
MPMI Vol. X, No. X, XXXX, pp. X–X. https://doi.org/10.1094/MPMI-01-19-0013-R
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Pipecolic acid (Pip) is an essential component of systemic ac-
quired resistance, priming resistance in Arabidopsis thaliana
against (hemi)biotrophic pathogens. Here, we studied the po-
tential role of Pip in bacteria-induced systemic immunity in
barley. Exudates of barley leaves infected with the systemic
immunity–inducing pathogen Pseudomonas syringae pv. ja-
ponica induced immune responses in A. thaliana. The same leaf
exudates contained elevated Pip levels compared with those of
mock-treated barley leaves. Exogenous application of Pip in-
duced resistance in barley against the hemibiotrophic bacterial
pathogen Xanthomonas translucens pv. cerealis. Furthermore,
both a systemic immunity–inducing infection and exogenous
application of Pip enhanced the resistance of barley against the
biotrophic powdery mildew pathogen Blumeria graminis f. sp.
hordei. In contrast to a systemic immunity-inducing infection,
Pip application did not influence lesion formation by a sys-
temically applied inoculum of the necrotrophic fungus Pyr-
enophora teres. Nitric oxide (NO) levels in barley leaves
increased after Pip application. Furthermore, X. translucens
pv. cerealis induced the accumulation of superoxide anion
radicals and this response was stronger in Pip-pretreated
compared with mock-pretreated plants. Thus, the data suggest
that Pip induces barley innate immune responses by triggering
NO and priming reactive oxygen species accumulation.
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Plants are constantly challenged by various phytopathogenic
organisms and have evolved complex mechanisms of defense

(Jones and Dangl 2006; Spoel and Dong 2012). The first contact
between a plant and pathogen happens at the plant cell surface,
which contains pattern recognition receptors that recognize evo-
lutionarily conserved structures of different pathogen families
as so-called pathogen-associated molecular patterns (PAMPs)
(Jones and Dangl 2006; Spoel and Dong 2012; Zipfel 2014). The
recognition of such molecules elicits PAMP-triggered immunity
(PTI), a moderate form of resistance reducing the propagation of
virulent pathogens (Jones and Dangl 2006; Spoel and Dong 2012;
Zipfel 2014). Over the course of host-pathogen evolution, some
pathogens evolved effector loci whose gene products suppressed
PTI, resulting in effector-triggered susceptibility. Plants, in turn,
evolved resistance (R) genes encoding nucleotide-binding leucine-
rich repeat proteins that recognize effectors and elicit effector-
triggered immunity (ETI), which is stronger and more durable
than PTI (Cui et al. 2015; Jones and Dangl 2006; Spoel and Dong
2012).
Many different molecular processes are involved in PTI

and ETI, including the elevated accumulation of nitric oxide (NO),
reactive oxygen species (ROS), and the phytohormone salicylic
acid (SA) (Scheler et al. 2013; Vlot et al. 2009, 2017;
Wendehenne et al. 2014). SA accumulates in infected and un-
infected tissues and induces the expression of defense genes,
including the SA marker gene pathogenesis-related 1 (PR1)
(Klessig et al. 2018; Spoel and Dong 2012; Vlot et al. 2009,
2017). SA is essential for systemic acquired resistance (SAR), a
broad-spectrum defense response in systemic, uninfected parts
of locally infected plants (Fu and Dong 2013; Klessig et al.
2018; Vlot et al. 2017). Whereas SA accumulation in the sys-
temic tissue is necessary for SAR, a second parallel signaling
pathway is believed to contribute to local SAR signal genera-
tion as well as to systemic signal propagation (Gao et al. 2015;
Shah et al. 2014; Vernooij et al. 1994; Vlot et al. 2017;
Wendehenne et al. 2014). In this pathway, increased levels of
the nonprotein amino acid pipecolic acid (Pip) induce accumu-
lation of NO and ROS, which fortify each other in a positive
feedback loop (Wang et al. 2014, 2018). Subsequently, the ele-
vated ROS levels have been proposed to increase chemical
hydrolysis of C18 unsaturated fatty acids to yield the C9 di-
carboxylic acid azelaic acid (AzA) (Jung et al. 2009; Wang
et al. 2014; Wittek et al. 2014; Zoeller et al. 2012). AzA accu-
mulation, in turn, stimulates glycerol-3-phosphate (G3P)
biosynthesis, promoting a positive feedback loop of G3P with
the predicted lipid transfer proteins DEFECTIVE IN IN-
DUCED RESISTANCE 1 (DIR1) and AZELAIC ACID IN-
DUCED 1 (AZI1), ultimately leading to systemic resistance
(Yu et al. 2013).
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In Arabidopsis thaliana, Pip levels rise in leaves and their
petiole exudates after infection of the leaves with avirulent
Pseudomonas syringae (Bernsdorff et al. 2016; Návarová et al.
2012; Wang et al. 2018). In addition, genes in the Pip bio-
synthetic pathway, AGD2-like defense response protein 1
(ALD1) and SAR-deficient 4 (SARD4), are required for func-
tional SAR (Ding et al. 2016; Hartmann et al. 2017; Návarová
et al. 2012; Song et al. 2004). Notably, root application of Pip
complements the defect of ald1 in induced resistance
(Návarová et al. 2012), illustrating the importance of Pip for
SAR. This is likely due to Pip priming defense against patho-
gens, inducing a state of heightened alert that allows quicker
and stronger defense responses against following pathogen at-
tack (Bernsdorff et al. 2016; Conrath et al. 2015; Mauch-Mani
et al. 2017; Návarová et al. 2012). FLAVIN-DEPENDENT
MONOXYGENASE 1 (FMO1) catalyzes the conversion of Pip
to its presumed bioactive derivative N-hydroxy pipecolic acid
(NHP) (Chen et al. 2018; Hartmann et al. 2018). Analogous to
Pip, NHP accumulates in infected A. thaliana plants and this
accumulation is crucial for SAR (Chen et al. 2018; Hartmann
et al. 2018; Mishina and Zeier 2006). Although Pip and NHP
appear to be systemically mobile (Chen et al. 2018; Návarová
et al. 2012; Wang et al. 2018), experiments using petiole exu-
dates showed that ALD1 and, thus, de novo biosynthesis of Pip
is necessary in the systemic tissue for SAR signal recognition or
propagation (Wang et al. 2018).
Whereas SAR is relatively well-researched in A. thaliana,

