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An evolutionarily conserved C4HC3-type E3 ligase
regulates plant broad-spectrum resistance against
pathogens
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Abstract

Deployment of broad-spectrum disease resistance against multiple pathogen species is an efficient way to control plant dis-
eases. Here, we identify a Microtubule-associated C4HC3-type E3 Ligase (MEL) in both Nicotiana benthamiana and Oryza
sativa, and show that it is able to integrate and initiate a series of host immune signaling, conferring broad-spectrum resis-
tance to viral, fungal, and bacterial pathogens. We demonstrate that MEL forms homodimer through intermolecular
disulfide bonds between its cysteine residues in the SWIM domain, and interacts with its substrate serine hydroxymethyl-
trasferase 1 (SHMT1) through the YQNL motif. Ubiquitin ligase activity, homodimerization and YQNL motif are indispens-
able for MEL to regulate plant immunity by mediating SHMT1 degradation through the 26S proteasome pathway. Our
findings provide a fundamental basis for utilizing the MEL-SHMT1 module to generate broad-spectrum-resistant rice to
global destructive pathogens including rice stripe virus, Magnaporthe oryzae, and Xanthomonas oryzae pv. oryzae.

Introduction munity, ubiquitin (Ub)/26S proteasome- and autophagy-

mediated turnover of pathogen-encoded proteins or
immunity-related components, and RNA silencing/interfer-
ence (Liu et al, 2014; Verchot, 2016, Muhammad et al,

Plants are exposed to a wide variety of pathogens in natural
ecosystems, which can cause losses in crop yield and reduce
the quality of agricultural production (Savary et al, 2019).

Upon pathogen invasion, plants activate multilayered im-
mune responses, including pathogen-associated molecular
pattern (PAMP)-triggered immunity, effector-triggered im-

2019; Ismayil et al, 2020). These responses include some
common immune signaling systems, such as generation of
reactive oxygen species (ROS), rapid intracellular activation
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of mitogen-activated protein kinase (MAPK) cascades, hor-
mone signaling, deposition of callose, and transcriptional
reprogramming of defense-related genes (Meng and Zhang,
2013; Xin and He, 2013; Birkenbihl et al, 2017; Calil and
Fontes, 2017). Such plant immune signaling systems are
valuable targets for designing broad-spectrum resistance in
crops (Senthil-Kumar and Mysore, 2013; Boutrot and Zipfel,
2017; Li et al,, 2019, 2020).

Ubiquitination involves the conjugation of the Ub to a
target protein and is achieved by the action of a hierarchical
enzymatic cascade comprising an Ub-activating enzyme E1,
an Ub-conjugating enzyme E2, and an Ub ligase E3, where
the E3 Ub ligase provides substrate specificity (Verchot,
2016; Calil and Fontes, 2017). Really Interesting New Gene
(RING)-type E3 ligases contain RING finger domain, which is
defined by the presence of eight cysteine and histidine resi-
dues in a conserved spacing that coordinates two zinc
(Zn*>*) ions (Stone et al,, 2005; Sun et al,, 2019). In addition
to the two canonical RING types (C3H2C3 or C3HC4), plant
RING-type E3 ligase can be subdivided into other modified
(noncanonical) RING domains, including RING-v, RING-D,
RING-S/T, RING-G, and RING-C2, etc. These modified RING
domains varied in either the metal-ligand space or have sub-
stitutions at one or more of the metal-ligand positions
(Stone et al, 2005). RING-v (also named C4HC3-type RING
finger domain) is characterized by a cysteine residue at
metal-ligand position 4 and a histidine residue at metal-
ligand position 5 (Stone et al, 2005 Sun et al, 2019).
Although a dozen plant RING-type E3 Ub ligases have been
shown to play positive or negative roles during the regula-
tion of various steps of plant immunity (Park et al, 2012
Serrano et al, 2014 Ning et al, 2015 Shen et al, 2016
Marino et al, 2019), functions of the “non-canonical”
C4HC3-type RING E3 ligase in plant immunity remain elu-
sive, and its mode of substrate recognition is unclear.

