
Tclone = — 2

5"
O lone + Oram + g,

2

< Was omitted from the

For the reinoculation experiment, o
above formula.

The variances of clone, ramet and residual effects were used
to estimate the phenotypic standard deviation, as the square
root of the sum of these three values.

Genotyping: Genotyping of SNPs was performed using the
Ilumina Infinium assay (Ilumina, San Diego, CA). Similar,
yet lower throughput platforms have been shown to work well
within the large and complex genome of conifers (ECKERT
et al. 2009b). The discovery, selection, and genotyping of
these SNPs are described in ECKERT et al. (2010). In brief,
SNPs were detected in a discovery panel of 18 megagameto-
phytes and genotyped for 7508 resequenced amplicons
obtained from all available unique EST contigs representing
all pine ESTs known to date using an Infinium genotyping
chip. EST sequences were utilized without regard to gene
annotation. In total, ~22,000 SNPs were discovered, of which
7216 were chosen for genotyping. Results were analyzed using
the BeadStudio ver. 3.1.3.0 software (Illumina), and 3938
SNPs were selected on the basis of the quality and reliability of
reads as well as frequency of polymorphism across genotypes
in the association population (i.e., common variants were
selected). Genotypic data of the 3938 SNP markers were
available for 404 of the 498 clones screened for pitch canker
resistance.

Association analyses: Patterns of population structure
within this association population were assessed using 23
nuclear single sequence repeat markers in conjunction with
STRUCTURE ver. 2.2 (PrircHARD 2000). The association
analyses performed in this study were done with a cluster
number of five (K= 5). This value was the minimal value of
Kat which the log probability of the data leveled, and mem-
bership coefficients (i.e., ¢values) illustrated geographical
trends for most clusters (ECKERT ef al. 2010). Membership
coefficients for these clusters were also in agreement with
previous research, which identified significant structure (fst =
0.02-0.04) between samples spanning the Mississippi River
Valley (SCHMIDTLING 1999; Ar-RABAB’AH and WiLL1AMS 2002).
These data were used to construct the X (structure) matrix
described below.
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Prior to testing for significant associations, SNPs were
preselected on the basis of their significance for additive
effects. The 400 SNPs with lowest P-values were used to test for
significant associations in the entire population, since we
anticipated these SNPs would exert the largest effects on the
phenotype. A test for significance of SNP effect was performed
by an analysis of variance on all 3938 SNPs, using R software
version 2.8.1 (R DEVELOPMENT CORE TEAM 2005). A complete
model, consisting of SNP, replicate, and interaction effects was
compared to a reduced model with only replicate effects. The
formulas for the analysis of variance are shown below, after
which Pvalues for each individual SNP were obtained and
ranked according to level of significance.

Complete model: Y;; = + SNP;, + Rep; + SNP*repj, + ¢;;
Reduced model: Y; =+ Rep; + ¢,

where:

Yj;is the ith log-transformed mean lesion length for the jth

replicate,

W is the overall mean,

SNP, is the fixed effect SNP k = 1-3938,

Rep; is the fixed effect replicate j = 1-4, and

¢jj is the random variable error within the experiment

~ Diag(0,07,;).

Significant associations were identified using the Bayesian
association with missing data (BAMD) program developed in
R software (R DeEvELOPMENT CORE TraM 2005), which in-
corporates a simultaneous solution for SNP effects, popula-
tion structure, and imputation of missing SNP data (L1 2008;
GoprAL et al. 2009). This program is available free online at
CRAN (http:/cran.r-project.org/). The association model
was the following:

y=XB+Zy+te,

where y is the vector of clonal least-square means for the trait
(mean log-transformed pitch canker lesion length), Xis the
structure matrix from the population, B is the coefficient for
population structure effects, Zis the matrix for SNP effects, y
is the coefficient for SNP additive effects with a common
variance, and ¢ is the residual ~N(0, Io?). A total of 50,000
iterations were performed on the program, of which the last
20,000 were kept. Mean SNP effects and 95% confidence
intervals were obtained from the BAMD output, estimated
from the gamma values of the last 20,000 iterations. This
generated a 95% confidence interval of effect for each SNP
that either did, or did not, include a value of zero. The 95%
confidence interval reflects SNP effects calculated across all
values (i.e., imputed multiple times) for missing SNP data
points. SNPs were considered significant if they did not
include a value of zero in the 95% confidence interval.

