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Abstract Verticillium dahliae Kleb., a soil-borne fungus that
colonizes vascular tissues, induces wilting, chlorosis and early
senescence in potato. Difference in senescence timing found
in two diploid potato clones, 07506-01 and 12120-03, was
studied and genetic variation in response to V. dahliae infection was identified as a causal factor. The clone, 07506-01,
was infected with V. dahliae but did not develop symptoms,
indicating tolerance to the pathogen. The other diploid clone,
12120-03 had low levels of pathogen with infection and
moderate symptoms indicating partial resistance. 07506-01
was found to carry two susceptible alleles of the Ve2 gene
and 12120-03 carried one Ve2 resistant and one susceptible
allele. Infected leaves of the two clones were compared using
gene expression profiling with the Potato Oligonucleotide
Chip Initiative (POCI) microrarray. The results provide further
evidence for differences in response of the two clones to
infection with V. dahliae. Chlorophyll biosynthesis was higher
in the tolerant 07506-01 compared to partially resistant 12120-
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03. On the other hand, expression of fungal defense genes, Ve
resistance genes and defense phytohormone biosynthetic enzyme genes was decreased in 07506-01 compared to 1212003 suggesting defense responses were suppressed in tolerance
compared to resistance. Transcription factor gene expression
differences pointed to the WRKY family as potential regulators of V. dahliae responses in potato.
Keywords Potato . Verticillium wilt . Fungal plant disease .
POCI microarray . Gene expression . Plant defense . Plant
pathogen

Introduction
Verticillium wilt is characterized by a loss of vigor mid to late
summer followed by vine senescence a few weeks prior to
maturity and mild to severe losses of tuber yield (Isaac and
Harrison 1968; Johnson and Dung 2010; Rowe 1985; Rowe
and Powelson 2002; Wheeler et al. 1992). The primary
causes are two species of soil-borne fungus, Verticillium
albo-atrum Reinke & Berth. and Verticillium dahliae that
enter the plant through the roots (Fradin and Thomma 2006).
Defense responses to Verticillium spp. are unlike the typical
hypersensitive response as the pathogen primarily colonizes
the xylem until advanced stages (Fradin and Thomma 2006;
Hadrami et al. 2009; Rowe and Powelson 2002). Verticillium
colonization of the vascular system induces secretion of
vascular coating in xylem vessels as barriers against horizontal spread of the pathogen (Robb et al. 1989). The pathogen is a hemibiotroph and during plant senescence the
fungus becomes saprophytic and moves out of the vascular
system into the foliage producing conidia that can be dispersed by air (Fradin and Thomma 2006). The most prominent symptoms of infection are wilting, chlorosis and necrosis of leaves that appear first on lower leaves and spread
acropetally (Pegg and Brady 2002).
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Verticillium infections can result in a range of responses
including susceptibility, resistance, partial resistance and
tolerance (Chen et al. 2004; Fradin and Thomma 2006;
Robb 2007). Susceptible plants are characterized by extensive infections and severe symptoms appearing within days
of inoculation (Fradin and Thomma 2006; Kawchuk et al.
2001). Resistance is where pathogen growth is limited and
few symptoms appear. It involves the trapping of fungus in
xylem vessels and the release of anti-microbial molecules
(Gold and Robb 1995; Robb et al. 2009; van Esse et al.
2009). Genes conferring resistance to Verticillium wilt, Ve1
and Ve2, have been cloned in tomato and were genetically
mapped to Chromosome IX (Diwan et al. 1999). Positional
cloning of the genes reveals that they are highly similar to
each other and encode extracellular leucine-rich repeat
(LRR) receptors (Kawchuk et al. 2001). Transformation of
intact tomato resistant alleles of Ve1 and Ve2 genes into
potato conferred resistance. A molecular marker located
within a Ve ortholog from wild potato can accurately predict
resistance in a segregating population (Bae et al. 2008; Uribe
et al. 2013). Plants with partial resistance that can be colonized by Verticillium following infection but with reduced
disease severity have also been characterized (Chen et al.
2004; Fradin and Thomma 2006; Robb 2007). The tolerance
response is an extreme case where extensive colonization is
observed with no disease symptoms. Tolerant interactions of
an endophytic isolate of V. dahliae with tomato were found
to confer protection against the virulent isolate in the same
tomato genotype (Chen et al. 2004; Shittu et al. 2009a, b).
Genetic mapping of V. dahliae tolerance in Arabidopsis
thaliana has identified a single dominant locus VET1 that
mapped to chromosome IV (Veronese et al. 2003) demonstrating that tolerance is under genetic control. Tolerance to
Verticillium wilt has not been well-studied in potato. The
current study investigated variation in senescence timing in
the field between two clones and describes the discovery that
two different responses to V. dahliae, tolerance and resistance, were involved. Gene expression profiling was used to
gain insight on the biological and molecular processes underlying these genotypic differences in response to V. dahliae
in potato.
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Food Canada (AAFC), Fredericton, NB, Canada (45° 52' N, 66°
31' W) during 2008. Seed tubers were obtained from the Benton
Ridge Substation of AAFC in Benton, New Brunswick, Canada,
which is a certified virus-free breeding farm. 07506-01 and
12120-03 seed tubers were sown in a plot carrying V. dahliae
on May 15, 2008. Fertilizer was banded about 7.5 cm to each
side and 5 cm below the potato seed pieces at planting according
to normal production practices at 200 kg N ha−1 as ammonium
nitrate, 150 kg P2O5 ha−1 and 150 kg K2O ha−1. The plants were
hilled on July 10, 2008. Standard commercial practices were
used for control of diseases, insects and weeds. No irrigation was
applied. Clones 07506-01 and 12120-03 were planted in three
replicates in the field in a randomized block design with five
plants per replicate plot. The plants from the field were used for
gene expression analysis. One leaflet 1 to 1.5 cm in width was
collected from the expanding top leaf from each plant at ten
weeks after planting in the field. The leaflets from the five plants
for each replicate plot were combined and immediately frozen in
liquid nitrogen and stored at −80 °C until processed.
Four replicate disease-free plants for each clone were
planted in the greenhouse in pots with potting mix on May
15, 2008, the same day as the field plants. Growth in the
greenhouse was under natural lighting with weekly fertilizer
application of 20–20–20 solution.
Vine senescence scoring was done by visually assessing the
amount of wilted, yellowing or dead leaves over five hills of
each plot in the field or for each plant in the greenhouse. There
were three replicate plots for each clone in the field and there
were four replicate plants in the greenhouse. The scoring was
done in the field and in the greenhouse at 12 weeks after
planting, when visual signs of vine death were apparent. The
average monthly outdoor temperature for August, the month of
sampling, was 23.3 °C (maximum) and 13.1 °C (minimum).
The total rainfall in August was 58.9 mm. The average greenhouse temperature for the same month was 27.2 °C (maximum)
and 20.1 (minimum). The plants were scored using a disease
rating scale for Verticillium wilt (Rowe 1985): 0=no symptoms
visible, 1=some chlorosis especially in older leaves, 2=general
chlorosis, and some necrosis and wilting, 3=severe wilting or
death.
Verticillium wilt resistance testing

