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Abstract

Our previous research showed that a powdery mildew resistant barley
line (MvHV07-17) maintains its resistance to Blumeria hordei (Bh) even
if plants are exposed to a long-term high temperature of 35°C for 120 h
before Bh inoculation, whereas such high temperature pretreatment
further increases susceptibility to infection in the susceptible barley line
MvHV118-17. In the present study, we extended this approach using
short-term high-temperature water treatment (49°C for 30 s) to determine
how it affects powdery mildew resistance in these barley lines. We found
that this short-term heat shock (HS) impaired plant defense responses, as
reflected by development of Bh colonies and visible necrotic spots on
leaves of MvHV07-17, which does not develop visible symptoms upon
Bh inoculation under optimal growth conditions. In contrast, both HS
and long-term heat stress enhanced susceptibility to Bh in MvHV118-17
plants. These results were supported by the measurement of Bh biomass

using a qPCR method. Furthermore, microscopic examinations showed that
HS elevated the rate of successful Bh penetration events and the spread
of cell death in the surrounding mesophyll area and allowed for colony
formation and sporulation in resistant barley, whereas early and effective
plant defense responses, such as papilla formation and single-cell epidermal
hypersensitive response, were significantly reduced. Furthermore, we found
that the accumulation of hydrogen peroxide in both resistant and susceptible
barley was correlated with susceptibility induced by HS and long-term heat-
stress. This study may contribute to a better understanding of plant defense
responses to Bh in barley exposed to heat.
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As one of the most destructive environmental factors, high tem-
perature induces heat stress in plants and fundamentally influences
plant defense responses. Heat stress can affect plants in differ-
ent ways, such as damaging cell membranes, disrupting genome
integrity, disordering the conformation of proteins, altering cy-
toskeleton structure, and inducing the generation of reactive oxygen
species (ROS), often leading to programmed cell death (Han et al.
2021; Parrotta et al. 2016; Zhou et al. 2019). These changes in
heat-stressed plants usually negatively affect plant resistance mech-
anisms (Desaint et al. 2021). It is not surprising that plants react
variously to different types of heat treatments. Heat shock (HS;
short-term exposure to high temperatures), for example, submerg-
ing plants in 49°C water for 30 s 1 day before barley powdery
mildew (Blumeria hordei, Bh) inoculation, resulted in the suscep-
tibility of near-isogenic lines of barley (H. vulgare L. ‘Ingrid’)
containing different resistance genes (mlo5, Mlg, Mla12) (Barna
et al. 2014). The same HS further increased susceptibility to Bh
in genetically susceptible barley (cultivar Ingrid Mlo) (Barna et al.
2014). We found that pre-exposures to long-term heat stress (35°C
for 1 to 5 days) also has a negative effect on barley powdery mildew
resistance in cultivar Ingrid near-isogenic barley lines manifested as
increased powdery mildew growth (Kolozsváriné Nagy et al. 2022).
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However, we have found a resistant barley breeding line (MvHV07-
17) that retains its ability to defend itself against barley powdery
mildew even following a 5-day pre-exposure to high temperatures
at 35°C (Schwarczinger et al. 2021). It can be concluded that the
duration and the intensity of heat stress fundamentally influence
plant defense responses (Jagadish et al. 2021). Extreme weather
events may arise nowadays due to global climate change. Accord-
ing to the EUROSTAT report for 2019, Spain is the country with
the largest barley cultivation area in the EU-28 (Bento et al. 2021).
However, the Mediterranean region, and in particular the Iberian
Peninsula, has been identified as prominent climate change hot spot
(Alessandri et al. 2014). According to current meteorological data,
the strongest heatwave so far was observed in June 2023, when
parts of Spain warmed to above 40°C. Moreover, in some parts of
Sicily, temperatures reached 47.4°C this summer. Therefore, it can
be assumed that barley may be exposed to the same extreme envi-
ronmental conditions in the field as in the experiments of this study.
Therefore, it is important to know how plant–pathogen interactions
are altered under such conditions.