Tests for linkage disequilibrium and departure from
Hardy—Weinberg equilibrium: All 3938 SNPs were tested for
linkage disequilibrium and departure from Hardy-Weinberg
equilibrium using the SAS PROC ALLELE procedure (SAS
version 9.1, SAS Institute, Cary, NC). SNPs were considered
significant for either test at a false discovery rate (FDR) of
5%.

Estimating SNP effects: The effects of the significant SNPs
on the clonal variances were determined by evaluating the
model used to obtain the BLUPs, incorporating all significant
SNPs as random effects and then rerunning a reduced model
without SNP effects. A chi-square test was performed on the
difference between the —2 log likelihood values from the two
models to determine whether the effect of the SNPs was
significant. The percentage of clonal variance explained by
each individual SNP was obtained using the following formula:

9 9 ‘
((O-Clonc,Rcd - O-Clonc,SNPx)/O-éllonc,Rcd)*100’

where 62, req is the clonal variance of the reduced model
(without SNP effects), and 03, sxp. 1 the clonal variance
obtained by including each individual SNP (x = 1-10)
separately as a random variable in the model.

Asimilar approach was used to determine the percentage of
the phenotypic variance accounted for by the effect of each
individual SNP on the clonal variance. This was obtained by
using

2 2 2
( (UClone_Red ~ OClone_SNPx ) /O-Phenotypic ) *1 007

where 62, .. req 1s the clonal variance of the reduced model
(without SNP effect), 0%, sup. 18 the clonal variance
obtained by including each SNP (x = 1-10) separately as a
random variable in the model, and cr;ihenowpic is the phenotypic
variance obtained by summing all variance components other
than environmental corrections from the reduced model.

The phenotypic standard deviation was obtained by taking
the square root of the sum of all variance components other
than environmental corrections from the reduced model. The
percentage of phenotypic standard deviation represented by
each SNP was obtained by dividing the absolute value of the
mean SNP effect from the association output by the pheno-
typic standard deviation and multiplied by 100, as shown
below:

%SDPhenotypiC = lOO*(Mean SNP effect/SDphenowpiC) .

Blast analyses: Sequences flanking SNPs as well as the
corresponding EST contig sequences were obtained from the
Dendrome database (http:/dendrome.ucdavis.edu/interface)
for each SNP that showed significant associations to pitch
canker resistance. A BLASTx search was performed against the
entire National Center for Biotechnology Information (NCBI)
nonredundant protein database (http://blastncbi.nlm.nih.
gov/Blast.cgi) to determine whether the sequences encoded
proteins with known function. Hits with expect values lower
than F-10 were selected, otherwise they were considered as no
hits. The best hits were used as reference for interpretation of
putative biological functions of the EST sequences from which
the SNPs were obtained.

To determine whether a SNP was located in a coding region,
the same cDNA sequences used for BLASTx were used as a
BLASTn query against the NCBI database (http://blast.ncbi.
nlm.nih.gov/Blast.cgi). The pine genomic DNA sequences
with highest similarity to the query sequence were used as
guidelines to determine the location of the SNP. The EST contig
sequence, genomic DNA sequence and the two versions of the
SNP flanking sequences (each version with the corresponding
nucleotide substitution), were aligned using ClustalW2 (http:/
www.ebi.ac.uk/Tools/clustalw2/index.html). The alignment
of all four sequences was suggestive of the SNP being in a
coding region.

To further verify whether the SNPs were located in a coding
region, the EST contig sequence and the BLASTn best hit
sequence were translated using ExPASy (http:// ca.expasy.org/
tools/dna.html). The translated sequences were compared to
the protein sequence of the BLASTx best hit. The BLASTx
best hit was also used as reference for the strand orientation of
the translated EST contig sequence. BLASTx results of the EST
contig sequence and BLASTn best hit sequences were also
compared. In cases where the BLASTn best hit yielded no hits
with the BLASTx results but its corresponding contig se-
quence did, was evidence that the SNP could be located in a
noncoding region, possibly the 3'-UTR. Translation of the
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SNP flanking sequences and alignment with the translated
EST contig and BLASTn best hit sequence allowed determin-
ing whether the SNP caused a synonymous or nonsynonymous
substitution.