Materials and methods
Plant material
Two diploid potato clones, 07506-01 and 12120-03, were developed at the Agriculture and Agri-Food Canada Potato Research
Centre (AAFC-PRC) in Fredericton, New Brunswick, Canada.
The diploid clones were Solanum tuberosum L. Phureja Group
and Stenotomum Group (De Jong 1987). The experiment was
performed at the Potato Research Centre, Agriculture and Agri-

Potato plants from clones 12120-03 and 07506-01 were
grown in a sterilized sand-vermiculite (2:1) mix in a growth
room with a 14 h photoperiod with a temperature regime of
23 °C in the light and 15 °C in the dark. The conditions were
selected to be similar to field conditions. Control consisted of
uninoculated plants. Each treatment was done in ten replicates. A suspension of 2×106 conidia/ml of V. dahliae (isolate 69212A) was prepared from 1- to 2-week-old cultures on
potato dextrose agar (Oxoid Company, Nepean, Canada).
The isolate was from a V. dahliae culture derived from soil
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taken at AAFC-PRC. A 1-cm-diameter dowel was used to
make six holes in the potting mix down to the root zone of
plants at four weeks after planting. Conidia suspension
(12.5 ml) was added to each hole (total of 5×106 conidia)
and the holes were covered with soil while control plants
were inoculated with sterile water. Plants were placed randomly in the growth chamber. Plants were assessed for vine
senescence as described above at eight weeks after inoculation. Cross-section cuttings of stems 1–2 cm in thickness
were taken at soil base line and 2/3 up the stem. PCR testing
for V. dahliae was performed as described below on these
cross-section stem cuttings. Stem cuttings were kept on ice
prior to storage at −80 °C. Stem cuttings containing the PCR
product were marked as positive. The percentage of positive
stem cuttings was used to quantify infection similarly to
methods described by others (Atallah et al. 2007).
RNA and DNA extraction
Frozen leaflets from field plants was ground using bead matrix
4, speed 6, for 40 s in a FastPrep instrument (MP Biomedicals,
Montreal, PQ, Canada). Total RNA and DNA were coextracted using a scaled-down hot borate extraction method
(Tai et al. 2007; Wan and Wilkins 1994) and quality was
checked using a BioAnalyzer (Agilent, Mississauga, ON,
Canada). The nucleic acid extract was split: for RNA extraction the samples were treated with DNase I and for DNA
extraction the samples were treated with RNAse A. For just
DNA isolation from stem cuttings and from greenhouse leaves,
frozen tissue was ground as described previously and extraction of DNA was done using the method of Doyle and Doyle
(1987). UV absorbance spectra was used to check quality.
Detection and identification of Verticillium pathogens
PCR was used to detect presence and identify Verticillium
species in leaflets from field plants and stem cuttings of plants
inoculated in the growth chamber. Detection of V. albo-atrum
and V. dahliae was done using previously described PCR
methods (Mahuku and Platt 2002; Robb et al. 1993). PCR
products were run on 1 % agarose gel electrophoresis followed by ethidium bromide staining. Positive control DNA from
V. dahliae and negative control samples with water only were
also run. Where a band was present the samples was labeled as
positive for V. dahliae.
Ve2 genotyping
DNA was extracted from fresh leaves of greenhouse plants
was used. Cleaved amplified polymorphic sequences (CAPS)
genotyping was done on 50 ng genomic DNA using markers
for the Ve2 resistance allele. Briefly CAPS was done with
primers Ve2-184 (5′-GGACTCTCAGAGCTTGTTA-3′) and
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Ve2-421rc (5′-AAGTTGGAAGAAAGTGAGAGGACC-3′)
for PCR and amplification conditions were 2 min at 94 °C
of initial denaturing, followed by 40 cycles of 30 s at 94 °C,
30 s at 57.5 °C, and 45 s at 68 °C, with a final extension of
5 min at 68 °C. Five microliters of the reaction was used as a
template in restriction endonuclease digestions with 5 units of
Mfe I (New England Biolabs, Ipswich, MA) and 1× NEB
buffer 4 in a total volume of 20 μl. The reactions were
incubated at 37 °C for 5 h and the products of the digestion
resolved by agarose gel electrophoresis (2 %w/v).
Microarray hybridization
Total RNA was purified using RNeasy MinElute Spin Columns
(Qiagen, Toronto, ON, Canada) and DNAse I treated before
first- and second-strand synthesis following the Ambion
MessageAmp™ II aRNA amplification kit protocol (Life
Technologies, Burlington, ON, Canada) using the following
minor modifications: for first-strand synthesis, 2 μg of total
RNA was used in the reaction followed by second-strand synthesis with half of the recommended enzyme concentrations.
Purified cDNA was used for in vitro transcription using an
indirect amino-allyl-labeling method with a 1:3 incorporation
ratio of uridine triphosphate (UTP)/5-(3-amino-allyl)-UTP. In