much less is known about comparable mechanisms in crop
plants, including monocotyledonous cereals, which are the
staple foods of the human population. SAR or SAR-like re-
sponses have been observed in the monocots banana (Musa
acuminata [Wu et al. 2013]), maize (Zea mays [Balmer et al.
2013]), rice (Oryza sativa [Sharma et al. 2013]), wheat (Tri-
ticum aestivum [Yang et al. 2013]), and barley (Hordeum
vulgare [Dey et al. 2014]), but knowledge about the signaling
molecules involved is scarce. SAR or SAR-like resistance in
banana, maize, and rice has been associated with SA or SA
signaling (Balmer et al. 2013; Sharma et al. 2013; Wu et al.
2013). Furthermore, SAR in wheat against Puccinia strii-
formis f. sp. tritici might be associated with G3P (Yang et al.
2013), but local resistance against the same pathogen was
negatively associated with TaDIR1-2, an ortholog of AtDIR1,
which promotes SAR in A. thaliana (Ahmed et al. 2017;
Maldonado et al. 2002). We previously reported that a local
infection of barley with P. syringae pv. japonica induces SAR-
like systemic immunity against the hemibiotrophic bacterium
Xanthomonas translucens pv. cerealis (Dey et al. 2014). Al-
though SA has been implicated in barley defense responses,
P. syringae pv. japonica–induced systemic immunity was not
accompanied by elevated SA accumulation in leaves or de-
pendent on the SA signaling regulator HvNPR1 (Dey et al.
2014).
SA-associated immune responses in barley (Hordeum vulgare)

often are studied in interaction with Blumeria graminis f. sp. hordei,
commonly named powdery mildew, an obligate biotrophic fungal
pathogen that thrives on living host cells (Thordal-Christensen et al.
2000). In contrast to biotrophic pathogens of rice, B. graminis f. sp.
hordei inoculation does not induce SA accumulation in infected
barley leaves (Hückelhoven et al. 1999; Jain et al. 2004). Never-
theless, soil-drench treatment of barley seedlings with SA or its
functional analogs 2,6-dichloroisonicotinic acid or S-methyl 1,2,3-
benzothiadiazole-7-carbothioate enhanced barley resistance to
B. graminis f. sp. hordei (Beßer et al. 2000; Kogel et al. 1994, 1995).
Additionally, infiltration of leaves of 3-week-old barley plants with
SA reduced the propagation of B. graminis f. sp. hordei on the
systemic leaves (Lenk et al. 2018). Similarly, local application of
folic acid or AzA, which in A. thaliana induce SA-dependent

resistance to hemibiotrophic bacteria, each reduced the propagation
of a systemically applied B. graminis f. sp. hordei inoculum in
barley (Jung et al. 2009; Lenk et al. 2018;Wittek et al. 2015). Thus,
whereas P. syringae pv. japonica–induced systemic resistance
against X. translucens pv. cerealis likely is not associated with SA
(Dey et al. 2014), SA and SA-related signaling components appear
relevant for barley defense against B. graminis f. sp. hordei.
SAR in A. thaliana depends on SA and is, in parallel, regu-

lated by a signaling pathway that connects the SAR-associated
metabolites Pip, NO-ROS, AzA, and G3P (Gao et al. 2015;
Shah et al. 2014; Wang et al. 2018). Components of the Pip
biosynthetic pathway have been recognized in many plant
species, among them the important monocotyledonous crops
wheat and barley (Garcia-Seco et al. 2017; Hartmann and Zeier
2018; Møller 1974). Pip accumulation has been observed in
maize (Kiyota et al. 2015). In rice, elevated Pip levels have
been associated with disease (Pálfi and Dézsi 1968). Here, we
investigated the potential role of Pip in barley disease resistance
and systemic immunity. The data suggest that Pip accumulates
in barley after infection and contributes to immunity against
(hemi)biotrophic pathogens by inducing NO and priming ROS
accumulation.

RESULTS

A. thaliana response to leaf exudates
from infected barley leaves.
The hemibiotrophic bacterium P. syringae pv. japonica in-

duces systemic immunity in barley against the hemibiotrophic
bacterium X. translucens pv. cerealis (Dey et al. 2014). This
form of systemic immunity phenotypically resembles
A. thaliana SAR. In order to test if this is, indeed, a similar
process, an interspecies leaf exudate experiment was con-
ducted. Leaf exudates from P. syringae pv. japonica–infiltrated
and mock-treated barley cultivar Barke leaves were collected
and were infiltrated into leaves of wild type A. thaliana plants
of the cultivar Col-0. One day later, the infiltrated leaves were
either harvested and analyzed for transcript accumulation of the
SAR marker gene PR1 or inoculated with P. syringae pv. to-
mato. Leaf exudates from P. syringae pv. japonica–treated
barley leaves significantly enhanced PR1 transcript accumu-
lation in A. thaliana as compared with leaf exudates from
mock-treated barley leaves (Fig. 1A). The experiment was re-
peated, with similar results, using leaf exudates from barley
cultivar Golden Promise (Supplementary Fig. S1). Since barley
leaf exudates induced a marker gene of SAR in A. thaliana,
both plant species might share one or more SAR signals. In
support of this hypothesis, P. syringae pv. tomato titers at 4 days
postinoculation (dpi) were restricted in A. thaliana leaves that
had been pretreated with leaf exudates from infected barley
leaves as compared with those pretreated with leaf exudates
from mock-treated barley leaves (Fig. 1B). The observed re-
duction in P. syringae pv. tomato growth was comparable to
that induced by SAR in A. thaliana (Breitenbach et al. 2014;
Riedlmeier et al. 2017). Thus, the data support the hypothesis
that A. thaliana and barley share similar components as part of
their SAR mechanisms.

