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Abstract

The barley powdery mildew fungus, Blumeria hordei (Bh), secretes hundreds of
candidate secreted effector proteins (CSEPs) to facilitate pathogen infection and
colonization. One of these, CSEP0O00S8, is directly recognized by the barley nucleotide-
binding leucine-rich-repeat (NLR) receptor MLA1 and therefore is designated AVR,,,.
Here, we show that AVR,, and the sequence-unrelated Bh effector BEC1016
(CSEP0491) suppress immunity in barley. We used yeast two-hybrid next-generation
interaction screens (Y2H-NGIS), followed by binary Y2H and in planta protein-protein
interactions studies, and identified a common barley target of AVR,, and BEC1016,
the endoplasmic reticulum (ER)-localized J-domain protein HvERdj3B. Silencing of this
ER quality control (ERQC) protein increased Bh penetration. HYERdj3B is ER luminal,
and we showed using split GFP that AVR ,, and BEC1016 translocate into the ER signal

peptide-independently. Overexpression of the two effectors impeded trafficking of
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1 | INTRODUCTION

Plants have evolved a multilayered and interconnected innate im-
mune system to protect themselves against pathogen attacks (Ngou
et al., 2022; Yuan, Jiang, et al., 2021). An initial layer, designated
pathogen-associated molecular pattern-triggered immunity (PTI) is
activated by pattern-recognition receptors (PRRs) located on the
plasma membrane (PM) (Zipfel & Oldroyd, 2017). However, plant
pathogens can secrete large numbers of effectors into the host to
interfere with many host cellular processes in order to suppress PTI
and establish parasitism (Figueroa et al., 2021; Kanja & Hammond-
Kosack, 2020). In response, plants have evolved effector-triggered
immunity (ETI) that is initiated upon direct or indirect recognition
of effectors by specific intracellular nucleotide-binding leucine-
rich repeat (NLR) receptors and often involves a programmed cell
death response, termed the hypersensitive reaction (HR) (Jones
et al., 2016; Ngou et al., 2022; Thordal-Christensen, 2020). With
some exceptions, NLR receptors represent the most utilized class of
resistance proteins in agriculture (Kourelis & van der Hoorn, 2018;
Ngou et al., 2022; Sun et al., 2020; van Wersch et al., 2020). These
innate immune systems rely on basic cellular processes, such as pro-
tein quality control systems. An intact endoplasmic reticulum (ER)
quality control (ERQC) is required to transport certain de novo-
synthesized PRRs through the ER for them to be trafficked to their
destination at the PM (Tintor & Saijo, 2014). For example, traffick-
ing of the Arabidopsis EF-Tu receptor, EFR, is particularly dependent
on the ERQC, where it requires the chaperones ER Dnal3B protein
(ERdj3B) and binding immunoglobulin protein (BiP), as well as stromal
cell-derived factor 2 (SDF2), for its proper folding and glycosylation
(Nekrasov et al., 2009). While ERdj3B is an ER luminal J-domain pro-
tein, homologous proteins elsewhere in the cell have been implicated
in plant immunity as well. For instance, in rice infected by the blast
fungus, Magnaporthe oryzae, cytosolic and mitochondria-associated
J-domain proteins are essential for immunity, and interestingly, the
latter protein is targeted by the disease-promoting fungal effector

a vacuolar marker through the ER; silencing of HvERd]3B also exhibited this same
cellular phenotype, coinciding with the effectors targeting this ERQC component.
Together, these results suggest that the barley innate immunity, preventing Bh entry
into epidermal cells, requires ERQC. Here, the J-domain protein HVERdj3B appears to
be essential and can be regulated by AVR,, and BEC1016. Plant disease resistance
often occurs upon direct or indirect recognition of pathogen effectors by host NLR
receptors. Previous work has shown that AVR,, is directly recognized in the cytosol
by the immune receptor MLA1. We speculate that the AVR,, J-domain target being
inside the ER, where it is inapproachable by NLRs, has forced the plant to evolve this

challenging direct recognition.

barley, ER quality control, ERdj3b, immunity, pathogen effectors, powdery mildew, signal
peptide-independent ER-uptake, yeast two-hybrid next-generation interaction screening

MoCDIP4 (Xu, Zhong, et al., 2020; Zhong et al., 2018). J-domain pro-
teins are related to the bacterial DnaJ chaperones, also known as
heat shock proteins 40 (HSP40). They interact with HSP70 proteins,
such as BiP in the ER, to which they deliver misfolded client proteins
and stimulate the HSP70 ATPase activity (Fatima et al., 2021; Pobre
etal., 2019).

Pathogen effectors manipulate diverse aspects of host biology
during infection (Bray Speth et al., 2007). Several recent genomics,
transcriptomics and proteomics studies have identified some 350 to
800 candidates for secreted effector proteins (CSEPs) in the closely
related grass powdery mildew fungi (Bindschedler et al., 2009;
Frantzeskakis et al., 2018; Menardo et al., 2017; Miiller et al., 2019;
Pedersen et al., 2012; Spanu et al., 2010). However, only a subset of
these have been studied in detail. In case of the barley powdery mil-
dew fungus, Blumeria hordei (Bh), host-induced gene silencing (HIGS)
analyses have demonstrated that approximately 20 CSEPs contrib-
ute to virulence, which is c. 25% of those studied (Aguilar et al., 2016;
Ahmed et al., 2015, 2016; Li et al., 2021; Pliego et al., 2013; Yuan, Jin,
et al., 2021; Zhang et al., 2012). Moreover, Li et al. (2021) screened
about 100 CSEPs from Bh and found 15 of them to suppress BAX-
induced programmed cell death in Nicotiana benthamiana. Two of
those, CSEP0139 and CSEP0182, also suppressed BAX-induced
programmed cell death in barley. To date, only a few plant targets of
Bh effectors have been identified. CSEPOO55 targets the barley de-
fence proteins PR1 and PR17 (Zhang et al., 2012), while CSEP0105
and CSEP0162 target the barley small heat shock proteins Hsp16.9
and Hsp17.5 (Ahmed et al., 2015). CSEP0064 and CSEP0264 target
PR10, while CSEP0264, historically designated Blumeria effector
candidate (BEC)1054, also targets eukaryotic elongation factor 1la
(Pennington et al., 2019). Likewise, CSEP0027 was recently found
to target a barley catalase (Yuan, Jin, et al., 2021). Lately, CSEP0162
was found also to interact with barley MON1 (Liao et al., 2023).

In addition to virulence functions, six Bh CSEPs are directly
recognized as avirulence proteins by NLRs encoded by alleles
of the Mla powdery mildew resistance locus (Bauer et al., 2021;



LI ET AL.

