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ABSTRACT

Enhanced resistance in barley (Hordeum vulgare) against
pathogens, such as the powdery mildew-causing fungus Blumeria
graminis f. sp. hordei, is of high importance. The beneficial effects
of bacterial quorum sensing molecules on resistance and plant
growth have been shown in different plant species. Here, we
present the effects of the N-3-oxotetradecanoyl-L.-homoserine
lactone (oxo-C14-HSL) on the resistance of different barley
genotypes. Genetically diverse accessions of barley were
identified and exposed to the beneficial, oxo-C14-HSL-producing
bacterium Ensifer meliloti or the pure N-acyl homoserine lactone
(AHL) molecule. Metabolic profiling along with expression analysis
of selected genes and physiological assays revealed that the
capacity to react varies among different barley genotypes. We

demonstrate that upon pretreatment with AHL molecule, AHL-
primable barley genotype expresses enhanced resistance against
B. graminis f. sp. hordei. We further show that pretreatment with
AHL correlates with stronger activation of barley MAP kinases and
regulation of defense-related PR71 and PR17b genes after a
subsequent treatment with chitin. Noticeable was the stronger
accumulation of lignin. Our results suggest that appropriate
genetic background is required for AHL-induced priming. At the
same time, they bear potential to use these genetic features for
new breeding and plant protection approaches.
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Priming for enhanced resistance has long tradition in agriculture,
this phenomenon called “sensitization” was used since the 1930s.
Upon priming, plants respond stronger and faster to a pathogen
attack, which result in robust resistance and secure higher yield.
Today, various molecules that induce priming are known and in-
clude the following: low concentrations of salicylic acid (SA),
benzothiadiazole (BTH), or f-aminobutyric acid (BABA) (Conrath
et al. 2002; Mauch-Mani et al. 2017). In addition, the local and
systemic accumulation of azelaic acid occurring during systemic
acquired resistance (SAR), primed Arabidopsis thaliana for en-
hanced SA production and therefore resulted in enhanced resistance
to Pseudomonas syringae (Jung et al. 2009). Many recent reports
suggested that bacterial quorum sensing (QS) molecules might
induce priming in plants. One of the best-studied group of QS
molecules is the group of N-acyl homoserine lactones (AHL)
produced by numerous Gram-negative bacteria to monitor the
density of populations. Communication between bacterial in-
dividuals, based on the concentration of AHL, or other QS mol-
ecules (Fuqua and Winans 1994; Kaplan and Greenberg 1985), is

Vol. 3, No. 3, 2019 191


https://doi.org/10.1094/PBIOMES-03-19-0015-R
mailto:adam.schikora@julius-kuehn.de

today a well-accepted phenomenon. In plants, AHL application was
shown to change gene expression, as well as alter the composition
of the proteome and root development (Bai et al. 2011; Mathesius
et al. 2003; Ortiz-Castro et al. 2008; Schenk et al. 2012; Schikora
etal. 2011; von Rad et al. 2008). A study demonstrating the impact
of AHL-producing Serratia liquefaciens strain on tomato (Solanum
lycopersicum) provided the first evidence that AHL influence plant
immunity (Schuhegger et al. 2006); plants inoculated with
S. liquefaciens strain MGI1, which produces C4- and C6-
homoserine lactones during root colonization (Gantner et al.
2006), were protected against Alternaria alternata. In contrast,
plants inoculated with the AHL-negative S. liquefaciens mutant
MG44 displayed susceptible phenotype (Schuhegger et al. 2006).
Similar results were observed after inoculation with Serratia ply-
muthica strain HRO-C48 when compared with its AHL-negative
spll” mutant. The HRO-C48 strain protected cucumber plants
(Cucumis sativus) against Pythium aphanidermatum, as well as
tomato and bean (Phaseolus vulgaris) plants from infection with
Botrytis cinerea (Pang et al. 2009). Moreover, our own results show
that in A. thaliana, resistance to P. syringae was enhanced after
inoculation with Ensifer meliloti (Sinorhizobium meliloti) strain
expR+, which produces the AHL, oxo-C14-HSL (Zarkani et al.
2013). In addition, commercial AHL were shown to enhance re-
sistance against biotrophic and hemibiotrophic bacterial and fungal
pathogens (Schikora et al. 2016).