Bh is an obligate biotrophic Ascomycete fungus, the causative
agent of the devastating powdery mildew disease of barley. Early Bh
recognition and the timely activation of barley defense responses
during powdery mildew infection is necessary to successfully pre-
vent the pathogen. Barley plants have evolved different defense
mechanisms to overcome Bh infection (Kuska et al. 2018). The for-
mation of plant epidermal cell wall appositions at sites of attempted
penetration (papilla) is an early and effective method of plant de-
fense to Bh, which may arrest powdery mildew penetration and
prevent the emergence of the haustorium through which the fungus
extracts nutrients and water from the host (Kim et al. 2014; Kusch
and Panstruga 2017). If the papilla is unable to block the penetration
of the invading powdery mildew, a second layer of plant defense
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(hypersensitive response, HR) is activated in resistant plants, lim-
iting the growth and spread of the pathogen (Bai et al. 2012). The
different defense pathways in barley can be linked to specific pow-
dery mildew resistance genes. Papilla formation is characteristic
of barley plants carrying mlo resistance genes, the single-cell HR
is typical in barley plants carrying Mlg resistance genes, whereas
spreading HR with visible localized necrotic symptoms is usually
found in plants with Mla resistance genes (Hückelhoven and Kogel
1998). It has been found that in resistant barley, papilla formation
initially attempts to block the penetration of Bh 14 to 24 h after in-
oculation, followed by epidermal single-cell HR expressed at 18 to
30 h post penetration, whereas multicellular HR is triggered in epi-
dermal and surrounding mesophyll cells 24 to 72 h after inoculation
(Hückelhoven et al. 1999; Schultheiss et al. 2003). The activa-
tion of both defense mechanisms (papilla and HR) correlates with
the accumulation of ROS, especially hydrogen peroxide (H2O2)
(Hückelhoven and Kogel 2003).

In the present study, we simultaneously tested how HS (49°C
for 30 s) and long-term heat stress (35°C for 5 days) influence
the defense responses of a powdery mildew resistant barley line
(MvHV07-17) compared with a susceptible line (MvHV118-17).
The effects of heat stress pretreatments on the level of visible pow-
dery mildew symptoms were investigated along with microscopic
examinations to determine cellular reactions of the selected lines to
Bh, such as the frequency of fungal penetration, papilla formation,
and cell death, as well as the development of hyphae, conidiophores,
and conidia. Furthermore, powdery mildew biomass and H2O2 ac-
cumulation were also assessed at different time points following
heat stress and powdery mildew inoculation in the selected resistant
and susceptible barley lines.

According to our previous results, long-term heat stress (35°C for
5 days) has no significant effect on powdery mildew (Bh) resistance
in the resistant barley line MvHV07-17; however, it significantly
enhanced susceptibility to Bh in the susceptible line MvHV118-17
(Schwarczinger et al. 2021). In contrast, this study demonstrated
that short-term HS significantly reduced Bh resistance in both resis-
tant and susceptible barley lines (MvHV07-17 and MvHV118-17).

Materials and Methods
Plant material, heat treatment, and powdery mildew inoculation

The following barley (Hordeum vulgare) lines were used in our
experiments: MvHV07-17, MvHV118-17, and Mv Initium. Plants
were developed in pots containing potting soil in controlled envi-
ronmental chambers at 20°C with a 16 h light/8 h dark photoperiod.
Barley plants were exposed to long-term heat stress in controlled
environmental chambers with a 35°C 16 h light/25°C 8 h dark pho-
toperiod for 120 h (the heat treatment lasted from day 7 to day 12 of
plant age) (Schwarczinger et al. 2021). Short-term HS was applied
on 12-day-old plants by immersing the leaves into a hot water bath
(49°C for 30 s) prepared in a cooker (Barna et al. 2014). Water tem-
perature was continuously monitored by a thermometer. Pots were
inverted, and the whole areal parts of plants were submerged. After
heat treatments, barley plants were held at 20°C until inoculation.
Non-heat-treated control plants were grown at 20°C and a 16/8 h
day/night cycle. Bh race A6 was maintained on a susceptible barley
cultivar Mv Initium. Freshly produced conidia were dusted onto the
leaves of MvHV07-17 and MvHV118-17 2 h after heat treatments
using a settling tower. Subsequently, inoculated plants were incu-
bated in a growth chamber at 20°C as described above. Seven days
after inoculation (DAI), powdery mildew symptoms were evaluated
visually.

