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ABSTRACT: This study investigated the quantitative changes in 33 stress- or resistance-related metabolites induced by Bipolaris
sorokiniana in batley leaves of quantitatively resistant and susceptible barley lines of the multiparental nested association mapping
(NAM) population HEB-25. The analyses were based on ultrahigh-performance liquid chromatography tandem mass spectrometry
(UHPLC-MS/MS). Twenty-nine infected and noninfected barley genotypes were analyzed at four different time points after
inoculation. The method provided quantification of hordatines, phenolamides, hydroxycinnamic acids, flavone glucosides,
hydroxynitrile glucosides, apocarotenoids, and indole derivatives. In leaves infected with B. sorokiniana, phenolamide levels were
elevated compared to noninfected plants. A correlation between metabolite levels and the severity of infection showed that the more

resistant barley lines contained higher amounts of hordatines and hordatine glucosides.
KEYWORDS: barley, Bipolaris sorokiniana, biotic stress, metabolites, LC-MS/MS, quantification

B INTRODUCTION

With a global cultivation area of nearly 70 million hectares,
barley (Hordeum vulgare L.) ranks fourth among cereal crops
according to production area.' The harvested grain is mainly
used as animal feed (65%), followed by malting (33%), and
human consumption (2%).” Barley cultivation is endangered
by several biotic stresses, such as fungal infections. Among
these, spot blotch caused by Bipolaris sorokiniana is one of the
most common fungal diseases in barley”* with yield losses of
25-45%.> Against the background of climate change and
associated rising temperatures, fungal infections are increasing
and causing pathogens to spread across the current Northern
borders.”” The concomitant increased need for fertilizers and
synthetic fungicides and the limitation of their use in the
interests of consumers and the environment require crop
species with improved resistance properties as well as the
presence of alternative active constituents and naturally
occurring defense molecules in plants.

Barley varieties with enhanced resistance to fungal infections
have already been produced through plant breeding and
several genes and quantitative trait loci (QTLs) causing
pathogen resistance have been localized on different
chromosomes.”* ™"

Plants respond to environmental stressors through the
accumulation of defense-related specialized metabolites (bio-
active natural products).'””" Plant metabolites have diverse
functions e.g, acting as signaling molecules, antioxidants,
allelochemicals, direct insecticides, and antifungals. Depending
on the plant cultivars, enhanced accumulation of plant

© XXXX The Authors. Published by
American Chemical Society

WACS Publications

metabolites may be associated with increased stress tolerance
or pathogen resistance.”"*

In barley, barley-specific hordatines are known for their
antifungal potential and contribution to resistance.”””* More-
over, the biosynthetic precursors of hordatines, such as p-
coumaroylagmatine (p-CA), which belong to the substance
class of phenolamides or hydroxycinnamic acid amides, exhibit
plant-protective properties.”> >’ In barley leaves, hydroxyni-
trile glucosides inhibit fungal growth.”® Flavone glucosides and
blumenol C glucosides are stress-induced metabolites in barley
leaves in their response to abiotic stress.”” Tryptophan and
tryptamine play an essential role in plant defense responses and
stress tolerance to abiotic and biotic stress challenges.”*™>* All
of these substances as well as the previously identified
carboxylated blumenol C glucosides and sulfated grasshopper
ketone accumulate in barley leaves infected with B. sorokiniana,
and some have shown antifungal activity against B. sorokiniana
at 10 mmol/L.>*

The transcriptome analysis by Basak et al. (2024) high-
lighted that the barley—B. sorokiniana interaction is governed
by a complex, quantitative resistance involving extensive
transcriptional reprogramming, such as upregulation of
defense-related genes, including resistant gene analogs
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Figure 1. Chemical structures of marker metabolites (1—33) in barley leaves infected with B. sorokiniana and internal standards (IS1—IS8) used for
the quantification of metabolites 1—33. (1) hordatine A, (2) hordatine B, (3) hordatine C, (4) hordatine A glucoside, (5) hordatine B glucoside,
(6) hordatine C glucoside, (7) p-coumaroylagmatine (p-CA), (8) feruloylagmatine (FerAgm), (9) sinapoylagmatine (SinAgm), (10) p-
coumaroylhydroxylagmatine (p-CHA), (11) p-coumaroylhydroxydehydroagmatine (p-CHDA), (12) p-coumaroylputrescine, (13) feruloylpu-
trescine (FerPut), (14) sinapoylputrescine (SinPut), (15) isovitexin, (16) saponarin, (17) meloside A, (18) schaftoside, (19) isoschaftoside, (20)
epiheteroendrin, (21) sutherlandin, (22) osmaronin, (23) dihydroosmaronin, (24) epidermin, (25) p-coumaric acid, (26) ferulic acid, (27) sinapic
acid, (28) L-tryptophan, (29) tryptamine, (30) oxyglutathione, (31) S-carboxyblumenol C glucoside, (32) S-carboxydidehydroblumenol C
glucoside, (33) grasshopper ketone sulfate, (IS1) phenformin, (IS2) puerarin, (IS3) vicenin 2, (IS4) linamarin, (ISS) o-coumaric acid, (IS6)

B3¢, SN, -oxyglutathione, (IS7) tryptophan-ds, (IS8) abscisic acid-d.

(RGAs), pathogenesis-related (PR) proteins, defensins, and
disease resistance proteins.35

The aim of this study was to determine the quantitative
content of those metabolites associated with biotic stress in
barley leaves. The metabolite content was correlated with the
quantitative resistance of different susceptible barley genotypes
from the multiparental nested association mapping (NAM)
population HEB-25.* In a previous study, the HEB-25 lines
showed quantitative resistance behavior toward B. sorokini-
ana.”* The significant differences in the severity of the
infection among the 29 selected HEB-25 genotypes demon-
strate the high genetic variability within the HEB-2§

population and thus its suitability for the quantification of
molecular resistance markers. This required development of an
ultrahigh-performance liquid chromatography tandem mass
spectrometry (UHPLC-MS/MS) method for the simultaneous
quantitation of 33 marker metabolites in barley leaves (Figure
1).

The method was fully validated for linearity, accuracy,
precision, limit of detection (LOD), and limit of quantification
(LOQ). This enabled analysis of 928 samples originating from
29 barley genotypes of the HEB-25 NAM population,*
infected with B. sorokiniana and noninfected controls at four
different sampling times. Metabolite content/levels were
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correlated to the level of resistance or susceptibility of different
barley lines as well as to the state of infection.

B MATERIALS AND METHODS

Chemicals

The reference substances isoschaftoside (19, >90%), trans-p-
coumaric acid (25, >98%), trans-ferulic acid (26, 99%), trans-sinapic
acid (27, >99%), L-tryptophan (28, >98%), tryptamine hydro-
chloride (29, 99%), L-glutathione oxidized (30, > 98%), phenformin
hydrochloride (IS1, >98%), and trans-o-coumaric acid (ISS, >98%)
were obtained from Sigma-Aldrich (Steinheim, Germany). Isovitexin
(15, >99%), saponarin (16, >98%), schaftoside (18, >90%), and
puerarin (IS2, >98%) were purchased from Extrasynthese (Genay,
France). Meloside A (17, >98%), '*C,"*N,-oxyglutathione (IS6,
90%), and vicenin 2 (IS3, >99%) were obtained from MedChemEx-
press (Sollentuna, Sweden). Linamarin (IS4, >98%) was purchased
from Cayman Chemicals (Ann Arbor, Michigan, USA), tryptophan-d;
(187, >95%), and abscisic acid-d, (IS8, >95%) from Santa Cruz
Biotechnology (Dallas, Texas, USA).

Hordatine A, B, and C (1-3), the corresponding hordatine
glucosides (4—6), p-coumaroylhydroxyagmatine (p-CHA, 10), and p-
coumaroylhydroxydehydroagmatine (p-CHDA, 11) were isolated
from barley grains or leaves. Furthermore, p-coumaroylagmatine (p-
CA, 7), feruloylagmatine (FerAgm, 8), sinapoylagmatine (SinAgm,
9), p-coumaroylputrescine (CouPut, 12), feruloylputrescine (FerPut,
13), and sinapoylputrescine (SinPut, 14) were synthesized, as
previously noted.>* The hydroxynitrile glucosides 20—24 were
synthesized by M. S. Motawia, as previously described®® and
references were provided by M. Serensen and B. L. Moller (University
of Copenhagen, Denmark).

