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Summary

Non-expressor of pathogenesis-related genes
1 (NPR1) is a key regulator of plant innate immunity
and systemic disease resistance. The model for
NPR1 function is based on experimental evidence
obtained largely from dicots; however, this model
does not fit all aspects of Poaceae family, which
includes major crops such as wheat, rice and barley.
In addition, there is little scientific data on NPR1’s
role in mutualistic symbioses. We assessed barley
(Hordeum vulgare) HVNPR1 requirement during the
establishment of mutualistic symbiosis between bar-
ley and beneficial Alphaproteobacterium Rhizobium
radiobacter F4 (RrF4). Upon RrF4 root-inoculation,
barley NPR1-knockdown (KD-hvnpr1) plants lost the
typical spatiotemporal colonization pattern and
supported less bacterial multiplication. Following
RrF4 colonization, expression of salicylic acid marker
genes were strongly enhanced in wild-type roots;
whereas in comparison, KD-hvnpr1 roots exhibited
little to no induction. Both basal and RrF4-induced
root-initiated systemic resistance against virulent
Blumeria graminis were impaired in leaves of KD-
hvnpr1. Besides these immune-related differences,
KD-hvnpr1 plants displayed higher root and shoot
biomass than WT. However, RrF4-mediated growth
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promotion was largely compromised in KD-hvnpr1.
Our results demonstrate a critical role for HYNPR1 in
establishing a mutualistic symbiosis between a bene-
ficial bacterium and a cereal crop.

Introduction

During co-evolution with pests and microbes, plants have
evolved ingenious local and systemic immune pathways.
Local immune responses are initiated when highly con-
served microbe- or pathogen-associated molecular pat-
terns are detected by cell surface-localized pattern
recognition receptors. This recognition triggers pattern-
triggered immunity (PTI), which often is sufficient to pre-
vent further pathogen ingress. However, some pathogens
are able to suppress PTI. In this situation, the host plant
displays a low level of resistance, termed basal resistance.
To combat these virulent pathogens, some plants can acti-
vate the second layer of local immunity, termed effector-
triggered immunity (ETI). Both PTIl and ETI are associated
with increased synthesis of the phytohormone salicylic
acid (SA) and the activation of various defence responses
in the infected tissue (Jones and Dangl, 2006; Mishina and
Zeiser, 2007; Choi and Klessig, 2016). The systemic
immune pathways are broadly categorized into systemic
acquired resistance (SAR) and induced systemic resis-
tance (ISR) (Fu and Dong, 2013; Pieterse et al., 2014;
Klessig et al., 2018). SAR is induced in distal uninfected
tissues by a prior inoculation of a pathogen (Ross, 1961);
like PTI and ET], it is dependent on the SA signalling path-
way. By contrast, ISR is induced primarily by pests
(insects) and root-colonizing non-pathogenic microbes.
Activation of ISR is mediated by the jasmonic acid
(JA) and ethylene (ET) signalling pathways (Van Loon
etal., 2006.

The discovery that SA is a critical endogenous signal for
SAR led to extensive efforts to identify downstream signal-
ling components. Characterization of several Arabidopsis
mutants that accumulated endogenous SA but failed to
activate SAR after pathogen infection or exogenous SA
treatment led to the identification of a single gene, Non-
expressor of pathogenesis-related (PR) genes 1 (NPRT)
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(Cao et al., 1994; Delaney et al., 1995; Glazebrook
et al., 1996; Shah et al., 1997). Subsequent studies rev-
ealed that NPR1 not only plays a critical role in the estab-
lishment of SAR but also during ISR (van Loon et al.,
2006). Structural analyses indicated that NPR1 contains
an N-terminal BTB/POZ (broad-complex, tamtrack, bric-a-
brac/pox virus, and zinc finger) domain, an ankyrin repeat
domain, a C-terminal transactivation domain and nuclear
localization sequence (Klessig et al., 2018). NPR1 is a
redox-sensitive protein that resides in the cytosol as an
oligomeric complex formed by intermolecular disulfide
bonds (Mou et al., 2003). Following microbial infection,
SA induces a biphasic change in the cellular redox state.
The initial oxidative burst is followed by a more reducing
environment that causes the NPR1 oligomer to disassoci-
ate (Mou et al., 2003; Tada et al., 2008). In addition, direct
binding of SA promotes NPR1 monomerization
(Wu et al., 2012). NPR1 monomers are then transported
to the nucleus, where they serve as transcriptional core-
gulators of defence-associated genes, such as Pathogen-
esis-related 1, via their direct interaction with basic
leucine zipper transcription factors from the TGA family
(Klessig et al., 2018).

In comparison to its role in the nucleus, cytosolic
NPR1 does not promote SA-induced defence gene
expression. Instead, it modulates crosstalk between the
SA and JA signalling pathways (Spoel et al., 2003).
These pathways are thought to form the backbone of
plant immunity, with SA generally mediating resistance to
biotrophic pathogens and JA regulating resistance to
necrotrophic pathogens and herbivorous insects. ET fre-
quently works synergistically with JA to activate resis-
tance to necrotrophs. The relationship between the SA
and JA/ET signalling pathways often is mutually antago-
nistic, although synergistic interactions have been noted
(Pieterse et al., 2012; De Vleesschauwer et al., 2014;
Caarls et al., 2015; Shigenaga et al., 2017). The balance
between the SA and JA/ET pathways presumably
enables deployment of defences best suited to combat
pathogens with different lifestyles.

Although SA’s and NPR1’s roles in mediating defence
signalling have been well documented in many dicot spe-
cies, their function in monocots is less clear. Studies in
rice, which constitutively accumulates elevated levels of
SA, as well as other cereals, suggest that SA is involved
in immune signalling triggered by at least some patho-
gens (Klessig et al., 2018). In addition, NPR1 is con-
served in dicots and monocots (Kogel and Langen, 2005;
Balmer et al., 2013; Sharma et al., 2013). Over-
expression of AtNPR1 either primes or enhances SA-
associated disease resistance in wheat (Triticum
aestivum) and rice (Oryza sativa) against various patho-
gens, including Xanthomonas oryzae, Magnaporthe
oryzae (Mo), Fusarium verticillioides and Erwinia
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chrysanthemi (Makandar et al., 2006; Chern et al., 2007;
Quilis et al., 2008; Xu et al., 2017). Similarly, over-
expression of wheat TaNPR71 in barley (Hordeum
vulgare) conferred enhanced resistance to Mo, whereas
resistance to Mo was suppressed in a barley line with
knocked-down (KD) expression of HvNPR1 (Wang
et al., 2018). Furthermore, protein interaction between
NPR1 and TGAs is critical for NPR1 function in monocots
and dicots (Després et al., 2003; Chern et al., 2007;
Cantu et al., 2013), including expression of PR genes
during resistance triggered by P. syringae DC3000
(Wang et al., 2016).

Despite these findings, the well-established model for
NPR1’s role in host-microbe interactions is not consis-
tent with some aspects of the family of Poaceae, which
includes major crops like wheat, rice and barley. These
cereal crops do not develop a canonical SAR in which
the activation of PR gene expression and broad-
spectrum pathogen resistance in the systemic leaves is
signalled by increased levels of endogenous SA (Kogel
and Langen, 2005; Wang et al., 2018). In barley
and wheat, inoculation with Pseudomonas syringae
pv. tomato (Pst) induces enhanced resistance to second-
ary infection by other pathogens, a phenomenon termed
acquired resistance (AR). Transcriptional profiling of bar-
ley tissue adjacent to the primary inoculation revealed
similarities with the transcriptional profile of SAR in Ara-
bidopsis, as well as transcripts previously associated with
chemically induced AR in cereals (BeBer et al., 2000),
suggesting that AR in barley and SAR in Arabidopsis
may be mediated by analogous pathways. However, AR
is not detected in systemic leaves, but rather in the
region adjacent to the initial infection site (Colebrook
et al., 2012; Gao et al., 2018). Alternatively, primary leaf
infection of barley with P. syringae pv. japonica (Psj)
induces systemic resistance in uninfected leaves against
a subsequent challenge infection with X. translucens
pv. cerealis (Xtc). Unlike SAR in Arabidopsis, however,
systemic immunity in barley was not associated with
HvNPR1, nor with the local or systemic accumulation of
SA (Dey et al., 2014). Instead, it was associated with a
moderate local, but not systemic, induction of abscisic
acid (ABA). Local application of JA methyl ester or ABA,
but not SA or BTH, triggered systemic immunity to Xc.
The systemic response correlated with the local and sys-
temic induction of two WRKY and two ethylene-
responsive factor-like transcription factors.

