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The Mla (Mildew resistance locus a) of barley (Hordeum vul-
gare L.) is an effective model for cereal immunity against fun-
gal pathogens. Like many resistance proteins, variants of the
MLA coiled-coil nucleotide-binding leucine-rich repeat (CC-
NLR) receptor often require the HRS complex (HSP90,
RARI1, and SGT1) to function. However, functional analysis of
Sgtl has been particularly difficult, as deletions are often
lethal. Recently, we identified rar3 (required for Mla6 resis-
tance 3), an in-frame Sgtlag;39s.300 mutation in the SGT1-
specific domain, that alters resistance conferred by MLA but
without lethality. Here, we use autoactive MLLA6 and recombi-
nant yeast-two-hybrid strains with stably integrated HvRarl
and HvHsp90 to determine that this mutation weakens but
does not entirely disrupt the interaction between SGT1 and
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MILA. This causes a concomitant reduction in MLLA6 protein
accumulation below the apparent threshold required for effec-
tive resistance. The AKL308-309 deletion had a lesser effect on
intramolecular interactions than alanine or arginine substitu-
tions, and MLA variants that display diminished interactions
with SGT1 appear to be disproportionately affected by the
SGT1,k1308-300 Mutation. We hypothesize that those dimeric
plant CC-NLRs that appear unaffected by Sgtl silencing are
those with the strongest intermolecular interactions with it.
Combining our data with recent work in CC-NLRs, we propose
a cyclical model of the MLLA-HRS resistosome interactions.

Keywords: Blumeria graminis f. sp. hordei, chaperone, nucleotide-
binding leucine-rich repeat (NLR) receptor, powdery mildew

Fungal pathogens represent a large and economically signifi-
cant challenge to crops worldwide (Savary et al. 2019). To
lessen the impact of fungi on our food sources, we employ a
variety of biological, chemical, and mechanical methods, to
varying degrees of success. Recent focus has come upon the
potential of utilizing molecular genetic methods to quicken the
development of genetically resistant crops, which would reduce
the need for, and damage caused by, chemical fungicides
(Carneiro et al. 2020; Knebel et al. 2019; van Wersch et al.
2020). However, for these methods to be effective and durable,
we must understand the molecular interactions between crops
and pathogenic fungi as completely as possible (Zhang et al.
2020). Key tools for expanding our understanding are model
crop-pathogen systems in which discoveries and innovation can
be extrapolated to other crops.

The interaction between barley (Hordeum vulgare L.) and
Blumeria graminis £. sp. hordei, the cause of powdery mildew dis-
ease, is a model for investigating plant host-fungal pathogen inter-
actions in large-genome cereals (Draz et al. 2019). B. graminis
f. sp. hordei is an obligate biotrophic fungus, meaning that it must
parasitize living cells to feed (Yamaoka et al. 2006). During infec-
tion, fungal appressoria will penetrate the cell wall and release pro-
teins directly into the host cell (Godfrey et al. 2009). These
proteins, called effectors, have specialized functions, such as sub-
verting host defense responses and facilitating nutrient absorption
(Krattinger and Keller 2016). However, in parallel with the evolu-
tion of pathogen effectors, plants have evolved proteins that detect
effectors directly or indirectly (Jaswal et al. 2020). Once detected,
these resistance (R) proteins initiate severe defense responses that
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often culminate in the death of the infected cell and, consequently,
the death of the fungus (Lo Presti et al. 2015).

Alleles of barley mildew resistance locus A (Mla) (Halterman
and Wise 2004; Jgrgensen 1994; Seeholzer et al. 2010; Wei et al.
2002) encode proteins that provide race-specific defense by recog-
nizing cognate powdery mildew effectors (Bauer et al. 2021; Lu
et al. 2016; Ridout et al. 2006; Saur et al. 2019). MLA proteins are
archetypical coiled-coil (CC), nucleotide-binding (NB), leucine-
rich repeat (LRR) receptor proteins, or NLRs (Shirasu 2009; van
Wersch et al. 2020) (Fig. 1A). To confer resistance, MLA proteins
often require association with the HRS complex, which is com-
posed of cochaperones HSP90 (Heat-Shock Protein 90), RAR1
(Required for Mlal2 Resistance 1), and SGT1 (Suppressor of
G-two allele of SkpI) (Fig. 1B) (Bieri et al. 2004). Once MLA rec-
ognizes the presence of the cognate effector, current evidence indi-
cates that the complex translocates to the nucleus, where it
initiates a signaling cascade, including interactions with distinct
transcription factors, that leads to a hypersensitive reaction and
resistance (Bai et al. 2012; Chang et al. 2013; Shen et al. 2007).

The interactions between NLRs and the HRS complex play a
critical role in immune response to pathogens (Sun et al. 2020).
To identify unknown factors in this pathway, we conducted fast-
neutron mutagenesis of a resistant barley line, cereal introduction
(CI) 16151 (Manchuria background, Mla6), and screened for loss
of resistance to B. graminis f. sp. hordei isolate 5874 (AVR ). In
the derived susceptible mutant m11526, we identified a 6-bp,
in-frame Lys-Leu deletion within the SGT1-specific (SGS)
domain of HvSgrl (HORVU3H1G055920) as causing selective
disruption of Mla-mediated, race-specific resistance to powdery
mildew (Chapman et al. 2020). The required for mla6 resistance
(rar3) mutation Sgtl kg 30s.300 alters the function of Mla6, Mia7,
and Mlal?2 (designated Rar3-dependent alleles) but did not appear
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Fig. 1. Model for the structure of MLA and how it interacts with the HRS
complex composed of HSP90 (Heat-Shock Protein 90), RAR1 (Required for
Mlal2 Resistance 1), and SGT1 (Suppressor of G-two allele of Skpl),
adapted from (Boter et al. 2007; Shirasu 2009; Siligardi et al. 2018). A, The
MLA protein is comprised of the coiled-coil (CC) signaling, nucleotide-
binding (NB), and leucine-rich repeat (LRR) domains. The MLA NB
domain binds adenosine di-phosphate (ADP) in its inactive state, which
maintains intramolecular interactions with the CC domain to prevent signal-
ing. B, MLA is required to interact with the HRS complex to function, this
consists of two units of HSP90, one unit of RAR1, and two units of SGT1.
RARI consists of the cysteine- and histidine-rich domains (CHORD-I and
CHORD-II) and the cysteine- and histidine-containing motif (CCCH).
HSP90 consists of the N-terminal (NTD), middle (MD), and C-terminal
dimerization (CTD) domains. SGT1 consists of the TPR (tetratricopeptide
repeat), CS (CHORD-SGTT1), and SGS (SGT1-specific) domains.

to affect the function of Mlal, Mla9, Mlal0, and Mlal3 (desig-
nated Rar3-independent alleles).

Sgtl is critical for a vast array of eukaryotic cell processes, as
evidenced by the lethality of deletion mutants (Azevedo et al.
2002; Martins et al. 2009), or when it is silenced (Bhattarai et al.
2007; Thao et al. 2007), whereas the rar3-m11526 mutant is mor-
phologically identical to the CI 16151 progenitor from seed to
seed (Chapman et al. 2020). This suggests that the Sgt/ ax7.30s-309
mutation explicitly inhibits Mla-specified disease resistance but
does not overtly affect other cell processes that Sgt/ is involved
with, such as hormone detection and kinetochore development
(Meldau et al. 2011). Thus, the Sgt/ k7 30s.300 Mutation provides
a unique opportunity to investigate the involvement of Sgt/ in
immunity.

To explore the intermolecular and structural relationship
between SGT1 and NLRs, we took advantage of Sgt/axz.30s-309 tO
investigate how it perturbs MLA-dependent disease resistance.
First, we show that the previously unobserved interaction between
MLAG6 and SGT1 can be revealed in the yeast-two-hybrid (Y2H)
protein-protein interaction system (Dreze et al. 2010), by utilizing
full-length autoactive NLR mutants and reconstituting the HRS
complex through yeast genome engineering. Using this system, we
then show that SGT1k1308.300 destabilizes the interaction with
both the Rar3-independent MLLA1 and Rar3-dependent MLLAG, as
compared with wild-type (WT) SGT1. Lastly, parallel reaction
monitoring (PRM)-based targeted mass spectrometry (MS) showed
that MLAG6 protein accumulates in the Sgt/ax7 30s.300 mutant line
to a lower, but still observable, level than in WT CI 16151 in both
unchallenged plants and plants inoculated with powdery mildew.
Combined with other recent evidence, these results suggest that
SGT1 may be required by more NLRs than previously suspected.
Moreover, the Sgtlaxrs0s.300 mutation may be a new tool for
investigating NLRs by separating disease resistance signaling from
other cellular processes.

RESULTS

Incorporating barley HSP90 and RAR1 into Y8800
yeast facilitates interactions between SGT1 and MLA.

We previously demonstrated that the rar3 mutation localized
to an in-frame Lys-Leu deletion within the SGS domain of
SGT1 (Chapman et al. 2020). The LRR domain of NLRs inter-
acts directly with the SGS domain of SGT1 (Fig. 1) (Bieri et al.
2004). Thus, the Lys-Leu deletion may be impairing the interac-
tion between NLRs and SGT1, resulting in an altered immune
response. SGT1 functions as part of the HRS complex, along
with HSP90 and RARI, and it has been shown that MLAG6
requires both HSP90 and RARI1 to function (Bieri et al. 2004).
Further, it has been suggested that RAR1 may increase the affin-
ity of SGT1 for NLRs (Kadota and Shirasu 2012). Therefore, it
is possible that the lack of barley HSP90 and RARI1 in the Y2H
system prevents some NLRs, such as MLA6, from interacting
properly with SGT1. We hypothesized that reconstituting the
barley HRS complex in the Y2H system could be used to test
interactions between SGT1 and NLRs.