Acetonitrile, methanol, 2-propanol (Fisher Scientific, Schwerte,
Germany), formic acid, and acetic acid (>99%, HiPerSolv
Chromanorm, VWR International, Darmstadt, Germany) were LC-
MS grade. The water used for LC-MS was purified with an AQUA-
Lab-B30-Integrity system (AQUA-Lab, Ransbach-Baumbach, Ger-
many). The deuterated solvents D,0, DMSO-d,, and methanol-d,
were obtained from Sigma-Aldrich (Steinheim, Germany).

Plant Material and Infection

A total of 29 barley lines from the nested association mapping (NAM)
population HEB-25>® were selected, which differed genetically at the
QTL QPt.4H-S, a candidate locus for net blotch (Pyrenophora teres f.
teres) resistance.”” The respective wild barley parents (HID) and the
recurrent parent Barke of the HEB-25 population were tested, too.
Plants were cultivated under controlled conditions in a greenhouse
cubicle with temperature control (18—20 °C heating temperature,
19-21 °C ventilation temperature, humidity 60—80%, and 16 h/day
daylight exposure). Each genotype was grown in eight pots, of which
four biological replicates were infected with B. sorokiniana by spray
inoculation (10,000 spores/mL containing 1 mL Tween 80/L until
runoff). Control plants were sprayed with distilled water (1 mL
Tween80/L) until runoff. After inoculation, the plants were grown 3
days in a climate cabin (18 °C, 80% humidity, darkness) and sprayed
several times with demineralized water to keep leaves wet and
promote spore germination. For differentiation, the plants were
returned to the greenhouse cubicle (16—18 °C heating temperature,
17—19 °C ventilation temperature, 60—80% relative humidity, daily
irrigation). The visual symptoms on the leaves were characterized on
a scale of 1 to 9 at 7, 10, 14, and 17 d after inoculation. A rating of 1
corresponds to a healthy plant without disease symptoms, and a rating
of 9 corresponds to more than 80% infested leaf area. At all time
points, leaf samples were taken and immediately frozen.

Sample Preparation

Frozen barley leaves (50 mg) were weighed into bead beater tubes (2
mL, CKMix-2 mL, Bertin Technologies, Montigny-le-Bretonneux,
France) filled with ceramic beads (zirconium oxide; mixture of 1.4
mm and 2.8 mm). After the addition of butylhydroxytoluene (25 uL,
1.0 mg/mL) an internal standard mixture (30 yL, IS) consisting of o-

coumaric acid (IS1; 1.1 pgmol/L), *C,"*N,-oxyglutathione (1S2; 1.1
umol/L), puerarin (IS3; 2.0 ymol/L), vicenin 2 (IS4; 1.0 ymol/L),
abscisic acid-dg (ISS; 4.0 pmol/L), phenformin (IS6; 3.4 umol/L),
tryptophan-ds (IS7; 1.7 pmol/L), linamarin (IS8; 1.2 ymol/L) and
methanol/water (945 uL, 70/30, v/v), the mixture was homogenized
in the Precellys homogenizer (Bertin Technologies, Montigny-le-
Bretonneux, France; 6500 rpm, 3 X 30 s, 15 s pause) and equilibrated
on a shaker (4 h, on ice, in the dark). After centrifugation, the
supernatant was membrane filtered (0.45 ym; Minisart RC 15,
Sartorius, Gottingen, Germany) and used for LC-MS/MS analysis.

UHPLC-MS/MS Measurement

Quantification was performed using a Nexera X3 UHPLC (Shimadzu,
Kyoto, Japan) coupled to a QTRAP 6500+ MS/MS system (Sciex,
Darmstadt, Germany) in electrospray ionization (ESI) mode with
positive and negative polarity switching. The UHPLC apparatus
comprised of two LC pump systems (LC-40D X3), a DGU-40S
degasser, a SIL-40C X3 autosampler, a CTO-40C column oven and
an SCL-40 controller. Aliquots (1 uL) of the sample extracts were
injected and separated on a Kinetex Cg column (2.1 mm X 100 mm;
1.7 um; 100 A; Phenomenex, Aschaffenburg, Germany) with an
appropriate guard column. Chromatographic separation was per-
formed at 40 °C with a flow rate of 0.4 mL/min. The mobile phase
consisted of 0.1% formic acid in water (eluent A) and 0.1% formic
acid in acetonitrile (eluent B). The composition of the mobile phase
changed as follows: 1% B hold for 1 min, from 1 to 15% B in 7 min,
from 15 to 20% B in 4 min, from 20 to 60% B in 2 min, from 60 to
100% B in 0.5 min, 100% B hold for 3 min, from 100 to 1% B in 0.5
min, and 1% B hold for 1 min. The autosampler temperature was set
to 10 °C. The mass spectrometer was operated in scheduled multiple
reaction monitoring (SMRM) mode (low mass) with the following
device parameters: an ion spray voltage of —4500 V, curtain gas at 35
psi, a source temperature of 450 °C, nebulizer gas at S5 psi, heating
gas at 65 psi, collision activated dissociation at —2 V, and a
declustering potential of 10 V. The MS parameters were optimized
for each analyte and IS by the direct infusion of the pure reference
substance solutions, and the most intensive mass transitions were
selected as either quantifiers or qualifiers (Table S1). Data acquisition
and device control were conducted using Analyst software (version
1.6.3; Sciex, Darmstadt, Germany), and data was undertaken using
MultiQuant (version 3.0.2; Sciex, Darmstadt, Germany).

B METHOD VALIDATION

Linearity

Quantification was performed using internal calibration. The
accurate concentration of each reference substance solution
was verified by quantitative 'H NMR spectroscopy and
aliquots of each solution were combined to form a calibration
standard stock solution. The calibration stock solution was
sequentially diluted 1 + 1 with acetonitrile/water (50/50, v/v)
and an aliquot (30 yL) of the IS mixture was added to each
dilution (970 uL). Twelve calibration points were recorded in
the calibration range from 0.02—10 ymol/L (analyte 1), from
0.01—5 umol/L (analytes 2—6), and from 0.05—100 umol/L
(analytes 7—10, 12—16, 18—31,). Due to the limited
availability of standard substances, the concentration of
metabolite 17 was calculated with the calibration function of
16, metabolite 32 was calculated as 31, and metabolite 11 as
10. The levels of metabolites 33 and 34 were only
semiquantitatively assessed by comparing the area ratio of
analyte and IS between the samples.

Recovery Rate

As no analyte-free matrix was available, barley leaves were
homogenized, spiked with three different concentration levels
of the target analytes and further processed, as previously
described. The endogenous concentrations present in the
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matrix before addition of the analytes were subtracted from the
determined concentrations of each analyte. The recovery rate
was calculated using the following formula:

Cmeasured Cendogen

Recovery rate = X 100%

Cspiked

Three replicates were analyzed per concentration level.
Precision

To determine the precision of this method, samples were
prepared independently in triplicates on three different days
(interday) or on the same day (intraday), and the coefficient of
variation was calculated.

Limit of Detection (LOD) and Limit of Quantification (LOQ)

A signal-to-noise ratio of 3 or 10 was chosen as the LOD or
LOQ, respectively. The largest noise signal for each analyte
represented via the mass transition of a barley matrix sample
was integrated and the corresponding concentration was
determined using the calibration function.”

Data Analysis and Visualization

A visualization of quantitative data as heatmaps and correlation
analysis was performed using MetaboAnalyst (version 6.0).*

Quantitative '"H NMR (q'"H NMR) Spectroscopy

The NMR measurements were carried out on an AVANCE III
400 MHz system (Bruker, Rheinstetten, Germany) equipped
with an inverse BBI probe. To check the exact concentration of
each analyte solution, the substances were dissolved in D,0O
(analytes 1—6, 20—24), methanol-d, (analytes 7—10, 12—14,
18, 25—26, 28—30) or DMSO-dy (analytes 15—16, 27, 31),
and 600 uL of each solution was added to an NMR tube (S
mm X 178 mm; Bruker, Fillanden, Switzerland). The spectra
were referenced to the solvent signal and expressed in parts per
million (ppm). TopSpin 3.6 software (Bruker) was used for
data processing. Quantitative 'H NMR spectroscopy was
performed after calibration with the external calibration
standards caffeine and tyrosine in D,O using the ERETIC II
tool (Electronic REference To access In vivo Concentrations)
and the PULCON method (PULse length based CONcen-
tration determination).*’

B RESULTS AND DISCUSSION

Quantification of Stress- and Resistance-Related
Metabolites in Barley Leaves

A total of 29 differently resistant barley lines of the NAM
population HEB-25 were grown and infected with B.
sorokiniana.® At 10, 14, and 17 d after inoculation, the
severity of the spot blotch symptoms was phenotypically rated
(disease scores are reported in literature®®), and leaf samples
were taken for LC-MS/MS analysis. In parallel, we examined
parental HID and Barke lines.

