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Running title: WKS1 phosphorylates PsbO to coRfstiresistance
Short Summary:

Stripe rust is a devastating disease of wheat,irmgussgnificant global grain yield
losses. This study shows that WKS1 interacts witd phosphorylates PsbO, an
extrinsic member of photosystem Il, leads a fagra@ation of PsbO by proteases, to
reduce photosynthesis and regulate leaf chlorastonferringPst resistance. These
findings highlight the importance of chlorosis dwgifungal resistance.
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ABSTRACT

Wheat stripe rust, due to infection Buccinia striiformisf. sp.tritici (Ps9, is a
devastating disease that is causing significariiajlgrain yield losse&r36, which
encodes the Wheat Kinase START1 (WKS1), is an gfetigh-temperature
adult-plant resistance gene and confers resistareéroad spectrum &fstraces.

We previously showed that WKS1 phosphorylateshlgiakoid ascorbate peroxidase
(tAPX) protein and reduces its ability to detoxifgroxides, which may contribute to
the accumulation of reactive oxygen species (RD&S1-mediatedPstresistance is
accompanied by leaf chlorosis in tRAstinfected regions, but the underlying
mechanisms remain still elusive. Here, we show\tHi§61 interacts with and
phosphorylates PsbO, an extrinsic member of phetesyll (PSll), to reduce
photosynthesis and regulate leaf chlorosis in qonfgPstresistance. A point
mutation inPsbGAL or reductions in its transcript levels by RNA ifiégence
resulted in chlorosis and reduced Pst sporulaBoscthemical analyses revealed that
WKS1 phosphorylates PsbO at two conserved amirus agvolved in its physical
interactions with PSII and reduces the bindingndifiof PsbO to PSII.
Phosphorylated Pshdissociated from the PSII protein complex, and wwdat fast
degradation by cysteine and aspartic proteasesnTakyether, these results
demonstrate that perturbations of wheat PsbO byt poutation or its
phosphorylation by WKS1 reduce photosynthesisaatedelays the growth of Pst
pathogen before the induction of ROS.

Key words: wheat, stripe rusRuccinia striiformisf. sp.Tritici, PsbQ WKS1
chlorosis, photosynthesis rate, disease resist&®@8§,
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INTRODUCTION

Wheat stripe rust (or yellow rust, Yr), caused Bydcinia striiformisf. sp.tritici,
henceforthPsi), has been the most substantial biotrophic chgddn wheat
production since the last two decades (Schwessigg&ir). Nowaday$stis
threatening wheat yield in all the major wheat-pradg countries across
geographical regions, especially those regions gotit and moist weather (Ali et al.,
2017).Currently, 5.47 million tons of wheat are lost bhe {pathogen annually, atfus
equals to an estimated market value of $USD Iobil{Beddow et al., 2015). To feed
a growing human population and to improve the fegpply for the current world
population growth (FAOSTAT, 2017), it's essent@lréduce yield losses caused by
Pst(Chen et al., 2014). Reducing yield losses cabgddngal diseases is an efficient
avenue for increasing wheat production. Althougbnaital control is available for
wheat fungal pathogens, planting resistant cukiveua more cost-effective and
environmentally friendlier alternative (Ellis et,a2014).

All stage resistance (ASR) and adult plant resc#dAPR) genes are the two
major types of fungal resistance genes (Chen, 2@atpared with ASR, APR genes
have a broader spectrum and therefore, are prdfgrtereeding programs (Lowe et
al., 2011). The combination of 4~5 APR genes isaligsufficient to achieve the right
level of resistance (Pilet-Nayel et al., 2017; &irg al., 2000). In the past decade,
eight stripe rust resistance genes were successfatied, including four
nucleotide-binding (NB) and leucine-rich repeat R)RyenesYr5, Yr7, YrSPand
YrAS2388IR one ASR geneY(r15 and three APR gene¥ (18 Yr36,andYr46) (Fu
et al., 2009; Klymiuk et al., 2018; Krattinger & @009; Marchal et al., 2018; Moore
et al., 2015; Zhang et al., 2019).¥nl5isogenic lines, large chlorotic blotches with
clear HR visible to naked eyes were observed weleaoculated witlPst (Klymiuk
et al., 2018). YR18 resembled an adenosine trighaispbinding cassette transporter
and stimulated senescence-like processes in ftlagde(Krattinger et al., 2009). In
rice, Yrl8transgenic lines developed a typical, senesceaseebleaf tip necrosis
(LTN) phenotypeYr46 (also known aBPm4g Sr55,andLtn3) encoded a recently
evolved hexose transporter localized in the plasrambrane and responded to
multiple pathogens with pleiotropic effects inclndiLTN (Moore et al., 2015). In WT
plants withYrAS2388Rjene, necrotic lesions coexisted with resistamanptype in
response t®@st(Zhang et al., 2019). In wheat, LTN has been usealtaait linked
with durable rust resistance geri8bah et al., 2011), but the regulatory mechanisms
remain elusive.

Yr36is a high-temperature adult-plant partial resistagene effective against
new races of thBstpathogernhat are threatening global wheat production (Uetuy
al., 2005).Yr36 encodes a protein that has a combination of démmeenine kinase
and _steroidogenic acute regulatory protein-reléifed-transfer (START) domains
and was therefore nam&dheat Kinase START(WVKSJ (Fu et al., 2009). The
full-length transcript encoded protein, WKS1.1, ergbes an N-terminal truncation,
enters the chloroplast, and binds and phosphosytataylakoid-associated ascorbate
peroxidase (tAPX) protein. This phosphorylationilits tAPX activity, which leads
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94  to the gradual accumulation of reactive oxygen 3@ 0OS) and eventually, cell
95 death several weeks later (Gou et al., 2015).