Plant response to AHL appears to be specific to the particular
AHL molecule. Analysis of proteins accumulated in response to
either 0x0-C12-HSL or 0x0-C16:1-HSL revealed substantial dif-
ferences (Mathesius et al. 2003). Consistently, an application of
C6-HSL, ox0-C10-HSL, or oxo-C14-HSL resulted in specific tran-
scriptional responses (Schenk et al. 2014). Several reports assessed
the molecular basis of priming. Treatment with benzothiadiazole
enhanced the accumulation of inactive form of mitogen-activated
protein kinases (MAPKSs), those could be activated upon following
challenge (Beckers et al. 2009). Histone methylation and acety-
lation in the promoter regions of the defense-associated tran-
scription factors was postulated to participate in priming
(Jaskiewicz et al. 2011). Whether the expression or activity of
MAPKSs and chromatin modification are connected remains unclear.
Previous study in Arabidopsis implied that priming with AHL
depends on a stronger and prolonged activation of AtMPK6
(Schikora et al. 2011). In addition, exposure to oxo-C14-HSL and
subsequent challenge with flg22, increased concentration of phe-
nolics and lignin as well as callose depositions in Arabidopsis cell
walls (Schenk et al. 2012; Schikora et al. 2011). Furthermore,
accumulation of oxylipin in distal tissues during AHL-priming in
Arabidopsis promoted stomatal closure. The closed stomata en-
hanced, consequently, plant resistance to bacterial pathogens
(Schenk and Schikora 2014). The ability of barley to enhance
resistance against pathogens, as a result of AHL-priming, was
demonstrated previously by Hernandez-Reyes et al. (2014). The
inoculation with the oxo-C14-HSL-producing E. meliloti strain
improved the resistance against the powdery mildew-causing agent
Blumeria graminis. Additionally, several quantitative trait loci
(QTL) related to the resistance against powdery mildew were
identified in barley (Bengtsson et al. 2017; Cantalapiedra et al.
2016; Douchkov et al. 2014; Romero et al. 2018; Silvar et al. 2013;
Silvar et al. 2012). Given the principal ability of AHL-priming in
barley and the differences in genetic background, Wehner et al.
(2019) suggested that the effectiveness of oxo-C14-HSL-induced
priming to enhance resistance against leaf rust (Puccinia hordei
Otth.) is different in barley genotypes.

In this study, we investigated whether the differences in the
genetic background of a genotype reflects on the capacity of

priming for enhanced resistance against B. graminis f. sp. hordei
and assessed the physiological basis of AHL-priming in barley. We
hypothesized that the potential for priming is not a general feature
but rather depends on the genotype. The enhanced resistance in
different barley cultivars was assessed using two systems: the
bacterial-based, in which the impact of the AHL-producing strain
E. meliloti expR+ was compared with the influence of the AHL-
negative E. meliloti attM strain, as well as a simpler system, in
which we used the pure AHL molecule. We monitored the re-
sistance toward B. graminis f. sp. hordei, the activation of MAP
kinases, and expression of defense-related genes. Furthermore, we
evaluated to what extent the principal mechanism of AHL-priming
is similar in barley and Arabidopsis.

MATERIALS AND METHODS

Identification of genetically distant cultivars. In order to
identify the genetically most diverse genotypes, a set of 64 six-
rowed barley cultivars was genotyped with the 9k iSelect Chip
(Comadran et al. 2012). Based on 3,212 polymorphic single nu-
cleotide polymorphisms (SNP), filtered as described in Wehner
et al. (2015), a modified Rogers Distance (MRD) matrix (Wright
1968) was calculated according to Reif et al. (2005) in R Studio
(RStudio Team 2015). Based on these results a principal coordinate
analysis (PCoA) was conducted (Gower 1967) using the stats
package of R, and five k-medoids were calculated (Kaufman and
Rousseeuw 2005; Reynolds et al. 2006) with the prabclus package
of R. Five genetically most diverse genotypes were identified and
used in this study together with three reference genotypes.

Plant growth. The plants were grown in two different systems.
For detached leaf assays and plant cell-conidia interaction studies,
plants were grown on standard greenhouse substrate soil (Fruh-
storfer Erde) for 2 weeks under greenhouse conditions at 18/16°C
and 16/8 h (day/night) photoperiod. For gene expression analyses,
metabolite profiling, assessment of MAP kinase activity and
phenolic compounds that required controlled conditions and naive
plants, barley plants were grown under sterile conditions. Seeds
were surface-sterilized by washing with sterile water, thrice for
1 min each. Subsequently, the seeds were submerged in 1.5%
sodium hypochlorite for 20 min and then washed with sterile water
thrice for 1 min each. The seeds were further washed with sterile
water for 20 min. Seeds were then placed on moist sterilized paper.
After 5 days, equally developed seedlings were selected and three
seedlings were grown in a jar containing 60 ml of 1/2 Murashige &
Skooge (MS) medium (50 ml of agar [0.8%] + 10 ml of broth).
Plants were allowed to grow for an additional 3 days in controlled
conditions: day/night 16/8 h and 18/16°C photoperiod, light in-
tensity of 150 umol/ms and 60% humidity, in a growth chamber.

Inoculation with Ensifer meliloti strains. Ensifer meliloti
Rm2011 expR+ (M. Mclntosh) and E. meliloti Rm2011 (pBBR2-
attM) carrying the lactonase gene attM from Agrobacterium
tumefaciens (Zarkani et al. 2013) were grown in tryptone yeast (TY)
extract medium until the ODgyonm Of 0.6 to 0.8. Bacterial cultures
were centrifuged at 2,500 x g for 10 min and resuspended in 10 mM
MgCl,. The rhizosphere of soil-grown barley was inoculated three
times over 2 weeks with 10 ml of ODggonm = 0.1 using E. meliloti
expR+, E. meliloti attM culture solution, or watered with 10 ml of
10 mM MgCl, as control. The production of AHL on the root
surface as well as establishment of the bacteria was previously
demonstrated by Zarkani et al. (2013).