Monitoring powdery mildew accumulation by real-time quantitative
PCR (qPCR)

To monitor Bh biomass, heat-treated (or non-heat-treated control)
and inoculated primary leaves were sampled 2 and 7 DAI. Leaf sam-
ples were homogenized in liquid nitrogen by using a QIAGEN Tis-

sueLyser II (QIAGEN, Valencia, CA, U.S.A.) for 30 s at 25 Hz. Fun-
gal and plant DNA from homogenized plant tissue was isolated by
using a Plant Genomic DNA Extraction Miniprep System Kit (Vio-
gene Biotek Corp., New Taipei City, Taiwan) according to the man-
ufacturer’s instructions. The accumulation of Bh biomass in inocu-
lated barley leaves was assayed by using a BioRad CFX96 real-time
thermocycler (Bio-Rad Laboratories, Hercules, CA, U.S.A.) run-
ning a standard program (95°C for 2 min, 40 cycles at 95°C for 10 s,
60°C for 10 s, and 72°C for 10 s). To determine fungal biomass, we
assayed relative expression of the Bh Glyceraldehyde-3-phosphate
dehydrogenase (BhGAPDH) gene, which has been described as a
Bh gene optimal for qPCR assays during the pathogen infection cy-
cle (Pennington et al. 2016) together with the barley reference gene
Ubiquitin (HvUbi) as an internal control. The BhGAPDH primer
pair (Pennington et al. 2016) and the HvUbi primers (Trujillo et al.
2006) have been described previously. The qPCR was performed by
using 7.5 µl of 2× SYBR Green qPCR master mix (KAPA Biosys-
tems, Wilmington, MA, U.S.A.) along with 0.75 µl of each primer
(5 µM) and 2.5 µl of 20-fold diluted DNA template in a 15-µl to-
tal reaction volume. The relative fungal biomass was calculated by
using the �� threshold cycle (Ct) method (Schmittgen and Livak
2008). All reactions were performed by using three independent
biological experiments with three technical replicates.

Microscopy and 3,3′-diaminobenzidine histochemical staining
Fluorescence and light microscopy were used to monitor fungal

development, plant defense responses (papilla formation, cell death)
and H2O2 localization. Primary leaves of barley were fixed 2 and
7 DAI in 0.15% (wt/vol) trichloroacetic acid in ethanol/chloroform
4:1 (vol/vol) and stored in 50% (vol/vol) glycerol (Hückelhoven and
Kogel 1998). To stain Bh structures for bright-field microscopy,
cleared barley leaves were incubated in 10% (vol/vol) blue ink
(Pelikan) in 25% (vol/vol) acetic acid for 1 min and then washed
with water to remove the excess ink as described by Hückelhoven
and Kogel (1998). Microscopy was carried out with a Zeiss
Axioskop 2 Plus microscope (Carl Zeiss Microscopy GmbH,
Oberkochen, Germany). Whole-cell autofluorescence was taken as
an indicator of plant cell death (Koga et al. 1988), detected by flu-
orescence microscopy using a fluorescence filter set composed of
a 450- to 490-nm excitation filter, a 495-nm dichroic mirror, and a
500- to 550-nm barrier filter. Photographs were taken with a Zeiss
AxioCam ICc5 camera using Zeiss ZEN 2011 software. At least
100 plant/fungus interaction sites were scored in each primary leaf,
and five inoculated barley leaves were examined per treatment. Only
short epidermal cells of adaxial type A and type B (Koga et al. 1990),
and only cells with one penetration attempt were evaluated. Further-
more, only host cells with one penetration attempt were recorded.
In addition, we also recorded average lesion diameters at 7 DAI
on those leaves where mesophyll cell death was found. Detection
of H2O2 was performed by an endogenous peroxidase-dependent
in situ histochemical staining using 3,3′-diaminobenzidine tetrahy-
drochloride (DAB) according to Thordal-Christensen et al. (1997).
Detached leaves were vacuum-infiltrated with 1 mg ml−1 DAB
and incubated at room temperature for 2 h before fixation. Clear-
ance and storage of leaf segments, staining of fungal structures
and microscopy were carried out as described above. To quantify
H2O2 production macroscopic photos of DAB-stained leaves were
processed using color deconvolution, a plugin from ImageJ soft-
ware. The average staining intensity of leaves was expressed as a
percentage of maximum pixel intensity found in the image.