vitro transcription was performed at 37 °C with a lid temperature
of 40 °C for a period of 15 h, after which samples were purified
according to the manufacturer’s protocol. Unincorporated nucleotides were removed using filter cartridges provided with the kit.
Purified amino-allyl RNA (aRNA) samples were dried using a
speedvac at 45 °C and stored at −80 °C. For sample labeling, 5–
7 μg of aRNA was resuspended in 5 μl freshly made carbonate
buffer (0.1 M Na2CO3) adjusted to pH 9. Equal amounts of either
Cy5 or Cy3 dye (GE Healthcare, Mississauga, ON, Canada)
were added to aRNA from 07506-01 or 12120-03, respectively,
and incubated for 2 h at room temperature. Each of the three
replicate Cy5-labeled sRNA samples (1 μg each) from 07506-01
was paired with a Cy3-labeled aRNA sample from 12120-03 and
co-hybridized on a single slide. A fourth slide consisted of
swapping dye labels between 07506-01 and 12120-03 for replicate 1. Samples were purified using RNeasy MinElute Spin
Columns (Qiagen, Toronto, ON, Canada) prior to application
on slides. Dye incorporation was measured using a ND-100
Spectrophotometer v3.3 (Nanodrop Technologies, Wilmington,
DE, USA). Hybridization and slide processing were performed
using the 1×44 k Potato Oligonucleotide Chip Initiative (POCI)
array (Kloosterman et al. 2008) using the Arrayit microarray
hybridization cassette (Arrayit Corp, Sunnyvale, CA, USA)
according to manufacturer specifications. Slides were scanned
on the GenePix 4000B Microarray Scanner (MDS Analytical
Technologies, Ottawa, ON, Canada), and data were extracted
using the manufacturer’s software. Microarray data is available at the Gene Expression Omnibus (https://www.ncbi.nlm.
nih.gov/geo).
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Analysis of microarray data
Microarray data were analyzed using the Genowiz 4.0 software (Ocimum Biosolutions, Gaithersburg, MD, USA).
Double channel analysis of 07506-01 and 12120-03 data
was done using print-tip loess normalization with a smoothing factor of 0.1. Log2 transformation of 07506-01/12120-03
(Cy5/Cy3) fluorescence ratio for each gene was calculated
and negative ratio values were retained. Significant differences in fluorescence ratio were tested using a t test for Ho:
log2 (07506-01/12120-03)=0. Genes with p≤0.05 were filtered. The filtered genes were divided into two groups: log2
(07506-01/12120-03)>0, which are 07506-01 up-regulated
genes, and log2 (07506-01/12120-03)<0, which are 1212003 up-regulated genes. Gene ontology (GO) annotations for
the two groups of filtered genes were analyzed by the
Genowiz software package. The frequency of GO terms for
the filtered genes was statistically compared to the entire
POCI microarray and Z scores were generated (Doniger
et al. 2003). High Z scores are indicative of significantly
increased frequency of a GO term in the filtered data set. GO
annotations with Z scores>4 were filtered. GO terms represented by 10 or fewer genes on the POCI microarray were
not included. Setting this lower limit on the GO analysis
eliminated terms represented by a small number genes.
Additionally, parent GO terms, which are represented by
large numbers of genes, were eliminated by removing terms
represented by greater than 600 genes on the POCI microarray. The functional annotation data was also analyzed by
keyword searches using Genowiz 4.0 and gene lists were
generated for each keyword.
Analysis of gene expression using Nanostring nCounter
Twenty-two genes with significant differences in expression
from the POCI array data analysis were randomly selected and
used to validate the microarray results. The sequences of the
22 test genes used for the nCounter assay are indicated in
Table S1 (Online Resource). The same RNA samples were
used as indicated above. Details of the RNA sample preparation, reagent and method used for the nCounter (Nanostring
Technologies, Inc., Seattle, WA, USA) multiplex gene expression analysis are described elsewhere (Geiss et al. 2008). The
nCounter data was adjusted using the manufacturer-provided
spiked positive and negative controls according to manufacturer’s instructions. Gene expression of five housekeeping
genes adenine phosphoribosyl transferase (aprt), tubulin,
cyclophilin (Nicot et al. 2005; Tai et al. 2009), elongation
factor 1-α(EF-1-alpha) (Nakane et al. 2003) and cox1-B (Li
et al. 2010; Quinones et al. 1995) was also measured and the
geometric mean of their expression was used to normalize
gene expression values for the 22 test genes (Luo et al. 2010;
Vandesompele et al. 2002). Details of the nCounter target
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sequences for the housekeeping genes have been previously
published (Luo et al. 2010). Spearman rank correlation
(Morey et al. 2006) was used to compare expression data from
nCounter and the POCI array for the 22 genes. SYSTAT 13
(Systat Software, Inc, Chicago, USA) was used for statistical
analysis.

