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a b s t r a c t

Expression changes of biotic stress response genes were analyzed during a 65 h period post inoculation
with Phytophthora infestans in potato cultivar White Lady that possesses race-specific resistance to this
pathogen. All analyzed respiratory burst oxidase homologs, the PR proteins, the serine-, cysteine- and
aspartic protease inhibitors, as well as the Rpi-bt1 gene homolog were up-regulated in the biotrophic
phase. The R1 and R2 gene homologs showed up-regulation only at 65 hpi, and interestingly, the R3a
gene showed only a very slight expressional increase. It is concluded, that beside the constitutively
expressed R genes a number of non-specific stress response genes contribute to the successful resistance
response in race-specific defense.

© 2015 Published by Elsevier Ltd.

1. Introduction

Late blight, caused by Phytophthora infestans is one of the most
serious potato diseases worldwide. It can cause total crop loss and
severe economic hardship to potato growers [1]. Considering the
known resistance sources in wild potato species, breeding for
resistance represents an alternative to fungicide application.
P. infestans resistance genes in potato are classified as race-specific
and race-nonspecific resistance genes. Race-specific are the R genes
(R1eR11) that originate from the wild Solanum species Solanum
demissum. These have been introgressed into many potato cultivars
[2]. Race-nonspecific resistance genes (Rpi genes) have been iden-
tified in different wild Solanum species (see recent reviews by
Tiwari et al., 2013 and Rodewald and Trognitz, 2013) [3,4], and
several of them have been isolated recently [5e11].

Late blight is identified by rapidly expanding lesions with visible
white growth at the leading edge on the abaxial leaf surface of
sensible potato plants. The rapidly spreading pathogen can destroy
the entire plant in a few days, after the first lesions were observed.
Infected potato tuber tissues are brownish in color, and are often
invaded by soft rot bacteria which rapidly invade adjoining healthy
tissues [12].

In race-specific resistance, local lesions appear at the infection
site but do not develop further due to the incompatible interaction
of the R gene and the corresponding avirulence (Avr) gene of the
pathogen. Compared to this, race-nonspecific resistance is not
correlated with hypersensitive response, and instead involves
limiting pathogen spread in the host [10].

In resistant genotypes P. infestans infection triggers a systemic
acquired resistance (SAR) response, where the expression of SAR
genes correlates with local necrotic lesions [13]. In SAR signals are
transported from the infection site to other parts of the plant. These
signals stimulate the production of molecules designated as com-
ponents of the defense response pathways including resistance* Corresponding author.
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proteins like pathogenesis related (PR) proteins, proteinase in-
hibitors (PI), reactive oxygen species (ROS), antimicrobial com-
pounds and various other groups of molecules which are involved
in the hypersensitive response (HR) [14e20].

According to previous inoculation tests, cultivar White Lady is
known to possess the R1, R2, R3, R4, R6, R7, R10 and R11 race-specific
resistance genes. With whole genomic transcriptome analysis of
this cultivar previously we could identify the complete sequence of
the R3a gene that was isolated in 2005 by Huang et al. [21]. Besides
the R3a gene, homologs of the R1 and R2 genes, and interestingly,
82 Rpi gene homologs were also detected by that transcriptome
analysis (unpublished results).

For more information about the potato cultivar White Lady visit
the following website: http://www.europotato.org/display_
description.php?variety_name¼WHITE%20LADY.

In order to understand the molecular mechanism of systemic
acquired resistance, besides the expression of resistance genes, it is
essential to figure out the role of defense metabolites. Analysis of
P. infestans induced gene expression changes would be important to
determine those genes which are involved in resistance response,
as well as to characterize their function in SAR. To this end, qPCR
would be an effective approach, since it allows themeasuring of the
relative expression level of a particular transcript in a given sample
type and determines its expression after being exposed to a specific
alteration, such as infection by a pathogen [22].