The role NPR1 and the SA signalling pathway play dur-
ing establishment of mutualistic symbioses between
plants and beneficial microbes also is poorly understood.
Legumes are uniquely capable of forming symbiotic inter-
actions with rhizobacteria belonging to the Rhizobium
genus (Remigi et al., 2016). Inoculation of legume roots
with symbiotic bacteria, such as Sinorhizobium meliloti,
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or treatment with purified nodulation factors induces vari-
ous early responses, such as root hair deformation and
induction of early and late nodulin genes. Analyses of
Medicago truncatula with altered levels of NPR1 expres-
sion revealed that S. meliloti-induced root hair deforma-
tion was suppressed in plants that overexpressed
AtNPR1, while it was accelerated in plants silenced for
NPR1 expression (Peleg-Grossman et al., 2009). Inter-
estingly, S. meliloti-induced root hair deformation and
expression of early nodulin genes also were observed in
the non-legume Arabidopsis, but only in the npr1 mutant
background rather than WT plants. Thus, NPR1 appears
to suppress plant responses to Rhizobia (Peleg-
Grossman et al., 2009). Further implicating the SA signal-
ling pathway as a negative regulator of plant—-Rhizobium
symbiotic interactions, SA treatment of M. truncatula
inhibits S. meliloti-induced root hair deformation, whereas
this response is supported in SA-deficient NahG but not
WT Arabidopsis. Additionally, SA levels are reduced in
M. truncatula during the first days of S. meliloti infection,
which may result in reduced NPR1-dependent gene
expression (Martinez-Abarca et al., 1998). By contrast,
the ectomycorrhiza (EM) fungus Laccaria bicolor pro-
motes mutualism in Populus by expressing the effector
protein MiSSP7 (Mycorrhiza-induced small secreted pro-
tein 7), which blocks the JA signalling network by binding
and protecting the host protein PtJAZ6 (Jasmonate ZIM-
domain [JAZ] protein 6) from degradation (Plett
et al., 2014). Likewise, Populus roots colonized with the
EM fungus Paxillus involutus accumulate elevated levels
of the stress-related hormone ABA and SA compared
with non-EM colonized roots, whereas JA and auxin
levels are reduced (Luo et al., 2009). Together, these
studies indicate that various plant immune signalling
pathways can impact the establishment of mutualistic
symbioses between different microbes and their hosts.

In the present work, we investigated whether NPR1 is
involved in establishing a mutualistic symbiosis between
the Alphaproteobacterium Rhizobium radiobacter (RrF4)
and the cereal plant barley. The beneficial bacterium
RrF4 was originally isolated from the sebacinoid basidio-
mycete fungus Serendipita indica (Wei3 et al., 2016;
syn. Piriformospora indica, Verma et al., 1998), a host-
unspecific root endophyte that colonizes virtually all
plants so far tested under greenhouse conditions
(Sharma et al., 2008). RrF4 shows a high degree of
genomic similarity to the plant pathogen R. radiobacter
(formerly: Agrobacterium tumefaciens) C58 (Glaeser
et al., 2016). Similar to its fungal host S. indica, RrF4 col-
onizes plant roots without host preference and forms
aggregates of attached cells and dense biofiims at the
root surface of maturation zones. RrF4-colonized plants
show increased biomass and systemically enhanced
resistance against the powdery mildew fungus

B. graminis f.sp. hordei (Bgh) in barley and bacterial leaf
pathogens such as Pst DC3000 in Arabidopsis and X.
translucens pv. translucens (Xtt) in wheat (Sharma
et al., 2008; Glaeser et al., 2016; Alabid et al., 2020).

Here, we examine the influence of NPR1 on the benefi-
cial bacterium R. radiobacter F4 to form mutualistic sym-
bioses with roots of the cereal crop barley and further
analyse the signalling pathways modulated during root
colonization and induction of systemic resistance. Our
results indicate that HYNPR1 plays a critical role in the
establishment of a mutualistic symbiosis between a bac-
terium and a cereal crop. This study hence expands our
understanding of the molecular nature of plant-microbe
interaction in cereals.

Results and discussion

Phylogenetic analysis and in silico identification of barley
NPR1-like genes

In Arabidopsis, NPR1 belongs to a gene family that con-
tains five additional members (AtNPR2-6). Previous ana-
lyses in barley identified HvNPR1 (GenBank:
AMO050559.1), which encodes a protein containing the
conserved domains identified in other NPR1 homologues
such as the BTB/POZ domain, the DUF domain (Domain
of Unknown Function), the ankyrin repeat domain and a
NPR1/NIM1 like defence protein C terminal domain
(Fig. Fig. S1a; Kogel and Langen, 2005). Two additional
HvNPR1-like genes, Cul4 (GenBank: AK360734.1) and
Lax-a (GenBank: AK359086.1) have been published
(Tavakol et al., 2015; Jost et al., 2016; Castelld
et al., 2018). These genes share high similarity with Ara-
bidopsis Blade-On-Petiole 1 (BOP1; syn. AtNPR5) and
BOP2 (syn. AtNPR6) respectively (Fig. Fig. S1b). Phylo-
genetic analyses have divided NPR1-like proteins into
three clades: clade | contains AtNPR1 and AtNPR2
homologues, clade Il contains AtNPR3 and AtNPR4
homologues and clade Il contains AtINPR5 and AtNPR6
homologues (Fig. 1; Backer et al., 2019). The clear sepa-
ration of clade | and Il is currently controversial (Toriba
etal., 2019).

To mine additional barley NPR1-like genes, we con-
ducted a genome-wide analysis across several species
based on predicted protein data from the National Centre
for Biotechnology Information. Using domain prediction
analysis (https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.
cgi), we identified two additional genes that encode
HvNPR1-like proteins, HYNPR2 (BAJ86173.1) and HYNPR3
(BAJ90272.1) (Fig. Fig. Sicd). Protein sequences
corresponding to HvNPR2 (HORVU3Hr1G074640.4) and
HvNPR3 (HORVU4Hr1G003040.1) were also found in the
barley cv. Morex sequencing database of the Leibniz Insti-
tute of Plant Genetics and Crop Plant Research (IPK,
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Fig 1. Phylogenetic relationship of barley NPRs with their homologues in other species. Amino acid (aa) sequences of HYNPR1 and its homo-
logues were aligned using the MUSCLE algorithm and the maximum likelihood tree was generated using the MEGA software (MEGA X version
10.0.5, Kumar et al., 2018). Numbers in the tree nodes indicate confidence values based on 1000 bootstrap replicates. The following species
were included in the analysis: the dicot model Arabidopsis thaliana (At), the grass model Brachypodium distachyon (Bd), Brassica napus (Bn),
Glycine max (Gm), Hordeum vulgare (Hv, in red), Musa acuminata (Ma), Nicotiana tabacum (Nt), Oryza sativa (Os), Persea americana (Pa),
Prunum persica (Pp), Solanum lycopersicum (SI), Solanum tuberosum (St), Theobroma cacao (Tc), Triticum turgidum (Tt), Vitis vinifera (Vv) and
Zea mays (Zm). The ankyrin-2 sequence from Rattus norvegicus (Rn) and human NF-kappa-B inhibitor zeta (HsIkB) were used as outgroups.
The scale bar at the bottom indicates the evolutionary distance corresponding to one aa substitution per site. [Color figure can be viewed at

wileyonlinelibrary.com]

Gatersleben, Germany (https://webblast.ipk-gatersleben.de/
barley_ibsc/viroblast.php)). Based on amino acid
(aa) sequence, HYNPR2 shares the highest similarity with
rice OsNPR2 and the grass model Brachypodium dis-
tachyon BANPR2, and HYNPRS3 shares the greatest level of
similarity with OsNPR3 and BdNPR3, which all cluster in
clade Il (see Fig. 1). The domain structure of all barley
NPR1-like genes was also tested by their exon-intron distri-
bution frequency (http:/gsds.cbi.pku.edu.cn), further con-
firming the placement of the barley NPR1-like proteins in
the various phylogenetic clades (Fig. Fig. S1e).