Challenge with B. graminis f. sp. hordei. Three days after the
last inoculation with E. meliloti, MgCl,, or with the pure oxo-C14-
HSL, or the solvent control acetone in case of the in vitro assay,
second leaves were placed on water agar plates (1%) with adaxial
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side of leaves faced up. The leaves were challenged with fresh
B. graminis f. sp. hordei conidial spores, approximately 100
conidia/cm?, using infected barley plants. The powdery mildew
fungus B. graminis (DC) Speer f. sp. hordei EM Marchal, race A6,
was maintained on the cultivar Golden Promise under the condi-
tions described above. The plates containing the infected leaves
were kept at room temperature with low light conditions for 2 days
for plant cell-conidia interaction assay and for 5 days for pustules
count. The pustules on the infected leaves were counted per square
centimeter using a stereomicroscope.

Stain with 3,3-diaminobenzidine (DAB) and plant cell-conidia
interaction assay. Two days after the challenge with B. graminis
f. sp. hordei, leaves were partially submerged overnight in DAB
solution (pH 3.8) at a concentration of 1 mg/ml. Subsequently, the
leaves were submerged for 2 days in a de-staining solution (ethanol/
chloroform/trichloroacetic acid [4:1:0.0075]) and stored in 50%
glycerol until further analysis. Ink blue containing acetic acid was
used for staining B. graminis f. sp. hordei. A minimum of 200
different cell-conidia interactions from each leaf were analyzed
using an Axioplan 2 microscope (Zeiss, Germany) and each in-
teraction was assigned to one of the following: (i) elongated
secondary hyphae (ESH) development, (ii) papillae formation, or
(iii) hypersensitive response (HR). The percentage of occurrence
of each outcome was calculated subsequently.

Pretreatment with oxo-C14-HSL. Plants grown for 3 days
under sterile and controlled conditions were pretreated with the
priming agent N-(3-oxotetradecanoyl)-L-homoserine lactone (oxo-
C14-HSL) (Schikora et al. 2011). Oxo-C14-HSL (Sigma-Aldrich)
was dissolved in acetone to acquire a stock solution of 60 mM.
Barley seedlings on 1/2 MS medium under sterile conditions were
pretreated with oxo-C14-HSL for 3 days at a final concentration of
6 uM. Oxo0-C14-HSL was added in a reservoir containing liquid 1/2
MS medium in the middle of the jar. Thereafter, plants were grown
for an additional 3 days in the same conditions (day/night 16/8 h
photoperiod, 18/16°C, light intensity of 150 umol/m’s, and 60%
humidity). All experiments were performed with the solvent control
acetone.

Treatment with chitin. One gram of chitin (Sigma-Aldrich) was
dissolved in 500 pl of 96% acetic acid and filled up to 50 ml with
H,O (MilliQ) in order to obtain a final concentration of 20 mg/ml.
The solution was subsequently stirred for 10 min and then auto-
claved at 121°C for 15 min, followed by centrifugation at 2,000 x g
for 5 min. Considering that about one-fifth of total chitin dissolved
in water containing acetic acid, the centrifuged chitin concentration
was estimated at 4 mg/ml. The solution was further diluted in order
to obtain a final concentration of 1 mg/ml. One milliliter of chitin
solution (1 mg/ml) was pipetted into each jar.

Gene expression analyses. Roots of in vitro-grown barley
plants, genotypes Golden Promise (GP) and Gaulois pretreated with
oxo0-C14-HSL, were harvested at 0, 6, 24, 48, and 72 h post chitin
(100 pg/ml) treatment. The root material was homogenized and total
RNA was extracted using spin columns (RNeasy Plant mini kit,
Qiagen). RNA concentration and quality were determined using the
Nanodrop Bioanalyzer. One microgram of total RNA was DNAse-
digested using DNAse kit (Quantabio) and subsequently cDNA
synthesis was carried out using the Quantabio kit protocol
according to manufacturer’s recommendations (qScript cDNA
Synthesis Kit [Quantabio]). Quantitative RT-PCR (qPCR) was
performed using primers listed in Supplementary Table S1. All
expression levels were normalized to the expression of HvUBQ60
(GenBank M60175.1).

Assessment of MAP kinase activity. Root samples from in
vitro-grown plants and pretreated for 3 days with 6 uM oxo-C14-
HSL or acetone (control) were collected at 0, 45, 90, and 135 min

after treatment with chitin. Proteins were extracted from homog-
enized barley roots using Tris-based buffer (25 mM Tris-HCI at pH
7.8, 75 mM NaCl, 15 mM EDTA, 10 mM MgCl,, and | mM DTT)
supplemented with a complete protease inhibitor cocktail and a
phosphatase inhibitor cocktail (Roche). The homogenized root
samples were vortexed rigorously and left for 5 min on ice and
subsequently centrifuged at 14,000 rpm at 4°C for 15 min. The
protein concentration of the cell lysates was determined using
Bradford assay (5x Roti Quant, Roth). Thirty micrograms of total
protein was run on three sodium dodecyl sulfate gels (12%) con-
comitantly and two of them were transferred to PVDF membrane
through semiwet blotting protocol. The membranes were blocked
with 2% bovine serum albumin (BSA) and thereafter probed with
respective primary antibodies: aAtMPK6 (Sigma-Aldrich) or
apERK1/2 (Cell Signaling), followed by incubation with horse-
radish peroxidase-labeled secondary antibody. Blots were de-
veloped using Servalight chemiluminescent substrate (SERVA).
The third gel was stained with Coomassie Brilliant Blue.