Molecular Plant Pathology @ WI LEYJﬂ

Lu et al., 2016; Saur et al., 2019; Seeholzer et al., 2010). For in-
stance, CSEPO0O08 (gene ID BLGH_03023) is recognized by MLA1,
and thus named AVR,, (Lu et al., 2016). Other recognized CSEPs
are CSEP0059 (AVR,,), CSEP0174 (AVR,,), CSEP0141 (AVR,
and AVR,,,), and CSEP0372 (AVR,,.) (Bauer et al., 2021; Cao
et al., 2023; Lu et al., 2016; Saur et al., 2019). AVR,, is represented
by three near-identical copies in the DH14 genome, BLGH_00709
(CSEP0254), BLGH_00708 and BLGH_07091 (Bauer et al., 2021; Cao
et al., 2023), which may be expressed in an isolate-specific manner
(Velasquez-Zapata, Smith, et al., 2023). In the wheat powdery mil-
dew fungus, Blumeria graminis f. sp. tritici (Bgt), eight effector can-
didates with avirulence function have been characterized (Bourras
et al., 2015, 2019; Hewitt et al., 2021; Kunz et al., 2023; Manser
etal., 2021; Miller et al., 2022; Praz et al., 2017) as well as a suppres-
sor of Avr recognition (Bourras et al., 2019). All described Blumeria
Avr proteins belong to the superfamily of RNase-like proteins associ-
ated with haustoria (RALPH) effectors with features resembling cat-
alytically inactive RNases (Kusch et al., 2023; Spanu, 2017). While
data suggest wheat NLRs also directly recognize Bgt Avr proteins
(Kunz et al., 2023), the Pm2a/AvrPm2 recognition involves a wheat
zinc finger-type transcription factor, interacting with both the NLR
and the RALPH effector (Manser et al., 2023). However, whether
the hitherto described Blumeria Avr proteins have effector functions
promoting virulence has received little attention.

Early studies have shown that effectors screened against
immune-associated proteins of Arabidopsis identified several
hub proteins that are targeted by multiple effectors (Mukhtar
et al.,, 2011; WeRling et al., 2014). To test this observation in the
barley-Bh system, we initiated a screen for protein-protein inter-
actions with several CSEPs, focusing on cloned AVR effectors (Lu
et al., 2016), as well as those that displayed unique transcript abun-
dance during infection and/or a significant HIGS phenotype (Pliego
et al., 2013). Here, we benefit from recent advances in yeast two-
hybrid (Y2H) analyses, termed next-generation interaction screening
(NGIS) (Suter et al., 2015), which uses deep sequencing to score the
output from Y2H screens (Erffelinck et al., 2018; Lewis et al., 2012;
Pashkova et al., 2016; Trigg et al., 2017; Weimann et al., 2013; Yachie
et al., 2016). These approaches facilitate a quantitative measure
of which preys interact with each bait protein (Suter et al., 2015)
and identify reproducible protein-protein interactions (PPI) with
70%-90% accuracy (Pashkova et al., 2016; Trigg et al., 2017,
Velasquez-Zapata et al., 2021; Weimann et al., 2013). This then al-
lows functional PPI to be positioned within interactome networks
(Mukhtar et al., 2011; Velasquez-Zapata et al., 2021, 2022; WeRBling
et al., 2014).

We aimed to use our NGIS pipeline to find barley targets of Bh ef-
fectors, and in the present study found that AVR ,, (CSEP0008, gene
ID BLGH_03023) and BEC1016 (CSEP0491, gene ID BLGH_07006)
both target the barley ER-luminal J-domain protein, HVERdj3B.
BEC1016 has no documented avirulence function but, unlike
AVR,,, it has previously documented virulence contribution (Pliego
et al., 2013). Using a split green fluorescent protein (GFP) system, we
could show that both effectors translocate into the ER lumen, signal

peptide-independently, allowing them to target HvERd]3B. Silencing
HVERdj3B, as well as overexpression of AVR,; and BEC1016, not
only enhanced the formation of fungal haustoria as an immunity-
related phenotype, but it also hampered trafficking of a vacuolar
marker protein through the ER as a common cellular phenotype.
Together, our results suggest that barley immunity involves ERQC,
and that this is sensitive to Bh effectors.

2 | RESULTS
2.1 | AVR,, and BEC1016 suppress PTI

The two Bh effector candidates, AVR,, and BEC1016, target the
same barley protein (see below). They are both RALPH effectors,
but their amino acid sequences are very different (Figure S1). AVR ,,
is a singleton in Bh, Bgt and in other Blumeria lineages. Meanwhile,
BEC1016 belongs to a CSEP family (#5 in Bh and #6 in Bgt) with
multiple paralogues in the Blumeria lineages (Menardo et al., 2017
Pedersenetal., 2012). AVR,, and BEC1016 exhibit similar patterns of
transcript accumulation in incompatible and compatible interactions
up to the time of Bh appressorium formation, when penetration of
epidermal cells and initiation of the first haustoria occur. However,
they diverge during development of haustoria, when the AVR,,
transcript in particular has a notable increase in the compatible
interaction (Figure S2a,b). As an avirulence protein recognized by
MLA1, AVR,, is predicted also to have virulence function. However,
silencing of AVR,,, did not result in a significant decrease in haustoria
in the original HIGS assay, unlike the case for BEC1016 (Pliego
etal., 2013). As an alternative approach to study virulence functions,
we transiently overexpressed AVR,, and BEC1016 (without signal
peptide) in leaf epidermal cells of 1-week-old Golden Promise
(susceptible) barley plants using particle bombardment. Two days
later, the leaves were inoculated with Bh isolate C15 (AVR,,), and
after another 2days transformed cells were scored for presence
of haustoria, as evidence for successful penetration and fungal
infection. Our data revealed that overexpression of AVR,,, as well
as BEC1016, resulted in higher haustoria numbers (Figure 1a).
Pathogen-induced callose depositions function as a chemical
and physical reinforcement of the plant cell wall towards invad-
ing pathogens (Voigt, 2014). To determine whether AVR,, and
BEC1016 affect callose deposition, they were introduced into
barley leaf cells using EtHAN, a strain of Pseudomonas fluorescens
modified to express the type Il secretion system (T3SS) (Thomas
et al., 2009; Upadhyaya et al., 2014). To verify protein transfer to
the barley cells, EtHAnN transformed with a construct expressing f3-
glucuronidase (GUS) fused to a signal peptide for T3SS resulted in
clear and uniform blue staining inside the leaf cells after reaction
buffer incubation. There was no sign of stained bacteria in the ap-
oplast (Figure S3), indicating GUS to be efficiently transferred into
the barley cell. While EtHAn itself triggers callose formation, it can
at the same time be studied how this is influenced by effectors
(Sohn et al., 2007; Xu, Tang, et al., 2020; Figure 1b). Twenty-four
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FIGURE 1 Influence of AVR,, and BEC1016 on Blumeria hordei (Bh) infection and callose deposition in barley. (a) Effect of transient
overexpression of AVR ., and BEC1016 on Bh invasion. pUbi promoter-driven overexpression constructs were co-bombarded with a
B-glucuronidase (GUS) reporter construct into leaf epidermal cells of 1-week-old Golden Promise barley and 2 days later inoculated with