Phytophthora species mostly start the infection in a biotrophic
interaction with the host and switch later to a necrotrophic phase.
This type of interaction between pathogen and host is known as
hemibiotroph [23]. P. infestans requires living plant cells for survival
in the biotrophic phase. During this phase nutrients are obtained
from the living plant cells. This is achieved by forming a penetration
peg, then haustoria by the branching hyphae and the subsequent
secretion of enzymes that degrade components of the plant cell
wall. Different signals of the pathogen are involved during infec-
tion, including physical pressure to penetration, apoplastic path-
ogen elicitors and cytoplasmic effectors. These stimuli trigger the
downstream signaling pathways which regulate the expression of
defense genes and induction of a hypersensitive response [24,25].
This phenomenon restricts the pathogen growth effectively and its
containment before transition to the necrotrophic phase [25,26]. In
resistant Solanum species the hypersensitive response against
P. infestans occurs rapidly. Incompatible interaction after 36e48 h
post inoculation (hpi), the mode of interaction between P. infestans
and initially infected host cells becomes necrotrophic, and from 72
to 96 hpi, initially infected areas of the leaf are fully colonized and
necrotic [27]. Nevertheless, how this switch from biotrophic to
necrotrophic phase is inhibited in the resistant plants is still not
understood.

In order to check the expression profile of biotic stress response
genes in early stage of P. infestans inoculation, candidate geneswere
selected from a transcriptome dataset (hereafter Potato-TD) of the
potato cultivar White Lady that is resistant to the P. infestans races
presently widespread in Hungary. Since altogether several hundred
gene candidates of different classes of biotic stress response genes
were identified in the Potato-TD, P. infestans induced expression
changes of the R3a gene and 15 other, randomly selected transcripts
representing PI, PR, ROS genes and resistance gene analogs were
analyzed by qPCR in the present study.

2. Materials and methods

2.1. Inoculation with P. infestans and sample collection

Pathogen-free tubers of the cultivar White Lady were planted
into pots and plants were grown in a vector-free greenhouse with a

maximum 25 �C day- and minimum 15 �C night temperature. Four
weeks after planting, the plants were sprayed with a mixed sus-
pension of the H12/10 (avr1, 3, 4, 7, 10, 11) and 10/2010 (avr1, 2, 3, 4,
6, 7, 10, 11) isolates. Spraying of the inoculum suspension with
1.5 x 104 spore/ml concentrationwas done on the abaxial surface of
leaflets on whole plants. For maintaining the required humidity for
infection, plants were covered with a net cloth and were sprayed
with water twice daily.

For mRNA isolation non-inoculated leaflets of inoculated leaves
were collected at 1, 4, 17, 24, 35, 48 and 65 h post inoculation (hpi)
and were immediately frozen in liquid nitrogen. At the same time
points samples from mock inoculated plants were collected as
control. Mock inoculation was done by spraying pathogen-free
water on the plants.

2.2. Selection of biotic stress response genes for expressional
analysis

The transcriptome dataset of White Lady was used to select
biotic stress response genes for the analysis of possible expression
changes of these genes in response to P. infestans inoculation. This
transcriptome dataset was generated from RNA obtained from PVX,
PVY and P. infestans inoculated plants of the potato cultivar White
Lady. Inoculation was done with each pathogen on separate plants
and samples were collected at different time points after inocula-
tion. For control at the same time points samples from mock
inoculated plants were collected too. Mock inoculation was iden-
tical with the inoculation method except that the pathogen was
excluded from that. Transcriptome analysis (RNA-sequencing) was
done on two RNA bulks, i.e. on the control and on the treated bulk.
This later contains the inoculated samples. Each of these bulks
represented in equal volumes each infection and each time point of
sample collection. While details of the transcriptome analysis will
be published elsewhere, here we just refer to the Potato-TD, as it
was utilized for the selection of biotic stress response genes.