Serine hydroxymethyltransferase (SHMT), an enzyme pre-
sent in all living organisms, catalyzes the reversible conver-
sion of serine and tetrahydrofolate (THF) to glycine and
5,10-methylene THF, providing one-carbon units for the syn-
thesis of thymidylate, purine, and methionine (Ducker and
Rabinowitz, 2017). SHMT is involved in one-carbon metabo-
lism and ROS production, which regulates cellular responses
to multiple stresses, including human or plant diseases
(Moreno et al, 2005; Liu et al, 2012a; Gupta et al, 2017). In
plants, SHMT has paralogs that localize in different cell com-
partments, including cytosol, mitochondria, plastid, and nu-
cleus (Zhang et al,, 2010; Zhou et al, 2012; Liu et al,, 2012a).
Alteration of the regulation of cytosolic SHMT in soybean
(Glycine max) affects one-carbon folate metabolism and
improves soybean resistance to cyst nematode (Liu et al,
2012a; Korasick et al, 2020). An Arabidopsis recessive mu-
tant in the mitochondrial SHMT1, shmt1, is defective in
photorespiration and displays excessive accumulation of
ROS, ultimately influencing responses to salt stress and
pathogen infection (Moreno et al, 2005; Zhou et al,, 2012).
AtSHMT1 is degraded through the Ub/26S proteasome and
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can be stabilized by the Ub-specific protease UBP16 (Zhou
et al, 2012), although the E3 ligase that triggers ubiquitina-
tion of SHMT1 is unknown. Accumulating evidence sup-
ports the importance of SHMTs in plant and human ROS
regulation. However, little is known about the molecular
mechanisms that regulate the activity of these enzymes. In
spite of multiple broad-spectrum resistance genes that have
been identified in different plant species, only a limited
number of them confer species-nonspecific broad-spectrum
resistance to viral, fungal and bacterial pathogens simulta-
neously (Quilis et al, 2008; You et al, 2016; Liu et al, 2017;
Zhou et al, 2018). In this study, we show that a
Microtubule-associated C4HC3-type E3 Ligase (MEL) can
ubiquitinate and promote degradation of SHMT1, resulting
in initiating a series of plant immune signaling that confers
broad-spectrum resistance to independently evolved
pathogens.

Results

NbMEL is a microtubule-associated E3 ligase and
negatively regulates RSV infection

In RNA-sequencing (RNA-seq) assays using rice stripe virus
(RSV)-infected and mock-inoculated (CK-) Nicotiana ben-
thamiana plants at 10days postinoculation (dpi), we found
that 10 transcripts encoding E3 ligase-like proteins were sig-
nificantly differentially expressed in the infected samples.
Among them, eight were upregulated, and two were down-
regulated (Supplemental Figure S1A). Tobacco rattle virus-
induced gene silencing of these transcripts followed by RSV
inoculation demonstrated that knockdown of the
Niben101Scf01611g03014.1 transcript remarkably enhanced
RSV-induced symptom development and viral capsid pro-
tein (CP) accumulation (Supplemental Figure S1, B-D).
Sequence analysis of the Niben1015cf01611g03014.1 tran-
script revealed an open reading frame (ORF) encoding a 242
amino acid (aa) protein comprising a SWIM Zn’*-binding
domain (IPR006564) in its N-terminus and a C4HC3-type
RING finger domain (IPR013083) in its C-terminus
(Figure 1A; Supplemental Figure S1E). We named this gene
NbMEL based on its localization and function (see following
sections). Reverse transcription-quantitative PCR (RT-qPCR)
confirmed the expression of NbMEL increased by about
four-fold at 10 dpi in RSV systemically infected leaves
(Figure 1B). NbMEL is homologous to the N-terminal region
of human ZSWIM2 (MAP kinase kinase kinase (MEKK1)-re-
lated protein X) and MEKK (Figure 1A; Supplemental Figure
S1E), but functions of MEL homologs have not been charac-
terized in plants.

