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ABSTRACT

Plants recycle non-activated immune receptors to maintain a functional immune system. The Arabidopsis
immune receptor kinase FLAGELLIN-SENSING 2 (FLS2) recognizes bacterial flagellin. However, the molec-
ular mechanisms by which non-activated FLS2 and other non-activated plant PRRs are recycled remain not
well understood. Here, we provide evidence showing that Arabidopsis orosomucoid (ORM) proteins, which
have been known to be negative regulators of sphingolipid biosynthesis, act as selective autophagy recep-
tors to mediate the degradation of FLS2. Arabidopsis plants overexpressing ORM1 or ORM2 have undetect-
able or greatly diminished FLS2 accumulation, nearly lack FLS2 signaling, and are more susceptible to the
bacterial pathogen Pseudomonas syringae. On the other hand, ORM1/2 RNAI plants and orm1 or orm2
mutants generated by the CRISPR/Cas9-mediated gene editing have increased FLS2 accumulation and
enhanced FLS2 signaling, and are more resistant to P. syringae. ORM proteins interact with FLS2 and
the autophagy-related protein ATGS8. Interestingly, overexpression of ORM1 or ORM2 in autophagy-
defective mutants showed FLS2 abundance that is comparable to that in wild-type plants. Moreover,
FLS2 levels were not decreased in Arabidopsis plants overexpressing ORM1/2 derivatives that do not
interact with ATG8. Taken together, these results suggest that selective autophagy functions in maintaining
the homeostasis of a plant immune receptor and that beyond sphingolipid metabolic regulation ORM pro-
teins can also act as selective autophagy receptors.
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(Robatzek et al.,, 2006). Attenuation of FLS2 activation
occurs upon recruitment of the U-box ubiquitin ligases PUB12
and PUB13 to the FLS2 complex. PUB12 and PUB13
polyubiquitinate FLS2, promoting FLS2 degradation, leading to
turnover of activated FLS2 (Lu et al., 2011). To maintain
functional and stable levels of FLS2 at the cell surface, non-
activated FLS2 (not bound to its flagellin ligand) is constitutively
recycled via endosomal trafficking, a process that is distinct
from endosomal trafficking of activated FLS2 (Beck et al.,
2012). The molecular mechanisms by which non-activated

INTRODUCTION

Plants are in constant contact with both pathogenic and bene-
ficial microorganisms. Cell surface immune pattern-recognition
receptors (PRRs) detect the presence of invading mi-
crobes by recognizing conserved microbial molecules known
as pathogen- or microbe-associated molecular patterns
(PAMPs/MAMPSs) (Couto and Zipfel, 2016). The perception of
PAMPs by PRRs leads to pattern-triggered immunity, which
can restrict pathogen ingress. Arabidopsis PRR FLAGELLIN-
SENSING 2 (FLS2) recognizes bacterial flagellin (or its epitope
flg22) (Couto and Zipfel, 2016). Flagellin-bound FLS2 becomes

activated and is endocytosed into the plant cell, a process
that is thought to be coupled with activation of FLS2 signaling
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FLS2 and other non-activated plant PRRs are recycled remain
not well understood.

Orosomucoid (ORM) proteins, known negative regulators of
sphingolipid biosynthesis, suppress the activity of serine palmi-
toyltransferase (SPT), the first and rate-limiting enzyme in the
sphingolipid synthesis pathway (Breslow et al., 2010; Han et al.,
2010). In Arabidopsis, ORM proteins encoded by two genes,
ORM1 (At1g01230) and ORM2 (At5g42000), were recently
shown to localize to the endoplasmic reticulum (ER) and
other subcellular locations, including the cytosol, to control
sphingolipid homeostasis (Kimberlin et al., 2013, 2016; Li et al.,
2016). Overexpression of ORMs can inhibit SPT activity without
affecting sphingolipid accumulation in Arabidopsis. Recently, it
was reported that an Arabidopsis orm1 ORM2 RNAi knockdown
plant (lacking ORM1 with reduced amounts of ORM2) showed
increased sensitivity to oxidative stress. Interestingly, orm1
ORM2 RNAI plants displayed significantly increased resistance
against the bacterial pathogen Pseudomonas syringae (Li et al.,
2016), but the mechanism by which ORMs increase such
resistance is not known.

ORM genes also affect mammalian immune responses through
different mechanisms. Downregulation of human orosomucoid-
like 1 (ORMDL1) decreases the abundance of non-activated Toll-
like receptor 4 (TLR4), while knockdown of ORMDL2 increases lip-
opolysaccharide-induced internalization of TLR4 from the plasma
membrane into endosomes (Koberlin et al., 2015). It is generally
believed that altered membrane lipid composition is responsible
for ORMDL1/2-mediated TLR4 signaling and trafficking. Dysregu-
lation of the ORMDL3 gene is associated with several autoimmune
diseases, including asthma and type 1 diabetes (Das et al., 2017).
Recent studies have shown that ORMDL3-mediated expression of
autophagy-related genes, as well as overexpression of ORMDLS,
induce autophagy and suppress B lymphocyte development (Ma
et al., 2015; Dang et al., 2017). Thus, human ORMDLs regulate
diverse immune responses through sphingolipid-dependent and
autophagy-dependent signaling pathways.

Autophagy is a major cellular degradation process by which
distinct cytoplasmic components are sequestered and trans-
ported into vacuoles in plants (lysosomes in animals) for break-
down and eventual recycling (Wong and Maclachlan, 1980;
Farre and Subramani, 2016; Michaeli et al., 2016; Marshall and
Vierstra, 2018). This catabolic process is conserved in all
eukaryotes, and a core set of autophagy-related (ATG) proteins,
which cooperate in forming and regulating autophagic machinery,
has been identified. Autophagy was initially considered to be a
non-specific self-consumption process induced by nutrient star-
vation. However, it is now clear that autophagy can regulate
cellular homeostasis by selectively degrading specific cargo
materials. The specificity of cargo is determined by selective auto-
phagy receptors, which function as sorting adaptors that recruit
selected cargo into double-membrane compartments known as
autophagosomes, through their ability to interact with ATG8 pro-
teins (Stolz et al., 2014). Specific interactions between selective
autophagy receptors and ATG8 require the ATG8-interacting
motif (AIM), a short motif within the selective autophagy receptor.

