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Short Summary:

Phytophthora pathogens secrete numerous effectors that matepdst processes to induce
plant susceptibilityP. capsici deploys a virulence RXLR effector, PcAvr3al2, amwber of
Avr3a family, to facilitate infection by targetingnd suppressing around haustoria a novel
Endoplasmic Reticulum (ER)-localized PPlase, AtFEKBR, which is involved in ER-stress
sensing and ER-stress mediated plant immunity.
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ABSTRACT

Phytophthora pathogens secrete a large arsenal of effectorgrthmipulate host processes to
create an environment conducive to their colomratHowever, the underlying mechanisms
by which Phytophthora effectors manipulate host plant cells still remkrgely unclear. In
this study, we report that PcAvr3alRlaytophthora capsici RXLR effector and a member of
the Avr3a effector family, suppresses plant immunhy targeting and inhibiting
peptidyl-prolyl cis-trans isomerase (PPlase). OverexpressiorPoAvr3al2 in Arabidopsis
thaliana enhanced plant susceptibility B capsici. FKBP15-2, an endoplasmic reticulum
(ER) localized protein, was identified as a hostj¢a of PcAvr3al2 during earRy. capsici
infection. Analyses ofA. thaliana T-DNA insertion mutant fkbpl5-2), RNAi and
overexpression lines consistently showed that FKBP positively regulates plant immunity
in response tdhytophthora infection. FKBP15-2 possesses PPlase activityngissdor its
contribution to immunity but was directly suppresd$s PcAvr3al2. Interestingly, we found
that FKBP15-2 is involved in ER stress sensing iamequired for ER stress-mediated plant
immunity. Taken together, these results suggestRhaapsici deploys an RXLR effector,
PcAvr3al2, to facilitate infection by targeting aswppressing a novel ER-localized PPlase,
FKBP15-2, which is required for ER stress-mediatkaaht immunity.

Key words: RXLR effector; Avr3a; FKBP; ER stress; immuniBhytophthora capsici
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INTRODUCTION

Plants have evolved multiple complex signal trastida pathways to synergistically
respond to pathogen threats. These responses rdegred by a two-layered innate immune
system, consisting of pattern-triggered immunityIjRand effector-triggered immunity (ETI)
(Jones and Dangl, 2006; Dodds and Rathjen, 201@sd innate immune systems often rely
on basic cellular processes to defend against gatis) such as the endoplasmic reticulum
(ER) quality control system (Li et al., 2009) armthone signaling (Kazan and Lyons, 2014).
However, successful plant pathogens can secrdethem of effectors to interfere with many
host cellular processes in order to establish ¢oétion (Dou and Zhou, 2012; Qiao et al.,
2013; Turnbull et al., 2017). Thus, insights inféeetor targets and target functions reveal

both pathogen infection mechanisms and novel glamponents of immunity.

Secreted and trans-membrane proteins are transtbdato the ER and are properly
folded and modified through a sophisticated ER ityuabntrol (ER QC) system to guarantee
their functionality before being transported toitHaal destination (Liu and Howell, 2010).
Under abiotic or biotic stress, unfolded or mis@adproteins often accumulate in the ER
lumen, which results in the ER stress. To relie® dfress and restore ER homeostasis, ER
membrane-localized stress sensors such as thecriggims factor bZIP28 subsequently
activate the unfolded protein response (UPR) (HQh\®&6IL3). The UPR includes the induction
of ER chaperones and foldases, such as heat shwotking (HSPs), protein disulfide
isomerases (PDIs) and peptidyl protig-trans isomerases (PPlases) (Braakman and Hebert,
2013), which enhance protein folding in ER. In &iddi, the efficiency of protein translation
is attenuated, global gene expression is inhibitb&, capacity of protein secretion is
potentiated and ER-associated protein degradasomduced in order to reinstall ER
homeostasis, hence, functionality (Liu and How20.10). In plants, there are at least two
UPR pathways, which are mediated by IRE1-bZIP60@£I®28, respectively (Kgrner et al.,
2015). Increasing evidence suggests that adapfhdpkeing capacities and UPR regulation
plays an important role in plant immunity. For exde) the pattern-recognition receptor EFR
requires the ER QC complex SDF2-ERd|3B-BiP forpteper processing (Nekrasov et al.,
2009) and the secretion of pathogenesis-relatetipsobyArabidopsis requires HSP AtBiP2
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(Wang et al., 2005). Furthermore, the IRE1-bZIP8&&nbh of UPR is crucial for installing
systemic acquired resistance (SAR) against batteaidogens and abiotic stress tolerance
(Moreno et al., 2012). Interestingly, in rice thederlying SAR-mediating priming effect
depends o0WRKY33, a gene that is well-known to be involved in SAethse inArabidopsis
(Wakasa et al., 2014). In addition to supporting pnoduction of plant immunity components
ER stress can trigger, cell death can be part adffactive immune response but can be also
deployed by some microbes to establish colonizafi@iang et al., 2012; Jing et al., 2016).
Taken together, the ER has a significant effecthenoutcome of plant-pathogen interactions.
However, the molecular mechanisms of how ER-asttiar regulated processes participate

in plant immunity during the plant-pathogen intéi@as are not well understood.

Plant pathogenic oomycetes, suchPhgtophthora infestans, P. sojae and P. capsici,
cause many destructive crop diseases (Kamoun, &0dl5). They secrete a large number of
effectors to facilitate plant infection. The firsbmycete avirulence effector geAer1b was
obtained by map-based cloning (Shan et al., 20B4sed on the sequences of cloned
avirulence effectors, a conserved Arg-x-Leu-Arg (BRX motif in their N-terminal was found
(Rehmany et al., 2005), which plays an importate o enabling effectors being delivered
into host plant cells (Whisson et al., 2007; Dowlet 2008; Kale et al., 2010; Wawra et al.,
2017). Profiting from genome sequencing, hundrddgutative RXLR effector genes were
predicted in each sequencBtytophthora genomes (Tyler et al., 2006; Haas et al., 2009;
Lamour et al., 2012). Their functions and undedymechanisms have become a central
focus of plant resistance and immunity researchm@ete RXLR effectors have been shown
to both directly hijack plant resistance pathwaysl(ellan et al., 2013; King et al., 2014; Du
et al., 2015) and utilize plant susceptibility farst (Boevink et al., 2016; Wang et al., 2015;
Yang et al., 2016). Interestingly, several RXLReefbrs were found to interfere general host
celluar processes, including ER stress-mediatdddeath (Jing et al., 2016), autophagosome
formation (Dagdas et al., 2016) and RNA silenci@Qia6 et al., 2013; Qiao et al., 2015), to

indirectly modulate plant immunity.

RXLR effectors are known to be highly diverse affiiéator sequences rarely overlap

with each other across the genus (Jiang et al.8)20@owever, the Avr3a effector family
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represents an exception with various homologs least three differer®hytophthora species,
l.e. P. infestans, P. sojae andP. capsici (Bos, 2007), implying the family has an important
role in Phytophthora pathogenicity.P. sojae and P. infestans have relatively narrow host
ranges and contain only a few copiesfwi3a-like effectors. In contrask. capsici infects a
broad range of hosts including 45 species of ctiéigh plants (Hausbeck and Lamour, 2004)
and itsAvr3a gene family contains at least 13 homoldgsAyr3al to PcAvr3al3) (Bos, 2007.

It was reported thaP. infestans effector PiAvr3a suppresses INF1-triggered celitdeby
stabilizing CMPG1 (Bos et al., 2010) and inhibitd|IPby associating with DRP2
(Chaparro-Garcia et al., 2015). PsAvrlb, an Avr@snblog from P. sojae, suppresses
BAX-triggered cell death (Dou et al., 2008). Howevall the 13 Avr3a homologs froig.
capsici were found neither to be recognized by potatostasce protein R3a nor suppress
INF1-triggered cell death (Bos, 2007), implying tthlaey have more specialized rolesHn
capsici pathogenicity (Julio et al. 2014). To date, oudenstanding of the pathogenicity Bf

capsici and the role of its effectors, including these A&& homologs, remains elusive.

