American Journal of Potato Research (2020) 97:513-522 4\0 ‘
https://doi.org/10.1007/512230-020-09800-5 WAA

®

Genome-Wide Association Analysis of Common Scab Resistance Sheckicr
and Expression Profiling of Tubers in Response to Thaxtomin

A Treatment Underscore the Complexity of Common Scab Resistance

in Tetraploid Potato

N.R. Kaiser'(® - J.J. Coombs’ - KJ. Felcher - R. Hammerschmidt " - M.L. Zuehlke' - C.R Buell®>*2. D.S. Douches'?

Accepted: 25 August 2020 / Published online: 31 August 2020
© The Potato Association of America 2020

Abstract

Common scab of potato caused by pathogenic Streptomyces species poses an economic burden to commercial potato cultivation.
Despite decades of research, no molecular markers linked to this trait are currently available, making the development of scab
resistant potato varieties inefficient. We evaluated common scab lesion type and tuber coverage in 198 individuals segregating for
common scab resistance in replicated field trials with high natural disease pressure over two growing seasons. To identify genetic
features associated with resistance, we genotyped the tetraploid (4x) population and parental lines (Kalkaska and Tundra) using
the Illumina Infinium 8303 Potato Array and conducted genome-wide association analysis. Here, we report two significant single
nucleotide polymorphism (SNP) markers on chromosome 1 associated with both scab traits in both years as well as a SNP marker
on chromosome 2 associated with scab tuber coverage. Gene expression profiling of the parents of this population in response to
Thaxtomin A treatment revealed differential expression of genes in tubers putatively involved in cell wall biosynthesis and
hormone signaling.

Resumen

La rofia comun de la papa, causada por especies patogénicas de Streptomyces, representa una carga economica al cultivo
comercial de papa. A pesar de décadas de investigacion, actualmente no se encuentran disponibles marcadores moleculares
ligados a este caracter, haciendo ineficiente el desarrollo de variedades de papa resistentes a la rofia. Evaluamos el tipo de lesion
de la rofia comtn y cubrimiento de tubérculo en 198 individuos segregantes para resistencia a la rofia comtn en ensayos de campo
repetidos con alta presion natural de la enfermedad en dos ciclos de cultivo. Para identificar caracteristicas genéticas asociadas
con la resistencia, genotipamos a la poblacion tetraploide (4x) y a las lineas parentales (Kalkaska y Tundra) usando la matriz de
papa Illumina infinitum 8303 y se condujo el analisis de la asociacion amplia del genoma. Aqui reportamos dos marcadores
significativos de polimorfismo de nucledtido individual (SNP) en el cromosoma 1 asociados tanto a caracteres de la rofia en
ambos afios como al marcador SNP en el cromosoma 2 asociado con el cubrimiento de la rofia en el tubérculo. El perfil de la
expresion génica de los progenitores de esta poblacion en respuesta a tratamiento con Thaxtomin A reveld expresion diferencial
de genes en tubérculos putativamente involucrados en la biosintesis de pared celular y en sefialamiento hormonal.
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Introduction

Cultivated potato, Solanum tuberosum L. Group Tuberosum
(2n =4x=438), is the fourth most important food crop world-
wide, with production following rice, wheat, and maize
(FAOSTAT 2017). Potato production is hampered by many
diseases including those caused by oomycetes, fungi, bacteria,
and viruses. Decades of research have led to the discovery and
mapping of numerous resistance (R) genes for diseases such
as late blight, potato virus Y, and Verficillium (Gebhardt and
Valkonen 2001; Holterman et al. 2017; Solomon-Blackburn
and Barker 2001; Tai et al. 2018). However, one disease that
continues to be problematic is potato common scab caused by
saprophytic, filamentous, soil-borne bacteria in the genus
Streptomyces.