Statistical analysis
The statistical evaluation of the frequency of Bh/barley interac-

tion types, the relative amount of Bh biomass and quantification of
H2O2 production (DAB staining) was carried out using the ANOVA
method followed by Tukey post-hoc test by using Statistica 13
software (TIBCO Software, Palo Alto, CA, U.S.A.). Significant
differences were determined at the 0.05 level of confidence.
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Results

According to our previous research, a barley powdery mildew-
resistant barley line (MvHV07-17) retains its resistance to Bh in
response to pre-exposures to prolonged high temperatures (35°C for
1 to 5 days) manifested as both the lack of powdery mildew symp-
toms and only a marginal increase in powdery mildew biomass
(Schwarczinger et al. 2021). To clarify if powdery mildew re-
sistance of MvHV07-17 is also effective following HS, groups
of plants were exposed either to long-term heat treatment (35°C
for 5 days) or to HS (49°C for 30 s, 2 h before Bh A6 inocula-
tion). Primary leaves of barley were evaluated visually for powdery

mildew symptoms in heat-pretreated and control (held at 20°C)
plants 7 DAI. Similar to our previous results (Schwarczinger et al.
2021), MvHV07-17 barley grown at 20°C and plants pretreated
with long-term heat stress (35°C for 5 days) did not show any
visible powdery mildew symptoms (Fig. 1). However, HS (49°C
for 30 s) pretreatment triggered the appearance of chlorosis, local
necrotic lesions (hypersensitive response; HR) and development of
tiny Bh colonies on the MvHV07-17 leaves (Fig. 1). On the other
hand, enhanced powdery mildew symptom severity was observed
in the susceptible barley line (MvHV118-17) following exposures
to both 35°C at 120 h and 49°C for 20 s compared with control
plants (Fig. 1). Heat treatments alone did not cause any visible

Fig. 1. Macroscopic symptoms on primary
leaves of 19-day-old resistant (MvHV07-
17) and susceptible (MvHV118-17) barley
lines 7 days after heat treatment. A part of
plants remained uninoculated, and a second
part was inoculated with barley powdery
mildew (Blumeria hordei; Bh). Inoculation
was performed on 12-day-old seedlings 2 h
after heat treatments (35/25°C day/night
for 120 h or 49°C water for 30 s). Heat-
untreated plants were maintained at 20°C
throughout the experiment. Photographs
are from one representative experiment;
three inoculation experiments were car-
ried out with similar results. Barley line
MvHV07-17 pretreated with short-term
heat shock (49°C, 30 s) shows tiny white
colonies and small necrotic spots. The
susceptible line MvHV118-17 allows for
higher infection rates after heat treatments.
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symptoms in the two barley lines (MvHV07-17 and MvHV118-17)
(Fig. 1).

We also estimated the levels of relative Bh biomass 2 and 7
DAI in resistant and susceptible barley in response to short- and
long-term heat stress. Our results showed that HS brought about
a marked increase of powdery mildew biomass in the Bh-resistant
line (MvHV07-17) 2 and 7 DAI compared with the control (Fig. 2).
Furthermore, long-term heat stress had no significant impact on Bh
biomass in MvHV07-17, only a slight but not significant increase
was detectable (Fig. 2). In contrast, both short and long-term heat
stress further increased Bh biomass in the susceptible MvHV118-17
line (Fig. 2). Taken together, long-term heat stress has no significant
effect on powdery mildew symptoms or biomass in the resistant line
MvHV07-17; however, HS suppressed powdery mildew resistance,
leading to the appearance of visible HR lesions and the emergence
of powdery mildew, as well as elevated levels of Bh biomass. It
should be emphasized that both HS and long-term heat stress en-
hanced the powdery mildew coverage and biomass in the susceptible
MvHV118-17 line.

To gain deeper insight into how HS and long-term heat stress
affects plant defense responses in resistant and susceptible barley,
we performed microscopic examinations of infection processes in
attacked epidermal cells 2 and 7 DAI. The analysis of samples col-
lected 2 DAI from plants grown at 20°C revealed that only 1 to 2%
of all conidia produced elongated secondary hyphae (ESH) (associ-
ated with successful fungal penetration and development of mature
haustoria) in the resistant line MvHV07-17. However, 20% of all

Fig. 2. Changes in barley powdery mildew (Blumeria hordei) biomass in re-
sponse to heat stress pretreatments (35/25°C day/night for 120 h or 49°C
water for 30 s) in primary leaves of resistant (MvHV07-17) and susceptible
(MvHV118-17) barley lines 2 and 7 days after inoculation (DAI). Inocula-
tion was performed on 12-day-old seedlings 2 h after heat treatments (35/25°C
day/night for 120 h or 49°C water for 30 s). Plants were kept at 20°C before and
after heat treatments. Control plants were maintained at 20°C. Quantification
of powdery mildew DNA was carried out by real-time PCR. The abundance of
B. hordei glyceraldehyde-3-phosphate dehydrogenase (BhGAPDH) was quan-
tified and normalized using the barley reference gene ubiquitin. Normalized
expression of BhGAPDH in all samples is related to that in susceptible barley
(MvHV118-17) kept at 20°C at 2 DAI (arbitrary unit 1). The graph shows the
average normalized relative expression of BhGAPDH, and error bars represent
the standard deviation values of three independent experiments. Different letters
indicate statistically significant differences at P ≤ 0.05.