Bh. After another 2 days, the fungal haustorium formation was scored in GUS-expressing cells. Data shown are mean values of eight
independent experiments. Error bars, SE. *p <0.05 determined by Student's t test. (b,c) AVR,, and BEC1016 can reduce bacterium-triggered
callose deposition in barley plants. Leaves of 8-day-old Golden Promise barley plants were infiltrated with Pseudomonas fluorescens EtHAn,
transformed with pEDV6-GUS, pEDV6-AVR ,, or pEDV6-BEC1016, and 24 h later the callose deposition were assessed by aniline blue
staining and UV-fluorescence microscopy. (b) Representative images. Scale bars, 100 um. (c) Number (left) and area (right) of callose spots
were scored on 10 images (each 1110 um x 740 um/5184 x 3456 pixels) recorded from each of three leaves after each treatment. Data shown
are from one representative experiment. ***p <0.001, ****p <0.0001 determined by one-way analysis of variance in GraphPad Prism. All raw
data for (a) and (c), plus four other experiments like the one in (c) are available in Table S1.

hours after infiltration of EtHANn expressing GUS (negative con-
trol), AVR,, or BEC1016, both the total number and total area of
callose depositions were significantly reduced by the effectors
(Figure 1b,c). The number of bacteria after 24 h was the same for
the three strains (Figure S4), supporting that the effectors directly
influence callose deposition. Taken together, it appears that AVR
and BEC1016 target and inhibit PTI, and thereby promote Bh pen-
etration. This result is consistent with previous transcriptome
analyses from barley-Bh interactions with non-corresponding
MLA:AVR pairs showing suppression of PTl-associated transcripts
(Caldo et al., 2004, 2006; Moscou et al., 2011; Surana et al., 2017).
By applying the same set of EtHAN strains to P-02, carrying the
Mla3 powdery mildew resistance allele, and inoculated with the
Bh isolate A6, carrying AVR ,;, we saw that the Mla3-mediated HR
was not influenced by AVR,, and BEC1016 (Figure S5).

2.2 | Both AVR,, and BEC1016 interact with
barley J-domain protein, HvERdj3B

To identify host-pathogen PPI, three independent replications of
batch Y2H-NGIS were performed according to Elmore et al. (2023),
Velasquez-Zapata et al. (2021), and Velasquez-Zapata, Elmore, and
Wise (2023). The screens involved parallel histidine selection (for
enrichment of yeast cells with bait and prey interactions) versus
non-selected controls (selection for bait and prey, but not their
interactions). Deep Illumina sequencing was performed across the
GAL4 activation domain (AD) and into the prey protein coding se-
quences for all cultures. Two complementary software packages,
designated NGPINT and Y2H-SCORES, were used to quantify the
outcome of Y2H-NGIS (Banerjee et al., 2021; Veldsquez-Zapata
et al., 2021; Velasquez-Zapata, Elmore, & Wise, 2023). NGPINT
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facilitates the identification of GAL4 AD-prey in-frame coding
sequence fusion reads. Then, Y2H-SCORES uses appropriate nor-
malization methods, count data and statistical models to build a set
of ranking scores to predict three properties expected from true
interactors, that is, enrichment in selection versus non-selection
conditions, specificity to a bait screening and in-frame selection of
the prey (Velasquez-Zapata et al., 2021). Prey proteins that inter-
act with the selected baits, as indicated by significant enrichment
under selection, are reconstituted in silico with their mapped fu-
sion reads to identify the prey sequence containing the interac-
tion domain for further studies. Note that this approach delineates
the specific interaction region, and not necessarily the full-length
clone, which is inferred from the reference genome annotation.
Using the AVR,, and BEC1016 effectors as baits to screen a
three-frame Y2H library made from our infection time course (see
Experimental Procedures), we identified HORVU1Hr1G022990,
herein designated HvERdj3B (GenBank ID: AK376215.1 and
KAE8793706.1) as a candidate interactor for both (Figures 2 and
S6). Ranking (Table S2) and visualization of the candidate interac-

tors for each bait identified a prey fragment covering the C-terminal

(a) 5
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two-thirds of HVERd}3B (aa 142-350). Subsequently, binary Y2H ac-
cording to Dreze et al. (2010) confirmed interaction between this
HVERd]3B fragment and AVR ,, as well as BEC1016 (Figure S7).

To study the specificity of these interactions further, we per-
formed extensive binary Y2H assays with an independent co-
lourimetric Y2H system (see Experimental Procedures). The two
effectors (without signal peptide) were fused to either the Gal4
transcription factor DNA-binding domain (BD) or transcription-
activation domain (AD) and combined with either the full-length
(without signal peptide), the C-terminal two-thirds (amino acids
142-350) or the central part (amino acids 142-231) of HvERdj3B
fused to either the AD or the BD. In both orientations of the setup,
both effectors were found to interact with the C-terminal two-
thirds and the central part, but not the full-length of HvERdj3B
(Figure 3). It is common to recover only a fragment and not a
full-length protein interaction in Y2H assays. Several factors like
protein size, domain toxicity and accessibility can explain a neg-
ative interaction in yeast, which may vary when tested in planta
(Galletta & Rusan, 2015). Nevertheless, these results suggest

that the N-terminus of HVERdj3B is not necessary for effector

3!

~+HH—H————1{mm HvERd]3B gene
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nt 424 (aa 142)

(b)
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FIGURE 2 Yeast two-hybrid next-generation interaction screen (Y2H-NGIS) used to identify interactions between AVR

Prey HVERd|3B

Ay BEC1016

and HvVERdj3B. (a) HYERdj3B gene model with exons depicted as blue boxes and introns as hash marks. (b) Integrative genomic view (IGV)
obtained from the software NGPINT after Y2H-NGIS analysis of the HVERdj3B prey reads selected by both the AVR,, and the BEC1016
bait. Prey fragments were reconstructed from the reads mapped to the HVERdj3B gene (shown in grey across the exons) in each Y2H-NGIS
dataset and located towards the 3’ end of the gene in both cases. (c) Expanded view of the 5’ fusion reads that allowed the determination
of the frame and nucleotide-resolved prey fragments. The fusion reads contain a prey plasmid sequence (shown in different colours as
mismatches from the reference gene) and the prey sequence. See also Figure Sé.
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FIGURE 3 AVR,, and BEC1016 interact with the central part of barley HvERA]3B in yeast two-hybrid (Y2H) assay. (a) Domain structure
of the 350 amino acid HVERdj3B protein and the Y2H fragments. The domains are predicted according to Chen et al. (2017) (see Figure Sé6).
SP, signal peptide; G/F, glycine/phenylalanine; SB, substrate binding. Below the three Y2H fragments are shown. (b) Yeast transformed with
the destination vectors pDEST-AS2-1 [GAL4 binding-domain (BD)] and pDEST-ACT2-1 [GAL4 activation-domain (AD)] (Robertson, 2004) in
different combinations of domain fusions to effectors and the full-length (FL), the central part (centre) and the C-terminal two-thirds (C2/3)
of HVERd]3B. Growth on dropout (DO) medium lacking leucine (L) and tryptophan (W) indicated presence of both constructs. Growth on
DO medium lacking L, W, histidine (H) and adenine (A)+2.5mM 3-amino-1,2,4-triazole (3AT) indicated protein-protein interaction. p-
galactosidase assay (X-gal), also indicating protein-protein interaction, was performed on filter paper prints of DO-LW-grown yeast. SNF1/
SNF4 was used as a positive control and empty vectors were used as negative control.

binding and that the interaction occurs only at the central part
of HVERdj3B. In turn, this explains why reads did not appear from
the 5 end of the coding sequence in the Y2H-NGIS sequencing
results (Figure 2).