NbMEL is expressed mainly in young leaves, flowers, and
stems, whereas the lowest expression was observed in ma-
ture leaves and roots, as shown by RT-qPCR (Supplemental
Figure S2A). Histochemical GUS staining of transgenic plants
expressing GUS under the control of the NbMEL native pro-
moter (proNbMEL) confirmed a high level of promoter activ-
ity in young leaves, shoot tips, stems, and anthers, and a low
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Figure 1 NbMEL is a microtubule-associated E3 ligase negatively regulating RSV infection. A, Representation of NbMEL and its homologs from
Arabidopsis, O. sativa, and Homo sapiens (ZSWIM2 and MEKKT1). Blue box represents SWIM domain; orange red box represents C4HC3-type
RING domain; gray box represents Zn>* finger domain; black box represents protein kinase domain. B, NboMEL transcript level in mock (CK) or
RSV-infected N. benthamiana systemic leaves at 10 dpi detected by RT-qPCR. Data are means=£sp (n = 3). Asterisks mark significant differences
according to two-tailed Student’s t test, **P < 0.01. C, NbMEL interacts with human E2 Ub-conjugating enzymes UB2D2 in Y2H assays. D, NbMEL
self-ubiquitination in vitro. NbMEL and its mutants, including NbMEL(H179Y), NbMEL(mSWIM), and NbMEL(mY®NL), were assayed for self-
ubiquitination in the presence of E1, human E2(UB2D2) and Ub. GST was used as a negative control. The anti-Ub antibody was used to detect
ubiquitination. E, Subcellular localization of NbMEL-GFP expressed by agroinfiltration in N. benthamiana epidermal cells. Confocal images were
taken at 48 hpi. Bar: 20 um. F, Subcellular co-localization assay of NbMEL-GFP co-expressed with the MAP65-mCherry by agroinfiltration in N. ben-
thamiana epidermal cells. Confocal images were taken at 48 hpi. Bar: 20 um. G, Photographs of representative RSV symptoms in WT, NbMEL over-
expressing transgenic (OE-NbMEL), and NbMEL knockout (Nbmel) N. benthamiana plants after 20 days postmechanical inoculated of RSV. H, RSV
CP accumulation in RSV systemically infected leaves of WT, OE-NbMEL, and Nbmel N. benthamiana plants after 20 dpi of RSV. Actin was used as
a loading control. The bands in immunoblots were quantified and the relative intensities (R-value) are shown above the band. All the experiments
were performed 3 times with similar results.
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level of promoter activity in mature leaves and roots
(Supplemental Figure S2B). Consistent with these results, in
the proNbMEL:GUS transgenic plants, GUS activity was
strongly induced in young leaves upon RSV infection at 10
dpi (Supplemental Figure S2, C and D).

Supporting a potential function of MEL, which possesses a
C4HC3-type RING domain, as an active E3 ligase, yeast two-
hybrid (Y2H) assays showed that NbMEL could interact with
the human E2 Ub-conjugating enzyme UB2D2, whereas an
E3 ligase inactive mutant NbMEL(H179Y) in which His-179
has been replaced by Tyr in the C4HC3-type RING domain
abolished this interaction (Figure 1C). In vitro self-
ubiquitination assays showed that high molecular weight Ub
conjugates were observed when GST-NbMEL was added,
while these Ub conjugates were remarkably diminished in
the case of GST-NbMEL(H179Y) (Figure 1D). These results
demonstrate that NbMEL possesses E3 ligase activity, for
which the C4HC3-type RING domain is essential.

To investigate the cellular distribution of NbMEL, we tran-
siently expressed NDMEL-GFP in N. benthamiana leaf epidermal
cells by agroinfiltration. Confocal micrographs showed that
NbMEL-GFP localized in the nucleus and the cytoskeleton at
the cell cortex (Figure 1E). Treatment with the microtubule-
depolymerizing drug oryzalin completely abolished the co-
localization of NbMEL-GFP and mCherry-tagged microtubule-
associated protein 65 (MAP65-mCherry), whereas dimethyl
sulfoxide (DMSO)-treated controls appeared  unaffected
(Figure 1F), suggesting that NbMEL is localized in microtubules.