Assessment of phenolic compounds. Whole phenolic com-
pounds were measured via a colorimetric assay based on the Folin-
Ciocalteu method (Eynck et al. 2009) with some modifications.
Whole in vitro-grown barley plants, Golden Promise or Gaulois, pre-
treated with 6 wM ox0-C14-HSL and treated with chitin (100 pg/ml)
were harvested at O and 48 h post chitin treatment, homogenized
and lyophilized. A dry mass of 30 mg of lyophilized plant tissue was
used to measure the concentration of different phenolic compounds
and lignin. Soluble phenolics were extracted using 80% aqueous
methanol and quantified using the Folin-Ciocalteu assay (Ainsworth
and Gillespie 2007) and gallic acid (Sigma-Aldrich, Darmstadt,
Germany) as a reference for quantification. Subsequently, following
a slightly modified protocol by Schenk and Schikora (2015), al-
kaline hydrolysis of dried pellet was carried out using 1 M NaOH at
80°C overnight and ethyl acetate was further added to the pellets to
dissolve the cell wall-bound phenolic compounds. The absorbance
for both soluble and cell wall-bound phenolic compounds was
measured at 765 nm. Subsequently, samples were washed several
times with acetone and dried in the SpeedVac for 10 min. Pellets
were used for lignin quantification using the thioglycolic acid
method (Schenk and Schikora 2015).

Metabolite profiling of plant extracts. Barley plants, genotypes
Golden Promise and Gaulois, grown in vitro and pretreated with
6 LM oxo-C14-HSL or acetone, were challenged with chitin (100 pg/
ml) and whole plants were harvested at 0 and 48 h post challenge.
Three independent pools of plants per experimental variant were used
for metabolite profiling. Shock frozen plants were homogenized
in liquid nitrogen using mortar and pestle. Two aliquots of 50 mg
(+ 2.5 mg) per sample were weighed into precooled 2-ml tubes and
placed in a precooled (-80°C) rack. Four hundred microliters of
precooled methanol/water at —80°C, 80/20 (vol/vol), was added and
samples were immediately vortexed and slowly thawed under pe-
riodic vortexing. After reaching room temperature, 400 pmol bio-
chanin A (Sigma-Aldrich) was added as surrogate standard. The
samples were sonicated (15 min, room temperature), shaken (30 min,
room temperature, 2,400 min_l), and centrifuged (10 min, room
temperature, 13,000 x g). The supernatants were collected and the
remaining pellets extracted for a second time using 400 wl of
methanol/water, 80/20 (vol/vol), as described above. The combined
supernatants were evaporated to dryness using a vacuum centrifuge
(10 mbar, 30°C). The remaining residues were redissolved in 400 .1
of methanol/water, 50/50 (vol/vol), sonicated (10 min, room tem-
perature), and centrifuged (10 min, room temperature, 13,000 x g).
The resulting supernatants were transferred into vials and subjected to
liquid chromatography/mass spectrometry (LC/MS)-based metabo-
lite profiling as was done in Bottcher et al. (2017, 2018).
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Raw data files were converted into mzData format using
MassHunter Qualitative Analysis software (Agilent Technologies),
arranged according to genotype and treatment in eight sample
classes and processed individually for each ion mode using the R
package XCMS (Smith et al. 2006). Feature detection was per-
formed using the centWave algorithm (parameters: sntresh = 3,
prefilter = (3,1000), ppm = 25, peak width = (5,12)). Alignment was
accomplished using the group.density function (parameters: min-
frac = 2/3, bw = 1.5, mzwid = 0.02). Missing values were replaced
by evenly distributed random numbers in the range of 300 to 500 as
estimated intensity threshold. Prior to multivariate analysis, all
feature intensities were normalized by fresh weight, averaged
for the two technical replicates, and log, transformed. Principal
component analyses were performed using stats package of R
Studio (RStudio Team 2015).

Statistical analysis. All experiments were performed with at
least three independent biological replicates. The GENMOD pro-
cedure from SAS 9.4 (SAS Institute Inc., Cary, NC) was used for
the analysis of variance. Class variable was treatment (E. meliloti
expR+, E. meliloti attM, and MgCl, solvent control). For multiple
comparisons, the P value was adjusted by the method of Tukey’s
honestly significant difference post hoc test. In the box plot data
representation, boxes represent interquartile range and the ends of
the boxes represent the upper and lower quartile range (50%). The
whiskers represent the lowest and highest range of data. Quanti-
tative PCR assays were performed in three biologically independent
experiments, and P values < 0.05 in the Student’s ¢ test were
considered as indicative for significant difference. Western blot
analysis was performed in three independent experiments, and
representative blot is shown. Graphs were made using Prism 7
(GraphPad Software, La Jolla, CA).