Pip accumulates in barley after infection
and induces resistance to X. translucens pv. cerealis.
We next asked which SAR component or components might

be shared by A. thaliana and barley. In addition to SA, which is
not induced in leaves after infection of barley with P. syringae
pv. japonica (Dey et al. 2014), Pip is an important component
of A. thaliana SAR (Bernsdorff et al. 2016; Návarová et al.
2012). Therefore, we compared its accumulation in leaf exu-
dates collected from infected and mock-treated barley. Indeed,
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leaf exudates from P. syringae pv. japonica–inoculated barley
contained elevated levels of Pip compared with leaf exudates
from mock-treated barley leaves (Fig. 1C). In addition, Pip
accumulation was monitored in infected and mock-treated
barley leaves. To this end, plants were infiltrated with either
P. syringae pv. japonica or a mock control solution. Four days
later, the treated leaves were harvested and their Pip levels were
monitored. Pip accumulated to higher levels in P. syringae pv.
japonica–infected compared with mock-treated leaves (Fig.
1D). Taken together, an infection with P. syringae pv. japonica
induced Pip accumulation in barley leaves and leaf exudates,
suggesting a possible role of Pip in resistance induction by
P. syringae pv. japonica.
We next tested whether Pip induces resistance in barley if

exogenously applied. To this end, 30 µmole Pip per plant was
applied to 3-week-old barley by irrigation and the leaves were
infected with X. translucens pv. cerealis 3 days later. The
resulting in planta X. translucens pv. cerealis titers at 4 dpi were
significantly lower in plants pretreated with Pip compared with
those in control-treated plants (Fig. 2). This suggests that

exogenous Pip, in contrast to SA (Dey et al. 2014), enhanced
the resistance of barley against X. translucens pv. cerealis.

P. syringae pv. japonica and Pip induce resistance
in barley against B. graminis f. sp. hordei.
Barley is an important crop plant and yield losses due to

phytopathogens are a realistic problem. Here, we tested if
P. syringae pv. japonica or Pip can induce resistance in barley
against the agronomically relevant barley-specific powdery mil-
dew pathogen B. graminis f. sp. hordei. First, 3-week-old barley
plants were inoculated with P. syringae pv. japonica in the first
true leaf or were treated with a mock solution. Five days later,
(systemic) leaf 2 of the treated plants was inoculated with
B. graminis f. sp. hordei. Another 6 days later, the infected leaves
were stained with DAF-FM DA (4-amino-5-methylamino-2’,7’-
difluorofluorescein diacetate), to visualize B. graminis f. sp.
hordei and allow quantification by fluorescence microscopy (Fig.
3A, B, D, and E, green fluorescence) (Lenk et al. 2018). For
relative quantification between treatments, DAF-FM DA fluo-
rescence associated withB. graminis f. sp. hordeiwas normalized

Fig. 1. Leaf exudates from infected barley leaves induce immune responses in Arabidopsis thaliana and contain elevated pipecolic acid (Pip) levels. Barley
leaves were syringe-infiltrated with Pseudomonas syringae pv. japonica (Psj) or 10 mM MgCl2 (M = mock) as a control. Two days later, leaf exudates were
collected and infiltrated into the leaves of A. thaliana Col-0 plants or were analyzed for their Pip content. A, One day after leaf exudate infiltration, PR1
transcript accumulation in A. thaliana leaves was determined relative to that of UBIQUITIN10 by reverse transcription quantitative (RT-q)PCR. Dots represent
datapoints from biologically independent replicate experiments; bars represent the average of the three datapoints per treatment ± standard deviation. B, One
day after leaf exudate infiltration, the treated leaves were inoculated with P. syringae pv. tomato (Pst). The resulting in planta P. syringae pv. tomato titers were
determined at 4 days postinoculation. Bars represent the average of three replicates ± standard deviation. This experiment was repeated three times with
comparable results. C, The Pip content of barley leaf exudates was determined by ultra-performance liquid chromatography-mass spectrometry (UPLC-MS)
analysis. Dots represent datapoints from biologically independent replicate experiments; bars indicate the average of the four datapoints per treatment ±
standard error. D, Pip content of barley leaves 4 days after their syringe-infiltration with P. syringae pv. japonica or a mock control solution as indicated below
the panel. The Pip content of the treated leaves was determined by UPLC-MS. Dots represent datapoints from biologically independent replicate experiments;
bars represent the average of the four datapoints per treatment ± standard error (A, B, and D). Open circles indicate barley cultivar Barke; closed circles indicate
barley cultivar Golden Promise. Asterisks above bars indicate statistically significant differences from the controls (A: paired t test, P = 0.0350; B: t test, P <
0.0001; C: paired t test (on log-transformed data), P = 0.0190; D: ratio paired t test, P = 0.0111).
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to that of untreated barley leaves. Chlorophyll (auto)fluorescence
was recorded (Fig. 3A, B, D, and E, red) as a visual control to
make sure all leaf discs were fully in focus when recording DAF-
FM DA fluorescence. As found by Lenk et al. (2018), visual
differences in B. graminis f. sp. hordei infection levels that were
observed between the different treatments (Supplementary Fig.
S2A) were reflected in the resulting relative DAF-FM DA fluo-
rescence intensities (Fig. 3A to C). B. graminis f. sp. hordei–
associated DAF-FM DA fluorescence was strongly reduced if
the plants had been pretreated with P. syringae pv. japonica, with
fluorescence of treated plants being approximately 25% that of
control-treated plants (Fig. 3A to C). This reduction in fluores-
cence indicates a reduction of fungal mass and suggests the in-
duction of systemic resistance to B. graminis f. sp. hordei by
P. syringae pv. japonica.
Second, we tested if Pip application induces resistance in

barley to B. graminis f. sp. hordei. To this end, 30 µmole of Pip
per plant was administered to barley by irrigation. Three days
later, the plants were infected with B. graminis f. sp. hordei. At
6 dpi, the infected leaves were stained with DAF-FM DA to
monitor fungal growth. Differences in the B. graminis f. sp.
hordei–associated relative DAF-FM DA fluorescence of Pip-
and H2O-treated plants reflected visual differences in disease
symptoms caused by the fungus (Fig. 3D to F; Supplementary
Fig. S2B). Pip treatment reduced B. graminis f. sp. hordei–
associated DAF-FM DA fluorescence compared with the H2O-
treated control to a similar extent as P. syringae pv. japonica
(Fig. 3D to F). Taken together, the data suggest that both
P. syringae pv. japonica and exogenous Pip enhance barley
resistance to B. graminis f. sp. hordei.