In a previous study, we identified up- or downregulated
metabolites in barley leaves after infection with B. sorokiniana
and evaluated their potential antifungal activity against this
fungus.’® To estimate whether the previously identified marker
metabolites for an infection of barley with B. sorokiniana were
present in barley leaves in sufficiently high concentrations to
have an inhibitory effect against the pathogen and to
investigate whether a quantitative relationship existed between
metabolite concentrations and the resistance of the HEB-2S
NAM population,* we developed a quantitative UHPLC-MS/
MSyry method. To compensate for analyte losses during

sample preparation and matrix effects during ionization, eight
structurally similar internal standards (IS) were used to
quantify the 33 metabolites. The method was validated
regarding linearity, accuracy, precision, LOD and LOQ
(Tables S2—S3). The recovery rates for all analytes were in
the range of 80—131%, and the precisions were between 0.2—
26%. The LOD ranged from 0.001—0.366 ymol/L, and the
LOQ ranged from 0.004—1.186 ymol/L.

The main metabolite in barley leaves was saponarin (16) at
0.055—4.46 pmol/g FW (Table S4). These values aligned with
those in the literature.”" The parent line HID-219 showed the
lowest concentrations of saponarin (16), but the highest
concentrations of its isomer meloside A (17).

The content of hordatine aglycones (1—3) was higher at up
to 2.72 umol/g FW than the content of hordatine glucosides
(4—6) at up to 0.085 ymol/g FW. The cis-isomers were higher
than those of the trans-isomers in the barley leaves examined.
Hordatine B (2) accounted for the largest proportion, followed
by hordatine A (1) and C (3). To date, the literature has only
provided quantitative information on hordatines (1—3) or
hordatine glucosides (4—6) in beer and barley malt. The ratios
of hordatines A (1), B (2) and C (3) in barley leaves
determined in this study aligned with the values for beer and
malt in the literature.”>*

Analogous to the hordatines (1—6), the content of the cis-
isomers of the analyzed phenolamides (7—14) was higher than
that of the trans-isomers. Cis- and trans-isomers of p-CHDA
(11) have been described in literature and can be distinguished
chromatographically.”* Reference substances were isolated
from barley leaves and structurally characterized by 1D-/2-
NMR experiment.”* The detection of multiple phenolamide
isomers may arise from both biological and analytical sources.
Biologically, isomerization can occur through enzymatic
processes or spontaneous rearrangements, leading to com-
pounds with potentially different biological activities. At the
same time, nonenzymatic isomerization may take place during
sample extraction, storage, or UHPLC-MS/MS analysis,
particularly under conditions involving light exposure, pH
variation, or elevated temperatures.

The biosynthetic precursors of hordatine A and B (1-2), p-
CA (7), FerAgm (8), and p-CHA (10) dominated, whereas
CouPut (12) and p-CHDA (11) were present in smaller
amounts. SinAgm (9), FerPut (13), and SinPut (14) were
undetectable in the samples. Ube et al. identified an increase in
phenolamides (7—8, 10—13) in B. sorokiniana-infected wheat
leaves by using HPLC-UV and LC-MS/MS with external
calibration.”> The method developed in this work represents
the first LC-MS/MS-MRM method for the quantification of
hordatines (1—6) and phenolamides (7—14) in barley leaves
using authentic reference standards.

No comparable values could be found in the literature for S-
carboxyblumenol C 9-O-f-p-glucoside (31) and the newly
identified S-carboxydidehydroblumenol C 9-O-f-p-glucoside
(32). The average values of 0.012 umol/g FW were
determined for 31 and 0.37 pumol/g FW for 32, respectively.

The contents of the hydroxynitrile glucosides (20—24)
ranged from 0.0092—4.09 umol/g FW and aligned with the
values described in the literature.””**** The relative ratio of
the hydroxynitrile glucosides, which has been found to be
constant in many barley lines, was only partially reflected in the
examined genotypes of the HEB-25 NAM population.’**’ The
main proportion was epidermin (24) (52 + 17%), followed by
osmaronin (22) (20 + 16%), epiheteroendrin (20) (15 + 5%),
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Figure 2. Hierarchical cluster analysis (HCA) of the quantitation of stress- and resistance-related marker metabolites in barley leaves of 29 selected
genotypes of the HEB-25 NAM population.36 Sampling of infected (inf) and noninfected control (con) plants was carried out 7 days after

inoculation with B. sorokiniana.

sutherlandin (21) (9 + 6%), and dihydroosmaronin (23), with
4 + 7% of the total hydroxynitrile glucoside amount. The
noninfected plants showed higher levels of hydroxynitrile
glucosides than the infected barley leaves. This may reflect that
some fungi are able to detoxify hydroxynitrile glucosides.*

The concentrations of tryptophan (28) ranged from 0.019—
1.04 ymol/g FW, and tryptamine (29) ranged from 0.0040—
0.94 pumol/g FW. Comparable values were found in B.
sorokiniana-infected wheat leaves and in B. oryzae-inoculated
rice leaves.*”"

Among the analyzed hydroxycinnamic acids (25—27),
ferulic acid (26) was dominant in barley leaves, whereas p-
coumaric acid (25) and sinapic acid (27) were only detected

in trace amounts or were undetectable. This relative ratio was
also established in many studies on barley grain.”* > The low
amount of free hydroxycinnamic acids in barley leaves could be
due to this substance class being predominantly conjugated to
cell wall components in plants.”*~’

The natural concentrations of marker metabolites in barley
leaves are significantly lower than the test solutions used in
bioactivity tests for an inhibitory effect against B. sorokiniana.”*
Since this study showed that some marker metabolites
accumulate mainly in symptomatic areas, the local levels in
symptomatic, pathogen-damaged leaf areas may be consid-
erably higher. Whether additive or synergistic effects among
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Figure 3. (A) Spearman rank correlation coefficients of the metabolites that most positively (red) and negatively (blue) correlate with the disease
score of the B. sorokiniana infection of all tested genotypes. (B) Box plots of the metabolites that were most positively and negatively correlated
with disease score of a resistant (left), medium-resistant (middle) and susceptible (right) barley genotypes. Sampling of infected (red) and
noninfected control plants (blue) was carried out 7 days after inoculation with B. sorokiniana. *** p < 0.001; ** p < 0.01; * p < 0.1 (n = 4)

(unpaired t-test).

different metabolites can occur must be clarified in follow-up
studies.

Resistance-Associated Marker Metabolites

We quantified the levels of marker metabolites in different
resistant or susceptible barley lines of the HEB-25 NAM
population and associated their levels with the severity of the
symptoms of spot blotch caused by B. sorokiniana.’° The
results of the earliest sampling time (7 d after inoculation) are
shown in Figure 2, as the marker metabolites can be
particularly useful for detecting stress-induced metabolome
alterations in the early symptomatic stage of the disease.

The results of the other sampling times can be found in the
Supporting Information for this study (Figure S1).

In the more resistant barley lines, higher concentrations of
hordatines (1—3), hordatine glucosides (4—6), and HCAA
precursors (7—9) of hordatine biosynthesis were found
(Figure 3).

In all barley lines, the content of hordatines (1—3) was
lower in the infected plants than in the noninfected controls.
An exception was the cultivar HEB 06 136, which was
classified as relatively susceptible and showed high levels of
hordatines (1—3) and the stress-related metabolites p-CHA
(10), p-CHDA (11), tryptamine (29) and the previously
identified apocarotenoids (32—33).