From among the several hundred transcripts which showed
high sequence similarity with biotic stress response genes 16 genes
were chosen in a way that they should represent defense related
gene families. The selected gene families and genes that were
analyzed in the present study are indicated in Table 1. Besides
sequence similarity of transcripts and biotic stress response genes,
the criterion of selection was that the transcript should be up-
regulated after inoculation. A gene was considered as up-
regulated when the RPKM (reads per kilobase per million map-
ped reads) [28] value of it was above 2.00 in the treated sample
compared to the control. However, for the A, B and C homologs of
the respiratory burst oxidase family (Rboh) and for the PR10 protein
no up-regulation was observed, in the present study to compare
their qPCR results with those of the transcriptome analysis, we
included also these genes in the experiments.

2.3. Purification of mRNA, cDNA synthesis and primer design

Isolation of RNAwas done with RNAzol (MRC, USA) according to
the manufacturer's recommendations. DNA was removed with the
DNase I kit (New England Biolabs Inc., UK) and the concentration of
RNA was measured by a Nanodrop 2000 (Thermo Scientific, USA)
spectrophotometer.

In order to quantify the gene expressional changes induced by
P. infestans, a two-step reaction was used including the reverse
transcription and the PCR procedure. Two-step quantitative real-
time reverse transcriptase PCR (qRT-PCR) started with the reverse
transcription of a poly(A)þ RNA into cDNA by using a reverse
transcriptase enzyme. The reaction (first strand synthesis) was
carried out with High-Capacity cDNA Reverse Transcription Kit
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with RNAse inhibitor, according to the manufacturer's recommen-
dations (Life Technologies, USA). At 20 ml final volume the con-
centration of mRNAwas 1 ng/ml in the reaction solution. To give an
equal representation of all targets in real-time PCR applications and
to avoid the 30 bias of oligo (dT) primers, random primers were
utilized to synthesize the first-strand cDNA from mRNA with
Multiscribe Reverse transcriptase (Life Technologies, USA). First
strand synthesis was done in a thermal cycler using the following
program: 25 �C for 10 min, 37 �C for 120 min in cycling stage and
85 �C for 5 min.

Specific PCR-primer pairs for the selected genes were designed
with the Primer Express Software 3.0 (Life Technologies, USA) using
the transcript sequences of the genes from the Potato-TD. In primer
design the following criteria were used: length of amplicon:
50e150 bp; GC content of the primers: 30e85%; melting temper-
ature: 58e60 �C; primer length: 9e40 bp; exclusion of 3’-end
matching of the forward and reverse primers.

2.4. Quantitative RT-PCR analysis

Quantitative analysis of the genes was performed with a Ste-
pOne Real-Time PCR Systems (Life Technologies, USA). Gene
expression was analyzed on the basis of monitoring of thermal
cycling with the fluorescent SYBR green binding dye [29]. Endog-
enous control was the housekeeping gene b-tubulin (Supplemen-
tary file 1) and the reference sample was mock inoculated sample
(control). Quantification of the housekeeping gene and of the gene
of interest was done with three biological replications for each
sample. The qPCR reaction mix contained: 0.5 mM of each primer,
2.1 ng cDNA, 10 ml of power SYBR green master mix and 7.45 ml of
molecular biology water (AccuGENE, Belgium). The reaction
mixture was loaded on a MicroAmp Fast Optical 48-Well reaction
plate (Life Technologies, USA) and sealed with an adhesive film. For
obtaining optimal results, a standard ramp speed (2-h time) was
selected for running the system. The qPCR profile was as follows:
95 �C for 10 min in holding stage, 40 cycles of 95 �C for 30 s,
annealing at the temperature for each primer pairs for 60 s, 95 �C
for 15 s in cycling stage and 95 �C for 15 s, 60 �C for 1 min andþ3 �C
in step and hold to 95 �C for 15 s during melting curve stage.

The comparative Ct method (DCt) was used to assess the
changes in fluorescence recorded during PCR reaction between
treated samples and control. Among different endogenous controls
the housekeeping gene b-tubulin with GI no. 609267 in NCBI had

minimal changes between the treated and control samples; hence,
it was used to normalize target genes in the Ct method. The char-
acteristics of designed primers' sequences of this gene are
described in Supplementary file 1. The output data were analyzed
by the StepOne software v2.3. The software determined the relative
quantity of the target genes by comparing normalized target
quantity in each sample to normalized target quantity in the
reference sample.