P. syringae pv. japonica but not Pip induces susceptibility
in barley to Pyrenophora teres.
SAR and SA induce resistance in A. thaliana against (hemi)

biotrophic bacteria and, at the same time, enhance A. thaliana

susceptibility to the necrotrophic fungus Alternaria brassici-
cola (Spoel et al. 2007; Wittek et al. 2015). Here, we queried if
a similar trade-off occurs in barley. To this end, we inoculated
P. syringae pv. japonica–infected or Pip-treated barley plants
with the necrotrophic fungus Pyrenophora teres. Pyrenophora
teres is the causal agent of barley net blotch, a wide-spread
disease that causes severe yield losses (Liu et al. 2011). In order
to test for induced resistance against Pyrenophora teres, 3-
week-old barley plants were pretreated with either P. syringae
pv. japonica or Pip as described above and were subsequently
infected on (systemic) leaf 2 with Pyrenophora teres by placing
five spore-containing droplets on the leaf surface. Inoculated
leaves were photographed at 4 dpi and the sizes of the de-
veloped necrosis and chlorosis were evaluated, using ImageJ
and the macro PIDIQ (Laflamme et al. 2016; Lenk et al. 2018).
Plants inoculated with P. syringae pv. japonica in the first true
leaf developed significantly larger Pyrenophora teres lesions in
their second true leaf than control plants (Fig. 4A). This sug-
gests the induction of systemic susceptibility, albeit relatively
weak, to Pyrenophora teres by P. syringae pv. japonica. In
contrast, a pretreatment of plants with Pip did not induce a
significant change in the size of lesions caused by Pyrenophora
teres (Fig. 4B). Rather, there seemed to be an opposite but
insignificant trend (t test, P = 0.0978) for slightly smaller
Pyrenophora teres lesions after Pip treatment of barley. Taken
together, P. syringae pv. japonica induced systemic suscepti-
bility to Pyrenophora teres, while Pip did not trigger the same
adverse effect.

Pip induces NO accumulation in barley.
It was recently proposed that Pip mediates resistance in

A. thaliana via the induction of NO accumulation (Wang et al.
2018). Here, we tested if Pip also induces NO accumulation in
barley. To this end, we treated 3-week-old barley plants with
Pip and monitored the NO content in leaves of the treated
plants 3 days later by staining with the NO sensor DAF-FM
DA. The fluorescence caused by DAF-FM DA was about
twofold higher in plants pretreated with Pip than in control
plants (Fig. 5A). Thus, Pip induces NO accumulation in bar-
ley. Because Pip primes, for example, PR1 gene expression to
be induced faster after a challenge inoculation of Pip-treated
compared with mock-treated plants (Bernsdorff et al. 2016;
Návarová et al. 2012), we tested if NO accumulation was
further primed. To this end, we assessed NO accumulation
using DAF-FM DA staining 1 day after inoculation of Pip-
treated and mock-treated plants with X. translucens pv. cere-
alis. NO accumulation was higher after X. translucens pv.
cerealis infection of Pip-treated than of mock-treated plants
(Fig. 5B). However, the observed differences in NO levels
after Pip application relative to the mock treatment were stable
and were not further enhanced after X. translucens pv.
cerealis infection (Fig. 5A and B). This suggests that Pip in-
duced but did not further prime NO accumulation.

Pip primes accumulation
of superoxide anion radicals in barley.
In A. thaliana NO promotes SAR in a positive feedback loop

with ROS, which might drive lipid peroxidation leading to the
accumulation of the putative long-distance SAR signal AzA
(Wang et al. 2014; Yu et al. 2013; Zoeller et al. 2012). Super-
oxide anion radicals (O2

×_) are highly reactive in driving lipid
peroxidation in vitro (Wang et al. 2014; Zoeller et al. 2012) and
have been detected in barley leaves after infection (Hückelhoven
and Kogel 1998; Künstler et al. 2018; Trujillo et al. 2004). Here,
we monitored O2

×_accumulation in barley leaves after Pip irri-
gation of the plants and also after a subsequent infection of the
treated plants with X. translucens pv. cerealis. O2

×_ was visualized

Fig. 2. Pipecolic acid (Pip) irrigation reduces Xanthomonas translucens pv.
cerealis growth in barley. Barley cultivar Golden Promise plants were ir-
rigated with Pip or H2O as the mock control treatment. Three days later,
leaves of the treated plants were syringe-infiltrated with X. translucens pv.
cerealis (Xtc). The resulting in planta X. translucens pv. cerealis titers were
determined at 4 days postinoculation. Bars represent the average of five
replicates ± standard deviation. This experiment was repeated more than
five times with comparable results. The asterisk above the bar indicates a
statistically significant difference from the mock control (t test, P <
0.0001).
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by nitroblue tetrazolium (NBT) staining of the leaves. In contrast
to NO (Fig. 5A), O2

×_ was not noticeably induced in leaves 3 days
after irrigation of the plants with Pip, as compared with that in
leaves of control-treated plants (Fig. 6A). However, O2

×_ levels
were induced 1 day after inoculation of barley leaves with
X. translucens pv. cerealis and this induction was more pro-
nounced in Pip-treated compared with mock-treated plants (Fig.
6B). High levels of O2

×_ were maintained in leaves of Pip-treated
plants 2 days after infection with X. translucens pv. cerealis,
while, in mock-treated plants, O2

×_ was strongly reduced at 2 dpi

compared with that at 1 dpi (Fig. 6C). Thus, the data suggest that
Pip enhances the resistance of barley against X. translucens pv.
cerealis at least in part by priming the plants for elevated and
longer-lasting O2

×_ accumulation after infection.

DISCUSSION

As components of primed and, thus, resource-efficient re-
sistance, SAR signaling components are of interest for the
protection of (crop) plants from disease as an alternative to,