Results
Differences in response to V. dahliae infection
Vine senescence scoring showed that the two diploid potato
clones, 07506-01 and 12120-03, grown in the greenhouse had
similar senescence timing (Table 1). However, observations
made on senescence timing between two diploid potato clones
grown concurrently in the field showed that 12120-03 started to
senesce two weeks earlier than 07506-01 (Fig. 1). At 12 weeks
after planting, 12120-03 had a higher senescence score than
07506-01 in the field (Table 1). The results pointed to factors in
field that contributed to early senescence of 12120-03.
Verticillium wilt was known to induce early senescence
and was used to inoculate the two clones to test for differences
in responses to the pathogen. Inoculation of V. dahliae was
done in the growth chamber. Susceptibility is associated with
development of symptoms within days after inoculation.
Neither clone had signs of wilting and chlorosis within two
weeks of inoculation indicating low susceptibility for both.
However, senescence scoring at 12 weeks after inoculation
showed that V. dahliae-infected 12120-03 plants had higher
senescence scores compared to mock-infected controls
(Table 1). Quantification of V. dahliae in inoculated plants
was done using PCR of DNA. At the soil base line and 2/3 up
the stem 20 % of 12120-03 stems showed presence of V.
dahliae. Based on these data 12120-03 was classified as
partially resistant to V. dahliae. Inoculation of 07506-01 with
V. dahliae did not result in development of disease symptoms.
Instead, infected plants actually had decreased senescence
scores compared to mock-infected control plants, which is
the opposite of what of is typically found with infected plants
(Table 1). However, quantification of V. dahliae at the soil
base line showed that 80 % of stems of 07506-01 carried
V. dahliae and 20 % of stems had detectable pathogen at two
thirds up the stem. Based on these data, 07506-01 was classified as tolerant to V. dahliae.
Field plants were also tested for V. dahliae infection using
PCR of DNA from the top leaf at ten weeks after planting.
V. dahliae was detected in all three 12120-03 samples (V.
dahliae lanes a, b, and c, Fig. 2). The pathogen was also
detected in one 07506-01 sample (V. dahliae lanes e, Fig. 2).
V. albo-atrum was not detected for either 12120-03 or 0750601 (V. albo-atrum, lanes a, b, c, d, f, and g, Fig. 2). The
presence of V. dahliae was confirmed with culture of V.
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Table 1 Senescence scoresa at 12 weeks after planting
Clone

Greenhousea

Fieldb

Mockinoculationc

Inoculatedc
V. dahliae

12120-03
07506-01

1.3±0.5
1.8±0.5

2.7±0.6
1.3±0.6

1.7±0.1
1.8±0.1

2.5±0.1
1.2±0.1

a

Vine senescence score: 0=no symptoms visible, 1=some chlorosis,
especially in older leaves, 2=general chlorosis, and some necrosis and
wilting, 3=severe wilting or death

b

Plants were sown in the field and greenhouse on the same day

c

Disease-free plants were grown in the growth chamber and inoculated
with either V. dahliae or mock inoculated

dahliae from stem cuttings from both clones (data not shown).
These results demonstrated that both clones were naturally
infected by V. dahliae in the field. Verticillium is a hemibiotrophic
fungus that has two phases of infection. The first is colonization
of the vascular system of growing plants followed by the saprophytic phase when the pathogen moves into dying foliage during
senescence. The higher level of V. dahliae detected in leaves of
12120-03 compared to 07506-01 was most likely due to onset of
senescence in 12120-03 and saprophytic infection at the 10-week
sampling time point.
Ve2 resistance alleles are absent in 07506-01
The Ve2 gene has been shown to confer resistance to Verticillium
in potato and tomato. A CAPS marker for the resistance allele of
the potato Ve2 gene was used to genotype 07506-01 and 1212003. The Ve2 resistance allele can be cleaved with the Mfe I
restriction enzyme but the susceptible allele cannot. The results
showed that 12120-03 was heterozygous as Mfe I digestion
produced three bands—one corresponding to the uncut amplicon
from the susceptible allele and two lower bands corresponding to
Fig. 1 Differences in
senescence timing between
07506-01 and 12120-03. The
same plot in field was
photographed at 9, 10, 11, 12 and
14 weeks after planting