96 Before the increases in ROS, premature chlorosigibotes to fungal resistance,
97  but the molecular mechanism is unknown. In thiggtwe show that this early
98 chlorosis is associated with the WKS1 phosphomytatf PsbO, one of the subunits
99  of the three extrinsic proteins (PsbO, PsbP an@Psbthe Photosystem II (PSII)
100 supercomplex (Ferreira et al., 2004; Liu et alQ£0oll et al., 2005; Wei et al.,
101 2016). This hypothesis was confirmed by inducingidsis and reducedstgrowth
102 in apsbo-Almutant and plants with reducBdbOexpression by RNA interference
103 (RNAI). Our biochemical studies showed that WKSihbsphorylates PsbO in its
104  binding regions with PSII, causing its evictionrfrathe PSIl complex to and
105 degradation by aspartic and cysteine proteaseseTiralings indicate that the
106 WKSL1.1 phosphorylation of PsbO works as a switcpeidurb PSII function,
107  inducing chlorosis and, reducdtgrowth.

108
109 RESULTS
110 WKS1.1 Physically Interactswith PsbO in Chloroplasts

111  Using a previously tested taggeghi: TAP-WKS1.Xencoding the full-length transcript)
112 transgenic line (Gou et al., 2015), we performetienmunoprecipitation (colP)

113  experiment using soluble protein from fully expamdieaves that were not inoculated
114  with Pstand observed that PsbO co-precipitated with WK&3ubplemental Figure
115  1). PsbO disruption by a T-DNA insertion or degtamfamediatedvia an interacting

116  partner, CV1, is associated with chlorosis in Adalpsis (Lundin et al., 2008; Wang
117  and Blumwald, 2014). Therefore, we hypothesizedtttiia interaction could be

118  associated with the early chlorosis observed intplthat carrie®KSland were

119  infected withPst

120 To test this hypothesis, we first checked the Imgdietween WKS1.1 and PsbO
121 in a yeast two-hybrid (Y2H) assay. In yeast, weeobsd strong interactions between
122 the two full-length proteins, and between PsbOthedNVKS1 kinase + interlinker
123 (KI) domains. A relatively weak interaction was elged between PsbO and the

124  WKSL1.1 START domain from WKS1.1 (Figure 1A). Wertheonfirmed this

125 interaction via split-luciferase assays. Comparét wontrols lacking either partner,
126  samples including both WKS1.1 and PsbO displaygidrficant increase in

127  luciferase signal (Figure 1B). These data showatWKS1.1 bound Psbi@ vivo.

128  Their interaction was further confirmed in a binmlkr fluorescence

129  complementation (BiFC) experiment. In the sampigsessing WKS1.1 and PsbO,
130 the fluorescence signal overlapped with the awtoriscence signals in the

131  chloroplasts (Figur&C). These results were consistent with the chlosipla

132 localization of PsbO-GFP fusion proteins (Suppletalerigure 2), as well as with
133 previous results showing that WKS1.1 could be fpanted into chloroplas{€&ou et
134  al., 2015; Li et al., 2017).
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We further analyzed the localization of WKS1.1 &sihO inside the chloroplast.
A clear signal of WKS1.1 was detected both in thaakoid membrane and lumen of
the wheat chloroplasts (Supplemental Figure 3).ldbalization in the thylakoid
membrane agreed with the earlier report that WK&ad lipid-binding ability and
that WKS1.1 phosphorylated the thylakoidal APX pmot(Gou et al., 2015). The
signal of PsbO was mainly detected in the thylakneimbrane with a faint signal in
the lumen, suggesting that the majority of PsbO lbeasd on the PSII core structure
(Supplemental Figure 3).

Overall, the colP, Y2H, BiFC, and localization expeents supported the
hypothesis that WKS1.1 physically interacts witlb®sn wheat chloroplasts.

The psbo-Al Mutant Is Resistant to Stripe Rust

To test the effects of PsbO on chlorosis Bstresistance, we isolated a tetraploid
wheat ethyl methanesulfonate (EMS) mutant thatehpdint mutation in a conserved
region of PsbO (A genome homolog). The mutpaho-A1(Kr1065), has a serine
(aGc=222S) to asparagine (aAc=222N) mutation (Ei@4). PsbO accumulated at a
lower concentration in thesbo-Almutant than in control (Figure 2B). Eighteen days
post-inoculation (18 DPI), fewer stripe rust spatidn sites were observed in the
psbo-Almutant compared with the wild-type (WT) in the airseof WKS1.1

function (Figure 2C). Both the number®$tsporulation sites (Figure 2D) and the
fungal biomass (estimated by the ratio of fungatHaNA) (Figure 2E) were
significantly lower in thgosbo-Almutant than in the WT.

To confirm that an increase Bttresistance was caused by fisbo-Al
mutation, we backcrossed thgbo-AInutant with the wild type Kronos (WT,
hereafter). In adult leaf tissues of @& generation plants at Zadoks Growth Scale 18
(Zadoks et al., 1974), the nine plants carryinga$igo-Alallele (aAc=222N) showed
an improvedPstresistance relative to ten plants with the WTlallaGc=222S)
(Figure 2F). Significant reductions in the ratidveeenPstDNA to host DNA were
detected in the nine plants with thgbo-Alallele relative to the ten plants with the
WT allele (Figure 2G). These data confirmed thafp$ibo-Almutation allele was
linked to thePstresistance phenotype.

To further test the association betw@&=ibOand the resistant phenotype, we
used RNAI to suppred$3sbOin the three hexaploid genomes in Fielder transgen
hexaploid wheat lines (Supplemental Figure 4). fF@dftH showed endogenous PsbO
protein levels were successfully reduced inRBBORNAI lines. In these transgenic
RNAI lines, we observed a clear reduction in striyst growth was detected, which
was consistent with thesbo-Almutant phenotype (Figure 21). The average pustule
numbers were significantly lower in the RNAI traeag lines than in the control
plants (Figure 2J). These data support the hypistittest disruption oPsbO
increase$stresistance.