RESULTS

The distribution of clonal predicted values validates
the quantitative nature of pitch canker resistance: The
clonal predicted values for lesion length obtained using
BLUP showed a continuous distribution, characteristic
of quantitative traits (Figure 2). This supports previous
observations on the nature of pitch canker resistance in
loblolly pine (KAYIHAN et al. 2005). The 50 clones with
the most extreme phenotypes at each end of the
distribution (highly susceptible and highly resistant)
that had three or more ramets were reinoculated and
the lesion length values were compared to those from
the original population.

Clonal lesion lengths progressively increased by
measurement period and showed significant differences
between extreme phenotypes: Mean lesion lengths

FiGUure 2.—Distribution of BLUP clonal esti-
mates for pitch canker lesion length (log trans-
formed), highlighting the 50 most resistant
and susceptible clones. Inserts show phenotypes
of resistant and susceptible genotypes.

Susceptible

observed for the population in the first experiment
increased from 5.75 mm at 4 weeks after inoculation to
9.5 mm at 12 weeks after inoculation. When measured
in the resistant and susceptible tails, the respective mean
lesion lengths ranged between 2.86 and 4.57 mm, and
between 7.05 and 14.01 mm (Table 1). High levels of
variation were apparent within the population and in
both tails, as shown by large values for the standard
deviation. Such variation is likely due to a highly un-
balanced experimental design, because the number of
ramets and available shoots for inoculation varied
among genotypes. For this reason, we used best linear
unbiased predicted values for selection of clones with
extreme phenotypes, as this approach adjusts for the
variable number of observations.

An analysis of variance was conducted to test for
significant differences among the susceptible and re-
sistant genotypes after the second inoculation. For this
test, the results from the third measurement (12 weeks
after inoculation) were used. The results showed that
the differences among the susceptible and resistant
genotypes were significant (P < 0.0001).

TABLE 1

Clonal lesion length measurements increased with time period in the two inoculation experiments
and were significantly different (P < 0.001) among tails in the second inoculation

Second inoculation (tails)

First inoculation (association population) Resistant Susceptible
Time postinoculation (weeks)
4 8 12 4 8 12 4 8 12
Mean (mm) 5.75 7.93 9.50 2.86 3.81 4.57 7.05 12.15 14.01
Standard deviation 2.63 5.01 7.56 1.10 1.31 3.00 3.84 7.72 9.57
Median 5.37 6.67 7.27 2.69 3.38 3.87  6.31 10.05 10.75
N 498 45 47

Measurements were performed at 4, 8, and 12 weeks after inoculation in the association population and in the reinoculated

resistant and susceptible tails.
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Clonal repeatability values were consistent with those
from a population with known pedigree: Clonal re-
peatability is a measure of heritability commonly esti-
mated for populations where the family structure is
unknown. Clonal repeatability values ranged from 0.21
to 0.28 in the first experiment, and from 0.35 to 0.38 in
the second inoculation (Table 2). The results suggest that
~30% of the variation on the disease resistance trait in
the first inoculation can be attributed to genetic effects,
whereas in the second inoculation experiment, genetic
effects account for ~40% of the phenotypic variation.
The increase of 10% in clonal repeatability observed
from one experiment to the next suggests that environ-
mental effects were reduced. This could be due to better
growth conditions and tissue uniformity of plant material
and more effective inoculation procedures that caused
clonal measurements to be less variable across replicates.
Such repeatability values were consistent with the broad-
sense heritabilities reported by KayiHAN et al. (2005)

