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Abstract

In both plants and animals, nucleotide-binding leucine-rich repeat
(NLR) immune receptors perceive pathogen-derived molecules to
trigger immunity. Global NLR homeostasis must be tightly
controlled to ensure sufficient and timely immune output while
avoiding aberrant activation, the mechanisms of which are largely
unclear. In a previous reverse genetic screen, we identified two
novel E3 ligases, SNIPER1 and its homolog SNIPER2, both of which
broadly control the levels of NLR immune receptors in Arabidopsis.
Protein levels of sensor NLRs (sNLRs) are inversely correlated with
SNIPER1 amount and the interactions between SNIPER1 and sNLRs
seem to be through the common nucleotide-binding (NB) domains
of sNLRs. In support, SNIPER1 can ubiquitinate the NB domains of
multiple sNLRs in vitro. Our study thus reveals a novel process of
global turnover of sNLRs by two master E3 ligases for immediate
attenuation of immune output to effectively avoid autoimmunity.
Such unique mechanism can be utilized in the future for engineer-
ing broad-spectrum resistance in crops to fend off pathogens that
damage our food supply.
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Introduction

The plant innate immune system relies on immune receptors to
detect and respond to pathogens. Plasma membrane-localized
pattern-recognition receptors (PRRs) with extracellular domains
perceive conserved microbial patterns to trigger pathogen-associated
molecular patterns (PAMPs)-triggered immunity (PTI) (Couto &

Zipfel, 2016). However, virulent pathogens can deliver effectors into
host cells to inhibit PTI. In turn, intracellular sensor nucleotide-
binding leucine-rich repeat immune receptors (sNLRs) have been
evolved to recognize the actions of corresponding effectors directly
or indirectly, resulting in activation of effector-triggered immunity
(ETI) to ward off microbial infections (Jones & Dangl, 2006).

Typical sNLRs are further classified into Toll/interleukin 1 recep-
tor (TIR) type (TNLs) or coiled-coil (CC) type (CNLs) based on their
different N-termini (Jones et al, 2016). Plant sNLRs are highly poly-
morphic and recognize specific effectors. For example, distinct
Arabidopsis RPP1 (Recognition of Peronospora Parasitica 1) alleles
can specifically recognize differential ATR1 (Arabidopsis thaliana
Recognized 1) effectors from oomycete pathogen Hyaloperonospora
arabidopsidis (H.a.) (Steinbrenner et al, 2012). In contrast, helper
NLRs (hNLRs), a small subclass of CNLs with an RPW8 (Resistance
to Powdery Mildew 8)-like CC domain, function downstream of
diverse sNLRs and are evolutionarily more conserved (Peart et al,
2005; Jubic et al, 2019). There are three hNLR gene families, encod-
ing ADRI1s (Activated Disease Resistance 1), NRG1s (N Required
Gene 1), and NRCs (NLR protein required for HR-associated cell
death) (Peart et al, 2005; Bonardi et al, 2011; Collier et al, 2011;
Gao et al, 2018; Jubic et al, 2019). In addition, hNLRs seem to oper-
ate in distinct pathways downstream of TNLs (Castel et al, 2019;
Jubic et al, 2019; Wu et al, 2019). Furthermore, TNL signaling
generally relies on EDS1 (Enhanced Disease Susceptibility 1),
whereas NDR1 (Non-Race Specific Disease Resistance 1) is required
for many CNL-mediated defense (Aarts et al, 1998). However, the
exact molecular functions of hNLRs, EDS1, and NDR1 in NLR signal-
ing remain elusive.

Proper control of NLR homeostasis is critical, as over-accumu-
lation or aberrant activation of NLR can lead to autoimmunity
and growth defects, whereas insufficient NLR accumulation may
result in susceptibility to pathogens. For example, sncl, a gain-
of-function allele of TNL SNCI1 (Suppressor of nprl-1, Constitu-
tive 1), constitutively activates defense responses and exhibits
dwarfism due to increased SNC1 accumulation (Zhang et al,
2003; Cheng et al, 2011; Li et al, 2015). Although disturbance of
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NLR biogenesis or degradation can alter NLR homeostasis (Kapos
et al, 2019), the exact mechanisms of how the homeostasis of
NLRs is broadly controlled under different conditions are largely
unclear.

The ubiquitin—proteasome system (UPS) plays a pivotal role in
maintaining protein homeostasis. In the UPS pathway, upon ubiqui-
tin (Ub) activation by E1, Ub ligase (E3) recruits the ubiquitin recipi-
ent and facilitates the transfer of ubiquitin from Ub conjugating
enzyme (E2) to the targeted substrate (Vierstra, 2009). E3 ligases
mostly determine the substrate specificity during ubiquitination.
Upon poly-ubiquitination, proteins are most often degraded via the
26S proteasome (Vierstra, 2009).

Compared with animals, higher plants harbor highly expanded
E3 gene families, suggesting key roles they play in diverse biological
processes. There are about 1,500 E3 ligases encoded in Arabidopsis
genome (Mazzucotelli et al, 2006). The UPS plays important roles
in regulating levels of both PRR and NLR immune receptors. For
example, Arabidopsis PUB12/13 (Plant U-Box 12/13) control the
turnover of flagellin receptor FLS2 (FLAGELLIN-SENSING 2) (Lu
et al, 2011) and chitin receptor LYK5 (LYSIN MOTIF RECEPTOR
KINASE 5) (Liao et al, 2017). The F-box protein CPR1 is part of the
SCFPR! complex E3 that targets two sNLRs, SNC1 and RPS2, for
ubiquitination and degradation (Cheng et al, 2011; Gou et al, 2012).
In parallel, two functionally redundant RING-type E3 ligases,
MUSE1 and MUSE2, are required for the turnover of SNC1’s part-
ners, SIKIC1/2/3 (Dong et al, 2018). These E3s show very narrow
specificity in regard to substrate recognition.

Coincidentally, higher plant genomes often encode hundreds of
sNLRs, which are also massively expanded as compared with that
of mammals. During an immune response, broad up-regulation of
NLRs contributes to defense amplification (Ribot et al, 2008; Mohr
et al, 2010; Yu et al, 2013; Brechenmacher et al, 2015; Chen et al,
2015). However, how plants universally regulate these NLR home-
ostasis and whether the UPS plays a role are unknown. Here, we
describe the identification of two novel E3 ligases, SNIPER] and
its homolog SNIPER2, which globally control the protein levels of
sNLRs. Upon SNIPERI overexpression, levels of all tested sNLRs
are reduced, resulting in enhanced disease susceptibility to patho-
gens. In contrast, more sNLRs accumulation and enhanced disease
resistance were observed when the function of the SNIPERs is
attenuated. Such broad regulation seems to be through direct
recognition and ubiquitination of the conserved NB domains of
sNLRs by the E3 ligase.

