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ABSTRACT

Changes in RNase activities were investigated in extracts from barley near isogenic lines without or with
various powdery mildew resistance genes and were compared to changes in wheat and Brachypodium
distachyon leaves after powdery mildew infections. In barley, the compatible interaction with powdery
mildew induced the highest increase in RNase activity as measured spectrophotometrically. The incom-
patible interaction that accompanied with hypersensitive reaction in Mla leaves gave less increase, whereas
incompatible interactions in Mlg and mlo barley leaves without visible symptoms gave the least increase of
RNase activity. In wheat, the largest RNase activity was found in leaves infected with the compatible wheat
powdery mildew or wheat stem and leaf rusts. RNase activity in B. distachyon was higher than that in
healthy wheat and especially barley leaves. The electrophoretic RNase enzyme activity patterns were
different in barley, wheat and B. distachyon plants, but showed similar activities as determined spectro-
photometrically. Barley genes encoding endonuclease 2 and ribonuclease 3-like protein X3 showed the
highest expression in the compatible barley - barley powdery mildew interaction as measured by RT-qPCR.
This correlated with RNase activities in leaf extracts suggesting that RNases in barley and wheat may act as
susceptibility factors of powdery mildew and rust diseases.
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INTRODUCTION

Powdery mildews and rusts are among the most devasting plant pathogens all over the world.
It is especially true for cereal powdery mildews (Dracatos et al., 2018). Resistance breeding is an
effective and environmentally safe, although time consuming method to control these patho-
gens. However to improve resistance breeding we have to understand the mechanisms of plant
susceptibility and resistance against these pathogens in detail.

Non-host type of resistance is the resistance of plants against so-called non-adapted path-
ogens, and it is considered the most durable and efficient type of resistance in plants. Therefore
non-host plant-pathogen interactions are increasingly in the focus of research (Heath, 2000;
Cheng et al., 2014; Huang et al., 2016; Lee et al., 2017). Recently we found that pre-inoculation of
various wheat genotypes with barley powdery mildew induced resistance against a challenge
infection with wheat leaf rust (Barna et al., 2022). Hence we also included non-host resistance in
our study.

Plant ribonucleases (RNases) participate in many physiological processes like pre- mRNA
splicing, RNA modification (Wilson, 1975; Hillwig et al., 2011; MacIntosh and Castandet, 2020),
gene silencing, leaf senescence (Blank and McKeon, 1989) and abscission, nutrient remobiliza-
tion, self-incompatibility (Green, 1994; Sugiyama et al., 2000). On the other hand, RNases are
not only typical stress enzymes reacting to many abiotic stresses (Kim et al., 2008) like ozone
(Booker, 2004), wounding (Kariu et al., 1998; LeBrasseur et al., 2002) physical injury
(Kariu et al., 1998), salinity, water stress (Gomes-Filho et al., 2008), chilling stress (Kazmierczak
and Knypl, 1994), but they have been proposed to participate also in plant-pathogen interactions
(Barna et al., 1989; Galiana et al., 1997; Hugot, 2002; Sugavara et al., 2016; Graeme et al., 2018;
Gobert et al., 2021). In addition, recently it was published that an antimicrobial and
phytotoxic ribonuclease is secreted by the fungal wheat pathogen Zymoseptoria tritici
(Kettles et al., 2018).

In our earlier work we found that rust infection of wheat leaves induced RNase activity,
especially in the case of compatible interactions (Barna et al., 1989). Although non-host resis-
tance has been investigated intensively for several decades, there are still many open questions
regarding the underlying mechanisms (Heath, 2000; Cheng et al., 2014; Lee et al., 2017; Barna
et al., 2022). Therefore, the aim of this work was to investigate RNase activities in barley near
isogenic lines without or with various powdery mildew resistance genes and in wheat and
Brachypodium distachyon leaves after during host and non-host interactions with powdery
mildew. Furthermore, we analysed the expression of two RNase encoding genes in susceptible
and resistant near-isogenic barley lines after powdery mildew infection.

MATERIAL AND METHODS

Plants and pathogens

The barley cultivar Pallas and its near-isogenic lines with Mla, Mlg and mlo resistance genes, the
cultivar Ingrid and its Mla near isogenic line, the wheat cultivar Winzi, as well as the Brachy-
podium distachion inbred lines 21 and 21-3 were used in the experiments. The plants were
grown in greenhouse pots containing 0.5 l potting soil and incubated in a growth chamber at
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20 8C with 60 % relative humidity, and a 16 h light/8 h dark photoperiod. Barley powdery
mildew was maintained on barley cultivar Ingrid under the same conditions.