Fig. 2 PCR testing of V. albo-atrum and V. dahliae in field grown
plants. Primers specific for V. albo-atrum and V. dahliae were used to
amplify DNA from 12120-03 plants (a–c), 07506-01 plants (e–g), 50 ng
positive control DNA (h), 10 ng positive control DNA (i) and water (j).
Lane d is empty. The location of the Verticillium PCR products are
indicated by the arrow on the right

the Mfe I-cleaved resistance allele (Fig. 3). 07506-01 was homozygous for the susceptible allele as it had only one band corresponding to this allele (Fig. 3). The results demonstrate that the
tolerance response of 07506-01 develops in the absence of Ve2
resistance alleles.
Global gene expression analysis
The molecular processes underlying differences in response
to V. dahliae infection observed for 07506-01 and 12120-03
were investigated using comparative gene expression profiling of leaves from plants naturally infected with V. dahliae in
the field. Based on the t test, there were 4,957 genes differentially expressed as shown in Table S2 (Online Resource):
2,795 and 2,162 genes were up-regulated in 07506-01 and
12120-03, respectively. Another gene expression platform,
nCounter, was used to validate the POCI microarray. Spearman rank correlation was used to compare expression values
between the POCI microarray and nCounter for the 22 selected genes. The r value was found to be 0.714 indicating
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with chitin binding and chitinase functions, which are involved
in fungal defense. The other two GO terms were “amylase” and
“transcription factor activity”. The GO analysis indicated that
07506-01 had increased protein synthesis and growth over
12120-03. 12120-03, on the other hand, had increased fungal
defense gene expression compared to 07506-01 (Table 2).
Chlorophyll biosynthesis and degradation

Fig. 3 CAPS marker genotyping of Ve2. 07506-01 (lane 2) and 1212003 (lane 3) genomic DNA were amplified and digested with Mfe I
(lanes 1 and 2). Lane 1 is the DNA marker with sizes as indicated

nCounter rank

positive correlation between the two gene expression platforms (Fig. 4).
GO analysis was done to capture major differences in function between the clones from the gene expression profile. The
GO terms in Table 2 were divided into two groups: The first
group consisted of genes up-regulated in 07506-01 and the
second from those up-regulated in 12120-03. High Z scores
indicate that the GO term was represented at a higher frequency
in the set of up-regulated genes compared to the entire POCI
array. The three GO terms with the highest Z scores for genes
up-regulated in 07506-01 were associated with functions in
protein translation (Table 2). Five GO terms for genes upregulated in 07506-01 were associated with genes that function
in amino acid biosynthesis. The GO terms associated with cell
division including replication of chromatin and mitosis associated with cell division had high Z scores among 07506-01 upregulated genes. There were 16 GO terms associated with
genes up-regulated in 12120-03, 14 of these were associated

POCI array rank

Spearman’s rank correlation coefficient = 0.714
Fig. 4 Validation of POCI microarray results using nCounter gene
expression data. Spearman rank correlation was used to analyze gene expression data from the POCI microarray and nCounter for 22 selected genes

Decreased photosynthesis and chlorosis is a sign of disease and
senescence. Figure 5 shows the chlorophyll biosynthesis and
degradation pathways. 07506-01 had increased expression of
chlorophyll biosynthetic enzyme genes over 12120-03. Two
genes associated with chlorophyll degradation were examined.
The chlorophyllase gene was up-regulated in 07506-01 and the
senescence-inducible chloroplast stay-green protein 1 gene upregulated in 12120-03 (Fig. 5 and Table S3). The results show
that both clones are undergoing chlorophyll degradation, but
07506-01 is maintaining higher levels of chlorophyll biosynthesis consistent with the greener and more vigorous appearance of vines at sampling compared to 12120-03.
Differences in expression of phytohormone biosynthetic
enzyme genes involved in defense
Differences in defense responses between 12120-03 and 0750601 were studied through examination of expression of genes
encoding biosynthetic enzymes for defense phytohormones
salicylic acid (SA), ethylene (ET) and jasmonic acid (JA). The
gene for phenylalanine ammonia lyase (PAL), an enzyme involved in production of phenylpropanoid precursors for the
defense phytohormone, salicylic acid (SA), was up-regulated
in 12120-03 (Fig. 6a and Table S4 Online Resource). No other
genes involved in SA biosynthesis were found on the POCI
microarray. Expression of the salicylic acid binding protein 2,
which encodes a methyl salicylate esterase gene, and a gene
encoding a SA UGT were found to be up-regulated in 12120-03
(Fig. 6a and Table S4). Additionally, the expression of the SAinduced gene, pathogenesis-related 1 (PR-1) was highly upregulated in 12120-03 (Table S4). The results indicated that
levels of SA and SA modification activities were higher in
12120-03 than 07506-01.
Two genes encoding enzymes involved in ET biosynthesis,
S-adenosylmethionine synthetase (AdoMet synthase), and
aminocyclopropanecarboxylate oxidase (ACC oxidase), were
highly up-regulated in 12120-03 (Fig. 6b and Table S4) indicating the presence of higher levels of ET over 07506-01.
Moreover, the total number of ET responsive genes upregulated in 12120-03 was ten compared with three genes
showing up-regulation in 07506-01 (Table S4), which indicated
with higher levels of ET in 12120-03.
12120-03 showed up-regulation of the gene encoding
allene oxide synthase, an important biosynthetic enzyme
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Table 2 Gene ontology analysis
Gene Ontology Term