Common scab of potato occurs throughout the potato
growing regions of the world and is characterized by superfi-
cial raised or pitted lesions that result in reduced marketability
of tubers. The type and tuber coverage of scab lesions caused
by pathogenic Streptomyces species is determined by a com-
plex of factors including environmental conditions, pathogen
species, and time of infection (Braun et al. 2017a). Potato
tubers are considered damaged by the United States
Department of Agriculture when the aggregate surface area
of surface scab is greater than 25% or when removal of pitted
scab lesions causes a loss of more than 5% of the total tuber
weight. Although separate data regarding economic losses due
to common scab alone in the United States is not recorded, the
presence of scab lesions on fresh-market or processing pota-
toes can cause them to be rejected by processors and packag-
ing companies. Management practices to control common
scab, including adjustment of soil pH, maintaining high soil
moisture and soil fumigation, are not consistently effective
(reviewed in Dees and Wanner 2012). Common scab resis-
tance of potato is a very important trait for potato varieties and
an emphasis of most potato breeding programs in the United
States and throughout the world. Although several scab
resistant/tolerant potato varieties are available, there is little
information regarding their mechanism/s of resistance despite
over 50 years of research and a wealth of knowledge regarding
the genetics of resistance to many other potato diseases.

The genetic basis of common scab resistance has been dif-
ficult to unravel due to several factors. Common scab resis-
tance is influenced to a large extent by environmental condi-
tions (Bradshaw et al. 2008; Jansky et al. 2019; Wiersema
1974) and there is high variability of pathogen distribution
and soil environment both within and between field trials.
Common scab resistance in tetraploid potato is hypothesized
to be quantitative in nature (Dees et al. 2016; Driscoll et al.
2009) but heritability studies in diploid potato species suggest
relatively few genes controlling this trait (Alam 1972; Cipar
and Lawrence 1972; Murphy et al. 1995). Heritability values
reported in tetraploid studies vary widely (Bradshaw et al.
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2008; Haynes et al. 2009; Navarro et al. 2015; Zorrilla et al.
2014), potentially due in part to differences in genetic back-
grounds, various Streptomyces strains, and screening
methods. To date, few quantitative trait loci (QTL) associated
with common scab resistance have been identified. Using a
linkage mapping approach, two QTLs on chromosomes 2 and
6 accounting for 15% of the variability in scab resistance in a
tetraploid S. tuberosum population were detected (Bradshaw
et al. 2008), and a single QTL on chromosome 11 was asso-
ciated with scab resistance derived from the diploid species
S. chacoense (Braun et al. 2017b). Recent genetic studies
aimed to combat the limitations of biparental linkage mapping
have only incrementally improved our understanding of genes
underlying scab resistance. In a genome wide association
study (GWAS) of 143 tetraploid clones, significant single nu-
cleotide polymorphisms (SNP) associated with scab resis-
tances were identified on chromosomes 2, 4, and 12 (Yuan
etal. 2019). A genomic selection study utilizing 370 tetraploid
individuals and nine years of field scab phenotyping data sug-
gests an additive resistance model with a major effect SNP on
chromosome 9 (Enciso-Rodriguez et al. 2018). However, no
molecular markers linked to this trait are currently available,
making the development of scab resistant varieties inefficient.

A primary pathogenicity determinant in common scab-
causing Streptomyces genotypes is the production of the
phytotoxin Thaxtomin A (Loria et al. 2008). Thaxtomin A
inhibits cellulose biosynthesis (King et al. 2001; Scheible
et al. 2003), which may serve to compromise potato tuber cell
walls and facilitate rapid cell penetration. Alternatively, it is
possible that Thaxtomin A targets auxin signaling by
disrupting auxin efflux polar transport (Tegg et al. 2013) or
interacting directly at auxin receptors in the host plant
(Navarro et al. 2006; Tegg et al. 2005). Certain plant patho-
genic species of Streptomyces produce other toxins, such as
coronafacic acid derivatives and a necrosis inducing peptide
(Necl), as well as the enzyme «-tomatinase that detoxifies the
phytoanticipin «-tomatine (Bignell et al. 2013; Bukhalid et al.
1998; Seipke and Loria 2008). Thus, various pathogen-
produced factors may also play roles in virulence and disease
development.

Physical, chemical and transcriptional response mecha-
nisms of resistance to common scab have been proposed.
Increased tuber phellem cell layers, phellem suberization
(Thangavel et al. 2016) and smaller lenticel size have been
reported in resistant clones (Atiq et al. 2013). Conversion of
Thaxtomin A to a less toxic form by glycosylation-mediated
detoxification is another potential mechanism of resistance
(Acuna et al. 2001). Recently, appropriate timing of a
sustained transcriptional defense response has been reported
as a hallmark of scab resistance (Dees et al. 2016).

We report here on the identification of significant single
nucleotide polymorphism (SNP) markers associated with
common scab resistance in Michigan in two years by genome
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wide association analysis in a tetraploid mapping population
and gene expression profiling of the parents of this population
in response to Thaxtomin A treatment.