conidia formed ESH in the susceptible line (Fig. 3). Interestingly,
the frequency of interaction sites where fungal penetration was pre-
vented by papillae was around 70% of all attacked cells in both lines,
indicating a significant level of basal resistance in the susceptible
line as well (Fig. 3). A substantial difference was observed in the fre-
quency of whole-cell DAB staining (indicating ongoing HR) in the
epidermal cells between the resistant and susceptible lines. A larger
proportion of attacked cells showed whole-cell DAB staining in the
resistant plants (about 20%) than in the susceptible plants (about
10%) (Fig. 3). Both HS and long-term heat pretreatments led to a
two- to threefold increase in the rate of successful powdery mildew
penetration attempts in the susceptible plants (Fig. 3). Furthermore,
the proportion of effective papilla responses fell by around a third in
the susceptible plants after either HS or long-term heat treatments,
and at the same time, the number of DAB-stained cells decreased
slightly but not significantly in susceptible plants (Fig. 3). The ESH
production rate of conidia increased strongly in resistant barley line
MvHV07-17 from 1% to 15% and 40% in response to long term heat
treatment and HS, respectively (Fig. 3). The rate of papilla-based
penetration resistance decreased significantly in the resistant plant
(MvHV07-17) in response to both HS and long-term heat stress;
however, the effect of HS was much stronger. Interestingly, neither
HS nor long-term heat stress affected the frequency of whole-cell
H2O2 accumulation, which indicates that heat pretreatments did not
make the attacked epidermal cells more prone to undergo cell death
(Fig. 3).

Seven days after the inoculation, the barley–Bh interaction
was assessed microscopically only in the resistant barley line
(MvHV07-17) because at 7 DAI, the primary leaves of suscepti-
ble plants were almost completely covered with powdery mildew,
especially in heat-treated leaves, which made microscopic observa-
tions difficult. The results of heat untreated resistant MvHV07-17
plants indicated that very low numbers of conidia developed ESH
(Fig. 4A and B), which is similar to the results obtained at 2 DAI.
Most of these cases were accompanied by the induction of multi-cell
death as indicated by an accumulation of autofluorescent material
in adjacent mesophyll cells (Fig. 4C and D). Both HS and long-term
heat pretreatments increased the production of ESH; however, the
increase was more pronounced and statistically significant only as
a result of HS in the resistant barley (Fig. 4A). Strikingly, the aver-
age lesion diameter was significantly larger in MvHV07-17 plants
exposed to HS compared with plants exposed to long-term heat
stress and in the control plants kept at 20°C (Table 1). Importantly,
the sporulation of powdery mildew with (Fig. 4E and F) or without
(Fig. 4G and H) cell death was observed only on those MvHV07-17
plants that were subjected to HS (49°C for 30 s). Therefore, it seems
that HS allows the fungus to complete the entire asexual infection
cycle even in the Bh-resistant barley line MvHV07-17.

Both heat stress and Bh inoculation have a significant impact
on plant ROS production. Therefore, we assayed H2O2 accumu-
lation with DAB staining in both resistant and susceptible barley
leaves. The accumulation of H2O2 was detected 0, 1, 2, 3, and
7 days after heat stress and/or powdery mildew inoculation. Our
results showed that the level of H2O2 was significantly higher in
response to HS (49°C 30 s) at 0 DAI compared with the control
plants held at 20°C and the plants exposed to long-term heat treat-

TABLE 1. Average lesion diameters and standard deviation (SD) values in resis-
tant barley (MvHV07-17) leaves where mesophyll cell death was found 7 days
after different heat treatments and Blumeria hordei inoculationz