The data of relative quantity for each gene in every time point
were collected and statistically analyzed with nested design and
the comparison of means was done by using of least significant
difference (LSD) at probability level < 0.01%.

2.5. Gel electrophoresis, cloning and sequencing of qPCR amplified
fragments

In order to check whether the amplified fragments are at the
expected size, qPCR products were separated on a 2% agarose gel
with 200 mA direct current, then stained with ethidium bromide
and documented with a GeneGenius (Syngene, UK) gel documen-
tation system. Cloning was done using the CloneJET PCR cloning kit
(Fermentas, Lithuania) and ligated plasmids were transformed to
JM109 Z-competent cells. Plasmids were extracted with the Gene
JET Plasmid Miniprep Kit (Thermo Scientific) and sequencing was
done with an ABI PRISM 310 Genetic Analyzer (Life Technologies,
USA).

3. Results

3.1. Gel electrophoresis and sequence analysis of RT-PCR amplified
fragments

Electrophoretic patterns of RT-PCR amplified fragments (Fig. 1)
of the analyzed genes revealed that these are at the expected size.
The amplified fragments were sequenced (Supplementary file 1)
and pairwise alignment with the sequence data in the Potato-TD
revealed that the analyzed fragments are identical with the
appropriate transcripts.

3.2. Expression analysis of protease inhibitor genes

The aspartic-, the cysteine and the serine protease inhibitors
showed significant up-regulation (Fig. 2), while the analyzed

Table 1
Characteristics of the genes in the Potato-TD that were selected for qPCR analysis.

Gene family Gene function SGN IDa RPKM- controlb RPKM- treatedb Fold changec

1 Protease inhibitors Aspartic protease inhibitor (AspI) PGSC0003DMG400009513 1.48 (6) 10.42 (47) 7.05
2 Cysteine protease inhibitor (CyspI) PGSC0003DMG400010134 0.66 (2) 9.46 (32) 14.40
3 Kunitz-type protease inhibitor (KtpI) PGSC0003DMG400015267 1.38 (6) 9.91 (48) 7.20
4 Serine protease inhibitor (SerpI) PGSC0003DMG400026953 3.12 (88) 6.99 (219) 2.24
5 Respiratory burst oxidase homologs RbohC PGSC0003DMG400014168 5.82 (178) 11.10 (377) 1.91
6 RbohA PGSC0003DMG400012316 2.54 (22) 3.43 (33) 1.35
7 RbohB PGSC0003DMG400024754 1.66 (35) 3.12 (73) 1.88
8 Antioxidant Glutathione peroxidase (Glutp) PGSC0003DMG402004978 2.99 (64) 18.01 (428) 6.02
9 PR proteins PR1 PGSC0003DMG400037874 0 (0) 2.43 (5) Activatedd

10 PR10 PGSC0003DMG402001494 2.93 (16) 2.96 (18) 1.01
11 Immune receptor PPR1 PGSC0003DMG400020554 3.26 (83) 18.52 (524) 5.68
12 R gene & S. demissum R gene homologs R1 homolog PGSC0003DMG400025545 1.54 (33) 2.23 (53) 1.44
13 R2 homolog PGSC0003DMG401011522 2.42 (33) 8.30 (126) 3.44
14 R3a gene PGSC0003DMG402030235 2.14 (48) 5.10 (127) 2.38
15 S. bulbocastanum Rpi-homologs Rpi-bt1 homolog PGSC0003DMG401007609 1.22 (13) 6.69 (79) 5.47
16 Rpi-blb2 homolog PGSC0003DMG400023253 2.97 (30) 8.02 (90) 2.70

a Potato gene identification numbers according to the SOL Genomics Network (SGN).
b In parenthesis are the number of transcripts of the control, as well as of the treated sample.
c Fold change calculated from the RPKM values of the transcriptome dataset.
d That gene was not expressed in the control, but was activated by one or more of the infections.
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Kunitz-type protease inhibitor showed no expressional change. The
aspartic protease inhibitor showed up-regulation in two time
points, with values significantly differing from each other and from
the other time points. First and strongest peak was registered at the