HvNPR1 modulates colonization of barley roots by RrF4

To assess the possibility that HYNPR1 plays a role in
establishing a mutualistic symbiosis between the benefi-
cial bacterium RrF4 and barley, we monitored root coloni-
zation in RrF4-inoculated WT plants and a barley line
(cv. Golden Promise) that was partially silenced for
HvNPR1 expression (KD-hvnpr1 E7L2 and E11L9 lines;
Dey et al., 2014). As anticipated from a previous study,
the relative level of HYNPR1 transcript in homozygous
KD-hvnpr1 lines was 32% and 47% respectively, com-
pared with wt plants (Fig. 2a), and KD-hvnpr1 E7L2
plants lost sensitivity to the resistance inducer
benzothiadiazole (BTH; Fig. 3; Gorlach et al., 1996). To
confirm that HYNPR1 silencing was specific, we investi-
gated possible off-target effects on other HYNPRs. As
expected due to the lack of off-target detection with SiFi
software, the KD-hvnpr1 lines E7L2 and E11L9 were

silenced for HvNPR1 expression, while HvNPR2,
HvNPR3, HvNPR5 and HvNPRG6 expression was not
affected (Fig. 2b; Fig. S2).

The roots of 3-day-old WT and KD-hvnpr1 seedlings
were dip-inoculated with a B-glucuronidase (GUS)-
expressing RrF4 strain (Glaeser et al., 2016). Subse-
quently, seedlings were cultivated in glass jars on half-
strength Murashige and Skoog (1/2 MS) medium.
Detached roots were treated with the GUS substrate
5-Bromo-4-chloro-3-indolyl  p-b-glucuronide  cyclohexyl
ammonium salt (X-gluc) for visualization of bacterial cells.
Starting from 2 days post-inoculation (dpi), WT roots
showed a dark blue colour that was spatially restricted to
the root hair zone, whereas KD-hvnpri roots showed a
fainter colouring that was distributed across the root tips
(Fig. 4a—d; Fig. S3). Based on the staining intensity and
pattern, bacterial colonization of WT roots appears to be
stronger than that of KD-hvnpr1 roots. This finding raises
the possibility that HYNPR1 positively regulates the spa-
tiotemporal colonization pattern of RrF4. To further inves-
tigate this possibility, WT and KD-hvnpr1 plants were
inoculated with RrF4 and cultivated in the soil for
3 weeks; DNA was then extracted from roots and quanti-
fied by quantitative real-time PCR (qRT-PCR) using
bacteria-specific internal transcribed spacer (ITS) primers
(Glaeser et al., 2016). Based on the relative level of RrF4
ITS, the roots of both KD-hvnpr1 lines E7L2 and E11L9
supported substantially lower levels of RrF4 than those of
WT plants (Fig. 4e). We extended our analysis by trans-
mission electron microscopy (TEM) to understand the
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Fig 2. Relative expression of HvNPR
genes determined by gRT-PCR in wild
type (WT) barley cv. Golden Promise
(GP) and in two KD-hvnpr1 lines (Dey
et al., 2014). The results were obtained
using the T3 (E11L9) and T5 (E7L2) gen-
eration of transgenic plants. The transcript
level of HYNPR1 (A) and other HYNPR
family members (B) was normalized to
barley Ubiquitin (GenBank: M60176.1).
Displayed is the mean of six technical
repetitions (n =10 plants). The experi-
ment was conducted two times (n =10
plants) with similar results. Error bars rep-
resent standard deviation (SD). Letters
represent the statistical difference among
each group means (Tukey’s range
test, a = 0.05).
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Fig 3. Sensitivity of barley to the resistance-inducing compound
benzothiadiazole (BTH). Ten milliliters of 20 ppm BTH in wettable
powder (WP) and WP alone as mock control were applied to a
5-day-old cv. Golden Promise WT and KD-hvnpr1 seedlings as a soil
drench. Two days later, detached first leaves were inoculated with
BghA6 and at 6 dpi colonies were counted. BghA6 colony numbers
on BTH-treated WT plants were lower than numbers on mock-
treated plants. In contrast, BTH-treated KD-hvnpr1 plants showed
only minor reductions in BghA6 colony number compared with
mock-treated KD-hvnpr1, showing that BTH-induced resistance is
dependent on HYNPR1. The experiment was conducted two times
(n =20 plants) with similar results. Comparisons between groups
were performed via the Kruskal-Wallis test and Dunn’s test of mul-
tiple comparisons. Asterisks represent the statistical differences of
the groups against WT mock (*p <0.05; ***p <0.001;
****p < 0.0001). Letters represent statistical difference among all
groups (a = 0.05).

HvNPR6

rhizodermal colonization pattern of the bacteria. Due to
the stronger HYNPR1 silencing effect, these experiments
were done with line KD-hvnpr1 E7L2. At 5 dpi, RrF4 cells
had already penetrated into the WT roots. Significantly,
and in accordance with Glaeser et al. (2016), RrF4 pre-
dominantly colonize the extracellular spaces of the root
cortex (Fig. 5A-C). In clear contrast, the roots of KD-
hvnpr1 plants showed a broad layer of bacteria that were
located on the outside of the rhizodermis and bacteria
could not be found in the extracellular spaces of the cor-
tex (Fig. 5D-F). Thus, HYNPR1 appears to be required,
at least in part, for effective colonization of barley roots
by the beneficial microbe RrF4.

RrF4-induced expression of SA but not JA marker genes
is compromised in KD-hvnpr1 roots

Whether RrF4 inoculation impacts the local expression of
plant defence genes was then assessed in WT and KD-
hvnpr1 roots over a 6-day time-course. Three-day-old
barley seedlings were dip-inoculated with RrF4 or dipped
into buffer (mock) and axenically grown roots were
harvested for gqRT-PCR analysis at the indicated time
points (Fig. 6). From 2 dpi onwards, expression of the SA
marker genes HvPR1b and HvPR2 was significantly
higher in RrF4-colonized WT roots compared with mock-
treated roots (Fig. 6A and B). In contrast, RrF4 coloniza-
tion did not enhance the expression of either PR gene in
KD-hvnpr1 roots at 2 or 4 dpi, although a small induction
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Fig 4. RrF4 colonization pattern and strength in barley cv. Golden Promise WT and KD-hvnpr1 roots. Root segments colonized by GUS-
expressing RrF4 at 5 dpi in WT (A, B) and KD-hvnpr1 E7L2 (C, D) plants. (E) Relative gPCR analysis of the quantity of RrF4 cells in roots of
3-day-old plants at 5 dpi using primers specific for barley Ubiquitin and RrF4 ITS. The number of bacteria was significantly reduced in both roots
of KD-hvnpr1 mutant lines compared with WT plants. The experiment was conducted two times (n = 10 plants) with similar results. Displayed are
means with standard errors of three independent biological experiments. Letters represent the statistical differences among the group means
(Tukey’s range test, a = 0.05). [Color figure can be viewed at wileyonlinelibrary.com]

was detected at 6 dpi, potentially due to residual NPR1
activity. The JA marker S-adenosyl-I-methionine:
jasmonic acid carboxyl methyltransferase (HvJMT) also
was induced by RrF4 colonization of WT roots, although
a dramatic increase was not detected until 4 dpi
(Fig. 6C). In contrast to either PR gene, HvJMT expres-
sion was strongly enhanced in KD-hvnpri roots after
RrF4 inoculation, with transcripts for this gene

accumulating to even greater levels than in comparably
treated WT plants at 2 and 6 dpi.