Heat treatment Average lesion diameter ± SD

20°C 103 ± 37 µm b
35/25°C day/night for 120 h 108 ± 46 µm b
49°C for 30 s 386 ± 108 µm a

z Different letters below average values indicate statistically significant differ-
ences at P≤0.05.
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ment in both the resistant and susceptible lines (Fig. 5; Table 2).
The elevation of H2O2 was detectable in both uninoculated and Bh-
inoculated plants therefore it is probably related to HS (49°C, 30 s)
pretreatment regardless of Bh inoculation. Heat pretreatments them-
selves did not increase the level of H2O2 at later time points. Bh
inoculation combined with HS (49°C, 30 s) caused elevated levels
of H2O2 1, 2, and 3 DAI in both resistant and susceptible lines;
however, the level of increase was more pronounced in the resis-
tant barley line 2 and 3 DAI (Fig. 5; Table 2). On the other hand,
H2O2 accumulation was obvious even at 7 DAI in susceptible bar-
ley in parallel with heat-induced susceptibility to Bh (Fig. 5; Table
2). However, in case of resistant plants a significant increase of
H2O2 accumulation was observed only on HS-pretreated leaves.
Overall, HS itself increased H2O2 accumulation, which was further
increased upon inoculation with Bh and high levels of hydrogen
peroxide correlated with increased Bh biomass.

Discussion

Heat stress caused by high temperature induces an array of
anatomical, physiological, and biochemical changes in plants af-
fecting plant growth and development and modifies plant–pathogen
interactions (Desaint et al. 2021; Wahid et al. 2007). Here, we
found that a short-term HS (49°C, 30 s) applied shortly before
powdery mildew inoculation induced susceptibility in a powdery
mildew-resistant barley (MvHV07-17) line. However, according to
our current results and previous work (Schwarczinger et al. 2021)
long-term heat pretreatment (35°C, 120 h) has no significant impact
on powdery mildew resistance in the same barley line. Our results
and other studies showed that the intensity and the duration of heat
exposure fundamentally influence the outcome of pathogen infec-
tions (Li et al. 2018). Resistant near-isogenic lines (NILs) of the
powdery mildew susceptible barley cultivar Ingrid carry different

Fig. 3. A, Classes of cellular interaction
phenotypes on primary leaves of 14-
day-old susceptible (MvHV118-17) and
resistant (MvHV07-17) barley plants 48 h
after heat treatments (35/25°C day/night
for 120 h or 49°C for 30 s) and inoculation
with barley powdery mildew (Blumeria
hordei; Bh). There are three categories
of interactions within each heat stress
pretreatment: successful Bh penetration
(elongated secondary hyphae, ESH),
effective papilla formation with fungal
penetration failure (PAP), or whole-cell
H2O2 accumulation as detected by 3,3′-
diaminobenzidine (whole-cell DAB) in
attacked barley epidermal cells. At least
100 plant/fungus interaction sites were
scored in each primary leaf, and five in-
oculated barley leaves were examined per
treatment to calculate the percentage of the
respective interaction types (ESH, PAP,
whole-cell DAB) within each sample. The
graphs show the average of three inde-
pendent experiments. Error bars represent
standard deviation. Different letters above
bar graphs indicate statistically significant
differences at P ≤ 0.05. B, Development
of active haustoria (Hau) and ESH forma-
tion. C, Effective papilla formation in a
barley epidermal cell associated with an
unsuccessful penetration attempt. Papilla
and vesicles (v) are stained with DAB.
D, Whole-cell H2O2 accumulation de-
tected by DAB in a barley epidermal cell
attacked by Bh, indicating an ongoing hy-
persensitive response (HR) leading to cell
death.
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powdery mildew resistance genes such as Mla12, Mlg, or mlo5.
The exposition of these NILs to HS by submerging plants in 49°C
water for 20 to 50 s resulted in the appearance of powdery mildew
symptoms, and the same HS further increased susceptibility in the
susceptible barley cultivar Ingrid (Barna et al. 2014). Interestingly,
we found that such an HS (49°C, 45 s) could partially suppress the
non-host resistance of barley to wheat powdery mildew (Künstler
et al. 2018). Submerging barley and wheat plants in hot water
(HS, 49°C) is not a naturally occurring event. However, applying
hot water treatments to inhibit plant disease resistance to different
pathogens is a commonly used and well-documented method in
plant biology (Aist and Israel 1977; Barna 1975; Barna et al. 2014;
Hazen and Bushnell 1983; Künstler et al. 2018, 2023).