Associations suggest pitch canker resistance involves
many genes with small effects: Out of 3938 SNPs, 10
were significant at a 95% Bayesian confidence interval
(o = 0.05). Mean SNP effects ranged between 0.040 and
0.061 log mm (Table 3). The phenotypic standard devi-
ation was 0.82 log mm and was estimated as the square
root of the sum of the variances of clone, ramet, and
residual effects. The percentage of the phenotypic stan-
dard deviation affected by a given SNP ranged between
4.78 and 7.21 (Table 3), suggesting that there are no
major genes that are involved in pitch canker resistance,
but rather resistance could be due to the action of several
genes with small effects. The effect of all significant SNPs
on the clonal variance was estimated by running a full
model (with all SNPs included as random variables in the
model), as well as a reduced model (without SNPs in the
model). The percentage of clonal variance accounted for
by all the SNPs together was 13.19%. A likelihood ratio
test on the full model against the reduced model was
performed to determine the significance of the effect of
SNPs on the clonal variance. The observed chi-square
value was 18.26, resulting in a Pvalue significant at a <
0.05 with 10 degrees of freedom. Thus, the SNPs appear
to have a significant, although not large, effect on the
clonal variance. The individual SNP effects on the clonal
variance ranged from 0.29 to 3.83% (Table 3). The sum
of all values accounts to 14.6% (data not shown), which
is close to the 13.19% accounted for by the effect of all
SNPs together in the clonal variance. In terms of the
effect of the SNPs on the phenotypic variance, these are
very low, with the highest being 0.98%. Overall, the sum
of the SNP effects on the phenotypic variance account
for ~3.74%. To evaluate potential consequences of pre-
processing, we used the 400 SNPs with the greatest effect
on the clonal variance as a preprocessing criterion. This
identified 18 significant SNPs, of which 5 were identical
to those described above (supporting information,
Table S1).

TABLE 2

Clonal repeatability, a measure of heritability, was obtained
from the variances for clone, ramet, and residual in the first
inoculation experiment and from the variances for clone
and residual in the second inoculation experiment

. Variances
Lesion log
length Clone  Ramet  Residual  Repeatability
First inoculation
4 weeks 0.11 0.098 0.32 0.21
8 weeks 0.16 0.077 0.41 0.25
12 weeks 0.21 0.069 0.47 0.28
Second inoculation

4 weeks 0.29 — 0.54 0.35
8 weeks 0.34 — 0.53 0.39
12 weeks 0.35 — 0.56 0.38

Respective repeatability values totaled 0.28 in the first inoc-
ulation and 0.38 in the second inoculation at 12 weeks after
inoculation.

Annotation of genes containing significant SNPs:
BLASTx analysis of the contig EST sequences was per-
formed against the complete NCBI database for those
SNPs that showed significant associations with the dis-
ease resistance phenotype. Out of the 10 EST sequences
from the corresponding significant SNPs, two gave no
hits and one resulted in an “unknown protein” when a
maximum expected value of E-10 was used (Table 4).
Without any cutoft value, the sequences that were
detected as “no hits” had similarities with unknown
predicted or unnamed proteins.

The remaining EST sequences showed similarity to
known proteins, such as lectin-like protein kinase,
geranylgeranyl transferase beta I subunit, DELLA pro-
tein, hexokinase, plastid hexose transporter, and blue
copper protein (Table 4). The flanking sequences of 8
of the 10 significant SNPs were located to a coding
region. The remaining 2 appear to be in the 3'-UTR
end, based on sequence alignments with the EST contig
and their corresponding pine genomic DNA (Table 4).

Six of the significant SNPs result in nonsynonymous
substitutions and, although some amino acid changes
observed appear minor (V to A substitution), others
may cause nonsynonymous substitutions or truncation
of the coding sequence, which may result in more
dramatic changes to protein structure (Table 4). In
addition, only 1 of the 10 significant SNPs showed
departure from Hardy—Weinberg equilibrium (Table 4).

DISCUSSION

In this study we exploited vegetative propagation to
quantify the extent to which genetic factors condition
disease resistance, and to enable the precision required
to detect quantitative disease resistance genes that exert
small effects on the phenotype. Lesion lengths increased
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TABLE 3

List of SNPs significantly associated with pitch canker resistance (o < 0.05) and their effects
on genotypic (clonal) and phenotypic (lesion length) variation