In this study, we show that Arabidopsis ORM1 and ORM2 modu-
late plant immunity by regulating FLS2 protein accumulation.

114  Molecular Plant 12, 113-123, January 2019 © The Author 2018.

Immune Receptor Degraded by Selective Autophagy

RNAi-mediated downregulation of ORM expression and muta-
tions in ORM1 or ORM2 specifically enhance FLS2-dependent
immune responses and increase the abundance of FLS2.
Conversely, overexpression of ORMs causes FLS2 degradation
and abrogates FLS2-dependent signaling. We found that ORMs
possess AlMs that are required for each ORM to interact with
ATGS8 and that each ORM binds to FLS2. Our findings suggest
that ORMs function as selective autophagy receptors for FLS2
cargo and suggest a broader role for ORM proteins beyond
sphingolipid metabolic regulation.

RESULTS

ORMs Specifically Affect FLS2 Signaling

To determine whether ORM proteins contribute to plant immunity,
we inoculated the bacterial pathogen P. syringae pv. tomato (Pto)
DC3000 on wild-type Arabidopsis thaliana ecotype Columbia
(Col-0) plants, Col-0 ORM RNA-silenced (ORM RNAI) lines, and
Col-0 plants that overexpress ORM1 or ORM2 (Kimberlin et al.,
2016) (Supplemental Figure 1A and 1B). The latter plants
exhibited more severe disease symptoms and increased
bacterial colonization compared with wild-type plants (Figure 1A
and 1B). In contrast, the Arabidopsis ORM1 and ORM2 RNAI
plants (with greatly reduced levels of ORM1 and ORM2 RNA,
respectively) exhibited milder disease symptoms and reduced
bacterial colonization (Figure 1A and 1B). In planta growth of non-
pathogenic Pto DC3000 AhrcC was promoted in plants
overexpressing ORM1 or ORM2, but restricted in both ORM
RNAi lines (Supplemental Figure 1C). To elucidate how ORM
proteins enhance pathogen growth and promote disease, we
evaluated immunity in ORM RNAi and ORM-overexpressing
plants. FLS2 is a well-studied Arabidopsis PRR that contributes
to immunity to P. syringae (Kunze et al., 2004). ORM RNAI plants
treated with flg22, an immunogenic epitope of flagellin,
accumulated more callose deposits and produced more reactive
oxygen species (ROS) than wild-type Arabidopsis, whereas lower
levels of both were detected in plants overexpressing ORM1 or
ORM2 (Figure 1C and 1D; Supplemental Figure 2A). Additionally,
the expression of flg22-induced immunity-related genes was
increased in ORM RNAI plants but greatly inhibited in plants
overexpressing ORM1 or ORM2 (Figure 1E). The inhibition of
immunity in plants overexpressing ORM proteins appeared to be
specific to FLS2 because other PAMP-induced immune responses
were unaffected (Supplemental Figure 2B and 2D), suggesting that
ORMs negatively regulate FLS2 signaling, but not other PRR
signaling pathways, and promote P. syringae pathogenesis.

Overexpression of ORMs Diminishes FLS2
Accumulation

FLS2 immune signaling is coupled with internalization of FLS2 from
the plasma membrane into endosomes upon flagellin or flg22 bind-
ing (Robatzek et al., 2006). To determine whether ORM proteins
affect FLS2 internalization, we transformed an Arabidopsis line
expressing GFP-tagged FLS2 (Robatzek et al., 2006) with genes
encoding ORM1-HA (hemagglutinin tag) or ORM2-HA. Prior to
flg22 treatment, we found uniform GFP signal at the cell surface
or in the cytoplasm of epidermal cells in control plants and
plants overexpressing ORM1-HA or ORM2-HA (Figure 2A). After
treatment, FLS2-GFP internalization was observed in the control
plants but not in the ORM1/2-HA overexpression lines, which
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Figure 1. ORM Proteins Affect Plant Suscep-
tibility to Pseudomonas syringae and FLS2
Signaling.

(A) P. syringae pathogenicity assays on wild-type
A. thaliana Col-0 (WT), transgenic plants over-
expressing ORM1 or ORM2, and ORM1 or ORM2
RNAi knock-down lines. Plants were infiltrated with
P. syringae tomato DC3000 (Pto DC3000). Bacterial
growth was determined 3 days after spray inocu-
lation. Values are shown as mean + SE. n = 4 bio-
logical replicates; experiments were repeated three
times with similar results.

(B) Disease symptom production after 4 days in
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plants depicted in (A).

(C) Quantification of callose deposits. Values are
mean + SE (n = 18).

(D) Reactive oxygen species (ROS) production
(RLU, relative luminescence unit; n = 12) in WT and
ORM transgenic plants treated with 1 uM flg22 or
water as a mock control. Experiments were
repeated three times.

(E) Flg22-induced gene expression in WT and
ORM transgenic plants. Leaves infiltrated with
1 uM flg22 were sampled at 0 and 6 h post treat-
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exhibited a diffuse GFP signal along the plasma membrane and/or
cytosol. We next analyzed levels of FLS2-GFP in these plants
without flg22 treatment and found free GFP, but not full-length
FLS2-GFP, in plants overexpressing ORM proteins (Figure 2B).
This finding suggests that the GFP signal observed in FLS2-GFP
ORM1/2-HA plants (Figure 2A) was due to GFP, not to FLS2-
GFP. To further investigate the apparent reduction of FLS2 levels,
we made transgenic Arabidopsis plants expressing ORM1-HA or
ORM2-HA under the control of the constitutive CaMV 35S pro-
moter. Native FLS2 accumulation was greatly reduced in indepen-
dent lines overexpressing ORM1/2-HA (Figure 2C). These plant
lines also lacked FLS2 signaling, based on greatly reduced
callose deposition and ROS production after flg22 treatment
(Supplemental Figure 3A and 3B). To confirm this result, we also
generated transgenic Arabidopsis Col-0 lines expressing either
ORM1-HA or ORM2-HA under the control of an estradiol-
inducible promoter. Plants expressing ORM1-HA or ORM2-HA
that had been treated with estradiol had reduced amounts of
FLS2 (Figure 2D) and produced less ROS after flg22 treatment
(Supplemental Figure 3C).