First, we compared the interaction between MLA and WT
SGT1 or the SGTI1 k1308300 mutant (GenBank MT787218)
using the GALA4 Y2H system (Dreze et al. 2010). Previously, it
had been required to use only the LRR domain of NLRs to test
for these interactions, as the whole NLR is autoinhibited (Bieri
et al. 2004). This could be due to the NLRs existing in a closed
conformation naturally until they are activated by a cognate effec-
tor or brought into the HRS scaffolding (Bernoux et al. 2016).
We tested multiple fragments of the MLA1 LRR, which had been
shown previously to interact with SGT1 (Bieri et al. 2004),
against SGT1 WT and SGT1axkg308.300 (Fig. 2). We found
that MLA LRR fragment 543-958 gave the strongest interaction
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(Fig. 2B2) with SGT1 WT (as determined by the rate and size of
yeast colony growth), and that the interaction was slightly, but
consistently, weaker with SGT1ak; 308.300 (Fig. 2B3). However,
consistent with previous reports, we did not observe an interaction
between SGT1 and either full-length MLAG6 or the equivalent
LRR fragment, indicated by the observed growth not being signif-
icantly different than the negative controls (Fig. 2E2 and F2).

Then, to test whether the inclusion of cochaperones would
facilitate the interaction between MLA6 and SGT1, HvRarl and
HvHsp90 were stably integrated into the genome of Y8800 yeast
to generate the “Y-archer” strain Y-RcHa (Y8800-RarI-cycl-
Hsp90-adhl) (Mikkelsen et al. 2012). When the interaction tests
between SGT1 and MLA fragments were repeated using the
Y-RcHa strain instead of Y8800, we saw increased evidence of
interaction between MLA1 and SGT1 (Fig. 2B4). However,
similar to the tests performed with the original Y8800 strain, an
increased interaction using Y-RcHa was not observed in the
interaction between MLA1 and SGT1 k1 308300 (Fig. 2B5), and
there was still no observed interaction between MLAG6 and
SGT1 (Fig. 2E4 and F4). As Mlal was found to be a Rar3-inde-
pendent allele, this suggested that the Sgt/axz30s.300 Mmutation
disrupts interactions with certain MLA variants but not others
(Chapman et al. 2020).

Site-directed mutagenesis of Sgtl suggests KIL.308-309
is not a direct interaction site between SGT1 and MLAL.
To investigate further into why the SGT1 k308300 deletion
affects interactions, we generated a series of Sgr/ mutant con-
structs that would delineate the possible molecular mechanisms
behind the observed disruption. Using site-directed mutagenesis,
we generated constructs with only one of the two candidate
amino acids deleted, to determine if a single position was causa-
tive (Fig. 3, Sgtlagsos and Sgtlazs00). In addition, we generated
two single and one double alanine substitutions to determine
whether the WT residue side chains were necessary for func-
tion or if it was the loss of the position that caused the pheno-
type regardless of the side chain (Fig. 3, Sgtlx3084. S8t1130945
and Sgtlg;30s44)- Lastly, as lysine is known to form intermo-
lecular salt bridges with aspartates or glutamates (Kumar and
Nussinov 2002) and we were looking for the cause behind a
weakened interaction, we generated Sgtlgsosg (Fig. 3). The
arginine in this construct would conserve the side chain nitro-
gen atoms required for the salt bridge to form, if that is the
function of SGT1k303.

Bait Y8800 p97-BD:
SGT1WT

AD-Empty 2)
10° 10 102 100 101

1)
Prey Y8930 ‘

A) BD-Empty

B) MLA1 WT 543-958 - .

D) MLA1 WT 562-958

Interestingly, it was SGT1a;309 that appeared to mimic the
lesser interaction of SGT1ky 308300 With MLA, though the dif-
ferences between the two interactions is small (Fig. 3BS). In
contrast, neither of the single alanine substitutions appeared to
have weakened interactions similar to the original Sg¢k; 30s.300
(Fig. 3B6 and B7). However, the double alanine and the argi-
nine substitutions both showed a complete loss of interaction
(Fig. 3B8 and B9).

As alanine is a relatively unreactive amino acid, it is surpris-
ing that the double alanine substitution had a greater effect on
the strength of the interaction than the double deletion. The
effect of the Sgt/xs0sg mutation may suggest that the function
of SGT130g is not in forming intermolecular salt bridges. How-
ever, it has been shown before that mutating lysine to arginine
can still disrupt established salt bridges (Joseph et al. 2018). In
addition, the two amino acids after the deletion, which could be
considered as taking the place of the deleted residues, are aspar-
tate (D) and glycine (G). As aspartate forms the opposite side of
a salt bridge to lysine, an aspartate replacing a lysine should
destroy the proposed salt bridge. Alas, the deletion only causes
a slight weakening of the interaction, especially when compared
with alanine substitutions, also supporting the possibility that
SGTlksz0g is not involved in intermolecular salt-bridge forma-
tion. In this regard, arginine has a guanidinium group that allows
for more possibilities for interactions because of the additional
nitrogen atoms and it has been shown to increase intramolecular
stability when compared with lysine (Sokalingam et al. 2012).
Therefore, as the SGS domain is considered extremely disor-
dered due to its lack of a defined tertiary structure (Taube et al.
2014), the Sgtl x30sr mutation may cause an increase in stability
of the SGS domain that somehow impairs its function.

MLA97; and MLA,¢g are essential for interactions
with SGT1.

Previously, it was found that the requirement for Rarl by
Mla6 and Mlal3 could be delineated to a single position in the
LRR region, MLA7,; (Halterman and Wise 2004). However,
MLAG6 and RARI do not directly interact (Bieri et al. 2004).
Rather, RAR1 interacts with both SGT1 and HSP90 and could
function as structural support for the HRS complex to maintain
it in a conformation that promotes interaction with R proteins
(Boter et al. 2007). Therefore, we hypothesize that MLLA;,; con-
fers requirement for Rarl by affecting the interaction between
MLA and SGTI. It is interesting that Rarl-independent NLRs,

Y8800-Rar1-cyc1-Hsp90-adh1 (Y-RcHa)

4) SGT1WT 5)SGT14KL308-309
100 10" 102 | 10° 10" 102

3)SGT1AKL308-309
100 101 10?

Fig. 2. Yeast-two-hybrid interaction tests between MLA1 or MLA6 fragments and SGT1AKL308-309 with the original Y8800 strain or modified
Y-RcHa strain. Rows and columns are identified by letters and numbers, respectively. For example, AD-Empty/BD-Empty test is referenced as 2A1l.
Diploid Y8800 or Y-RcHa/Y8930 yeast expressing activation or binding domains (AD and BD, respectively) were grown on media lacking histidine
(SC-LWH). MLA1 WT 543-958 indicates that the fragment of MLA1 is from the wild-type sequence between amino acid position 543 to the stop codon
at 958. MLAG is two amino acids shorter than MLA1, therefore 956 corresponds to the MLAG6 stop codon. Yeast was grown on SC-LWH, and images
were taken 4 days after plating. Dilutions of diploids cells for plating are 10°, 107", and 1072 of the original 0.5 optical density culture.
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such as MLAI1, have an aspartate at this location, as they are
capable of forming intermolecular salt bridges, whereas the gly-
cine that Rarl-dependent NLRs, such as MLAG, have at this
position are inactive. Therefore, MLA1p;,; may form an inter-
molecular salt bridge with SGT1. However, if this is the case, it
may not be the only site of interaction between the two proteins,
as this change is not enough to confer a MLA1-equivalent resis-
tance response (Halterman and Wise 2004). Therefore, we
extrapolate that there may be a position within MLA that con-
fers requirement for Sgt! x7 30s-309-

To investigate key sites of interaction between MLA and
SGT1, we scrutinized the differential “Rar3” requirement by
MLA variants for amino acid consistencies between those defined
as Rar3-dependent or -independent (Chapman et al. 2020)
(Fig. 4). We identified three major sites that appear to show con-
servation or redundancy within each group. At MLA7qg, Rar3-
dependent variants have glutamate (E), whereas the Rar3-inde-
pendent variants have either asparagine (N) and aspartate (D).
These three amino acids are very similar and, therefore, are gener-
ally interchangeable. They are polar, which means they prefer to
be on the surface of proteins, exposed to an aqueous environment.
Glutamate and aspartate are more similar in function than aspara-
gine and aspartate. However, there are some key differences;
while glutamate and aspartate can both form intermolecular salt
bridges, asparagine does not, which would suggest that if the N/D
at this position confers a stronger interaction with SGT1, it would
not be due to the gaining of a salt bridge. The main similarity
between asparagine and aspartate, which is not shared by gluta-
mate, is the slightly shorter side chain, which may suggest that its
function may be structural, if this is the key difference.

At MLA79;, MLA6 has a uniquely deleted amino acid,
whereas the other Rar3-dependent variants have tryptophan (W)
and the Rar3-independent variants have either serine (S) or thre-
onine (T). It is hard to attribute a function to a missing amino
acid; however, it may be that, in this case, tryptophan is not per-
forming any particular function or it is negatively associated
with interactions and, therefore, a deletion could be functionally
preferable. Conversely, serine and threonine are both small,

AA Position (Relative to MLA1)
721 797

708
MLAG .
DepR::jent MLA7 . .
MLA12 .
MLAT . .
IndeRp/-\eRanent MLATO .

N
(0%0)

9

FE =SR]
=1 [

.
’

Barley MLAG :
structure
0 161 550 956
MLA Sr33 G
Orthologues . . .