In contrast to previous reports,”*”®" hordatines (1—3) did
not clearly exhibit pathogen-induced upregulation in this study,
and hordatine B (2) significantly decreased following infection.
These results challenge the commonly proposed role of
hordatines (1—3) as key contributors to disease resistance in
barley. The reduction in hordatine B (2) may reflect complex
metabolic regulation. It is possible that hordatine B (2) is
converted into downstream metabolites or suppressed through
feedback mechanisms within interconnected biosynthetic
pathways. Additionally, shifts in metabolic flux under stress
conditions may prioritize the production of other defense-
related compounds. The lack of significant upregulation of

hordatines (1—3) also suggests the involvement of broader
regulatory networks. Plant defense responses are controlled by
multiple signaling pathways, which may differentially modulate
secondary metabolite biosynthesis depending on pathogen
type and infection stage. Thus, hordatines (1—3) accumulation
may not be universally induced under all conditions.
Genotypic differences among barley varieties may further
explain these observations. Distinct cultivars can exhibit
variable metabolic responses. Comparative studies across
other resistant and susceptible varieties could help to clarify
this aspect. Finally, spatial heterogeneity in metabolite
distribution may contribute to the observed patterns. Localized
accumulation of hordatines (1—3) at infection sites could
occur without detectable changes at the whole-tissue level,
potentially obscuring their functional role. Overall, these
findings suggest that the role of hordatines (1—3) in disease
resistance is more complex and context-dependent than
previously assumed, warranting further investigation into
their regulation and function.

The more resistant lines had lower levels of the flavone
glycosides saponarin (16), schaftoside (18), and isoschaftoside
(19) at all time points compared to the more susceptible
barley varieties. Likewise, the increased occurrence of trypt-
amine (29) was associated with susceptibility to B. sorokiniana.

To investigate a connection between the quantitative
resistance of the examined genotypes and the metabolite
content, the disease score of the B. sorokiniana-infection was
correlated with the metabolite concentrations. Hordatines (1—
3) and hordatine glucosides (4—6) were associated with
quantitative resistance, whereas flavone glycosides (15, 18—
19), tryptamine (29), coumaroylagmatine derivatives (10—
11), and blumenol C derivatives (31—32) were correlated with
susceptibility (Figure 3). The later sampling time points
showed similar results (Figure S2).

Hordatines (1—3) and phenolamides (7—9) quantified in
this study originate from the phenylpropanoid pathway.
Hordatines (1—3) are formed via oxidative coupling of
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Figure 5. Box plots of selected metabolites (A—D) in all 29 examined barley cultivars of the HEB-25 NAM population36 at four different time

points after inoculation with B. sorokiniana and noninfected controls.

hydroxycinnamoylagmatine precursors.””®> Phenolamides
have been implicated in plant resistance through multiple
mechanisms, including direct antifungal activity, reinforcement
of cell wall structures, and potential roles in defense
signaling.64_66

While hordatines (1—-3) and hordatine glucosides (4—6)
showed negative correlations with disease severity, suggesting a
potential role in resistance, these relationships remain
associative. It is equally plausible that their accumulation
reflects activation of broader defense pathways rather than a
direct antifungal function. Previous studies have suggested
antimicrobial or cell wall-reinforcing properties of such

compounds, but their specific contribution to quantitative
resistance against B. sorokiniana remains to be experimentally
validated. Future research should therefore focus on functional
approaches, such as the exogenous administration of purified
metabolites, reverse genetics for the targeted modification of
biosynthetic genes, or the use of near-isogenic lines with
different metabolite accumulation to investigate causal
relationships. The integration of metabolomics with tran-
scriptomics or QTL mapping could also help to clarify whether

these metabolites are drivers or markers of resistance.
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Infection-Associated Marker Metabolites

Even though the influence of the genotype on the metabolome
was greater than that of inoculation with B. sorokiniana, we
identified similarities in the up- or down-regulation of
individual metabolites in response to the pathogen averaged
over all time points (Figure 4).

While coumaroylagmatines (8, 10—11) and blumenol C
derivatives (31—32) were positively correlated with the
inoculation effect, flavone glycosides (16, 18—19) and
hordatines (1—3) were predominantly found in the healthy
control plants (Figure 4A).

Influence of the Time Point of Infection on Metabolite
Levels

When considering the individual sampling times separately, we
measured time-dependent up- or downregulation of marker
metabolites (Figure S3). At the earliest sampling time (7 d
after inoculation), tryptophan (28) was more abundant in the
healthy control plants. In the course of the disease progression,
tryptophan (28) levels increased in the infected leaves and
decreased in the noninfected plants (Figure SA).

In contrast, tryptamine (29) concentrations were more
elevated in the infected plants than in the noninfected controls
at all time points, but decreased in healthy and infected
samples over time (Figure SB). This could indicate stress-
related upregulation of tryptophan biosynthesis and further
conversion into tryptamine that additionally is plant age-
dependently metabolized into other indole derivatives.

Similar behavior was observed for S-carboxyblumenol C
glucoside (31), and grasshopper ketone sulfate (33) for the
first three time points (7, 10, 14 days post inoculation), when
the levels decreased in the healthy plants, and increased in the
infected plants (Figure SC—D).

The quantitative resistance of the NAM population HEB-25
might be gartially explained by the measured marker
metabolites.”® However, the fluctuations between the bio-
logical replicates indicate that the observed symptoms of the B.
sorokiniana infection were due to various influencing factors in
addition to the metabolite concentrations. It should be also
noted that positive correlations of metabolite concentrations
with the degree of susceptibility or resistance cannot be readily
interpreted as causative. Necrotic symptoms that develop in
susceptible genotypes may associate with tissue damage that
provokes secondary metabolite accumulation, perhaps even
limiting more extreme pathogen spreading. e.g., both schafto-
side (18) and tryptamine (29) were associated with disease
susceptibility, but schaftoside (18) supported whereas trypt-
amine (29) inhibited in vitro growth of B. sorokiniana.**
Nevertheless, knowledge of the metabolic alterations in plants
in response to biotic and abiotic stresses could contribute to
the targeted control of diseases in future breeding programs.
Biomarker molecules, as identified here, can be used in
screenings of breeding material to detect diseases or resistance
in the early, presymptomatic state of fungal infections.

In summary, we have successfully developed and validated a
new LC-MS/MS,ry method for quantification of a total of 33
metabolites in barley leaves, enabling the simultaneous
measurement of a wide structural diversity of substances
with high sensitivity. Quantitative values for hordatine A, B,
and C (1-3), hordatine glycosides (4—6), flavone glycosides
(15—19), oxyglutathione (30), phenolamides (7—14), the
newly identified S-carboxyblumenol-C-9-O-f-p-glucoside (31),
and S-carboxydidehydroblumenol-C-9-O-f-p-glucoside (32)

were determined in barley leaves for the first time. The
developed method allowed quantitative measurement of
marker metabolites to be correlated with the quantitative
resistance of selected HEB-25 genotypes and the quantitative
determination of infection-induced upregulations of secondary
metabolites. This method could be applied in the future to
investigate the biotic stress resistance of various barley lines,
other environmental and stress factors, or treatment effects.
Further experiments with barley mutants, in which individual
biosynthetic pathways for the formation of the identified
resistance-related metabolites are silenced or overexpressed,
could confirm that the metabolites associated with resistance in
this study are responsible for their resistance. Comparative
multiomics approaches will be essential to fully elucidate the
dynamic host—pathogen interaction mechanisms.

H ASSOCIATED CONTENT
@ Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.jafc.6c01645.

MS parameters of the UHPLC-MS/MS-sMRM method;
results of the validation of the UHPLC-MS/MS-sMRM
method; calibration functions and the coefficient of
determination (R?); measured concentrations of the
marker metabolites in the barley leaves of the HEB-2S
NAM population; hierarchical cluster analyses (HCA) of
the quantitation of marker metabolites in the barley
leaves of 29 selected genotypes of the HEB-25 NAM
population 10, 14, and 17 days after inoculation with B.
sorokiniana; Spearman rank correlation coefficients of
the metabolites that correlate with the disease score of
the B. sorokiniana infection 10, 14, and 17 days after
inoculation with B. sorokiniana; Spearman rank
correlation coeflicients of the metabolites correlated
with infected and noninfected states 7, 10, 14, and 17
days after inoculation with B. sorokiniana (PDF)

B AUTHOR INFORMATION
Corresponding Author

Corinna Dawid — Professorship for Functional
Phytometabolomics, TUM School of Life Sciences and Chair
of Food Chemistry and Molecular Sensory Science, TUM
School of Life Sciences, Technical University of Munich,
Freising 85354, Germany; Professorship for Chemosensory
Food Systems, TUM School of Life Sciences, Technical
University of Munich, Freising 85354, Germany; Leibniz
Institute for Food Systems Biology at the Technical University
of Munich, Freising 85354, Germany; © orcid.org/0000-
0001-5342-2600; Phone: +49 8161 712902;