Fig. 3. Pseudomonas syringae pv. japonica and pipecolic acid (Pip) reduce propagation of a systemically applied Blumeria graminis f. sp. hordei inoculum in
barley. A to C, Leaves of barley cultivar Golden Promise plants were syringe-infiltrated with P. syringae pv. japonica (Psj) or 10 mMMgCl2 as the mock (M)
control treatment. Five days later, systemic leaves of the treated plants were inoculated with B. graminis f. sp. hordei. D to F, Barley cultivar Golden Promise
plants were irrigated with Pip or H2O as the mock control treatment. Three days later, leaves of the treated plants were inoculated with B. graminis f. sp. hordei.
In planta propagation of B. graminis f. sp. hordeiwas evaluated at 6 days postinoculation. To this end, leaf discs were harvested, were stained with DAF-FMDA
(4-amino-5-methylamino-2’,7’-difluorofluorescein diacetate), and were mounted on 96-well plates. Fluorescence was recorded with a spinning disc (confocal)
microscope. A and D display merged z-stack 3 × 3 tiled images of leaf discs in the first eight columns of a 96-well plate. DAF-FMDA fluorescence is shown in
green, chlorophyll fluorescence in red. Plant treatments are indicated above the panels. Ctrl = untreated and uninfected controls used for background correction
of the data. The images that are highlighted with white borders in A and D are enlarged in B and E, respectively (Scale bar = 500 µm). C and F show DAF-FM
DA fluorescence in leaf discs of B. graminis f. sp. hordei–infected plants quantified relative to that of untreated and uninfected control plants. Bars represent the
average of 20 (mock) and 17 (P. syringae pv. japonica) (C) or 22 (H2O) and 23 (Pip) (F) replicates ± standard error. Asterisks above bars indicate statistically
significant differences from the mock controls (C: t test with Welch’s correction, P = 0.0055; F: t test with Welch’s correction, P <0.0001). These experiments
were repeated four (F) to five (C) times with comparable results.
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e.g., fungicides or pesticides. Using bacteria to induce re-
sistance might prove to be problematic in agriculture, and the
induction of a primed state via chemicals is more feasible. Until
now, not much is known about the transferability of knowledge
on SAR from the model plant A. thaliana to crop plants, in-
cluding barley. We found that leaf exudates of barley infiltrated
with P. syringae pv. japonica increased PR1 expression when
infiltrated into leaves of A. thaliana and that this was associated
with enhanced resistance of the treated A. thaliana leaves
against P. syringae pv. tomato (Fig. 1). This data suggests that
barley and A. thaliana share common signals in defense in-
duction. It is possible that these signals are associated with SA
signaling, the hallmark phytohormone associated with SAR in
A. thaliana (Klessig et al. 2018; Vlot et al. 2009, 2017). We and

others have shown that SA induces the resistance of barley
against B. graminis f. sp. hordei, and we show here that
P. syringae pv. japonica–induced systemic resistance also acts
against B. graminis f. sp. hordei (Fig. 3) (Beßer et al. 2000;
Kogel et al. 1995; Lenk et al. 2018). However, in contrast to
P. syringae pv. japonica, SA does not enhance the resistance
of barley against X. translucens pv. cerealis, while the SA
or SAR signaling–inducing compounds folic acid and AzA
appear to raise the susceptibility of barley to X. translucens
pv. cerealis (Dey et al. 2014; Lenk et al. 2018). Therefore,
signaling components other than SA likely are involved
in P. syringae pv. japonica–triggered systemic immunity in
barley. Here, we show that these signaling components might
include Pip.

Fig. 4. Pseudomonas syringae pv. japonica but not pipecolic acid (Pip) enhances the size of Pyrenophora teres lesions on barley. A, Leaves of barley cultivar
Golden Promise plants were syringe-infiltrated with P. syringae pv. japonica (Psj) or 10 mMMgCl2 as the mock (M) control as indicated below the bars. Five
days later, systemic leaves were inoculated with Pyrenophora teres. B, Barley cultivar Golden Promise plants were irrigated with Pip or H2O as the mock
control treatment. Three days later, Pyrenophora teres spores were applied to leaves of the treated plants. Leaves were photographed at 4 days postinoculation,
and the necrotic and chlorotic areas were quantified using the ImageJ macro PIDIQ. Bars represent the average of 36 (mock and P. syringae pv. japonica) (A) or
43 (H2O) and 45 (Pip) (B) replicates from six (A) to nine (B) biologically independent experiments ± standard error. The asterisk above the bar indicates a
statistically significant difference from the mock control (A: t test, P = 0.0109; B: t test, P = 0.0978).

Fig. 5. Pipecolic acid (Pip) application induces nitric oxide (NO) accumulation in barley. A and B, Barley cultivar Golden Promise plants were irrigated with
Pip or H2O as the mock control treatment. Three days later (T3), leaves were harvested (A) or syringe-infiltrated with Xanthomonas translucens pv. cerealis
(B). X. translucens pv. cerealis–inoculated leaves were harvested at 1 day postinoculation. NO levels were monitored by DAF-FM DA (4-amino-5-methyl-
amino-2’,7’-difluorofluorescein diacetate) staining of leaf discs. The resulting DAF-FM DA fluorescence in treated plants was quantified relative to that in
untreated plants. Bars represent the average of 16 leaf discs from four plants ± standard error. Asterisks above bars indicate statistically significant differences
from the mock controls (A: t test, P = 0.0044; B: t test, P = 0.0198). These experiments were repeated two (B: both in the greenhouse) to six (A: two in growth
chamber, four in greenhouse) times with comparable results. rfu = relative fluorescence units.
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Pip levels rose in barley leaves and leaf exudates after in-
fection of the leaves with P. syringae pv. japonica (Fig. 1). The
Pip levels we observed in barley leaf exudates ranged between
about 0.5 and about 17 ng per milliliter and were thus on av-
erage about five- to 10-fold lower than those reported in
A. thaliana (Supplementary Fig. S3) (Návarová et al. 2012).
Because low levels of Pip neither induced PR1 expression nor
resistance to P. syringae pv. tomato upon infiltration into
A. thaliana leaves (Wang et al. 2018), barley leaf exudates
probably contained at least one additional component that in-
duced these responses, either alone or in cooperation with Pip.
One possible candidate molecule is SA. In contrast to SA in
leaves (Dey et al. 2014), SA levels were induced in leaf exu-
dates of barley after P. syringae pv. japonica inoculation of the
leaves (Supplementary Fig. S4). Although SA levels remained
relatively low at about 1.5 ng per milliliter, perhaps this sufficed
to induce PR1 expression and resistance against P. syringae pv.
tomato in A. thaliana in cooperation with Pip (Bernsdorff et al.
2016). Alternatively, other or additional molecular components
in barley leaf exudates might have contributed to these re-
sponses. Notably, P. syringae pv. japonica inoculation of barley

leaves did not alter the accumulation of the SAR-associated
priming signal AzA in the leaves but significantly enhanced its
levels in leaf exudates (Supplementary Fig. S5C and D). AzA
primes A. thaliana to rapidly accumulate PR1 transcripts after
P. syringae pv. tomato and enhances the systemic resistance of
A. thaliana against P. syringae pv. tomato and that of barley
against B. graminis f. sp. hordei (Jung et al. 2009; Lenk et al.
2018). Perhaps, Pip, SA, AzA, and additional not yet identified
molecular components in barley leaf exudates cooperated,
singly or in combination, to induce PR1 transcript accumula-
tion and resistance in A. thaliana.
Similarly to P. syringae pv. japonica (Dey et al. 2014), Pip