Taken together, these data suggest that root inocula-
tion with the mutualistic microbe RrF4 enhances local
expression of HvPR1b and HvPR2 via a pathway that is
largely dependent on HvNPR1, whereas it induces
HVJMT expression via a pathway that is largely
HvNPR1-independent.

Fig 5. TEM analysis of the colonization pattern of RrF4 in WT vs. KD-hvnpr1 barley roots. Three-day-old seedlings were dip-inoculated for 30 min
into bacterial suspensions (ODgoo = 1.4-2), the colonization pattern was analysed at 5 dpi. In WT plants, bacterial colonization was located
mainly in the root cortex (A, B, C), whereas in KD-hvnpr1 roots it was located on the outside of the rhizodermis (D, E, F). Cc, root cortex cells; bl,
bacterial layer outside on the root surface; be, bacteria in the extracellular space of cortex cells; rs, root surface. [Color figure can be viewed at

wileyonlinelibrary.com]
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Fig 6. Relative expression of immune-related genes in the roots of KD-hvnpr1 vs. WT barley in the presence or absence of RrF4. Transcripts of
HvPR1b (A), HvPR2 (B), or HWJMT (C) were assessed by qRT-PCR and normalized to barley ubiquitin. Roots of 3-day-old seedlings were dip-
inoculated with RrF4 (ODggo = 1.4-2) and harvested at 0, 2, 4 and 6 dpi. The experiment was conducted three times (n = 7 plants) with similar
results. Error bars indicate standard deviation. For each gene, the different letters above the bars indicate significant differences in the means
determined by one-way ANOVA with post-hoc Tukey HSD test (a = 0.05).

Our data are consistent with a report showing that ele-
vated levels of JA prevent endophytic colonization of rice
roots by the nitrogen-fixing Azoarcus sp. strain BH72
(Miché et al., 2006). Furthermore, our results confirm that
an intact immune status of the roots is important for the
establishment of a mutualistic interaction, as has been
shown for fungal sebacinoid endophytes, such as S.
indica in Arabidopsis (Lahrmann et al., 2015).

HvNPRT1 is required for both RrF4-induced root-initiated
systemic resistance and basal resistance to powdery
mildew

In Arabidopsis, root colonization with RrF4 results in
enhanced systemic resistance against Pst DC3000
(Glaeser et al., 2016). Mutational analysis showed that
this systemic resistance does not require NPR1 or SA,
but instead is dependent on the JA-induced ISR pathway.
The unavailability of similar mutants in cereals has

hampered such analyses in these important crops. To
assess the requirement of HYNPR1 in root-initiated sys-
temic resistance of a monocotyledonous plant, roots of
3-day-old KD-hvnpr1 and WT barley seedlings were
either dip-inoculated in an RrF4 suspension or mock
treated with buffer. The seedlings were grown for
3 weeks in the soil; leaves were then harvested and inoc-
ulated with the virulent isolate A6 of Bgh (BghA6). At
6 dpi with BghA6, the detached Ileaves from
RrF4-colonized WT plants displayed fewer fungal colo-
nies than the leaves from mock-treated plants (Fig. 7).
Thus, root colonization with RrF4 initiated systemic resis-
tance to this virulent fungal pathogen. By contrast, as
after BTH treatment (see Fig. 3) comparable numbers of
BghA®6 colonies were observed on the detached leaves
of KD-hvnpr1 plants regardless of whether their roots
were treated with RrF4 or buffer. It should be noted that
the leaves of buffer-treated (as well as RrF4-colonized)
KD-hvnpr1 plants supported a greater number of fungal
colonies than the leaves of buffer-treated WT plants.
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Fig 7. Knock-down (KD) of barley HYNPR1 results in altered basal
and root-initiated systemic disease resistance to the powdery mildew
fungus B. graminis f.sp. hordei (Bgh). Number of Bgh colonies on
detached leaves of WT and KD-hvnpr1 plants whose roots were or
were not colonized by RrF4. After dip-inoculating the roots of 3-day-
old seedlings in an RrF4 suspension (ODggo = 1.4) or 10 mM MgSO,4
7H.0 buffer, plants were grown in soil for 3 weeks. Twenty-four-day-
old detached third leaves were inoculated with 3-5 Bgh conidia/
mm~2 and fungal colonies were counted 6 days later. The graph
shows the percentage in pustules count of three independent experi-
ments (n = 15 plants). Comparisons between groups were performed
via Kruskal-Wallis test and Dunn’s test of multiple comparisons.
Error bars represent standard deviation. Asterisks indicate statistical
difference of the group means against WT mock (*p < 0.05;
**p < 0.01; ***p < 0.001). Letters represent the statistical differences
among all group means (a = 0.05).

Together, these results both confirm our prior demonstra-
tion that HYNPR1 is required in the inoculated leaf for
basal resistance to BghA6 (Dey et al., 2014), and they
reveal a critical role for HYNPR1 in root-initiated systemic
resistance. This latter finding extends an earlier report
investigating the role of NPR1 in barley during AR (Gao
et al., 2018). Previously, foliar inoculation of WT barley
with Pst DC3000 was shown to induce heightened resis-
tance in the adjacent tissue (outside of the initial infection
zone) to a secondary infecton by Mo. This Pst
DC3000-induced AR was suppressed in the HvNPR1
knock-down line E7L2 line but enhanced in a barley line

NPR1 contributes to mutualism 2109

overexpressing wheat wNPR1 (Gao et al., 2018). By con-
trast, a different study indicated that HYNPR1 is not
required for systemic immunity triggered by inoculating a
lower leaf of barley plants with either Xtc or Psj. In com-
parison to plants that received a primary mock inocula-
tion, the systemic leaves of KD-hvnpr1 (line E7L2) and
WT plants that received a primary inoculation with Xtc or
Psi displayed a similar reduction in bacterial growth fol-
lowing challenge inoculation with Xtc (Dey et al., 2014).
Further studies will be required to determine how the
location of the primary infection (root vs. leaf) and/or the
identity of the pathogen influence activation of systemic
resistance via NPR1-dependent or -independent signal-
ling pathways.