Results
SNIPER1 is a complete suppressor of sncl

To search for novel E3s that regulate plant NLR-mediated immunity,
an E3 overexpression sncl-influencing plant E3 ligase reverse
(SNIPER) genetic screen was performed in the autoimmune NLR
mutant sncl background (Tong et al, 2017; Huang et al, 2018).
SNIPER]1 (AT1GI14200) was initially selected as an immunity-related
candidate as DNA of SNIPERI was 4.2-fold enriched in the master
immune transcription factor SARD1 chromatin immunoprecipitation
(ChIP) Sequence (ChIP-Seq) dataset (Sun et al, 2015). Quantitative
real-time PCR (RT-PCR) indeed revealed its transcriptional induction
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during pathogen infection (Appendix Fig S1), suggestive of a role in
immune regulation.

Among all SNIPER E3s that could suppress sncl upon overex-
pression, SNIPER1 was identified as the only complete sncl suppres-
sor without any morphological defects (Fig 1A and E).
Overexpression of SNIPER1 (SNIPER1 OE) (Fig 1B) fully suppresses
sncl-mediated dwarfism (Fig 1A). In T2 segregants, this dwarfism-
suppression phenotype co-segregated perfectly with the presence of
the transgene, indicating that the morphological suppression was
due to the transgene overexpression. Furthermore, enhanced
disease resistance to the oomycete pathogen H.a. Noco2 (Fig 1C)
and bacterial pathogen Pseudomonas syringae pv. maculicola
(P.s.m.) ES4326 (Fig 1D) in sncl were consistently suppressed upon
SNIPERI overexpression. Interestingly, SNIPERI OE lines in both
sncl and wild-type (WT) backgrounds supported higher pathogen
growth even when compared to WT (Fig 1B-D and F-H), suggesting
that SNIPER1 plays a general negative regulatory role on basal
defense. In addition, no observable growth or developmental defects
were observed in SNIPERI OE lines (Fig 1A and E), suggesting that
its effects are strictly immunity-related.

Overexpression of SNIPER1 suppresses NLR-type autoimmune
mutants, but not an RLP autoimmune mutant

In order to test its specificity, SNIPERI was overexpressed in three
other gain-of-function TNL mutants exhibiting the chilling sensitive
(CHS) autoimmune phenotypes (Huang et al, 2010; Bi et al, 2011;
Wang et al, 2013). Interestingly, the autoimmunity of chsI-2, chs2-1
and chs3-2D was also fully suppressed (Fig 2A-C), indicating that
SNIPER1 has a general role in TNL-mediated immunity. Similar with
the SNIPER1 overexpression experiment in sncl background, these
suppression phenotypes were confirmed to be due to the transgene
in T2 through co-segregation analysis. However, overexpression of
SNIPERI (Appendix Fig S2) did not alter the autoimmunity of snc2-
1D eds5 nprl (Fig 2D), which contains a gain-of-function mutation
in the receptor-like protein (RLP) SNC2 and SA-dependent pathway
is blocked by mutations in EDSS and NPRI (Zhang et al, 2010;
Rekhter et al, 2019), suggesting that SNIPER1 does not contribute to
plasma membrane PRR-mediated immunity.

We further examined the effect of SNIPER1 on sensor CNLs.
To our surprise, the mekkl-5 ndri-mediated autoimmunity, in
which the CNL SUMM?2 is activated (Zhang et al, 2012), was also
fully restored to WT level in morphology upon SNIPERI overex-
pression (Fig 3A and B). In T2 populations from independent T1s,
all WT-like individuals were resistant to BASTA which selects the
transgene while all dwarfed progenies died, suggesting a causal
relationship between the presence of the transgene and the
suppression phenotype. Similarly, mekkI-5 ndrl plants overex-
pressing SNIPER1 were more susceptible to H.a. Noco2 (Fig 3C)
and P.s.m. ES4326 (Fig 3D) when compared to the parent mekkI-
S ndrl, indicating a broad effect of SNIPER1 on both TNL-type
and CNL-type sNLRs.

SNIPER1 encodes an E3 ligase with a RING domain
SNIPER] encodes a 20.03 kDa small protein with a predicted RING

(Really Interesting New Gene) domain (Fig EV1A), which is a signa-
ture of a major class of simple E3 ligases that is involved in the

© 2020 The Authors
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Figure 1. SNIPER1 negatively regulates sncl-mediated autoimmunity and basal defense.

A Morphology of 4-week-old soil-grown plants of Col-0, snc1, and two independent transgenic lines of SNIPER1 OE into sncl background. OF stands for overexpression
of SNIPERI. Scale bar = 1 cm.

B SNIPER1 gene expression in the indicated plants as determined by RT-PCR. Error bars represent mean + SD (n = 3). Two independent experiments were carried out
with similar results.

C Quantification of H.a. Noco2 sporulation in the indicated genotypes 7 days post-inoculation (dpi) with 10° spores per m| water. Error bars represent mean =+ SD
(n = 4). Three independent experiments were carried out with similar results.

D Growth of Ps.m. ES4326 on 4-week-old leaves of the indicated genotypes at O and 3 dpi with bacterial inoculum of ODgoo = 0.001. Error bars represent mean + SD
(n = 4 for day 0; n = 5 for day 3). Three independent experiments were carried out with similar results.

E Morphology of 4-week-old soil-grown plants of two independent transgenic lines of SNIPERI OE in Col-0 background. Scale bar = 1 cm. No difference in growth and
development was observed.

F  SNIPERI gene expression in the indicated plants as determined by RT-PCR. Error bars represent mean + SD (n = 3). Two independent experiments were carried out
with similar results.

G Quantification of H.a. Noco2 sporulation in the indicated genotypes at 7 dpi with 10° spores per ml water. Error bars represent mean = SD (n = 4). Three
independent experiments were carried out with similar results.

H Growth of Ps.t. DC3000 on 4-week-old leaves of the indicated genotypes at 0 and 3 dpi with bacterial inoculum of ODgoo = 0.001. Error bars represent mean + SD
(n = 4 for day 0; n = 5 for day 3). Three independent experiments were carried out with similar results.