To confirm interactions between AVR,, or BEC1016 and
HVERd]j3B in planta, a bimolecular fluorescence complementation
(BiFC) assay (Hu & Kerppola, 2003) was carried out in N. benthamiana
leaf epidermal cells after Agrobacterium-mediated transformation. In
this study, only the full-length HVERd]3B (without signal peptide)
was used. Fluorescence was observed only when the HvVERdj3B-
cGFP fusion was combined with nGFP fused to the N-terminal or the
C-terminal of the effectors (Figures 4a and S8). The specificity of the
interactions was further documented by co-immunoprecipitation
(Co-IP) (Figure 4b).

Taken together, these results confirmed that amino acids 142-
231 of the J-domain protein HvERd]3B interact with the diverged

RALPH effectors AVR,, and BEC1016. According to alignment with
the most closely related mammalian J-domain protein, this segment
corresponds with the predicted substrate-binding and the Cys-rich
domains (Chen et al., 2017; Figure Sé). While this domain is inacces-
sible for binding in the full-length HVERdj3B in Y2H experiments, it
appears accessible in planta, which is a prerequisite for the interac-

tions to be functionally relevant.

2.3 | HvVERdj3Bis an ER luminal J-domain protein
required for immunity during powdery mildew attack

HVERdj3B encodes a J-domain protein with an N-terminal signal pep-
tide for ER targeting. The mature protein shares 77% amino acid iden-
tity with its closest Arabidopsis homologue, AtERdj3B (Figure S6), which
is localized to the ER (Yamamoto et al., 2008). Significant accumulation
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FIGURE 4 Interactions of HVERdj3B and AVR,, as well as BEC1016 confirmed in living plant cells. (a) Reconstitution of fluorescent GFP
(bimolecular fluorescence complementation) was observed in Nicotiana benthamiana epidermal cells expressing the shown combinations

of the C- and N-terminal parts of GFP fused with HVERdj3B (without signal peptide) and AVR,,/BEC1016 (without signal peptide). The
remaining combinations did not allow fluorescent GFP to reconstitute (see Figure S8). 14-3-3 dimerization was used as positive control.
Expression constructs were introduced using Agrobacterium infiltration, and epidermal cells were observed by laser scanning confocal
microscopy 48 h later. Size bars, 20 um. (b) Co-immunoprecipitation of HVERdj3B and AVR,,/BEC1016. Construct combinations for
expression of the indicated proteins (all without signal peptide) were introduced in leaves of N. benthamiana using Agrobacterium infiltration.
Three days later the proteins were extracted from the leaves and analysed by SDS-PAGE/immunoblotting (IB) with anti-GFP and anti-HA
antibodies before and after immunoprecipitation (IP) using anti-GFP magnetic beads. Expected protein molecular weight: GFP, 27 kDa,
HVERdj3B-GFP, 65kDa, HA-AVRA1, 13kDa and HA-BEC1016, 13kDa.
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of the HVERd|3B transcript was observed during Bh penetration, peak-
ing at 20h after inoculation, which would be consistent with a role for
it in immunity (Figure S2c). Indeed, AtERdj3B has previously been im-
plicated in immunity in Arabidopsis, where it is required for triggering of
responses to the bacterial elongation factor-Tu (Nekrasov et al., 2009).
To investigate whether HVERdj3B contributes to the immunity to Bh,
we silenced the HVERd]3B gene in barley plants using transient-induced
gene silencing (TIGS) (Douchkov et al., 2005). Two RNAI constructs
were generated with different HVERdj3B fragments and, together with
a GUS reporter construct, bombarded into single epidermal cells of
leaves of 1-week-old Golden Promise plants. Two days later, the leaves
were inoculated with Bh isolate C15 and formation of fungal haustoria
was assessed after another 2days. Our data revealed that silencing of
HVERd|j3B significantly enhanced the penetration rate, as HvERd]3B-
RNAI-1 and HVERdj3B-RNAI-2 on average tripled the number of haus-
toria (p <0.001). The Mlo RNAi-positive control reduced the number of
haustoria by c. 40% (Figure 5a). This increase in the level of infection
suggests that HVERdj3B plays an essential role in barley immunity.

To reveal HVERdj3B's subcellular localization, it was expressed

with its signal peptide and a C-terminal mYFP fusion in barley leaf
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epidermal cells. Laser scanning confocal microscopy indicated that
HvVERdj3B is an ER protein as the mYFP signal has a reticulate pattern
that overlaps with the (SP)-mCherry-HDEL ER marker (Figure 5b).
This localization of HVERdj3B found in barley was confirmed in
N. benthamiana (Figure S9). Next, we tested if HVERdj3B, as ex-
pected, is an ER luminal protein. Here, we made use of a split GFP
system different from BiFC. GFP is barrel-shaped and consists of
11 B-sheets (GFP1-11), which can be split into two fragments, B-
sheets 1-10 (GFP1-10) and B-sheet 11 (GFP11). The two parts of
GFP have affinity for one another, and when they colocalize in the
same compartment, a fluorescent GFP complex will be assembled
(Xie et al., 2017). Thus, when a HvERdj3B-GFP11 fusion protein
was co-expressed with an SP-GFP1-10-HDEL construct that de-
livers and retains GFP1-10 in the ER lumen, perinuclear and retic-
ulate GFP signals appeared (Figure 5c). No visible signal appeared
when HVERdj3B-GFP11 was co-expressed with cytosolic GFP1-10
(Figure 5e). Furthermore, when GFP11-HvERdj3B was co-expressed
with either (SP)-GFP1-10-HDEL or with cytosolic GFP1-10, GFP
signal was absent or present in the cytosol and nucleus, respec-
tively (Figure 5d,f). In summary, these results show that HvERdj3B

HVERd;j3B-
GFP11

GFP11-
HVERdj3B

(SP)-GFP1-10-HDEL

GFP1-10

FIGURE 5 HvERdj3B is an endoplasmic reticulum luminal protein contributing to preinvasive immunity. (a) One-week-old barley

leaves, bombarded with RNAi and p-glucuronidase (GUS) reporter constructs, were inoculated with Blumeria hordei and scored for fungal
haustorium formation, calculated as the ratio of haustoria-containing transformed cells (GUS-expressing cells) divided by the total number
of transformed cells. Data shown are mean values of four independent experiments. EV, empty vector. Error bars, SE. ***p <0.001 calculated
using a logistic regression model. Raw data are available in Table S1. (b) Localization of HYERd]3B in barley leaf epidermal cells. A ubiquitin
promoter-driven expression construct encoding HvERd}3B (with signal peptide [SP]) fused to the N-terminus of mYFP was co-transformed
with an SP-mCherry-HDEL construct into barley epidermal cells using particle bombardment. The cells were observed by confocal laser
scanning microscopy 48 h later. (c-f) Localization of HVERdj3B in Nicotiana benthamiana leaf epidermal cells using the split GFP system.
HVvERdj3B (with SP)-GFP11 and (SP)-GFP1-10-HDEL reconstitute reticulate fluorescent GFP, while GFP11-HvERdj3B (without SP) and
GFP1-10 reconstitute cytosolic and nuclear fluorescent GFP. Expression constructs were introduced using Agrobacterium infiltration, and
epidermal cells were observed by laser scanning confocal microscopy 48h later. Size bars, 20 um.
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is important for barley immunity to Bh and that it is located inside
the ER lumen. This complements accumulating evidence of the role
of ERQC and ERdj3B in plant immunity (Nekrasov et al., 2009; Tintor
& Saijo, 2014).