For inoculation, barley powdery mildew fungus Blumeria hordei (Bh) race A6 (Wiberg, 1974),
wheat stem rust (Puccinia. graminis f. sp. tritici) pathotype Pgt-MCC, wheat leaf rust (Puccinia
triticina) race 12, and a Hungarian isolate of wheat powdery mildew (Blumeria graminis f. sp.
tritici) were used. Leaf rust races were isolated, identified and maintained according to
Manninger (2000).

Urediniospore suspension (25mg in 100ml of 1% w/v starch solution) was applied on the
adaxial side of leaves using a fine brush (Ádám et al., 2000). The inoculated plants were incubated
in a moist chamber for 24 h and then kept in greenhouse conditions (18�25 8C). During winter, a
16-h photoperiod was maintained using supplemental lighting (160 μE m�2 s�1).

Powdery mildew conidia and uredinospore suspension of rusts were inoculated onto primary
leaves of 9–10-day-old barley and wheat, as well as 14-days-old B. distachyion plants as
described earlier (Ádám et al., 2000; Harrach et al., 2008).

Ribonuclease activity tests

Ribonuclease enzyme activity was determined spectrophotometrically at 260 nm using low mo-
lecular weight yeast RNA (Sigma-Aldrich) as substrate, while RNase activity of leaf extracts from
control and infected leaves was determined after electrophoresis in 10 % native polyacrylamide
gel and specific in-gel staining as described earlier (Barna et al., 1989, 2014).

Ion leakage test

Leakage of electrolytes was measured as described previously (Barna et al., 2011). Briefly, eight
1-cm-long segments from the middle parts of the first leaves of seedlings were placed on distilled
water. Changes in conductivity (μS) of bathing solutions were measured by a conductivity meter
and were calculated on a fresh weight basis.

Gene expression measurements by real-time, quantitative PCR (RT-qPCR)

For gene expression measurement 0.1 g of powdery mildew-inoculated or control (non-inoc-
ulated) barley leaves were ground in liquid nitrogen and total RNA was extracted using the
RNeasy Plant Mini Kit (Qiagen Hilden, Germany). Reverse transcription (RT) of 1.5 μg
total RNA was carried out in a total volume of 20 μl with a RevertAid H Minus First Strand
cDNA Synthesis kit (Thermo Fisher, Waltham, MA, USA) using an oligo(dT)18 primer. The
expression of barley RNase genes was measured by quantitative real-time RT-PCR (RT-qPCR).
The qPCR reaction mixture contained 10 μl KAPA SYBR FAST qPCR Master Mix (2X)
(KAPA Biosystems, USA), 0.8 μl of 5 μM forward and reverse primers, 6.4 μl PCR-grade water
and 2 μl of 20-fold diluted cDNA in 20 μl total reaction volume. The primer sequences
are shown in Table 1. DNA amplifications were performed in a Bio-Rad CFX-96 real-time
thermocycler (Bio-Rad, USA) with the following program: 95 8C for 3 min, 40 cycles at
95 8C for 10 s, 60 8C for 20 s and 72 8C for 10 s, followed by a melting curve analysis to
determine amplicon specificity using a temperature range from 65 to 95 8C with increments
of 0.5 8C. Gene expression was normalized to a barley ubiquitin (HvUBI-1) gene as a reference
(Table 1).
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RESULTS

Symptoms of inoculated plants

Powdery mildew grew vigorously on wild-type Pallas and Ingrid barley cultivars 7 days after
inoculation, while it caused visible hypersensitive reaction (HR) on the Mla lines, and no visible
symptoms on Mlg and mlo lines in accordance with earlier observations (Harrach et al., 2008).

The Winzi wheat cultivar proved to be susceptible to both of the applied leaf and stem rust
races and showed sporulation on the leaves, while B. distachyon genotypes showed no visible
symptoms in the non-host interactions (data are not shown).