Stripe Rust Resistancein the psbo-Al Mutant Is Not Due to H,O, Accumulation

To assess the progress of chlorosis ag@:lccumulation in thesbo-Almutants,
5
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we first comparedPstgrowth and HO, production in WT plants anagsbo-Almutants
at early stages (2-week-old plants). At 2 DPIpstriust germinated, and the fungi
grew in both thg@sbo-Almutant and WT (Figure 3A). However, the averagehiay
area within thesbo-Almutants was 40% lower than in the WT plants (Feg2B).

We then checked the amount of@4 by using 3,3’-diaminobenzidine (DAB) staining
but did not observe any significant differencesnusein the WT an@sbo-Almutant
(Figure 3C-D). The above data indicated that cldigroould inhibitPstgrowth

before a difference in differential,B, accumulation could be detected. In addition,
there were no significant differences in cell deatbas between the WT apsbo-Al
mutant (Figure 3E). These results indicated thditfarential HO, accumulation was
an unlikely cause of the increaseAstresistance in thpsbo-Almutant at 2 DPI.

To test if the chlorosis phenotype observed inp$ieo-Almutant (and in the
WKS1plants showing chlorosis) was associated with cedyphotosynthesis, we
measured photosynthesis rates inghleo-AInutant. In a growth chamber experiment,
we observed a very significant reductiorthe maximal photochemical efficiency of
PSII (Fv/Fm) in thepsbo-Almutant relative to the WT (Figure 3*< 0.0001).
Interestingly, the C@assimilation rate was significantly reduced inplsbo-Al
mutant compared with WT at the jointing stage (#1Zadoks Growth Scale) (Figure
3G,P < 0.0001). A similar reduction was also monitonedhepsbo-Almutant at the
full boot stage (Z38 in Zadoks Growth Scale) (Feg8H,P < 0.0001).

This reduction was in agreement with the obsermatiat, compared with those
of the WT plants, the bottom the leaves ofppsbo-AInutants displayed an
early-chlorosis phenotype (Figure 3I, 3J). An ea&ttjorosis phenotype was also
observed in the transgenic plants suppressing emdagPsbOby RNAI (Figure 3K).
In these PsbO RNAI lines, reductions in the maxipradtochemical efficiency of
PSII Fv/Fm) and CQ assimilation rate were also detected (Figure 3LIXgrefore,
the increased resistance in isbo-Almutant and RNAI lines was associated with
the changes in photosynthetic rates.

Accelerated leaf chlorosis has also been obsen/&KiStmediatedPst
resistance (Gou et al., 2015). To determine whetiee was any change similar to
that observed in thesbo-Almutant, we measured photosynthesis ral&/iK51
transgenic plants under its natural promoter (Gal.€015). The bottom leaves of
these transgenic plants showed reductiotisearmaximal photochemical efficiency of
PSII that were significant in two out of the thtegnsgenic plants analyzed
(Supplemental Figure 5). Based on this data andMK&1-PsbO protein interaction
described above (Figure 1), we hypothesized thsit-fpanscriptional regulation of
PsbO could play a role in the photosynthesis clanf@served in th&VKS1
transgenic plants.

WK S1.1 Phosphorylates PsbO on the PSI1 Docking Face
We previously demonstrated that WKS1.1 phosphagl®APX in the thylakoids

6
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(Gou et al., 2015), so we studied the ability of BAK1 to phosphorylate PsbO. We
first checked phosphorylation using recombinantgns in conjunction with
Q-Diamond, a dye widely used to stain phosphorglat®teins (Jin and Gou, 2016).
Upon the initiation of kinase reactions with ATRteong phosphorylation signal was
detected in the samples with PsbO and WKSL1.1, coedpaith the negative control
samples that lacked the ATP needed to initiat&itha@se reaction (Figure 4A). In a
subsequent experiment, radioactive®*-ATP was supplied in the sample to transfer
P*2groups to targets during the kinase reaction. Afégraration by SDS-PAGE, a
clear radio-autography band was observed at th® Pshkition (Figure 4B). In
addition, an auto-phosphorylation band of WKS1.% whserved (Figure 4B), which
is consistent with the results of previous res{fsu et al., 2015).

To understand the phosphorylation process, we atedithe phosphorylation of
PsbO using an anti-phosphorylated threonine-spe@ifiti-thf) antibody. A relatively
strong signal was detected in the sample with thade reaction, but only a very faint
signal was detected in the control that lacked ffiBure 4C-D). These results
indicated that threonine residue(s) in PsbO wasdwghosphorylated by the protein
kinase activity of WKS1.1.

The phosphorylated samples were further separgt&DI$-PAGE with Phos-tag,
which can specifically bind and slow phosphorylgbeoteins during electrophoresis
(Gou et al., 2015). In the sample with the kinasection, two relatively slow bands of
phosphorylated PsbO were detected (Figure 4E);atidg the presence of multiple
phosphorylated sites within PsbO.

To obtain information on putative PsbO phosphonytasites catalyzed by
WKS1.1, we analyzed the phosphorylated samplesdssrapectrometry.
Phosphorylation was detected on one serine loeatadh the chloroplast
transportation signal of PsbO (Figure 4F). Howetrgs, amino acid phosphorylation
may have little biological effect because this sigpeptide is truncated for the
formation of mature PsbO in chloroplasts (Ko angt®aore, 1989). Surprisingly,
four amino acids (THF? Thr'% Sef?® and Thf*) in two PSlI-stabilizing loops
(Bommer et al., 2016) were detected as being plwglatted (Figure 4G). Th¥ and
Thr'® are found in the conserved plant E-rich regionijevBef?® and Thf** are
located in the conserved C-terminal part of theegion, all of which are on the
docking face of PsbO with CP43 in the oxygen evgwiomplex (OEC) (De Las
Rivas and Barber, 2004) (Figure 4G).

Together, the above results indicate that WKS1nlptesphorylate PsbO in
regions important for the docking of PsbO with Bf&ll core complex (Del Val and
Bondar, 2017). We hypothesized that phosphorylatidhese amino acid residues in
this region could alter charges within the dockiacge, which in turn could affect the
binding of phosphorylated PsbO to the PSIl complex.