Our results showed that HS effectively reduces plant defense
responses to powdery mildew infection in both resistant and sus-
ceptible barley lines, whereas the resistance-inhibiting effect of

long-term heat stress was detectable only in the susceptible line.
The physiological processes involved in the differential effects
of heat stress can be partly explained by the results obtained in
this study. Our data showed that heat stress significantly reduced
papilla-mediated penetration resistance in both Bh-resistant and
-susceptible interactions. However, the inhibitory effect of HS
(49°C for 30 s) on penetration resistance was much more pro-
nounced compared with the effect of long-term heat treatment at
35°C for 120 h in the resistant line MvHV07-17. The decrease in the
effectiveness of penetration resistance was accompanied by a sig-
nificant increase in the frequency of successful penetration events.
Previous research also showed that papilla formation is strongly in-
hibited and Bh penetration efficiency increased in response to HS
(50°C for 45 s) in partially dissected barley coleoptiles. However,
previously, it has not been investigated how the inhibition of papilla
formation affects the outcome of powdery mildew infection (Aist

Fig. 4. A, Proportion of successful pene-
tration sites showing elongated secondary
hyphae (ESH, ESH + HR, Con) relative
to the total number of interaction sites in-
cluding effective papilla formation and
single-cell hypersensitive response (HR).
At least 100 plant/fungus interaction sites
were scored in each primary leaf and five
inoculated barley leaves were examined
per treatment to calculate the percentage of
successful penetration sites (ESH, ESH +
HR, Con) within each sample. Primary
leaves of 19-day-old resistant MvHV07-17
barley line were investigated 7 days after
heat treatments (35/25°C day/night for
120 h or 49°C for 30 s) and inoculation
with Blumeria hordei A6. There are three
categories of interactions within each heat
stress pretreatment: established colonies
that produced elongated secondary hy-
phae and did not incite cell death (ESH),
interaction sites with ESH that resulted in
mesophyll cell death (ESH + HR), or ESH
forming colonies with newly developed
conidia (Con). B, A germling that did not
form conidiophores (ESH). C and D, A
micro-colony that induced multi-cell death
as indicated by accumulation of H2O2 and
autofluorescent material in underneath
mesophyll cells (ESH + HR). E and F,
Conidium formation. Cells undergoing cell
death showed autofluorescence beneath the
infection site (Con). G and H, Conidiation
by an established colony. Epifluorescence
microscopy did not visualize any autoflu-
orescence of plant cells (Con). Panels C,
E, and G are light micrographs and D, F,
and H, respectively, are corresponding flu-
orescent images. H2O2 accumulation was
detected by 3,3′-diaminobenzidine (DAB).
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and Israel 1977; Stolzenburg et al. 1984). Others have found that HS
pretreatment (50°C for 30 s) of cucumber leaves enabled the genera-
tion of penetration hyphae and plant infection by the pathogenicity-
deficient aph1 mutant of Colletotrichum lagenarium, which fails to
develop intracellular penetration hyphae into the host epidermis at
optimal temperatures (Takano et al. 2006). Moreover, an HS (55°C
for 45 s applied 30 min before inoculation) completely inhibited
resistance associated with the HR in a powdery mildew inoculated
barley line carrying the Mla-resistance gene (Hazen and Bushnell
1983). It has been presented that heat stress at 33°C for 2 weeks
suppressed Cf4 and Cf9 resistance gene-mediated HR in tomato ex-
pressing the matching avirulence proteins (AVR9) of Cladosporium
fulvum (de Jong et al. 2002). Furthermore, prolonged high tempera-
tures (30°C for 30 days) suppressed the transcription of RPW8.1 and
RPW8.2 resistance genes, reduced spontaneous localized necrosis

on leaves, and suppressed powdery mildew resistance of Arabidop-
sis thaliana in response to Erysiphe cichoracearum infection (Xiao
et al. 2003). Overall, it can be concluded that the inhibition of pen-
etration resistance is compensated by the higher rate of single-cell
HR occurring in resistant barley epidermis, compared with suscep-
tible plants, which displayed no such effect in response to the heat
treatment at 2 DAI. On the other hand, at 7 DAI, single-cell epi-
dermal HRs were reduced in resistant barley in response to HS and
long-term heat stress, whereas the negative effects of HS (49°C for
30 s) was much more pronounced. This resulted in a significant
increase in cell death in mesophyll cells surrounding Bh penetra-
tion sites. Interestingly, as a result of HS, the size of necrosis in
barley mesophyll cells increased significantly, and visible necrotic
symptoms appeared along with Bh sporulation in resistant barley.
Others have observed that HS increased the size of necrotic lesions