1st hour after inoculation with a 7.1 fold increase, while the second
was a less strong peak with a 2.3 fold increase at the 24 hpi. Be-
tween these and at the later time point expression of the AspI gene
showed decreasing. The cysteine protease inhibitor showed a
slight, 1.6 fold up-regulation at 1 hpi, and almost no expressional
increase at 4 hpi. Then it slightly increased again and got its
expressional maximum with a 12.5 fold increase at 31 hpi. In later
sampling time points its expression rapidly decreased (Fig. 3).

The serine protease inhibitor showed an immediate strong up-
regulation after the inoculation with the peak of expression
found at 17 hpi showing a 195.4 fold increase. Then it rapidly
decreased, and at 31 hpi and later almost no up-regulation was
observed (Fig. 2.2).

3.3. Expression analysis of reactive oxygen species

All respiratory burst oxidase homologs showed significant up-
regulation at 4 hpi. RbohA and RbohC showed a 10.3 and 7.8 copy
number increase at this time point, respectively (Fig. 3.1), for RbohB
this value was 211.8 (Fig. 3.2). RbohB showed strong, inoculation
induced up-regulation with an 81.9 fold copy number increase at 1
hpi, while for the other two Rboh genes there was almost no
expression change at 1 hpi. At later time points expression of all
these three genes was almost identical with that of the control.

Interestingly, except a very slight, 1,6 fold copy number increase
at 4 hpi, no significant expression change was observed for the
glutathione peroxidase homolog in this 65 h period of analysis.

3.4. Expression analysis of pathogenesis related protein genes and
immune receptor gene

Both pathogenesis related proteins in this study have different
activation ranges. PR1 was immediately up-regulated by the inoc-
ulation, and its expression maximumwas at 4 hpi where a 24.3 fold
copy number was measured. Then its expression decreased rapidly
almost to the level of the control. PR10 was up-regulated at 31 hpi
with an 18.7 fold copy number increase, then expression of this

Fig. 1. Electrophoretogram of the genes analyzed by qPCR. M: molecular size marker
(50 bp); B-tub: b-tubulin gene (housekeeping gene); Protease inhibitors: aspartic
protease inhibitor (AspI), cysteine protease inhibitor (CyspI) and serine protease in-
hibitor (SerpI); Respiratory burst oxidase homologs and Glutathion peroxidase genes:
RbohA, B, C, glutathione peroxidase (GlutpI); PR proteins and immune receptor gene:
PR1, PR10 and PPR1; Resistance gene homologs: Rpi-bt1 homolog, Rpi-blb2 homolog,
R1, R2 homologs and R3a gene.

Fig. 2. Expression profile and RQ (relative quantitation) mean comparison of aspartic
and cysteine protease inhibitors (AspI and CypI) (2.1.) and of the serine protease in-
hibitor (SerpI) (2.2.). Expression value for each gene in each time point (hpi: hours post
inoculation) represents the mean of three biological replicates. The RQ value indicates
the copy number fold change of the treated to mock inoculated samples. The same
letters indicate that there is no significant difference of those values at P < 0.01 level.

Fig. 3. Expression profile and RQ (relative quantitation) mean comparison of gene
homologs of the RbohA and RbohC respiratory burst oxidases, and of glutathione
peroxidase (GlutP) (3.1.), as well as of the respiratory burst oxidase RbohB (3.2).
Expression value for each gene in each time point (hpi: hours post inoculation) rep-
resents the mean of three biological replicates. The RQ value indicates the copy
number fold change of the treated to mock inoculated samples. The same letters
indicate that there is no significant difference of those values at P < 0.01 level.
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gene decreased gradually. (Fig. 4) (Fig. 5).
PPR1, the plant immune receptor homolog, showed a 10.6 fold

copy number increase at 4 hpi, and then the expression level of it
was similar to the control (Fig. 4).