SrSO..

Fig. 4. Conservation of amino acids between Rar3-dependent or -inde-
pendent MLA variants at multiple key sites. Conservation is observed
between Rar3-dependent alleles at 708 and between Rar3-independent
alleles at 798. At position 797, Rar3-independent alleles contain either
serine or threonine, which can be functionally redundant. Position 721,
which confers genetic requirement for Rarl, does not show conservation
between the groups (Halterman and Wise 2004). Below the structure are
two MLA orthologs in wheat, Sr33 and Sr50 (Chen et al. 2017; Peri-
yannan et al. 2013). Amino acid positions are labeled according to an
amino acid alignment of all six alleles relative to MLA1. E = glutamate,
D = aspartate, N = asparagine, G = glycine, W = tryptophan, S = serine,
T = threonine, P = proline, K = lysine, L = leucine, Q = glutamine, and
“~ designates a gap in the alignment.

Bait Y8800-Rar1-cyc1-Hsp90-adh1 (Y-RcHa) p97-BD:

1) AD-Empty  2)
Prey Y8930 _10 102 |

SGT1 WT

A) BD-Empty

B) MLA1 WT 543-958

C) MLA1 WT 555-958

6) SGT1k308A 7) SGT1L309A

Prey Y8930 100 o 102 | 10° 10 102

A) BD-Empty

B) MLA1 WT 543-958

C) MLA1 WT 555-958

3) SGT14KL308-309

0° _10° 102 |

8) SGT1KL308AA
10°

4) SGT1aK308 5) SGT1aL309
° 40! 102 | 10° 40! 102 | 10° 10! 102

9) SGT1K308R

101 102 | 10° 10" 102

Fig. 3. Yeast-two-hybrid interaction tests between MLA1 leucine-rich repeat fragments and SGT1 mutants. Rows and columns are identified by letters
and numbers, respectively. For example, AD-Empty/BD-Empty negative control is 3A1. Diploid Y8800 or Y-RcHa/Y8930 yeast expressing activation or
binding domains (AD and BD, respectively) were grown on media lacking histidine (SC-LWH). MLA1 WT 543-958 indicates that the fragment of
MLAL is from the wild-type sequence between amino acid position 543 to the stop codon at 958. Yeast was grown on SC-LWH, and images were taken
4 days after plating. Dilutions of diploids cells for plating are 10°, 107!, and 1072 of the original 0.5 optical density culture.
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polar, and can be phosphorylated. The phosphorylation of the
LRR domains of proteins has not been observed in NLRs but
has been observed in many receptor kinases and receptor-like
kinases (Klymiuk et al. 2021; Park et al. 2012).

Position MLA79g has the starkest contrast between the two
groups. Rar3-dependent variants have a proline (P), whereas the
Rar3-independent variants have serine (S). However, it is possi-
ble for the serine side chain to form a hydrogen bond with the
protein background whereby it acts as proline does structurally.
Additionally, proline is fairly nonreactive. Therefore, it is possi-
ble that at this position, proline and serine act similarly structur-
ally, while the serine in Rar3-independent variants performs an
additional function that confers a stronger interaction with SGT1.

When we tested MLA1 and MLAG site-directed mutants for
interaction with SGT1, we observed that mutating MLA1,9; and
MLA1l79g to the Rar3-dependent forms (MLAla797s and
MLA1g79gp) completely disrupted the interaction between MLA1
and SGT1 (Fig. 5SE2 and F2). In contrast, the reciprocal mutations
MLAG,797s and MLAG6p;975 did not cause an equivalent gain of
interaction (Fig. SH2 and 12). However, we did observe an
increase in interaction between MLAG,7975 and SGT1 WT,
whereas the interaction between MLAG6,7975 and SGT1 k1 308-300
was weaker (Fig. 5I3). This is similar to the findings shown by
Halterman and Wise (2004) whereby the MLLA6g7,;p mutation
alleviated the functional requirement for RAR1, but the reciprocal
mutant MLA 17,6 did not gain a requirement for RAR1. Mutating
MLA15pg did not appear to affect interaction strength (Fig. 5D2).
The proximity of the two positions that appear important for MLA1
to interact with SGT1, MLA179; and MLA179g, may suggest an
additive function whereby both are required to confer a strong inter-
action with SGT1 and, consequently, “Rar3-independence”.

One of the theorized dynamics between MLA and the HRS
complex is that the NLR naturally exists in an inactive, closed con-
formation (Ade et al. 2007; Wang et al. 2015b, 2019b). If the R
protein must be activated before it can interact with the HRS com-
plex, that would explain why we don’t observe an interaction
between full length MLA1 and SGT1 but instead must use only
the LRR domain. To test the theory that full length MLA needs to
be activated before it interacts with the HRS complex, we gener-
ated an autoactive version of full length MLA6, MLA6psgyy,
which has a mutation in the MHD motif of the NB domain that
mimics ATP binding (Tameling et al. 2006). We found a small
interaction when we tested MLA6pspv against SGT1 WT but not
with SGT1 Ak 308-300 (Fig. 5K2 and K3). This suggests that lock-
ing MLAG in an active conformation and reconstituting the HRS
complex facilitates the interaction between MLAG6 and SGT1 to a
level that can be detected using the Y2H Y-archer assay.

Silencing of NbSgtl prevents cell death caused
by autoactive Mla6psyyy and Mla7psgzy-

Plants with the rar3 SGT1akg308.300 mutation disrupt Mla-
mediated accumulation of H,O, and hypersensitive cell death
(HR) (Chapman et al. 2020). To further investigate how the
SGT1 ak1 308300 mutation and MLA interact in planta, we uti-
lized the heterologous Nicotiana benthamiana system. To acti-
vate the HR in this system, we made use of autoactive Mla
constructs Mla6psgpy and Mla7pse,y, whereby D > V mutations
in the MHD motif in the NB domain prevent hydrolysis of ATP
and cause the MLA protein to be permanently stuck in the “On”
conformation (Tameling et al. 2006). Infiltration of these two
constructs effectively induced cell death. However, if we pre-
infiltrated with RNAi:NbSgt! in an overlapping region, cell
death was abolished (Fig. 6; Supplementary Fig. S1).

Then, to test how the SGT1 k1 308.300 mutation and MLA inter-
act, we overexpressed 35s:HvSgtl or 35s:HvSgtlaxi30s-309-
Although Arabidopsis Sgtl has been shown to complement
silenced NbSgtI (Boter et al. 2007), it has recently been suggested
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that SA signaling brought about by silencing Sgt/ in N. benthami-
ana may inhibit subsequent transient expression of genes by
Agrobacterium strains (Yu et al. 2019). To overcome this, we
attempted to express HvSgt! prior to silencing NbSgtl, hypothe-
sizing that HvSgt/ would be able to complement NbSgt/ and
allow subsequent expression of transgenes.

We infiltrated the 35s:HvSgt] or 35s:HVSgtI Ak 30s.300 (Fig. 6,
red-bordered central region) at 2 to 4 days before infiltration
with the RNAi:NbSgrl construct in the same region. Then,
2 days later, the cell-death construct was infiltrated, overlapping
the previously infiltrated region (Fig. 6, black-bordered overlap-
ping region). Although, silencing NbSgt! consistently prevented
cell death from both Mlab6psp,y and Mla7psgzy, complementa-
tion of NbSgtl silencing was not observed when either
35s:HvSgtl or 35s:HvSgtl gy 308300 Was infiltrated.

Isolation and sequencing of the HvSgt! constructs from the
Agrobacterium strains that were used confirmed that the con-
structs do not have any errors that may prevent expression or
function. The 35S overexpression construct pEG100 was used for
both HvSgtl and Mla; therefore, it is unlikely that the construct
itself is the issue, as the Mia cell-death construct appeared to
express well, indicated by the intense cell-death phenotypes.

MLAG protein abundance is reduced
by the Sgt1 k7 30s.300 Mutation.

RARI and SGTI1 are implicated in maintaining R-protein
abundance, and we have shown that the Sg#/x7 30s.300 mutation
appears to destabilize the interaction between SGT1 and MLAG6.
Therefore, we could expect the abundance of MLAG6 to be sig-
nificantly lower in the Sgt/axz30s.300 mutant line m11526 as
compared with the WT progenitor CI 16151. Previously, it was
observed that, despite similar transcript levels of hemagglutinin-
tagged transgenes, MLA1 accumulates to almost four times the
levels of MLA6 (Bieri et al. 2004). However, both proteins
exhibit a reduction of accumulation in rar! lines, despite a visi-
ble disease phenotype only appearing in lines also harboring
Mla6. Interaction with SGT1 is necessary for the accumulation
of many R proteins (Azevedo et al. 2006; Boter et al. 2007;
Mestre and Baulcombe 2006); therefore, the reason MLAT1 func-
tions in rarl backgrounds could be due to its inherently stronger
interaction with SGT1 and therefore a higher stability that main-
tains MLA1 above a certain threshold required for HR activa-
tion. Thus, the differing effect of Sgtlaxrs0s.300 on MLA
variants may be due to a similar action as lacking RARI.