95% % % O’%’hcnolypic
confidence phenotypic % due to SNP
Mean interval standard diff in clonal effect in clonal
SNP_ID Allele A Allele B (log mm) (log mm) deviation variance variance
0_15227_01_160 T C 0.040 [0.002, 0.078] 4.775 0.924 0.236
0_15382_01_104 G A 0.061 [0.007, 0.115] 7.210 3.832 0.980
0_2234_01_128 G T 0.048 [0.009, 0.087] 5.697 1.745 0.446
0_6323_01_248 G C 0.045 [0.002, 0.088] 5.307 0.889 0.227
0_9288_01_372 A G 0.048 [0.011, 0.085] 5.662 0.288 0.074
1.3327_01_116 A G 0.054 [0.005, 0.103] 6.383 2.187 0.559
2 4484 02_622 T C 0.057 [0.004, 0.110] 6.738 1.101 0.282
2_6181_02_400 T G 0.057 [0.005, 0.110] 6.761 1.129 0.289
2_8946_02_437 G C 0.056 [0.003, 0.107] 6.560 1.031 0.264
CL4336Contigl_01_180 T C 0.053 [0.001, 0.106] 6.277 1.519 0.389

Mean SNP effects on the phenotype were estimated from the last 20,000 iterations in the BAMD program, along with the cor-
responding 95% confidence intervals. The contribution of the SNP to the phenotype is shown as the percentage of the phenotypic
standard deviation, whereas genotypic effects are indicated as the percentage of difference in the clonal variance. The percentage
of the phenotypic variance due to the SNP effect in clonal variance is an indicator of the genetic contribution of the SNP to the

phenotype.

among time points with significant differences between
two groups of clones that showed extreme phenotypes
(tails). High standard deviation values were suggestive
of high levels of variation within the population, partly
because of the broad geographical range from which
the clones used in this study were collected, but also
because the number of observations for each genotype
was not uniform. When this occurs, individuals with
fewer observations have a tendency to be overestimated
(Beavis 1998; GORING et al. 2001). Therefore, clonal
values were adjusted for different numbers of observa-
tions using BLUP. This provided more reliable clonal
values for the experiment and allowed a more unbiased
detection of the extreme phenotypes.

Genetic resistance to necrotrophic pathogens is
frequently found to have a quantitative basis, although
exceptions to this general rule have been noted in crops
(e.g., JoHAL and BrIGGS 1992). Pitch canker resistance
in loblolly pine appears to be quantitative on the basis of
the observed continuous distribution of resistance
phenotypes within a large family-based population
(KAYIHAN et al. 2005) and the results reported in the
present study. Quantitative traits typically are defined by
relatively small contributions from several genes, or by
one or two genes with large effect and several additional
genes with small effects (FLINT and Mackay 2009). Our
detection of 10 loci associated with disease resistance
that collectively account for ~15% of the clonal variance
is consistent with an “infinitessimal model” in which all
of the clonal variance could be explained by many genes
with small effects, similar to flowering traits in maize
(BUCKLER et al. 2009). However it should be noted that
the discovery panel was intended to discover common
variants, and furthermore the proportion of all genes in

the pine genome marked by SNPs in the present study is
not known, since the total number of genes encoded in
the pine genome is not known. Perhaps major genes for
pitch canker resistance exist but remain undetected in
this study, as well as potentially severe alleles in loci that
could account for large fractions of the remaining
clonal variance that is not currently explained by SNPs.
Thus the evidence for lack of major genes reported in
this study, which is consistent with results of other
studies (GONZALEZ-MARTINEZ ¢l al. 2007, 2008; ECKERT
et al. 2009a), should not be taken as evidence that
quantitative disease resistance is conditioned entirely by
genes that exert minor effects.

The results from BLASTx analyses showing that 3 of
the 10 SNPs significant for associations corresponded to
unknown or predicted proteins suggests that such
sequences correspond to taxonomically restricted genes
that have not been detected in other plants. Given the
observation that these genes lack detectable orthologs
in angiosperms, this illustrates the value of testing all
possible loci for association with phenotypes of interest—
these loci would not have been detected had we restricted
the pool of tested SNPs to those annotated with roles in
disease resistance (MORSE et al. 2004).