RESULTS

Barley genotypes have distinct abilities to enhance resistance
against B. graminis. To verify our hypothesis that the potential for
priming is not a general feature but rather depends on the genotype,
we first determined genetically distant genotypes in a 64 set of six-
rowed barley (Hordeum vulgare L.) cultivars (Supplementary Fig.
S1). Leaves from soil-grown plants of five identified genotypes
Hasso, Gaulois, Carola, Plana, and Hampus, together with Golden
Promise, Otto, and Igri, used as reference genotypes, were used for
detached leaf assay in order to assess the differences in resistance
against B. graminis f. sp. hordei. We observed that the genotypes
had different native resistance (Supplementary Fig. S2). Genotypes
like Golden Promise and Igri were susceptible and allowed high
level of fungal growth, whereas Carola was relatively resistant
toward this fungus. The five other genotypes (Igri, Hasso, Gaulois,
Otto, and Plana) had intermediate resistance.

In a next step, we inoculated soil-grown plants with the oxo-C14-
HSL-producing strain E. meliloti expR+, E. meliloti strain attM,
which is not able to accumulate the AHL and MgCl, as solvent
control prior to the B. graminis f. sp. hordei challenge. Although the
inoculation had no impact on plant’s fresh or dry weight (Sup-
plementary Fig. S3), we were able to observe that the bacterial
strains had different impact on the resistance of tested genotypes
against B. graminis f. sp. hordei (Fig. 1A). The analyzed genotypes
presented three distinct response patterns. The first group included
Golden Promise and Igri. Both genotypes reacted to the inoculation
with E. meliloti with induced resistance, as suggested by the lower
number of pustules after inoculation with E. meliloti attM.
Moreover, their defense mechanisms could be enhanced even
further by the presence of AHL, as observed after inoculation with
E. meliloti strain expR+ (Fig. 1B). The second group included

Hasso, Otto, and Plana, those genotypes responded with enhanced
resistance only after inoculation with the AHL-producing strain
E. meliloti expR+. The third group includes Gaulois and Hampus.
Those genotypes were nonresponsive to inoculation with either
E. meliloti strain (Fig. 1A and 1B). Taking together, five out of eight
tested genotypes responded positively to AHL-priming although,
the capacity varied among them.

Interactions between barley cells and B. graminis f. sp. hordei
conidia reflect only partially the macroscopic response. To
further substantiate the observed phenotypes, we analyzed the in-
teraction between the plant host and the fungal pathogen on a cellular
level assessing the plant cell-conidia interaction on detached leaves
from soil-grown plants inoculated and challenged with B. graminis f.
sp. hordei as described above. The development of ESH was sig-
nificantly different among the genotypes and among the treatments.
Inoculation with the oxo-C14-HSL-producing strain E. meliloti
expR+ resulted in lower frequency of elongated secundary hyphae
(ESH) formation compared with the control (MgCl,) treatment, in all
genotypes except for Gaulois (Fig. 2A). The inoculation of barley
genotypes with the lactonase-expressing strain E. meliloti attM had
no significant effect on the ESH occurrence. The only exception was
Igri, where we observed reduction in the ESH incidence. Our results
revealed that the oxo-C14-HSL produced by E. meliloti expR+ strain
resulted in higher resistance of the plants since seven of the eight
tested genotypes were able to inhibit the ability of B. graminis f. sp.
hordei conidia to form secondary hyphae. This effect was not ob-
served in the Gaulois genotype (Fig. 2A and D).

The frequency of the two other categories: formation of papillae
and hypersensitive response (HR) (Fig. 2E and F), which reveal
resistance, was analyzed subsequently. The rate of papillae for-
mation was not influenced by the inoculation with E. meliloti attM
(Fig. 2B), except for Plana in which it was reduced. The inoculation
with the oxo-C14-HSL-producing strain E. meliloti expR+ had
positive impact (higher percentage of papillae) on Golden Promise,
Igri, Hasso, and Otto, whereas it had no impact on Gaulois, Plana,
Hampus, and Carola (Fig. 2B). In analogy to the papillae oc-
currence, plants inoculated with the oxo-C14-HSL-producing
E. meliloti expR+ showed an increase in HR reactions. Similarly, this
response was not detected in Gaulois. Notably, plants inoculated with
the a#tM strain did not significantly differ from the control plants
among all genotypes. Taking together, those results suggest that AHL
impact on defense depends on the genetic background, and genotypes
like Golden Promise respond very well to the AHL as priming agent
while the genotype Gaulois is not able to induce such priming.

Impact of AHL on resistance to B. graminis f. sp. hordei and
reactive oxygen species (ROS) accumulation differ between
Golden Promise and Gaulois genotypes. To corroborate those
finding even further, we performed a detached leaf assay on in vitro-
grown Golden Promise, since it responds very well to the AHL as a
priming agent and Gaulois, not able to induce AHL-priming. The
plants were exposed to either 6 wM oxo-C14-HSL or the solvent
control (acetone) and challenged with B. graminis f. sp. hordei.
Comparison between the experimental outcomes revealed that in
the Golden Promise genotype, pretreatment with AHL lowered the
susceptibility toward B. graminis f. sp. hordei. This effect was not
observed in the Gaulois cultivar (Fig. 3A).