We previously reported th& capsici is a pathogen odArabidopsis thaliana, making it a
model oomycete pathosystem (Wang et al., 2013thifproject, we showed th&t capsici
employs the effector PcAvr3al2 as an efficient sepgor of various basic immune responses
to successful colonizA. thaliana. Our analyses revealed that the ER-localized FKBP1
protein, an PPlase, is a direct target of the &ffeand show the function of FKBP15-2 in the
regulation of ER stress processes as well asgtdatry function in plant immunity and how

this activity is modified by PcAvr3al2.
RESULTS
Overexpression ofPcAvr3al2 Enhances Plant Susceptibility td®. capsici in Arabidopsis

Consistent with a previous study (Bos, 2007), ogreements showed that PcAvr3al2
could neither recognized by resistance protein R@asuppress INF1-triggered cell death
(Supplemental Figure 1) as reported for the weith&td P. infestans effector PiAvr3a, the
closest homolog to PcAvr3al2 i capsici. UsingA. thaliana as a model host @1. capsici

(Wang et al., 2013), we infected the susceptibtgype Col-0 withPcAvr3al2-expressing?.
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capsici strain LT263. Real-time RT-PCR assays showed Foéir3al2 was up-regulated
during early infection, with a maximal expressi@vdl at 6 hours post inoculation (hpi)
(Figure 1A). To examine the role BEAvwr3al2 in P. capsici pathogenicityA. thaliana Col-0
transgenic lines expressiid AG-PcAvr3al2 were generated and characterized (Figure 1D).
Leaves ofFLAG-PcAvr3al2-expressing lines showed larger water-soaked lesiban the
FLAG-GFP-expressing control line, when inoculated wRhcapsici zoospore suspensions
(Figure 1B). RT-PCR analyses were performed (Litwest al., 2010; Pan et al., 2016) to
determine theP. capsici biomass in the same infected leaf area. The sesdhsistently
showed thaP. capsici biomass were more abundant BbAG-PcAvr3al2-expressing lines
than on theFLAG-GFP-expressing control lines (Figure 1C). These dadicate that
PcAvr3al2 could enhance the susceptibilitydofhaliana plants toP. capsici infection when

overproduced in plant cells, and thus might funtas a virulence factor.
PcAvr3al2 Physically Interacts with a Host ProteinFKBP15-2

To investigate howPcAvr3al2 attenuatesA. thaliana resistance again®® capsici, a
yeast-two-hybrid (Y2H) library created froR parasitica-infected A. thaliana cDNA was
screened usingPcAvr3al2 for interacting proteins. This led to the identfion of
AtFKBP15-2 as a potential target of the PcAvr3aABEKBP15-2 contains an N-terminal
secretion signal, a FKBP domain and a C-terminal&Bntion signal (Figure 2B) (He et al.,
2004). Additional Y2H assays were used to validateinteraction between PcAvr3al2 and
AtFKBP15-2. Therefore, PiAvrds PcAvr3al4d (a PiAvr3a homolog cloned frdPncapsici
LT263; Supplemental Figure 2A), AtFKBP15-1 (thesdst homolog of AtFKBP15-2 iA.
thaliana; Figure 2B and Supplemental Figure 2B), PcFKBP8%e (blast best hit of
AtFKBP15-2 inP. capsici; Supplemental Figure 2B) and respective emptyorsavere used
as controls in these Y2H assays. Yeast strain AHDOExpressingtFKBP15-2 (the secretion
signal peptide and ER retention signal of FKBPle2e truncated) anBcAvr3al2 grew on
selective medium and yieldgdgalactosidase activity while all controls did riBtgure 2A),
confirming the specific interaction between FKBPZL&nd PcAvr3al2 in yeast. Additionally,
exchanges oAtFKBP15-2 andPcAvr3al2 between the prey plasmid (AD) and bait plasmid

(BD) further confirmed this interaction even undenditions with higher selection pressure
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(Figure 2C).

To further validate if the interaction can octaiplanta, co-immunoprecipitation (Co-I1P)
assays were carried out. Thereforg5®: 7* myc-PcAvr3al2 was constitutively co-expressed
either with 35S : SP-GFP-FKBP15-2-NDEL (the GFP was fused with FKBP15-2 following
its signal peptide), 35S.:FLAG-GFP or the empty vector iN. benthamiana leaves through
agroinfiltration. Total proteins were extracted nfro infiltrated leaves and were
immunoprecipitated with GFP-Trap agarose beads.unuhlotting experiments showed that,
although  7*myc-PcAvr3al2 was equally expressed il d&aves, it was
co-immunoprecipitated irSP-GFP-FKBP15-2-NDEL-expressing samples, but not in the
FLAG-GFP or empty vector samples (Figure 2D andpBmpental Figure 3A). In similar
experiments, FLAG-IP assays also showed that SRtdd GFP-FKBP15-2-NDEL was
enriched with FLAG-PcAvr3al2, but not with FLAG-Ri8d", although all proteins were
detected in the input fractions (Supplemental FegBB-C). These results indicate that

PcAvr3al2 associates with FKBP15r%lanta.
Expression of FKBP15-2 is Up-regulated at the Early Stage oPhytophthora Infection

To characterize the expression patternF&iBP15-2 during P. capsici infection, we
measured its relative transcription levels at 6,312, 24, 36, 48 and 60 hpi by RT-PCR. As
observed forPcAvr3al2 expression maxima (Figure 1AFKBP15-2 was up-regulated in
Col-0 during early stage &t capsici LT263 infection, reaching the highest expressexel at
6 hpi (Figure 3A). Consistent with thiSKBP15-2 transcripts were also up-regulated at early

stages irA. thaliana (Col-0) roots inoculated witR. parasitica Pp016 zoospores (Figure 3B).

To further characterize the expression profile FKBP15-2, a 1097-bp promoter
fragment of FKBP15-2 (-1097 to -1 bp) was cloned from genomic DNA taverthe
expression of th&US gene. This promoter was predicted using the ordioenformatics tool

(http://arabidopsis.med.ohio-state.edu/AtcisDB)abBt transgenid. thaliana (Col-0) lines

carrying the reporter construcFiiBP15-2::GUS were generated and histochemical staining
of the lines showed that GUS was activated BKBPBP15-2 in the majority of organs,

although to various degrees during all growth stsg&eipplemental Figure 4).



190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

FKBP15-2 is Required for Plant Resistance t®hytophthora

To investigate the function 6\KBP15-2 in Phytophthora infection, we analyzed T-DNA
mutant linefkbp15-2 (Col-0 background) carrying a T-DNA insertion imetsecond intron
region (Supplemental Figure 5A-B). The mutant shebsienilar growth phenotypes compared
with Col-0 (Supplemental Figure 5C-D) despite a 9B88@uction of FKBP15-2 transcript
(Figure 3C). Detached leaves of Col-0 dRdpl5-2 plants were drop inoculated with
capsici zoospores. The infection lesions on mutikbpl5-2 were larger than that on Col-0
(Figure 3D) and we observed more pathogen coldoizgFigure 3E). Similarlyfkbpl5-2
leaves showed larger lesions (Figure 3F) and matbogen biomass (Figure 3G) when
infected withP. parasitica Pp016, suggesting theKBP15-2 is required for plant resistance
against bothPhytophthora spp. In support of this conclusion, analyses FBP15-2
-overexpressing and -silencéd thaliana transformants (Supplemental Figure 5E) showed
significant changes iR. capsici colonization (Figure 3H). Considering tHatparasitica and
P. capsici are two common soil-borne pathogens, with the &rimeing less aggressive on
Col-0, the roots of 2-week-oltkbpl5-2 and Col-O seedlings were dip-inoculated wih
parasitica zoospores. Consistently, the pathogen biomafidjpi5-2 roots was higher than in
Col-0 (Figure 3l). Furthermore, the expression afker genes for the salicylic acid (SA) and
jasmonic acid (JA) pathwayPR1 andPDF1.2, respectively, (Uknes et al., 1993; Yun et al.,
2003) that was reported to be inducedPhytophthora infection (Attard et al., 2010; Wang et
al., 2013), was reduced at least by 60% as compeatbdhat in Col-0 at 6 hpi (Supplemental
Figure 6). Taken together, these results showRK&8P15-2 is required for plant resistance to

Phytophthora infection inA. thaliana.
PcAvr3al2 Partially Associates with FKBP15-2 on th&R in planta

To investigate the subcellular localization of FKIESR2 and its association with
PcAvr3al2, mCherry or GFP fusions with each proteiwere used.
p35S:GFP/mCherry-PcAvr3al2 (PcAvr3al2 signal peptide was removed) and
p35S.: SP-GFP/mCherry-FKBP15-2-NDEL were constructed. All these GFP/mCherry fusions
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were successfully expressidplanta as demonstrated by immunoblots (Supplemental Eigur
7A-C). Consistent with previous prediction (He etl., a2004), SP-directed
GFP-FKBP15-2-NDEL completely overlapped with the me@y-labelled ER marker in the
peri-nuclear ER and the ER network (Figure 4A), wihhbey were co-expressed M.
benthamiana leaves. Moreover, GFP fluorescence of staBReGFP-FKBP15-2-NDEL
-expressingA. thaliana leaves co-localized with ER-like networks and aebuhe nucleus
(Supplemental Figure 8A) without protein cleava§afplemental Figure 8B). We also found
that GFP-SP-FKBP15-2-NDEL (GFP was tagged at theerkhinus upstream of the signal
peptide) was localized in the nucleus and cytopléSupplemental Figure 9A-B), suggesting

the N-terminal signal peptide was required for BBalization of FKBP15-2.