Materials and Methods

Plant Material A tetraploid Solanum tuberosum population
(MSV507, n=198) derived from a cross between the chip-
processing varieties Tundra x Kalkaska was used for GWAS
analysis. Tundra is susceptible to common scab while
Kalkaska is resistant to pathogenic Streptomyces sp. present
in Michigan soils. Replicated field trials (4 replicates) of the
parental lines and MSV507 mapping population progeny
were grown at the MSU Montcalm Research Center
Common Scab Nursery (MRCSN) in both 2011 and 2012
under irrigation in a replicated block design, using the best
management practices. The MRCSN soil is a Montcalm sandy
loam with heavy pathogen pressure, which results in consis-
tent infection across replications. Each replication consisted of
a 10-hill plot planted at 23 cm (9 in.) in-row spacing. Tubers
were harvested into bags and washed in the laboratory prior to
scab evaluation. Scab lesion type and tuber surface coverage
assessments were taken for up to 20 randomly selected tubers
of each plot (N=16,000). To describe the presence of surface
and pitted scab, each plot was given a scab lesion type rating
ranging from 0 to 6 (0 =No scab lesions; 1 = Superficial le-
sions, discrete; 2 = Superficial lesions, coalescing; 3 = Raised
lesions, discrete; 4 = Raised lesions, coalescing; 5 = Pitted le-
sions, discrete; 6 = Pitted lesions, coalescing) adapted from
(Wanner 2006). To identify any discrete genetic factors that
may be controlling tuber lesion-covered surface, a component
of tuber marketability, each plot was also given a tuber scab
surface coverage score ranging from 0 to 6 (0=no visible
disease on tuber surface, 0.5=<1%; 1 =>1-2%;2=>2.1-
5%;3=>5.1-10.%; 4=>10.1-25%; 5=>25.1-50%; 6 =>
50%) (http://www.spongospora.ethz.ch/LaFretaz/
scoringtable.htm). Data were analyzed in JMP® (Version
Pro 13. SAS Institute Inc., Cary, NC). Means were
calculated from the individual 20 tuber ratings for scab
lesion type and scab tuber coverage for each replicate. The
overall means of the four replicates for scab lesion
type rating and scab tuber coverage score for each individual
were computed and used for GWAS analysis.

SNP Genotyping Genomic DNA was extracted from fresh leaf
tissue of the two parental lines and the 198 F, individuals
following the Qiagen DNeasy Kit instructions. Both parents
and all 198 progeny were SNP genotyped using the Infinium
8303 Potato Array (Felcher et al. 2012). The sample geno-
types were called using a custom Perl script for five cluster
calling developed for tetraploids based upon theta value
thresholds (Hirsch et al. 2013). The genotype data were

filtered to remove non-informative SNPs with the following
characteristics: no clustering observed, >10% clones with no
genotype call, >2 hits on the potato doubled monoploid
Version 4.03 pseudomolecules (PM), 2 hits that were on dif-
ferent PM, no genotype call for one or both parents, or unex-
pected segregation. After filtering, 3075 informative markers
were used for association analysis (Table S1).

GWAS Analysis Association analysis was performed for scab
tuber coverage and scab lesion type in both years with 3075
SNPs using the GWASpoly package in R version 3.1.1
(Rosyara et al. 2016). Four genetic models were tested for
each dataset including tetraploid general, tetraploid additive,
simplex dominant (all three heterozygotes are equivalent to
one of the homozygotes) and duplex dominant (the duplex
genotype has a common effect with the simplex and nulliplex
genotypes or the triplex and quadriplex genotypes). A 1000x
permutation test was run for each trait and year to establish a
LOD threshold corresponding to a genome wide false positive
rate of 5%. Manhattan plots were produced using GWASpoly.
The proportion of phenotypic variance explained by signifi-
cant SNPs was estimated by the coefficient of determination
(R?). Genotypes of significant SNPs were coded in accor-
dance with the gene action (i.e. simplex dominant or duplex
dominant) and the R? for each trait was calculated using the
linear regression model in R. Contextual sequences of candi-
date SNPs were used in a BLAST search of DM1-3
pseudomolecules (Version 4.03) in the SpudDB database
(Hirsch et al. 2014; http://solanaceae.plantbiology.msu.edu/)
to identify putative candidate genes.