3.5. Expression analysis of NB-LRR genes

Assembled contigs of the potato cultivar White Lady were an-
notated using the Solanum tuberosum L. group Phureja clone DM1-
3-516-R44 reference genome. Beside many gene homologs, 82 NB-
LRRs which are related with resistance to P. infestans according to
Jupe et al. (2012) [30] were detected in White Lady. These NB-LRR
genes show homology with late blight resistance genes deriving
from different wild Solanum species like S. demissum (R1, R2 ho-
mologs and R3a), Solanum bulbocastanum (Rpi-bt1 and Rpi-blb2) or
Solanum venturii (Rpi-vnt1). The expression of four NB-LRR homo-
logs, R1, R2, Rpi-bt1, and Rpi-blb2 and of the R3a genewas examined
in this study. The R1 and R2 homologs, as well as the R3a gene
showed constitutive expression during the examined time period,
except that at 65 hpi for the R1 homolog a 16.2 and for the R2
homolog a very strong 174.4 fold copy number increase was
measured. Interestingly, for the R3a gene no expression change
could be found in any of the analyzed time points (Fig. 5.1).

Among the Rpi gene homologs which show sequence similarity
with S. bulbocastanum derived Rpi genes the Rpi-bt1 homolog was
immediately up-regulated by the infection and got its expression
maximum with 22.7 time change at 4 hpi, and then its expression
decreased rapidly. The other analyzed Rpi gene homolog; the Rpi-
blb2 homolog showed a very slight up-regulation only in the first
three fold points of the analysis (Fig. 5.2).

4. Discussion

Pathogens at the biotrophic phase require living host plant cells
for their survival and development while they suppressing defense
responses [23,26]. It is strongly believed that the earlier expression
of defense genes has a great impact on resistance to the pathogen,
and is in relation to systemic acquired resistance (SAR) character-
ized by coordinated activation of a specific set of genes in both local
and distal tissues [29].

In our study ten of the 16 analyzed genes, the AspI, CyspI, SerpI,
RbohA, RbohB, RbohC, PR1, PR10, PPR1 and Rpi-bt1 homolog had
their expression maximum in the biotrophic phase after P. infestans
inoculation. The aspartic protease inhibitor had its maximal
expression at 1 hpi, while the RbohA, RbohB, RbohC, PR1, PPR1 and
Rpi-bt1 homolog had their highest copy number fold change at 4
hpi. The serine protease inhibitor showed expression maximum at
17 hpi, and the CyspI and PR10 at 31 hpi. It is suggested that all these
genes are involved in the suppression of the pathogen. It is known

that these groups of genes encode antimicrobial products, inhibitor
proteins and control host cell death at the site of infection.

The R1 homolog and the R2 homolog were also up-regulated,
but only at 65 hpi. Avrora et al. (2008) [27] found, that in a
compatible interaction P. infestans infected potato tissues turn
necrotic at the 36e48 h period after inoculation. In our analysis
both the CyspI and PR10 genes showed a decreasing up-regulation
at 48 and 65 hpi, but their expression maximum was at 31 hpi.
What is the role of these genes in this period of defense in an
incompatible interaction, and whether these genes are also
expressed in the necrotrophic phase in a compatible interaction
needs further investigations.

The Kunitz-type inhibitor does not showed any expressional
change, and almost no change was observed for the glutathione
peroxidase and for the R3a gene, as well as for the Rpi-blb2
homolog.

4.1. Expression pattern of non-specific resistance genes to
P. infestans

4.1.1. Protease inhibitors
During the infection process, Phytophthora produces enzymes

that target host cells. In return, plants encode secreted proteins that
have proteolytic activities such as papain-like cysteine proteases
[32] or function as protease inhibitors to suppress enzymatic ac-
tivity of the pathogen [33]. However, members of the former group,
like RCR3 homologs, PIP1 homologs or C14 homologs, could not be
found among the annotated transcripts of the Potato-TD. Twenty
gene homologs of different protease inhibitors were identified in
the Potato-TD and four transcripts were up-regulated after Phy-
tophthora infection. Fernandez et al. (2012) [19] performed a
densitometric analysis of SDS-PAGE bands of apoplastic hydro-
phobic proteins that were extracted from tubers of resistant and
susceptible potato cultivars 24 h after inoculation with P. infestans.