Data information: Color squares shown on the right of panel (D and H) are for (B-D) and (F-H), respectively. One-way ANOVA followed by Tukey’s post hoc test were
performed for panel (B, C, D, F, G, and H). Statistical significance is indicated by different letters (P < 0.01).

interaction with an E2 ubiquitin-conjugating enzyme. Phylogenetic
analysis revealed that SNIPER1-like proteins are commonly found in
dicots, but not monocots (Fig EV1B). To test whether SNIPER1 exhi-
bits E3 activity, an in vitro ubiquitination assay was performed (Han
et al, 2017). Higher molecular-weight polypeptide bands were
detected only when SNIPER1 was co-expressed with Arabidopsis E1
AtUBA1, E2 AtUBCS, and AtUBQI10, suggesting that SNIPERI has
in vitro self-ubiquitination activity and it is indeed a functional E3
ligase (Fig 3E). The E3 activity of SNIPER1 and its overexpression
phenotypes led us to hypothesize that it is likely involved in the
degradation of a positive regulator of immunity acting downstream
of sNLRs.

© 2020 The Authors

SNIPER1 does not influence EDS1, PAD4, or ADR1s

Similar to SNIPERI OE lines, mutations in TNL downstream
components EDS1, PAD4, or the hNLRs ADRIls can fully
suppress sncl-mediated autoimmunity and exhibit enhanced
disease susceptibility to both avirulent and virulent pathogens
(Falk et al, 1999; Feys et al, 2001; Li et al, 2001; Bonardi et al,
2011; Cheng et al, 2011; Dong et al, 2016). Therefore, we
hypothesized that SNIPER1 may regulate the turnover of one of
these components. However, no obvious change in EDSI1 or
PAD4 protein levels was observed upon SNIPERI overexpression
(Fig EV2A and B).
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We further examined the relationship between SNIPER1 and
ADR1s by crossing the SNIPERI OE line with autoimmune trans-
genic plants expressing ADRI-L2 D484V, an auto-active missense
variant of ADR1-L2 that constitutively activates immunity (Roberts
et al, 2013). However, overexpression of SNIPERI has no effect on
the autoimmunity mediated by ADRI-L2 D484V (Fig EV2C-E),
suggesting that SNIPER1 functions upstream of the ADR1 family of

hNLRs. Therefore, the effects of SNIPER1 seem to be at the sNLR
level.

SNIPER1 affects the protein levels of all tested sNLRs

Because of its specific effects on immunity mediated by sNLRs
and no effect on hNLRs and downstream components,
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Figure 2. Overexpression of SNIPER1 suppresses NLR-type autoimmune mutants, but not an RLP autoimmune mutant.

A, B Morphology of 4-week-old soil-grown plants of Col-0, chs1-2 (A), chs2-1 (B), and two independent transgenic lines of SNIPER1 OF into chs1-2 (A) and chs2-1 (B)
backgrounds. Plants were grown at 16°C under long day conditions. Scale bar = 1 cm.

C,D Morphology of 4-week-old soil-grown plants of Col-0, chs3-2D (C), snc2-1D eds5 nprl (D), and two independent transgenic lines of SNIPERI OE into chs3-2D (C) and
snc2-1D eds5 nprl (D) backgrounds. Scale bar = 1 cm.

Data information: For all panels, fresh weights of plants are shown on the right. One-way ANOVA followed by Tukey’s post hoc test were performed for all panels.
Statistical significance is indicated by different letters (P < 0.01). Error bars represent mean + SD (n = 5).
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Figure 3. SNIPERL1 is a functional E3 ligase and overexpression of SNIPER1 fully suppresses mekk1-5 ndri-mediated autoimmunity.
A Morphology of 4-week-old soil-grown plants of Col-0, mekk1-5 ndrl, and two independent transgenic lines of SNIPER1 OE into mekk1-5 ndrl background. Scale
bar = 1 cm. The reason for mekk1 ndrl double mutant usage instead of the mekk1-5 single mutant is to overcome the sterility.
B SNIPER1 gene expression in the indicated plants as determined by RT-PCR. Error bars represent mean =+ SD (n = 3). Two independent experiments were carried out

with similar results.

C Quantification of H.a. Noco2 sporulation in the indicated genotypes at 7 dpi with 10° spores per ml water. Error bars represent mean + SD (n = 4). Three

independent experiments were carried out with similar results.

D Growth of P.s.m. ES4326 on 4-week-old leaves of the indicated genotypes at O and 3 dpi with bacterial inoculum of ODgoo = 0.001. mn stands for mekk1-5 ndrl
double mutant. Error bars represent mean =+ SD (n = 4). Three independent experiments were carried out with similar results.

E In vitro ubiquitination assay using Escherichia coli (E. coli)-expressed SNIPER1-myc (E3), AtUBC8 (E2), AtUBAL (E1), and/or HIS-FLAG-Ubiquitin. The molecular mass
markers are indicated on the left (kDa). Asterisk indicates SNIPER1-myc. Arrow points to His-FLAG-Ub and straight lines on the right indicate self-ubiquitinated SNIPER1.

Data information: Color squares shown on the right of panel (D) are for (B-D). One-way ANOVA followed by Tukey’s post hoc test were performed for panel (B-D).

Statistical significance is indicated by different letters (P < 0.01).
Source data are available online for this figure.

examined whether overexpression of SNIPERI affects the protein
or transcript levels of SNLRs. Interestingly, decreased SNCI1
protein level, but not transcript level, was observed when
SNIPERI was overexpressed in the sncl pad4 mutant (Fig 4A and
Appendix Fig S3A), where the feedback transcriptional up-regula-
tion of SNCI expression due to heightened SA level is blocked by
pad4 (Cheng et al, 2011). Overexpression of SNIPERI in WT and
SUMM2-3HA backgrounds also resulted in reduced accumulation
of SNC1 and SUMM?2 proteins, respectively, despite that the tran-
script levels of these sNLRs were not affected (Fig 4B and C, and
Appendix Fig S3B and C), suggesting that the regulation by
SNIPER1 is post-translational.

To test whether SNIPER1 affects the levels of other sNLRs, lines
with epitope tagged TNLs RPS4 and RPP4 were crossed with the
SNIPER1 OE line and the protein levels of these sNLRs were investi-
gated (Wirthmueller et al, 2007; Bao et al, 2014). To our amaze-
ment, the protein levels of both RPS4 and RPP4 decreased in
SNIPERI OE lines (Fig 4D and E). In addition, CNLs RPS2 and
RPM1 protein levels reduced upon overexpression of SNIPERI
(Fig 4F and G) (Grant et al, 1995; Axtell & Staskawicz, 2003).
However, the transcript levels of these SNLR genes were not
affected in SNIPERI OE lines (Appendix Fig S3D-G), further
supporting that the reduced sNLRs protein levels are regulated by
SNIPER]I at post-translational level.