When GFP-PcAvr3al2 (lacking SP) was co-expressedth wiSP-directed
mCherry-FKBP15-2-NDEL inN. benthamiana leaves, the two proteins could partially
overlap at the peri-nuclear ER and the ER netwaitjough GFP-PcAvr3al2 was also
detectable in the cell nucleus and cytoplasm (leigiB). In addition, the plasma membrane
and nucleus-localized GFP-PiAvrblb2 (Bozkurt et, &011) did not overlap with the
SP-directed mCherry-FKBP15-2-NDEL (Supplementauf@g9C). Furthermore, bimolecular
fluorescence complementation (BiFC) assays, usistgridinal (VN) and C-terminal (VC)
fragments of Venus fluorescent protein, were usedonfirm whether PcAvr3al2 associates
with FKBP15-2 in live plant cells. FKBP15-1 and Ri8d" served as two independent
controls in the BIFC assays. All of these fusiontpins were successfully expressedNin
benthamiana leaves without cleavage (Supplemental Figure Ty the infiltrated leaves
expressing SP-directed VN-FKBP15-2-NDEL and VC-RP&&al2 (lacking SP) showed
obvious fluorescence in the ER-like structures FegdC and 4F) in contrast to all control
constructs (Figure 4D-E). We observed significanthore fluorescing cells in leaves
co-infiltrated with SP-VN-FKBP15-2-NDEL andVC-PcAwr3al2 as compared to the controls
(Figure 4G). Taken together, these results sugtiedt PcAvr3al2 can at least partially

associate with FKBP15-2 in the ER in live planizel
PcAvr3al2 and FKBP15-2 Co-localize AroundPhytophthora Haustoria During Infection

To further examine subcellular localizations of AKES-2 and PcAvr3al2 during
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Phytophthora infection, N. benthamiana leaves expressing GFP or mCherry fusions were
inoculated with Phytophthora zoospores. Confocal microscopy showed that SPRitdule
mCherry-FKBP15-2-NDEL and mCherry-PcAvr3al2 proseiaccumulated around the
haustoria of GFP-labele®®. parasitica (Figure 5A, 5C and Supplemental Figure 10).
Moreover, the ER was found to concentrate aroundstbaia duringPhytophthora infection
(Figure 5B). Consistent with this finding, infeatiavith P. capsici consistently showed that
GFP-PcAvr3al2 and SP-directed mCherry-FKBP15-2-ND&ére co-localized around
haustoria-like structures (Figure 5D). Using PiAbfh as a reported extrahaustorial
membrane (EHM) marker duringhytophthora infection (Bozkurt et al., 2015), we further
detected GFP-PcAvr3al2 co-localization with mChé&wAvrblb2 around haustoria-like

structures (Figure 5E).
The PPlase Activity of FKBP15-2 is Essential for & Immune Function

It was previously reported that the FKBP15-2 onbigoin Vicia faba possesses PPlase
activity (Luan et al., 1996) and we therefore usedventionally protease-coupled PPlase
assay to detect if FKBP15-2 has PPlase activitg. 93th residue (aspartic acid) in FKBP15-2
was predicted as an essential site for PPlaseitgcéiocording to previous analyses (Lucke
and Weiwad, 2011; Supplemental Figure 11A). Theefthe maltose-binding protein (MBP)
fusions, MBP-FKBP15-2, MBP-FKBP152%* and MBP-GFP, were expressed En coli,
purified by binding to amylose resin columns, ar@hfomed by both SDS-PAGE and
immunoblots (Supplemental Figure 11B). The purifipdoteins were incubated with
N-succinyl-ala-ala-pro-pNa, which can be cleaved daghymotrypsin to yield colored
4-nitroaniline, only whem-chymotrypsin has been converted to the trans-cordton by a
PPlase. 4-nitroaniline production was faster witBRAFKBP15-2 than with MBP-GFP or the
spontaneous reactions (Figure 6A), indicating tREBP15-2 possesses PPlase activity.
Furthermore, 4-nitroaniline production with MBP-FRB5-2°** was slower than with

MBP-FKBP15-2 (Figure 6A), consistent with loss &fl&se activity by FKBP15°3°*,

To confirm if the PPlase activity of FKBP15-2 isquered for its contribution to
immunity, fkop mutant A. thaliana lines were complemented by transformation with

pFKBP15-2::FKBP15-2 or with pFKBP15-2::FKBP15-2°%*  Two independent



276  complementation lines (CM), containing=gBP15-2::FKBP15-2, and two independent
277 mutant complementation lines (CR%), containing FKBP15-2::FKBP15-2°%# were
278  confirmed by quantitative RT-PCR (Supplemental FégbF) and were chosen for infection
279  assays withP. capsici zoospores. The water-soaked lesions on leaved/olir@s and Col-0
280 were smaller than on CR** lines (Figure 6C) with less pathogen colonizat&n60 hpi
281  (Figure 6D) while the water-soaked lesions on lea@ECM lines and Col-0O were similar
282  (Figure 6C) with no significant difference in patfem colonization (Figure 6D). These results
283 indicate that the PPlase activity of FKBP15-2 iquieed for its contribution to immunity

284  againstPhytophthora.
285  PcAvr3al2 Directly Suppresses the PPlase Activityf -KBP15-2

286 Based on our result that the PPlase activity of PKB-2 is essential for its contribution
287 to immunity, we investigated if the PPlase activiy affected by PcAvr3al2 in a
288  protease-coupleth vitro assay. All purified recombinant proteins in thé¥elase activity
289 assays were confirmed by SDS-PAGE and immunoblstgpglemental Figure 11C). The
290 PPlase activity of MBP-FKBP15-2 incubated with MBBAvr3al2, MBP-PcAvr3al4 and
291  rapamycin (a chemical inhibitor of PPlase), respebt, was detected as described before
292 (Hardinget al., 1989). Here, MBP-PcAvr3al4 and rapamycin werduss controls. In the
293  presence of PcAvr3al2 or rapamycin, the PPlaseitgabf MBP-FKBP15-2 was lower than
294 in the presence of PcAvr3al4 (Figure 6B), sugggdtiat the PPlase activity of FKBP15-2
295 was attenuated by binding to PcAvr3al2. We alsonexad whether PcAvr3al2 affects time
296 vivo stability of FKBP15-2. The FKBP15-2-GFP fusion was co-expressed with
297  FLAG-PcAvr3a or free mCherry in N. benthamiana leaves by agroinfiltration. The results
298  showed that the accumulation of SP- directed GFBHFEKS-2-NDEL was not significantly
299  different between thd-LAG-PcAwr3al2 co-expressing tissue anmdCherry co-expressing

300 tissue (Figure 6E).