In addition, we observed accumulation of ROS after a challenge
with B. graminis f. sp. hordei. The stronger accumulation of ROS,
observed in oxo-C14-HSL pretreated Golden Promise plants after
B. graminis f. sp. hordei challenge was missing in Gaulois (Fig. 3B).

Activation of MAP Kkinases and expression of defense-related
genes. To examine whether the priming in barley is associated
with a stronger activation of MAP kinases, we carried out a western
blot-based kinase assay on in vitro-grown plants pretreated with
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6 uM oxo-C14-HSL and subsequently treated with chitin. The
results showed that plants perceived chitin as elicitor and transiently
activated MAPKs. In acetone pretreated Golden Promise, the
MAPK activity was increased 45 and 90 min after chitin treatment
and returned to nearly basal level 135 min after chitin treatment
(Fig. 4). In contrary, upon oxo-C14-HSL pretreatment, Golden
Promise showed stronger and prolonged activation of MAPKs.
Evident and prominent activation was observed even 135 min after
chitin treatment. In the genotype Gaulois, we observed different

A 60

activation pattern of the MAPKSs, the activation level was high at
45 min after the chitin treatment; however, in both treatments, it
decreased 135 min after the treatment with chitin (Fig. 4A).

To verify if pretreatment with AHL alters the transcriptional
activation of defense-related genes, we performed qPCR analysis
from RNA extracted from the roots at different time points of
Golden Promise and Gaulois plants before and after chitin chal-
lenge in plants pretreated with oxo-C14-HSL or acetone (control).
Analysis of Pathogenesis-Related] (PRI) expression in Golden

a
a
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a
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Fig. 1. Inoculation with Ensifer meliloti influences resistance only in particular barley genotypes. A, Eight different genotypes of barley growing on soil
were inoculated three times over 2 weeks with 10 ml of 10 mM MgCl, (control), 10 ml of 0.1 ODggonm Of the lactonase-expressing strain E. meliloti attM,
or 10 ml of 0.1 ODggonm Of the 0xo-C14-HSL-producing strain E. meliloti expR+. Second leaves of inoculated plants were placed on water agar plates and
subsequently challenged with Blumeria graminis f. sp. hordei (100 conidial spores/cm?). Pustules were counted 5 days post challenge. The bar
represents mean and standard deviation of at least 10 biological replicates from four independent experiments. Different letters indicate P < 0.05 in
Tukey’s honestly significant difference post hoc test. B, Representative photos of leaves infected with B. graminisf. sp. hordei of two cultivars: the N-acyl
homoserine lactone (AHL)-primable Golden Promise and the AHL-nonprimable Gaulois. Photos were taken 7 days after challenge with conidial spores.

The pretreatment was performed as indicated. Scale bar indicates 0.5 cm.
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Promise revealed higher expression level in AHL pretreated plants,
even before the challenge. Moreover, when compared with control,
0x0-C14-HSL pretreated plants exhibit 13-fold increase in the
expression level, 72 h post chitin treatment (Fig. 4B). Similarly,
PRI17b gene expression was 12-fold higher in oxo-C14-HSL pre-
treated Golden Promise, even before chitin treatment. Furthermore,
48 and 72 h post chitin treatment the expression was higher in oxo-
C14-HSL pretreated plants (Fig. 4D). Contrary to Golden Promise,
there was no considerable difference in the expression of PR/ and
PRI17b between the two treatments in Gaulois; prior and after the
chitin treatment (Fig. 4C and E). Similar, however less pronounced
tendencies were observed for CSD1, Hsp70, Prx7, and GSL7 genes
(Supplementary Fig. S4).

Priming in barley is reflected through distinct accumulation
of specific metabolites. In order to ascertain changes in metabo-
lites, we performed a nontargeted metabolite profiling approach.
Methanolic extracts of whole seedlings grown in vitro, pretreated
with 6 uM oxo-C14-HSL and treated with chitin, were used.
Overall, 5,590 and 2,472 molecular features (mass-over-charge-
retention time pairs) were detected and relatively quantified in
positive and negative ion mode, respectively (Supplementary Table
S2). Principal component analysis (PCA) of metabolite profiles
acquired in positive ion mode revealed a clear separation of the two
cultivars along PC 1 accounting for 50.9% of the total variation
(Fig. 5A). A partial discrimination according to chitin treatment is
associated with PC2 which accounts for 6.4% of the total variance.
PCA of the metabolite profiles acquired in negative ion mode gave a
very similar picture: 47.4% of the total variance is represented by
PC1 and attributed to genotype specific differences, whereas PC2
(5.4%) partly reflects metabolic variation upon chitin treatment
(Fig. 5C). Interestingly, detailed and pairwise comparison of the
abundance of individual molecular features between the different
sample classes revealed more features significantly accumulated in
Golden Promise after oxo-C14-HSL treatment and subsequent
chitin challenge than in Gaulois: 85 versus 28 (positive ion mode)
and 40 versus 17 (negative ion mode). The nature of these com-
pounds is currently not known.