© 2020 The Authors

As SNIPERI overexpression leads to reduced sNLRs levels, we
speculated that more avirulent pathogens might grow in SNIPERI
OE lines. Indeed, when SNIPERI OE lines were challenged with
P.s.t. DC3000 carrying avrRps4, avrRpt2, or avrRpml, and oomy-
cete H.a. Emwal, which carries the corresponding cognate effector
genes of RPS4, RPS2, RPM1, or RPP4, respectively (Grant et al,
1995; Gassmann et al, 1999; van der Biezen et al, 2002; Axtell &
Staskawicz, 2003), varied levels of increased pathogen growth
were observed (Fig 5A-D and Appendix Fig S4). These data
suggest that SNIPER1 plays a global role in regulating the protein
levels of diverse sNLRs, and such reduction leads to general
susceptibility to pathogens.

SNIPER2 has overlapping function with SNIPER1 in ETI, but it is
also involved in development

Since overexpression of SNIPERI E3 ligase leads to decreased accu-
mulation of sNLRs, it is possible that SNIPER1 might directly ubiqui-
tinate the sNLRs. If this is the case, loss of SNIPER1 function may
lead to increased accumulation of sNLRs and potentially autoimmu-
nity-related dwarfism and enhanced resistance against pathogens.
We thus tested this prediction by examining the knockout mutant
phenotypes of sniperl. As shown in Fig EV3A and B, the exonic T-
DNA insertional mutant of sniperl-1 (SALK_054376) appeared WT-
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Figure 4. SNIPER1 reduces sNLRs protein levels upon overexpression.
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A-G Immunoblot analysis of SNC1 (A, B), SUMM2-3HA (C), RPS4HA (D), RPP4myc (E), RPS2HA (F), and RPM1myc (G) protein levels in the indicated genotypes. For all
panels, equal loading is shown by Ponceau S staining of a non-specific band. The numbers below represent the normalized ratio between the intensity of the
protein band and the Ponceau S band + SD (n = 3). Molecular mass marker in kilo Daltons is indicated on the left. Three independent experiments were carried

out with similar results.

Source data are available online for this figure.

like in morphology, with WT level of resistance against P.s.t
DC3000 (Fig EV3C) and a similar sNLRs levels as their parents
(Fig EV3D). In addition, loss of SNIPERI does not enhance the
morphology of sncl (Fig EV3A and B).

As there are about 1,500 E3s encoded in the Arabidopsis genome,
high level of genetic redundancy is frequently associated with E3-
encoding genes. It is therefore not surprising to be unable to observe
any defects in E3 single mutants. A BLAST search with SNIPER1 in
Arabidopsis identified its closest paralog, AT1G26800, which shares
only 35% amino acid identity and 53% similarity with SNIPER1
(Fig EV4A). Coincidently, this gene was also identified in our
SNIPER screen as SNIPER2. It was originally selected as an immune-

6 of 15 The EMBO Journal ~ 39: 104915 | 2020

related candidate based on its pathogen-induced expression upon
pathogen infection. Like SNIPERI, overexpression of SNIPER2
(AT1G26800) can largely suppress the dwarfism of sncl (Fig EV4B
and C), alluding to a potential overlapping function with SNIPERI.
Upon challenge of H.a. Noco2 and P.s.m. ES4326, the enhanced
resistance of sncl was significantly compromised in these transgenic
lines (Fig EV4D and E).

In addition, the autoimmunity mediated by TNL CHS1, CHS3 and
CNL SUMM2 was suppressed by overexpression of SNIPER2
(Appendix Fig S5A-C and E), indicating its similar broad effects on
both TNLs and CNLs. Likewise, no effect was observed in RLP
SNC2-mediated autoimmunity although similar amounts of SNIPER2

© 2020 The Authors



Zhongshou Wu et al

A 50 P.s.t. avrRps4 B 50 P.s.t.avrRpt2
& 4.5 4.5
= £ b, b
£ £ =
g 4.0 5404 4
2 2. .|
— 3.57 — 3.59

3.0 3.0
c D H.a.Emwai

P.s.tavrRpm1 =~ .a.Emwa
4.0 f=) 2 4]
== b
= b o 2.01
£ b = > °
,_g | 5 1.6 T
L ] L ] L ]
‘S 3.5 o>1.2 J
L a [ g i
g L Bl & 0.8 b
— o 9
tﬁ 8-0-4-
3.0 0 ol.2

COCol-0 OOEin Col-04-3 [OOE in Col-0 5-2

Figure 5. SNIPER1 OE lines show enhanced disease susceptibility to
avirulent pathogens.

A-C Growth of Ps.t. aurRps4 (A), aurRpt2 (B), and aurRpm1 (C) in 4-week-old
leaves of the indicated genotypes at 3 dpi with bacterial inoculum of
ODgoo = 0.0001. Error bars represent mean + SD (n = 5). Three
independent experiments were carried out with similar results.
Appendix Fig S4 shows the growth of Ps.t. aurRps4, avrRpt2, and
avrRpm1 at O dpi.

D Quantification of H.a. Emwal sporulation in the indicated genotypes at
7 dpi with 10° spores per ml water. Error bars represent mean =+ SD
(n = 4). Three independent experiments were carried out with similar
results.

Data information: Color squares shown below are for all panels. One-way
ANOVA followed by Tukey’s post hoc test were performed for all panels.
Statistical significance is indicated by different letters (P < 0.01).

were overexpressed (Appendix Fig S5D and F). In vitro ubiquitina-
tion assay (Zhao et al, 2013) showed the presence of increased
molecular-weight bands above SNIPER2 in the presence of E. coli-
expressed SNIPER2 (E3), AtUBC8 (E2), AtUBA2 (E1) and ubiquitin
(Appendix Fig S5G), indicating that SNIPER2 also exhibits E3 activ-
ity. Taken together, SNIPER2 seems to play similar roles in immune
regulation as SNIPERI.

Besides its roles in plant immunity, SNIPER2 overexpression lines
exhibit a distinct morphological phenotype with rounder leaves,
longer petioles (Appendix Figs S5A-C, and S6A and B), and late
flowering (Appendix Fig S6C and D), indicating that unlike SNIPER1
which does not contribute to growth and development, SNIPER2
regulates both development and immune responses.