RNase enzyme activities in leaf extracts

In order to investigate the effect of powdery mildew infection on RNase activities in barley near-
isogenic lines, in wheat and in B. distachyon genotypes, a spectrophotometric assay was carried
out. The largest increase in RNase activity was observed in the susceptible wild-type Pallas at 7
days after inoculation with Bh race A6. A significantly smaller increase was found in extracts of
the inoculated Mla near isogenic line, and even less in extracts from inoculated Mlg and mlo
lines, but still higher than the activity in extracts from control, uninfected uninoculated Pallas
leaves (Fig. 1).

As with barley, we found larger increase in RNase activity in the case of wheat extracts from
the compatible interaction with wheat powdery mildew than after inoculation with barley pow-
dery mildew, which is a non-adapted pathogen. In order to compare with other compatible
biotrophic interactions, the RNase activities were determined also in stem rust and leaf rust-
infected wheat leaves. Both rust species induced a significant increase in RNase activities in the
infected leaves (Fig. 1).

We also investigated the RNase activity in leaves of the cereal model plant B. distachyon
during non-host interactions with powdery mildew and leaf rust. Interestingly, extracts from
healthy leaves of B. distachyon genotypes showed much higher activity than extracts from
healthy leaves of wheat and even higher than that of barley. In addition, the RNase activities
markedly increased in all non-host plant-pathogen interactions (Fig. 1).

RNase isoenzyme patterns after polyacrylamide gel electrophoresis

Since we wanted to compare RNase isoenzyme patterns of powdery mildew-inoculated barley
lines with or without mildew resistance genes, as well as isoenzyme patterns of wheat and
B. distachyon genotypes before and after inoculation, polyacrylamide gel electrophoresis

Table 1. Sequences of gene-specific primer pairs used for the detection of two barley RNase genes and the
barley UBI-1 reference gene in 50 to 30 direction. Accession numbers of nucleotide sequences in NCBI

GenBank: XM_045114837.1 (HvNucl-2); XM_045101965.1 (HvRnucl-3) and M60175 (HvUBI-1)

Target gene Forward primer Reverse primer Product length (bp)

HvNucl-2 gccggttgtcgagaagagga cgcgaattcgtgattgtggtg 215
HvRnucl-3 aggcagcccttgacaaactaa tccagaacggtccaattcgt 101
HvUBI-1 cggcaaggtaaccaggctca aggcgatcaaatatccaggaaa 257
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and specific in-gel staining were carried out. Although there was no quantifications of the RNase
patterns of leaf extracts, it showed similar tendency as the spectrophotometric assays; leaf
extracts from non-infected barley had the weakest, and B. distachyon leaf extracts had
the strongest RNase band (Fig. 2). Barley extracts showed one distinct fast moving band,
in wheat extracts there were an even faster and a somewhat slower band, while extracts from
B. distachyon showed a slower moving and strong band with RNase activity. All the extracts
from the 3 different plant species showed slower diffuse bands (Fig. 2).

Furthermore, infection of wheat with the compatible wheat powdery mildew induced higher
RNase activity than inoculation with the non-adapted barley powdery mildew. On the other
hand, inoculation of both B. distachyon genotypes with the non-adapted barley powdery mildew
increased RNase activity as it was shown by the spectrophotometric assay as well. It is note-
worthy, that RNase isoenzyme patterns were markedly different even between barley and wheat,
but especially in the case of B. distachyon leaves (Fig. 2).

Leakage of electrolytes from healthy and infected leaves

We also wanted to know also if cell and tissue damage was at least partly, responsible for the
increase in RNase activities. Leakage of electrolytes from control and infected barley, wheat and
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Fig. 1. Spectrophotometrically measured RNase enzyme activities in leaf extracts from healthy and infected
barley cv. Pallas, its near-isogenic Mla, Mlg and mlo lines, from wheat cv. Winzi and Brachypodium dis-
tachyon genotypes 21 and 21-3. Samples were taken 7 days after inoculation with Blumeria hordei race A6
(Bh), B. graminis f. sp. tritici (Bgt), stem rust race 11, or leaf rust race 12. Mean values of three replicates of
a representative experiment from at least three independent experiments with similar results ±SD are

shown. The symbols p, pp and ppp show significant differences between inoculated and respective control
leaves at P < 5%, P < 1% and P < 0.1%, respectively
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B. distachyon leaves were measured by a conductivity meter. The leakage of electrolytes from
barley near isogenic lines showed similar tendency as RNase activities; the highest leakage was
found from the susceptible Pallas, and less from the hypersensitive resistant Mla line after
infection with barley powdery mildew race A6 (Fig. 3). Infection of Mlg and mlolines caused
very slight or no increase of electrolytes (data not shown). Similarly to RNase activities, infection
of wheat with Bgt induced larger, while infection with Bh induced smaller increase in the leakage
of electrolytes. Furthermore, infection of B. distachyon lines caused slight or no increase in ion
leakage (Fig. 3).