301 FKBP15-2 is Involved in General UPR Induction and ER StresdMediated Plant

302  Immunity

303 The protein folding capacity of the ER have beemaiestrated to be crucial for rapid



304 and effective basal immune responses (Kagrner ,e2@L5). Our findings that FKBP15-2 was
305 identified to localize in the ER and shows PPlastevidy, prompted us to question whether
306 FKBP15-2 regulates ER stress to mediate its contributiomimunity againsfPhytophthora

307 spp. To test this, 5-day-old seedlings of Col-0 drefkbpl5-2 mutant were treated with ER
308  stress inducer/N-glycosylation inhibitor tunicamy¢irM) or dimethyl sulfoxide (DMSO) as
309 control. At 7 days post treatment, the fresh weafithe seedlings was measured. The results
310 showed around 50% reduction in fresh weight for TMetreated Col-0 seedlings compared
311 with that of the DMSO-treated seedlings. In contrasthefkbpl5-2 mutants, TM treatment
312 resulted in only about 17% biomass reduction coegpavith control seedlings (Figure 7C),

313  suggesting thatKBP15-2 might contribute to sensing of TM-induced ER sres

314 To further examine wheth&KBP15-2 contributes to ER stress sensing and subsequent
315  UPR regulation, 12-day-old Col-0 arfkbpl5-2 seedlings o were spray treated with TM and
316 the transcript levels of ER stress sensor gend$60 and bZIP28, and UPR marker gene
317  BiP3 were monitored by real-time quantitative RT-PCRe Tesults showed that the levels of
318  bZIP60, splicedbZIP60 (ER stress-activated form &ZIP60) and BiP3 were significantly
319 elevated in Col-0 by TM. However, the elevatiorb@fP60, splicedbZIP60 andBiP3 levels
320 were significantly attenuated in tlikbpl5-2 mutants at 6 hours post TM treatment (Figure
321 7A). Although bZIP28 was not clearly elevated by TM treatment, its tcaips level was
322 reduced in thékbpl5-2 mutants as compared to Col-0 (Figure 7A). Theselt®indicate that
323  FKBP15-2 contributes to general ER stress sensing and @BRation, although there was
324 no obvious elevation dFKBP15-2 transcripts in the TM-treated Col-0 (Supplemekigure
325 12B).

326 To investigate if the contribution &fKBP15-2 o immunity is related to its contribution
327 to ER stress and UPR regulation, we examined #mescript levels of ER stress sensor genes
328  bZIP60, bZIP28 andBiP3 during early biotrophic colonization By capsici. For this, leaves
329 of 4-week-old Col-0 andkbpl5-2 mutants were inoculated witR. capsici zoospores,
330 harvested at 0, 3, 6 and 12 hpi for quantitativePRR analyses. The results showed that the
331 levels ofbZIP60 andBiP3 in Col-0 were elevated at early infection stagesmfection byP.

332 capsici, while only slight elevation dbZIP28, if any, was observed. In contrast, the transcript
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levels ofbZIP60, bZIP28 andBiP3 in thefkbpl5-2 mutants upon infection by. capsici were
significantly attenuated during early infection déie 7B). In accordance with this, several
immunity-related genes were obviously induced updaction byP. capsici in the Col-0
plants, including/VPE (ER stress-mediated cell death geW#IRKY33 (UPR-mediated SAR
priming gene),EFR (ER-QC dependent pattern-recognition receptor) @GvEB81F2 (a P.
capsici resistance gene encodiag ER localized indole glucosinolate biosynthesizyene
gene; Wang et al., 2013) (Figure 7B). However, ha fkbpl5-2 mutant the elevations of
WRKY33, EFR and CYP81F2 were significantly reduced during early infectioampared
with Col-0, especially at 6 and 12 hpi) (Figure 7Bjmilarly, when 12-day-old-seedlings
were inoculated withP. parasitica, the expression levels of ER stress sendwtHP60 and
bzZIP28) and ER stress-mediated immunity gen@dPE, WRKY33 and EFR) were lower
during early infection infkbpl5-2 mutants than Col-0 (Supplemental Figure 12A). Thake
together, these results imply th&KBP15-2 contributes to ER stress-mediated plant

immunity.
DISCUSSION

Plant pathogens secrete effectors to interfere pliéimt immune response to promote
colonization (Jones and Dangl, 2006). PiAvr3a isvell-known RXLR effector fromP.
infestans that plays an essential role in pathogenesis @aa., 2010; Gilroy et al., 2011;
Chaparro-Garcia et al., 2015). Avr3a-family effestare among the few RXLR effectors that
are relatively well conserved across divePbgtophthora species and are highly expanded in
P. capsici (Bos, 2007), suggesting their importance in paginegis and that they may have
evolved specialized roles . capsici (Vega-Arreguin et al2014). Our results showed that
PcAvr3al?2 is highly upregulated during early infection angeessionin planta renders the
host plantA. thaliana more susceptible t®. capsici (Figure 1), supporting its role as a
virulence effector, consistent with the virulenoéerof Avr3a family effectors PiAvr3a (Bos
et al., 2010) and PsAvrlb (Dou et al., 2008). Intrast to PiAvr3a and PsAvrlb, respectively,
PcAvr3al2 cannot be recognized by R3a, nor suppiddsl-triggered cell death
(Supplemental Figure 1), suggesting it has evolaechore specialized role IR. capsici.

Accordingly, PcAvr3al2 was found to have a distimast target, AtFKBP15-2, that we found
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through Y2H screening and confirmation by Y2H, ®dnd BiFC assays (Figure 2 and
Figure 4C-G).

In plants, there are three PPlase families, inalgidiyclophilins (CYPs), FK506- and
rapamycin-binding proteins (FKPBs), and parvulihde (et al., 2004). Two plant CYPs,
ROC1 (Coaker et al., 2005) and GmCYP1 (Kong et28l15), were identified to be required
for activation of specific effectors through allest transition of peptidyl-prolyl bonds in the
effectors. In the case of PcAvr3al2, however, ther@o proline in the mature protein,

consistent with different mechanism of interacti@miween FKBP15-2 and PcAvr3al2.

FKBP family members are involved in diverse aspettsellular physiology including
hormone signaling, protein trafficking, transcrgetj plant growth and stress response (Harrar
et al., 2001; Romano et al., 2005). However, thecsic roles of many FKBPs in plants
remain unclear (Vasudevan et @015).AtFKBP65, a homolog oAtFKBP15-2, was recently
reported to be responsive Rseudomonas syringae infection and to be required for callose
accumulation (Pogorelko et.aR014). Our results showed tHakKBP15-2 is responsive to
Phytophthora infection (Figure 3A-B) and positively contributes plant resistance (Figure
3C-1). We have also detected peptidyl-protig-trans isomerase activity for FKBP15-2 in
protease-coupled assays (Figure 6A), as reportatsfortholog inV. faba (Luan et al., 1996).

In accordance with previous work (Lucke and Weiw2@l]11), mutating an essential residue
(FKBP15-2%*#) weakened its PPlase activity (Figure 6A). Furthathogenicity assays on
FKBP15-2°%** and FKBP15-2 complementation lines showed that the PPlase igctif
FKBP15-2 is important for its immunity-associateshdtion againsPhytophthora infection
(Figure 6C-D). Together with our result that PcAat2 directly suppresses PPlase activity of
FKBP15-2in vitro (Figure 6B), we conclude th&cAvr3al2 attenuates plant immunity by
suppressing PPlase activity of FKBP15-2.

Trans-cis isomerization activity mediated by PPlases areciatufor protein folding,
since the majority of proteins have prolyl resid@aakman and Hebert, 2013). It is
well-documented that proline isomerization is anslorocess and rate-limiting for protein
folding (Brandts et al., 1977; Lang et al., 198W%). addition, ER localized molecular

chaperones and foldases generally form complexenddulate protein modification and



391  folding, which is an important part of the UPR (dam et al., 2012). The ER-localized BiP
392 chaperones regulate UPR signaling after dissodafiom the ER stress sensor IRE1
393  (Bertolotti et al. 2000). BotiVfFKBP15 from V. faba and SCFKBP2 from Saccharomyces
394 cerevisiae are orthologs oAtFKBP15-2 and AtFKBP15-1. The VfFKBP15 gene was highly
395 up-regulated under heat shock stress (Luan etl@Pg) and theScFKBP2 was highly
396  up-regulated under treatment with ER stress indtiggcamycin (TM) (Partaledis & Berlin,
397 1993), implying that they have a key role in protdéolding. Different from these two
398 orthologs, there was no obvious induction AEFKBP15-2 in Col-0 under TM treatment
399  (Supplemental Figure 12B), implying a differenteabf AtFKBP15-2 in A. thaliana or,
400 alternatively, a post-transcriptional regulation AAFKBP15-2. In our study, thefkbpl5-2
401 mutants exhibited an insensitivity to TM treatme(figure 7C). Furthermore, the
402  TM-triggered induction of ER stress sensor geh&$R60, splicedbZIP60, andbZIP28) and
403 a UPR marker gen®iP3) were significantly reduced in tlikbpl5-2 mutants as compared to
404  Col-0 (Figure 7A). These results suggest #&aBP15-2 is (directly or indirectly) involved in
405 the transcription of ER stress sensdZl P60 andbZIP28, and subsequent UPR pathways.
406 FKBPs do not only help protein folding but also mlade signal transduction pathways by
407 changing the conformation of interacting proteiisarfar et al., 2001). Thus, further
408 identification of FKBP15-2-interacting proteins ifacilitate the elucidation of the
409 mechanisms by which FKBP15-2 affects transcripbbiR stress sensors and regulation of

410 the UPR pathways.