Fig. 4. Expression profile and RQ (relative quantitation) mean comparison* of patho-
genesis related proteins (PR1 and PR10) and of the immune receptor gene (PPR1).
Expression value for each gene in each time point (hpi: hours post inoculation) rep-
resents the mean of three biological replicates. The RQ value indicates the copy
number fold change of the treated to mock inoculated samples. The same letters
indicate that there is no significant difference of those values at P < 0.01 level.

Fig. 5. Expression profile and RQ (relative quantitation) mean comparison of the R1
and R2 gene homologs and of the R3a gene (5.1.), as well as of the Rpi-bt1 and Rpi-blb2
gene homologs (5.2.). Expression value for each gene in each time point (hpi: hours
post inoculation) represents the mean of three biological replicates. The RQ value in-
dicates the copy number fold change of the treated to mock inoculated samples. The
same letters indicate that there is no significant difference of those values at P < 0.01
level.
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The results showed that, except the Kunitz-type protease inhibitor,
higher amounts of aspartic-, serine- and cysteine protease in-
hibitors were measured in the inoculated resistant samples
compared to the mock inoculated control and to susceptible tubers.
These results are very similar to the relevant findings of the present
study, and indicate that Kunitz-type protease inhibitors may not act
in the defense response during the early period of an incompatible
potato - P. infestans interaction.

Other abundant protease inhibitors which have been linked to
plant defense response against P. infestans are the trypsin and
chymotrypsin inhibitors. Kim et al. (2005) found that increased
levels of these compounds correlated with the resistance of the
plants to the pathogen [34]. These belong to the serine protease
inhibitor type that inhibits enzyme activity of the pathogen.
Different types of these molecules including BTI-1, BTI-2, PT-1 have
been found to play a role in resistance response in potato [35e37].
In our study the serine protease inhibitor was one of the most
strongly up-regulated genes with an almost 200 fold copy number
increase, indicate its role in the resistance response.

4.1.2. Respiratory burst oxidases and glutathione peroxidase
Respiratory burst oxidase homologs (Rboh) are assigned as the

main sources of reactive oxygen species and play a critical role in
the signal transduction pathway and programmed cell death in the
physiological process during hypersensitive reaction [38,39]. We
found the highest level of expression for all examined Rboh genes at
the 4th hour post inoculation. ROS signaling in the plant cell has a
dynamic and rapid nature. This event is a consequence of con-
trasting processes between ROS production and scavenging. To
reach the pinnacle of balance between scavenging and production
rate, rapid alteration of ROS levels occur in plant cells [39]. There-
fore it is possible that in a resistant potato plant like White Lady
upon the pathogen attack, a leap in value of ROS followed by acti-
vation of NADPH oxidase Rboh genes are triggered by different
stimuli.

The expressional changes of Rboh homologs showed the highest
fold change for RbohB compared to other homologs in the test. A
calcium-dependent protein kinase of potato, the StCDPK5 gene was
found to activate the Strboh (S. tuberosum Rboh) A, B, C and D genes.
The relative chemiluminescence intensity of these Strboh homologs
showed the highest intensity for StrbohB gene [40]. In our qPCR
analysis similar results have been obtained, i.e. that among the
Rboh genes the RbohB gene showed the highest up-regulation in
resistance response to P. infestans.

Glutathion peroxidases reduce the level of hydrogen peroxide,
that is produced during oxidative stress. The analyzed glutathion
peroxidase of this study showed only a very slight up-regulation.
This implies that this glutathione peroxidase homolog may not be
included or may not have a significant role in the early period of the
succesful defense response to P. infestans.