We next sought to determine the abundance of FLS2 in Arabidop-
sis ORM RNAi plants and found slightly higher FLS2 protein levels
in these plants compared with wild-type plants (Figure 2E).
Importantly, FLS2 RNA levels were not significantly different in
ORM overexpression, ORM RNAi, and wild-type Arabidopsis
plants (Supplemental Figure 3D), indicating that the differences in
FLS2 protein levels were not due to FLS2 transcription levels. To
further validate these observations, we mutated the Arabidopsis

WRKY29 2

ment, and gene expression was measured using
gRT-PCR. Values are mean + SE, n = 3 technical
replicates.

Experiments were repeated three times with
similar results. Different letters in the graphs indi-
cate statistical significance between treatments
(one-way ANOVA with Tukey’s test; P < 0.01).
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ORMs using the CRISPR/Cas9 approach. Like ORM RNAiI
plants, the CRISPR orm1 and orm2 mutants accumulated more
FLS2 and exhibited enhanced flg22-triggered ROS production
compared with wild-type plants (Figure 2F and Supplemental
Figure 3E-3G). The CRISPR orm mutants proved to be more
resistant than the ORM RNAI lines against Pto DC3000 infection,
likely because the orm mutants have slightly higher amounts of
FLS2 than the ORM RNAI lines (Supplemental Figure 3H). We
were unable to isolate a CRISPR orm1 orm2 double mutant,
suggesting that such a mutant is lethal. Collectively, these results
indicate that ORM proteins can reduce FLS2 protein levels.

To determine whether the differences in Pto DC3000 pathoge-
nicity observed in Arabidopsis plants overexpressing ORM1/2
and in RNAI lines with diminished levels of ORM1/2 RNA were
due to FLS2 activation, we inoculated these plants with a Pto
DC3000 AfliC mutant that lacks flagellin and, therefore, does
not trigger FLS2 signaling. Importantly, the growth of the Pto
DC3000 AfliC mutant on these plants and the disease symptoms
produced were similar to those observed on wild-type Arabidop-
sis (Figure 2G). This suggests that the observed ORM1/2-
dependent differences in Pto DC3000 pathogenicity (Figure 1A
and 1B) were due primarily to FLS2-induced plant immunity.

ORM-Dependent Reduction in FLS2 Levels Is
Dependent on FLS2 Internalization

Transient expression of FLS2-GFP with ORM1-HA or ORM2-HA
in Nicotiana benthamiana also resulted in reduced amounts of
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Figure 2. ORM Expression Levels Are Important for FLS2 Protein Accumulation.

(A) Confocal microscopy of 3-week-old A. thaliana Col-0 (FLS2p::FLS2-3xmyc-GFP) plants expressing ORM1-HA (line #2) or ORM2-HA (line #5) treated
with water (mock), 10 uM inactive flg22*t, or 10 uM flg22 for 40 min prior to imaging. Scale bars, 10 um.

(B) Immunoblot analysis of FLS2-GFP and free GFP in plant lines expressing ORM1-HA or ORM2-HA.

(C) Immunoblot analysis of endogenous FLS2 in wild-type (WT) Arabidopsis Col-0 and independent Col-0 lines overexpressing ORM1-HA or ORM2-HA.
(D) Immunoblot analysis of endogenous FLS2 in Arabidopsis expressing ORM1-HA or ORM2-HA under the control of an estradiol-inducible promoter.
(E) Immunoblot analysis of endogenous FLS2 in WT and ORM RNAi plants. In (D) and (E), An fls2 mutant lacking FLS2 was added as a control.

(F) Immunobilot analysis of endogenous FLS2 in the orm mutants and WT plants. Numbers underneath immunoblot lanes represent FLS2 abundance
relative to the amount of FLS2 in WT plants.

(G) Pathogenicity assays on wild-type (WT) Arabidopsis, plants that overexpress ORM proteins, and RNAI lines that express low amounts of ORM RNA
using a Pto DC3000 f/iC mutant that lacks flagellin.

EV, empty vector. In (B) to (F), Ponceau staining (PS) blots served as a loading control. The experiments were repeated three times with similar results.

FLS2-GFP and free GFP compared with control plants express-
ing only FLS2-GFP (Supplemental Figure 4A). We next tested
whether FLS2 site-specific mutants defective in either kinase
activity (FLS2kgosm) (Asai et al., 2002), ability to be ubiquitinated
(FLS2p1076a) (Salomon and Robatzek, 2006), or ability to be
internalized (FLS2+tgg7y) (Robatzek et al., 2006) still showed
reduced FLS2 levels when co-expressed with ORM1-HA or
ORM2-HA. Notably, levels of FLS2xggem and FLS2pig76a, but
not FLS2+gs7y, Were reduced in the presence of ORM proteins
(Supplemental Figure 4B), suggesting that FLS2 internalization,
but not its kinase activity or its ability to be ubiquitinated, is
required for the ORM-dependent reduction of FLS2 levels.

To evaluate the specificity of ORM-dependent reduction in FLS2
levels, we investigated whether ORM1/2 could promote the
reduction in levels of other immunity-related proteins, including
members of the FLS2 complex and other PRRs (Couto and
Zipfel, 2016). We found that BAK1, BIK1, EFR, and LORET1 all
accumulated normally when co-expressed with ORM1-HA or
ORM2-HA in N. benthamiana (Supplemental Figure 5A).
Additionally, two receptor kinases from the FLS2 subfamily
(LRR-RK XIlI) possessing the highest (encoded by AT2G24130)
and lowest (encoded by AT3G47090) sequence similarity with
FLS2 accumulated to normal levels in the presence of ORM1-
HA or ORM2-HA (Supplemental Figure 5B). These data suggest

116  Molecular Plant 12, 113-123, January 2019 © The Author 2018.

that ORM1/2 specifically promotes reduction of FLS2 levels but
does not affect accumulation of functionally or phylogenetically
related immune proteins.