To test this hypothesis, we utilized a targeted MS assay termed
PRM to quantify the abundance of endogenous MLAG6 in the
Sgtl Akt 308.300 mutant rar3-m11526 (Bourmaud et al. 2016; Rau-
niyar 2015). PRM involves targeting multiple predefined precur-
sor ions simultaneously by mass to charge ratio (m/z) before
fragmentation and ion measurement. The specificity of the m/z
allows for less noise and higher sensitivity than other methods,
such as selected reaction monitoring (Peterson et al. 2012). To
measure protein abundances in barley samples, we designed and
synthesized isotopically heavy versions of peptide candidates,
which serve as reference peptides and enable accurate relative
quantification between samples. Three MLA and two SGT1
peptide candidates were selected and synthesized (Thermo-
Fisher, Waltham, MA, U.S.A.) (Table 1). HvSGT1_pepl had
been previously detected in maize (Méchin et al. 2007), which
made it a promising candidate, whereas neither HYSGT1_pep2
nor any of the MLA peptides were identified previously. Of the
MLA peptides, MLA6.9.13_pep2 and MLAG6.7.12_pep3 were
designed for targeting multiple alleles of MLA. MLA6.9.13_
pep2 is unique to MLA but is present in the MLA alleles MLAG,
MLA9, and MLA13, whereas MLA6.7.12_pep3 targets MLAG,
MLA7, and MLA12. The manufacturer also supplied a standard
peptide, ATLAS, which is not present in the barley proteome.



To test the quality and determine their fragment ion profile,
we injected each synthetic peptide into the MS, using our PRM
acquisition settings at varying amounts (1, 100, and 1,000 fm).
From this survey, we could reliably detect the peptides ATLAS,
MLAG.7.12_pep3 (hereafter designated MLA6 WaVe), and
HvSGT1_pep2 (hereafter designated SGT1 DANK) at both 100
and 1,000 fm amounts. Once candidate peptides were chosen,
complex CI 16151 samples were tested with 100 fm of MLA6
WaVe and SGT1 DANK synthetic peptides spiked in. Endoge-
nous peptides were detected for both SGT1 DANK and MLA6
WaVe, eluting at about 55.5 min and 77.5 min, respectively (Fig.
7). Therefore, we deemed our method suitable for quantification
of MLA peptides in complex barley samples. For subsequent
runs, the amount of synthetic peptide spiked in was adjusted so
that their relative intensities were closer to the endogenous. We
used 200 fm for SGT1 DANK and 10 fm for MLA6 WaVe, as
10 fm seemed to be the lower boundary for confidence in detec-
tion of the heavy synthetic peptide.

To test whether the Sgtlaxr30s.300 mutation reduced MLAG6
abundance, we ran PRM on complex peptide samples isolated
from CI 16151 (Mla6, Sgtl, Rarl), m18982 (mla6, Sgtl, Rarl),
and m11526 (Mla6, Sgtlakysos.-300, Rarl) with heavy synthetic
SGT1 DANK and MLA6 WaVe spiked in. To compare, we
also included Sultan-5 (Mlal2, Sgtl, Rarl) and m100 (Mlal2,
Sgtl, rarl), as the Sultan-5 derived, rar/ mutation had been
shown previously to reduce MLA accumulation (Bieri et al.
2004). MLA6 WaVe is identical to the corresponding MLA12
peptide, so it can be used for relative quantitation in both the CI
16151 and Sultan-5 backgrounds. The results were exported into

Skyline software, where the appropriate peaks were identified,
and peak boundaries were selected and were then quantified by
computing the peak area.

When we examine the ratio of light/heavy MLA6 WaVe (Fig.
8), we observe that the mla6 deletion mutant m18982 and the
rar3 Sgtlagrses.z00 mutant m11526 both have significantly
reduced levels of detected MLAG. In fact, m11526 has nearly
half as much MLAG6 abundance as CI 16151, whereas m18982
had a minor amount detected, though we predict there should be
none. For confidence in the isolation of the target MLAG6 pep-
tide, we require observation of all ions previously characterized
for its profile, y4, v5, and v6 (Fig. 7). However, when we exam-
ine the chromatogram for the most abundant m18982 replicate
(Supplementary Fig. S2), we observe that only a single ion is
observed, i.e., Y5. Additionally, if the abundance of MLAG6 in
m18982 was just below the lower boundary of detection, we
would expect to observe the highest intensity ion first, which
would be y6, not y5. Therefore, we believe it would be fair to
argue that no MLAG is detected in the mla6 mutant, as would
be expected from a deletion mutant. Examining the actual peak
area for each biological replication, we observe consistency
between the amount of heavy MLA6 WaVe detected, giving
confidence to the ratio differences not being an artifact of vary-
ing synthetic amounts (Supplementary Fig. S3).

We observed that the rar/ mutant m100 had significantly
lower MLA WaVe abundance than its WT progenitor Sultan-5,
which is consistent with previous data (Bieri et al. 2004). Inter-
estingly, we also observed that both Sultan-5 and rar/-m100
had significantly higher abundances of MLA WaVe than CI

Bait Y8800-Rar1-cyc1-Hsp90-adh1 (Y-RcHa) p97-BD:

-

) AD-Empty

Prey Y8930 100 100 102

A) BD-Empty

B) MLA1 WT 543-958
C) MLA6 WT 543-956
D) MLA1p70se 543-958
E) MLA1s79sr 543-958
F) MLA1a7e7s 543-958
G) MLABE70sp 543-956
H) MLABP7e7s 543-956
1) MLAB+797s 543-956
J) MLA6c721p0 543-956

K) MLABDso2v FL

2) SGT1WT 3) SGT1akL308-309

Fig. 5. Yeast-two-hybrid interaction tests between MLA1 or MLA6 mutant leucine-rich repeat fragments and SGT1. Rows and columns are identified by
letters and numbers respectively. For example, AD-Empty/BD-Empty test is SA1. Diploid Y8800 or Y-RcHa/Y8930 yeast expressing activation or bind-
ing domains (AD and BD, respectively) were grown on media lacking histidine (SC-LWH). “MLA1 WT 543-958” indicates that the fragment of MLA1
is from the wild-type sequence between amino acid position 543 to the stop codon at 958. MLAG6 is two amino acids shorter than MLAI, therefore 956
corresponds to the MLAG6 stop codon. Yeast was grown on SC-LWH, and images were taken 4 days after plating. Dilutions of diploid cells for plating

are 10°, 107", and 1072 of the original 0.5 optical density culture.
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16151 (Supplementary Fig. S4A). This may be due to the differ-
ences in genetic background between CI 16151 (Manchuria
background) and Sultan-5. In contrast to MLA6, SGT1 does not
appear to vary in its abundance between lines as there were no
significant differences in the ratios observed in any genotype
(Fig. 8; Supplementary Fig. S4B).

Previously, we showed that Mla6 and Sgt! transcript levels
increase markedly during penetration and are significantly differ-
ent between WT CI 16151 and derived susceptible mutants
(Chapman et al. 2020). Thus, we tested the effect of powdery
mildew challenge on accumulation of SGT1 and MLAG6 pro-
teins. We performed a randomized block experiment in which
we inoculated three replicates of CI 16151 (Mla6, Sgtl, Rarl),
m18982 (mla6, Sg[[, Rar]), and m11526 (Ml(16, Sgl]AKngg_ggg,
Rarl) at the same growth stage as the above test (Fig. 8) with
B. graminis f. sp. hordei 5874 (AVR,s). We sampled first leaves
at 16 h after inoculation (HAI), corresponding to peak accumu-
lation of Mla6 transcripts (Chapman et al. 2020). We performed
sample preparation and PRM using the same method as the

Outer region - 35S: Mla6 psozv Mla7 psozv

HvSgt1 Husgt HvSgt1
AKL309-309 AKL309-309

Inner region - 35S:  HvSgt1
And: i3

RNAI: NbSgt1
2 DAI

RNAi: NbSgt1
3 DAI

RNAi: NbSgt1
4 DA

Fig. 6. Transient silencing of NbSgtl overlapped with overexpression of
MLA cell-death constructs. In chronological order, the constructs
expressing 35S:HvSgtl or 35S: HvSgtlakr30s-309 Were infiltrated into the
center of red-bordered central regions. At 2 to 4 days after infiltration
(DAI) of the HvSgt! constructs, RNAi:NbSgt! constructs were infiltrated
into the same red-bordered central regions, and 2 days later, the full-
length 35S: Mlabpsgpy or 35S: Mla7pspy cell-death constructs were
infiltrated (black-bordered out region) overlapping the red-bordered cen-
tral region. Leaves were taken, phenotyped, and photographed 2 days
after the final infiltration. All infiltrations were performed with Agrobac-
terium sp. strain EHA105. Additional infiltrations showing nonoverlap-
ping infiltrations are shown in Supplementary Figure S1.

uninfected samples to examine SGT1 and MLA6 abundance in
the infected tissue and compared the results.

Comparing the relative abundance of MLA6 and SGT1 dur-
ing infection at 16 HAI to noninoculated samples, we observed
no significant change in the abundance of either protein in either
mutant (Fig. 9). This suggests that, despite the change in tran-
script levels, complex posttranscriptional processes maintain pro-
tein levels set by the associated genotypes.

DISCUSSION

RAR1 and HSP90 facilitate interactions
between SGT1 and MLA in Y2H systems.

To investigate domains involved in SGT1-NLR interactions,
we used yeast genome engineering to modify the contextual pro-
tein environment in the Y2H system to be closer aligned to
in-planta barley. Previously, it was shown in yeast that MLA6
NLR does not interact with SGT1 whereas MLA1 does, even
though Mla6 function is disrupted by Sgt/ silencing and Mial is
not (Azevedo et al. 2006; Bieri et al. 2004). However, it was
also shown that Mla6 requires Rarl and Hsp90 in planta to
function and the interaction itself may be ephemeral or depen-
dent on prior activation by the cognate effector (Maekawa et al.
2012). Moreover, rarl-mutant lines show reduced MLA accu-
mulation. Yeast does have its own HSP90 homolog (SGD:
S000004798), with a 63% identity to HvVHSP90, though we
don’t know whether they are functionally redundant. Therefore,
the interaction between MLA6 and SGT1 may be missing at
least two necessary components. We hypothesized that by recon-
stituting the barley HRS complex in the Y2H system and thus
restoring part of the in-planta context, we could use this to test
interactions between MLAG6 and SGT1.