24 | AVR,, and BEC1016 translocate from the
plant cytosol to the ER lumen

For interactions to occur between either AVR,, or BEC1016 and
HVERd]j3B in barley epidermal cells attacked by Bh, the two effec-
tors are required to be secreted from the fungus, when their signal
peptides are removed, and to be taken up, either across the plant
plasma membrane or the extrahaustorial membrane, into the plant
cytosol. Secondly, in the plant cell, the effectors are required to pass
the ER membrane into the ER lumen. Indirect evidence that AVR,,
translocates into the plant epidermal cell cytosol comes from the
observation that it functions as an avirulence protein that binds to
the cytosolic NLR-protein MLA1 and triggers HR (Lu et al., 2016).
The fact that the number of haustoria is increased when BEC1016
is expressed in the epidermal cell cytosol after particle bombard-
ment suggests that BEC1016 also functions inside the plant cell
(Figure 1a). To inquire whether AVR ., and BEC1016 can translocate
across the ER membrane, we started by overexpressing AVR,,-GFP
and BEC1016-GFP (both without signal peptide) in N. benthamiana
epidermal cells. Here, they were both localized to the cytosol and nu-
cleus together with free mCherry, and no obvious ER signal could be
distinguished as there apparently was a complete overlap between
the GFP and mCherry fluorescent signals (Figure 6). Expression in
barley epidermal cells also suggested the effectors mainly to be cy-
tosolic (Figure S10).

However, to interact with HVERd]j3B, the two effectors will have
to enter the plant ER. To test this more rigorously, we again used
our split GFP system (Xie et al., 2017). We generated constructs for
fusing GFP11 to both the N- and C-terminus of AVR,;, BEC1016 and
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FIGURE 6 AVR,, and BEC1016
localized in the cytosol and nucleus of
Nicotiana benthamiana epidermal cells.
Constructs for expression of effectors
(without signal peptide) were introduced
using Agrobacterium infiltration, and
epidermal cells were observed by laser
scanning confocal microscopy 48h later.
Size bars, 20 pm.

CSEPO0105, all without signal peptide. CSEP0105, which interacts
with cytosolic small heat shock proteins (Ahmed et al., 2015), was
used as a negative control. These were then co-expressed with con-
structs for cytosolic GFP1-10 and ER-luminal (SP)-GFP1-10-HDEL
in all combinations (Figure 7). GFP11 fused to the N- and C-terminal
of CNX™, the transmembrane domain of the ER membrane protein
calnexin 1 (Xie et al., 2017), was used as reference (Figure 7a,b,i,j).
All three GFP11-effector fusions combined with GFP1-10 resulted
in cytosolic and nuclear GFP signal (Figure 7c-h). Yet, when com-
bined with (SP)-GFP1-10-HDEL, removal of the cytosolic and nu-
clear GFP signal visualized distinct reticulate and perinuclear GFP
signals in the case of AVR,, and BEC1016 (Figures 7k-n and S11).
Because this was not seen for CSEP0105 (Figure 70,p) and because
the ER-localized GFP11-CNX™/GFP1-10-HDEL combination also
gave a reticulate network signal (Figure 7i), the data indicate that
a fraction of the cytosolic AVR,, and BEC1016 specifically trans-
locate into the ER lumen post-translationally and independently of
their signal peptides.

2.5 | Silencing of HVERdj3B and expression of
AVR,, and BEC1016 affect ER trafficking

Having observed an importance of AVR,,, BEC1016 and HvERdj3B
in immunity and localization of these three proteins in the plant
ER lumen, we were prompted to test whether they can affect ER
function. For this, we made use of the vacuolar marker RFP-AFVY,
expressed with an N-terminal signal peptide. The C-terminal AFVY
amino acid sequence, which guides the protein to the vacuole,
is derived from the vacuolar storage protein phaseolin (Hunter
et al., 2007). When the (SP)-RFP-AFVY construct was expressed
together with the empty-vector control, a clear vacuolar localiza-
tion was observed (Figure 8). However, when co-expressed with
AVR,, or BEC1016, the RFP signal was also detected around the
nucleus and to some extent in reticular structures, which are signs
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FIGURE 7 AVR,, and BEC1016 are partially translocated into the endoplasmic reticulum (ER) lumen. The GFP1-10/GFP11 self-
constituting fluorescence protein demonstrates cytosolic and ER-luminal protein localizations in Nicotiana benthamiana epidermal cells. (a,b)
and (i,j) GFP11-CNX™ and CNX™-GFP11 confirm (SP)-GFP1-10-HDEL to be ER-luminal and GFP1-10 to be cytosolic, respectively. (c-h)
and (k-p) AVR,,, BEC1016 and CSEP0105 (all without signal peptide) are cytosolic while AVR ,, and BEC1016 (both without signal peptide)
are also ER-luminal, indicated by their reticulate and perinuclear signals (see also Figure S11). Expression constructs were introduced using
Agrobacterium infiltration, and epidermal cells were observed by laser scanning confocal microscopy 48h later. Size bars, 20 pm.
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FIGURE 8 Overexpression of AVR,, and BEC1016 or RNAI of the target HVERd]jB3 cause endoplasmic reticulum (ER) retention of

a vacuolar marker. The vacuolar marker construct p35S::SP-RFP-AFVY was co-expressed with either the pUbi::GW empty vector (EV),
pUbi::AVR ,, or pUbi::BEC1016 (both without signal peptide), along with either the control RNAi construct (hrpE-RNAI) or an RNAI construct
for HYERd]j3B, in barley epidermal cells upon particle bombardment. The vacuolar marker (SP)-RFP-AFVY was partially mislocalized in an
ER-like structure after overexpression of AVR,, and BEC1016 or after RNA-interference of HvERd]3B. This was evident by its presence in

a perinuclear ring and occasionally in reticular structures. Counts indicate occurrence of mislocalization of the vacuolar marker in 30 cells.
Scale bars, 10 pm.
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of (SP)-RFP-AFVY being retained in the ER. The same signal pat-
tern was observed when HVERdj3B was silenced using the RNAi-1
hairpin construct, also used in Figure 5a above (Figure 8). When ex-
pression of the effectors and silencing of HVERdj3B was combined,
a similar pattern of the RFP signal was again seen. This same cellular
phenotype, induced by expression of the effectors and silencing of
HVERd)3B, coincides with hampering of the ERQC and with this J-

domain protein being targeted by the effectors in the ER lumen.