Most loci associated with pitch canker disease re-
sistance were related to known genes, many of which
had supporting evidence of possible involvement, di-
rectly or indirectly, in disease resistance or stress re-
sponse. We interpret these associations in the context of
hypotheses recently proposed by POLAND et al. (2009) to
explain the genetic basis of quantitative disease re-
sistance. These are not expected to be mutually exclu-
sive, and our observations regarding the nature of the
genes containing significant SNPs associated with pitch
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TABLE 4

SNPs significant for association with pitch canker resistance and best hits based
on BLASTx search using the contig sequence as query

Best hit

SNP_ID (expect < 1e-10)

Best hit (no cutoff)

Effect on aa  No. SNPs
sequence in LD*

Predicted
SNP location

0_15227_01_159

lectin-like protein

ATP binding protein, ATP binding protein,
lectin-like protein kinase

Coding region Synonymous 0

kinase (expect = 7¢-27)
0_15382_01_99 Geranylgeranyl Geranylgeranyl transferase Coding region Vit A 0
transferase type I type I beta subunit
beta subunit (expect = 2¢-30)
0_2234_01_128 Putative long-chain Putative long-chain Coding region DtoY 0
acyl-CoA synthetase  acyl-CoA synthetase
(expect = 5e-63)
0_6323_01_240 DELLA protein DELLA protein Coding region Synonymous 0
(expect = 3¢-59)
0_9288_01_370 No hits found Predicted protein Populus Coding region Synonymous 0
trichocarpa (expect = 4e-06)
1.3327_01_1138" No hits found Unnamed protein product Coding region CtoY 8
(Vitis vinifera) (expect = 0.23)
24484 02_622 Plastid hexose Plastid hexose transporter Coding region CtoY 0
transporter (expect = 8e-64)
2 6181_02_400 Hexokinase Hexokinase (expect = 2¢-31) Noncoding, NA 0
putative 3"-UTR
2_8946_02_435 Cucumber peeling Cucumber peeling cupredoxin ~ Non-coding, NA 1
cupredoxin (expect = 3e-10) Putative 3'UTR
CL4336Contigl_01_180 Unknown Unknown (Picea sitchensis) Coding region Synonymous 1

(Picea sitchensis)

(expect = 2¢-72)

Predicted SNP location and effect on amino acid sequence are also shown on the basis of sequence alignments with genomic

DNA sequences. NA, not applicable.

“Tests for departure from Hardy-Weinberg equilibrium and linkage disequilibrium were performed for all pairwise combina-
tions of the 3938 SNPs available for this study. None of the significant SNPs detected were in LD with each other.
’Departure from Hardy-Weinberg equilibrium was significant at 5% FDR. Linkage disequilibrium was also considered signif-

icant at 5% FDR.

canker resistance suggest that different genes support
several of those hypotheses. DELLA proteins and
geranylgeranyl transferases are both involved in modu-
lating the salicylic acid, and the jasmonic acid/ethylene
pathways (GORITSCHNIG et al. 2008; LLORENTE et al.
2008; NAVARRO et al. 2008a,b; COURDAVAULT et al.
2009), supporting the hypotheses that quantitative re-
sistance loci are involved in defense signal transduction.
Similarly, hexokinases and hexose transporters could
also support this hypothesis, if their role in plant
pathogen response were mediated by their roles in
sugar signaling and sensing (HERBERS et al. 1995, 1996;
YosHipa et al. 2002) . The role of blue copper proteins in
redox reactions (NERSISSIAN ef al. 1998), known to be
involved in detoxifying pathogen-produced phytotox-
ins, could be interpreted as supporting the chemical
warfare hypothesis, or as supporting the hypothesis of
developmental phenotypes given a potential role for
blue copper proteins in lignin formation (LOOPSTRA
and SEDEROFF 1995). The lectin-like protein kinase
supports the hypothesis that mutations in genes in-
volved in basal defense occur through putative recog-
nition of pathogen elicitors (KaNzakr et al. 2008).
Finally, those SNPs within unknown or unclassified

genes favor the hypothesis that quantitative resistance
genes represent a set of genes that have not previously
been associated with disease resistance and are there-
fore not annotated with any known function (POLAND
et al. 2009).