To test the roles of NbMEL in RSV infection, NbMEL and
its allele Niben101Scf01056g03007.1 (92% aa identity) were
simultaneously knocked out by clustered regularly inter-
spaced short palindromic repeats-associated protein-9 nucle-
ase (CRISPR/Cas9)-mediated genome editing. Sanger
sequencing confirmed that the NbMEL ORF was shifted by
CRISPR/Cas9-mediated genome editing (Supplemental
Figure S3A). The RT-qPCR analysis showed that NbMEL
transcripts were also significantly decreased in NbMEL
knockout ~ homozygous  N. benthamiana plants
(Supplemental Figure S3B). One homozygous NbMEL knock-
out N. benthamiana (Nbmel) T1 generation plant line and
two independent NbMEL overexpressing transgenic N. ben-
thamiana T1 generation plant lines (OE-NbMEL-1 and
OE-NbMEL-2) were morphologically indistinguishable from
wild-type (WT) N. benthamiana plants under normal
growth conditions (Supplemental Figure S3, C—E). Following
RSV inoculation, viral symptoms and RSV CP accumulation
were enhanced in Nbmel N. benthamiana plants and signifi-
cantly attenuated in NbMEL overexpression N. benthamiana
plants (Figure 1, G and H). Taken together, our results dem-
onstrate that NbMEL is a microtubule-associated E3 ligase
that has a positive function in defense against RSV infection
in N. benthamiana.

NbMEL positively regulates plant innate immunity

Human ZSWIM2 acts as an E3 ligase and its E3 ligase activity
is required for the enhancement of apoptosis, which is simi-
lar to plant hypersensitive response (HR)-like cell death. The
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N-terminal RING finger domain of Human MEKK1 is re-
sponsible for ubiquitination of mammal ERK1/2, and mam-
mal ERK1/2 is closely related to plant MAP kinases (Lu
et al, 2002, Nishito et al, 2006; Lord and Gunawardena,
2012; Meng and Zhang, 2013). As NbMEL is homologous to
the N-terminal region of human ZSWIM2 and MEKK1, the
roles of NbMEL in plant innate immunity were investigated.
3,3-diaminobenzidine (DAB) staining indicated that
agrobacterium-mediated transient expression of GFP or Ub
ligase inactive mutant NbMEL(H179Y) at 36- to 48-h postin-
oculation (hpi) did not induce H,O, accumulation, but an
agrobacterium-mediated expression of NbMEL-Flag resulted
in H,O, accumulation in N. benthamiana leaves (Figure 2, A
and B). By 72-96 hpi, mild HR-like cell death was observed
upon expression of NbMEL-Flag and confirmed by trypan
blue staining, but no obvious HR-like cell death was ob-
served upon expression of NbMEL(H179Y)-Flag or GFP-Flag
(Figure 2, A and B). Compared with GFP-Flag and
NbMEL(H179Y)-Flag mutant, agrobacterium-mediated tran-
sient expression of NbMEL-Flag in N. benthamiana leaves
led to enhanced activation of MAP kinases (Figure 2C). In
transgenic N. benthamiana plants overexpressing NbMEL
(OE-NbMEL), spontaneous H,O, accumulation, MAP kinases
as well as plant defense-related genes, including PR2, PR4,
PR5, and WRKY33 were constitutively activated, whereas
these effects were not detected in transgenic N. benthami-
ana plants overexpressing the E3 ligase-inactive mutant (OE-
NbMEL(H179Y) (Figure 2, D-G). The transcript and protein
accumulations were confirmed by RT-qPCR and immuno-
blotting, respectively, in transgenic N. benthamiana plants
OE-NbMEL or its mutant (Supplemental Figure S3, F and G).
Interestingly, no obvious HR-like cell death was observed in
constitutive NbMEL overexpression transgenic N. benthami-
ana plants (Supplemental Figure S3E), this might be due to
NbMEL being self-ubiquitinated and the amount of NbMEL
overexpression being strictly controlled in vivo.