ORM-Dependent Reduction in FLS2 Accumulation Is
Not Due to Sphingolipids

Next, we sought to understand the mechanisms by which ORMs
cause the reduction of FLS2 protein levels. Recently, it was re-
ported that orm7 T-DNA mutant and ORM2 RNAi knockdown
lines accumulated similar levels of sphingolipids compared with
wild-type plants (Li et al., 2016). Consistent with this report, we
found no significant quantitative differences in individual
sphingolipid species between wild-type Arabidopsis, ORM
overexpression, or ORM RNAI plants (Kimberlin et al., 2016). To
look more closely at the relationship between ORMs and
sphingolipids, we took a complementary approach, focusing on
the Arabidopsis SPT enzyme, which catalyzes the first and rate-
limiting enzymatic reaction in the sphingolipid biosynthesis
pathway and is inhibited by ORMs (Kimberlin et al., 2016). We
reasoned that if differences in sphingolipids caused the ORM-
dependent reduction of FLS2 levels, then inactivation of SPT
may also promote the reduction of FLS2 protein levels.
Therefore, we inhibited SPT through use of its inhibitor, myriocin
(Spassieva et al., 2002; Saucedo-Garcia et al., 2011), or through
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EV, empty vector. Experiments were performed three times with similar results.

RNA silencing of its small subunit positive regulator ssSPTa—
both of which are techniques that should mimic the functional
consequences of ORM overexpression on sphingolipid
biosynthesis (Kimberlin et al., 2013). We found that myriocin
application did not affect FLS2 protein abundance or flg22-
induced ROS production, despite the fact that it inhibited
isotope-labeled sphingolipid biosynthesis in Arabidopsis suspen-
sion cultured cells from the same culture (Supplemental
Figure 6A-6D).

FLS2 abundance was also not altered in the ssSPTa RNAI plants
or ssSPTa overexpression plants compared with wild-type plants
(Supplemental Figure 6E). To further test whether sphingolipid
biosynthesis was responsible for the reduction of FLS2 levels
by ORMs, we tested LOH2 overexpressing plants, which have
been reported to accumulate increased levels of LCBs and C16
fatty acids (Luttgeharm et al., 2015). We also tested sphingoid
base hydroxylase (sbh)1 and sbh2 knockout mutants, because
both SBH1 and SBH2 function downstream of SPT and are
known to produce increased sphingolipid levels (Chen et al.,
2008). We detected comparable levels of FLS2 in LOH2
overexpressing lines, sbh1 and sbh2 mutants, and wild-type
plants (Supplemental Figure 6E). Finally, we further evaluated
ssSPTa RNAi and ssSPTa overexpression plants by
determining the extent to which they were susceptible to Pto
DC3000. We found these plants to be similar to wild-type
Arabidopsis in susceptibility to Pto DC3000 (Supplemental
Figure 6F). Taking these results together, we found no evidence
that the FLS2-related phenotypes we observed for ORM

overexpression lines, ORM RNAi plants, and CRISPR orm
mutants were due to changes in sphingolipid homeostasis.

ORMs Interact with ATG8 and FLS2

In searching for a molecular mechanism that could explain the
ORM-dependent reduction in FLS2 levels, we considered
selective autophagy, a major cellular degradation system that
sequesters and transports specific substrates into vacuoles for
degradation (Farre and Subramani, 2016; Marshall and Vierstra,
2018). Recent studies found that GFP-tagged cargoes of plant se-
lective autophagy are cleaved in the vacuole, releasing stable free
GFP moieties (Li et al., 2014; Marshall et al., 2015), reminiscent of
our observation for FLS2-GFP (Figure 2B and Supplemental
Figure 4A). The specificity of substrates of selective autophagy is
determined by selective autophagy receptors, which recruit
cargoes into autophagosomes through their ability to interact
with ATG8 proteins (Stolz et al., 2014). We found that ORM1 and
ORM2 contain putative AIMs and therefore may be selective
autophagy receptors (Figure 3A). ORM1 has a putative AIM with
the consensus sequence WXXV at its N terminus, while ORM2
contains an N-terminal AIM (WXXV) and a C-terminal AIM (FXXV).

The nine ATG8 genes in Arabidopsis are divided into four groups
based on phylogenetic relationships (Marshall et al., 2015). In
yeast two-hybrid assays using one member from each ATG8
group, ORM1 and ORM2 interacted with all ATG8s tested
(ATG8a, ATG8d, ATG8e, and ATGSI) (Figure 3B). Furthermore, we
found that GFP-tagged ATG8a, ATG8d, ATG8e, and ATGSi

Molecular Plant 12, 113-123, January 2019 © The Author 2018. 117
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immunoprecipitated with ORM1-HA or ORM2-HA when transiently
co-expressed in N. benthamiana (Supplemental Figure 7A and 7B).
To determine whether AIMs were required for ORM1 and ORM2 to
interact with ATG8, we constructed two ORM1 AIM mutants:
ORM1,35.41 lacks the entire AIM, and ORM1y3gava1a CONtains
alanine substitutions of two key AIM amino acid residues. We
also constructed three ORM2 AIM mutants: ORM2,35.33 and
ORM2yy35a vasa, both containing mutations in the N-terminal AIM;
and ORM2g+324 v135a, @ mutant containing site-directed mutations
in the C-terminal AIM. Both ORM1 AIM mutants (ORM1 3541 and
ORM1ssa va1a) lost their ability to associate with ATG8a, as did
ORM2,35.38 and ORM2yyasa vasa; ORM2g1324 v135a Was the only
mutant able to interact with ATG8a (Figure 3C and 3D). We
confirmed via bimolecular fluorescence complementation
(Supplemental Figure 7C) experiments that ORM1’s AIM and
ORMZ2’s N-terminal AIM were required for each ORM-ATG8 inter-
action. Collectively, these data suggest that both ORM1 and
ORM2 can interact with ATG8 and that their respective N-terminal
AlMs are required for binding ATGS.