411 There is clear evidence that ER stress respondelagers to plant immunity in several
412 ways, including the processing of pattern recognitireceptors, the regulation of the
413  anti-microbial protein secretion, and priming of BAand ER stress-mediated cell death
414 (Wang et al., 2005; Li et al., 2009; Moreno et aD12; Qiang et al., 2012; Karner et al.,
415  2015). It was recently shown that GmBIPs were tadjeby P. sojae RXLR effector

416  PsAvh262, resulting in the attenuation of ER stressliated cell death (Jing et al., 2016),
417  which suggests that one way that microbes achiewgpatibility is through manipulation of
418 plant ER stress by effectors. In addition to aarali expression of ER stress sensing and UPR

419  marker genes (Figure 7B), mutants lacking the P8&Y2 target FKBP15-2 displayed an
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attenuated induction of two known ER stress-mediagtant immunity maker genelSFR and
WRKY33, during the early infection d?hytophthora (Figure 7B; Supplemental Figure 12A).
Further, ER stress-mediated cell death maker ¢g¢RE was attenuated ifkbpl5-2 mutants
during the early infection d®. parasitica (Supplemental Figure 12A) as was the expression of
secreted immunity-related protein genBRY andPDF1.2) (Supplemental Figure 6) and ER
-localizedP. capsici resistance gen€YP81F2 (Wang et al., 2013) (Figure 7B) fkbpl5-2
mutants at the earli. capsici infection. These results suggest tRaBP15-2 positively
contributes to plant resistance most likely by ipgrating in ER stress response pathways.
Future studies on silencing or knockout RfAvr3al2 in P. capsici may further confirm

whether this effector directly disturbs the hostRJP

Since the signal peptide of FKBP15-2 is essentiaité ER localization (Figure 4A and
Supplemental Figure 9), it is likely that the tratiosn of FKBP15-2 is completed at ER and
thus that mostly FKBP15-2 reaches the ER by theramslational pathway, which may
explain why PcAvr3al2 is not significantly enrichddy FKBP15-2 to ER during
co-expression (Figure 4B). Our subcellular locdiaa (Figure 4B) and BiFC (Figure 4C-G)
assays indicate that even lacking its signal pepsdme of the PcAvr3al2 expressed in plant
cells overlapped with FKBP15-2 in the ER in healggnt cells. The way PcAvr3al2 enters
the ER structures during high level over-expresdiorplant cells remains unclear. It is
possible that a fraction of FKBP15-2 is post-tratishally targeted to the ER, and that that
fraction is sufficient to bind to PcAvr3al2 andrgait into the ER. During natural infection,
effectors are thought to enter plant cells via sdarenation of endocytosis, which would
target them to the lumen of the endomembrane sysfienrm where they could undergo
retrograde trafficking to the ER. Currently, thartslocation route and subcellular localization
of Phytophthora effectors are difficult to be directly observedidyg infection (Wang et al.,
2017). However, our localization assays of FKBP1lasl PcAvr3al2 during infection
showed that both of them accumulated and co-lae@dlaround haustoria, further supporting
their interaction (Figure 5 and Supplemental Figli®y. Taken together, we propose that
during early infectionP. capsici secretes the RXLR effector PcAvr3al2 to target the

ER-localized PPlase FKBP15-2 around haustoria fgpr&ss plant immunity (Figure 8).



449  Targeting of FKBP15-2 seems to be especially relevar P. capsici infection due to its

450  participation in maintaining ER homeostasis.
451  MATERIAL AND METHODS
452  Plasmid Constructs

453 To create yeast-two-hybrid constructs, the codegians ofAtFKBP15-2, AtFKBP15-1,

454  PcAwr3al2, PcAvr3ald and PcFKBP35 without secreted signal peptide and ER retention
455  peptide, were cloned from Col-0 or LT263 cDNA andarted into pGADT7 and pGBKT7
456  with EcoRl and BamHI sites. To create bimolecular fluorescence complatation (BiFC)
457  constructs, the fusion fragments $®-VN-FKBP15-2-NDEL and SP-VN-FKBP15-1-KDEL
458  were obtained through overlapping PCR and insentedpDESTSYWYNE (Gehl et al. 2009)
459  with Spel and Sacl. The coding sequence BEAvr3al2 andPiAvr3a” without signal peptide
460 were inserted into pDEST-VYCE (Gehl et al. 2009) wittSpel and Xhol. To prepare
461  overexpression constructs, the full-lengthF&{BP15-2 was cloned from Col-O cDNA and
462 inserted into pKannibal (Wesley et al., 2001) viitoRl andBamHI sites, then inserted into
463 the binary vector pART27 (Gleave, 1992) at thblotl site. To create
464  eGFP/mCherry/7*myc-fusion plasmids, we firstly atoheGFP/mCherry/7*myc fragment
465 into pKannibal withXhol and EcoRI sites and inserted into pART27 Mobtl site. Mature
466 PcAvr3al2 and full-length FKBP15-2 coding sequewes inserted into previous modified
467 pART27 with EcoRI and Xbal sites to createGFP/mCHerry/7*myc-PcAvr3al2 and
468 GFP-SP-FKBP15-2-NDEL. For other plant expression constructs, including
469  SP-GFP/mCherry-FKBP15-2-NDEL, FLAG-PiAwr3a“ and FLAG-PcAw3al2 fusion
470  fragments were obtained from restriction enzymestign or overlapping PCR and replaced
471  previous plant expression vector wixmol and Xbal sites. To generate the RNA silencing
472  vector, a specific 250-bp fragment (61-310 bp) wlassen with no wrong-target effects and
473  inserted into pKannibal vector between til-EcoRI sites with sense orientation and the
474  Clal-Xbal sites with antisense orientation to compose aphai Finally, hairpin was
475  transferred into pART27 from this assembled pKaahthroughNotl site. To construct the
476  pFKBP15-2::GUS reporter vector, a 1097-bp promoter fragmentkBP15-2 was amplified

477  from Col-0 genomic DNA and inserted into the binargctor pMDC162 (Curtis and
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Grossniklaus, 2003) witKpnl and ASCI sites. We constructed otheFIgBP15-2 promoter
derived vectors by replacing GUS sequence W#BI and Sacl sites on this assembled GUS
vector, including PKBP15-2::FKBP15-2 and [FKBP15-2::FKBP15-2°% The plant
expression vector of ER-maker is obtained from ABRck number CD3-959) (Nelson et
al., 2007). To create prokaryotic expression vegtamodified pET21a with a MBP tag fused
at its N terminus was used. The coding fragmentskBP15-2, FKBP15-2°%* PcAvr3al2
and PcAvr3al4 without secretion and ER-retention signal pepgdeoding sequences were
inserted into previous modified pET21a-MBP wkhoRI| and Xhol sites. All these vectors

were verified by sequencing. All the previous updthers are listed in Supplemental Table 1.
Plant Materials and Growth Conditions

The FKBP15-2 T-DNA insertion line (SALK 113542) was obtainedrn the ABRC.
Homozygosity of T-DNA insertion mutants were comfed by PCR using primers FP
(GATTATGGCGAGCAAGATGAG), RP (ATCCCTCATCATCTTCATCCC)and BlLal
(TGGTTCACGTAGTGGGCCATCG). All transgenié. thaliana lines were generated by
floral dip method (Zhang et al., 2006) and screemedalf-strength Murashige and Skoog
(1/2 MS) plates with corresponding antibiotics.®lgrowing conditions foA. thaliana and