Gene expression measurements by RT-qPCR

We also tested the expression of the barley HvNucl-2 and HvRnucl-3 genes that encoded the
endonuclease 2 and ribonuclease 3-like protein 3 isoform X3, respectively. These RNase-like
genes were identified in a recently performed RNA-Seq project carried out with healthy and
barley powdery mildew race A6 infected leaves of Ingrid and its Mla near-isogenic barley line
(data not shown). The expression of these two genes was measured by quantitative RT-qPCR in
total RNA extracts of leaves of two wild-type barley cultivars (Pallas and Ingrid) as well as their
near-isogenic Mla lines with and without inoculation with barley powdery mildew race A6. Both
genes showed the highest expression in the susceptible interaction 7 days after infection (Fig. 4).

   PC     PI     MlaI      MlgI     mloI       WC       WBgt    WBgh       Bd21I     Bd21C   Bd21-3C Bd21-3I 

Fig. 2. RNase enzyme activities in 10% polyacrylamide gel after electrophoresis of barley, wheat and
B. distachyon leaf extracts. PC: Pallas control, PI: Pallas infected with Bh, MlaI: Mla barley infected

with Bh, MlgI: Mlg barley infected with Bh, mloI: mlo barley infected with Bh, WC: Winzi wheat control,
WBgt: Winzi wheat infected with Bgt, and WBh: Winzi wheat infected with Bh. Bd21I: B. distachyon

line 21 infected with Bh, Bd21C: B. distachyon line 21 control, Bd21-3C: B. distachyon line 21-3 control,
Bd21-3I: B. distachyon line 21-3 infected with Bh. Samples were taken 7 days after inoculation with

the pathogens
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DISCUSSION

Powdery mildews and rusts are among the most important pathogens of cereals all over the
world. These typical biotrophs have very narrow host specificity, they form races and patho-
types. The physiological and biochemical changes during their interactions with wheat and
barley have been investigated as a model since a long time (Dracatos et al., 2018).

The importance of research on the non-host plant-pathogen interactions has become gener-
ally accepted in the last decades (Heath, 2000; Cheng et al., 2014; Huang et al., 2016; Lee et al.,
2017). Since we found that pre-inoculation of various wheat genotypes with barley powdery
mildew induced certain degree of resistance against a challenge infection with wheat leaf rust
(Barna et al., 2022), we were interested in the effects of various non-host powdery mildew
interactions with barley, wheat or B. distachyon, especially on RNase activity.

Earlier we showed that stem and stripe rust infection of wheat leaves induce RNase activity
especially in the case of compatible interactions (Barna et al., 1989). Furthermore, it was
reported, that a superfamily of barley powdery mildew effector candidates shows structural
similarities to ribonucleases (Pennington et al., 2019a,b). Changes in RNase activities were also
investigated by PAGE and spectrophotometric assays during maize response to Meloidogyne
arenaria infection (Przybylska, 2021). Furthermore, the pathogenesis related proteins PR4 and
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Fig. 3. Leakage of electrolytes from leaves of healthy and barley powdery mildew (Bh) infected Pallas and
Mla barley near isogenic lines, and from leaves of healthy and barley or wheat powdery mildew (Bgt)

infected Winzi wheat and Brachypodium distachyon lines 21 and 21-3 inoculated with Bh. Samples were
taken 7 days after inoculation with the pathogens. Mean values of three replicates of a representative

experiment from at least three independent experiments with similar results ±SD are shown. The symbols
p, pp and ppp show significant differences between inoculated and respective control leaves at P < 5%,

P < 1% and P < 0.1%, respectively
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PR10 proved to have RNase activity (Guevara-Morato et al., 2010; Choi et al., 2012; Filipenko
et al., 2013). Even RNases are suggested to play a role in systemic signaling (LeBrasseur et al.,
2002; Lusso and Kuc, 1995). It is also noteworthy that transgenic expression of ribonucleases
increases resistance to viruses (Zhang et al., 2001; Trifonova et al., 2007; Sugawara et al., 2016).