Next, we tested whether ORM1 and ORM2 interact with FLS2. We
found that ORM AIM mutants were able to immunoprecipitate
FLS2-GFP when they were co-expressed in N. benthamiana leaves
(Figure 3E). These were important findings, as hitherto we were
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(B) Confocal microscopy of Arabidopsis FLS2-GFP
plants expressing ORM1/2-HA treated with the
autophagy inhibitor concanamycin A (ConA) for 18 h
prior to imaging. EV, empty vector. Scale bars,
10 pm.

(C) Immunoblot analysis of GFP-ATG8a when
co-expressed with ORM-HA in N. benthamiana in the
presence or absence of ConA.

(D and E) Confocal imaging (D) and quantification (E)
of GFP-ATG8a-labeled autophagosomes upon ORM
overexpression in the presence or absence of ConA
in N. benthamiana. Different letters in the graph
indicate statistical significance between treatments
(Tukey’s HSD test; P < 0.05). n = 10 technical repli-
cates. Scale bars, 10 um.

Experiments were repeated three times with similar
results.

ConA

unable to demonstrate an interaction between
ORM1/2 and FLS2 because when wild-type
ORM1/2 is overexpressed, FLS2 levels are
diminished. Furthermore, FLS2-GFP levels
were not reduced in plants expressing ORM
AIM mutants that were unable to bind ATGS,
suggesting that an interaction between the
ORM proteins and ATG8 is required for reduc-
tion of FLS2 protein levels (Figure 3F).

Some studies reported that degradation of se-
lective autophagy receptors could be detected
with immunoblots (Svenning et al., 2011).
Nevertheless, there are also the cases that
degradation of autophagy receptors can not be detected by
immunoblots (Lu et al., 2014). However, if the receptor was fused
to GFP, an increase of the GFP moiety may be detected,
suggesting that the receptor was degraded via autophagy
(Marshall et al., 2015; Mochida et al., 2015). We did not observe
changes in HA-tagged ORM protein abundance when ORM1 or
ORM2 were transgenically or transiently expressed in planta (e.g.,
Figure 2B and 2C). However, when we performed similar
experiments with GFP-ORMs in N. benthamiana leaves, we found
that free GFP was released from full-length ORM-GFP
(Figure 3G). GFP release from ORM-GFP was not observed when
ORM1/2 AIM mutants were used. Thus, these results suggest
that ORM proteins are degraded along with FLS2 via autophagy.

ORM2+ConA

ORMs Induce ATG8 Conjugation and Autophagosome
Formation

To further characterize the possible role of ORMs in selective
autophagy, we tested whether ORM1 or ORM2 increases the
conjugation of ATG8 to phosphatidylethanolamine (PE), which
occurs during autophagosome formation (Ichimura et al., 2000).
Higher levels of ATG8a and ATG8a-PE were detected in Arabi-
dopsis plants overexpressing ORM1-HA or ORM2-HA than
were detected in wild-type plants (Figure 4A). Moreover,
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Figure 5. ORM Proteins Promote Autophagic
Degradation of FLS2.

(A) Autophagy inhibitor Baf A1, but not proteasome
inhibitor MG132, blocks FLS2-GFP degradation

atg10-1

when co-expressed with ORM-HA in N. ben-
thamiana.

(B) Immunoblot analysis of ORM-GFP when tran-
siently expressed in the presence of Baf A1 and
MG132.

(C) Immunoblot analysis of endogenous FLS2 in
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Days

transient expression of ORM1-HA or ORM2-HA in N. benthami-
ana stimulated endogenous ATG8a and ATG8a-PE accumulation
(Supplemental Figure 8).

To determine whether FLS2-GFP could be detected inside the
plant vacuole during ORM-mediated FLS2 degradation, we
treated FLS2-GFP ORM1/2-HA plants with concanamycin A
(ConA), an autophagy inhibitor that alters the vacuolar pH and
causes accumulation of autophagy cargo proteins (Marshall
et al., 2015; Nolan et al., 2017). Treatment of FLS2-GFP plants
overexpressing ORM1/2 with ConA resulted in dramatic accumu-
lation of FLS2-GFP-labeled punctate foci within the vacuole,
whereas control plants exhibited a low number of GFP punctate
foci (Figure 4B), suggesting that FLS2-GFP is located inside the
vacuole when ORM1 or ORM2 is overexpressed in plants.

Next, we tested the effects of ORMs on autophagic flux. We tran-
siently expressed GFP-ATG8a with ORM1-HA or ORM2-HA in N.
benthamiana in the presence of the autophagy inhibitor ConA.
ConA treatment resulted in greater amounts of free GFP released
from GFP-ATG8a when compared with the mock control, suggest-
ing steady-state levels of autophagy activity (Figure 4C). Transient
expression of ORM1-HA or ORM2-HA with GFP-ATG8a increased
the cleavage of GFP-ATG8a. Furthermore, we observed that tran-
siently expressing ORM1-HA or ORM2-HA enhanced the number
of GFP-ATG8a-labeled punctate foci in N. benthamiana leaves
(Figure 4D and 4E). Treatment of leaves with ConA led to an
increase in the number of GFP punctate foci inside vacuoles.

EV. Empty vector; WT, wild-type. The experiments
were repeated three times with similar results.

Collectively, these data suggest that ORMs stimulate autophagy
and autophagosome formation in planta.