N. benthamiana were as previously described (Pan et al., 2016).
Yeast-Two-Hybrid Assay

The yeast-two-hybrid library screening and yeaso-hwbrid (Y2H) assays were
performed using the Matchmaker Two-Hybrid Systemr@tocol (Clontech). To screen the
yeast-two-hybrid library, the pGBKT7 vector coniam effector gene, acting as a bait, was
transformed into yeast strain Y187. Positive yetmtes were mated with AH109 containing
cDNA from P. parasitica infectedA. thaliana tissue, and then the diploids were plated on
SD/-Trp-Leu-His-Ade medium. We picked colonies fr@D/-Trp-Leu-His-Ade medium to
verify their sequence. For the Y2H assay, pGBKT@ pGADT7 vectors, each containing
selection gene, were co-transformed into the ys#&sin AH109. Transformations were
checked on SD/-Trp-Leu medium and interactions weoefirmed by the growth on

SD/-Trp-Leu-His medium adding with 2.5mM 3-amino-2, 4-triazole (3AT), gain of



506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

B-galactosidase activity{gal) or the growth on SD/-Trp-Leu-His-Ade medium.
Agroinfiltration and Confocal Laser Scanning Microscopy

Agrobacterium tumefaciens strain (GV3101) transformed with vector construaias
grown at 28°C for about 36 hours in LB medium vattpropriate antibioticsAgrobacterium
were pelleted, resuspended in infiltration buffeéd fnM MES, 10 mM MgCI2 and 200 uM
acetosyringone), adjusted to the required condsmirgODso0 approximate 0.1-0.3) and

infiltrated into 4- to 6-week-ol&ll. benthamiana leaves.

Confocal images were taken using an Olympus IX8%¥amal microscopy (Japan) and
infiltrated N. benthamiana leaves or stable transgemic thaliana leaves. GFP and Venus
expression was detected after excitation at 488varelength laser and their emissions were
collected between 500 nm to 540 nm. The fluorese@fienCherry was excited with 559 nm

wavelength laser to detected specific emissionsdsei 600 nm and 680 nm.
Co-immunoprecipitation Assays

Three days after agroinfiltratioN. benthamiana leaves were detached and ground with
liquid nitrogen by mortar and pestle. Proteins wex&acted with GTEN lysis buffer (10%
glycerol, 25 mM Tris pH 7.5, 1 mM EDTA, 150 mM NgGupplemented with 2% w/v PVPP,
10 mM DTT, l1xprotease inhibitor cocktail (Sigma)daf.1% Tween 20 (Sigma) and
precipitated by GFP-Trap agarose beads (Chromotekhti-FLAG M2 affinity Gel (Sigma)
as described (Win et al., 2011). Precipitates weashed at least five times by GTEN buffer
supplemented with 0.1% Tween 20. Fusion proteimnfrcrude extracts (input) and

precipitated proteins were detected by immunolidgtprotein-specific antibodies.
Protein Immunoblot Assays

Proteins were separated by sodium dodecyl sulgh@iacrylamide gel electrophoresis
(SDS—-PAGE) and transferred from the gel to a PVD#miorane (Roche) in transfer buffer
(25 mM Tris, 200 mM glycine and 20% methanol). Ttansferred membrane was blocked in
TBST (pH 7.2, TBS with 0.05% Tween 20) containir@d non-fat dry milk under gentle

shaking. The blocked membrane was incubated wigkiBp antibodies which was dissolved
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in TBSTM (TBST with 5% non-fat dry milk) at a rataf 1: 2000 and incubated atGwith
shaking at 50 rpm overnight, followed by three vessfil0 min each) with TBST. Next, the
membrane was incubated with a secondary antibodylicgg with HRP which was also
dissolved into TBSTM at a ratio of 1: 2000 at rotemperature for 1.5 hours under shaking.
There after the membrane was washed three timemifi@ach) with TBST, one time with
TBS, then incubated with ECL (#CWO0049S, ComWin) dbef photographing using a
molecular imager (ChemiD8¢ XRS+, Bio-Rad). The first antibodies used in our
experiments include anti-FLAG (#AEO005; ABclonal)ntaGFP (#AE012, ABclonal),
anti-myc (#AE010, ABclonal), and anti-HA (#HT301;0Iransgen). The second antibodies
include HRP Goat anti-Mouse IgG (H+L) antibody (#AS, ABclonal) and HRP goat
anti-rabbit IgG (H+L) antibody (#AS014, ABclonal).

P. parasitica and P. capsici Culture Conditions and Inoculation Assays

The culture and zoospore productionRofparasitica andP. capsici were conducted as
previously reported (Wang et al., 2011; Wang et2013). The culture medium for bokh
parasitica andP. capsici was 5% (v/v) cleared carrot juice (CA) medium eaming 0.002%
(w/v) B-sitosterol and 0.01% (w/v) CaGOrheP. capsici strain used in this study was LT263.

TheP. parasitica strain used in this study was Pp016.

For P. capsici inoculation assays, detachédthaliana leaves were inoculated on the
abaxial leaf surface with a 1L droplet containing ~8@. capsici zoosporesL . Leaf discs
(diameter 1 cm) from around the zoospore dropleggeveollected with a puncher from at
least eight leaves at 60 hpi for one sample in éiaeh Genomic DNA was extracted by the
CTAB method and the pathogen biomass was quantidiedeal-time PCR as previously
reported (Llorente et al., 2010). The results repnéed the proportion between pathogen and
plant genomic DNA and statistical significances evetetermined by one-way ANOVA
followed by Tukey's multiple comparison test. TRe parasitica inoculation assays were
performed similarly described as above exceptehah leaf was wounded by toothpicks and
inoculated with a 1QuL droplet with 200P. parasitica zoosporesuL™ at wound sitesP.
parasitica infected leaf discs were collected at 72 hpi. Equarasitica root inoculation, roots

of 14-day-old seedlings were dipped into a zoospaspension (200 sporgk) for 10 s and
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transferred to petri dishes containing half-strentturashige and Skoog (MS) medium
without sugar. The root tissues of about 24 segdlimere pooled together for one sample.
Pathogen biomass was quantitated by RT-PCR asilbesabove. All primers used can be

found in Supplemental Table S2. The data diagraers @wrawn by OriginPro.
Gene Expression Analyses

Total RNAs were extracted by using TRIzol (Invitemj reagent. For quantitative
real-time reverse transcription-PCR (RT-PCR), cDNas synthesized from 800 ng of total
RNA using PrimeScript! RT reagent Kit (TaKaRa). Real-time PCR reactionsrew
performed using pL template from a 1:20 dilution by SYBR Premix KRoche) according
to manufacturers’ instructions. The primers we ugegllisted in Supplemental Table 2. The
Ct values of genes were quantified using an iQ7-Reae Cycler (Life Technologies, USA).
Expression fold changes were calculated by th&“2method. Statistical significance was
determined by one-way ANOVA followed by Tukey's riple comparison test. The data

diagrams were drawn by OriginPro.
Recombinant Protein Expression and Purification

Constructs for production of recombinant MBP-GFBRPcAvr3al2, MBP-PcAvr3al4,
MBP-FKBP15-2 and MBP-FKBP15°2** proteins were introduced infe coli strain BL21
(DE3). Cultures were incubated for 8 hours with @M IPTG at 25-28C under shaking at
180 rpm after Okyo of 0.5-0.6 at 37TC. Cells were pelleted and resuspended with ice-col
lysis buffer (20 mM Hepes, 5 migtmercaptoethanol, 1 mM EDTA, 150 mM NaCl, pH 7.5)
containing 1xcocktail (Sigma). The resuspendedscelre sonicated and centrifuged at
20,00@ for 30 minutes at %C. Crude proteins were affinity purified by amyloaffinity
chromatography (NEB) and washed from the amylosi® i@lumn with wash buffer (20 mM
Hepes, 5 mM3-mercaptoethanol, 1 mM EDTA, 150 mM NacCl). Fusiantpins were eluted
with wash buffer containing 10 mM maltose and wasacentrated by centrifugation through
an ultrafiltration tube (Merck). After purificatiorthe purity of proteins was determined by

SDS-PAGE and immunoblotting.