Expression Profiling Tissue culture plantlets of Kalkaska (R)
and Tundra (S) were grown in 25 x 150 mm culture tubes on
modified MS media at 23-27 °C under fluorescent lights
(30 umol'm >'s ") with a 16 h photoperiod. When roots were
well established, plants were transferred to a soil-less, hydro-
ponic nutrient film (NFT) system (Khatri et al. 2010). During
the first three weeks of growth in the NFT system, plants were
fed with a 50% nutrient solution, pH 5.7-6.0 (IonicGrow,
Hydrodynamics International, Lansing, MI) and maintained
at a 16 h photoperiod under high-pressure sodium lights. For
the remainder of the experiment, the photoperiod was reduced
to 10 h to induce tuberization. Two days prior to treatment,
tubers (3 to 5 mm in diameter) were lifted from the surface of
the NFT system and placed in Whatman™ Grade 1 filter-
paper lined 100 mm Petri dishes to prevent contamination of
the system. Tubers used for the control treatment and tubers
for Thaxtomin A treatment were never from the same plant
and plants were discarded after the tubers were harvested to
prevent further use.

Thaxtomin A was prepared by growing Streptomyces sca-
bies in oatmeal broth (Loria et al. 2001). The cultures were
allowed to grow for one week with shaking. The broth was
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filtered through three layers of cheesecloth followed by vacu-
um filtration through Whatman #1 filter paper. The filtrates
were extracted 3X v/v with ethyl acetate. The ethyl acetate
extracts were combined, dried with anhydrous sodium sulfate
prior to removal of the solvent by rotary evaporation.
Thaxtomin A was isolated from the extract by preparative
TLC (King et al. 1989). A treatment solution of 50 uM
Thaxtomin A in 2% ethanol was prepared. Sterilized
Whatman™ Grade 1 filter paper discs (7 mm) were created
using a sterile hole punch and soaked in either the control
solution (2% ethanol) or 50 uM Thaxtomin A (in 2% ethanol)
and air-dried. These treated discs were then placed onto the
selected tubers with sterile forceps. Tuber slices 2-3 mm thick
were taken from tissue directly beneath the treatment disc at 2,
4,6, 8, 18, 20 and 24 h after treatment, immediately frozen in
liquid nitrogen and stored at —80 °C. As this was the first
examination of gene expression profiles in response to
Thaxtomin A treatment, we selected these time points to gain
insight into early tuber responses. Due to the small size of the
tubers, 3 tubers were used for each treatment x time-point to
ensure enough tissue for RNA extraction. RNA was extracted
using a modified hot phenol protocol (Davidson et al. 2011).

The Ambion Turbo DNA-free system (Thermo Fischer
Scientific, Waltham, MA) was used to remove genomic
DNA. RNA quality was analyzed using an Agilent
bioanalyzer (Agilent Technologies, Santa Clara, CA).
[llumina ¢cDNA libraries were prepared using the TruSeq
DNA sample prep kit and sequenced in single-end mode
(50 nt) on the Illumina Hiseq 2000 platform (Illumina, San
Diego, CA). Raw reads were quality checked using FastQC
(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/)
and processed with Trimmomatic (v0.35) (MINLEN = 36,
LEADING =3, TRAILING =3, SLIDINGWINDOW =
4,20) to remove adapters, primers and low-quality bases
(Bolger et al. 2014). Filtered reads were mapped to the dou-
bled monoploid S. fuberosum group Phureja clone DM1-3
(DM) pseudomolecules (Version 4.03; http://solanaceae.
plantbiology.msu.edu/) using HISAT2 (Kim et al. 2019).
Uniquely mapping reads overlapping the DM 4.03 gene
models (http://solanaceae.plantbiology.msu.edu/) were
counted with HTSeq v0.11.2 (Anders et al. 2015) in
unstranded mode. Read counts were then used to conduct
differential expression analysis with the R package edgeR
v3.24.3 (Robinson et al. 2010). Differential expression be-
tween control and thaxtomin treatments was accomplished
by combining the experimental factors genotype (Tundra or
Kalkaska) and condition (treatment or control) into a single
factor. As there was no replication of each condition in the
individual genotypes at each timepoint, time was not included
as a factor in the model. A multidimensional scaling plot was
generated to compare samples using the plotMDS function in
edgeR. The contrast function in edgeR was used to compare
Kalkaska treatment samples compared to Kalkaska control
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samples and Tundra treatment samples to Tundra control sam-
ples. The quasi-likelihood F-test method was used to identify
differentially expressed transcripts with a p value cut-off of 0.
01. Custom Venn diagrams of differentially expressed tran-
scripts were created using the VIB Bioinformatics and
Evolutionary Genomics online tool (http://bioinformatics.
psb.ugent.be/webtools/Venn/). Heatmaps of log2 fold
change values of differentially expressed genes were created
using the pheatmap package v1.0.12 in R.