Utilizing a Y8800 yeast strain with integrated HvRarl and
HvHsp90 (Y8800:Rar1-cycl-Hsp90-adhl, Y-RcHa), we observed
an increased interaction between SGT1 and MLAI1 LRR frag-
ments (Fig. 2). However, we still were unable to detect interaction
with MLAG6 LRR or full-length versions, suggesting that the theo-
retical interaction was still below an observable threshold. NLRs
exhibit autoinhibition until they are activated (Ade et al. 2007;
Wang et al. 2015b), therefore we hypothesized that using a full-
length autoactive mutant of ML A6 may strengthen the interaction
with SGT1 to an observable level. Subsequently, by combining
the Y-RcHa integrated HRS complex with the MLA6 D502V
autoactive mutant, we observed an interaction between MLA6 and
SGT1 (Fig. 5K2). Moreover, this interaction utilized a full-length
NLR, not simply a fragment. With this data, we show that integrat-
ing cochaperones to reconstitute known complexes can be used to
test interactions between proteins to be tested in Y2H systems.
Additionally, it may be beneficial to revisit previous experiments
while using autoactive NLRs in order to identify previously unob-
servable interactions.

To confirm the contribution of the modified Y-RcHa strain to
improving the MLA-SGT1 interaction, we utilized multiple meth-
ods for detecting the presence and expression of the integrated

Table 1. Isotopically heavy labeled synthetic peptides used in parallel reaction monitoring

Peptide name Sequence” MW" Location in sequence (aa)
MLAG_pepl DPSH(L)SNLSDLVLPVK 1,740.99 784 to 799
MLA6.9.13_pep2 S(L)[C(CAM)INLHHIESLIIG[C(CAM)]NSR 2,130.48 725 to 742
MLAG6.7.12_pep3 WVPPVH(L)R 1,010.22 757 to 764
HvSGT1_pepl SFVESNGTV(L)STNWK 1,675.83 377 to 351
HvSGT1_pep2 (LYGSYTEAVADANK 1,345.44 53 to 65

Control peptide ATLAS HWYITTGPVREK 1,486.70 -

4 Parentheses surrounding a leucine (L) indicate a heavy amino acid; [C(CAM)] indicates a carbamidomethyl cysteine.

°MW = molecular weight.
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genes. We did not use tagged versions of HvRarl or HvHsp90 Y-RcHa genomic DNA. To see whether proteins were expressed,

because we were concerned that the addition of tags may interfere we extracted and purified peptides from diploids and performed a
with their function. Therefore, we used positive PCR results from data-dependent acquisition MS method. We were able to detect
the strains to see that each gene had been stably integrated, fol- HvHSP90 peptides from diploids derived from Y-RcHa and not
lowed by amplification and sequencing of both genes from from those derived from Y8800. However, we were unable to
SGT1 peptide MLAG peptide
LGSYTEAVADANK WVPPVHLR
IIDANK" IlWaVe”
776
-1.7 ppm
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Fig. 7. Parallel reaction monitoring chromatogram results. Peak intensities for ions associated with the synthetic (top) or endogenous (bottom) versions
of the SGT1 DANK peptide (left) or MLA6 WaVe peptide (right). Synthetic peptide (100 fm) was spiked into complex barley samples (1.25 pg). Values
above peaks indicate retention time (minutes) and mass error (ppm). Exported from Skyline.

A Abundance of MLA protein in mutants relative to progenitor B Abundance of SGT1 protein in mutants relative to progenitor
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Fig. 8. Abundances of light endogenous MLA WaVe and SGT1 DANK peptides in uninfected CI 16151, Sultan-5, and derived mutants normalized to
each wild-type progenitor. A, Abundance of MLA WaVe peptide. B, Abundance of SGT1 DANK peptide. CI 16151 (Mla6, Sgtl, Rarl), mla6-m18982
(mla6, Sgtl, Rarl), rar3-m11526 (Mla6, Sgtaxi30s-309, Rarl), Sultan-5 (Mlal2, Sgtl, Rarl), rarl-m100 (Mlal2, Sgtl, rarl). Letters indicate statistically
significant groups at P < 0.05 (Supplementary Table S1).
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detect RAR1 peptides from Y-RcHa, suggesting that either the
integrated Rarl may be degraded or is too low to be detected in
untargeted assays.

SGT1,k1.308-300 disrupts interactions with MLA proteins.

The recently discovered rar3 Sgtlaxizes.;00 mutation alters
immunity conferred by a subset of Mia alleles (Chapman et al.
2020). The Sgtiaxz30s-300 mutation is in the SGS domain, which
has previously been shown to interact directly with the LRR
domain of MLA1, human NODI, and the F-Box protein TIR1
(Bieri et al. 2004; da Silva Correia et al. 2007; Wang et al.
2015a). Furthermore, the deletion includes a lysine, which can
be involved in protein-protein interactions through the formation
of intermolecular salt bridges (Kumar and Nussinov 2002).
Therefore, the Sgtlak;30s.300 mutation may cause the loss of an
interaction site between SGT1 and MLA variants.

In previous literature, an issue has been regarding which
MLA variants require SGT1 function, exemplified by MLA1
and MLA6. MLAL is considered to not require SGT1 to func-
tion, as shown by its continued function when SGT1 is silenced
(Azevedo et al. 2002). However, it has also be shown to interact
with SGT1 in the Y2H system (Bieri et al. 2004). In contrast,
MLAG has been shown to require SGT1, as it stops functioning
when SGT1 is silenced (Azevedo et al. 2002). But prior to this
study, it had not been shown to directly interact with SGT1
(Bieri et al. 2004). This begs the question, why does the variant
that does not require SGT1 interact with it, whereas the variant
that does require SGT1 does not? Silencing experiments have
the potential to be misinterpreted, as the reduction in expression
of a gene does not necessarily mean there is no protein
expressed or remaining before silencing. In fact, the reason why
silencing of Sgtl has been the standard for testing whether it is
required for the function of other genes is because Sgt! deletions
are lethal (Azevedo et al. 2006; Wang et al. 2015a). Therefore,
when Sgt! is silenced, there may be some protein still perform-
ing regular function to allow the individual to survive.

The answer to the discordant requirements and interactions of
MLASs and SGT1 may be that all MLA require SGT1 and inter-
act with it, but the strength of the interaction varies and, there-
fore, so does their ability to retain sufficient function when
SGT1 abundance is lowered. In fact, the silencing of Sgz/ does

A Abundance of MLA protein in mutants relative to progenitor

have an effect on MLA1. When Sgt/ was silenced, there was a
small but not insignificant increase in susceptibility to B. grami-
nis f. sp. hordei in Mlal-containing barley lines (Azevedo et al.
2006). Moreover, the loss of Rarl, which MLA1 is considered
not to require, reduces MLA1 protein accumulation (Bieri et al.
2004). Thus, conditions that lower the amount of SGT1 avail-
able (via silencing) or reduce the strength of the interaction
(rarl and rar3 mutations or rarl silencing) would affect the
function of those MLA variants with the weaker interactions
(MLAG) before they affect those with the stronger (MLAL1).

We previously observed a differential effect of the
Sgtl axr 308.300 mutation on MLA alleles, which may be partially
explained by our results herein (Chapman et al. 2020). When
we tested the interaction between MLA1 543-968 and SGT1
WT using Y8800, we found that it was relatively weak and it
was difficult to see a significant difference between the interac-
tion with SGT1 or SGT1aky308.300- When Y-RcHa was used,
the interaction between MLA1 and SGT1 WT was stronger but
we saw no obvious change in the strength of the interaction
between MLA1 and SGT1aki308.300 in the Y-RcHa environ-
ment. This suggests that the SGT1ak;308.300 mutation does
interrupt the interaction between MLA1 and SGT1 but only to a
comparable level as lacking one or both RARI and HSP90.
Moreover, when we used the autoactive mutant MLA6psmoy,
which did interact with WT SGT1, we still did not observe an
interaction with SGT1kj 308.300. Furthermore, we were able to
disrupt this interaction further by using the SGTlgspsr and
SGTlki308aa mutants, leading to complete loss of observable
interaction with MLA1. Together, these results suggest that the
Sgtl Akt 308300 mutation does not lead to complete loss of SGS
function but, rather, an abating of its function.

SGT1ak1308.300 could be tested for interactions with other
proteins that interact with the SGS domain to test whether this
weaker interaction is uniform or specific. There are a few possi-
ble outcomes of these tests; SGT1aky308-300 May cause an
altered interaction with only MLA, suggesting that this is a site
specific to MLA interactions or SGT1aky308.300 May cause a
weakened interaction with all NLR interactors but not with other
types of interactors, which would suggest that this site is specific
to disease resistance pathways. Another possibility is that
SGT1 k1308300 Mmay disrupt interactions with all proteins that

B Abundance of SGT1 protein in mutants relative to progenitor
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Fig. 9. Abundances of light endogenous MLA WaVe and SGT1 DANK peptides of CI 16151 and derived mutants in uninfected plants and plants 16
h after inoculation (HAI) normalized to the wild-type progenitor. A, Abundance of MLA WaVe peptide. B, Abundance of SGT1 DANK peptide. CI
16151 (Mla6, Sgti, Rarl), mla6-m18982 (mla6, Sgtl, Rarl), rar3-m11526 (Mla6, Sgtiakr30s-309, Rarl). “NON-INOC” indicates noninoculated, unin-
fected samples, “16 HAI” indicates samples 16 h after inoculation with B. graminis f. sp. hordei isolate 5874 (AVR,s). Letters indicate statistically signif-

icant groups at P < 0.05 (Supplementary Table S1).
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interact with the SGS domain, but it is a small reduction that we
only see manifest in a subset. This last possibility is given cre-
dence by the fact that resistance pathways appear to exist in a
heavily regulated equilibrium just below the threshold required
for activation, so that they are able to signal quickly upon detec-
tion of a pathogen but do not cause rampant autoimmune
responses (Bentele et al. 2004; Bernoux et al. 2016). Therefore,
if SGT1ak1 308300 Only slightly reduces interactions, it may sig-
nificantly shift the equilibrium, causing a loss of action by the
NLRs with the less robust interactions.