Email: corinna.dawid@tum.de; Fax: +49 8161 712949

Authors

Lisa Kurzweil — Professorship for Functional
Phytometabolomics, TUM School of Life Sciences, Technical
University of Munich, Freising 85354, Germany

Timo D. Stark — Chair of Food Chemistry and Molecular
Sensory Science, TUM School of Life Sciences, Technical
University of Munich, Freising 85354, Germany;

orcid.0rg/0000—0002—6502—173X

Karina Hille — Chair of Food Chemistry and Molecular
Sensory Science, TUM School of Life Sciences, Technical
University of Munich, Freising 85354, Germany

https://doi.org/10.1021/acs jafc.6c01645
J. Agric. Food Chem. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/acs.jafc.6c01645/suppl_file/jf6c01645_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.6c01645?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.jafc.6c01645/suppl_file/jf6c01645_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Corinna+Dawid"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-5342-2600
https://orcid.org/0000-0001-5342-2600
mailto:corinna.dawid@tum.de
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lisa+Kurzweil"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Timo+D.+Stark"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-6502-173X
https://orcid.org/0000-0002-6502-173X
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Karina+Hille"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Felix+Hoheneder"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
pubs.acs.org/JAFC?ref=pdf
https://doi.org/10.1021/acs.jafc.6c01645?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of Agricultural and Food Chemistry pubs.acs.org/JAFC
Felix Hoheneder — Chair of Phytopathology, TUM School of FerPut feruloylputrescine
Life Sciences, Technical University of Munich, Freising 85354, Fw fresh weight
Germany glc glucoside
Jana Mrtva — Chair of Food Chemistry and Molecular Sensory HCA hierarchical cluster analysis
Science, TUM School of Life Sciences, Technical University of LC-MS liquid chromatography coupled to mass spec-
Munich, Freising 85354, Germany trometry
Hans Hausladen — Plant Technology Center, TUM School of LOD limit of detection
Life Sciences, Technical University of Munich, Freising 85354, LOQ limit of quantification
Germany m/z mass-to-charge ratio
Miriam Lenk — Institute of Biochemical Plant Pathology, MRM multiple reaction monitoring
Helmholtz Zentrum Miinchen, Neuherberg 85764, Germany p-CA p-coumaroylagmatine
Mohammed Saddik Motawie — Plant Biochemistry p-CHA p-coumaroyl-3-hydroxyagmatine
Laboratory, Department of Plant and Environmental p-CHDA p-coumaroyl-3-hydroxydehydroagmatine
Sciences, University of Copenhagen, Copenhagen 1871, ppm parts per million
Denmark; © orcid.org/0000-0001-5582-9463 gNMR quantitative nuclear magnetic resonance
Corina Vlot-Schuster — Institute of Biochemical Plant QTL quantitative trait loci
Pathology, Helmholtz Zentrum Miinchen, Neuherberg 85764, SinAgm sinapoylagmatine
Germany; Chair of Crop Plant Genetics, Faculty of Life SinPut sinapoylputrescine
Sciences: Food, Nutrition and Health, University of Bayreuth, sMRM scheduled multiple reaction monitoring
Kulmbach 95326, Germany tr retention time

Klaus Pillen — Chair of Plant Breeding, Martin-Luther-
University Halle-Wittenberg, Halle (Saale) 06120, Germany

Mette Sorensen — Plant Biochemistry Laboratory,
Department of Plant and Environmental Sciences, University
of Copenhagen, Copenhagen 1871, Denmark; LEO Pharma,
Ballerup, Copenhagen 5750, Denmark

Birger Lindberg Moller — Plant Biochemistry Laboratory,
Department of Plant and Environmental Sciences, University
of Copenhagen, Copenhagen 1871, Denmark; © orcid.org/
0000-0002-3252-3119

Ralph Hiickelhoven — Chair of Phytopathology, TUM School
of Life Sciences, Technical University of Munich, Freising
85354, Germany

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.jafc.6c01645

Author Contributions

Conceptual and experimental design: LK, RH., KP., and
C.D. Funding acquisition: C.D. Experimentation, data
acquisition, and processing: LK, KH., FH, HH., ML,
CV, BLM, JM, MS, and M.S.M. Visualization, writing:
L.K. Review and editing: L.K,, T.D.S,, C.D., M.S,, B.L.M,, and
RH. Supervision: T.D.S. and C.D. Methodological support:
T.D.S.

Notes

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This research was funded to C.D. by the German Research
Foundation in the framework of SFB924/TP-B12 and by a
VILLUM Foundation grant to VILLUM Center for Plant
Plasticity to BLM (VKR 023054/00007523). MS was
supported by a postdoctoral fellowship from the Novo Nordisk
Foundation (NNF210C0071074). This research did not
involve human or animal participants.

B ABBREVIATIONS

B. sorokiniana Bipolaris sorokiniana

Cy coefficient of variation
FA formic acid
FerAgm teruloylagmatine

B REFERENCES

(1) Badr, A.; Miiller, K.; Schifer-Pregl, R.; Rabey, H. E.; Effgen, S,;
Ibrahim, H.; Pozzi, C.; Rohde, W.; Salamini, F. On the origin and
domestication history of barley (Hordeum vulgare). Mol. Biol. Evol.
2000, 17 (4), 499-510.

(2) Sullivan, P.; Arendt, E.; Gallagher, E. The increasing use of
barley and barley by-products in the production of healthier baked
goods. Trends Food Sci. Technol. 2013, 29, 124—134.

(3) Valjavec-Gratian, M.; Steffenson, B. J. Pathotypes of Cochliobolus
sativus on Barley in North Dakota. Plant Dis. 1997, 81 (11), 1275—
1278.

(4) Arabi, M.; Jawhar, M. Identification of Cochliobolus sativus (spot
blotch) isolates expressing differential virulence on barley genotypes
in Syria. J. Phytopathol. 2004, 152 (8—9), 461—464.

(5) Kumar, J.; Schifer, P.; Hiickelhoven, R.; Langen, G.; Baltruschat,
H.,; Stein, E.; Nagarajan, S.; Kogel, K.-H. Bipolaris sorokiniana, a
cereal pathogen of global concern: cytological and molecular
approaches towards better control. Mol. Plant Pathol. 2002, 3 (4),
185—-19S.

(6) Bebber, D. P.; Ramotowski, M. A.; Gurr, S. J. Crop pests and
pathogens move polewards in a warming world. Nat. Clim. Change
2013, 3 (11), 985—988.

(7) Chaloner, T. M,; Gurr, S. J.; Bebber, D. P. Plant pathogen
infection risk tracks global crop yields under climate change. Nat.
Clim. Change 2021, 11 (8), 710—71S.

(8) Schweizer, P.; Stein, N. Large-scale data integration reveals
colocalization of gene functional groups with meta-QTL for multiple
disease resistance in barley. Mol. Plant-Microbe Interact 2011, 24 (12),
1492—1501.

(9) Bilgic, H.; Steffenson, B. J.; Hayes, P. M. Molecular mapping of
loci conferring resistance to different pathotypes of the spot blotch
pathogen in barley. Phytopathology 2006, 96 (7), 699—708.

(10) Ghazvini, H. Identification, by selective genotyping, of
quantitative trait loci conferring resistance to Cochliobolus sativus in
barley line TR 251. Crop Breed. ]. 2014, 4 (1), 35—4S.

(11) Leng, Y.; Zhao, M.; Fiedler, J; Dreiseit], A,; Chao, S.; Li, X;
Zhong, S. Molecular mapping of loci conferring susceptibility to spot
blotch and resistance to powdery mildew in barley using the
sequencing-based genotyping approach. Phytopathology 2020, 110
(2), 440—446.