Data Availability Raw sequence reads are available in the
NCBI Sequence Read Archive under BioProject ID
PRINA637104.

Results

Scab Phenotyping We observed a continuous distribution
with positive skewedness for scab lesion type and tuber
coverage in the 198 progeny assessed in 2011 and 2012
(Fig. 1, Table S1). Individuals with lower scores for both
traits than resistant parent Kalkaska were observed in
both years, indicative of genetic contributions toward re-
sistance from both parental lines. The scab tuber cover-
age was more variable in 2012 (0.80-5.12) than in 2011
(1.09-4.94) (Fig. 1). Both mean scab tuber coverage and
lesion type based on the mean of 20 tubers subsampled
from each plot were significantly higher in 2011 (2.66
and 2.69, respectively) than in 2012 (2.15 and 2.32, re-
spectively; P<0.0001 and P<0.0016, respectively).
However, there was a significant positive correlation be-
tween traits both within and across years (Table 1). The
highest correlations were between scab lesion type and
tuber coverage within the 2012 growing season (0.80)
and between scab lesion type in 2011 and 2012 growing
seasons (0.77) (Table 1).

GWAS Analysis A single QTL defined by two significant
SNPs (solcap_snp _cl 5267 and solcap_snp cl 14089)
on chromosome 1 between nucleotide positions
73,706,321-75,333,653 bp was identified for common scab
lesion type in the simplex dominant (1-dom-ref) model in
both years (Table 2, Fig. 2). In the 1-dom-ref model, the
reference allele (A) is dominant and all three heterozygotes
(AAAB, AABB, and ABBB) have equivalent phenotypic
effect as the homozygous genotype of the reference allele
(AAAA). A distinct SNP (solcap_snp ¢l 12345) on chro-
mosome 2 was found to be associated with common scab
tuber coverage in 2011 in the duplex dominant (2-dom-alt)
model, but notin 2012 (Table 2). Under the 2-dom-alt mod-
el, the alternate allele is dominant and the duplex alternate
allele genotype (AABB) has the same effect as the triplex
and quadriplex genotypes (BBBB and ABBB). The
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Fig. 1 Distribution of scab tuber surface coverage scores (a) and scab
lesion type scores (b) in 198 Kalkaska x Tundra tetraploid progeny
assessed in replicated field trials in two growing seasons. Scab lesion
type ratings ranged from 0 to 6 (0 =No scab lesions; 1 = Superficial
lesions, discrete; 2 = Superficial lesions, coalescing; 3 = Raised lesions,
discrete; 4 = Raised lesions, coalescing; 5 = Pitted lesions, discrete; 6 =
Pitted lesions, coalescing) adapted from (Wanner 2006). Tuber scab cov-
erage scores ranged from 0 to 6 (0 =no visible disease on tuber surface,

significant SNP (solcap_snp cl 12345) identified on chro-
mosome 2 lies within gene PGSC0003DMG400010445
(27,408,577-27,417,302 bp) annotated as a serine/
threonine protein kinase.

Differential Expression Analysis

A total of 345 genes were differentially expressed between
Kalkaska treatment and control samples while 306 genes were
differentially expressed between Tundra treatment and control
samples (= 0.01) (Fig. 3a). Differentially expressed genes were
distributed across all 12 chromosomes in both genotypes (Fig.
3b). To investigate if the regions mapped to common scab resis-
tance in this study were involved in a Thaxtomin A response, we
examined the expression of genes in close proximity to our sig-
nificant SNPs on chromosome | and 2. Genes containing the
three significant SNPs identified by GWAS in this study were
not differentially expressed between the two genotypes at these
times. However, there are several genes annotated as extensin