Y2H assays indicate SGT 1k 39s.300 is important
for SGT1-MLA interactions.

We used SGT1 mutant constructs to investigate why the
Sgtl axr30s.300 Mutation affects its function in disease. We found
that Sgtlakrs0s.300 does appear to slightly alter its ability to
interact with MLA1. However, the destabilization caused by
Sgtl axr30s-300 15 NOt as severe as the double alanine substitution
or K308R (Fig. 3). An interesting conundrum is that the SGS
domain of SGT1 interacts with a multitude of unrelated NLRs.
Moreover, it interacts with the LRR domain, which is the most
diverse part of the NLRs. For the SGS domain to interact with a
multitude of varied LRRs, either it must have extreme flexibility,
there are shared LRR motifs that it interacts with, or linker pro-
teins bridge the gap, as suggested by Kadota et al. (2010). Con-
sidering the extreme disorder of the SGS domain, we
hypothesize that extreme flexibility is the most likely. It is possi-
ble that the SGS domain has the ability to interact with a multi-
tude of proteins because it adopts different conformations,
allowing its variable binding sites to interact with LRRs where
possible. This is supported by our findings that the diminished
interaction caused by the Sgt/ gz 308300 deletion, which arguably
would increase disorder, was less severe than alanine mutations
or the K308R mutation, which are predicted to decrease disorder.

We examined the structure of barley SGT1 to look for clues
as to why the Sgtlagrs0s.300 deletion may affect its function
(Taube et al. 2014). The SGS domain consists of three coils and
unstructured regions (Fig. 10). In the SGS domain, almost 40%
of the amino acids are either aspartate (D, about 11%), gluta-
mate (E, about 11%), or lysine (K, about 17%), all of which can
be involved in forming intermolecular salt bridges. In coil 1,
where the Sgtl k7308300 mutation is located, the proportions are
even higher, D about 18%, E about 18%, and K about 32%,
totaling almost 70% of the residues. Moreover, when these three
residues are mapped onto the three-dimensional structure, all the
lysines appear on the same coil side (Fig. 10B). This may indi-
cate this side has potential to form multiple salt bridges with
interacting proteins, perhaps with a domain with many surface
aspartates and glutamates. Interestingly, there is a distinct lack
of arginine, both in the whole SGS domain (about 3%) and coil
1 (0%), despite its function in forming salt bridges, which sug-
gests that there may be some alternate characteristic that make
its unsuitable for this domain. This negative selection may indi-
cate why the K308R mutation has such a drastic affect.

A reduction in the strength of interaction with SGT1
correlates with a lower MLA abundance.

The protein RAR1 is a cochaperone of SGT1 that is required
for the function of some MLA proteins, such as MLA6 and
MLA12, but not for others, such as MLA1 and MLA7 (Halter-
man and Wise 2004). Though it is considered to not be required
for MLA1 function, loss of RAR1 has been shown to reduce the
abundance of MLA1 and MLAG6 (Bieri et al. 2004). As m11526
has a similar phenotype to rarl/ mutants, we hypothesized that
MLA abundances may be lowered as a result of the Sgt/axz30s-
300 mutation. To pursue this, we utilized PRM MS to assay MLA
in native CI 16151 and derived mutant plants. This method was

selected as it displays higher sensitivity to low abundance pepti-
des (Gallien et al. 2012) and MLAG6 peptides have not been
detected using other MS methods (Lambertucci et al. 2019).

Using an adapted PRM method, we observed previously unre-
corded endogenous peptides for MLA6, MLA12, and SGT1 (Fig.
7). We observed that in m11526 (Mla6, Sgti gz 30s.309, Rarl), the
steady-state levels of MLA6 were much lower than in the WT
progenitor CI 16151(Mla6, Sgtl, Rarl) (Fig. 8). This is especially
significant considering that accumulation of Mla6 transcripts is
not significantly different between m11526 and CI 16151 before
or during infection (Chapman et al. 2020). In contrast, there was
no significant difference in the abundance of SGT1 in any line
tested (Fig. 9), which corresponds to previous studies (Azevedo
et al. 2006; Noél et al. 2007). This reduction of MLLA6 abundance
in m11526 does not equate to the complete loss of abundance in
the phenotypically similar mla6 deletion mutant m18982 (mla6,
Sgtl, Rarl). This lends credence to the hypothesis that resistance
proteins have a threshold level that is necessary for them to func-
tion. The relative abundance of MLAG6 in the Sgt/ax730s-309
mutant line was consistently lower even after challenge with B.
graminis f. sp. hordei 5874 (Fig. 10), which suggests a consistent
effect of the mutation upon protein levels.

Interestingly, in the line Sultan-5 (Mlal2, Sgtl, Rarl), MLA12
accumulated roughly twice as much as MLAG6 in CI 16151 (Sup-
plementary Fig. S4A). In contrast, in the rar/ susceptible mutant
m100 (Mlal2, Sgtl, rarl), MLA12 abundance levels were much
lower than the WT progenitor Sultan-5, to levels equal to the
Sgtl a1 308300 mutant line. This may suggest that the thresholds
for functionality differ greatly between different MLA variants,
though an abundance reduction of about 50% is enough to lose
functionality. Or it may indicate that Sultan-5 has other factors
that reduce the effectiveness of harbored MLA alleles. Therefore,
a higher abundance of MLA12 may be required to perform the
same function as MLAG.

This data corresponds with previous findings that MLAI
accumulated to much higher levels than MLAG6, even when
these levels were greatly reduced by the rarl mutation (Bieri
et al. 2004). However, the MLA1 phenotype was unaffected by
the large reduction of abundance, unlike the susceptibility
caused in m100 by the rar/ mutation. Together, these data sug-
gest that the Sgt/axrs0s.300 mutation causes susceptibility in
m11526 by reducing the abundance of MLAG to a level below
the threshold required for effective resistance.

A new cyclical model for MLA-HRS interactions.

To generate a new hypothetical model of MLA-HRS interac-
tions, we combined our data with recent discoveries in NLRs.
The NB domain of NLRs bind either ATP or ADP to act as an
intramolecular switch, where the ADP bound state is inactive,
and the ATP bound state is active (Williams et al. 2011). More-
over, NLRs appear to naturally flit between these ATP and ADP
bound forms outside of pathogen recognition, in part due to
inbuilt ATP hydrolysis (Bernoux et al. 2016; Marquenet and
Richet 2007). However, it has been shown that the active ATP-
bound state is kept at a very low level, possibly to reduce
autoactivation (Bernoux et al. 2016). Interestingly, the flax L
protein in the active ATP-bound state binds its matching effector
more stronly than the inactive version (Bernoux et al. 2016),
and similarly, here, we show that autoactive MLA proteins inter-
act with SGT1 more strongly than respective WT variants.
Moreover, there is recent evidence that the interaction between
NLRs and ligands stabilizes the active conformations of NLRs
(Yang et al. 2018). As dimerization of CC domains are required
for signaling (Maekawa et al. 2011) and the HRS complex is
predicted to allow docking of two NLRs simultaneously (Sili-
gardi et al. 2018), then the HRS may facilitate this dimerization.
Therefore, the model proposed by (Bernoux et al. 2016), which
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describes an NLR being locked in its active state by an effector,
can be expanded to include the interaction with the HRS complex.

We postulate that SGT1 may exist in a constant state of
briefly interacting with ephemerally activated NLRs (Fig. 11A).
MLAG, in its free, inactive ADP-bound state will spontaneously
swap ADP for ATP, this releases autoinhibition and “activates”
the NLR. Once active, MLA6 can dock with the HRS. How-
ever, MLAG6 may automatically hydrolyze the ATP into ADP,
which will cause MLAG6 to form back into its autoinhibited state
and eject from the HRS. This completes the active/inactive
cycle. The small pool of ATP-bound NLR observed by Bernoux
et al. (2016) suggests that the ATP-bound state is very brief,
which could indicate that the spontaneous activation of an NLR
may occur relatively infrequently compared with the rest of the
cycle. However, if all the NLR proteins are cycling between
states, then it is likely that there is always a small pool of active
and docked NLRs maintained.

If a pathogen introduces an effector into the cell during infec-
tion (Fig. 11B), then, during the brief window of MLAG6 being
active and docked with the HRS, the cognate effector can inter-
act with the MLA6 LRR domain. This interaction stabilizes it in
the active state by inhibiting ATP hydrolysis, preventing disas-
sociation from the HRS. This provides the opportunity for
another MLAG6 unit to dock with the HRS and become stabi-
lized. Once two MLAG6s are docked and stabilized, the CC
domains are held in proximity, promoting homomeric dimeriza-
tion and initiating the defense-signaling cascade. This model is
compatible with any NLR that requires the HRS complex and
functions in a homo- or heteromeric pair. Therefore, for NLRs
such as MLAG6, the MLA6-HRS-effector complex could be con-
sidered the “resistosome”.