The results of this study raise important and un-
resolved questions regarding durability of quantitative
resistance. Evidence was obtained for significant prov-
enance X isolate interactions between F. circinatum and
P. patula but not P. tecunumanii (HODGE and DVORAK
2007), which may suggest specificity in pitch canker
disease resistance. Specific interactions would imply
that subsets of quantitative resistance loci may have
been overcome by the pathogen during coevolution
with P. patula. In this context, it would be informative to
inoculate the loblolly pine genotypes in the extreme
tails with diverse isolates of the pitch canker fungus to
test the hypothesis that subsets of quantitative resistance
loci may be involved in isolate-specific resistance in this
host species, as well. Genetic variation in Fusarium is
conditioned by sexual reproduction (COVERT et al. 1999;
Bri1z et al. 2005) as well as horizontal transfer of
chromosomes that confer pathogenicity (Ma et al.
2010). This increases the importance of distinguishing
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whether resistance loci are associated with general (z.e.,
more durable) or specific (i.e., less durable) interactions
to inform breeding and selection in genetic improve-
ment programs aimed at increasing disease resistance
(PoLAND et al. 2009).
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TABLE S1
SNPs significant for association with pitch canker resistance using pre-processing based on effects of individual SNPs on clonal variance

Contig Best Hit (Expect < 1E-10) Best known hit (no cutoff) Putative function
0_11598 hypothetical protein OgJ_03610 [Oryza sativa RRP4; exonuclease [Arabidopsis thaliana] (9E-11)  RNA binding / exonuclease

Japonica Group] (1E-12)
0 11794 conserved hypothetical protein [Ricinus communis] conserved hypothetical protein [Ricinus communis] B

- (9E-33) (9E-33)

"geranylgeranyl transferase type I beta subunit, "geranylgeranyl transferase type I beta subunit, . . . .
015382 putative [Ricinus communis]" (2E-30) putative [Ricinus communis]" (2E-30) protein prenylation, cell signaling,
0_1583 unknown [Picea sitchensis] (8E-57) unknown [Picea sitchensis] (8E-57) --
02092 unknown [Picea sitchensis] (4E-36) putative protein kinase [Arabidopsis thaliana] (2E- kinase activity, protein amino acid

30) phosphorylation
0_4285 amino acid carrier [Zea mays] (5E-22) amino acid carrier [Zea mays] (5E-22) grr(;li?rr:lembrane amino acid transporter
0_9288 No Hits Found No Hits Found -
0_9534 putative acid phosphatase [Pinus pinaster] (1E-49) putative acid phosphatase [Pinus pinaster]| (1E-49) acid phosphatase activity
1.3327 No Hits Found No Hits Found -
. . . PREDICTED: plastid hexose transporter [Vitis .
2_4484 unknown [Picea sitchensis] (5E-64) vinifera] (8E-60) sugar transport and sensing
2_717 unknown [Picea sitchensis] (7E-18) unknown [Picea sitchensis] (7E-18) --
92945 unknown [Picea sitchensis] (1E-122) alpha tubulin [Physcomitrella patens] (1E-122) microtubule-based movement, protein
polymerization
CL1468Contigl unknown [Medicago truncatula] (1E-70) unknown [Medicago truncatula] (1E-70) --
CL4277Contigl unknown [Picea sitchensis] (5E-13) unknown [Picea sitchensis] (OE-13) --
. . . . nucleic acid binding protein, putative [Ricinus e . ..
CL4336Contigl unknown [Picea sitchensis] (2E-72) . nucleic acid binding, oxidoreductase activity
communis| (6E-34)
] PREDICTED: hypothetical protein [Vitis vinifera] PREDICTED: hypothetical protein [Vitis vinifera]

UMN_1022

(9E-7) (9E-7)

eukaryotic translation initiation factor 3 subunit 7 cukaryotic translation initiation factor 3 subunit 7 . RS
UMN_1397 [Zca mays] (8E-26) [Zca mays] (8E-26) cukaryotic translation initiation factor
UMN_ 4383 unknown [Picea sitchensis] (1E-36) arginine methyltransferase [Populus trichocarpa] S-adenosyl methionine-dependent

(4E-80)

methyltransferase activity

The best hits based on BLASTx search using the contig sequence as query correspond to the sequence with highest similarity to the query sequence. Best known hit corresponds
to the hit with highest similarity to the query sequence and that also has a previously-described known function. E-values are shown in parentheses. Putative function of the best
known hit is also shown based on gene ontology data. The shaded cells correspond to SNPs significant for association using the ANOVA pre-processing.