Rotamase (PPlase) Activity Assays
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The rotamase activity of the recombinant FKBP15r2FEBP15-2%** proteins was
determined through the chymotrypsin coupled asgBigsding et al., 1989). The purified
recombinant proteins in assay buffer (40 mM HEP&ES815% Triton X-100, 150 mM NacCl,
pH 7.9) were mixed with 37.5L of 5.6 nM succinyl-Ala-Leu-Pro-Phe-paranitroadéi
(#S8511, Sigma), to generate a 2910mixture. That mixture was transferred into a dtee
before being placed in a UV/VIS spectrophotomete8’@. Each sample was pre-cooled at
8°C before measurement. The reactions were initidtgdadding 90uL of 50 mg/mL
chymotrypsin (#C3142, Sigma) and were monitoredniBasuring absorbance at 390 nm
every second for 5 min. The rapamycin, an inhib@bPPlases, was obtained from Sigma

(#Vv900930).
Accession numbers

Sequence data from this article can be found inAtabidopsis genome data library
(http://www.arabidopsis.org/), genome bank dateah (https://www.ncbi.nlm.nih.gov/) de.
capsicic genome data library (https://genome.jgi.doe.goydBhl/Phycall.home.html).
Accession numbers: At3g25220, AtFKBP15-1; At5g4858@FKBP15-2; PITG_ 14371,
PiAvr3d":  jgilPhycall|114071,  PcAvr3al2;  jgi|Phycall|113768PcAvr3al4;
jgilPhycal1|510076, PcFKBP35.
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FIGURES AND FIGURE LEGENDS

Figure 1. P. capsici RXLR Effector PcAvr3al2 is a Virulence Factor.

(A) Expression ofPcAvr3al2 at different infection stages was determined bgngtative
RT-PCR. Four-week-old leaves frol. thaliana Col-O were inoculated withP. capsici
zoospores. Total RNA was extracted from mycelia iafected leaves at 3, 6, 12, 24, 36, 48
and 60 hour post inoculation (hpB. capsici actin gene (Gene ID: jgi|Phycall1|132086) was
used as internal control. Error bars indicate saeshddeviation (SD) of three biological
replicates.

(B) Transgenic A. thaliana lines constitutively expressing-LAG-PcAvr3al2 showed



887

888

889

890

891

892

893

894

895

896

897

898

899

900

901

902

903

904

905

906

907

908

909

910

911

912

913

914

915

enhanced susceptibility 8 capsici infection. Image was taken at 60 hpi.

(C) P. capsici colonization at 60 hpi was determined by quamaPCR. Primers specific
for P. capsici actin gene and. thaliana UBC9 gene (Gene ID: AT4G27960) were used. Error
bars indicate SD of four biological replicates,wait least eight leaves per replicate.

(D) Immunoblotting using anti-FLAG antibody to detexftector protein expression. Two
independent transgenks. thaliana lines expressing-LAG-PcAvr3al2 and oneFLAG-GFP

expressingA. thaliana line were examined.

Figure 2. Identification of the Host Protein AtFKBP15-2 Interaction with P. capsici
RXLR Effector PcAvr3al2.
(A) Y2H assays showing that PcAvr3al2 specificallgratts with AtFKBP15-2. Yeast strain

AH109 co-expressing empty bait vector (BD) or haittor containind’cAvr3al2, PiAr3a"

or PcAwr3ald and empty prey vector (AD) or prey vector contagniAtFKBP15-2,

AtFKBP15-1 or PcFKBP35 were grown on auxotrophic media (SD/-Leu-Trp) wattout 18

cells (left panel). Only yeast cells co-expressiPgfivr3al2 and AtFKBP15-2 grew on
auxotrophic media (SD/-Leu-Trp-His) (middle panahd yieldedp-galactosidasep¢Gal)
activity (right panel), while other yeast cells dmbt. AAtFKBP15-2 andAAtFKBP15-1
represent specific protein constructs in whichgigamal peptide and the potential ER retention
signal were truncated, respectively. Three indepehdxperiments showed consistent results.
(B) Domain architectures of AtFKBP15-2 and AtFKBP15-1.

(C) The bait/prey swap experiments in Y2H assays ooefil that PcAvr3al2 specifically
interacts with AtFKBP15-2. Yeast cells co-expregditAvr3al2 with FKBP15-2 grew on
auxotrophic media (SD/-Leu-Trp-His-Ade), whereas thontrol pairs did not. Three
independent experiments showed consistent results.

(D) Co-immunoprecipitation assays showing that PcAl/23mteracts with AtFKBP15-2n
planta. Total native protein extracts (Input) from agfdirated leaves expressing the
indicated protein complexes precipitated with GHKFBRpT agarose beads (IP: GFP), were
separated on SDS-PAGE gels and blotted with sgeaiitibodies. For the input fraction a
similar amount of 7*myc-PcAvr3al2 with SP-GFP-FKBPA was used. In
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immunoprecipitation fractions, 7*myc-PcAvr3al2 wasly detected in the complex with
SP-GFP-FKBP15-2-NDEL but not with FLAG-GFP or threpty vector. Protein size markers
were indicated in kDa, and protein loading was datkd by ponceau staining. The

experiments were repeated twice with similar result

Figure 3. FKBP15-2 Positively Regulates A. thaliana Resistance to Phytophthora
pathogens.

(A-B) Expression oFKBP15-2 at different stages durirfg capsici or P. parasitica infection
was determined by quantitative RT-PCR. Four-weekieaves from Col-0 were inoculated
with P. capsici zoospores (A). Total RNA was extracted from ingelckeaves at 0, 3, 6, 12, 24,
36, 48 and 60 hpi. Two-week-old roots of Col-O wénéected with zoosporefom P.
parasitica (B). Total RNA was extracted from infected root9a6, 12, 24, 48 and 60 hpi.
thaliana UBC9 was used as internal control. Error bars indicai® of three biological
replicates.

(C) The expression dfKBP15-2 in the T-DNA insertion mutarfkbpl15-2 and the WT Col-0
as determined by real-time RT-PCR. Total RNA wasaeted from leaves of the 4-week-old
plant leaveslUBC9 was used as internal control. Error bars indi@&eof three biological
replicates.

(D, F) Detached leaf inoculation assays showing fikigd-15-2 is susceptible t®. capsici (D)
andP. parasitica (F). Image was taken at 60 hpi (D) and 72 hpi (F).

(E, G) P. capsici or P. paracitica colonization of infected leaves at 60 or 72 hpdatermined
by gPCR. Primers specific fd?. capsici actin geneP. parasitica UBC gene (Gene ID:
PPTG_08273) andh. thaliana UBC9 gene were used. Error bars indicate SD of three
biological replicates, with at least 8 leaves @plicate.

(H) P. capsici biomass in infected leaves of FKBP15-2-OE-19, FKBR-OE-24,
FKBP15-2-RNAI-8, FKBP15-2-RNAI-9 lines and Col-0 &0 hpi was determined by
real-time PCR. Error bars indicate SD of threedmatal replicates, with at least 8 leaves per
replicate.

() P. parasitica colonization of infectedA. thaliana roots. Total genomic DNA fronf.

parasitica infected roots was isolated at 48 hpi. Error badsicate SD of three biological



946  replicates, with 24 seedling roots per replicate.
947
948  Figure 4. P. capsici RXLR Effector PcAvr3al2 Associates with the Host Btein

949 FKBP15-2 at the Endoplasmic Reticulum.Proteins were expressed M benthamiana

950 leaves through agroinfiltration witigrobacterium tumefaciens cell suspension at Q)

951 value of 0.3. Fluorescence was observed by confeomlroscopy at 48 hour post
952  agroinfiltration in N. benthamiana epidermal cells. Fluorescence plots show the ivelat
953  fluorescence along the dotted line in the images.

954 (A) SP-GFP-FKBP15-2-NDEL fluorescence overlaps withrtiCherry labeled ER-marker at
955 the peri-nuclear ER (upper panel) and the ER ndét\ifower panel). Scale bar, 20 um.