Fig. 5. Hydrogen peroxide accumula-
tion detected by 3,3′-diaminobenzidine
(DAB) following heat stress pretreat-
ments (35/25°C day/night for 120 h or
49°C for 30 s) in Blumeria hordei (Bh)-
resistant MvHV07-17 and susceptible
MvHV118-17 barley lines 0, 1, 2, 3, and
7 days after heat stress. A and B, Uninoc-
ulated control and Bh-inoculated leaves,
respectively. Control plants were kept at
20°C. Photographs are from one repre-
sentative experiment; the experiment was
repeated three times with similar results.
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in resistant NILs of barley cultivar Ingrid and stimulated fungal
sporulation (Barna et al. 2014). Moreover, as a result of HS, visi-
ble necrotic symptoms appeared during the non-host interaction of
barley with wheat powdery mildew (Künstler et al. 2018).

Several studies have reported that a the ROS H2O2 plays a diverse
role in the first line of plant defense to pathogens, promoting both ef-
fective papilla formation and activation of hypersensitive cell death
(Ali et al. 2018; Kuźniak and Urbanek 2000; Mansoor et al. 2022).
The accumulation of H2O2 in papillae and in cytosolic vesicles
near the papillae is necessary for the inhibition of Bh penetration
(Hückelhoven et al. 1999). H2O2 contributes to strengthening the
plant cell wall by participating in lignification and oxidative cross-
linking of hydroxyproline-rich proteins (Babosha et al. 2020).
Moreover, enzymatic removal of H2O2 with catalase significantly
increased fungal penetration efficiency (Mellersh et al. 2002).
Vesicle-like structures containing H2O2, peroxidase and phenolic
material for cell wall toughening are often present near effective
papillae in resistant barley genotypes (Hückelhoven et al. 1999).
Actin filaments are important routes for intracellular vesicle trans-
port, and it is known that the actin cytoskeleton is differentially
reorganized in susceptible and resistant barley. Actin filaments fo-
cusing toward attempted penetration sites were closely associated
with inhibition of Bh penetration (Opalski et al. 2005). However,
heat stress affects the cytoskeleton, causing thereby alterations in
the process of vesicular transport and cell wall deposition (Müller
et al. 2007; Parrotta et al. 2016; Stolzenburg et al. 1984). Our re-
sults showed that HS itself causes H2O2 accumulation, which is
further increased upon inoculation with Bh. In addition, elevated
levels of H2O2 in both resistant and susceptible barley are correlated
with HS-induced enhanced susceptibility reflected by increased Bh
biomass. Several reports have demonstrated a significant increase in
DAB staining at late stages of powdery mildew infection in suscep-
tible plants that may be considered an important marker for tissue
damage caused by pathogen attack (Bhosle et al. 2019; Tek et al.
2022). It can be assumed that the vesicular transport that occurs as
a result of heat stress is damaged in these plants and hydrogen per-
oxide is not transported and used during plant defense responses
(papilla formation and HR). Therefore, the plant becomes more
susceptible even at high in planta levels of hydrogen peroxide. Ac-
cording to previous studies it can be anticipated that catalases are the
primary enzymatic detoxifiers of hydrogen peroxide and catalase
activity decreases during 47 to 50°C heat stress (Anderson 2002),
which may also explain the elevated levels of hydrogen peroxide in
heat-pretreated and inoculated plants.

Overall, the present study shows that although long-term heat
stress (35°C for 120 h) enhanced penetration efficiency in both
Bh-resistant (MvHV07-17) and -susceptible (MvHV118-17) barley

lines, a significant increase in Bh biomass was experienced only in
MvHV118-17, in parallel with more pronounced powdery mildew
symptoms as previously described (Schwarczinger et al. 2021). We
could confirm that the effect of long-term heat stress was limited in
the resistant MvHV07-17 barley because Bh biomass did not change
significantly and no visible powdery mildew growth was detectable
even at 7 DAI (Schwarczinger et al. 2021). On the other hand, here,
we demonstrate that HS compromised defense responses against the
barley powdery mildew pathogen (Bh) in both the resistant and sus-
ceptible barley lines MvHV07-17 and MvHV118-17, respectively.
HS-induced enhanced susceptibility was manifested by an exac-
erbation of disease symptoms and elevated levels of Bh biomass.
Moreover, HS allowed the fungus to complete the entire asexual
infection cycle, even in the Bh-resistant barley line MvHV07-17.
The present study emphasizes the possible significance of a HS in
compromising crop disease resistance and may contribute to a better
understanding of plant defense responses to Bh in barley exposed
to HS versus long-term heat stress.
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