The observed effects on MAP kinase activation, ROS gen-
eration, and increased expression of plant defense-related
genes in OE-NbMEL N. benthamiana plants led us to investi-
gate whether NbMEL is involved in the regulation of plant
defense to pathogens other than RSV. Our histochemical
GUS staining was performed in proNbMEL:GUS transgenic
plant leaves inoculated by Botrytis cinerea, and GUS expres-
sion was highly induced in leaf regions surrounding lesions
generated by drop inoculation of B. cinerea spores at 24 and
36 hpi (Supplemental Figure S4A), and RT-qPCR results
revealed that the NbMEL transcript remarkably increased in
response to infection by B. cinerea at 24-36 hpi
(Supplemental Figure S4B). In addition, RT-gPCR results
revealed that NbMEL transcript was not affected from
10min to 36h after mechanical damage (MD), excluding
the possibility that NbMEL is induced by MD during patho-
gen inoculation (Supplemental Figure S4C). These results in-
dicate that B. cinerea infection can also activate the
transcriptional expression of NbMEL.

Next, OE-NbMEL, Nbmel, and WT N. benthamiana plants
were challenged with B. cinerea or RSV. As shown in
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Figure 2 NbMEL positively regulates plant immunity. A and B, DAB and trypan blue staining of N. benthamiana leaves transiently expressing
NbMEL, NbMEL mutants or GFP by agroinfiltration. DAB staining was performed at 36-48 hpi, trypan blue staining was performed at 72-96 hpi.
C, MAP kinase phosphorylation detection in N. benthamiana leaves transiently expressing NbMEL, NbMEL mutant versions or GFP by agroinfiltra-
tion. D-G, MAP kinase phosphorylation (D), DAB staining (E), relative H,0O, accumulation (F), defense-related gene expression (G) in WT,
NbMEL, or NbMEL mutant overexpressing transgenic (OE-NbMELs), and NbMEL knockout (Nbmel) N. benthamiana plants. Defense-related gene
expression was detected by RT-qPCR. Data are means=+sp (n = 3). H-J, Photographs of representative lesions and DAB staining (H), relative H,O,
quantification (1), and relative lesion diameter (J) of B. cinerea conidial infected leaves of WT, OE-NbMEL, and Nbmel N. benthamiana plants at 96
hour post inoculation (hpi). Lesion size was measured at 3 dpi, Data are means +sem (n = 12). K-M, Photographs of representative symptoms and
DAB staining (K), relative quantification of H,O, accumulation (L), and RSV CP accumulation (M) in RSV systemically infected leaves of WT, OE-
NbMEL, and Nbmel N. benthamiana plants after 10 dpi of RSV. In (F), (1), and (L), H,O, accumulation was measured by Amplex red, Data are
means+£sp (n = 3). In (C) and (D), immunoblot analysis was performed using the antibody against p42/p44-MAPK. In (F), (G), (1), (J), and (L),
asterisks mark significant differences according to two-tailed Student’s t test; *P < 0.05; **P < 0.01. In (C), (D), and (M), the bands in immunoblot
were quantified and the relative intensities (R-value) are shown above the band, actin was used as a protein loading control. All the experiments
were performed 3 times with similar results.
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Figure 2, H-J, OE-NbMEL N. benthamiana plants developed
smaller infection lesions and displayed higher H,O, accumu-
lation around the lesions, while the opposite phenotypes
were found in Nbmel N. benthamiana plants. In addition,
we also observed higher accumulation of H,O, and lower
CP accumulation in systemic leaves of OE-NbMEL N. ben-
thamiana plants infected by RSV as compared with Nbmel
and WT plants (Figure 2, K-M). The above results indicate
that NbMEL enhances plant innate immune signaling, in-
cluding activation of MAP kinases, ROS generation, and acti-
vation of defense-related genes, ultimately negatively
regulating RSV or B. cinerea infection.