4.1.3. PR-proteins and the immune receptor gene PPR1
PR1 protein is an antimicrobial compound which is expressed

mostly at the early period of infection [41]. This protein has an
inhibitory effect on zoospore germination and mycelial growth
[42]. At the early stage of infection sporangia and germinating
zoospores of P. infestans start to penetrate leaf tissues and cells, and
to create haustoria. Increased production of PR1 in the biotrophic
phase of infection may indicate its role for resistance against
P. infestans. In cultivar White Lady around 10 and 23 relative
quantitation value increase at 1 and 4 h after inoculation respec-
tively, was observed, indicating that the pathogen was recognized
and triggered the defense response.

While class 10 of pathogenesis related (PR10) proteins are well
studied structurally, their biological function remains unclear [43].

Constabel et al. (1993) [43] found that the PR10a (previously known
as STH-2) protein had no effect on P. infestans infection. In our study
the analyzed PR10 gene showed an 18.7 fold copy number increase
at 31 hpi and this level gradually decreased at 48 and 65 hpi.
Therefore, it is considered that the analyzed transcript that showed
homology with the PGSC0003DMG402001494 gene in our tran-
scriptome analysis may be related to the resistance response to
P. infestans infection.

Some plant resistance proteins have been identified which can
make physical interaction with pathogen effectors. These in-
teractions agree with the model of effector-triggered immunity
following direct recognition of effectors like the ATR1 effector that
is interacting with plant immune receptors PPR1 [44]. Sixteen ho-
mologs of plant immune receptors PPR1 were identified in our
Potato-TD, and interestingly 10 of them were up-regulated. The
most up-regulated one was analyzed by qPCR in the present study.
The expression of this PPR1 was verified in our qPCR analysis in
which more than 10 fold copy number increase was registered at 4
hpi. This result indicates that this gene might be related to the
resistance response of White Lady to P. infestans.

4.2. qPCR analysis of race-specific and broad spectrum resistance
gene homologs

In total, 82 NB-LRR containing homologs of race-specific (R) and
broad spectrum or race-nonspecific (Rpi) resistance genes were
found in the Potato-TD and many of them were significantly up-
regulated after the inoculations. In the examined time period of
the present quantitation analysis only the R1 and R2 homologs
showed up-regulation, while for the R3a gene no expressional
change was observed. Up-regulation for the two R gene homologs
was found at the very last time point of the analysis, i.e. at 65 hpi.
The R2 homolog had the highest expression level among the
analyzed resistance gene homologs. Our results of the R1 homolog
are in accordance with the results of Ros et al. [45], who found that
changes in expression of the R1 gene occurred only at the third day
post inoculation. Our results on the R3a gene are somewhat
astonishing, since in the Potato-TD, a significant up-regulation was
registered for this gene. Nevertheless, Huang et al. [21] found that
the R3a gene is a constitutively expressed gene which is in accor-
dance with our qPCR results. The observed up-regulation in the
transcriptome analysis for this gene may be due to small homolo-
gous reads from different genomic regions which may have
amplified the signal of the R3a gene.

QPCR of the Rpi-bt1 gene homolog showed a rapid and extended
expression in the first half of the examined period, while no sig-
nificant expressional change could be observed for the Rpi-blb2
gene homolog. The Rpi-bt1 and Rpi-blb2 genes were isolated from
the diploid wild potato species S. bulbocastanum and are not pre-
sent in the genetic background of White Lady. The presence of the
homologs of these broad spectrum resistance genes in White Lady
may indicate the common ancestral origin of P. infestans resistance
genes in potato.

Quantitative analysis of resistance response genes identified by
RNA-sequencing contributes to our understanding about their role
in resistance. The qPCR analysis revealed up-regulation of 12 genes
from the analyzed 16 genes, indicating their potential involvement
in the resistance response to P. infestans. In this study, the non-
specific resistance gene homologs SerpI and RbohB and the R2
resistance gene homolog had the highest expression level increase
indicating that they may have a key role in incompatible defense
response. Potato cultivar White Lady is a valuable source of
different resistances and is used in our breeding programs. Selec-
tion of further biotic stress response genes from the Potato-TD and
their expression analysis may facilitate the development of
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biomarkers even for non-specific resistance response genes, which
then could be utilized in resistance breeding to P. infestans.
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