(12) Novakazi, F.; Afanasenko, O.; Lashina, N.; Platz, G. J.;
Snowdon, R.; Loskutov, I; Ordon, F. Genome-wide association
studies in a barley (Hordeum vulgare) diversity set reveal a limited
number of loci for resistance to spot blotch (Bipolaris sorokiniana).
Plant Breed. 2020, 139 (3), 521—535.

https://doi.org/10.1021/acs jafc.6c01645
J. Agric. Food Chem. XXXX, XXX, XXX—XXX


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jana+Mrtva"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hans+Hausladen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Miriam+Lenk"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mohammed+Saddik+Motawie"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-5582-9463
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Corina+Vlot-Schuster"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Klaus+Pillen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mette+S%C3%B8rensen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Birger+Lindberg+M%C3%B8ller"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-3252-3119
https://orcid.org/0000-0002-3252-3119
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ralph+Hu%CC%88ckelhoven"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.6c01645?ref=pdf
https://doi.org/10.1093/oxfordjournals.molbev.a026330
https://doi.org/10.1093/oxfordjournals.molbev.a026330
https://doi.org/10.1016/j.tifs.2012.10.005
https://doi.org/10.1016/j.tifs.2012.10.005
https://doi.org/10.1016/j.tifs.2012.10.005
https://doi.org/10.1094/PDIS.1997.81.11.1275
https://doi.org/10.1094/PDIS.1997.81.11.1275
https://doi.org/10.1111/j.1439-0434.2004.00875.x
https://doi.org/10.1111/j.1439-0434.2004.00875.x
https://doi.org/10.1111/j.1439-0434.2004.00875.x
https://doi.org/10.1046/j.1364-3703.2002.00120.x
https://doi.org/10.1046/j.1364-3703.2002.00120.x
https://doi.org/10.1046/j.1364-3703.2002.00120.x
https://doi.org/10.1038/nclimate1990
https://doi.org/10.1038/nclimate1990
https://doi.org/10.1038/s41558-021-01104-8
https://doi.org/10.1038/s41558-021-01104-8
https://doi.org/10.1094/MPMI-05-11-0107
https://doi.org/10.1094/MPMI-05-11-0107
https://doi.org/10.1094/MPMI-05-11-0107
https://doi.org/10.1094/PHYTO-96-0699
https://doi.org/10.1094/PHYTO-96-0699
https://doi.org/10.1094/PHYTO-96-0699
https://doi.org/10.1094/PHYTO-08-19-0292-R
https://doi.org/10.1094/PHYTO-08-19-0292-R
https://doi.org/10.1094/PHYTO-08-19-0292-R
https://doi.org/10.1111/pbr.12792
https://doi.org/10.1111/pbr.12792
https://doi.org/10.1111/pbr.12792
pubs.acs.org/JAFC?ref=pdf
https://doi.org/10.1021/acs.jafc.6c01645?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of Agricultural and Food Chemistry

pubs.acs.org/JAFC

(13) Segaard, B; von Wettstein-Knowles, P. B. Genes and
chromosomes. Carlsberg Res. Commun. 1987, 52 (2), 123—196.

(14) Steffenson, B. J.; Hayes, P. M.; Kleinhofs, A. Genetics of
seedling and adult plant resistance to net blotch (Pyrenophora teres
teres) and spot blotch (Cochliobolus sativus) in barley. Theor. Appl.
Genet. 1996, 92 (5), 552—558.

(15) Valjavec-Gratian, M.; Steffenson, B. J. Genetics of virulence in
Cochliobolus sativus and resistance in barley. Phytopathology 1997, 87
(11), 1140—1143.

(16) Wang, R; Leng, Y.; Zhao, M.; Zhong, S. Fine mapping of a
dominant gene conferring resistance to spot blotch caused by a new
pathotype of Bipolaris sorokiniana in barley. Theor. Appl. Genet. 2019,
132 (1), 41-51.

(17) Dresselhaus, T.; Hiickelhoven, R. Biotic and abiotic stress
responses in crop plants. Agronomy 2018, 8 (11), 267.

(18) Miedaner, T.; Korzun, V. Marker-assisted selection for disease
resistance in wheat and barley breeding. Phytopathology 2012, 102
(6), 560—566.

(19) Shulaev, V.; Cortes, D.; Miller, G.; Mittler, R. Metabolomics for
plant stress response. Plant Physiol. 2008, 132 (2), 199—208.

(20) Chandran, H.; Meena, M.; Barupal, T.; Sharma, K. Plant tissue
culture as a perpetual source for production of industrially important
bioactive compounds. Biotechnol. Rep. 2020, 26, No. e00450.

(21) Obata, T.; Fernie, A. R. The use of metabolomics to dissect
plant responses to abiotic stresses. Cell. Mol. Life Sci. 2012, 69 (19),
3225-3243.

(22) Verslues, P. E.; Agarwal, M.; Katiyar-Agarwal, S.; Zhu, J.; Zhu, J.
K. Methods and concepts in quantifying resistance to drought, salt
and freezing, abiotic stresses that affect plant water status. Plant J.
2006, 45 (4), 523—539.

(23) Stoessl, A. The antifungal factors in barley. IV. Isolation,
structure, and synthesis of the hordatines. Can. J. Chem. 1967, 45
(15), 1745—1760.

(24) Stoessl, A.; Unwin, C. H. The antifungal factors in barley. V.
Antifungal activity of the hordatines. Can. J. Chem 1970, 48 (3), 465—
470.

(25) von Répenack, E.; Parr, A.; Schulze-Lefert, P. Structural
analyses and dynamics of soluble and cell wall-bound phenolics in a
broad spectrum resistance to the powdery mildew fungus in barley. J.
Biol. Chem. 1998, 273 (15), 9013—9022.

(26) Burhenne, K.; Kristensen, B. K.; Rasmussen, S. K. A new class
of N-hydroxycinnamoyltransferases. Purification, cloning, and ex-
pression of a barley agmatine coumaroyltransferase (EC 2.3.1.64). J.
Biol. Chem. 2003, 278 (16), 13919—13927.

(27) Zacarés, L.; Lépez-Gresa, M. P.; Fayos, J.; Primo, J.; Bellés, J.
M.; Conejero, V. Induction of p-coumaroyldopamine and feruloyldop-
amine, two novel metabolites, in tomato by the bacterial pathogen
Pseudomonas syringae. Mol. Plant-Microbe Interact. 2007, 20 (11),
1439—1448.

(28) Knoch, E; Motawie, M. S,; Olsen, C. E.; Moller, B. L.;
Lyngkjaer, M. F. Biosynthesis of the leucine derived a-, f- and y-
hydroxynitrile glucosides in barley (Hordeum vulgare L.). Plant J.
2016, 88 (2), 247—256.

(29) Piasecka, A.; Sawikowska, A.; Kuczynska, A.; Ogrodowicz, P.;
Mikolajczak, K.; Krystkowiak, K; Gudys, K; Guzy-Wrébelska, J.;
Krajewski, P.; Kachlicki, P. Drought-related secondary metabolites of
barley (Hordeum vulgare L.) leaves and their metabolomic
quantitative trait loci. Plant J. 2017, 89 (5), 898—913.

(30) Hussein, M.; Faham, S.; Alva, A. Role of foliar application of
nicotinic acid and tryptophan on onion plants response to salinity
stress. J. Agric. Sci. 2014, 6 (8), 41.

(31) Liphadzi, M.; Kirkham, M.; Paulsen, G. Auxin-enhanced root
growth for phytoremediation of sewage-sludge amended soil. Environ.
Technol. 2006, 27 (6), 695—704.

(32) Ishihara, A; Kumeda, R;; Hayashi, N.; Yagi, Y.; Sakaguchi, N.;
Kokubo, Y.; Ube, N.; Tebayashi, S.-L; Ueno, K. Induced accumulation
of tyramine, serotonin, and related amines in response to Bipolaris
sorokiniana infection in barley. Biosci, Biotechnol, Biochem. 2017, 81
(6), 1090—1098.

(33) Miyagawa, H.; Toda, H.; Tsurushima, T.; Ueno, T,;
Shishiyama, J. Accumulation of tryptamine in barley leaves Irradiated
with UV light. Biosci, Biotechnol,, Biochem. 1994, 58 (9), 1723—1724.

(34) Kurzweil, L.; Stark, T. D.; Hille, K.; Hoheneder, F.; Mrtva, J.;
Hausladen, H.; Lenk, M.; Motawia, M. S.; Strittmatter, N.; Vlot, A. C,;
et al. UPLC-ESI-TOF-MS profiling of metabolome alterations in
barley (Hordeum vulgare L.) leaves induced by Bipolaris sorokiniana. J.
Agr. Food Chem. 2025, 73, 24662—24687.

(35) Basak, P.; Gurjar, M. S.; Kumar, T. P. J.; Kashyap, N.; Singh,
D.; Jha, S. K; Saharan, M. S. Transcriptome analysis of Bipolaris
sorokiniana - Hordeum vulgare provides insights into mechanisms of
host-pathogen interaction. Front. Microbiol. 2024, 15, 1-16.