Phosphorylated PsbO Shows Weak Affinity for PSI1 and |s Rapidly Degraded by
Proteases
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Phosphorylation is a common post-transcriptionatiication for several PSII
members such as D1, CP43, PsbH, and LHCII, whielphosphorylated at their
N-terminal threonine residues close to the thyldlstroma side (Grabsztunowicz et
al., 2017). Phosphorylation of PSII proteins isuoed by light and redox and affects
the structure of the complex and protein turnoBem@ardi et al., 2005). The
biological consequences of phosphorylation of P$ti@ever, have not yet been
elucidated.

We further determined the possible effects of Psh@sphorylation on its
binding to the PSII core complex. Recombinant phosgation simulation mutants
(T10%E T104E 28 and F*°5 were applied in a PSII recruitment experimientitro
with wheat PSII without PsbO (Figure 5A). Among #iegle-point mutations, 4
and P*Freduced the binding of PsbO to PSII by approxity&6% on average in
three independent experiments, whif8*Fand $2°¢ did not significantly reduce the
binding (Figure 5B). These data indicated thafthesphorylation events at® and
T24E\vere the most likely to reduce the binding of P$o®SlII.

We next analyzed the putative effects of PsbO pgharggation by WKS1.1 on
the turnover rate of PsbO. The dynamics of Psb@pralegradation were
investigated in wheat extracts froMKS1transgenic lines or Bobwhite (BW) controls.
The PsbO protein alone showed a strong band afeshan total protein extracts
from BW within the same leave number at the sanveldpmental stage (Figure 5C).
However, in the samples from the bottom leaveswE6k-old plants expressing the
WKS1transgene, PsbO protein was below our detecti@shiold after half an hour of
incubation (Figure 5C), indicating an acceleratedaver of PsbO in the presence of
WKSL1.1. In addition, faster turnover of PsbO wasesbed in the presence of
exogenous recombinant WKS1.1 protein added in BiMyuge 5C). These results
suggested that an accelerated turnover rate étoebinant PsbO-His fusion
protein occurred in the presence of WKS1.1.

To investigate the fate of endogenous PsbO inrimsgenic plants accumulating
WKS1.1, the protein level of PsbO was compared éetvithe transgenic and BW
control plants. In BW, PsbO was detected in theatortion of the bottom leaves
(Figure 5D). However, in the bottom leaves of ttamsgenic plants, PsbO was below
our detection threshold in five out of six samphbasg the only exception displayed a
weak band (Figure 5D). Interestingly, CP43, thallrig partner of PsbO in PSII
within the phosphorylated residues (Supplementifé 6), was also below our
detection threshold (Figure 5D), which is consisteith a previous report in which
PsbO protected CP43 from hydrolysis (Lundin et28Q7).

We finally analyzed the degradation process in ndetail. The degradation of
PsbO was repeated in the presence of inhibitonsistgdifferent proteases or
proteasomes. In th&KS1transgenic plants, only a very faint band of Psi#3
detected after 1 hour of degradation. In additiorthe WKS1transgenic samples,
relatively more residual PsbO was detected in teegnce of E64 (a cysteine
protease inhibitor), leupeptin (Leu, a threonirezjree, and cysteine protease

8



300 inhibitor), NEMI (a cysteine protease inhibitor),mepstatin A (Peps, an aspartic

301 protease inhibitor), indicating that cysteine asgaatic proteases were involved in
302 PsbO degradation (Figure 5E). In contrast, bes(Bst, an arginine and alanine

303 peptidase inhibitor) and aprotitin (Apro, a senmetease inhibitor) had little effect on
304 the degradation process. Interestingly, the Psg@akivas even lower in the sample
305 treated with MG132, than in the control sampletgdavith dimethyl sulfoxide

306 (DMSO) (Figure 5E), which excludes the involvemefithe ubiquitin-mediated

307 proteasome pathway in the degradation of PsbO.

308 Together, our results indicate that phosphoryl&silO was degraded faster than
309 the nonphosphorylated form and that cysteine apdrtis proteases were likely

310 involved in this degradation. The effects of phasptation and accelerated

311  degradation on total PsbO content were similah¢sé observed in thesbo-Al

312  mutants or RNAI transgenic plants.

313
314 DISCUSSION

315  This study identified PsbO as an important interaof the stripe rust resistance

316  protein WKS1.1. The WKS1-mediated phosphorylatiod degradation of PsbO

317  results in reduced photosynthesis rates, induckuladis, and a reduced ability of the
318  Pstpathogen to grow within leaves. This process preddyy approximately one

319 week the WKS1.1-mediated induction of ROS descriirediously (Gou et al.,

320 2015).

321 Our experiments demonstrated that a mutatigesbo-Alwas sufficient to

322 reduce photosynthesis rates and incr@ateesistance at low temperature by

323  reducing the photosynthesis rate, before any sagmif increase in 0,

324  accumulation (Figure 3). The effect of fhgbo-Almutation was similar to the

325  phosphorylation of PsbO by WKS1.1 (Figure 5). ThES¥-mediated

326  phosphorylation of PsbO occurs afRstinfection, minimizing yield losses in the
327 absence of the pathogen (Uauy et al., 2005). Imzany) these and previous results
328 indicate that WKS1 regulatésstresistance by phosphorylating a series of

329 downstream targets that first induce chlorosis liygphorylation of PsbO and later
330 induces the gradual accumulation of ROS and celiirdey phosphorylation of tAPX.

331 PsbO is an extrinsic protein of the PSII complext flacilitates the reception of
332 signals from multiple chlorosis-accelerating prosgie.g., TGB3 and CV1(Jang et al.,
333  2013; Wang and Blumwald, 2014). Our study adds WK this list.