3 | DISCUSSION

Obligate biotrophic fungi feed on living plant tissues for nutrient
uptake via haustoria. To suppress host defences and promote col-
onization, these pathogens deliver a large repertoire of effectors
into host cells (Frantzeskakis et al., 2018; Menardo et al., 2017).
We focused on Bh AVR,; and BEC1016, as examples of avirulence
proteins and proteins having a documented contribution to fungal
virulence, respectively (Lu et al., 2016; Pliego et al., 2013). Here, we
found that bacterial T3SS-based delivery of both these effectors in
fact reduced defence-associated callose deposition and that overex-
pression of them enhanced the development of Bh haustoria, while
they did not affect Mla3-mediated HR. Thus, our data may illustrate
that Blumeria AVR proteins can also suppress PTIl. Through Y2H-
NGIS, these effectors were found to target the same host protein,
HVERd]j3B, which we further substantiated with binary Y2H as well
as in planta BiFC and Co-IP assays. Silencing of the HVERdj3B gene
in barley led to increased formation of Bh haustoria, indicating that
this ER protein is involved in immunity to fungal penetration. This,
and the observation that AVR,, and BEC1016 can enter the ER, and
that expression of them as well as silencing of HVERd]3B cause arrest
of a vacuolar marker in the ER, supports the immunity-suppressing
function of these effectors to be mediated through targeting of this
J-domain protein.

ERQC and ER stress responses are well documented to contrib-
ute to plant immunity. Our data are consistent with a previous study
showing that a T-DNA line mutated in HVERdj3B's closest homologue
in Arabidopsis, AtERdj3B, is more susceptible to bacterial patho-
gens (Nekrasov et al., 2009). Here, it was reported that AtERdj3B
is involved in PTI. In the ER, it forms a complex with SDF2 and the
Hsp70 BiP1, which are required for proper trafficking and function
of the plasma membrane leucine-rich-repeat receptor kinases, EFR.
HVERdj3B may have a similar function and may be involved in proper
functioning of PRRs in barley. Besides being required for process-
ing of PRRs, ERQC is required for secretion of antimicrobial proteins
and linked to pathogen-induced programmed cell death (Kgrner
et al., 2015; Li et al., 2009; Moreno et al., 2012; Qiang et al., 2012).
In addition, a recent study showed that the ER proteins UBAC2 and
PICC interact with each other and are required for proper delivery of
callose synthase to the plasma membrane and for flagellin-triggered
callose deposition (Wang et al., 2019). As studies in Arabidopsis have
demonstrated that callose is important for immunity towards pene-
tration by powdery mildew fungi (Voigt, 2016), it will be interesting
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to see if future studies can demonstrate that the ERdj3B/BiP com-
plex is required for UBAC2/PICC-dependent callose deposition.
Therefore, even if ERdj3B is essential for maturation of certain PRRs
in the ER, there might be additional ways by which it contributes to
plantimmunity and thus how Bh uses AVR ,, and BEC1016 to aid the
penetration process in barley.

Localization studies initially suggested both effectors to be cy-
tosolic and nuclear, while HVERdj3B was found to be ER-luminal.
Therefore, we used the split GFP system to demonstrate that these
effectors are also translocated into the ER post-translationally. There
are other studies showing that pathogen effectors enter the ER to
facilitate infection by targeting ER-localized host proteins. For in-
stance, the RXLR effector PcAvr3al2 from an Arabidopsis oomycete
pathogen, Phytophthora capsici, can post-translationally enter the ER
and target the ER-localized host PPlase FKBP15-2, which is involved
in ER stress-sensing and required for ER stress-mediated plant im-
munity (Fan et al., 2018). Furthermore, it has been reported that an
essential effector, PsAvh262, secreted by the soybean pathogen
Phytophthora sojae, translocates from the host cytosol into the ER
to stabilize BiPs, thereby suppressing ER stress-triggered cell death
and facilitating infection (Jing et al., 2016). In both cases, it was
shown by BiFC that effector-target interactions occur inside the ER.
Yet another recent study showed that a nematode effector (CLE) is
translocated from the plant cell cytosol to the ER, and then secreted
as an extracellular receptor ligand (Wang et al., 2021). Here, post-
translational ER uptake was demonstrated using the GFP1-10/11
system, which we also used. Together, these observations suggest
that these effectors hijack one or more signal peptide-independent
plant ER uptake mechanisms.

Interactions with HvERdj3B were found for both AVR,, and
BEC1016, and both enter the ER post-translationally and signal
peptide-independently. They have very diverse amino acid sequences
but appear derived from an ancient RNase and may potentially be
structurally related (Cao et al., 2023; Pedersen et al., 2012). Therefore,
we used AlphaFold2 to predict the structures of AVR,; and BEC1016,
and in an overlay between those we can suggest shared loops on the
protein surfaces (Figure S1). Yet, no identical or similar amino acids
could be identified in these loops, which otherwise could have been
suggested to mediating the interaction with HVERdj3B.

ER post-translational uptake of proteins through the Secél
translocon complex is known to engage the ERQC machinery
(Hassdenteufel et al., 2019; Zimmermann et al., 2011). Thus, we
consider that interactions of AVR,, and BEC1016 with HvERdj3B
may facilitate one-way movement through this translocon into the
ER lumen. Previously, we found that silencing of the barley Secé1
B- and y-subunits both reduce the plant's susceptibility to Bh (Xu
et al.,, 2015; Zhang et al., 2013). At the time, these findings were
difficult to explain as preventing ER uptake of immunity-associated
proteins, such as PR-proteins and PM-bound PRR, should increase
plant susceptibility. However, our present finding of a susceptibility-
promoting role of AVR,, and BEC1016 (Figure 1), which both
enter the ER, may make the consequences of Secé1 silencing (Xu
et al,, 2015; Zhang et al., 2013) more meaningful.
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NLR-recognition of effectors often occurs indirectly after they
have impacted effector targets, which are guarded and associ-
ated with the NLRs (Carter et al., 2019; Ngou et al., 2022; Thordal-
Christensen, 2020). However, an effector target that contributes to
immunity, like HVERd]3B, inside the ER may not be guarded by an
NLR, as to date, such receptors have not been localized in this com-
partment. Instead, this favours a requirement for direct effector mon-
itoring by NLRs in the cytosol or the nucleus, which agrees with the
observed direct recognition and interaction of AVR,, and the NLR,
MLA1 (Lu et al., 2016). One may speculate whether targeting an ER
luminal host protein thus has provided an evolutionary benefit to the
pathogen. The effector may escape from indirect recognition and
force the plant to make more demanding inventions of specific rec-
ognition of each effector, rather than guarding proteins targeted by
more effectors, potentially from different pathogens. Whether the
recently discovered ER-localized non-NLR wheat powdery mildew
resistance protein Pm4 (Sanchez-Martin et al., 2021) guards an ER-
luminal process remains unknown. Pm4 is a protein kinase, and it in-

deed has an ER-luminal loop that may have such a guarding function.

4 | EXPERIMENTAL PROCEDURES

4.1 | Plant and fungal materials

Seedlings of barley (Hordeum vulgare) cv. Golden Promise were grown
at 16h light (150pmols™m™, 20°C)/8h of darkness (20°C) to be
used for inoculations, gene amplifications, TIGS, overexpression and
callose deposition assays after effector-delivery using P. fluorescens
EtHAN. Bh isolates C15 (AVR,,) and A6 (AVR ;) were propagated on
barley P-02 (Mla3) and P-01 (Mlal) plants, respectively, in a cycle
of 1week. Four- to six-week-old N. benthamiana plants were used
for BiFC and subcellular localization studies after Agrobacterium-

mediated leaf cell transformation.