To directly determine whether reduction in FLS2 levels was due to
selective autophagic degradation, we transiently expressed
FLS2-GFP with ORM1-HA or ORM2-HA in N. benthamiana in
the presence of bafilomycin A1 (Baf-A1) or MG132. Baf-A1 in-
hibited FLS2-GFP degradation, but levels of FLS2-GFP in the
presence of MG132 were similar to those in untreated plants, sug-
gesting that FLS2 is degraded via selective autophagy, not by the
26S proteasome (Figure 5A). We also found that Baf-A1, but not
MG132, prevented autophagic degradation of ORM1/2-GFP
(Figure 5B). To directly test the extent that autophagy
components are necessary for ORM-mediated FLS2 degradation,
we constructed Arabidopsis autophagy mutant plants atg7-2 and
atg10-1 that overexpress ORM1-HA or ORM2-HA. The atg7-2 and
atg10-1 mutants were reported to compromise the ATG8-PE
conjugation process, which plays an important role in autophago-
some formation (Marshall et al., 2015). Strikingly, we found that
FLS2 accumulated normally in atg7-2 and atg70-1 mutants
overexpressing ORM1/2-HA (Figure 5C), and the levels of flg22-
induced ROS burst and callose deposition in these plants were
also similar to those in wild-type Arabidopsis (Figure 5D-5F). If
autophagy is the cause of the enhanced susceptibility observed
in Arabidopsis plants overexpressing either ORM1 or ORM2, the
wild-type phenotype should be restored in the atg7-2 and atg10
background. Indeed, enhanced susceptibility to P. syringae was
not observed in Arabidopsis atg7-2 and atg10-2 mutant plants
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overexpressing either ORM protein (Figure 5G). Taken together,
these data suggest that ORM proteins act as selective
autophagy receptors for FLS2 cargo, leading to autophagic
degradation of FLS2.

DISCUSSION

Here we have presented multiple lines of evidence indicating that
ORM1 and ORM2 can act as autophagy receptors for FLS2. These
results were surprising, because we expected that the phenotypes
associated with ORM overexpression, underexpression, or null
expression were due to changes in sphingolipid homeostasis. In
this study, we showed that these phenotypes were due to the
absence of FLS2 in the ORM1/2 overexpression plants and
elevated FLS2 levels in plants that expressed low levels of
ORM1 or ORM2 (Figure 2B, 2C, 2E, and 2F). These results were
confirmed by pathogenicity assays with a P. syringae mutant
lacking flagellin, which can no longer activate FLS2. This P.
syringae mutant also no longer exhibited enhanced growth on
Arabidopsis plants overexpressing ORM1 or ORM2, nor did it
exhibit reduced growth on ORM1/2 RNAI plants, indicating that
the P. syringae growth phenotypes were dependent on FLS2
activation (Figure 2G).

We proposed a model explaining the involvement of ORMs in
plant immunity as follows: ORMs function as selective autophagy
receptors for non-activated FLS2, inducing the degradation of
small amounts of total FLS2 via selective autophagy, and thereby
functioning in the maintenance of FLS2. Autophagy is activated in
plants that overexpress ORM1/2, and FLS2 levels are enhanced
in Arabidopsis orm1 and orm2 mutants. Recycling non-activated
FLS2 would ensure that sufficient functional FLS2 is present to
maintain FLS2 signaling. Alternatively, ORMs may regulate de
novo FLS2 production in the ER via selective autophagy, which
would be consistent with the finding that autophagosomes can
mature from the ER (Zhuang et al., 2017).

It is possible that ORM proteins also function in immunity
through negative regulation of sphingolipid biosynthesis as
earlier proposed (Li et al., 2016). However, the mechanism of
negative regulation of sphingolipid biosynthesis by ORMs is
not well understood, and it is possible that ORMs exert their
function on sphingolipid biosynthesis via selective autophagy.
As Li et al. (2016) reported, Arabidopsis orm1 ORM2 RNAI
plants are more resistant to P. syringae and oxidative stress.
Thus, they observed increased resistance to P. syringae
similar to what we report here for the ORM RNAI plants. They
concluded that the resistance to biotic and abiotic stresses
was due to ER stress. However, we found that the increased
resistance to P. syringae was dependent on FLS2 activation.
One observation that might explain this discrepancy is that we
were unable to isolate a viable orm7orm2 double mutant plant,
suggesting that complete functional loss of both ORMs results
in lethality. The experimental plants used in Li et al. (2016)
may have accumulated lower amounts of ORM proteins than
the plants used in our experiments, and, because ORMs seem
to be required for Arabidopsis viability, the plants used by Li
et al. may have been generally stressed. This would require
further comparative studies. Nevertheless, we show here that
all the phenotypes we observed in ORM plants were
specifically linked to FLS2 signaling.
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In this study we have presented compelling evidence suggest-
ing that ORM1/2 are selective autophagy receptors and that
FLS2 is degraded via autophagy. Firstly, we showed that
ORM1/2 interacted with ATG8 in an AIM-dependent manner.
ORM1/2 site-directed mutants, in which conserved amino
acids within the AIMs were substituted with alanine, no longer
interacted with ATG8, , whereas they interacted with the FLS2
cargo. This ORM-FLS2 interaction is difficult to be detected in
plants expressing wild-type ORM1/2, likely because FLS2
levels are greatly diminished. Second, we demonstrated that
autophagy inhibitors and Arabidopsis mutants defective in
autophagy stabilize FLS2 protein levels in plants that overex-
press ORMs. We also showed that FLS2-GFP is observed
inside plant vacuoles as GFP-labeled foci resembling autopha-
gosomes in plants treated with ConA. Finally, we found that
P. syringae growth levels are restored to wild-type levels in
Arabidopsis atg mutants that overexpress ORMs. If ORMs act
as selective autophagy receptors, then these proteins are
either multifunctional or are negatively regulating sphingolipid
biosynthesis through selective autophagy. Interestingly, puta-
tive AIMs are also present in human and mouse ORMs but
not in yeast ORMs (Supplemental Figure 9), raising the
possibility that ORMs generally act as selective autophagy
receptors in other eukaryotes.