a

07506-01 up-regulated
Ribonucleoprotein complex
Ribosome
rRNA binding
Amino acid biosynthetic process
Amine biosynthetic process
Nitrogen compound biosynthetic
process
Chromatin
DNA replication initiation
Amino acid metabolic process
Organelle organization and
biogenesis
Nucleosome
Structural molecule activity
Nitrogen compound metabolic
process
12120-03 up-regulated
Cell wall catabolic process
Chitin binding
Amylase activity
Polysaccharide binding
Pattern binding
Transcription factor activity
Polysaccharide catabolic process
Chitin metabolic process
Glucosamine catabolic process
Glucosamine metabolic process
Amino sugar catabolic process
N-acetylglucosamine catabolic
process
Amino sugar metabolic process
N-acetylglucosamine metabolic
process
Chitin catabolic process
Chitinase activity

Differential expression of resistance genes
Z
Differentially POCI
scoreb expressed
arrayd
genesc

9.114
8.451
5.197
5.112
4.984
4.956

92
76
14
33
35
35

573
465
60
216
239
240

4.504
4.370
4.301
4.219

20
5
50
43

118
14
423
352

4.199
4.190

13
18

67
108

4.149

59

532

5.289
5.223
4.705
4.553
4.553
4.478
4.386
4.083
4.083
4.083
4.083
4.083

10
6
6
6
6
52
10
7
7
7
7
7

44
19
22
23
23
560
55
34
34
34
34
34

4.083
4.083

7
7

34
34

Transcription factor gene expression reveals differences
in biological function

4.083
4.083

7
7

34
34

Functional differences between the clones can be inferred
from examining differentially expressed plant transcription
factors. Therefore, genes annotated with the term “transcription” were selected (Table S6 (Online Resource)). Additional
information about the plant functions involving the transcription factors was gathered from published literature and
included in Table S6. The plant functions were divided into
subcategories: abiotic stress, biotic stress, development, secondary metabolism, general/basal transcription, WRKY and
unknown (Fig. 8). For the transcription factor genes upregulated in 07506-01 the largest category was for unknown
function. In contrast, 12120-03 showed up-regulated of a
large number of WRKY transcription factors which are
involved in responses to abiotic and biotic stress, development and senescence.

a

The GO terms association with annotations for the list of genes in
Table S2 (Online Resource)

b

Z score for the GO term

c

The number of genes showing differences in expression between 07506-01
and 12120-03 from Table S2 (Online Resource) that are annotated with the
GO term

d

The term “resistance” was used to search for R genes involved
in plant immunity from the list of differentially expressed
genes. Up-regulation of two Ve Verticillium wilt resistance
genes was found for 12120-03 (Fig. 7 and Table S5).
Although, the annotation for feature MICRO.11054.C1 indicated homology to the Ve1 gene, alignment of the 60-mer
probe against sequences in Genbank using blastx indicated
similarity to both Ve1 and Ve2. The same was true for the
feature cSTB18N21TH. Therefore, up-regulated Ve gene expression in 12120-03 could be due to transcripts of either
gene. The expression differences of the Ve gene may contribute to the contrast in response to V. dahliae between the
clones. Genes conferring resistance to Alternaria and bacterial
spot disease were also up-regulated in 12120-03 (Fig. 7
and Table S5). There were two different features,
MICRO.16165.C2 and STMCC32TV, on the POCI microarray with sequence from the gene late blight resistance
protein RGA3. Alignment of the unigene sequences of the
two features indicated that they had 83 % sequence similarity suggesting they were variants of the same gene and
that each clone produced a variant that hybridized preferentially to a different feature. Overall, the results showed
that 07506-01 up-regulated of the RGA3 gene over 1212003 (Fig. 7 and Table S5). Additionally genes conferring
resistance to tospovirus, tobacco mosaic virus and
Globodera pallida (Gpa) were up-regulated in 07506-01
(Fig. 7 and Table S5). The analysis of resistance gene
expression indicated that the clones may have variation in
response to different pathogens in addition to V. dahliae.
Alternatively, the gene may have functions in addition to
the ones originally characterized and may play a role in
Verticillium response.