Phenolic cell wall components accumulate in Golden Promise
but not in Gaulois. Subsequently, we quantified different phenolic
compounds in the Golden Promise and Gaulois genotypes before
and after chitin treatment in plants grown in vitro and pretreated
with 6 wM oxo-C14-HSL or acetone (control). The two tested
barley genotypes differed considerably in regard to phenolic
compounds and lignin accumulation (Fig. 6). The colorimetric
analysis of soluble and cell wall-bound phenolic compounds in
Golden Promise revealed significant increase in accumulation in
seedlings pretreated with oxo-C14-HSL compared with control
plants (Fig. 6A and B). This effect was observed in the seedlings of
Golden Promise before and after chitin treatment. In contrast,
irrespective of o0xo-C14-HSL pretreatment or time after chitin
treatment, the amount of soluble and cell wall bound phenolic
compounds was not changed in Gaulois seedlings (Fig. 6D and E).
Furthermore, we observed significant increase in lignification in
seedlings pretreated with oxo-C14-HSL and treated for 48 h with
chitin (P < 0.004), whereas there was no difference before chitin
treatment (P > 0.05) (Fig. 6C). On the other hand, Gaulois did not
show any significant increase in lignin accumulation in their
seedling tissues after pretreatment with oxo-C14-HSL, if compared
with acetone control at 0 or 48 h, P =0.722 and 0.597, respectively.

DISCUSSION

This study aimed to assess the differences in the AHL-priming
capacity between different genotypes of barley. We revealed that

barley genotypes not only vary in the resistance against B. graminis
f. sp. hordei, also the capacity to respond to bacterial QS molecule
differs. Together with the recent study (Wehner et al. 2019), we
suggest therefore that priming for enhanced resistance induced by
oxo-C14-HSL is genotype-dependent. Among different barley
accessions, we identified so called “AHL-primable” genotype that
had the ability to enhance resistance and “AHL-non-primable”
genotype that was nonresponsive to 0xo-C14-HSL and showed no
ability to enhance resistance after an AHL-priming.

Upon recognition of B. graminis f. sp. hordei, barley cells
initiate formation of papillae (cell wall appositions) at the site of
penetration attempt, which is one of the earliest plant defense
responses at a cellular level (Carisse et al. 2000; Zeyen et al.
2002). We observed that the genotypes that had no improved
ability to inhibit fungal growth after the AHL-priming, also did not
exhibit higher percentage of papillae after inoculation with
E. meliloti expR+, as did the AHL-primable genotypes. Effector-
triggered immunity response usually deploys a defense mecha-
nism that involves rapid oxidative burst due to high production of
ROS (Heller and Tudzynski 2011; O’Brien et al. 2012). This leads
to enhanced resistance in the form of localized cell death at the site
of fungal penetration termed HR, which inhibits further fungal
development (Huckelhoven and Kogel 2003). Very interesting
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Fig. 3. Resistance to Blumeria graminis f. sp. hordei (Bgh) and reactive
oxygen species (ROS) accumulation in oxo-C14-HSL pretreated
plants. A, Barley plants were grown in vitro and pretreated with 6 .M oxo-
C14-HSL or acetone (solvent control). The second leaves were placed on
water agar plates and subsequently challenged with B. graminis f. sp.
hordei (100 conidial spores/cm?). Pustules were counted 5 days post
challenge. The results represent susceptibility ratio between acetone
control (100%) and oxo-C14-HSL pretreated plants. Error bars
represent standard deviation from three independent biological
repetitions. n = 25; *** indicates P < 0.0005 in Student’s t test. B, ROS
accumulation in leaves from plants pretreated with 6 WM oxo-C14-HSL
or acetone (control) for 3 days and thereafter challenged with B. graminis
f. sp. hordei. Both barley genotypes were grown under sterile condition.
Second leaves of treated plants were placed on water agar plates and
subsequently challenged with the B. graminis f. sp. hordei (100 conidial
spores/cm?). After 2 days of challenge, leaves were stained with DAB
overnight and then de-stained to visualize the accumulation of ROS.
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Fig. 4. MAPK activation and expression of defense related genes. A, Two barley genotypes, Golden Promise and Gaulois, were grown under sterile
condition and pretreated for 3 days with 6 uM oxo-C14-HSL or acetone (solvent control), before treating with chitin (100 wg/ml). The plants were
harvested as indicated over the time span of 135 min. Roots of the treated plants were homogenized and protein was extracted. Thirty micrograms of
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* indicates P < 0.05 in Student’s t test.
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was the fact that if compared with inoculation with the lactonase-
expressing E. meliloti attM strain or the MgCl, control, after
inoculation with E. meliloti expR+ all genotypes increased the
proportion of HR observed after challenge with B. graminis f. sp.

hordei (Fig. 2C). Solely, the nonresponsive genotype Gaulois
exhibited unchanged response. The comparison of the Golden
Promise and Gaulois on the SNP level revealed the dissimilarity
between the two genotypes (Supplementary Fig. S5). These as
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Fig. 5. Metabolome changes upon priming in Golden Promise and Gaulois. A

and D, Score plots from principal component analyses (PCA) of metabolite

profiles obtained from methanolic extracts of whole in vitro-grown barley plants, pretreated with 6 .M oxo-C14-HSL, and treated with chitin (100 pg/ml),
in positive and negative ion mode. B and E, Golden Promise and C and F, Gaulois show differences in its metabolite profiles between plants pretreated
with oxo-C14-HSL (green filled) or acetone control (blue filled) post chitin treatment. Light colors indicate the controls (0 h), while the darker colors indicate

samples harvested 48 h post treatment (hpt) with chitin.
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well as other differences, e.g., in the signaling pathways, could
be the underpinning reasons for the differences in the AHL-
primability among barley genotypes.