SNIPER1 levels are inversely correlated with sNLR levels
To further test the genetic relationship between SNIPERI and
SNIPER2, a cross between sniperi-1 and sniper2-1 (SALKseq_63073),

an exonic allele of sniper2, was made to generate sniperl-1 sniper2-1
double mutant. However, after genotyping 200 F2 plants, none was

© 2020 The Authors
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identified as a double mutant, suggesting a likely lethality phenotype
when both genes are knocked out.

To overcome the lethality and redundancy problems, we gener-
ated a dominant-negative (DN) form of SNIPER1, which is expected
to affect both the endogenous SNIPER1 as well as its redundant
players (Seo et al, 2004). Such strategy is routinely used to study
redundant E3s. Interestingly, when a construct expressing DN
SNIPER (SNIPERI'?°Y), which contains a Tyr substitution of a
conserved His in the RING domain, was transformed into WT, 22
out of 50 independent transformants exhibited dwarfed size and
curly leaves (Fig 6A). Enhanced resistance to H.a. Noco2 and
increased expression of PR (Pathogenesis Related) defense marker
genes were also observed in SNIPER1'?°Y plants (Fig 6B and D),
suggesting that overexpression of the DN form of SNIPERI causes
autoimmunity. Double mutant sniperl sniper2 is lethal; therefore, it
is not surprising that the DN-SNIPERI phenotype is in between
sniper] knockout and the sniperl sniper2 double mutant under
certain DN-SNIPER]1 expression level. Analysis of RPS4HA, SNCI,
RPS2HA, and RPM1myc protein levels in SNIPER1*?Y background
further revealed increased accumulations of these sNLR proteins
(Fig 6E-H). Thus, attenuation of functions of SNIPERI and its
redundant player(s) results in global increase of SNLRs levels, lead-
ing to constitutive activation of immunity.

Loss of both SNIPER1 and SNIPER2 causes
EDS1-dependent lethality

Because SNIPER1 affects the turnover of sNLRs and EDS1 is an
essential regulator in TNL-mediated defense and plays roles in CNL-
mediated pathway (Aarts et al, 1998; Brodersen et al, 2006; Cui
et al, 2017), loss-of-function mutant of EDS1 (Wagner et al, 2013)
was crossed with a SNIPERI™??Y transgenic line to identify the
defense pathways activated by SNIPER1™'%*Y Consistent with the
effects of SNIPER1 at the sNLRs levels, the dwarfism and enhanced
resistance of SNIPERI™?°Y were largely suppressed by edsI-2
(Fig 6C and D). This further confirms the effects of SNIPER1
upstream of hNLRs and EDS1.

The suppression of SNIPER1%°Y autoimmunity by edsI-2 led us
to test whether edsI-2 can also suppress the lethality of sniperI-I
sniper2-1 double mutant. We took two approaches. First, a cross
was made between sniperl-1 edsI-2 and sniper2-1 edsI-2 double
mutants to generate the triple mutant. In addition, the CRISPR-Cas9
system was used to delete SNIPERI in sniper2-1 edsI-2 double
mutant (Wang et al, 2015) to generate sniperl-cl sniper2-1 edsl-2
triple mutant (Appendix Fig S7A). Triple mutants were successfully
generated in both ways (Appendix Fig S7B), suggesting that sniperI
sniper2 double mutant is indeed lethal and this lethality can be
suppressed by edsI-2. Therefore, SNIPER1 and SNIPER2 seem to be
redundant in immune regulation. Furthermore, the sniperl sniper2
eds1-2 triple mutants resembled the SNIPERI*Y edsi-2 plant in
morphology and resistance to H.a. Noco2 (Fig 6C and D).

Taken together, the inverse correlation between SNIPER1/2 and
sNLRs levels suggests that the lethality of sniperl sniper2 double
mutant could be caused by massively accumulated sNLRs due to the
loss of these two E3s. As SNIPER2 is functionally redundant with
SNIPER1 in regard to immunity, and SNIPER1 does not contribute
to development, we chose to focus solely on SNIPERI1 for the rest of
the biochemical study.
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Figure 6. Loss-of-function of both SNIPER1 and SNIPER2 leads to an EDS1-dependent autoimmunity and lethality.

A
B
carried out with similar results.
C
CRISPR-Cas9 system. Scale bar = 1 cm.
D
experiments were carried out with similar results.
E-H

in kilo Daltons is indicated on the left. Three independent experiments were carried out with similar results.

Data information: Color squares shown on the right of panel (B) are for panel (B). Color squares for panel (D) are shown below. One-way ANOVA followed by Tukey’s post

hoc test were performed for panel (B and D). Statistical significance is indicated by different letters (P < 0.01).

Source data are available online for this figure.
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Morphology of 4-week-old soil-grown plants of Col-0 and two independent transgenic lines of 355-SNIPER11?°". Scale bar = 1 cm.
PRI and PR2 genes expression in the indicated plants as determined by RT-PCR. Error bars represent mean 4 SD (n = 3). Two independent experiments were

Morphology of 4-week-old soil-grown plants of Col-0, sniper1-1, sniper2-1, eds1-2, SNIPER1"?°Y, SNIPER1"1?" eds1-2, sniperi-1 sniper2-1 eds1-2, and sniperl-c1
sniper2-1 eds1-2. sniperl-1is an exonic T-DNA insertional mutant. sniperl-cI is a SNIPER1 knockout mutant containing 807 bp deletion that was generated by

Quantification of H.a. Noco2 sporulation in the indicated plants at 7 dpi with 10° spores per ml water. Error bars represent mean + SD (n = 4). Two independent

Immunoblot of RPS4HA (E), SNC1 (F), RPS2HA (G), and RPM1myc (H) in SNIPER1"? background. Equal loading is shown by Ponceau S staining of a non-specific
band. The numbers below represent the normalized ratio between the intensity of the protein band and the Ponceau S band + SD (n = 3). Molecular mass marker
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SNIPER1 associates with sNLRs through the NB domain

As SNIPER1 encodes an E3 ligase whose expression inversely corre-
lates with sNLRs protein levels, we further tested the hypothesis

The EMBO Journal

that SNIPER1 directly ubiquitinates sNLRs by examining whether
SNIPER1 directly interacts with sNLRs. Co-immunoprecipitation
(co-IP) assays were first performed in Nicotiana (N.) benthamiana
using transiently expressed FLAG-SNIPER1™'%°Y and different SNLRs
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Figure 7. SNIPER1 interacts with diverse sNLRs through the NB domain.
A-C Immunoprecipitation and biotinylation of SUMM2NB-FLAG (A), RPP4NB-FLAG (B), or CHSINB-FLAG (C) by SNIPER1"™?*-HATurbolD in N. benthamiana. Two
biological repeats were carried out with similar results.