1 2 3 4 5 6

0.5=<1%;1=>12%;2=>2.1-5%;3=>5.1-10.%; 4 =>10.1-25%;
5=>25.1-50%; 6 => 50%) (http://www.spongospora.ethz.ch/LaFretaz/
scoringtable.htm). Data represent the mean of four plots of 20 sub-
sampled tubers. Parental values for Kalkaska (K) and Tundra (T) are
indicated. Outlier box plots for each distribution are shown and include
the median sample value (line within the box plot) and a confidence
diamond containing the mean and upper and lower 95% of the mean.
Charts created in JMP® (Version Pro 13. SAS Institute Inc., Cary, NC)

proteins (PGSC0003DMG400019439,
PGSC0003DMG400022518, PGSC0003DMG400022517,
PGSC0003DMG400022515, PGSC0003DMG400022516, and
PGSC0003DMG400022514) within the QTL region on chro-
mosome 1. We observed significant down-regulation of one of
the extensins in this region (PGSC0003DMG400022514) in sus-
ceptible Tundra tubers treated with Thaxtomin A (Table S2).
Two genes in close proximity to the protein kinase containing
the significant SNP associated with scab tuber coverage on chro-
mosome 2 were found to be differentially expressed in tubers
treated with Thaxtomin A: an ankyrin repeat containing protein
(PGSC0003DMG400010444; 27,480,863- 27,482,073 bp)
down-regulated in treated Kalkaska tubers and a CHP-rich zinc
finger protein (PGSC0003DMG400010439; 27,540,399-
27,542,051 bp) up-regulated in treated Tundra tubers (Table S2).

Multi-dimensional scaling plot analysis did not reveal a
distinct pattern of expression that separated the treatment sam-
ples from control samples at each timepoint for the two vari-
eties examined (Fig. S1). In the resistant variety Kalkaska, we
observed differential expression of genes involved in cell wall

Table 1 Pearson product-

moment correlation coefficients Scab tuber coverage 2012 Scab lesion type 2012 Scab lesion type 2011
among measured traits in two
years in the V507 tetraploid Scab tuber coverage 2011 0.66%** 0.64%:* 0.75%%*
mapping population Scab lesion type 2011 0.55%#* 0.77%%%*
Scab lesion type 2012 0.80%7#*

*#%P < 0.0001, n=200; Data represent the mean of four replicates
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Table 2 Significant SNPs associated with common scab lesion type and tuber coverage

Trait Model Threshold Nearest Marker Chr Physical position (bp) Score Effect R?

Scab lesion type 2011 I-dom-ref  4.45 solcap snp cl 14089 1 73,706,321 4.57 0.87 0.11
1-dom-ref  4.45 solcap snp cl 5267 1 75,333,653 4.53 0.87 0.11

Scab lesion type 2012 1-dom-ref 445 solcap_snp cl 14089 1 73,706,321 6.13 0.83 0.17
1-dom-ref 445 solcap snp cl 5267 1 75,333,653 5.64 0.80 0.16

Scab tuber coverage 2-dom-alt 448 solcap snp cl 12345 2 27,412,222 4.63 1.02 0.03

2011

biosynthesis and modification, including two pectate lyases
(PGSC0003DMG402000859; PGSC0003DMG400015815)
and cellulose synthase (PGSC0003DMG400013398), as well
as genes associated with hormone signaling (Table S2).
Several genes of interest were upregulated in treatment sam-
ples of both varieties were an ERFI1 protein
(PGSC0003DMG400026049), a trypsin proteinase inhibitor
(PGSC0003DMG400024067), and a WRKY transcription
factor (PGSC0003DMG400023196) (Table S2).

Discussion

Scab resistance in Kalkaska is derived from Lemhi Russet in
the maternal lineage (Douches et al. 2009; Pavek et al. 1981).
Lemhi Russet scab resistance is donated by grandparent USDA
X96-56, originating from a cross between Earlaine and a
Solanum demissium x S. tuberosum hybrid (Love 1999;
Stevenson et al. 1955). The continuous distribution of scab
lesion type and tuber coverage in the population used in this
study and the small effect of the two genomic regions associ-
ated with scab that we identified (Table 2) are indicative of
quantitative inheritance in this S. fuberosum germplasm. We

a) Scab lesion type 2011 (1-dom-ref)  b)