MAPKSs are key signaling components that relay extracellular
signal perception with intracellular (nuclear) responses (Davis
et al. 2000; Widmann et al. 1999). Previously, MAP kinases were
associated with priming. Stronger and prolonged activation of
AtMPK3 and AtMPK6 was shown to be a key element of priming
for enhanced defense response in Arabidopsis (Beckers et al.
2009; Schenk and Schikora 2014; Schikora et al. 2011). Golden
Promise primed with oxo-C14-HSL showed stronger and pro-
longed activity of barley MAPKs after a subsequent treatment
with chitin, whereas Gaulois showed similar MAPKSs activation
after chitin treatment following acetone or oxo-C14-HSL pre-
treatments (Fig. 4A). This difference in activation patterns could
explain, at least partially, the nonresponsiveness of Gaulois to the
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priming agent and therefore the lack of enhanced papillae and HR
occurrence.

Lignification of cell walls plays an important function as
constitutive as well as inducible resistance mechanisms against
pathogens (Dixon and Paiva 1995; Eynck et al. 2012; Nicholson
and Hammerschmidt 1992; Vance et al. 1980). Resistant durum
wheat were found to have significant differences in lignin mon-
olignols composition, arabinoxylan substitutions and pectin
methylesterification compared with the susceptible ones sug-
gesting that differences in cell wall traits are associated with
resistance against Fusarium graminearum (Lionetti et al. 2015).
In tomato, resistant varieties have significantly higher content
of soluble phenolics and lignin in response to Ralstonia sol-
anacearum than the susceptible varieties. Enhanced accumula-
tion of phenolic compounds and lignin in cell walls after
0x0-C14-HSL pretreatment and subsequent pathogen challenge
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Fig. 6. N-acyl homoserine lactone (AHL)-priming has an impact on phenol accumulation in Golden Promise and had no significant impact on Gaulois.
Colorimetric quantification of A and D, soluble phenolic compounds, B and E, cell wall-bound phenolic compounds, and C and F, lignin was performed
using the Folin-Ciocalteau method with some modifications. Barley seedlings of both genotypes were grown in vitro, pretreated with 6 uM oxo-C14-HSL
or acetone (solvent control) for 3 days, and subsequently challenged with chitin (100 wg/ml) for 48 h post treatment (hpt). Both phenolic fractions were
extracted from 30 mg of lyophilized plant tissues and normalized to gallic acid. Quantification of lignin was done using alkaline lignin as a standard. The
experiment was repeated three times. * indicates P < 0.05 in Student’s ¢ test. Error bars represent standard deviation.
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was proposed as part of the physiological remodeling in primed
Arabidopsis plants (Balmer et al. 2015; Schenk et al. 2014). Al-
though, we observed higher accumulation of soluble and cell wall-
bound phenolics accompanied with enhanced lignification in the
Golden Promise genotype (Fig. 6A, B, and C), no difference between
the 0xo-C14-HSL pretreated and control plants was observed in the
Gaulois genotype (Fig. 6D, E, and F). The analysis of the whole
metabolome profile was less conclusive. The differences between the
Golden Promise and Gaulois genotypes were prominent as were the
differences in barley metabolic composition after the challenge with
chitin. However, only particular metabolites seem to differ in their
abundance between primed and nonprimed plants. We are currently
identifying the nature of those compounds.

Whether the inability of the Gaulois genotype to induce AHL-
priming response is due to its impaired perception of AHL molecule
or impairment in priming response itself remains to be tested. The
precise description of the AHL-priming mechanism might be in-
deed very difficult and require nonbiased approaches such as for
example whole transcriptome profiling. Another strategy could be
to detect QTL involved in priming through genome wide associ-
ation studies (GWAS) by screening a larger set of barley accessions
as suggested by Wehner et al. (2019).

Conclusions. We showed that the principal mechanism of AHL-
induced priming in barley seems similar to the mechanism in
Arabidopsis, i.e., it is associated with the activation of MAPKs,
enhanced expression of various defense-related genes and re-
modeling of cell wall structure. Such findings are important, as they
open doors to study the mechanisms and the interactions between
the plant genetic background and priming. The use of AHL mol-
ecules to modulate plant defense clearly needs further optimization
and deeper understanding of its mechanisms. Nonetheless, some
factors are already known: plant genotype, soil and microbial com-
munity compositions, and priming inoculum. Identification of the
metabolites that differ between AHL-primable and AHL-nonprimable
genotypes should help to increase the efficacy of priming in crop
plants and perhaps lead us to new breeding approaches for sus-
tainable crop protection.
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