The total number of genes on the POCI array annotated with the GO term

for the defense phytohoromone, JA (Fig. 6c and
Table S4). Additionally, two other JA-associated genes
that did not encode biosynthetic enzymes were also upregulated in 12120-03 supporting increased levels of JA
(Table S4).
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Fig. 5 Chlorophyll biosynthesis and degradation pathway. Only genes
present on the POCI array are shown. The enzyme genes that are upregulated in 07506-01 are indicated in gray and up-regulated genes in
12120-03 are in bold text. For enzyme genes represented by multiple
features, the average log2 (07506-01/12120-03) for all features was used
to determine expression (see Table S3). The dashed lines indicate multiple
enzymatic steps. Compounds in capitals are not directly synthesized in the
pathway. The abbreviations for the enzymes are as follows: GTS glutamyltRNA synthetase; GTR glutamyl-tRNA reductase; GSA glutamate-1semialdehyde aminotransferase; UDC uroporphyrinogen III decarboxylase; COX coproporphyrinogen III oxidase; POX protoporphyrinogen IX
oxidase; MgCHEL Mg-chelatase; MgPMT S-adenosyl-L-methionine/Mg
protoporphyrin IX methyltransferase; DCR divinyl-(proto)chlorophyllide
reductase; CS chlorophyll synthase; CAO chlorophyll a oxygenase;
FeCHEL ferrochelatase; CASE chlorophyllase; SGR senescence-inducible
chloroplast stay-green protein 1. The pathway is adapted from Joyard et al.
(2009) and Vavilin (2002)

Fig. 6 Phytohormone biosynthetic enzyme gene expression. Only genes
present on the POCI array are shown. The enzyme genes that are upregulated in 12120-03 are in bold text. None of the genes for these pathways
were up-regulated in 07506-01. For enzyme genes represented by multiple
features, the average log2 (07506-01/12120-03) for all features was used to
determine expression (see Table S4). The dashed lines indicate multiple
enzymatic steps. a SA biosynthesis. ICS isochorismate synthase; CM
chorismate mutase; PAL phenylalanine ammonia lyase; UGT UDPglucose:salicylic acid glucosyltransferase; SAMT salicylic acid
methyltransferase; and MeSAE methyl salicylate esterase. Adapted from
Wildermuth et al. (2001). b ET biosynthesis. AdoMet synthase Sadenosylmethonine synthase; ACC synthase, 1-aminocyclopropane-1-carboxylic acid synthase; ACC oxidase 1-aminocyclopropane-1-carboxylic acid
oxidase. Adapted from Wang et al. (2002). c JA biosynthesis. AOS allele
oxide synthetase; AOC allene oxide cyclase; OPR 12-oxophytodienoate
reductase. Adapted from Stintzi and Browse (2000_ENREF_55)
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Discussion
Two potato clones were described here with variation in senescence were found to differ in response to Verticillium.
07506-01 and 12120-03 had tolerant and resistant responses
to infection by V. dahliae, respectively. This study is the first to
compare these responses in potato. Tolerance has been described in tomato as a condition where a host plant develops
few symptoms despite colonization by Verticillium (Chen et al.
2004; Robb 2007), which is what was observed for the potato
clone 07506-01. V. dahliae inoculation of 07506-01 plants in
the growth chamber resulted in high levels of infection but the
plants remained symptomless. In contrast, inoculation of the
clone 12120-03 resulted in low levels of colonization. The
inoculated 12120-03 plants did show early senescence compared with mock-inoculated controls at 6 weeks after inoculation, however, susceptible potato plants typically present
symptoms 2 to 3 weeks after inoculation (Isaac and Harrison
1968; Saeed et al. 1997). For these reasons, 12120-03 was
classified as partially resistant.
Resistance to Verticillium wilt in tomato is controlled by the
Ve1 and Ve2 genes, which are highly similar (Kawchuk et al.
2001). The tomato Ve genes conferred resistance when
transformed in potato. Ve orthologs were isolated from potato
and gene markers corresponding to resistant and susceptible
alleles were identified (Bae et al. 2008; Uribe et al. 2013). A
marker for Ve2 alleles was used in the current study to show
that 07506-01 carries two susceptible alleles and 12120-03 had
one susceptible and one resistant allele. These results suggest
that tolerance develops in the absence of Ve2 resistance alleles.
Gene expression was compared between the two clones using
leaves from plants naturally infected with V. dahliae in the field.
GO analysis of gene expression indicated that 07506-01 has
decreased expression of anti-fungal defense genes compared to
12120–01. Expression of several chitinases associated with defense (Kasprzewska 2003) was found to be decreased in 0750601 compared to 12120-03. Differences in response to the V.

Fig. 7 Heat map of resistance
gene expression. Up-regulated
genes in 07506-01 are
represented in red and
up-regulation in 12120-03 are
represented in green. The
intensity of color indicates the
level of up-regulation

375

dahliae has also been described in tomato cv. Craigella with
infection with the Dvd-E6 and Vd1isolates that induced tolerance
or susceptibility, respectively (Chen et al. 2004; Robb et al. 2007).
Expression profiling showed suppression of chitinase genes in
Dvd-E6 versus Vd1 infection in tomato cv. Craigella (Robb et al.
2007). These results show that the tolerant response in potato
compared with partial resistance and in tomato compared with
susceptibility both show decrease in defense gene expression
associated with fungal infection. The results indicate that the
tolerant response may involve suppression of defense responses
in comparison to both resistant and susceptible responses.
One of the earliest effects of Verticillium infection is reduced photosynthesis (Bowden et al. 1990). Recent analysis of
global gene expression across several different kinds of biotic
stress also demonstrated that down-regulation of genes associated with photosynthesis was a common response (Bilgin et al.
2010). The results presented show that expression of chlorophyll biosynthetic enzyme genes was consistently up-regulated
in 07506-01 at high levels compared to 12120-03, indicating
that photosynthetic activity was higher with Verticillium infection in 07506-01 than 12120-03.
The results from the current study provide evidence that
tolerance to Verticillium involves reduction in defense phytohormones. The results showed that ET biosynthetic enzyme gene
expression was decreased in 07506-01 compared to 12120-03.
Studies in tomato also showed that expression of the ET biosynthetic enzyme ACC oxidase gene was decreased in tolerant
versus susceptible responses (Robb et al. 2007). Decreased ET
biosynthesis was also described for tolerance in potato to V.
albo-atrum (Mansoori and Smith 2005). Additionally, reduction
of ET in tomato and A. thaliana mutants were accompanied by
reduced symptoms with Verticillium infection (Robison et al.
2001; Veronese et al. 2003). The cumulative evidence suggests
that tolerance to Verticillium infection involves reducing symptom severity through decreasing production of ET.
In addition to ET, plant hormones SA and JA have wellestablished roles in biotic stress responses (Bari and Jones
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up-regulated 07506-01
2º metabolism