RrF4-induced systemic defence gene expression is
compromised in KD-hvnpri plants

Next, we investigated whether the HvNPR1-dependent
systemic resistance triggered by RrF4 root colonization is
associated with increased defence gene expression in
barley leaves. To this end, the roots of WT and KD-
hvnpr1 seedlings were dip-inoculated with RrF4 or
dipped into the buffer (mock). After growing the seed-
lings on soil for 3 weeks, leaves were detached and
inoculated with BghA6 conidia. Relative levels of
HvPR1b, HvPR2 and HvPR5 expression were then
determined by qRT-PCR analysis at 0, 18, 36, 48 and
72 h post-inoculation (hpi) (Fig. 8; Fig. S4). At all time
points after BghA6 inoculation, expression levels of
HvPR1b, HYPR2 and HvPR5 were substantially lower in
the leaves of RrF4-colonized KD-hvnpr1 plants com-
pared with comparably treated WT plants. Thus, the
ability of RrF4 root colonization to effectively induce sys-
temic PR gene expression appears to be largely depen-
dent on HYNPR1.
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Fig 8. Scatterplots with trendlines of the relative systemic expression of defence-related genes upon BghA6 challenge inoculation of
RrF4-colonized WT or KD-hvnpr1 plants. Transcripts of HvPR1b (A), HYPR2 (B) and HvPR5 (C) were assessed by qRT-PCR and normalized to
barley ubiquitin. Roots of WT and KD-hvnpr1 seedlings were dip-inoculated with RrF4 (ODgqo = 2). After growing the seedlings in the soil for
3 weeks, the detached youngest leaves were inoculated with 1015 BghA6 conidia/mm~ and harvested 0, 18, 36, 48 and 72 hpi. Displayed are
the means of three biological repetitions (n = 4 plants). Error bars indicate standard deviation. Significant differences between the linear regres-

sion analyses were determined by one-way ANOVA (p < 0.1, *p < 0.05).
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Fig 9. Root and shoot biomass of 3-week-old WT and KD-hvnpr1 plants after colonization with RrF4 was compared with non-colonized plants.
Plants were cultivated in artificial soil containing 2:1 mixture of expanded clay (Seramis) and QOil-Dri in a growth chamber at 22°C/18°C (day/night
cycle) with 60% relative humidity and a photoperiod of 16 h (240 pmol m™2 s~ photon flux density) (A) Root and shoot fresh weight (FW) and
(B) root morphology. The experiment was conducted two times (n = 20 plants) with similar results. Comparisons between groups were performed
via one-way ANOVA and Tukey’s range test. Asterisks represent statistical difference of the group means against WT mock (*p < 0.05;
**p <0.001). Letters represent the statistical differences among all group means (a =0.05). [Color figure can be viewed at

wileyonlinelibrary.com]

KD-hvnpr1 plants have a higher biomass but are
compromised for RrF4-induced growth promotion

From an agronomic viewpoint, it is critical to determine
whether NPR1’s function as a key regulator of PR gene
expression and pathogen defence also has an impact on
plant yield (Xu et al., 2017). Previous studies have shown
that the biomass of Arabidopsis and barley plants is
enhanced after root inoculation with RrF4 (Sharma
et al., 2008; Glaeser et al., 2016). To assess whether this
response is dependent on HYNPR1, we recorded the bio-
masses of WT and KD-hvnpr1 plants whose roots were
inoculated with either buffer or RrF4 over a growth period

of 3 weeks. RrF4-colonized WT plants showed a strong
increase in root and shoot fresh weight (FW) compared
with mock-treated WT plants, corroborating the findings
of Sharma et al. (2008). Strikingly, the root and shoot
FWs of mock-inoculated KD-hvnpr1 plants were signifi-
cantly higher (Tukey’s range test p < 0.001) than those of
either mock- or RrF4-inoculated WT plants (Fig. 9;
Fig. S5). In comparison to WT plants, however, the FW
of RrF4-colonized KD-hvnpr1 plants showed only a
slight, statistically insignificant increase over that of
mock-treated KD-hvnpr1 plants. To further substantiate
the hypothesis that NPR1 is required for plant fitness and
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growth, we also recorded the root and shoot biomasses
of KD-hvnpr1 E11L9, which shows a weaker (53%)
silencing effect. Both root and shoot FWs were signifi-
cantly higher compared with WT plants (Fig. S6),
suggesting a negative correlation between HYNPR1 tran-
script levels and growth promotion. That plants with
reduced HvNPR1 expression display better fitness in
terms of root and shoot growth is consistent with the
hypothesis that a weakened immune system results in a
stronger growth phenotype (Heil and Baldwin, 2002;
Abreu and Munné-Bosch, 2009; Yang et al., 2012; Huot
etal., 2014).

Conclusion

The results presented here suggest that HYNPRT1 plays a
vital role in the establishment of a mutualistic symbiosis.
Following RrF4 inoculation, the roots of KD-hvnpr1 plants
displayed a different spatiotemporal colonization pattern
than the roots of WT plants, and they supported substan-
tially fewer bacterial cells. The reduced multiplication of
RrF4 in KD-hvnpr1 roots was associated with reduced
local and systemic expression of several SA marker
genes, including HvPR1b, HvPR2 and/or HvPR5, while
local expression of the JA marker HVJMT was either
comparable to or higher than that detected in
RrF4-inoculated WT plants. Based on these findings, we
hypothesize that RrF4-mediated activation of the SA sig-
nalling pathway may help to downregulate the JA path-
way, thereby enhancing the colonization of barley roots.
In addition, KD-hvnpri plants were compromised for
RrF4-induced root-initiated systemic resistance to
BghA6. Together, these findings suggest that HYNPR1
plays important roles in both modulating the tissue-
specific capacity for successful RrF4 colonization, as well
as transducing the signal for RrF4-induced immune
responses in barley. Finally, HYNPR1 function negatively
interferes with the growth of barley roots and shoots,
however, reinforces RrF4-induced growth responses.

Experimental procedures
Plant material and inoculation with Bgh

Seeds of spring barley (H. vulgare) cv. Golden Promise
(GP) and GP-derived KD-hvnpr1-E7L2 plants were sur-
face sterilized and grown under sterile conditions for
3 days (Glaeser et al., 2016). The generation of KD-
hvnpr1-E7L2 plants is described in Dey et al. (2014). A
conserved domain of HYNPR1 (aa 204—333) was used to
generate hairpin  RNA constructs for RNAi-mediated
silencing of HYNPR1. Seeds were germinated on sterile
filter paper for 3 days at 22°C/18°C (day/night cycle) and
roots were dipped in RrF4 suspension Dbuffer
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(ODego = 1.4-2) or just in suspension buffer (10 mM
MgSO, 7H,0) for 2-3 h. Subsequently, the seedlings
were transferred, depending on the experiment, to pots
(#12 cm) containing soil (Fruhstorfer Erde Typ T) or alter-
natively in 2.5-L glass jars on 1/2 MS medium (150 ml
tot. vol.). Plants were cultivated then in a growth chamber
at 22°C/18°C (day/night cycle) with 60% relative humidity
and a photoperiod of 16 h (240 pmol m~2 s~ photon flux
density). Plants in soil were fertilized weekly with 0.1%
WUXAL top N solution (N/P/K: 12/4/6; Aglukon,
Disseldorf, Germany). The detached leaf assay was
done with the third leaves of 3-week-old plants. Leaf seg-
ments were laid on 1% (wt./vol.) water agar and inocu-
lated with fresh conidia of Blumeria graminis f.sp. hordei
(Bgh) race A6 as described in Dey et al. (2014). For the
root defence-gene analysis, after plants were moved in %2
MS medium, at 0, 2, 4 and 6 dpi roots were harvested,
crushed in liquid nitrogen with the help of a mortar and
pestle and extracted DNA/RNA analysed via qPCR.

BTH treatment

Barley plants were grown in 200 g capacity pots in soil
(Fruhstorfer Erde, Vechta, Germany) under controlled
condition 16 h light (240 ymol m™ s~ photon flux den-
sity) and 60% relative humidity (22/18°C day/night cycle).
Ten milliliters of 20 ppm BTH (CGA245704, Bion®,
Novartis, Basel, Switzerland) formulated as 50% active
ingredient with wettable powder (WP) in water was
applied to 5-day-old seedlings as a soil drench. Control
plants were treated with WP. Two days after BTH treat-
ment, first leaf segments were placed on 0.5% (wt./vol.)
water agar containing 20 mg L™' benzimidazole (Merck-
Schuchardt, Munich, Germany) and inoculated with
BghA6 (5 conidia’/mm? density) by air current dispersion
in an inoculation tower and saved in the same climate
chamber for 7 days. Bgh colonies were counted using a
binocular on a 2.5 cm? segment. Comparisons between
groups were performed via ANOVA + Tukey with a 95%
family-wise confidence level.