4.2 | Gateway plasmid construction

Coding DNA sequences (CDS) for the effectors AVR ,; and BEC1016,
without their signal peptides, were amplified using primer pairs
listed in Table S3. PCR was performed on cDNA from barley leaves
infected with Bh, and the fragments were cloned into pENTR/D-
TOPO vectors (Invitrogen), with or without stop codons. The CDS for
the full-length barley HVERdj3B (HORVU1Hr1G022990; GenBank
ID: AK376215.1 and KAE8793706) with stop codon was synthe-
sized by TWIST Bioscience (San Francisco, CA, USA). Fragments of
HVERdj3B were amplified from the synthesized clone using prim-
ers listed Table S3 and cloned into pENTR/D-TOPO. Subsequently,
the entry clone inserts were transferred to destination vectors
using Gateway LR cloning reactions (Invitrogen). For overexpres-
sion constructs, the CDSs for HvERd]3B (with signal peptide), AVR ,,
and BEC1016 (without signal peptides) were transferred into pUbi-
mYFP-Gateway-Nos, pUbi-Gateway-mYFP-Nos, pUbi-Gateway-Nos

destination vectors (Kwaaitaal et al., 2010) and p2WFHB-Gateway-
GFP (Karimi et al., 2002). The vacuolar marker SP-RFP-AFVY con-
struct, where the AFVY vacuolar targeting signal is derived from
phaseolin, was amplified from ‘sp-RFP-AFVY’ (Hunter et al., 2007).
The SP-mCherry-HDEL construct was from Nelson et al. (2007).
RNAI constructs were generated in the CaMV 35S promoter-driven
hairpin destination vector pIPKTA30N (Douchkov et al., 2005).
The HvERdj3B-RNAI-1 and -2 constructs contain HVERdj3B CDS
fragments from positions 283 to 579 and 532 to 879, respectively.
These sequences were predicted using the si-Fi21 open-source
software (Luck et al., 2019). None of them were found to have off-
targets. For Co-IP, the CDS for AVR,, and BEC1016 (without signal
peptide) were transferred into destination vector pEarleyGate201,
which is a Gateway-compatible vector encoding an N-terminal
HA tag (Earley et al., 2006). The CDS of HvVERdj3B (without sig-
nal peptide) was transferred into destination vector pK7FWG2, a
Gateway-compatible vector encoding a C-terminal GFP tag (Karimi
et al., 2002). All the constructs were sequenced for confirmation.

4.3 | Barley single cell transient-induced gene
silencing and overexpression

Barley leaf epidermal cell transformation was obtained after particle
bombardment as described by Douchkov et al. (2005) and Nowara
et al. (2010), using the biolistic PDS-1000/He Particle Delivery
System from Bio-Rad. For each bombardment, six detached first
leaves of 1-week-old Golden Promise barley plants were used. The
particle coating was performed using 7ug of DNA for each con-
struct together with 2.4mg of gold, 1pg/uL of protamine (Sivamani
et al., 2009) and 0.625M CaCl, (Rasco-Gaunt et al., 1999). For the
bombardments, a hepta adapter and rupture discs bursting at a he-
lium pressure of 1100 psi were used. After bombardment, the leaves
were transferred onto 1% phytoagar Petri dishes containing 40mg/
mL benzimidazole. For effector overexpression and TIGS studies, the
constructs were co-transformed with a GUS reporter gene construct
driven by the pUbi promoter into the epidermal cells. Two days later,
the leaves were inoculated with Bh, and after another 2days, they
were stained for GUS activity by vacuum-infiltrating and incubating
in 2mM X-Gluc, 100mM sodium phosphate, 100mM EDTA, 1.4mM
potassium ferricyanide, 1.4mM potassium ferrocyanide and 0.1%
Triton X-100 at 37°C overnight. Transformed (blue) cells were as-
sessed microscopically for the presence of haustoria as an indication
of fungal infection. The rate of haustoria formation was calculated
as the number of blue cells with haustoria divided by the total num-
ber of blue cells. An mYFP expression construct and the empty vec-
tor pIPKTA30N were used as negative controls and the Mlo RNAI
(pIPKTA36) (Douchkov et al., 2005) construct was used as positive
control. The effect of constructs was analysed by a logistic regres-
sion model with random effects, assuming a binominal distribution,
with construct as fixed effect and the experiment x construct x leaf
interaction as random effect. The analyses were performed in PC-
SAS (release 9.4, SAS Institute).
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4.4 | A.tumefaciens infiltration-mediated
transformation of N. benthamiana leaf cells

T-DNA construct were introduced into A. tumefaciens GV3101
by electroporation. The transformed bacterial cells were grown
on Luria Bertani agar plates supplemented with rifampicin, spec-
tinomycin and gentamycin antibiotics. For leaf cell transformation,
overnight liquid cultures (28°C) of recombinant A. tumefaciens were
harvested by centrifugation and resuspended in 10mM MgCl,,
10mM MES and 200uM acetosyringone to OD,,,=0.6. A strain of
A. tumefaciens with a construct expressing the p19 silencing sup-
pressor (Brioudes et al., 2022) was managed in the same way. The
resuspended A. tumefaciens transformants, including the one with
the P19 construct, were mixed in equal ratios and infiltrated into

leaves of 4- to 6-week-old N. benthamiana plants.

4.5 | Yeast two-hybrid next-generation
interaction screen

The Bh effectors AVR,, and BEC1016 were used as baits in Y2H-
NGIS to mine for novel PPI (Elmore et al., 2023; Velasquez-Zapata,
Elmore, & Wise, 2023). Bait sequences (without signal peptides) were
fused with the GAL4 transcription factor binding domain (GAL4-BD)
in the p97-BD, Leu2p vector and transformed into Saccharomyces
cerevisiae Y8930 (Dreze et al.,, 2010). For the prey library, first
seedling leaves from an infection time course of the resistant barley
line Cl 16151 (Mlaé) and four fast-neutron-derived immune mutants
were sampled from a split-plot design at O, 16, 20, 24, 32 and 48h
after inoculation (HAI) with Bh isolate 5874 (AVR ;, AVR ,, AVR
and AVRa12) (Chapman et al., 2021; Surana, 2017; Velasquez-Zapata
et al,, 2022). mRNAs isolated from the 90 experimental units (5
genotypes x 6 time points x 3 biological replications) were used for
RNA-Sequencing (data at https://www.ncbi.nlm.nih.gov/geo/query/
acc.cgi?acc=GSE101304), small RNA sequencing (Hunt et al., 2019),
and was also pooled to prepare a three-frame cDNA prey library
in the Gateway-compatible ARS4/CEN6 GAL4 activation domain
(AD) vector p86-AD, Trplp (Dreze et al., 2010; Velasquez-Zapata
et al., 2021; Yu et al., 2015). After transforming the library into S.
cerevisiae Y8800, 1.1 x 107 primary clones were mated with each bait
clone and subsequently cultured in three independent replicates
under two conditions (selection and non-selection). At the end of
each culture, prey plasmids were isolated, and prey cDNA fragments
were amplified by low-cycle PCR to maintain the bait:prey ratios
resulting from the batch culture mating. Amplicon libraries were
sequenced using the lllumina HiSeq 2500 platform at the lowa State
University DNA facility, collecting 5-10 million reads per sample.
Sequence output from NGIS screens confirmed that the prey library
contained 78.4% of annotated genes in the barley Morex V3 assembly
(Mascher et al., 2021), and nearly 99% of the expressed genes from
our Cl 16151 transcriptome (NCBI-GEO GSE101304). Y2H-NGIS
data from these experiments were processed using the NGPINT
and Y2H-SCORES software (Banerjee et al., 2021; Velasquez-Zapata

et al., 2021) to reconstruct the prey fragments and rank them as
interactors for each bait. Outputs from these pipelines allowed us to
identify interacting prey fragments, their frame with the Gal4-AD as
well as enrichment and specificity scores that assess their properties
as Y2H interactors.