WRKY

development
unknown

general/basal
biotic stress
abiotic stres

up-regulated 12120-03

WRKY

unknown
abiotic stres
biotic stress

development general/basal
Fig. 8 Functions associated with differentially expressed transcription
factors. Genes up-regulated in 07506-01 and 12120-03 with annotations containing “transcription” were functionally categorized using
information from published literature summarized in Table S6 (Online
Resource). The following functional categories were found: “unknown”
are genes that have been annotated as transcription factors but there is
no further functional information; “abiotic stress” are transcription
factor genes that function in abiotic stress; “biotic stress” are transcription factor genes that function in biotic stress; “general/basal” are
general and basal transcription factors, “development” are transcription
factors associated with development; “2° metabolism” are transcription
factors that control expression of enzymes involved in secondary metabolism. The pie charts represent the distribution of categories

2009). SA is involved in systemic acquired resistance (SAR),
which confers long-lasting protection against pathogens
(Durrant and Dong 2004). SA induced expression of a number
of pathogenesis-related genes including PR-1 (Loake and
Grant 2007). PR-1 gene expression was shown to be induced
by V. dahliae in both potato roots and leaves (Derksen et al.
2013). Additionally, PR-1 was decreased in tolerant versus
susceptible interactions with V. dahliae in tomato (Robb
2007), which was also found when comparing 07506-01 to
12120-03. These results suggest that decreased SA and SAR
were associated with tolerance. Conversion of inactive meSA
to SA is critical for SAR and involves a meSAE, salicylic acid
binding protein 2 in tobacco (Park et al. 2007). The potato
ortholog of this gene was decreased in expression in 07506-01
compared to 12120-03 providing additional evidence for comparatively decreased SA in tolerant versus resistant responses.

Allele oxide synthase is a critical gene involved in JA biosynthesis (Gfeller et al. 2010). Decreased expression of allene
oxide synthase in 07506-01 compared to 12120-03 indicated
differences in JA levels. Involvement of JA in symptom
development was also found in A. thaliana where mutants
lacking the JA receptor COI1 had decreased symptom development with V. longisporum infection (Ralhan et al. 2012).
An examination of differences in resistance gene expression was also done to compare the two clones. Expression of
both the susceptible and resistant alleles of the Ve2 gene
increases in expression with infection by Verticillium in tomato (Fradin and Thomma 2006). The expression of Ve genes
were found to be up-regulated in 12120-03 over 07506-01
suggesting that tolerance may involve a reduced or suppressed
induction of Ve genes with infection compared with resistance.
Two genes associated with nematode resistance, tospovirus
resistance protein C and Gpa, were up-regulated in 07506-01.
The tospovirus resistance protein C gene is a broad spectrum
resistance gene homologous to the tomato root-knot nematode
Mi resistance gene that confers resistance to both virus and
nematodes (Brommonschenkel et al. 2000). Gpa, like Mi,
encodes a NBS-LRR protein and confers resistance to the
potato cyst nematode, G. pallida (Williamson 1999). These
results suggest that 07506-01 and 12120-03 vary in response
to nematodes. The result is of interest as the root-lesion
nematode Pratylenchus penetrans is part of the Verticillium
wilt disease complex and can increase severity of Verticillium
wilt symptoms (Bowers et al. 1996; Burpee and Bloom 1978;
Saeed et al. 1997). Moreover, studies by other have shown
that genotypes with resistance to G. pallida also showed
resistance to P. penetrans (Brodie and Plaisted 1993).
The transcription factor gene expression analysis found that
the biotic stress response was higher in 12120-03 than 0750601 in agreement with other gene expression profiling. The
analysis revealed that a large number of WRKY transcription
factors were decreased in expression in 07506-01 compared
with 12120-03. WRKY transcription factors are involved in
pathogen defense, senescence and, more recently, development
(Pandey and Somssich 2009; Rushton et al. 2010). Verticillium
infection was found to induce expression of a WRKY gene in
cotton (Shu-Ling et al. 2012). In tomato, different WRKY
transcription factors were up-regulated in resistance and susceptible responses (Robb et al. 2009). The results suggest that
differential expression of transcription factors, in particular
those in the WRKY family, are involved in regulating differences in response to Verticillium infection between the tolerant
07506-01 and partially resistant 12120-03.
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