334  Phosphorylation of PsbO was also detected in e bacterial blight infection

335 (Hou et al., 2016), suggesting that this modifmatcould be conserved in some

336 plant-fungal responses. Phosphorylation in the R$ix€Ring region can reduce the
337  binding of PsbO to the PSII complex, and acceldrdegradation, as shown by the
338 T'%Fand *Fmutations. This phenomenon would lead to the actation of naked
339  PSII, which releases QOnstead of @(Krieger-Liszkay et al., 2008).Ocan be

340 converted to bD,, which could accumulate in chloroplasts in thespree of
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WKS1.1, which also phosphorylates and inhibits tA&Xvity, reducing the
detoxification mechanisms for ROS (Gou et al., J0A6cumulated KO, could
further oxidize PsbO to destabilize the disulfatertd between PsbO and accelerate
PsbO degradation (Hall et al., 2010).

Leaf necrosis, including leaf tip necrosis (LTNgcrnosis lesions or large
chlorotic blotches, was reported in rust respon$asgveral clone@®stresistance
genes, including’rl5 Yrl8andYr46andYrAS238&Klymiuk et al., 2018; Krattinger
et al., 2009; Moore et al., 2015; Zhang et al., D0These genes encode different
classes of proteins, including protein kinfslymiuk et al., 2018), ABC transporter
(Krattinger et al., 2009) and hexose transp@Ntore et al., 2015). Despite
differences among their biochemical characteristius subcellular localization, these
genes could share conserved physiological chamy€® @ccumulation and
degradation processes in chloroplasts) with WK&ilinteresting to explore potential
changes and regulations of key elements, e.g., BBH@APX, discovered here and
previously(Gou et al., 2015), in other plant resistant pagmig responses.

Based on the sub-organelle localization of WKShd BsbO, it is very likely
that the phosphorylation of PsbO by WKS1.1 occuimnettie thylakoid, ether in the
lumen or in the thylakoid membrane. However, wencaexclude the possibility that
PsbO phosphorylation occurs at components diffebent the thylakoid.

In summary, we propose that the phosphorylatiorstfO by WKS1 reduces the
binding affinity of the former with the PSII coremplex and accelerates PsbO
degradation. These perturbations in PsbO negatafédgt the photosynthesis rate,
induce chlorosis and generate an unfavorable emwiemt forPstgrowth, which is
further controlled later by the phosphorylatiortAPX and induced cell death (Figure
6). This set of events coordinated by WKS1.1 presitesistance to a broad spectrum
of Pstraces.

METHODS

Plant Materials and Growth Conditions

The transgenic hexaploWKSl1lines (26B6, 26B15, 17A4, 17A15, and

Pubi: TAP-WKS1.1in the Bobwhite (BW) background were describegvusly
(Gou et al., 2015). The PsbO EMS A genome mufastiq-A1 Kr1065 S222N) was
identified in the sequenced mutant population eftétraploid wheat variety Kronos
(Krasileva et al., 2017). The A and B genomes airis encode identical proteins,
but the transcript levels éfsbO-Alare two-fold higher than those B§bO-B1
(pairedt-testP = 2.6 E*!, based on 30 RNAseq studies in leaves from
http://www.wheat-expression.com/).

ThePsbORNAI transgenic lines in Fielder were transforntgdagro with
construct vector pANDA (Miki and Shimamoto, 200#);luding an inverted repeat
of 643 bps (from position 323 to 965) in the cDNiARsbO-A1 This region included
tracks of more than 21-bp that are identical irtrakte genomes and is expected to
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down-regulate all the thrdesbO-Alhomeologs.

All the plants were grown in a growth chamber at@2under 65% relative
humidity and 200 mmol ihs* intensity white light for a 16-hour photoperiocbtB
the transgenic and EMS segregating mutants wetaated in at least two
generations.

Puccinia striiformisf. sp. tritici Inoculations

Spores of th&straceCR32were increased in the wheat culti&¥11in a growth
chamber at 1% and 80% relative humidity (RHPstinoculated plants were grown
for two weeks in the host plant and then used liectospores. Fresh spores were
compiled into a 1.5 ml tube and spread onto theotapwater drop in a petri dish. An
equal volume was spread with a needle onto thelmiggion of the sheaths. The
infected plants were kept in the dark for 24 h dreh grown under a 16-h
photoperiod until analysis. At two days post-inatidn (DPI), the hyphal area, ROS
accumulation, and cell death area were stainedwhigmat germ agglutinin conjugated
to Alexa-488 (Invitrogen, Waltham, MA) and DABYliffe et al., 2011), respectively.
At 18 DPI, the pustule number was counted, and agsmvas analyzed using DNA
extracted from the infected region to compRstEF1with wheatEF1a (Cheng et al.,
2015). Total DNA was extracted from adult leavesedregating B&-, plants at
Zadoks Growth Scale Z18 (Zadoks et al., 1974).tBlesere genotyped by PCR with
gene-specific primers and Sanger sequencing (Sa&d@amghai, China). Three
different BGF; lines were used for pustule number count andhigshass
guantification, each with four biological repeats.

ColPand Y2H Assays
Total protein was extracted from leavedgfi: TAP-WKS1.2ransgenic plants
overexpressing WKS1.1 with plant protein extractiorffer (100mM Tris-HCI pH 7.5,
300mM NaCl, 2mM EDTA, 1%Triton X-100, 10% glycerd/100 v/v Protease
Inhibitor Cocktail). Forty ml of the above extragere mixed with 10l of IgG
Sepharose beads (Amersham Biosciences, PiscatisdiaySA), and were kept in ice
for one h. Beads were collected by centrifugatio20®g for 3 min at 4C, and
washed three times with ice-cold extraction bufitéiowing two washes with
Tobacco Etch Virus (TEV) protease (TEV) digestiarifér (10 mM Tris—HCI pH 8.0,
150 mM NacCl, 0.1% IGEPAL, 0.5 mM EDTA, 1 mM DTT)AP-tagged proteins
were released by digestion wRA pl TEV protease (300-500 U; Invitrogen,
ThermoFisher, Shanghai, China) for 1 h af@6The TEV cleaved eluate was
adjusted to 2 mM Caghnd diluted with 3 volumes of calmodulin-bindingffer
(CBB: 10 mM b-mercaptoethanol; 10 mM Tris—HCI p#;8150 mM NaCl; 1 mM
Mg-acetate; 1 mM imidazole; 2 mM CaCl2; 0.1% IGERAIhe final volume was
adjusted to 1 ml and incubated with 100ul of calolmdagarose beads (Stratagene,
La Jolla, CA, USA) for 1 h at AC to collect the WKS1.1 protein complex (Gou et al.
2015). The eluted proteins were precipitated witthtoroacetic acid, separated by
SDS-PAGE and subjected to mass spectral analyses.