Activated FLS2 is degraded via the 26S proteasome (Lu et al.,
2011), but this event is distinct from the FLS2 autophagic
degradation we observed. However, it is important to note that
we did not test how activated FLS2 behaves in plants over- or
underexpressing ORM proteins. Plant immunity has been linked
previously to autophagy, mostly through association with the
hypersensitive response, a programmed cell death linked to
immunity (Liu et al., 2005; Patel and Dinesh-Kumar, 2008; Hofius
et al., 2009). Our results as well as a previous report (Lenz et al.,
2011) revealed that Arabidopsis atg mutants are more resistant
to P. syringae infection, but flg22-triggered ROS production and
callose deposition are unaffected (Figure 5D-5G). Moreover,
FLS2 accumulation in atg mutants was not significantly different
from that in wild-type plants (Figure 5C). These results clearly
show that ORM-dependent FLS2 degradation and the enhanced
bacterial resistance of atg mutant plants are both impaired when
ORMs are overexpressed, suggesting an important role for
ORMs in autophagy-dependent plant immunity.

Recently, selective autophagy has been shown to be either pro-
viral or antiviral, depending on the virus (Hafren et al., 2017;
Haxim et al., 2017), and to be involved in P. syringae
pathogenesis (Ustun et al., 2018). Interestingly, a virulence
effector from the plant pathogen Phytophthora has been shown
to compete with a host-selective autophagy receptor to the
benefit of the pathogen (Dagdas et al., 2016). The cargo for this
autophagy receptor is not currently known. Indeed, in
Arabidopsis many autophagy receptors have been identified,
but for most of them the corresponding cargo has remained
unidentified (Marshall and Vierstra, 2018). Our results suggest
that selective autophagy plays a maintenance role in plant
immunity and opens up the possibility that other immune
receptors may act as cargo for ORM proteins or other selective
autophagy receptors. Moreover, our results suggest a broader
role for ORM proteins beyond regulation of sphingolipid
biosynthesis.
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METHODS

Plant Materials and Growth Condition

The A. thaliana Col-0 ORM1 RNAi, ORM1 overexpression, ORM2 RNAI,
and ORM2 overexpression lines we used were previously reported
(Kimberlin et al., 2016). We generated transgenic plants overexpressing
ORM1/2 in these other plant backgrounds: wild-type A. thaliana Col-0,
Col-0 (FLS2p::FLS2-3xmyc-GFP) (Robatzek et al., 2006); Col-0 atg7-2
(CS369834) (Marshall et al., 2015); and atg70-1 (Salk_084434) (Marshall
et al., 2015). The pBinGlyRed-35S-derived binary constructs pLN6222
and pLN6223 containing ORM1-HA and ORM2-HA, respectively, were
transformed into Agrobacterium tumefaciens C58C1 by electroporation.
In addition, we made transgenic wild-type A. thaliana Col-0 plants ex-
pressing either ORM1-HA or ORM2-HA under the control of an
estradiol-inducible promoter using the binary vector pER8 (Zuo et al.,
2000). All transgenic plants were generated by the floral dipping method
(Clough and Bent, 1998). For pBinGlyRed-35S-derived plants, trans-
formed seeds were identified using a green LED light with a Red 2 camera
filter to detect fluorescence of DsRed-marked proteins. Basta was used to
screen for pER8-transformed seeds as described by Zuo et al. (2000). We
made ten independent transgenic lines for each construct. The A. thaliana
ssSPTa RNAi and ssSPTa overexpression lines and sbh1 and sbh2 T-DNA
mutants were previously reported (Chen et al., 2008; Kimberlin et al.,
2013). All Arabidopsis plants were grown at 25°C with a 12:12-h
photoperiod in growth chambers. N. benthamiana plants were grown at
room temperature in standard greenhouses.

Agrobacterium-Mediated Transient Gene Expression in N.
benthamiana

Agrobacterium transient gene expression assays were carried out as
described by Guo et al. (2016). For co-expression, pairs of Agrobacterium
strains, each containing a binary construct, at an ODgg of 0.5, were mixed
in a 1:1 ratio and infiltrated into 5-week-old N. benthamiana leaves.

Chemical Treatments

N. benthamiana leaves co-expressing FLS2-GFP and ORM1/2-HA were
infiltrated with 2 WM autophagy inhibitor Baf-A1 (Sigma) (Lu et al., 2014)
or 10 uM proteasome inhibitor MG132 (Sigma) (Lu et al., 2011); DMSO
was infiltrated as a control. FLS2-GFP abundance was determined by
immunoblotting 48 h after the Baf A1 or MG132 treatments. To determine
whether the GFP-ATG8a-labeled punctate structure is an autophago-
some, we infiltrated 1 M concanamycin A (ConA) (Sigma) into N. ben-
thamiana leaves co-expressing GFP-ATG8. Imaging with standard
confocal microscopy was done 16 h after the ConA treatment. To deter-
mine the effects of SPT on immune defenses, we infiltrated Arabidopsis
Col-0 leaves using a needleless syringe with 5 uM SPT inhibitor myrocin
or DMSO as a control as previously reported (Spassieva et al., 2002).
Leaves were harvested 18 h post chemical infiltration for the ROS assay.

Co-immunoprecipitation and Immunoblotting

After Agrobacterium infiltration, transgenic Arabidopsis or N. benthamiana
leaves were ground with one volume of extraction buffer as described by
Luetal. (2011) (10 mM HEPES [pH 7.5], 100 mM NaCl, 1 mM EDTA, 10%
glycerol, 0.5% Triton X-100, and protease inhibitor cocktail from Roche).
Samples were vortexed and centrifuged at 15 000 rpm for 10 min at 4°C.
Supernatants were taken for protein quantification using the Bradford
assay. For the co-immunoprecipitation assay, the same volume of super-
natant with the same amount of protein was incubated with anti-HA affinity
matrix resin (Roche) for 4 h at 4°C with gentle rotation. Equal amounts of
protein from each sample were subjected to standard SDS-PAGE and
immunoblotting analysis. For ATG8a analysis, equal amounts of proteins
were subjected to SDS-PAGE with 6 M urea (Hofius et al., 2009). The
polyclonal antibody against FLS2 (ag1857) was purchased from
Agrisera. Polyclonal antibodies against GFP (ab6556), ATG8a (ab77003),
and ubiquitin (ab7254) were purchased from Abcam. The monoclonal
antibody against HA (11867423001) was purchased from Sigma.
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Pathogenicity Assay in Arabidopsis

Bacterial growth in planta was measured as described by Guo et al.
(2016). Four-week-old Arabidopsis plants were blunt-syringe infiltrated
with 1 x 10° cells mI~" of wild-type Pto DC3000 or Pto DC3000 AhrcC
suspended in MgCl,. The inoculated plants were incubated in a growth
chamber with a 12-h light cycle at 25°C with humidity. Bacterial popula-
tions were assessed at the indicated times. Four 0.3-cm? leaf disks
from infiltrated leaves were harvested with a cork borer and ground in
dH,0. Serial dilutions were spotted on King’s B medium agar plates con-
taining the appropriate antibiotics. Plates were incubated at 25°C for
2 days to calculate the number of cells per cm?.