NbMEL interacts with and ubiquitinates NbSHMT1
to promote degradation of NbSHMT1

To further elucidate the molecular mechanism of NbMEL in
regulating plant innate immunity, a Y2H c¢DNA library of
N. benthamiana was used to search for NbMEL-interacting
proteins. This screen yielded a clone of cDNA encoding
SHMT with two alleles (Niben1015cf07073g02007.1 and
Niben1015cf01048g00005.1 with 98.6% aa identity) in the
N. benthamiana genome (Supplemental Figure S5, A and B).
Since the proteins encoded by these two transcripts were
clustered into the same clade (Group 1) with AtSHMT1
(AT4G37930) and OsSHMT1 (LOC 0s03g52840.1) in the
phylogenetic tree constructed by all SHMT homologs from
N. benthamiana, Arabidopsis, and Oryza sativa, we hereafter
refer to Niben101Scf01048g00005.1 (NbSHMT1-1) and
Niben101Scf07073g02007.1  (NbSHMT1-2) as NbSHMT1
(Supplemental Figure S5C).

To validate the interaction specificity of NbMEL and
NbSHMT1, we further cloned three NbSHMT1 homologs
NbSHMT2 (Niben101Scf07116g00002.1), NbSHMT3
(Niben1015cf07161g00011.1), and NbSHMT4
(Niben1015cf02122g02019.1), respectively, from Groups 2, 3,
and 4 in the phylogenetic tree (Supplemental Figure S5C)
and then tested the interaction between NbMEL and these
homologs by Y2H. The results showed that NbMEL specifi-
cally interacted only with NbSHMT1 (Figure 3A;
Supplemental Figure S6A). The in vitro pull-down assay
showed that GST-NbMEL could effectively pull down MBP-
NbSHMT1, but not the GST control, indicating a physical in-
teraction between NbMEL and NbSHMT1 (Figure 3B).
Furthermore, bimolecular fluorescence complementation
(BIiFC) assays verified the in vivo NbMEL-NbSHMT1 interac-
tion in planta, strong filiform and punctiform yellow fluores-
cence was observed upon co-expression of NbMEL-nYFP
with NbSHMT1-cYFP or NbMEL-cYFP with NbSHMT1-nYFP,
whereas no fluorescence was observed in the negative con-
trol combinations of NbMEL-nYFP and cYFP-tagged
NbSHMT1  homologs  (NbSHMT2,  NbSHMT3, and
NbSHMT4) or NbMEL-c-YFP and nYFP-tagged NbSHMTT1
homologs (Supplemental Figure S6B). Immunoblots con-
firmed that all proteins were transiently expressed in sam-
ples (Supplemental Figure S6C).

As NbMEL is an E3 ligase and interacts with NbSHMTT1,
we then tested whether NbMEL can ubiquitinate NbSHMT1
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and mediate its degradation through the 26S proteasome
pathway. In in vitro ubiquitination assays, polyubiquitinated
MBP-NbSHMT1 was detected following co-incubation with
GST-NbMEL (Figure 3C). In contrast, the Ub ligase inactive
mutant GST-NbMEL(H179Y) was unable to ubiquitinate
MBP-NbSHMT1 (Figure 3C), indicating that NbSHMT1 is
most likely a direct substrate of NbMEL. Furthermore, im-
munoprecipitation (IP) of NbSHMT1-Flag using anti-Flag
beads showed that the polyubiquitinated forms of
NbSHMT1-Flag  were remarkably enhanced when
NbSHMT 1-Flag co-expressed with NbMEL-Myc, as compared
to NbSHMT1-Flag expressed alone (Supplemental Figure S7),
indicating that NbSHMT1 is polyubiquitinated by NbMEL
in vivo.

To test whether NbSHMT1 is directly targeted for degra-
dation by NbMEL, NbSHMT1-Flag was co-expressed with
NbMEL in N. benthamiana leaves by agroinfiltration.
Transient co-expression of NbMEL-Myc with NbSHMT1-Flag
notably attenuated NbSHMT1-Flag protein accumulation,
whereas co-expression of NbMEL(H179Y)-Myc or GFP-Myc
with NbSHMT1-Flag as controls did not have any noticeable
effect on NbSHMT1-Flag accumulation (Figure 3D), indicat-
ing that NbMEL directly induces NbSHMT1 degradation.