Cloning of the different fragments ¥WKS1.1in the Gateway-compatible AD
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vector pLAW11 was described previously (Gou et2015).PsbO —Atull length
cDNAin an entry vector was then inserted into @asteway-compatible BD vector
pLAW10 by LR clonase 1l (11791100, Invitrogen, Timarisher, Shanghai, China).
The plasmids were transformed into Y187 and Y2HdGe@last cells by a LiAc
mediated transformation procedure according tcCllbatech user manual. Mating
and yeast growth were performed as described i€ketech user manual.

Photosynthesis M easurements

Third leaves in plants at both stages Z18 and A3Be Zadoks Growth Scale
(Zadoks et al., 1974) were selected for analysth@f photosynthetic characteristics
and photosynthetic efficiency in growth chamberezkpents. C@assimilation rates
were analyzed with a Li-COR 6400 using a & ¢lmorescent pad (LI-COR Corporate,
Lincoln, Nebraska USA). The flow of G@Blow was set to 40@mol-mol*, the RH
was set to 50~75%, and the fan speed was 10,000T#parfluorometer was in
“Control Mode” with a setpoint of 1500molms™. At least eight plants from each
sample were analyzed at a similar position on #meesleaf. Thé&v/Fmwas

guantified with Li-COR 6400, according to the maautbirer’s instructions (LI-COR
Corporate).

Split-luciferase Assays, Subcellular Localization, and BiFC Assays
WKS1.1landPsbOwere incorporated into a Gateway-compatible dptiferase
system using protoplast transient transformatiahthen monitored with a plate
reader (Fujikawa and Kato, 200PsbOwas incorporated into pMDC83 (Curtis and
Grossniklaus, 2003), which was subsequently iafidtd into tobacco leaves and then
observed under a Leica TCS SP8 (Leica, Microsystétaanheim, Germany).
Images were captured at 488-nm laser excitatiorb@0eto 550-nm long-pass
emission filters. Chloroplast autofluorescence im@aged at 600-nm over a long pass
emission filter.

WKS1.landPsbOwere incorporated into a BiFC system (Bracha-Debal.,
2004), which was then infiltrated into tobacco lesand subsequently observed
under a confocal microscope. For thevivo binding of PsbO with CP43, the CDS of
CP43(ATCG00280) and PsbO without the signal peptidesvaetoned into Firefly
luciferase complementation imaging vectors, pPCAMBAuc and pCAMBIA-CLuc
(Arabidopsis Biological Resource Center), respetyifFAD2 (AT3G12120) with the
polymerization ability was used as a positive colnficou et al., 2014).

WT plants at Z15 stage in a growth chamber at stheytconditions were used to
extract different fractions of chloroplast modifi’dm a published protoc@Hall et
al., 2011). The leaves (20 g) were ground in 17@ichloroplast extraction buffer
(20 mM Tris-HCI pH8.4, 300 mM sorbitol, 10 mM KA mM EDTA, 0.25% (w/v)
bovine serum albumin (BSA), 4.5 mM sodium ascorbatel 5 mM, L-cysteine) in a
4 °C cold room. Intact chloroplasts were extracteagi$iercoll (40501ES60, Yeasen,
Shanghai China) gradient centrifugation accordangur previous publication (Gou et
al., 2015). The intact chloroplasts were dilutethvaismotic-shocking buffer (10 mM
Na-pyrophosphate-NaOH, pH7.8) to the final conaian of chlorophyll (Chl) to

12
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0.2 mg Chl/ml. The samples were passed throughral 5§ringe three times,
homogenized once in a 40-ml glass homogenizer antitiftiged at 7,500g for 5 min
at 4°C to pellet thylakoids. The supernatant was cargetl at 100,000g for 1h at 4
°C to collect the supernatant as crude stroma. idecstroma sample was further
concentrated into 200 and saved as stroma fraction in <€D until further analysis.
The thylakoids were resuspended in 25 ml of osnimtféer and further washed twice
with ice-cold thylakoid wash buffer Il (2 mM Tris@® pH7.8, 300 mM sucrose). The
thylakoids were adjusted to 3~4 mg/ml Chl and bro&e100 bar twice in a Yeda
press chamber. The fragmented thylakoid membrasepeiteted by centrifugation at
200, 000g for 1h at AC. The supernatants were transferred to a new tengrifuged
at 200, 000g for 1h at4C and concentrated to 2@0n a 10 kDa ultrafiltration tube
(Millipore, Sigma ) to collect lumen fraction. The above sasplere separated on
SDS-PAGE and analyzed their WKS1 content with ditgiolyclonal anti-WKS1
antibody generated in this study using full-lengtKS1 in a local company (Abmart,
Shanghai China). Goat anti-rabbit IgG HRP (Abmas} used as the secondary
antibody, according to the manufacturer user manual

Protein Phosphorylation

The full-length coding sequences of PsbO and WK&&rE inserted into pET28a
(His6-PsbO-His6) and pET41b (GST-His6-WKS1-His6ytees, respectively, which
were then transformed into Rosetta through heatksHauring protein expression
induced by 0.5 mM isopropD-1-thiogalactopyranoside (IPTG) at 18,

n-terminal truncation occurred in WKS1.1 and reéebisi\WKS1.1-His6 plus
GTS-His-SRks1.1. GTS-His-SRks1.1was removed by glutathione Agarose resin
(Pearce, ThermoFisher, Shanghai, China). RecombirebO and the mature form of
WKS1.1-His6 (mWKSL1.1) were purified according tpraviously described
procedure (Gou et al., 2009).