(36) Maurer, A.; Draba, V.; Jiang, Y.; Schnaithmann, F.; Sharma, R;
Schumann, E.; Kilian, B.; Reif, J. C.; Pillen, K. Modelling the genetic
architecture of flowering time control in barley through nested
association mapping. BMC Genomics 2015, 16 (1), 290.

(37) Vatter, T.; Maurer, A.; Kopahnke, D.; Perovic, D.; Ordon, F.;
Pillen, K. A nested association mapping population identifies multiple
small effect QTL conferring resistance against net blotch
(Pyrenophora teresteres) in wild barley. PLoS One 2017, 12 (10),
No. e0186803.

(38) DIN32645: chemical analysis: decision limit, detection limit, and
determination limit under repeatability conditions. Terms, methods,
evaluation; Beuth Verlag GmbH, 2008, Vol. 11; pp 1-28.

(39) Pang, Z.; Ly, Y.; Zhou, G.; Hui, F.; Xu, L.; Viau, C.; Spigelman,
A. F;; MacDonald, P. E,; Wishart, D. S.; Li, S.; et al. MetaboAnalyst
6.0: towards a unified platform for metabolomics data processing,
analysis and interpretation. Nucleic Acids Res. 2024, 52 (W1), W398—
‘WA406.

(40) Frank, O.; Kreissl, J. K.; Daschner, A.,; Hofmann, T. Accurate
determination of reference materials and natural isolates by means of
quantitative '"H NMR spectroscopy. J. Agric. Food Chem. 2014, 62
(12), 2506—2515.

(41) Seo, K. H.; Park, M. J.; Ra, J.-E; Han, S.-I; Nam, M.-H.; Kim, J.
H.,; Lee, J. H.; Seo, W. D. Saponarin from barley sprouts inhibits NF-
kB and MAPK on LPS-induced RAW 264.7 cells. Food Funct. 2014, S
(11), 3005—3013.

(42) Spreng, S.; Dawid, C.; Dunkel, A.; Hofmann, T. Quantitation of
key antioxidants and their contribution to the oxidative stability of
beer. J. Agric. Food Chem. 2024, 72 (29), 16423—16437.

(43) Spreng, S.; Wannenmacher, J.; Gastl, M.; Dawid, C.; Hofmann,
T. Quantitative antioxidant profiling throughout beer brewing
followed by discovery and isolation of precursors from barley
(Hordeum vulgare L.). ]. Agric. Food Chem. 2024, 72 (24), 13885—
13897.

(44) Hafez-Ghoran, S.; Wang, W.; Sang, S. Insights into
Phenolamides in Whole Grain Barley: Chemical Profile and Their
Levels in Barley-Based Products. J. Agric. Food Chem. 2028, 73 (35),
21905-219109.

(45) Ube, N.; Harada, D.; Katsuyama, Y.; Osaki-Oka, K.; Tonooka,
T.; Ueno, K; Taketa, S.; Ishihara, A. Identification of phenylamide
phytoalexins and characterization of inducible phenylamide metabo-
lism in wheat. Phytochemistry 2019, 167, 112098.

(46) Forslund, K; Jonsson, L. Cyanogenic glycosides and their
metabolic enzymes in barley, in relation to nitrogen levels. Plant
Physiol. 1997, 101 (2), 367—372.

(47) Nielsen, K. A;; Olsen, C. E.; Pontoppidan, K.; Moller, B. L.
Leucine-derived cyano glucosides in barley. Plant Physiol. 2002, 129
(3), 1066—1075.

(48) Pourmohseni, H.; Ibenthal, W. D.; Machinek, R.; Remberg, G.;
Wray, V. Cyanoglucosides in the epidermis of Hordeum vulgare.
Phytochemistry 1993, 33 (2), 295—297.

(49) Jorgensen, M. E.; Houston, K; Jorgensen, H. J. L.; Thomsen,
H. C,; Tekaat, L.; Krogh, C. T.; Mellor, S. B.; Braune, K. B.; Damm,
M. L; Pedas, P. R; et al. Disentangling hydroxynitrile glucoside
biosynthesis in a barley (Hordeum vulgare) metabolon provides access
to elite malting barleys for ethyl carbamate-free whisky production.
Plant J. 2024, 119 (1), 364—382.

https://doi.org/10.1021/acs jafc.6c01645
J. Agric. Food Chem. XXXX, XXX, XXX—XXX


https://doi.org/10.1007/BF02907531
https://doi.org/10.1007/BF02907531
https://doi.org/10.1007/BF00224557
https://doi.org/10.1007/BF00224557
https://doi.org/10.1007/BF00224557
https://doi.org/10.1094/PHYTO.1997.87.11.1140
https://doi.org/10.1094/PHYTO.1997.87.11.1140
https://doi.org/10.1007/s00122-018-3192-5
https://doi.org/10.1007/s00122-018-3192-5
https://doi.org/10.1007/s00122-018-3192-5
https://doi.org/10.3390/agronomy8110267
https://doi.org/10.3390/agronomy8110267
https://doi.org/10.1094/PHYTO-05-11-0157
https://doi.org/10.1094/PHYTO-05-11-0157
https://doi.org/10.1111/j.1399-3054.2007.01025.x
https://doi.org/10.1111/j.1399-3054.2007.01025.x
https://doi.org/10.1016/j.btre.2020.e00450
https://doi.org/10.1016/j.btre.2020.e00450
https://doi.org/10.1016/j.btre.2020.e00450
https://doi.org/10.1007/s00018-012-1091-5
https://doi.org/10.1007/s00018-012-1091-5
https://doi.org/10.1111/j.1365-313X.2005.02593.x
https://doi.org/10.1111/j.1365-313X.2005.02593.x
https://doi.org/10.1139/v67-283
https://doi.org/10.1139/v67-283
https://doi.org/10.1139/b70-066
https://doi.org/10.1139/b70-066
https://doi.org/10.1074/jbc.273.15.9013
https://doi.org/10.1074/jbc.273.15.9013
https://doi.org/10.1074/jbc.273.15.9013
https://doi.org/10.1074/jbc.M213041200
https://doi.org/10.1074/jbc.M213041200
https://doi.org/10.1074/jbc.M213041200
https://doi.org/10.1094/MPMI-20-11-1439
https://doi.org/10.1094/MPMI-20-11-1439
https://doi.org/10.1094/MPMI-20-11-1439
https://doi.org/10.1111/tpj.13247
https://doi.org/10.1111/tpj.13247
https://doi.org/10.1111/tpj.13430
https://doi.org/10.1111/tpj.13430
https://doi.org/10.1111/tpj.13430
https://doi.org/10.5539/jas.v6n8p41
https://doi.org/10.5539/jas.v6n8p41
https://doi.org/10.5539/jas.v6n8p41
https://doi.org/10.1080/09593332708618683
https://doi.org/10.1080/09593332708618683
https://doi.org/10.1080/09168451.2017.1290520
https://doi.org/10.1080/09168451.2017.1290520
https://doi.org/10.1080/09168451.2017.1290520
https://doi.org/10.1271/bbb.58.1723
https://doi.org/10.1271/bbb.58.1723
https://doi.org/10.1021/acs.jafc.5c05419?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jafc.5c05419?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3389/fmicb.2024.1360571
https://doi.org/10.3389/fmicb.2024.1360571
https://doi.org/10.3389/fmicb.2024.1360571
https://doi.org/10.1186/s12864-015-1459-7
https://doi.org/10.1186/s12864-015-1459-7
https://doi.org/10.1186/s12864-015-1459-7
https://doi.org/10.1371/journal.pone.0186803
https://doi.org/10.1371/journal.pone.0186803
https://doi.org/10.1371/journal.pone.0186803
https://doi.org/10.1093/nar/gkae253
https://doi.org/10.1093/nar/gkae253
https://doi.org/10.1093/nar/gkae253
https://doi.org/10.1021/jf405529b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jf405529b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jf405529b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C4FO00612G
https://doi.org/10.1039/C4FO00612G
https://doi.org/10.1021/acs.jafc.4c01000?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jafc.4c01000?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jafc.4c01000?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jafc.4c00998?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jafc.4c00998?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jafc.4c00998?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jafc.5c04844?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jafc.5c04844?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jafc.5c04844?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.phytochem.2019.112098
https://doi.org/10.1016/j.phytochem.2019.112098
https://doi.org/10.1016/j.phytochem.2019.112098
https://doi.org/10.1111/j.1399-3054.1997.tb01010.x
https://doi.org/10.1111/j.1399-3054.1997.tb01010.x
https://doi.org/10.1104/pp.001263
https://doi.org/10.1016/0031-9422(93)85506-M
https://doi.org/10.1111/tpj.16768
https://doi.org/10.1111/tpj.16768
https://doi.org/10.1111/tpj.16768
pubs.acs.org/JAFC?ref=pdf
https://doi.org/10.1021/acs.jafc.6c01645?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of Agricultural and Food Chemistry

pubs.acs.org/JAFC

(50) Moller, B. L. Plant science. Dynamic metabolons. Science 2010,
330 (6009), 1328—1329.