956 (B) SP-mCherry-FKBP15-2-NDEL fluorescence partialljedaps with GFP-PcAvr3al2 at
957 the peri-nuclear ER (upper panel) and the ER nétvlmwer panel). In the lower panel,

958  agroinfiltration with Agrobacterium tumefaciens cell suspension at Q) value of 0.1. Scale

959  bar, 20 pm.
960 (C-E) The association of PcAvr3al2 and FKBP15-2 in bvicells was detected by

961 bimolecular fluorescence complementation (BiFC)e Thterminus of Venus (VC) was fused

962 to the N-terminus of PcAvr3al2 and PiAv'Féz@mature protein with signal peptide deleted)

963 and the N-terminus of Venus (VN) was fused betw#®sn secretory signal peptide and
964 FKBP15-2-NDEL or FKBP15-1-KNEL. Co-expression of -SR-FKBP15-2-NDEL and
965 VC-PcAvr3al?2 resulted in specific fluorescence etected by confocal microscopy (C), in
966  contrast to two control combinations (D-E). Scade, dOum. Three independent experiments
967 showed similar results.

968 (F) Enlarged image shows a representative fluorescerell expressing
969  SP-VN-FKBP15-2-NDEL and VC-PcAvr3al3cale bar, 20pm.

970 (G) A quantitative statistical analysis for the averagumber of fluorescent cells per
971  observable field using 20x magnification and ideaitisettings for each of the replicates.
972  Significantly more fluorescent cells were observeéfP-VN-FKBP15-2-NDEL and
973  VC-PcAvr3al2 co-expression as compared to control combinatjprns 0.001, t test, n = 12

974 fields of view for each couple).
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Figure 5. P. capsici Effector PcAvr3al2 and Host Protein FKBP15-2 Accumlate Around
Haustoria During Phytophthora Infection. Each construct was expressedNirbenthamiana
leaves through agroinfiltration withgrobacterium tumefaciens cell suspension (Ofg, of 0.2

to 0.3). Infiltrated leaves were inoculated wRhcapsici or GFP-expressing. parasitica
zoospores at 24 hour post agroinfiltration. Fluceese was observed by confocal
microscopy at 60 hour post agroinfiltration. GFFl anCherry signals are indicated in green
and red, respectively. White arrows indicBt®/tophthora haustoria. The fluorescence plots
show the relative fluorescence along the dotteel iimthe images. Scale bars, 10 um. Three
independent biological replicates showed similaults.

(A) Fluorescence of SP-mCherry-FKBP15-2-NDEL indicatess accumulation around
haustoria during infection by GFP-labeledparasitica.

(B) Fluorescence of ER-marker indicates the ER-emUdrdistoria during infection by
GFP-labeled. parasitica.

(C) Fluorescence ainCherry-PcAvr3al2 indicates its accumulation arobadstoria during
infection by GFP-labeleB. parasitica.

(D) GFP-PcAvr3al2 and SP-mCherry-FKBP15-2-NDEL codiaed around haustoria
following inoculation withP. capsici.

(E) Localization of GFP-PcAvr3al2 and mCherry-PiAviblaround haustoria following

infection withP. capsici.

Figure 6. PPlase Activity of FKBP15-2 is Required dr Its Immune Function to
Phytophthora.
(A) PPlase activity of FKBP15-2 and FKBPl%%sf. The recombinant proteins MBP-GFP,

MBP-AFKBP15-2 and MBRAFKBP15-2* were expressed and purified frdncoli. The

“A” indicated specific protein constructs in whichetkignal peptide and the potential ER
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retention signal were truncated. PPlase activitiese analyzed by chymotrypsin-coupled
assay using succinyl-Ala-Leu-Pro-Phe-p-nitroanilidesubstrate at’8. A faster absorbance
peak at 390 nm is indicative for higher PPlasevdgti The final concentration of each
purified protein in the mix was 1@M. The MBP-GFP was used as a control. Three
independent replicates showed similar results.

(B) PPlase activity assay for MBM-KBP15-2, combined with PcAvr3al4, rapamycin or
PcAvr3al2. The recombinant proteins MBP-FKBP15-2, BRMPcAvr3al2 and
MBP-PcAvr3al4 were expressed and purified fr&ncoli. Rapamycin is a chemical
suppressor of PPlases. MBP-PcAvr3al4 and rapanwene used as controls. The final
concentration of each purified protein in the mimcluding MBP-FKBP15-2,
MBP-PcAvr3al2 and MBP-PcAvr3al4, was 1. PPlase activity was analyzed by
chymotrypsin-coupled assay using succinyl-Ala-Le&a-Phe-p-nitroanilide as substrate at 8
°C. A faster absorbance peak at 390 nm is indicafivehigher PPlase activity. Three
independent experiments showed similar results.

(C) Detached leaves oFKBP15-2 mutant complementation lines (CRY) showing
enhanced susceptibility to infection Bycapsici zoospores. Representative image was taken
at 60 hpi.

(D) P. capsici biomass in infected leaves of ColfKBP15-2 complementation lines (CM)
and its mutant complementation lines (E¥f) at 60 hpi, as determined by gPCR. Error bars
indicate SD from three biological replicates.

(E) Protein stability of FKBP15-2, co-expressed wittA#3al2 or mCherry, were analyzed
by immunoblotting. The SP-GFP-FKBP15-2-NDEL was eogressed  with
FLAG-PcAvr3al2 or mCherry irN. benthamiana leaves through agroinfiltration. Total
proteins were extracted from infiltrated leaveslaP and 3 day/s post agroinfiltration. The
SP-GFP-FKBP15-2-NDEL and FLAG-PcAvr3al2 were detdby immunoblotting using
anti GFP- and FLAG-antibodies, respectively. Poocstining of the membrane to show
equal loading.

Figure 7. FKBP15-2 is Involved in UPR and ER stress-Mediated Plant Immunity to
Phytophthora.
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(A) The dynamic expressions loZl P60, bZIP28, BiP3 and splicedZIP60 were measured by
real-time RT-PCR. 10-day-old seedlings of WT Cadufid fkbpl5-2 mutants were sprayed
with TM (5 ug/mL). The total RNA was extracted from seedling,a3, 6 and 12 hours post
treatment.UBC9 was used as plant reference gene. Error barsatediED from three
biological replicates. Asterisks indicate significaifferences (P < 0.05).

(B) Expression levels obZIP60, bzZIP28, yVPE, WRKY33, CYP81F2 and EFR were
determined by real-time RT-PCR. Detached leavabhe#-week-old plants of WT Col-0 and
fkbp15-2 mutants were inoculated with capsici zoospores. Total RNA was extracted from
leaves at 0, 3, 6 and 12 hpiBC9 was used as plant reference gene. Error barsaited®D of
three biological replicates. Asterisks indicatengfigant differences (P < 0.05).

(C) Fresh weight ofkbpl15-2 and Col-0 under TM-triggered ER stress. 4-daywfd Col-0
and fkbp15-2 mutant seedlings were grown in liquid medium withl (50 ng/ml), using
DMSO as a negative control. Seedling fresh weighs determined at 7 days post treatment.
For each sample, at least 12 seedlings were udede Tindependent experiments showed
similar results. Error bars indicate SD from twebeedlings. Asterisks indicate significant

differences (P < 0.01).

Figure 8. A Schematic Model of the Role of FKBP15-Zand PcAvr3al2 in Plant
Immunity to Phytophthora.

P. capsici develops haustoria to secrete and deliver effectocluding PcAvr3al2, into host
cells to manipulate host cell function. Plant ERalized PPlase, FKBP15-2, accumulates and
embraces around haustoria. FKBP15-2 is directhyetad and inhibited by PcAvr3al2 around
haustoria.Phytophthora infection activates an ER stress response and tEeRssmediated
immunity in plants. T-DNA insertion mutarfkbpl5-2 shows significant attenuation of
bZIP60 andbzIP28 expression and of multiple ER-processed immunegée.gyVPE, EFR,
WRKY33 andPR1). Based on these results, we proposeRhedpsici-secreted RXLR effector
PcAvr3al2 circumvents plant immunity by targetingl asuppressing a novel ER -localized
immune protein, FKBP15-2, which positively regutatgant resistance through participating
in ER stress-mediated plant immunity. CW, cell w&lM, plasma membrane; H, haustoria,

ER, endoplasmic reticulum.
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