induced resistance in barley against the hemibiotrophic bacte-
rium X. translucens pv. cerealis (Fig. 2). This Pip-induced
protection of barley was comparable to that of A. thaliana
against the hemibiotrophic bacterium P. syringae pv. mac-
ulicola (Návarová et al. 2012; Wang et al. 2018). Moreover,
treatment of barley plants with 30 µmole of Pip by irrigation
(the treatment used throughout this study), raised Pip levels in
the leaves; the resulting in planta Pip levels were approximately
10-fold lower than those observed after infection of barley
leaves with P. syringae pv. japonica (compare Supplementary
Fig. S6 with Figure 1D). This argues in favor of the potential
physiological relevance of resistance responses induced by
exogenous Pip application and their possible reflection of in
vivo responses occurring in barley after P. syringae pv. ja-
ponica infection. Furthermore, both P. syringae pv. japonica
and Pip enhanced the resistance of barley against B. graminis
f. sp. hordei (Fig. 3). Thus, both P. syringae pv. japonica– and
Pip-induced resistance appeared to be functional in barley
against (hemi)biotrophic pathogens, and the collective data
suggest that Pip contributes to systemic immune responses
triggered by a local P. syringae pv. japonica infection of barley.
At the same time, P. syringae pv. japonica enhanced the

systemic susceptibility of barley to the necrotrophic fungus
Pyrenophora teres (Fig. 4). Similarly, treatment of A. thaliana
with P. syringae pv. tomato (i.e., SAR), SA, or folic acid in-
duces susceptibility to necrotrophic Alternaria brassicicola in
the treated tissues (Spoel et al. 2007; Wittek et al. 2015). This
likely happens due to antagonistic crosstalk between SA and
jasmonic acid (JA) signaling, with P. syringae pv. tomato–
induced SA inhibiting JA-mediated defense against Alternaria
brassicicola (Pieterse et al. 2012; Spoel et al. 2007). Whereas
this effect does not emanate to the systemic tissues of
A. thaliana, barley seems to support changes in the systemic
leaves of P. syringae pv. japonica–infected plants that enhance
Pyrenophora teres growth (Fig. 4), suggesting antagonistic
effects on systemic responses of barley to biotrophic and
necrotrophic pathogens. Such antagonistic crosstalk between
defense responses against biotrophic and necrotrophic patho-
gens has previously been observed. Barley plants with a mu-
tation in Mlo are completely resistant to the biotrophic fungus
B. graminis f. sp. hordei (Büschges et al. 1997). At the same
time,mlo plants display increased susceptibility to necrotrophic
Fusarium graminearum (Jansen et al. 2005).
Enhanced Pyrenophora teres growth systemic to a local

P. syringae pv. japonica infection was independent of Pip. If at
all, Pip might reduce the size of Pyrenophora teres lesions
rather than increasing them, but this trend was not significant
across multiple biologically independent experiments (Fig. 4).
These data support our hypothesis (outlined above) that addi-
tional signals other than Pip likely are released after P. syringae
pv. japonica inoculation of barley to affect systemic defense
responses. It is possible that the A. thaliana SAR signals SA
and AzA are involved in P. syringae pv. japonica–induced
susceptibility to Pyrenophora teres. Alternatively, abscisic
acid (ABA) and methyl jasmonate (MeJA) have each been

Fig. 6. Pipecolic acid (Pip) application primes superoxide anion radical
accumulation. A to C, Barley cultivar Golden Promise plants were irrigated
with Pip or H2O as the mock control treatment. Three days later (T3), leaves
were harvested (A) or syringe-infiltrated with Xanthomonas translucens pv.
cerealis (B and C). X. translucens pv. cerealis–inoculated leaves were
harvested at 1 (B) and 2 days postinoculation (C). The accumulation of
superoxide anion radicals was monitored by staining leaf fragments with
nitroblue tetrazolium. These experiments were repeated three times with
comparable results.
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associated with P. syringae pv. japonica–induced systemic
immunity against X. translucens pv. cerealis in barley (Dey
et al. 2014) and might also be involved in systemic suscepti-
bility to Pyrenophora teres. However, the application of SA,
AzA, ABA, and MeJA did not induce susceptibility to Pyr-
enophora teres when applied at the concentrations that induced
resistance against X. translucens pv. cerealis (Lenk et al. 2018;
Supplementary Fig. S7). It is possible that either other con-
centrations are needed or several compounds need to work in
concert during P. syringae pv. japonica–induced susceptibility
to Pyrenophora teres. Alternatively, different compounds not
yet identified might cause the increased size of Pyrenophora
teres lesions.
In a manner similar to its presumed activity in A. thaliana,

Pip induced NO accumulation in barley leaves when exoge-
nously applied (Fig. 5). Furthermore, Pip plays a crucial role in
priming plant immune responses during SAR (Bernsdorff et al.
2016; Návarová et al. 2012; Zeier 2013). AtPR1 transcript ac-
cumulation, for example, does not appear to be robustly in-
duced by Pip but is exaggerated in response to infection if the
plants had been treated or ‘primed’ with Pip before the in-
fection (Bernsdorff et al. 2016; Návarová et al. 2012). Here, we
show that the accumulation of O2

×_ in response to X. translucens
pv. cerealis inoculation likely is primed after Pip application
(Fig. 6). Interestingly, NO has been shown to interact with O2

×_
in plants, forming peroxynitrite (ONOO

_
), which is cytotoxic,

but is not highly effective on plant cells and is therefore be-
lieved to play a role in plant immunity (Delledonne et al. 2001).
Although the data do not allow conclusions on direct signaling
connections, the findings from this work suggest interesting
parallels in the molecular mechanisms through which Pip
contributes to immunity in A. thaliana and barley. In both plant
species, SAR-inducing infections induce Pip accumulation,
while exogenous Pip application induces NO accumulation
(Wang et al. 2018) (Figs. 1 and 5). In A. thaliana NO promotes
SAR in a positive feedback loop with ROS acting upstream of
other SAR-associated signals, including AzA and G3P (Wang
et al. 2014; Zoeller et al. 2012). In support of a role of this
pathway in SAR in cereal crops, G3P has been associated with
systemic immune responses in wheat (Yang et al. 2013). In
barley, further work is required to establish whether Pip-primed
accumulation of O2

×_ is regulated by NO and if this results in
elevated G3P accumulation. Nevertheless, our cumulative data
suggest that at least part of the SAR-promoting Pip, NO-ROS,
AzA, G3P pathway exists in barley and might be active in
systemic immunity.
In this study, we investigated the role of Pip in induced re-

sistance of barley. Pip application reduced growth of systemi-
cally applied (hemi)biotrophic pathogens and did not appear to
negatively affect defense against the necrotrophic fungus Pyr-
enophora teres. This makes Pip an interesting candidate mol-
ecule for crop protection, since it might protect plants from
biotrophic pathogens while not leaving them vulnerable to
necrotrophic pathogens. Although we found good evidence for
transferability of Pip-induced resistance mechanisms between
the A. thalianamodel and the crop plant barley, further research
is required to uncover Pip-induced molecular mechanisms
triggering immunity in barley.