The MLAG6-HRS-effector model is an alternative mode of
action to the recently described resistosome complexes for other
NLR proteins. Both CC-NLRs and toll interleukin 1-NLRs have
been found to dimerize by way of their N-terminal domains like
MLA (Casey et al. 2016; Huber et al. 2015; Maekawa et al.
2011; Zhang et al. 2017). However, others such as ZAR1 and
RPP7, have been found to form larger multimeric pore-like
structures, termed resistosomes, which do not require SGT1 or
RARTI to function (Lewis et al. 2010; Li et al. 2020; Wang et al.
2019a). So far, this appears to represent a key difference
between many NLRs, either they oligomerize into groups of
four or more and do not require the HRS or they function in
dimeric pairs and do require the HRS. Therefore, as the HRS
complex is predicted to be able to dock two NLRs simulta-
neously (Siligardi et al. 2018), it is possible that the HRS

A

\

confers the dimeric constraint on NLRs that it requires to func-
tion. This model can fit with the observation of lower abundance
of MLA protein in either the HvSgtIakr30s.300 Or rarl mutant
lines. In line with this hypothetical model, when MLA6-HRS
docking is compromised for whatever reason, such as competi-
tion or a mutation (rarl or rar3), then active-state MLA6 would
be prone to degradation instead of recycling back into the inac-
tive state. Thus, the abundance of MLA protein in these mutants
would be lower without additional environmental factors, such
as pathogen exposure.

Conclusion.

Our investigation of the HvSgtlaxy30s.300 mutation adds a
new layer onto that of previous studies by presenting multiple
new ways to study the relationship between SGT1 and NLR pro-
teins. Due to being unable to make Sgz/ knock-out mutants, the
requirement of Sg¢/ for R genes to function has historically been
performed by silencing experiments (Fu et al. 2009; Kud et al.
2013; Liu et al. 2016; Peart et al. 2002). However, not only are
Sgtl-silencing experiments in N. benthamiana called into ques-
tion by recent studies (Yu et al. 2019), but our results suggest
that NLRs that are able to function despite the silencing of Sgz/
may, rather, be those that interact most strongly with Sgz1.

The HRS complex is the core for many eukaryotic cell pro-
cesses. However, inter- and intramolecular interactions for this
complex are only partially understood. For instance, Kadota and
Shirasu (2012) stated that, for us to understand how RAR1 causes
SGT1 to interact more strongly with NLRs, we need to under-
stand how the SGT1 SGS domain interacts with the LRR domain
of NLRs. Due to the lack of an interaction between MLAG6 and
SGT1, which MLAG requires to function, it had been proposed
that linker proteins may be involved, such as HSP70 (Kadota et al.
2010). However, by reconstituting the HRS complex in our Y2H
system and by using an autoactive full-length MLLA6, we provide
evidence that MLLA6 and SGT1 can interact when we mimic the
in-vivo context in which these proteins would need to interact.
Mutant MLA constructs, generated by examining correlations in
amino acid sequence between groups either disrupted by the
Sgtl axr308.300 MUtation or not, suggest that there are key posi-
tions in the LRR domain that are required for this interaction to
occur. Moreover, the effect of mutant SGT1 constructs on interac-
tions with MLA suggest that the exceptionally disordered nature
of the SGS domain may be important for its function by allowing
it to adapt to the variety of protein interactors.

Though the HvSgtIakr30s-300 Mutation disrupts the interaction
between MLA and SGT1, the lethality or stunting that usually

Coil 3
B oil 3

Lysine side-chains

308K 309L

Lysine side-chains

Fig. 10. Structure of HvSGT1 SGT1-specific (SGS) domain. Generated from data generously provided by (Taube et al. 2014) and modeled in EZMol
v2.1. A, The SGS domain spans from amino acid (aa) 285 to 373. Coil 1 (red) spans aa 290 to 311, coil 2 (orange) spans aa 314 to 325, coil 3 (fuchsia)
spans aa 328 to 341, unstructured regions are shown in blue. The N-terminal connects to the VR2 domain, and the C-terminal is the terminus of the pro-
tein. Lysine side chains in coil 1 are represented by stick models (teal). Positions K308 and L309 in coil 1 are shown in yellow. B, Side view of the
HvSGT1 SGS coil 1 showing that all the lysine side chains in coil 1 appear on one half of the coil.
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occurs when Sgt/ is mutated or silenced is absent. This indi-
cates that the abating still allows most cell processes to pro-
ceed as normal, while only disrupting the weakest interactors
of SGT1. This permits us a unique opportunity to study Sgt/ in
disease resistance isolated from confounding factors. Recipro-
cal mutations made in other crops may answer similar ques-
tions regarding the requirement of Sgr/ for NLRs to function.
It is possible that the essential protein, SGT1, is required by
most CC-NLRs in some capacity and, thus, is important for
further study.

MATERIALS AND METHODS

Biological materials.

Seven-day-old barley seedlings of CI 16151 (Mla6, Manchu-
ria background), its fast-neutron derived mla6 (m18982) and
rar3 (m11526) deletion mutants (Chapman et al. 2020), and
PO4B (Mla7, Pallas background) (Saur et al. 2019) were infected
with B. graminis f. sp. hordei isolate 5874. At 24 HAI, first
leaves of these seedlings were harvested, were flash-frozen in
liquid nitrogen, and were stored at —80°C before RNA was

Inactive/active cycle

(T) ATP

Ejection
from HRS

ADP (D)

When uninfected,
MLAG cycles between
inactive/active and
free/docked with the

HRS

ATP Hydrolysis

Releasq_of autoir_1_hibition

v \

Docking
with HRS

Effector Stabilized

When infected, pathogen introduces cognate effector (AVR) that
interacts with active/docked MLAG to inhibit ATP hydrolysis

Dimerization
of CC domains

Addition

of 2nd
MLAG6

Fig. 11. MLA6-HRS (HSP90, RARI, and SGT1) activation cycle model showing interactions between MLAG6, the HRS, and pathogen effectors. A, The
inactive/active cycle. MLAG6 (pur ple) primarily exists in an ADP-bound autoinhibited state. ADP is spontaneously swapped for ATP, which stops
MLAG autoinhibiting. Released from autoinhibition, MLA6 can dock and interact with the HRS, competing with other cofactors. Without the involve-
ment of other factors, MLA6 will eventually hydrolyze the ATP into ADP, which causes it to eject from the HRS complex. Once freed, it reverts to its
autoinhibited state. The smaller arrow for the swapping of ADP for ATP represents that this process likely happens at a slower rate than the rest of the
model. B, Effector stabilized switch. When a pathogen introduces the cognate effector of the MLA6 (AVR, green), it will interact with the leucine-rich
repeat domain of MLAG6 and inhibit ATP hydrolysis, stabilizing the complex in the active conformation. This provides opportunity for another MLAG6 to
dock with the same HRS and also be stabilized by the effector. With two MLA6 docked and stabilized with the HRS, the CC domains will be able to
dimerize and initiate defense response signaling.
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isolated as described (Caldo et al. 2004). cDNA synthesis was
performed with SuperScript III reverse transcription (Invitrogen,
ThermoFisher). The PO4B allele of Mla7 was chosen over the
allele present in the line CI 16147 (Manchuria background, Mla7)
due to its stronger cell-death phenotype (Saur et al. 2019).

N. benthamiana seeds were germinated on the surface of soil
for 7 to 10 days before being transplanted to 3-inch pots. Agro-
bacterium tumefaciens EHA105 was used for the transient
expression of all constructs used in N. benthamiana, including
pEG100 and pHELLSGATES (pHGS).

Experimental constructs.

pEarleyGate100 (pEG100, Kansyg, ABRC stock CD3-724)
was used to overexpress proteins of interest in N. benthamiana,
under control of the caulifiower mosaic virus 35S promoter.
Genes were first amplified from barley cDNA and inserted into
the gateway entry pCR8 TOPO TA backbone (ThermoFisher)
and were then inserted into the appropriate vector via Gateway
LR reactions, pEG100, p97-BD, or p86-AD.

Silencing constructs targeting N. benthamiana Sgtl (NbSgtl)
were designed by aligning the available NbSgt/ sequences
(AY899199, AF494083, AF516180, and AF516181) and
amplifying the most conserved regions at < 600 bp with PCR
from cDNA (primers are provided in Supplementary Table S2).
Though the amino acid sequence is conserved between N. ben-
thamiana and barley, the nucleotide sequences are unconserved
with no consecutive matching bases longer than an outlier of
19 bp, which is below the 20-bp limit for hairpin formation. The
amplicon of 78 to 586 bp, 509 bp long, was then inserted
into the hairpin silencing construct pHGS8 (Helliwell and Water-
house 2003).

MS sample preparation.

For each genotype, CI 16151 (Mia6, Sgtl), mla6-m18982
(Amla6, Sgtl), rar3-m11526 (Mla6, Sgtlakiz0s.300), Sultan-5
(Mlal2, Rarl), and rarl-m100 (Mlal2, rarl-2), three biological
replicates of six seeds were planted in 3-inch pots, randomly
placed in 16-cell flats. Of the six seed planted, five uniform leaves
were collected at 7 days or at 7 days plus 16 HAI with B. grami-
nis f. sp. hordei and were frozen immediately in liquid nitrogen
for storage prior to processing. Leaves were then ground to a fine
powder, in liquid nitrogen, using a mortar and pestle for 15 min
per sample, maintaining a small pool of liquid nitrogen to pre-
serve sample quality during grinding.