D-F Interaction of SNIPER1™?*"-CLuc and SUMM2NB-NLuc (D), RPP4NB-NLuc (E), or CHSINB-NLuc (F) as tested by split-luciferase complementary assay in
N. benthamiana. Three biological repeats with four technical repeats each were carried out with similar results.

Source data are available online for this figure.
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with epitope tags. The DN form of the protein is used here since it
can stabilize the interaction with the substrate rather than degrading
it as in the case of using native E3, defeating the purpose of exami-
nation of the protein—protein interactions between E3 and its
substrate. Interestingly, the DN form of SNIPER1 could pull down
three different selected representative sNLRs including the CNL
SUMM2, TNL RPP4, and TN protein CHS1 (Fig EV5A—-C), indicating
that SNIPER1 can associate with sNLRs in the same protein
complex. To further examine whether such association is through
direct protein-protein interaction, split-luciferase assays were carried
out in N. benthamiana by fusing SNIPER1"'*°Y or sNLRs with the
carboxyl-terminal (CLuc) and amino-terminal (NLuc) halves of the
firefly luciferase, respectively. Apparent luminescence was observed
when SNIPER1™'2°Y-CLuc was co-expressed with sNLRs-NLuc
(SUMM2-NLuc, RPP4-NLuc, CHS1-NLuc, or SOC3-NLuc) (Fig EV5D—
G), suggesting that SNIPER1 can directly associate with these sNLRs.

Next, we sought to determine which domain of sNLRs specifi-
cally interacts with SNIPERI1. Since the only domain shared by
truncated TN-type NLR protein CHS1 (which lacks the LRR
domain), sensor TNLs (SNC1, RPP4), and sensor CNLs (SUMM2)
is the NB domain, we analyzed the interactions between SNIPER1
and the NB domains of these sNLRs using two independent
approaches. First, TurboID-based proximity labeling (Zhang et al,
2019) approach was performed to biotinylate proximal and inter-
acting proteins by TurboID fused protein in the presence of
biotin. Such recently developed unbiased method is known to be
effective in detecting weak or transient protein-protein interac-
tions. Indeed, the DN form of SNIPERI can be pulled down by
NB domains of SUMM?2, RPP4, or CHS1 and these NB domains
can be biotinylated in turn by SNIPER1-HATurbolD (Fig 7A-C),
suggestive of a direct interaction between SNIPER1 and the NB
domains. Furthermore, strong luciferase activity was observed
when SNIPER1"%Y-CLuc was co-infiltrated with NB-NLuc from
different sNLRs (Fig 7D-F). Together these data support that
SNIPER1 recognizes different sNLR substrates through their
common NB domain.

In vitro ubiquitination of NB domains of sNLRs by SNIPER1

To further test whether the E3 SNIPER1 could ubiquitinate sNLRs
directly, MBP-NB-HA proteins were generated, and in vitro ubiquiti-
nation assays were performed in E. coli system. As shown in Fig 8,
ubiquitinations of NB domains from CNL SUMM2 (Fig 8A), TNL
RPP4 (Fig 8B), or TN CHS1 (Fig 8C) were only observed when E1,
E2, Ub, and E3 SNIPER1 were present. The absence of any compo-
nent leads to failed ubiquitination. These results indicate that
SNIPER1 can ubiquitinate the NB domains of sNLRs.

Discussion

In all eukaryotes, UPS regulates protein homeostasis and plays
pivotal roles in diverse biological processes. The Arabidopsis
genome encodes only two Els and 37 E2s, but around 1,500 E3s,
most of which have not been mechanistically studied. Such low
research attention is mostly due to their genetic redundancy. Single
E3 gene knockout often does not exhibit any phenotypes, posing a
technical difficulty for plant biologists.
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The E3 overexpression approach is effective to overcome redun-
dancy of both the E3s and their targets, as exemplified with our
SNIPER screen. An E3 overexpression can lead to major reduction of
the levels of all targeted substrates regardless of their redundancy,
often revealing a phenotype which does not appear with single gene
knockout of a substrate. On the other hand, E3 overexpression does
not eliminate the substrate as in the case of a null knockout, thus
could be revealing the phenotype of a partial loss-of-function
mutant of the target essential gene. Such strategy can help overcome
lethality, another big problem in genetic analysis.

Opposite to E3 overexpression, approaches using DN-E3s were
also shown to be effective in solving E3/substrate genetic redun-
dancy. For example, deleting the F-box domains of redundant F-box
proteins ZEITLUPE (ZTL), FLAVIN-BINDING, KELCH REPEAT, F-
BOX1 (FKF1), or LOV KELCH PROTEIN2 (LKP2) leads to decoy
versions of E3s, enabling genetic analysis of these redundant E3s
and their substrates (Lee et al, 2018). Decoy versions of RING-type
E3s can be similarly generated by deleting the RING domain as in
the case of redundant MAC3A (PUB59) and MAC3B (PUB60) (Feke
et al, 2019).

E3 ligase-mediated protein ubiquitination and subsequent turn-
over are often highly specific, with each E3 involved in regulating
individual target protein and its close homologs. However, some E3
ligases may target multiple functionally related substrates. For
example, AvrPtoB, an E3 ligase containing U-box motif in
P. syringae pv. tomato, can be delivered into the plant cell to
degrade distinct PRRs (including FLS2, BAK1 (BRI1-associated
receptor kinase 1), CERK1 (Chitin elicitor receptor kinase 1)) and
consequently dampen PTI pathway (Kim et al, 2002). Moreover,
some E3 ligases are involved in multiple biological processes by
targeting different proteins. PUB13 was reported to play roles in
ABA (abscisic acid) signaling, BR (brassinosteroid) signaling, and
PTI-mediated pathway by ubiquitination of ABA co-receptor ABII,
BR receptor BRI, flagellin receptor FLS2, and chitin receptor LYK5
(Lu et al, 2011; Kong et al, 2015; Liao et al, 2017; Zhou et al, 2018).
PUB13 could target more unrelated substrates in salicylic acid-
mediated pathway, cell death, and flowering time (Li et al, 2012;
Liu et al, 2012; Antignani et al, 2015).