4.6 | Binary Y2H assays

Using the output from the Y2H-NGIS, we designed primers
to reclone identified prey fragments into p86-AD to confirm
interactions using binary Y2H (Dreze et al., 2010) under three levels
of selective media: Diploid selection (SC - LW) and specific selection
(SC-LWH+0.1mM 3-AT) using three dilutions (10°, 107! and 107?)
as shown in Figure S7. After the first confirmation of HVERdj3B as
prey, additional AVR,,, BEC1016 and HvERd]3B constructs were
made in the destination vectors pDEST-AS2-1 (GAL4-BD) and
pDEST-ACT2-1 (GAL4-AD) (Robertson, 2004). These constructs
were transformed into the haploid yeast strains, Y189 and Y190,
respectively. Subsequent matings, selections and LacZ reporter
assays were made according to the Matchmaker Gold Yeast Two-

Hybrid System user manual (Clontech).

4.7 | In planta protein-protein interaction studies
For the BIiFC assay, the CDS for full-length barley HVERdj3B and
both effectors, without signal peptides, and with and without
stop codons, were transferred to CaMV 35S promoter-driven
BiFC binary destination vectors (Kamigaki et al., 2016) as N- and
C-terminal fusions of nGFP (amino acids 1 to 174) and cGFP
(amino acids 175 to 239). Two-by-two combinations of constructs
were transformed into N. benthamiana leaves by A. tumefaciens
infiltration. Two days after infiltration, the fluorescence signals of
all eight possible AVR,,/HVERdj3B combinations and of all eight
possible BEC1016/HVERdj3B combinations were evaluated by a
laser scanning confocal microscopy.

For the Co-IP assay, N. benthamiana was agro-infiltrated with
constructs for expression of HVERdj3B-GFP in combination with
either HA-AVR ,, or HA-BEC1016, all without signal peptides. Two
days later, Co-IP was performed according to Gruner et al. (2021)
using 15uL «a-GFP-magnetic beads (Chromotek). Anti-GFP anti-
body (sc9966), anti-HA antibody (sc7392 HRP) and secondary anti-
body m-IgGk BP-HRP (sc-516102) were purchased from Santa Cruz
Biotechnology.

4.8 | Localization of effectors in the ER

The GFP1-10/GFP11 split GFP system (Xie et al., 2017) was used to
document presence of effectors in the ER lumen. CDS for the effec-
tors AVR,, and BEC1016, without their signal peptides, were trans-
ferred to the T-DNA Gateway destination vectors pGFP11-GW and


https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE101304
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE101304

14 0f 18 ™
°4|_WI | 2A%@ Molecular Plant Pathol;gmy, o)

LI ET AL.

pGW-GFP11 to fuse them to GFP11. T-DNA constructs for GFP11-
CNX™ and CNX™-GFP11 were from Xie et al. (2017). These were
co-expressed with constructs for cytosolic GFP1-10 and ER-luminal
SP-GFP1-10-HDEL from Xie et al. (2017).

4.9 | Confocal microscopy

The microscopy was performed using a Leica SP5-X laser scanning
microscope at the Center for Advanced Biomaging (CAB) at the
University of Copenhagen. To improve the subcellular localization,
the leaves were mounted with perfluorodecalin (Alfa Aesar A18288)
and imaged with a 20x water immersion lens. GFP was excited at
488nm and the emission from 514 to 540nm was collected. mYFP
was excited at 514 nm and the emission from 527 to 586 nm was col-
lected. mCherry was excited at 587 nm and the emission from 595
to 650nm was collected. To restrict bleed-through, all imaging was
done using sequential scan mode.

4.10 | Callose deposition and HR assays

CDSs for the GUS reporter gene, effectors AVR,, and BEC1016,
without signal peptides and with stop codons were transferred to
the AvrRPS4 promoter-driven destination vector pEDV6, which
also fuses 136 amino acids of the AvrRPS4 N-terminus to the
effectors (Fabro et al., 2011), and transformed into P. fluorescens
EtHAn (Thomas et al, 2009) by electroporation. Transformed
EtHAnN strains were grown overnight in King's B medium containing
ampicillin, chloramphenicol, tetracycline and gentamicin at 28°C.
The bacteria were harvested by centrifugation and resuspended
in 10mM MgCl, to a final OD,,,=0.3 and infiltrated into leaves of
barley. This method for introducing proteins into barley leaf cells
was validated by performing a GUS assay as above. Furthermore,
growth of EtHAnN in barley leaves was quantified by extracting
bacteria from homogenized leaves at O and 1days post-infiltration
(dpi). The colony-forming units assessed from the 1 dpi samples was
normalizing to the average of those obtained from the O dpi samples.

Callose responses were studied after EtHAnN infiltration of first
leaves of 8-day-old barley. Twenty-four hours later, the callose re-
sponse was assayed in the infiltrated leaf areas using a Nikon ECLIPSE
Ni-U fluorescence microscope. For one repeat, ten 1110x 740pm
(5184 x 3456 pixels) images from random sites at one leaf were used
to quantify the number of callose deposits and the accumulated
area of callose deposits using the Fiji open-source platform (Jin &
Mackey, 2017; Schindelin et al., 2012). The outcomes of effectors
were calculated relative to GUS as control and the total number and
total area of the callose deposits were assessed independently.

The HR was studied after EtHAn infiltration and Bh inoculation
of 7-day-old barley. To ascertain even Bh spore distribution, first
leaves, still attached to the plants, were mounted horizontally side-
by-side on plastic plates and pots were inoculated together in an in-
oculation tower. Four days later, trypan blue staining was performed

on 4-cm leaf pieces according to Kock and Slusarenko (1990), and

quantified by counting in a light microscope.

4.11 | Differential transcript accumulation

RNA-Sequencing data were extracted from an infection time
course of barley Cl 16151 and the derived fast-neutron mutant,
mla6-m18982, at 0, 16, 20, 24, 32 and 48 h after inoculation with Bh
isolate 5874 (AVR ;, AVR ,.; NCBI-GEO GSE101304) and analysed as
described in (Chapman et al., 2021; Veldsquez-Zapata et al., 2022).
Genes differentially expressed at an adjusted p of <0.001 for barley

and <0.003 for Bh were considered significant.

412 | Structural prediction of proteins

The Bh AVR,; and BEC1016 amino acid sequences were analysed
in  AlphaFold2 (https://colab.research.google.com/github/sokry
pton/ColabFold/blob/main/AlphaFold2.ipynb#pdb100) to make the

structural predictions presented in Figure S1.
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