Protein was extracted from barley tissue using a phenol extrac-
tion method, was processed with filter aided sample preparation,
which included digestion with trypsin and Lys-C, and was
cleaned up, using C18 cartridges, as described by Song et al.
(2018). After processing, samples were resuspended in 0.1% for-
mic acid (FA) and were quantified using a Pierce BCA protein
assay kit (ThermoFisher).

Media.

Escherichia coli were grown on Luria-Bertani agar with the
appropriate antibiotics. Yeast was grown on yeast peptone dextrose
or SC— (synthetic complete dropout) media (Burke et al. 2000).

Y2H system.

The Y2H system (Dreze et al. 2010) utilizes yeast strains
Y8800 MATa and Y8930 MATa (trpl-901; leu2-3, 112; ura3-
52; his3-200; galdA; gal80A; GAL2-ADE2; LYS2::GALI-HIS3;
MET?2::GAL7-lacZ; cyh2®). Transformation of yeast with plas-
mids was conducted using the LiAc/SS carrier DNA/PEG
method (Gietz 2014). The plasmids pDEST-DB (also known as
pPC97 or p97-BD, Leu2p) and pDEST-AD (also known as
pPC86 or p86-AD, Trplp) are low-copy ARS4/CEN6-based
that encode for fusions to the GAL4 DNA-binding domain (DB)
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and GALA4 activating domain (AD), respectively. pDEST-DB
and pDEST-AD allow for the growth of Y8800 or Y8930 on
media lacking leucine (SC-L) or tryptophan (SC-W), respec-
tively. Selection for Y8800-Y8930 diploids harboring both
pDEST-AD and pDEST-DB was done by growing on SC-
media lacking both leucine and tryptophan (SC-LW). When the
GALA4 AD and DB are in close proximity, caused by an interac-
tion between their fused proteins, they induce expression of
HIS3 by associating with the 125-bp GAL1 upstream activating
sequence that has been inserted in the promoter region. The
degree of interaction between the proteins fused to the GAL4
AD and DB domains was estimated by the level of growth of
the diploid on media lacking histidine (SC-LWH), a higher level
of growth indicating a more effective interaction.

Stable yeast introgression.

The yeast strain Y8800 was engineered to stably express
HvRARI and HvHSP90 using the system developed by Mikkel-
sen et al. (2012). The yeast promoter TEF! from Y8800 was iso-
lated, using PCR, from extracted genomic DNA (Looke et al.
2011) with an added AsiSI restriction enzyme site on the 3’ end of
the reverse primer (Supplementary Table S2 provides a list of pri-
mers). The TEF1 promoter was inserted into plasmids pXI-5 and
pXII-3, oriented to the ADH1 and CYC1 terminators, respectively,
creating the constructs pXI-5-TEFI-ADHI and pXII-3-TEFI-
CYCI. HvRarl (HORVU2Hr1G097800) Morex v1 and HvHsp90
(HORVUS5Hr1G072420) Morex vl were amplified from barley
cDNA and were inserted separately into both constructs.

Yeast strain Y8800 was transformed with each of the four con-
structs and was then selected on SC-uracil plates for successful
transformation events, indicated by presence of the URA3 marker,
and presence of the barley gene was confirmed by PCR amplifica-
tion. The URA3 marker is designed to excise out of the yeast
genome by direct repeat recombination to allow for multiple uses
in the same strain. Colonies of transformed Y8800 with the URA3
gene excised were selected for by growth on SC media containing
uracil and 5-fluoroorotic acid (ThermoFisher), which is lethal to
strains with a functional URA3 gene. Loss of URA3 marker gene
was confirmed by a lack of growth on SC-uracil media. Strains
that were successfully engineered with a single gene and that lost
the URA3 marker were transformed again with the complemen-
tary second gene and were selected by the same method as
described for the first transformation. For example, Y8800-XII-3-
RarI-CYCI was transformed with pXI-5-TEFI-HSP90-ADHI.
This resulted in one strain (Y8800-XII-3-Rarl-CYCI-XI-5-
Hsp90-ADH 1, also known as Y-RcHa, nicknamed Y archer) that
had both HvRarl and HvHSP90 integrated into the genome on
chromosomes XII and XI, respectively, and with different termi-
nators (CYC1 and ADHI, respectively). This strain was trans-
formed with pDEST-AD plasmids to generate Y-RcHa strains for
use in Y2H. A diagram of the process is outlined in Supplemen-
tary Figure S5.

Mutagenesis.

We performed site-directed mutagenesis using the Quikchange
Lightning site-directed mutagenesis kit (Agilent, Santa Clara, CA,
U.S.A.) per the manufacturer guidelines. Primers used for muta-
genesis are listed in Supplementary Table S2.

Peptide design.

Peptide design was conducted following guidelines set down
by Rauniyar (2015). Peptides for MLA6 and SGT1 were designed
using SkyLine software under a trypsin digest (Pino et al. 2020).
Candidate peptides were searched using BLASTp against the bar-
ley protein database on EnsemblPlants (IBSC v2) to look for
uniqueness. PEPOtec grade 2 synthetic versions of these peptides
with heavy leucines were ordered from ThermoFisher) (quality



Table 2. Inclusion list used for parallel reaction monitoring of synthetic heavy and endogenous light versions of SGT1 DANK and MLA6 WaVe"

Mass (m/z) Formula (M) Species CS () Polarity Start (min) End (min) NCE Comment
669.830431 2 Positive 28 LGSYTEAVADANK (light)
673.339013 2 Positive 28 LGSYTEAVADANK (heavy)
502.295436 2 Positive 28 WVPPVHLR (light)
505.804018 2 Positive 28 WVPPVHLR (heavy)

“ For direct import to use in Excalibur, empty spaces are left blank intentionally, as this format is required by the software. CS = charge state and NCE = normalized

collision energy.

certificates are provided in Supplementary Data S1). Upon
receipt, synthetic peptides were resuspended in 0.1% FA and
working stocks were made at a concentration of 1,000 fmol/pl.

PRM liquid chromatography (LC)-MS method.

LC-MS was performed using an Ultimate 3000 RSLCnano
HPLC coupled to a Q-Exactive Plus mass spectrometer with a
nano-electrospray ion source (ThermoFisher). Capillary columns
(100 pM ID x 25 cm) were pulled to an approximately 10 uM tip
with a laser puller (Sutter P-2000) and packed with approximately
1 cm of 5 uM Cl18 particles (Agilent) at the tip and were then
filled up to the full length with 2.5 pM C18 particles (Waters, Mil-
ford, MA, U.S.A.). Peptide samples (10 pl [1,250 ng]) in buffer A
(0.1% formic acid (vol/vol)) were injected, using an autosampler
with a 20-pl sample loop, and were preconcentrated on a 0.3 x
5 mm trap cartridge (ThermoFisher) for 5 min at 10 pl/min, using
the loading pump. At 5 min, the trap column was switched in-line
with the nano-capillary pump set at 1% buffer B (0.1% FA
[vol/vol], 80% acetonitrile [vol/vol]) at a flow rate of 250 nl/min.
The 150-min LC program consisted of a gradient from 1 to 6.3%
buffer B at 4 to Smin, followed by 6.3 to 31.3% for 5 to 110 min,
then 31.3 to 56.3% for 110 to 135 min, then 99% at 135.5 to
140.5 min, and reduced to 1% buffer B at 141 min.

For PRM, the MS program consisted of a full MS scan fol-
lowed by four DIA (data independent acquisition) scans using
an inclusion list (Table 2). The full MS scan was acquired at a
resolution of 70,000, AGC target 1e6, maximum injection time
(T) of 50 ms, and scan range of 150 to 2,000 m/z. The DIA
scans used a resolution of 140,000, AGC target of 3e6,
maximum IT of 500 ms, loop count of 4, isolation window of
0.4 m/z, and normalized collision energy of 28. The optimal
sample for detection of the peptides was 1.25 pg of complex
samples were run with synthetic peptides added at an amount of
200 fm for SGT1 DANK and 10 fm for MLA6 WaVe.

Data analysis.

Raw output files from Xcalibur for each run were imported
into Skyline (Pino et al. 2020) (version 20.1.0.155). Peptide set-
tings were as shown in Supplementary Figure S6. The back-
ground proteome was the barley proteome downloaded from
EnsemblPlants, ISBC v2. The reference library was generated
from the raw file PXDO012684 downloaded from Proteome
Exchange (Lambertucci et al. 2019).

Peptide detection.

The synthesized peptides were first run on their own, in order to
evaluate the quality of the peptides and the suitability of the method
at amounts ranging from 1 to 1,000 fm. The resulting chromato-
grams were compared with results from a publicly available barley
MS dataset (Proteome Exchange PXD012684) (Lambertucci et al.
2019), though differences in equipment and settings cause expected
variability between studies. Besides the ATLAS control peptide,
only two of the five synthesized peptides were consistently
observed, MLAG6.7.12_Pep3 WaVe and HvSGT1_Pep2 DANK
(Fig. 7). These two peptides were then spiked into complex WT
uninfected barley samples to look for the endogenous peptides and
were run using varying settings to optimize.

Statistical analyses.

Data were analyzed with a linear model with the design Ratio
~ Genotype, and a one-way analysis of variance using the Tukey
test was performed with pairwise contrasts. Contrasts were
defined as significant at P < 0.05. Raw total peak area data were
exported from Skyline for analysis and all analyses were run
using R (R Core Team 2019) (version 3.6), and the packages
nlme (Pinheiro et al. 2021), multcomp (Hothorn et al. 2008),
emmeans, multcompview (Graves et al. 2019). Graphs were gen-
erated using the package ggplot2 (Wickham 2016).
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