PsbO and WKS1.1 (mature protein without the norpr@imoved n-terminal
region), 2 mg each (PsbO: WKS1.1=1:1, m:m), withvighout radioactive-P*2-ATP
were mixed together at room temperature (RT) fomd® The samples were passed
through a Zeba™ Spin Desalting Columns, 7K MWCQa(Be, ThermoFisher,
Shanghai, China) to remove unreaqtd@z-ATP. The eluates were mixed with 1/5
volume of 6X SDS sample buffer, separated by SD&PANnd imaged with Typhoon
FLA 9000 instrument (GE Healthcare, Waukesha, VVBA)

Two mg of PsbO was phosphorylated by 0.2 mg of WK$RsbO:
WKS1.1=10:1, m:m) with cold ATP, stained by Pro-Q@@Mmond Phosphoprotein
Gel Stain (P33300, Invitrogen, ThermoFisher, Shangbhina) for
phosphor-fluorescence in the dark for 1 h at roemperature. Proteins were pelleted
again with cold acetone and washed three more twitescold acetone to remove the
residual stain. Stained proteins were suspend2d0ru! of ddHO to quantify the
fluorescence using a Synergy 2 (Biotek, WinoosKi, MSA) plate reader
(excitation= 488 nm and emission= 595 nm) (Jin God, 2016).

For the phosphorylated amino acid residue typeyaes] the reaction products
were separated by SDS-PAGE and recognized by hosghorylated threonine

13
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monoclonal antibody (047K4770, Sigma, Thermofishangd goat anti-mouse IgG
HRP (M21001, Abmart) according to the manufactusar manual. The samples
were developed with a basic ECL kit (AB Clonal)Temon 5200 Multi imaging
system (Tanon Science & Technology Co., Ltd., Shandgchina).

For the gel retardation assay, the phosphorylaetgpkes were separated in
Phos-tag (FUJIFILM Wako Pure Chemical Corporat@eaka, Japan) containing
SDS PAGE (Gou et al., 2015). PsbO was analyzedamtihPsbO (AS05 092,
Agrisera, Vannas, Sweden). Goat anti-mouse 1gG HRFA.002, Abmart) was used
as the secondary antibody according tonla@ufacturer user manual and developed
as described above.

For phosphorylation amino acid residue analys@srehction products were
analyzed in the core facilityia MS/MS for phosphorylated amino acid residues. The
Phosphorylation sites were highlighted in a strrtadtmodel of PsbO in a dark state
X-ray diffraction of PSII (41XQ, PDB, NCBI{jKern et al., 2013).

For Ponceau staining, the PVDF membrane was sulechéngt ml of ddHO.
Then 1 ml of EZ-Buffers F 5X Ponceau S Stainingdnugolution (Sangong Biotech,
Shanghai, China) was added and kept at RT for 3Afiar a brief washing with
ddH,O, the membrane was visualized in a Tanon 5200i Muoidtging system.

PsbO Degradation and Reconstruction

Forin vivo degradation, 2l (5 ug) of recombinant PsbO was mixed with total protein
extract from fully expanded leaves of 2-month-@l&Sttransgenic, the Bobwhite
control (BW), or BW with fng recombinant WKS1.1 for 0, 30 and 60 min at RTe Th
degradation process was stopped by the additid/bofolume of 6X SDS loading
buffer and boiling for 5 min. The PsbO content wamitored using Tag-His-Tag
(10E2) mouse monoclonal antibody (M30111, Abmangri§hai China) and goat
anti-mouse IgG HRP (M21001, Abmart) according @ tfanufacturer user manual.
The samples were developed with a basic ECL kit GM@nal) in Tanon 5200 Multi
imaging system (Tanon Science & Technology Co.,,ISt4anghai, China).

For thein vivo degradation of endogenous proteins, intact chlastg were
isolated using Percoll (40501ES60, Yeasen, Shar@ag) gradient centrifugation
according to our previous publication (Gou et2015). Endogenous PsbO was
analyzed with anti-PsbO (AS05 092, Agrisera, VanSaseden) and anti-CP43
antibodies generated with peptides from protein dlogs from Arabidopsis (AS06
111, Agrisera). Goat anti-mouse IgG HRP (M21002nak) was used as the
secondary antibody according to the manufacturer msnual.

To analyze the degradation process, different amsaafrinhibitors (1ImM Peps,
1 mM Apro, 3 mM Best, 1 mM Leu, 5 mM E-63, 5 mM NEMr 50uM MG132, all
from Sigma) in DMSO were supplied in the above siigs buffer for 0, 30, and 60
min at RT before PsbO analyses via anti-HIS antd®ds described above.

For the binding activity assay, wheat OEC was wastéh 2.6 M urea plus 200
mM NacCl to remove PsbO according to a previousipatbn (Miyao and Murata,
1984). Fiveug of recombinant PsbO WT and phosphorylation sitmadamutant
proteins were mixed with an equal amount of whda€vithout PsbO for 30 min,
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559  centrifuged at 13000 rpm for 10 minutes &C4and then washed three times with
560  reconstruction buffer (Betts et al., 1994). Thetg@ires bound on the complex were
561 analyzed by Western blots in conjunction with d#its antibodies (Abmart) and
562  quantified using ImageJ; 3 different biological @aps were included.

563
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FIGURE LEGENDS
Figure 1. WK S1 Binds PsbO in the Chloroplast

(A) Direct binding between PsbO and different fragns of WKS1.1. KA, kinase
domain alone. Kl, kinase domain and inter link8r.ihter linker and START domain.
SA, START domain alone. FL, full-length WKS1.1empty vector control.

(B) ComplementedRenillaluciferase activities in plant cells. RFU, relativ
fluorescence unit. H2A and H2B, positive contrdis6 and Dn6, empty vector
negative controls. n=4, *** Student’s t-td3< 0.001. Bars = £SE.

(C) WKSL1.1 binds PsbO in the chloroplast.