(51) Ishihara, A.; Hashimoto, Y.; Tanaka, C.; Dubouzet, J. G.;
Nakao, T.; Matsuda, F.; Nishioka, T.; Miyagawa, H.; Wakasa, K. The
tryptophan pathway is involved in the defense responses of rice
against pathogenic infection via serotonin production. Plant J. 2008,
54 (3), 481-495.

(52) Carvalho, D. O.; Curto, A. F.; Guido, L. F. Determination of
Phenolic Content in Different Barley Varieties and Corresponding
Malts by Liquid Chromatography-diode Array Detection-Electrospray
Ionization Tandem Mass Spectrometry. Antioxidants 2015, 4 (3),
563—-576.

(53) Dvordkovd, M.; Douanier, M.; Jurkovi, M.; Kellner, V.;
Dostalek, P. Comparison of antioxidant activity of barley (Hordeum
vulgare L.) and malt extracts with the content of free phenolic
compounds measured by high performance liquid chromatography
coupled with CoulArray detector. J. Inst. Brew. 2008, 114 (2), 150—
159.

(54) Idehen, E; Tang, Y.; Sang, S. Bioactive phytochemicals in
barley. J. Food Drug Anal. 2017, 25 (1), 148—161.

(55) Suriano, S.; Iannucci, A.; Codianni, P.; Fares, C.; Russo, M.;
Pecchioni, N.; Marciello, U.; Savino, M. Phenolic acids profile,
nutritional and phytochemical compounds, antioxidant properties in
colored barley grown in southern Italy. Food Res. Int. 2018, 113, 221—
233.

(56) Deng, J.; Xiang, Z.; Lin, C.; Zhu, Y,; Yang, K; Liu, T.; Xia, C,;
Chen, J.; Zhang, W.; Zhang, Y.; et al. Identification and quantification
of free, esterified, and insoluble-bound phenolics in grains of hulless
barley varieties and their antioxidant activities. LWT 2021, 151 (49),
112001.

(57) Abeywickrama, G.; Debnath, S. C.; Ambigaipalan, P.; Shahidji,
F. Phenolics of selected cranberry genotypes (Vaccinium macrocarpon
Ait.) and their antioxidant efficacy. J. Agric. Food Chem. 2016, 64 (49),
9342—-9351.

(58) Ou, S.; Kwok, K. C. Ferulic acid: Pharmaceutical functions,
preparation, and applications in foods. J. Sci. Food Agric. 2004, 84
(11), 1261—1269.

(59) Arruda, H. S.; Pereira, G. A.; de Morais, D. R; Eberlin, M. N.;
Pastore, G. M. Determination of free, esterified, glycosylated and
insoluble-bound phenolics composition in the edible part of araticum
fruit (Annona crassiflora Mart.) and its by-products by HPLC-ESI-
MS/MS. Food Chem. 2018, 245, 738—749.

(60) Smith, T. A.; Best, G. R. Distribution of the hordatines in
barley. Phytochemistry 1978, 17 (7), 1093—1098.

(61) Kristensen, B. K.; Bloch, H.; Rasmussen, S. K. Barley Coleoptile
Peroxidases. Purification, Molecular Cloning, and Induction by
Pathogensl. Plant Physiol. 1999, 120 (2), S01—512.

(62) Van Zadelhoff, A.; Meijvogel, L.; Seelen, A.-M.; de Bruijn, W.
J.; Vincken, J.-P. Biomimetic enzymatic oxidative coupling of barley
phenolamides: Hydroxycinnamoylagmatines. ]. Agric. Food Chem.
2022, 70 (51), 16241—16252.

(63) Gang, D. R;; Costa, M. A,; Fujita, M.; Dinkova-Kostova, A. T;
Wang, H.-B.; Burlat, V.; Martin, W.; Sarkanen, S.; Davin, L. B.; Lewis,
N. G. Regiochemical control of monolignol radical coupling: A new
paradigm for lignin and lignan biosynthesis. Chem. Biol. 1999, 6 (3),
143—1S1.

(64) Carere, J.; Powell, J.; Fitzgerald, T.; Kazan, K.; Gardiner, D. M.
BJACT2a encodes an agmatine coumaroyl transferase required for
pathogen defence in Brachypodium distachyon. Physiol. Mol. Plant
Pathol. 2018, 104, 69—76.

(65) Dobritzsch, M.; Liibken, T.; Eschen-Lippold, L.; Gorzolka, K.;
Blum, E.; Matern, A.; Marillonnet, S.; Bottcher, C.; Driger, B.; Rosahl,
S. MATE transporter-dependent export of hydroxycinnamic acid
amides. Plant Cell 2016, 28 (2), 583—596.

(66) Jin, S.; Yoshida, M. Antifungal compound, feruloylagmatine,
induced in winter wheat exposed to a low temperature. Biosci,
Biotechnol,, Biochem. 2000, 64 (8), 1614—1617.

STOP DIGGING
THROUGH DATA
—START MAKING
DISCOVERIES

CAS BioFinder helps you find the
right biological insights in seconds

Start your search

https://doi.org/10.1021/acs jafc.6c01645
J. Agric. Food Chem. XXXX, XXX, XXX—XXX


https://doi.org/10.1126/science.1194971
https://doi.org/10.1111/j.1365-313X.2008.03441.x
https://doi.org/10.1111/j.1365-313X.2008.03441.x
https://doi.org/10.1111/j.1365-313X.2008.03441.x
https://doi.org/10.3390/antiox4030563
https://doi.org/10.3390/antiox4030563
https://doi.org/10.3390/antiox4030563
https://doi.org/10.3390/antiox4030563
https://doi.org/10.1002/j.2050-0416.2008.tb00320.x
https://doi.org/10.1002/j.2050-0416.2008.tb00320.x
https://doi.org/10.1002/j.2050-0416.2008.tb00320.x
https://doi.org/10.1002/j.2050-0416.2008.tb00320.x
https://doi.org/10.1016/j.jfda.2016.08.002
https://doi.org/10.1016/j.jfda.2016.08.002
https://doi.org/10.1016/j.foodres.2018.06.072
https://doi.org/10.1016/j.foodres.2018.06.072
https://doi.org/10.1016/j.foodres.2018.06.072
https://doi.org/10.1016/j.lwt.2021.112001
https://doi.org/10.1016/j.lwt.2021.112001
https://doi.org/10.1016/j.lwt.2021.112001
https://doi.org/10.1021/acs.jafc.6b04291?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jafc.6b04291?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/jsfa.1873
https://doi.org/10.1002/jsfa.1873
https://doi.org/10.1016/j.foodchem.2017.11.120
https://doi.org/10.1016/j.foodchem.2017.11.120
https://doi.org/10.1016/j.foodchem.2017.11.120
https://doi.org/10.1016/j.foodchem.2017.11.120
https://doi.org/10.1016/S0031-9422(00)94295-X
https://doi.org/10.1016/S0031-9422(00)94295-X
https://doi.org/10.1104/pp.120.2.501
https://doi.org/10.1104/pp.120.2.501
https://doi.org/10.1104/pp.120.2.501
https://doi.org/10.1021/acs.jafc.2c07457?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jafc.2c07457?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S1074-5521(99)89006-1
https://doi.org/10.1016/S1074-5521(99)89006-1
https://doi.org/10.1016/j.pmpp.2018.09.003
https://doi.org/10.1016/j.pmpp.2018.09.003
https://doi.org/10.1105/tpc.15.00706
https://doi.org/10.1105/tpc.15.00706
https://doi.org/10.1271/bbb.64.1614
https://doi.org/10.1271/bbb.64.1614
pubs.acs.org/JAFC?ref=pdf
https://doi.org/10.1021/acs.jafc.6c01645?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.cas.org/solutions/biofinder-discovery-platform?utm_campaign=GLO_ACD_STH_BDP_AWS&utm_medium=DSP_CAS_PAD&utm_source=Publication_ACSPubs