Inoculation of roots with RrF4, genomic DNA isolation
and gRT-PCR

Bacteria culturing, root inoculation and DNA extraction
were performed as described in Glaeser et al. (2016).
Briefly, the Alphaproteobacterium R. radiobacter F4
(RrF4; syn. Agrobacterium fabrum, syn. Agrobacterium
tumefaciens) originally isolated from the beneficial fungus
P. indica DSM 11827 (Sharma et al., 2008; Glaeser
et al., 2016) was grown overnight in modified LB broth
(1% casamino hydrolysate, 0.5% yeast extract and
5% NaCl, pH 7.0, supplemented with 100 pgmi~
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gentamicin) at 28°C and 150r.p.m. GUS-expressing
RrF4 was cultured in the presence of 100 ug ml~" specti-
nomycin. Bacterial cells were collected by centrifugation
(3202g, 10 min), washed and resuspended in a 10 mM
MgSO,4 7H,0 solution. Roots of 3-day-old barley seed-
lings were dip-inoculated for 2-3 h in RrF4 suspensions
(ODgpp = 1.4-2). Control seedlings were dipped into
10 mM MgSO, 7H.O. RNA extraction, qRT-PCR with
specific oligonucleotides (Supplemental Table S1) was
performed as described (Imani et al., 2011). Relative
DNA or transcript levels were determined using 2744C
method (Livak and Schmittgen, 2001).

Protein structure comparison and phylogenetic analysis

Protein sequences of NPRs from selected crop species
were used for the protein structure and phylogenetic analy-
sis. Visualization and comparison of the different NPRs
domains were done via the online-tool CDD/SPARCLE
(https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi,
Marchler-Bauer et al., 2016). Multiple sequence align-
ments were carried out using the MUSCLE algorithm
(Edgar, 2004). The phylogenetic tree was built using the
maximum likelihood statistical method based on the WAG
protein substitution model (Whelan and Goldman, 2001).
Tree nodes accuracy was tested via the bootstrap method
with 1000 bootstrap replicates. Phylogenetic and molecu-
lar evolutionary analyses were conducted using MEGA
software (MEGA X version 10.0.5, Kumar et al., 2018).
Exon-intron distribution analysis was carried out via the
online-tool gene extraction display server (GSDS. o, http:/
gsds.cbi.pku.edu.cn, Hu et al., 2015). Corresponding cod-
ing and genomic sequences were obtained from the JGI
Phytozome 12.1.6 Plant Comparative Genomics portal
(https://phytozome.jgi.doe.gov/pz/portal.html).

Microscopy

Visualization of root colonization by RrF4. The coloniza-
tion of plant roots was visualized using GUS-expressing
RrF4 strains combined with light- and epifluorescence
microscopy. Root cross-sections also were analysed by
TEM according to methods described in Glaeser
et al. (2016) (see also Supplementary Materials and
Methods).

Acknowledgements

We thank U. Micknass, E. Swidtschenko and C. Dechert for
excellent technical assistance. This work was supported by
the German Minister of Science (BMBF: PrimedPlant consor-
tium) to K.H.K. and the Deutscher Akademischer
Austauschdienst (DAAD) to N.K. and M.G. Open access
funding enabled and organized by Projekt DEAL.

References

Abreu, M.E., and Munné-Bosch, S. (2009) Salicylic acid defi-
ciency in NahG transgenic lines and sid2 mutants
increases seed yield in the annual plant Arabidopsis
thaliana. J Exp Bot 60: 1261-1271.

Alabid, I., Hardt, M., Imani, J., Hartmann, A., Rothballer, M.,
Li, D., Uhl, J., Schmitt-Kopplin, P., Glaeser, S., and
Kogel, K.-H. (2020). The N-acyl homoserine-lactone
depleted Rhizobium radiobacter mutant RrF4NM13 shows
reduced growth-promoting and resistance-inducing activi-
ties in mono- and dicotyledonous plants. Journal of Plant
Diseases and Protection, 127: 769-781.

Backer, R., Naidoo, S., and van den Berg, N. (2019) The
nonexpressor of pathogenesis-related genes 1 (NPR1)
and related family: mechanistic insights in plant disease
resistance. Front Plant Sci 10: 102.

Balmer, D., Planchamp, C., and Mauch-Mani, B. (2013) On
the move: induced resistance in monocots. J Exp Bot 64:
1249-1261.

BefBer, K., Jarosch, B., Langen, G., and Kogel, K.H. (2000)
Expression analysis of genes induced in barley after
chemical activation reveals distinct disease resistance
pathways. Mol Plant Pathol 1: 277—-286.

Caarls, L., Pieterse, C.M., and Van Wees, S. (2015) How
salicylic acid takes transcriptional control over jasmonic
acid signaling. Front Plant Sci 6: 170.

Cantu, D., Yang, B., Ruan, R, Li, K., Menzo, V., Fu, D.,
et al. (2013) Comparative analysis of protein-protein inter-
actions in the defense response of rice and wheat. BMC
Genomics 14: 166.

Cao, H., Bowling, S.A., Gordon, A.S., and Dong, X. (1994)
Characterization of an Arabidopsis mutant that is non-
responsive to inducers of systemic acquired resistance.
Plant Cell 6: 1583—1592.

Castells, M.J., Medina-Puche, L., Lamilla, J., and
Tornero, P. (2018) NPR1 paralogs of Arabidopsis and
their role in salicylic acid perception. PLoS One 13: 12.

Chem, M.S., Fitzgerald, H.A., Canlas, P.E., Navarre, D.A., and
Ronald, P.C. (2007) Overexpression of a rice NPR1 homolog
leads to constitutive activation of defense response and hyper-
sensitivity to light. Mol Plant Microbe Interact 18: 511-520.

Choi, HW., and Klessigy, D.F. (2016) DAMPs,
PAMPs/MAMPs, and NAMPs in plant innate immunity.
BMC Plant Biol 16: 232.

Colebrook, E.H., Creissen, G., Mcgrann, G.R., Dreos, R.,
Lamb, C., and Boyd, L.A. (2012) Broad-spectrum acquired
resistance in barley induced by the Pseudomonas
pathosystem shares transcriptional components with Ara-
bidopsis systemic acquired resistance. Mol Plant Microbe
Interact 25: 658-667.

De Vleesschauwer, D., Xu, J., and Hofte, M. (2014) Making
sense of hormone-mediated defense networking: from rice
to Arabidopsis. Front Plant Sci 5: 611.

Delaney, T.P., Friedrich, L., and Ryals, R.A. (1995) Ara-
bidopsis signal transduction mutant defective in chemically
and biologically induced disease resistance. Proc Natl
Acad Sci U S A 92: 6602—-6606.

Després, C., Chubak, C., Rochon, A., Clark, R., Bethune, T.,
Desveaux, D., and Fobert, P.R. (2003) The Arabidopsis
NPR1 disease resistance protein is a novel cofactor that
confers redox regulation of DNA binding activity to the

© 2020 The Authors. Environmental Microbiology published by Society for Applied Microbiology and John Wiley & Sons Ltd.,

Environmental Microbiology, 23, 2102-2115


https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi
http://gsds.cbi.pku.edu.cn
http://gsds.cbi.pku.edu.cn
https://phytozome.jgi.doe.gov/pz/portal.html

basic domain/leucine zipper transcription factor TGAT.
Plant Cell 15: 2181-2191.

Dey, S., Wenig, M., Langen, G., Sharma, S., Kugler, K.G.,
Knappe, C., et al. (2014) Bacteria-triggered systemic
immunity in barley is associated with WRKY and ethylene
responsive factors but not with salicylic acid. Plant Physiol
166: 2133-2151.

Edgar, R.C. (2004) MUSCLE: a multiple sequence alignment
method with reduced time and space complexity. BMC
Bioinformatics 5: 113.