In comparison, our current study shows that SNIPER1 serves as
a master E3 ligase that can control the turnovers of all tested sNLRs.
However, SNIPER1 has no effect on the autoimmunity mediated by
gain-of-function ADRI-L2 D484V. Another group of helper NLRs,
NRG1s, function in parallel to ADRI1s and downstream of many
TNLs (Qi et al, 2018; Castel et al, 2019; Wu et al, 2019). No
morphological suppression of gain-of-function NRGIA D485V was
observed by overexpression of SNIPERI. Therefore, SNIPER1 and
SNIPER2 seem to broadly control the protein levels of sNLRs, but
not hNLRs. The obvious question here is how SNIPER1 achieves
such general substrate specificity to regulate the levels of many
unrelated sNLRs. Our data suggest a direct E3-substrate relationship
between SNIPER1 and the sNLRs by recognition of the well-
conserved NB domain which exists in all typical plant sNLRs.
Another feature that enables the diverse substrate recognition by
SNIPER1/2 is their small size, which allows them to move freely in
the cell to access sNLRs found in diverse subcellular locations, from
plasma membrane to cytosol and nucleus (Boyes et al, 1998; Axtell
& Staskawicz, 2003; Deslandes et al, 2003; Burch-Smith et al, 2007;
Wirthmueller et al, 2007; Slootweg et al, 2010; Bi et al, 2011; Xu
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Figure 8. In vitro ubiquitination of the NB domains by SNIPER1.

A-C Ubiquitination of the NB domains from SUMM2 (A), RPP4 (B), and CHS1 (C). Immunoblot of bacterial lysates form E. coli strains expressing AtUBA1-S, MBP-NB-HA,
AtUBCS-S, HIS-FLAG-UBQ10, and SNIPER1-myc, or strains without one of these components. Two biological repeats were carried out with similar results.

Source data are available online for this figure.

et al, 2014). Indeed, confocal analysis revealed that both SNIPER1-
GFP and SNIPER2-GFP proteins were found in both cytosol
and nucleus when transiently expressed
(Appendix Fig S8).

Another question is why dicots require SNIPER1/2 to universally
regulate sNLRs. Upon infection, it has been widely observed in dif-
ferent plants that a large number of NLR genes are upregulated as a
way of defense amplification (Ribot et al, 2008; Mohr et al, 2010;
Yu et al, 2013; Brechenmacher et al, 2015; Chen et al, 2015).
However, over-accumulated NLRs could be detrimental to plant
growth and development. Although some NLRs, such as SNCI,
SIKIC1/2/3, RPS2, N, and MLAs, were reported to have their own
regulatory E3 ligases (Cheng et al, 2011; Gou et al, 2012; Wang
et al, 2016; Dong et al, 2018; Zhang et al, 2019), these specific E3s
are less efficient in dampening such large-scale immune up-regula-
tion. Usage of pathogen-induced E3s like SNIPER1/2 would be more

in N. benthamiana

© 2020 The Authors

efficient to reduce global sNLRs levels to prevent autoimmunity. It
will be interesting to test whether such mechanism also exists in
monocots, and even animals.

The redundancy of SNIPERI and SNIPER?2 is intriguing. On the
surface, their low sequence similarity argues against them being
redundant. However, our genetic evidence where overexpression of
both E3s displays similar immune-related phenotypes, and EDSI1-
dependent lethality of the double knockout mutant with single
mutants being WT-like, supports that these two E3s have overlap-
ping functions in immunity. However, they are apparently not
equally redundant, as overexpression of SNIPERZ exhibits distinct
developmental defects while SNIPERI overexpression is fully WT-
like in morphology. SNIPER2 (also named as MPSR1) was previ-
ously reported as a cytoplasmic chaperone-independent protein
quality control (PQC) E3 ligase for sensing and ubiquitinating
misfolded proteins for their degradation (Kim et al, 2017). In
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addition, inverse correlation between MPSR1 and chaperone protein
was observed for cytoplasmic protein quality control in response to
proteotoxic stress (Kim et al, 2019). Since AtHSP90.2 and
AtHSP90.3 are known to be involved in sncl and chs2-mediated
autoimmunity (Bao et al, 2014; Huang et al, 2014), AtHSP90.3
protein level was examined. However, no change in AtHSP90.3
protein level was observed upon SNIPERI overexpression in sncl
background (Appendix Fig S9). Therefore, the inverse correlation
between HSP90 and SNIPER2 seems to be specific during proteo-
toxic stress, and only for SNIPER2. These independent non-
immune-related PQC activities could possibly contribute to
SNIPER2’s roles distinct from SNIPER1. The evolutionary distance
between SNIPERI and SNIPERZ2 also indicates that they may be
going through functional diversification, the details of which will be
interesting to investigate in the future.

In conclusion, our findings reveal a novel mechanism for global
regulation of sNLRs turnover. In addition to strategies such as
mutating recessive R genes like MLOs, and engineering NLR diver-
sity and decoys (Innes, 2015; Kim et al, 2016; Kusch & Panstruga,
2017), SNIPER1 could be used in the future as a novel tool for engi-
neering broad-spectrum resistance in crops due to its global effects
on sNLRs.

Materials and Methods
Plant growth conditions

Arabidopsis and N. benthamiana plants were grown at 22°C under
16-h light/8-h dark regime, unless otherwise specified.

Construction of plasmids

Overexpression constructs for SNIPERI and SNIPERI™?Y were
cloned into pHAN vector. SNIPER2 and SNIPERI''?°Y were cloned
into pGST1 vector with N terminal HA or FLAG tag. For the split-
luciferase complementation assay, SNIPERI™'?°Y was cloned into
pCambial300-35S-HA-CLuc and SUMM_2, RPP4, SUMMZ2NB, RPP4NB,
and CHSINB were cloned into pCambial300-35S-HA-NLuc (Wu
et al, 2017). For the TurboID-based proximity labeling assay,
SNIPERI™?°Y was cloned into pBASTA-HA-TurbolD. pCambial300
SUMM_2-3HA, pSuper1300 RPP4-myc, pCambial300 CHS1-HA-NLuc,
pCambial300 SOC3-HA-NLuc, and HA-FLAG-SOC3 were described in
previous studies (Huang et al, 2010; Liang et al, 2019). CRISPR
constructs targeting SNIPERI were made as previously described
(Wang et al, 2015). The primers wused are listed in
Appendix Table S1.