Scab lesion type 2012 (1-dom-ref) c)

report a novel QTL on chromosome 1 associated with scab
lesion type in two field seasons with simplex dominance effect
and a significant marker for scab tuber coverage on chromo-
some 2 with duplex dominance. As this SNP is 9.1 Mb up-
stream of the SNP (solcap snp c2 17864) associated with
common scab resistance on chromosome 2 identified by
Yuan et al. (2019), it is possible it is associated with a distinct
genetic factor. The SNP identified in this study on chromosome
2 is within a serine/threonine protein kinase, proteins that are
involved in late blight defense response in potato (Fantino et al.
2017; Yang et al. 2018), but was only detected in one field
season. Of the few published studies mapping genetic features
underlying scab resistance in potato, chromosome 2 is the only
region identified repeatedly (Bradshaw et al. 2008; Yang et al.
2018). Coupled together with previous reports of QTL on chro-
mosomes 2,4,6,9,11 & 12, each contributing minor effect to
scab resistance (Bradshaw et al. 2008; Braun et al. 2017b;
Enciso-Rodriguez et al. 2018; Yang et al. 2018), our findings
underscore the difficulty of developing molecular markers
linked to scab resistance and recommend the trait as a candidate
for genomic selection.

There are numerous different approaches for measuring the
extent and severity of scab infection to distinguish between

Scab tuber coverage 2011 (2-dom-alt)
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Fig. 2 Manhattan plots of significant SNPs along the 12 chromosomes
and chromosome 00 for scab lesion type in 2011 (a) and 2012 (b) and
scab tuber coverage in 2011 (c) detected using the simplex dominant (1-
dom-ref) and duplex dominant (2-dom-alt) models. In the 1-dom-ref
model, it is assumed that the reference allele (A) is dominant and that
all three heterozygous genotypes (ABBB, AABB, and AAAB) have the
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same effect as the homozygous reference allele genotype (AAAA). Under
the 2-dom-alt model, the alternate allele (B) is dominant and the duplex
alternate allele genotype (AABB) has the same effect as the triplex and
quadriplex genotypes (BBBB and ABBB). Plots were generated using
the GWASpoly R package
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Fig. 3 Differential expression observed in common scab resistant variety
Kalkaska and susceptible variety Tundra in response to Thaxtomin A
treatment. a Venn diagram showing the overlap of differentially
expressed genes among the two varieties across the full time course. b
The log2 counts per million (CPM) of the 599 differentially expressed
genes in Thaxtomin A treatment (T) and control (C) tuber samples of each
variety (Kalkaska; K, Tundra; T) at sampled timepoints 2, 4, 6, 10, 18, 20

resistant and susceptible genotypes. Unlike other potato dis-
eases such as blights, soft rots and rusts, phenotyping scab is
complicated by a wide variability of infection in tubers from a
single plant. The methodology in this study used the mean of
20 individual tubers in a plot to assess lesion type and tuber
lesion-covered surface area. This approach allows discrimina-
tion between the two responses, which although correlated,

and 24 h post treatment are shown in the heatmap. Transcripts are ordered
by position on the twelve chromosomes of the DM v4.03 assembly. The
relative position of significant SNPs identified by GWAS analysis in this
study are shown with arrows on the left of the heatmap. The SNP prefix
‘solcap_snp ’ has been omitted for each of the three SNPs to conserve
space. The color key to the right of the heatmap indicates log2 CPM
values

may be governed by separate interactions between the host
plant and the pathogen (Goth et al. 1993; Kinkel et al. 1998;
Wilson 2001). That we identified unique genomic regions
associated with scab tuber coverage and scab lesion type sup-
ports this theory.

Assessing scab infection of tubers grown in fields naturally
infested with Streptomyces may suffer from erratic distribution

@ Springer
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of the pathogen, the presence of multiple isolates that vary in
virulence, and varying effects of environmental factors.
Because Thaxtomin A has been strongly associated with viru-
lence, it is possible that this toxin may be useful as a screen for
resistance without the confounding factors associated with field
screening in infested fields. Propagation of potato seedlings
in vitro on media containing Thaxtomin A demonstrated a
relationship between toxin inhibition of growth and scab resis-
tance (Hiltunen et al. 2011; Hiltunen et al. 2006; Lawrence
etal. 1990). However, in other research, no correlation between
common scab resistance and thaxtomin sensitivity was found
(Tegg and Wilson 2010). Somatic potato cells that survived
treatment with Thaxtomin A were used to generate plants with
the goal of developing new resistant lines. While this approach
did result in lines resistant to the disease, not all of the disease
resistant lines showed tolerance to treatment with the toxin.
However, there was an association of thaxtomin tolerance with
those lines expressing the greatest disease resistance. This sug-
gests that while tolerance to Thaxtomin is important in resis-
tance, other host factors may be involved (Wilson et al. 2009,
2010).