Measurement of ROS Production

The ROS assay was performed as described by Guo et al. (2016). In brief,
10 leaf disks from each Arabidopsis line were sampled with a cork borer
and incubated into 100 pl of dH,0 in a 96-well plate. The following day,
dH,O was replaced with reaction buffer containing 1 uM flg22, 1 M
elf18, or 100 pg/ml chitin. The intensity of ROS production was measured
by counting photons from L-012-mediated luminescence.

Visualization and Quantification of Callose Deposits

Four-week-old Arabidopsis plants were infiltrated using a needleless
syringe with 1 uM fIg22, 1 uM elf18, or 100 ug/ml chitin. At 18 h post infil-
tration, leaves were incubated with ethanol to eliminate chlorophyll and
stained with aniline blue. Callose deposits were visualized and quantified
as reported previously (Guo et al., 2016).

Yeast Two-Hybrid Assay

Wild-type and AIM1 mutant ORM2 sequences were cloned into
pDEST™22 vectors carrying the GAL4 activation domain. ATG8a,
ATG8d, ATG8e, and ATG8i genes were amplified and introduced into
pDEST™32 vectors containing the GAL4 binding domain. The resulting
plasmids were paired and co-transformed into Saccharomyces cerevi-
siae MaV2083 cells; empty vectors were included as controls. Cells trans-
formed with both plasmids were selected on synthetic complete (SC)
medium (lacking leucine and tryptophan). Protein interactions were
identified by growing selected yeast cells on SC medium (lacking
leucine, tryptophan, and histidine) containing 50 mM 3-amino-
1,2,4-triazole.

Quantitative RT-PCR Analysis

Total RNA was extracted from 4-week-old Arabidopsis plants using the
RNeasy Plant Mini Kit (Qiagen) following the manufacturer’s instructions.
qPCR assays of FRK1, WRKY29, and FLS2 expression were performed
using the iTaq Universal SYBR Kit (Bio-Rad) with actin expression as
the internal standard.

Bimolecular Fluorescence Complementation Assay

The sequence encoding the C-terminal half of YFP was fused to the
ATG8a coding sequence by PCR, and the resulting sequence,
ATG8a-cYFP, was introduced into the binary vector pPZP212. The
sequence encoding the N-terminal half of YFP was fused to wild-
type ORM or ORM AIM mutant coding sequences by PCR, and the
fused fragments were each introduced into the binary vector
pPZP212. Pairs of Agrobacterium strains carrying binary vectors
were mixed in a 1:1 ratio (ODgog = 0.5) and infiltrated into 5-week old
N. benthamiana leaves. Confocal microscope images were taken
48 h after agroinfiltration.

Visualization and Quantification of ATG8-Labeled
Autophagosomes

Autophagosome assays were performed as previously described (Dagdas
et al., 2016), with minor modifications. Half of the N. benthamiana leaves
were agroinfiltrated with constructs for transient expression of either
GFP-ATG8a alone or GFP-ATG8a plus HA-ORM. Following incubation for
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48 h, leaves expressing GFP-ATG82a/HA-ORM were infiltrated with the
autophagy inhibitor ConA or an equivalent volume of DMSO as a control.
Leaves expressing GFP-ATG8a alone were infiltrated with the same
volume of DMSO. Confocal microscope images were taken 5-10 h after
chemical application. Each sample consisted of five independent biological
replicates. Each replicate was scanned twice by a Nikon A1 confocal sys-
tem to generate z sections with 60 images each. To quantify autophago-
some formation, we opened individual images from each z section with
Fuji ImagedJ. The GFP-ATG8a-labeled punctate structures were counted
using the menu Plugins/Analyze/Cell counter.

Generation of orm1 and orm2 Mutants Using CRISPR/Cas9

Target sites of ORM1 and target sites of ORM2 fused with a single guide
RNA (sgRNA) were introduced into the CRISPR/Cas9 binary vector pHEE2E
to generate pHEE2E-ORM1 and pHEE2E-ORM2, respectively, following a
previously reported method (Wang et al., 2015). We electroporated the
pHEE2E-ORM vectors into Agrobacterium strain GV3101 and transformed
Arabidopsis Col-0 wild-type plants via the floral dip method. The collected
seeds were screened for hygromycin resistance on Murashige and Skoog
plates. We amplified fragments surrounding the target regions of ORM1
and ORM2 from the genomic DNA of transgenic plants and performed a
restriction enzyme digestion assay. The Cas9-induced site-specific indels
were identified by DNA sequencing.

Measurement of the Effects of Myriocin on Sphingolipid
Synthesis

A. thaliana Col-0 suspension cultured T87 cells were grown in NT-1 me-
dium containing stable isotope nitrogen 15 (ammonium nitrate
NH,'®NO;, potassium nitrate K'>NOj), and the incorporation of '°N
into sphingolipids was tracked. The cells were treated with 1 or 5 uM
myriocin or DMSO as a mock control. The cells were maintained under
continuous illumination (100 pmol m~2 s~') at 22°C with shaking at
120 rpm. The cells were sampled 0 h and 18 h after chemical treatments.
A small portion of cells from each treatment were used for immunoblot-
ting. Sphingolipids were extracted from the remainder of cells and
analyzed as described by Markham and Jaworski (2007). The mass
changes of "®N-labeled sphingolipid species were measured by mass
spectrometry.
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