(D-E) Empty vector controls without fluorescencgnsils. The bars represent of.
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728  Figure 2. The PsbO Mutation Increases Stripe Rust Resistance
729  (A) Position of the point mutation within thesbo-Almutant.

730  (B) PsbO protein levels in WT (Kronos, hereafter)l psbo-Almutant.The bands in
731  thepsbo-Almutant likely correspond to thirsbO-Blhomeolog, which is expressed
732 at half the levels dPsbO-Aland encodes an identical protein. Ponceau staining
733 shows the contents of the large unit of RuBisCthensamples.

734  (C) Growth ofPstin WT andpsbo-Almutant.
735 (D) Number ofPstpustules in WT angsbo-Almutant. n= 12.

736  (E) Pst/host DNA rates in WT anpgsbo-Almutant estimated by comparing the
737  relative contents dPstEF1with those of whedEFla. n= 12.

738  (F) Growth ofPstin BC,F, segregating plants with WT and thgbo-Alalleles,
739  respectively. Only one representative sample aiflthsegregating plants harboring
740 the WT allele is shown.

741 (G) Pst host DNA rates in Bg segregating plants with WT apgbo-Alalleles,
742  respectively.

743 (H) Levels of endogenous PsbO proteifPBbORNAI transgenic wheat lines.
744  Ponceau staining shows the contents of the large@lIRuBisCo in the samples.

745 (1) Pstgrowth in WT and®?sbORNAI transgenic wheat lines.

746 (J) Number oPstpustules in Fielder control afbsORNAI transgenic lines at 16
747 °C.n=4,

748  Student’s t-tests: P < 0.05, *P < 0.01. Bars= + SE.
749

750  Figure 3. The psbo-Al Mutant Exhibits Pst Resistance Before H,0;
751  Accumulation

752 (A) Pstgrowth in WT andosbo-Almutant at 2DPI (stained with wheat germ
753  agglutinin conjugated to Alexa-488). Bars = #8.

754  (B) AveragePsthyphal area in WT anpisbo-Almutant. n = 40.

755  (C) DAB staining of ROS and cell death in WT gmebo-Almutant. ¥ ROS region.
756  cd: cell death region. Bars = 40n.

757 (D) Average areas of 4, in WT and thgpsbo-Almutant. n = 40.
758  (E) Average areas of cell death in WT andpkbo-Almutant. n = 40.
759  (F) Primary light energy conversion efficiencieSMT andpsbo-Almutant. n = 8.

760  (G-H) CO, assimilation rates in WT amsbo-Almutant at Z18 (G) and Z38 (H)
761  stages. N = 8.
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(I-J) Early-chlorosis phenotype in bottom leavepsifio-Almutant.
(K) Early-chlorosis phenotype iRsbORNAI transgenic lines.

(L) Primary light energy conversion efficienciesHeBbORNAI lines and controls. n =
8.

(M-N) CO, assimilation rates iRsbORNAI lines and Fielder control at Z18 (M) and
Z38 (N) stages. N = 8.

Student’s t-test: P < 0.05, *** P < 0.001. Bars = + SE.

Figure 4. WK S1 Phosphorylates PsbO at PSII Binding Regions

(A) Phosphor fluorescence signal of PsbO samptes afkinase reaction catalyzed
by WKS1.1. tAPX serves as a positive control. N&&hO: WKS1.1=10:1, m:m.
RFU, relative fluorescence unit. n = 4. Studentsst: *** P < 0.001. Bars = + SE.

(B) Phospho image of PsbO after a kinase reaatitiatied by radioactive-P**-ATP.
Note, PsbO: WKS1.1=1:1, m:m.

(C) Increase in phosphorylated threonine signd®sinO after kinase reaction.
(D) PsbO content in panel C recognized by an asiticPantibody.

(E) Gel retardation of PsbO after kinase reactiote: at least two slowed bands
were observed.

(F) Position of phosphorylated amino residues indR?sGreen, chloroplast signal
peptide. Brown, thylakoid transportation signaldRghosphorylated amino acids.
The red double wave lines mark the binding dockawg between PsbO and CP43.

(G) Phosphorylated amino acids in a structural rhotiesbO (modified from PDB
41XQ).

Figure5. Phosphorylated PsbO Has Weak Affinity for PSI1 and I's Degraded by
Proteinases

(A) Recruitment of PsbO WT and phosphorylation datians within the PSII core
complex.

(B) Quantification of the above PsbO bands in tB# Recruitment experiments. n =
3, Student’s-test: ** P < 0.01. Bars = £ SE.

(C) Degradation of recombinant PsbO in Bobwhite (BAd transgenic plants
expressingVKS1.1(NP: WKSJ, or BW supplemented with recombinant WKS1.1
(BW WKS1.1-His).

(D) Endogenous level of PsbO and CP43 in BWMK{S 1transgenic plants.
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(E) Effects of protease inhibitors on the degramaprocess of PsbO. Bobwhite (BW)
serves as a negative control with&KS1.1 DMSO works as a negative control
without an inhibitor. MG132 is a ubiquitin-mediat2@S proteasome inhibitor. E-64
is a cysteine protease inhibitor. Leu is a leupgphreonine, serine, and cysteine
protease inhibitor. Peps (pepstatin A) is an agppeptidase inhibitor. NEMI is a
cysteine protease inhibitor. Best (bestatin) isi@mnine and alanine peptidase
inhibitor. Apro (aprotitin) is a serine proteasailitor.

Figure 6 A Predicted Working Model for PsbO in WK S1-Mediated Pst
Resistance

After Pstinfection, PsbO is bound and phosphorylated by WK thylakoids.
Phosphorylated PsbO undergoes fast degradatiorobggses, produces PsbO-free
PSII, which has lower photosynthesis rate and waska source for Q which is
further converted to $#D,. H,O, cannot be efficiently degraded by tAPX due to
WKS1-mediated phosphorylation and accumulatesdoda cell death, which inhibits
Pstgrowth. H, haustoria. P, phosphorylation. tAPX/lélkoid ascorbate peroxidase.
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