Arabidopsis stable transformation and transient
Nicotiana benthamiana expression

The binary constructs were introduced into Agrobacterium tumefa-
ciens GV3101 by electroporation and subsequently either trans-
formed into Arabidopsis by the floral dipping method (Clough &
Bent, 1998) or infiltrated into N. benthamiana leaves (Wu et al,
2019). For sncl, chsI-2, chs2-1, and snc2-1D edsS nprl, plants were
grown at room temperature. For chs3-2D and mekk1-5 ndrl trans-
formation, plants were grown at 28°C under 16-h light/8-h dark
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regime to reduce autoimmunity. Transformants were selected on
soil by spraying BASTA (Glufosinate ammonium). Ten transfor-
mants were selected each and co-segregation analysis in T2 genera-
tions was carried out to make sure the suppression phenotypes
were due to the transgene overexpression. SNIPERI overexpression
lines in SUMMZ2HA, RPS2HA, and RPMImyc backgrounds were
generated by floral transformation with Agrobacterium containing
PHAN-SNIPER1. SNIPER1 overexpression lines in RPS4HA, RPP4myc,
and ADRI-L2 D484V backgrounds were generated by crossing the
known SNIPERI-OE lines 4-1 with the respective lines due to their
incompatible selections.

Pathogen infections

Oomycete and bacterial infection assays were carried out as
described previously (Li et al, 2001). In brief, 2-week-old soil-grown
seedlings were sprayed with H.a. Noco2 conidia spores at a concen-
tration of 10° spores per ml water. Sporulation was quantified using
a hemocytometer after plants were grown at 18°C for 7 days. For
bacterial infections, 4-week-old plants were infiltrated with bacterial
solution at designated concentrations. Leaf disks were collected and
ground on the day of infection (Day 0) and 3 days later (Day 3).
Colony-forming units (cfu) were calculated after incubation on LB
plates with appropriate antibiotic selection.

Expression analysis

About 0.05 g plate-grown plant tissue was collected, and RNA was
extracted using an RNA isolation kit (Bio Basic; Cat#BS82314).
ProtoScript II reverse transcriptase (NEB; Cat#B0368) was used to
generate cDNA. Real-time PCR was performed using a SYBR premix
kit (TaKaRa, Cat#RR82LR). The primers used are listed in
Appendix Table S1.

TurbolD-based proximity labeling in Nicotiana benthamiana

TurbolID-based proximity labeling assay was performed as described
previously (Zhang et al, 2019). In brief, N. benthamiana plants
were infiltrated with agrobacterium containing SNIPERI™%Y-
HATurboID and RPP4NB-3FLAG, SUMMZNB-3FLAG, or CHSINB-
3FLAG constructs. At 48 hpi, biotin was infiltrated, and the plants
were incubated at room temperature for 3 h to allow labeling.
Leaves were harvested and then followed by immunoprecipitation
and Western blot analysis.

Protein extraction, immunoprecipitation, and western
blot analysis

100 mg soil-grown Arabidopsis plant leaves were collected and
extracted by buffer (100 mM Tris—HCI pH 8.0, 0.2% SDS, and 2% B-
mercaptoethanol). Loading buffer was added to each protein sample
and boiled for 5 min. Protein abundance was quantified using
ImageJ (https://imagej.nih.gov/ij/).

Co-immunoprecipitation assay was performed as previously
described (Wu et al, 2017). In brief, N. benthamiana plants were
infiltrated with agrobacterium containing SNIPERI'?°*-FLAG and
HA tagged full-length RPP4, SUMMZ2, CHSI constructs, or NB
domain truncated proteins. About 2.5 g N. benthamiana leaves
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expressing the indicated proteins were harvested at 48 hpi and
ground into powder with liquid nitrogen. Extraction buffer contain-
ing 25 mM Tris-HCI pH 7.5, 150 mM NacCl, 1 mM EDTA, 0.15%
Nonidet P-40, 10% Glycerol, 1 mM PMSF, 1 x Protease Inhibitor
Cocktail (Roche; Cat. #11873580001), and 10 mM DTT. The FLAG-
tagged SNIPER1"™%°Y protein was immunoprecipitated using 20 pl
M2 beads (Sigma; Cat. #A2220) for co-immunoprecipitation. For
TurbolID-based proximity labeling assay, the FLAG-tagged proteins
were enriched by M2 beads and biotinylation was detected by Strep-
tavidin-HRP (Abcam Cat. # ab7403).

The anti-SNC1 antibody was generated against a SNC1-specific
peptide in rabbit (Li et al, 2010). The anti-HA antibody was from
Roche (Cat. #11867423001). The anti-FLAG antibody was from
Sigma (Cat. #F1804), and the anti-myc antibody was from Santa
cruz Biotechnology (Lot#D1411).

The in vitro ubiquitination assay

The in vitro ubiquitination assay for SNIPER1 was carried as previ-
ously described (Li et al, 2010; Han et al, 2017). In brief, E. coli
strain BL21 containing the expression vectors were cultured in 2 ml
LB liquid medium at 37°C. The expression of recombinant proteins
was induced by IPTG. After induction, the bacteria were further
grown at 28°C for 11 h before collection of bacteria cells. The bacte-
rial pellet was resuspended with 100 pl 1 x loading buffer, boiled at
95°C for 5 min.

The in vitro ubiquitination of SNIPER2 was carried in a different
system (Zhao et al, 2013). Recombinant AtUBA2-His, glutathione S-
transferase (GST)-AtUBC8 and GST-SNIPER2 were expressed in
E. coli and purified by Ni-NTA (Qiagen) or GST affinity chromatog-
raphy (GSTrap FF, GE Healthcare), respectively. Ubiquitination
reactions were performed at 30°C for 2 h and ended by adding
1 x loading buffer, boiled at 95°C for 5 min.

Split-luciferase complementation assay

Bacteria carrying the respective NLuc or CLuc constructs were co-
infiltrated into 4-week-old N. benthamiana leaves, and the infil-
trated leaves were incubated with 1 mM luciferin 2 days later.
Luminescence was recorded afterward. Three independent biologi-
cal repeats with four technical repeats were carried out.

Transient expression and confocal microscopy

Transient expression in N. benthamiana was performed as previ-
ously described (Wu et al, 2017). Previously infiltrated leaves
were cut and mounted in water on microscope slides. Selected
confocal images of leaf abaxial epidermis were acquired using
oil immersion differential interference contrast objectives on a
Perkin-Elmer Ultraview VoX spinning disk confocal microscope.
Confocal images were captured with 488-nm lasers for GFP
excitation.

Statistical analysis
One-way ANOVA followed by Tukey’s post hoc test were performed.

The Scheffé multiple comparison was applied for testing correction.
Normality test for all data was done in SPSS. Statistical significance
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was indicated with different letters. P values and sample numbers
(n) were detailed in figure legends.

Expanded View for this article is available online.
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