Results from this study indicate differences in the transcrip-
tional response between resistant cultivar Kalkaska and sus-
ceptible cultivar Tundra activated by Thaxtomin A exposure
in the early and later stages of a 24-h period. To our knowl-
edge, this was the first examination of expression response to
Thaxtomin A in potato tubers. Previous expression profiling
of tubers inoculated with Streptomyces at different tuber de-
velopmental stages demonstrated the importance of launching
an early and sustained defense response in scab resistant va-
riety ‘Beate’ (Dees et al. 2016). Interestingly all of the 52
genes differentially expressed in both Kalkaska and Tundra
tubers treated with Thaxtomin A in this study were upregulat-
ed in both varieties (Fig. 3a, Table S2). Without replication at
each of timepoints assessed in this study it is unclear whether
increased expression of these genes occurs simultaneously in
both genotypes.

We observed differentially expressed genes involved in
cell wall biosynthesis and hormone signaling. Of particular
interest was a gene encoding an extensin protein located with-
in the QTL region associated with scab lesion type on chro-
mosome 1 and down-regulated in the tubers of susceptible
cultivar Tundra. Extensins are a superfamily of cell wall gly-
coproteins involved in a variety of functions, including plant
defense (Castilleux et al. 2018; Rashid 2016). Deposition and
cross-linking of extensin proteins strengthen the cell wall and
may restrict pathogen growth (Lamport et al. 2011; Rashid
2016). In potato, a strong up-regulation of extensin transcripts
has been reported in tubers 1-5 days after wounding
(Neubauer et al. 2012). Reduced extensin expression in
Tundra may contribute to compromised cell wall integrity.

The phytohormones ethylene and jasmonic acid are asso-
ciated with the regulation of biotic stress response and may act

@ Springer

synergistically (Bari and Jones 2009; Derksen et al. 2013).
Jasmonic acid signaling in particular has been correlated with
resistance to necrotrophic pathogens (Antico et al. 2012;
Glazebrook 2005) and requires conjugation to isoleucine in
order to serve as a signal molecule (Katsir et al. 2008; Thines
et al. 2007). The increased expression of a gene encoding a
jasmonic acid-amino acid-conjugating enzyme
(PGSC0003DMG401000095) on chromosome 1 near the
QTL region in treated Kalkaska samples (Table S2) could
represent induced jasmonic acid signaling in this variety.
Moreover, we observed unique expression profiles of ethylene
responsive factor (ERF) proteins and the early auxin response
SMALL AUXIN UP RNA (SAUR) family proteins between
varieties Kalkaska and Tundra.

Whether the differentially expressed genes identified by
exogenous application of thaxtomin to tubers grown in a
controlled environment are representative of a resistance
response in the field requires further study. Clarke et al.
(2019) suggest that Streptomyces species-dependent resis-
tance in potato cultivars may be linked to the quantity of
thaxtomin production. It would be informative to deter-
mine if there is a thaxtomin dose-dependent transcriptional
response in resistant cultivar Kalkaska that differs from
Tundra. In addition, it is important to note that pathogenic
species of Streptomyces are known to produce other toxins
and virulence factors (e.g., coronafacic acid derivatives
and the necrosis inducing peptide Necl (Bignell et al.
2013; Bukhalid et al. 1998)). Thus, it is possible that
in vitro screening may need to include these factors alone
or in combination with Thaxtomin A for accurate in vitro
screening of common scab resistance and susceptibility.

Conclusions

Here, we provide further evidence for quantitative inheritance
of common scab resistance in tetraploid potato and illustrate the
difficulty of developing molecular markers to select for this
trait. The expression profiles of tubers we generated from a scab
resistant and scab susceptible cultivar in response to Thaxtomin
A treatment allowed identification of several differentially
expressed genes located within our QTL on chromosome 1
and near our candidate SNP on chromosome 2 and demonstrate
the possibility of using a pathogenicity determinant to investi-
gate genes involved in the scab resistance response.
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