Fu, Z.Q., and Dong, X. (2013) Systemic acquired resistance:
turning local infection into global defense. Annu Rev Plant
Biol 64: 839-863.

Gao, J., Bi, W, Li, H., Wu, J., Yu, X,, Liu, D., and Wang, X.
(2018) WRKY transcription factors associated with NPR1-
mediated acquired resistance in barley are potential
resources to improve wheat resistance to Puccinia trit-
icina. Front Plant Sci 9: 1486.

Glaeser, S.P., Imani, J., Alabid, |., Guo, H., Kumar, N.,
Kampfer, P., et al. (2016) Non-pathogenic Rhizobium
radiobacter F4 deploys plant beneficial activity indepen-
dent of its host Piriformospora indica. ISME J 10:
871-884.

Glazebrook, J., Rogers, E.E., and Ausubel, F.M. (1996) Iso-
lation of Arabidopsis mutants with enhanced disease sus-
ceptibility by direct screening. Genetics 143: 973-982.

Gérlach, J., Volrath, S., Oostendorp, M., Kogel, K.H.,
Beckhove, U., Staub, T., et al. (1996) Benzothiadiazole, a
novel class of inducers of systemic acquired resistance,
activates induced systemic resistance in wheat. Plant Cell
8: 629-643.

Heil, M., and Baldwin, I.T. (2002) Fitness costs of induced
resistance: emerging experimental support for a slippery
concept. Trends Plant Sci 7: 61-67.

Hu, B., Jin, J., Guo, A.Y., Zhang, H., Luo, J., and Gao, G.
(2015) GSDS 2.0: an upgraded gene feature visualization
server. Bioinformatics 31: 1296-1297.

Huot, B., Yao, J., Montgomery, B.L., and He, S.Y. (2014)
Growth—defense tradeoffs in plants: a balancing act to
optimize fitness. Mol Plant 7: 1267-1287.

Imani, J., Li, L., Schéfer, P., and Kogel, K.H. (2011) STARTS
- a stable root transformation system for rapid functional
analyses of proteins of the monocot model plant barley.
Plant J 67: 726-735.

Jones, J.D.G., and Dangl, J.L. (2006) The plant immune sys-
tem. Nature 444: 323-329.

Jost, M., Taketa, S., Mascher, M., Himmelbach, A., Yuo, T.,
Shahinnia, F., et al. (2016) A homolog of blade-on-Petiole
1 and 2 (BOP1/2) controls internode length and homeotic
changes of the barley inflorescence. Plant Physiol 171:
1113-1127.

Klessig, D.F., Choi, HW., and Dempsey, D.M.A. (2018) Sys-
temic acquired resistance and salicylic acid: past, present,
and future. Mol Plant Microbe Interact 31: 871-888.

Kogel, K.-H., and Langen, G. (2005) Induced disease resis-
tance and gene expression in cereals. Cell Microbiol 7:
1555-1564.

Kumar, S., Stecher, G., Li, M., Knyaz, C., and Tamura, K.
(2018) MEGA X: molecular evolutionary genetics analy-
sis across computing platforms. Mol Biol Evol 35:
1547-1549.

NPR1 contributes to mutualism 2113

Lahrmann, U., Strehmel, N., Langen, G., Frerigmann, H.,
Leson, L., Ding, Y., et al. (2015) Mutualistic root end-
ophytism is not associated with the reduction of
saprotrophic traits and requires a noncompromised plant
innate immunity. New Phytol 207: 841-857.

Livak, K.J., and Schmittgen, T.D. (2001) Analysis of relative
gene expression data using real-time quantitative PCR
and the 2227 method. Methods 25: 402—408.

Luo, Z.B., Janz, D., Jiang, X., Gébel, C., Wildhagen, H.,
Tan, Y., et al. (2009) Upgrading root physiology for stress
tolerance by ectomycorrhizas: insights from metabolite
and transcriptional profiling into reprogramming for stress
anticipation. Plant Physiol 151: 1902-1917.

Makandar, R., Essig, J.S., Schapaugh, M.A., Trick, H.N.,
and Shah, J. (2006) Genetically engineered resistance to
Fusarium head blight in wheat by expression of Ara-
bidopsis NPR1. Mol Plant Microbe Interact 19: 123—-129.

Marchler-Bauer, A., Bo, Y., Han, L., He, J., Lanczycki, C.J.,
Lu, S., et al. (2016) CDD/SPARCLE: functional classifica-
tion of proteins via subfamily domain architectures.
Nucleic Acids Res 45: 200—203.

Martinez-Abarca, F., Herrera-Cervera, J.A., Bueno, P.,
Sanjuan, J., Bisseling, T., and Olivares, J. (1998) Involve-
ment of salicylic acid in the establishment of the Rhizo-
bium meliloti-alfalfa symbiosis. Mol Plant Microbe Interact
11: 153-155.

Miché, L., Battistoni, F., Gemmer, S., Belghazi, M., and
Reinhold-Hurek, B. (2006) Upregulation of jasmonate-
inducible defense proteins and differential colonization of
roots of Oryza sativa cultivars with the endophyte
Azoarcus sp. Mol Plant Microbe Interact 19: 502—-511.

Mishina, T.E., and Zeiser, J. (2007) Pathogen-associated
molecular pattern recognition rather than development of
tissue necrosis contributes to bacterial induction of sys-
temic acquired resistance in Arabidopsis. Plant J 50:
500-513.

Mou, Z., Fan, W., and Dong, X. (2003) Inducers of plant sys-
temic acquired resistance regulate NPR1 function through
redox changes. Cell 113: 935-944.

Peleg-Grossman, S., Golani, Y., Kaye, Y., Melamed-
Book, N., and Levine, A. (2009) NPR1 protein regulates
pathogenic and symbiotic interactions between Rhizobium
and legumes and non-legumes. PLoS One 4: e8399.

Pieterse, C.M.J., Does, D.V.D., Zamioudis, C., Leon-
Reyes, A., and Wees, C.M.V. (2012) Hormonal modula-
tion of plant immunity. Annu Rev Cell Dev Biol 28:
489-521.

Pieterse, C.M.J., Zamioudis, C., Berendsen, R.L., Weller, D.
M., van Wees, S.C.M., and Bakker, P.A. (2014) Induced
systemic resistance by beneficial microbes. Annu Rev
Phytopathol 52: 347-375.

Plett, J.M., Daguerre, Y., Wittulsky, S., Vayssiéres, A,
Deveau, A., Melton, S.J., et al. (2014) Effector MiSSP7 of
the mutualistic fungus Laccaria bicolor stabilizes the
Populus JAZ6 protein and represses jasmonic acid
(JA) responsive genes. Proc Natl Acad Sci U S A 111:
8299-8304.

Quilis, J., Pefas, G., Messeguer, J., Brugidou, C., and
Segundo, B.S. (2008) The Arabidopsis AtNPR1 inversely
modulates defense responses against fungal, bacterial, or
viral pathogens while conferring hypersensitivity to abiotic

© 2020 The Authors. Environmental Microbiology published by Society for Applied Microbiology and John Wiley & Sons Ltd.,

Environmental Microbiology, 23, 2102-2115



2114 N. Kumar et al.

stresses in transgenic rice. Mol Plant Microbe Interact 21:
1215-1231.

Remigi, P., Zhu, J., Young, J.P.W., and Masson-Boivin, C.
(2016) Symbiosis within symbiosis: evolving nitrogen-
fixing legume symbionts. Trends Microbiol 24: 63-75.

Ross, A.F. (1961) Systemic acquired resistance induced
by localized virus infections in plants. Virology 14:
340-358.

Shah, J., Tsui, F., and Klessig, D.F. (1997) Characterization
of a salicylic acid-insensitive mutant (sai7) of Arabidopsis
thaliana, identified in a selective screen utilizing the SA-
inducible expression of the tms2 gene. Mol Plant Microbe
Interact 10: 69-78.