MATERIALS AND METHODS

Plants and growth conditions.
Barley seeds (Hordeum vulgare L. cultivars Golden Promise

or Barke) were sterilized in 1.2% sodium hypochlorite for 3 min
with 25 inversions per minute. Subsequently, seeds were rinsed
three times with water for 10 min with 25 inversions per minute
and were then sown (Floradur Anzuchtsubstrat B Seed,

Floragard; mixed 5:1 with sand for Pip irrigation experiments and
Einheitserde classic CL-T, Bayerische Gärtnereigenossenschaft
for all other experiments). Plants for B. graminis f. sp. hordei
infections were grown in climate chambers with 16 h of light and
8 h of darkness at a temperature of 20�C (day) and 16�C (night).
Plants for all other experiments were grown in a greenhouse with
additional lights HQI-TS 400W/D (Osram), using a day and night
cycle of 12 h with 24�C during the day and 20�C during the
night. NO quantification was performed in both greenhouse and
chamber-grown plants. Three-week-old plants were used for all
experiments.
Arabidopsis thaliana ecotype Columbia-0 (Col-0) was grown

as described (Breitenbach et al. 2014). Two weeks after ger-
mination, plants were treated with Biomükk by soil-drench
application, according to the manufacturer instructions (Biofa
AG, Münsingen, Germany). Four- to five-week-old plants were
used for experiments.

Biological and chemical pretreatments.
Pip (Sigma-Aldrich) was applied by irrigation, essentially as

described (Návarová et al. 2012), at an amount of 30 µmole per
plant. H2O served as the mock treatment. Three days later, the
treated plants were inoculated in the second true leaves with
X. translucens pv. cerealis, B. graminis f. sp. hordei, or Pyr-
enophora teres as described below.
For systemic immunity analyses the first true leaves of barley

plants were infiltrated with 10 6 CFU of P. syringae pv. japonica
per milliliter or with 10 mM MgCl2 as the mock treatment, as
described (Dey et al. 2014). Five days later, the second true
leaves of the treated plants were inoculated with X. translucens
pv. cerealis, B. graminis f. sp. hordei, or Pyrenophora teres as
described below.
ABA and MeJA (Sigma-Aldrich) were dissolved at 400 mM

in 100% methanol (MeOH; Merck), were diluted to 100 µM in
10 mMMgCl2 (Roth), and were syringe-infiltrated into the first
true leaf of barley plants. As a mock treatment, 0.025% MeOH
in 10 mM MgCl2 was used. Five days later, the second true
leaves of the treated plants were infected with Pyrenophora
teres as described below.

Infections and analysis.
P. syringae pv. japonica (strain LMG5659) and X. trans-

lucens pv. cerealis (strain LMG7393) from the LMG collection
of the Belgian Coordinated Collections of Microorganisms
were propagated and inoculated as described (Dey et al. 2014).
X. translucens pv. cerealis inoculations were performed by leaf
infiltration a concentration of 105 CFU/ml in 10 mMMgCl2. In
planta X. translucens pv. cerealis titers were determined at
4 dpi, as described (Dey et al. 2014).
B. graminis f. sp. hordei Swiss field isolate CH4.8 from P.

Schweizer (Leibniz-Institut für Pflanzengenetik und Kulturp-
flanzenforschung) was propagated and inoculated as described
(Delventhal et al. 2017; Lenk et al. 2018). Inoculations were
performed at a density of approximately 30 fungal spores per
square millimeter of leaf. In planta B. graminis f. sp. hordei
propagation was determined at 6 days after inoculation, es-
sentially as described by Lenk et al. (2018), except that
B. graminis f. sp. hordeiwas stained in leaf discs taken from the
proximal (and not distal) halves of the analyzed leaves.
Pyrenophora teres was propagated and inoculated as de-

scribed by Lenk et al. (2018). Leaves were inoculated with 3-µl
droplets containing 65 to110 fungal spores per microliter, with
each leaf receiving five droplets, alternatingly on each side of
the leaf midrib. Lesions caused by Pyrenophora teres were
measured at 4 days after infection using Fiji/ImageJ (version
1.52i) (Schindelin et al. 2012) and the macro PIDIQ, essentially
as described (Laflamme et al. 2016; Lenk et al. 2018). The
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macro was modified to measure the necrotic and chlorotic area
caused by Pyrenophora teres. These modifications were re-
stricted to the values used for color characterization. The values
used in this work were as follows: hue 0 to 45, saturation 150 to
255, brightness 0 to 255.
A. thaliana leaves were syringe-infiltrated with 105 CFU of

P. syringae pv. tomato per milliliter, and the resulting in planta
P. syringae pv. tomato titers were determined at 4 dpi, as de-
scribed by Breitenbach (et al. 2014).

Leaf exudate experiment.
The leaf exudate collection was modified from the work of

Maldonado et al. (2002). Barley plants were inoculated with
P. syringae pv. japonica as described above. Two days later, the
infected leaves plus 2 cm of their leaf sheaths were cut off.
Leaves were surface-sterilized in 50% ethanol and were washed
with 1 mM EDTA, pH 8.5. The cut sites of the leaves were
submerged in 1 mM EDTA, pH 8.5, which contained 100 µg of
ampicillin per milliliter and was exchanged for sterile H2O after
1 h. The leaves were kept at high humidity in the dark for 2 days.
The resulting exudates were filter-sterilized (0.22 µM filters;
Merck Millipore) and were supplemented with MgCl2 to a final
concentration of 1 µM. This solution was syringe-infiltrated into
the third and fourth true leaves of 4- to 5-week-old A. thaliana
plants. One day later, the infiltrated leaves were either harvested
for RNA extraction as described below or were inoculated with
P. syringae pv. tomato as described above. Remains of exudates
were freeze-dried, were dissolved in acetonitrile/H2O (50:50),
and were used for liquid chromatography-mass spectrometry
(LC-MS) measurements as described below.