When we compared the RNase activities with the various symptoms on barley, wheat and
B. distachyon plants after powdery mildew and rust infection, we found that the compatible
interaction of barley with powdery mildew induced the highest increase in RNase activity as
measured spectrophotometrically. The hypersensitive interaction on Mla leaves resulted in less
while the strongly incompatible interactions on Mlg and mlo barley leaves without visible
symptoms resulted in the least increase in RNase activities (Fig. 1). Similarly, the largest RNase
activity was shown by wheat leaves infected with the compatible wheat powdery mildew,
wheat stem and leaf rusts, and less activity was found in the leaves infected with the incompat-
ible non-host barley powdery mildew. In addition, we showed that heat stress-induced suscep-
tibility of barley near isogenic lines to powdery mildew was correlated with elevated RNase
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and ribonuclease 3-like protein 3 isoform X3, respectively, following powdery mildew (Blumeria hordei,
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licates of a representative experiment from at least three independent experiments with similar results ±SD

are shown
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activity (Barna et al., 2014). It is noteworthy that Shivakumar et al. (2000) reported on ribonu-
cleases in pearl millet and their involvement in resistance against downy mildew disease.
However, in their work they used a very ealy (24 h) samplings when the disease could
not develop totaly. Furthermore, we found that powdery mildew infection led to the
appearance of a new RNase band in various tobacco lines, and to an increase in total RNase
activity (Gullner et al., 2017).

Interestingly, the RNase activity of leaves of healthy B. distachyon lines 21 and 21-3 was
significantly higher than that of leaves from wheat and especially barley plants. Although we did
not have compatible pathogen for these host plants, even the incompatible non-host interaction
with barley powdery mildew or leaf rust strongly increased RNase activities (Fig. 1).

It is noteworthy, that the electrophoretic RNase enzyme patterns of extracts from barley,
wheat and B. distachyon are different from each other (Fig. 2).

The question arises whether the increase in RNase activity corresponds to the degree of cell
and tissue damage of plants? When the degree of ion leakage was compared to the increase in
RNase activity, we found that in the case of barley the compatible interaction showed (at later
stage of the disease) the most severe damage as we showed earlier (Harrach et al., 2008), and the
largest RNase activity (Fig. 3). Similarly, the largest increase in leakage and RNase activity was
measured in the compatible wheat-wheat powdery mildew interaction. However, in the non-
host B. distachyon-powdery mildew interactions there were slight increases in conductivity
(weak cell damage), but strong increase in RNase activities (Fig. 3) indicating that in this case
cell damage did not correlate with RNase activity, although we did not have compatible inter-
action with B. distachyon, when an even stronger RNase activity can not be excluded.

We also investigated the changes in gene expression of two barley RNase-like genes following
powdery mildew inoculation. These genes, which encode the endonuclease 2 and the ribonu-
clease 3-like protein 3 isoform X3 were identified by a recent RNA-Seq analysis of powdery
mildew infected barley leaves (data not shown). Gene expression levels were measured in leaves
of two barley cultivars (Pallas and Ingrid) as well as in their near-isogenic Mla lines. Both genes
showed the highest expression in the compatible Pallas - barley powdery mildew interaction at 7
dpi. Furthermore, the analysis showed similar tendencies in both cultivars, the gene expressions
were most pronounced during compatible interactions at 7 days post-inoculation (dpi) (Fig. 4).
Thus, gene expressions of these two RNase-like genes were in correlation with the RNase
activities of leaf extracts. In accordance, Zhang et al. (2014) reported that a large-scale tran-
scriptome analysis revealed distinct gene activations in wheat responding to stripe rust and
powdery mildew, as we found different gel patterns for mildew and rust infected wheat.

In conclusion, it seems that RNase activities are may be a kind of susceptibility factors in the
interactions of barley and wheat with the biotrophic powdery mildew and rust pathogens.

ABBREVIATIONS

Bh Blumeria hordei
Bgt Blumeria graminis f. sp. tritici
HR hypersensitive reaction
PAGE polyacrylamide gel electrophoresis
Pgt Puccinia graminis f. sp. tritici
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Pt Puccinia triticina
RNase ribonuclease
RT-qPCR real-time, quantitative PCR
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