Sharma, M., Schmid, M., Rothballer, M., Hause, G.,
Zuccaro, A., Imani, J., et al. (2008) Detection and identifi-
cation of bacteria intimately associated with fungi of the
order Sebacinales. Cell Microbiol 10: 2235—-2246.

Sharma, R., De Vleesschauwer, D., Sharma, M.K., and
Ronald, P.C. (2013) Recent advances in dissecting
stress-regulatory crosstalk in rice. Mol Plant 6: 250—260.

Shigenaga, A.M., Berens, M.L., Tsuda, K., and Argueso, C.
T. (2017) Towards engineering of hormonal crosstalk in
plant immunity. Curr Opin Plant Biol 38: 164—172.

Spoel, S.H., Koornneef, A., Claessens, S.M., Korzelius, J.P.,
Van Pelt, J.A., Mueller, M.J., et al. (2003) NPR1 modu-
lates cross-talk between salicylate-and jasmonate-
dependent defense pathways through a novel function in
the cytosol. Plant Cell 15: 760-770.

Tada, Y., Spoel, S.H., Pajerowska-Mukhtar, K., Mou, Z.,
Song, J., Wang, C., et al. (2008) Plant immunity requires
conformational charges of NPR1 via S-nitrosylation and
thioredoxins. Science 321: 952—-956.

Tavakol, E., Okagaki, R., Verderio, G., Shariati, V., Hussien, A.,
Bilgic, H., et al. (2015) The barley Uniculme4 gene encodes
a BLADE-ON-PETIOLE-like protein that controls tillering and
leaf patterning. Plant Physiol 168: 164—174.

Toriba, T., Tokunaga, H., Shiga, T., Nie, F., Naramoto, S.,
Honda, E., et al. (2019) BLADE-ON-PETIOLE genes tem-
porally and developmentally regulate the sheath to blade
ratio of rice leaves. Nat Commun 10: 1-13.

Van Loon, L.C., Rep, M., and Pieterse, C.M. (2006) Signifi-
cance of inducible defense-related proteins in infected
plants. Annu Rev Phytopathol 44: 135—162.

Verma, S., Varma, A., Rexer, K.H., Hassel, A., Kost, G.,
Sarbhoy, A., et al. (1998) Piriformospora indica, gen. et
sp. nov., a new root-colonizing fungus. Mycologia 90:
896-903.

Wang, X., Bi, W.S., Gao, J., Yu, X., Wang, H., and Liu, D.
(2018) Systemic acquired resistance, NPR1, and
pathogenesis-related genes in wheat and barley. J Integr
Agric 17: 60345-60347.

Wang, X., Yang, B., Li, K, Kang, Z., Cantu, D., and
Dubcovsky, J. (2016) A conserved Puccinia striiformis
protein interacts with wheat NPR1 and reduces induction
of pathogenesis-related genes in response to pathogens.
Mol Plant Microbe Interact 29: 977-989.

WeiB3, M., Waller, F., Zuccaro, A., and Selosse, M.A. (2016)
Sebacinales—one thousand and one interactions with land
plants. New Phytol 211: 20-40.

Whelan, S., and Goldman, N. (2001) A general empirical
model of protein evolution derived from multiple protein

families using a maximum-likelihood approach. Mol Biol
Evol 18: 691-699.

Wu, Y., Zhang, D., Chu, J.Y., Boyle, P., Wang, Y., Brindle, I.
D., et al. (2012) The Arabidopsis NPR1 protein is a recep-
tor for the plant defense hormone salicylic acid. Cell Rep
1: 639-647.

Xu, G., Yuan, M., Ai, C,, Liu, L., Zhuang, E., Karapetyan, S.,
et al. (2017) uORF-mediated translation allows engineered
plant disease resistance without fithess costs. Nature 545:
491-494.

Yang, D.L., Yao, J., Mei, C.S., Tong, X.H., Zeng, L.J., Li, Q.,
et al. (2012) Plant hormone jasmonate prioritizes defense
over growth by interfering with gibberellin signaling cas-
cade. Proc Natl Acad Sci U S A 109: E1192—E1200.

Supporting Information

Additional Supporting Information may be found in the online
version of this article at the publisher's web-site:

Appendix S1. Supporting Information.

Fig. S1. Domain and genomic analysis of the various
HvNPR1-like family members with their homologues in
Oryza sativa, Brachypodium distachyon and Arabidopsis
thaliana. (a-d) Domain structure comparison via the online-
tool CDD/SPARCLE (Marchler-Bauer et al., 2016).
(e) Comparison of the predicted exon-intron frequency in the
genomic sequences. Exons are displayed as yellow boxes
while introns as straight black lines.

Fig. S2. Blast alignment of Hvnpr1_RNAi (Dey et al., 2014)
against HYNPR1 and RNAI off-targets prediction analysis.
(a) Blast analysis of the RNAI construct was conducted by
EMBOSS Needle (Madeira et al., 2019; https://www.ebi.ac.
uk/Tools/psa/emboss_needle). (b) Off-targets simulations
were run using SiFi software (v1.2.3), program designed for
RNAI off-target analysis and silencing efficiency predictions
(Lueck, 2017; http://labtools.ipk-gatersleben.de). siRNA hits
were found only against HYNPR1 sequence, while no off-
targets hits were found in the other HYNPR genes.

Fig. S3. RrF4 colonization pattern and strength in WT and
KD-hvnpr1 roots. Primary root segments colonized by GUS-
expressing RrF4 at 2 dpi, 4 dpi and 10 dpi. The number of
bacteria was reduced in roots of KD-hvnpri1 as compared to
WT plants (methods see Fig. 3).

Fig. S4. Scatterplots with trendlines of the relative systemic
expression of defence-related genes upon Bgh inoculation
in non-colonized WT vs. KD-hvnpr1 barley. Transcripts of
HvPR1b (a), HYPR2 (b), and HvPR5 (c) were assessed by
gRT-PCR and normalized to barley ubiquitin. After growing
the seedlings in soil for three weeks, the detached youngest
leaves were inoculated with 10 to 15 Bgh conidia per mm~—2
and harvested 0, 18, 36, 48, and 72 hpi. Displayed are
means of three biological repetitions (n =4 plants). Error
bars indicate standard deviation. Significant differences
between the linear regression analyses were determined by
one-way ANOVA.

Fig. S5. Phenotypic analysis of WT and KD-hvnpr1 barley
cv. Golden Promise seedlings grown for 10 days in artificial
soil containing 2:1 mixture of expanded clay and Oil-Dri® in
a growth chamber at 22°C/18°C (day/night cycle) with 60%
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relative  humidity and a  photoperiod of 16h
(240 pmol m~2 s~ photon flux density). Plants were fertilized
one time with 0.1% WUXAL top N solution (N/P/K: 12/4/6;
Aglukon, Dusseldorf, Germany).

Fig. S6. Plant root and shoot biomass of three-week-old bar-
ley cv. Golden Promise WT and two KD-hvnpr1 mutant lines
(Dey et al., 2014). The results were obtained using the T3
(E11L9) and T5 (E7L2) generation of transgenic plants.
Plants were cultivated in artificial soil containing 2:1 mixture
of expanded clay (Seramis®, Masterfoods, Verden, Ger-
many) and Oil-Dri® (Damolin, Mettmann, Germany) in a
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growth chamber at 22°C/18°C (day/night cycle) with 60% rel-
ative humidity and a photoperiod of 16 h (240 pmol m=2 s~
photon flux density). The experiment was conducted two
times (n =15 plants) with similar results. Comparisons
between groups was performed via One-way Anova and
Tukey’s Range Test. Asterisks represent statistical differ-
ence of the group means against WT mock (**p < 0.01). Let-
ters represent statistical difference among all group
means (a = 0.05).

Table S1. List of primers used in the study.
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