RNA isolation and RT-qPCR.
RNA was isolated using TRI reagent (Sigma-Aldrich)

according to manufacturer instructions. cDNA was synthesized
from 1.5 µg of RNA using SuperScriptII (Invitrogen, Thermo
Fisher). RT-qPCR was performed with the SensiMix SYBR low
ROX kit (Bioline, Meridian Bioscience) on a 7500 Fast qPCR
system (Applied Biosystems, Thermo Fisher). Cycle threshold
values were obtained using Sequence Detection Software (ver-
sion 1.3.1, Applied Biosystems, Thermo Fisher). Primers used
for qPCR were taken from the work of Breitenbach et al. (2014).

Extraction of metabolites from barley leaves.
For extraction of metabolites after infection, the first and

third true leaves of barley plants were syringe-infiltrated with
106 CFU of P. syringae pv. japonica per milliliter, as described
(Dey et al. 2014), or with 10 mMMgCl2 as the mock treatment.
Four days later, the infiltrated leaves of 10 plants per treatment
were harvested. For extraction of metabolites after Pip irriga-
tion, barley plants were treated with Pip as described above or
with H2O as the mock treatment. Three days later, the second
leaves of the plants were harvested.
Leaves were pooled and were ground in liquid nitrogen.

Samples (3 g each) were extracted as described by Wittek et al.
(2014). Briefly, 30 ml of 100% MeOH were added and were
mixed for 1 h, while rotating at 28 rpm. After centrifugation at
2,800 rpm and 4�C for 10 min, the supernatant was dried by
evaporation and was dissolved in 1 ml of 100% MeOH; 9 ml of
H2O and 10 ml of petroleum ether (PE) were added. The PE
phase was transferred into a new flask, was dried by evapora-
tion, was dissolved in acetonitrile/H2O (50:50), and was used
for LC-MS measurements as described below.

ultra-performance liquid chromatography
mass spectrometry (UPLC-MS) measurements.
Samples were analyzed by UPLC ultra-high resolution tan-

dem quadrupole/time-of-flight MS performed on a Ultimate

3000RS (Thermo Fisher) coupled to Impact II with Apollo II
ESI source (Bruker). The chromatographic separation was
achieved on a BEH C18 reverse-phase column (150 × 2.1 mm,
1.7 µm particles; Waters Technologies). Eluent A was water
with 0.2% of formic acid and eluent B was acetonitrile 100%.
The gradient elution started with an initial isocratic hold of
5% B for 5 min, followed by an increase to 20% B until 7 min,
50% B until 8 min, 95% B until 9 min, decreasing to 70% B
until 11 min, and 50% B until 12 min. Finally, the initial
conditions of 5% B were reached after 14 min. The flowrate
was 200 µl min

_1 and the column temperature was maintained
at 30�C. The auto-sampler temperature was set at 8�C. Mass
calibration was achieved with 50 ml of water, 50 ml of iso-
propanol, 1 ml of sodium hydroxide, and 200 µl of formic
acid. To measure Pip, 10 µl per sample was injected and two
technical replicates were measured in positive ionization
mode. To measure AzA and SA, 10 µl per sample was injected
and two technical replicates were measured in negative ioni-
zation mode. The MS was operated as follows. The nebulizer
pressure was set to 2 bar, dry gas flow was 10 liters per minute,
dry gas temperature was 220�C, capillary voltage was set at
4,000 V for the positive mode and at 3,000 V for the negative
mode, the end plate offset was 500 V. Mass spectra were
acquired in a mass range of 50 to 1300 m/z. Pip, AzA, and
SAwere identified using authentic standards (Sigma-Aldrich)
based on retention time (Pip, 2.1 to 2.4 min; AzA, 10.9 min;
SA, 11.1 to 11.5 min) and m/z (Pip, 130.0860; AzA,
187.0973; SA, 137.0250). For Pip and AzA, the fragmentation
patterns in MS/MS mode were compared between the au-
thentic standards and representative samples (Supplementary
Figs. S5A and B and S8). Pip was quantified against external
standard curves with six calibration points (0.05 to 500 pg/µl,
R = 0.999). SA was quantified against an external standard
curve with seven calibration points (10 to 500 pg/µl, R =
0.999).

DAF-FM DA and NBT staining.
NO accumulation was monitored in the second true leaf of

Pip- and H2O-treated plants by using DAF-FM DA staining. In
addition, B. graminis f. sp. hordei propagation was quantified
after staining the fungus with DAF-FM DA. To this end, leaf
discs were treated with DAF-FMDA as described by Lenk et al.
(2018) and were distributed onto the wells of 96-well plates,
which had been filled with 1% phytoagar. DAF-FM DA fluo-
rescence was subsequently excited with a 488 nm laser and was
detected using a 525/50 bandpass filter (Axio Observer.Z1;
Zeiss). Chlorophyll fluorescence was excited with a 561-nm
laser and was detected using a 629/62 bandpass filter. Fluo-
rescence intensities were analyzed using ZEN2 (Zeiss) and
were normalized to DAF-FM DA background fluorescence in
untreated barley plants.
NBT staining of leaf fragments (4 cm long, taken from the

basal leaf half) was performed exactly as described (Riedlmeier
et al. 2017). Stained leaf fragments were recorded using a
scanner (Canon LiDE 210). Background was subtracted with a
rolling ball radius of 500 pixels using ImageJ.

Statistics.
Data were analyzed in GraphPad Prism 8 for Windows

(version 8.1.1). In order to test for Gaussian distribution, ex-
periments with four to seven replicates per sample were ana-
lyzed using the Shapiro-Wilk normality test and experiments
with more replicates were analyzed using the D’Agostino-
Pearson normality test, both with a = 0.01. If necessary, data
were log2 transformed to reach normal distribution. Outliers
were removed in experiments with n > 3, using Grubbs’ test
with a = 0.05. Data were analyzed using paired (as indicated in
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figured captions) or unpaired t tests. In case of unequal vari-
ances, a t test with Welch’s correction was performed.
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