Semi-in vivo degradation assays showed that the endoge-
nous NbSHMT1 in WT N. benthamiana leaf total protein ex-
traction was degraded following incubation with ATP in
immunoblot using the specific SHMT1 antibody (Figure 3, E
and G; Supplemental Figure S8). This degradation was accel-
erated in N. benthamiana leaves OE-NbMEL, but remarkably
reduced in NbMEL knockout N. benthamiana leaves
(Figure 3, E and G). In addition, NbSHMT1 degradation in N.
benthamiana leaves OE-NbMEL was suppressed by MG132
(Figure 3, F and G). In line with semi-in vivo results, the
accumulation of endogenous SHMT1 was constitutively in-
creased in NbMEL knockout (Nbmel) but decreased in OE-
NbMEL N. benthamiana plants (Figure 3H). Based on these
results, we conclude that NbMEL ubiquitinates NbSHMT1
and leads to its degradation by the 26S proteasome.

NbMEL-mediated downregulation of NbSHMT1
activates plant immunity

As NbMEL is induced by RSV or B. cinerea infection, and
NbMEL directly ubiquitinates and promotes degradation of
NbSHMT1, we reasoned that NbSHMT1 protein accumula-
tion might be downregulated in response to RSV or B. cin-
erea infection. To test this hypothesis, we retrieved
NbSHMT1 data from our previous iTRAQ-based proteomics
assay in mock (CK-) and RSV infected N. benthamiana
plants at 10 and 30 dpi (Fu et al, 2018). Eight NbSHMT1
peptides were identified by iTRAQ, and protein expression
assays based on these eight peptides showed that
NbSHMT1 protein accumulation was significantly reduced
in RSV-infected plants at both 10 and 30 dpi (Supplemental
Figure S9). Consistent with this result, the NbSHMT1 accu-
mulation decrease at both 10 and 30 dpi in RSV-infected
plants was verified by immunoblotting (Figure 4A). No
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Figure 3 NbMEL interacts with and ubiquitinates NbSHMT1 to promote 26S proteasome-mediated degradation of NbSHMT1. A, NbMEL inter-
acts with NbSHMT1 by Y2H assay. Serial dilutions of yeast cells cotransfected with two recombination vectors were plated on SD-Trp—Leu-His—
Ade medium. Yeast cells co-transfected with pGADT7-T and pGBKT7-p53 or with pGADT7-T and pGBKT7-Lam were used as positive and nega-
tive controls, respectively. B, NbMEL interacts with NbSHMT1 by in vitro pull-down assay. NbMEL fused with GST (GST-NbMEL) was used as the
bait, and NbSHMT1 fused with MBP was used as the prey. C, In vitro ubiquitination assay showing in vitro ubiquitination of NbSHMT1 by NbMEL
and NbMEL mutants. Ubiquitination of MBP-NbSHMT1 was detected by immunoblot using the anti-MBP antibody. Orange brackets and triangles
denote ubiquitinated NbSHMT1 bands. D, NbSHMT1-Flag in vivo accumulation assay. NbSHMT1-Flag was co-expressed with NbMEL,
NbMEL(H179Y), or GFP (control) in N. benthamiana leaves by agroinfiltration. Actin was used as a loading control. E, Semi in vivo protein stability
assay of endogenous NbSHMT1 in WT, NbMEL overexpressing transgenic (OE-NbMEL), and NbMEL knockout (Nbmel) N. benthamiana plants.
Endogenous NbSHMTT1 protein level was detected by immunoblotting with anti-SHMT1 antibody at different times (0.5, 1, 2, and 4 h) after 100-
UM CHX treatment in the presence or absence of 20-M ATP. Ponceau S staining of Rubisco was used as loading controls. F, Semi in vivo protein
stability assay of the effect of MG132 on the stability of endogenous NbSHMT1 in OE-NbMEL N. benthamiana plants. Endogenous NbSHMT1 pro-
tein level was detected at different times (0.5, 1, 2, and 4 h) after 100-uM CHX and 20-puM ATP treatment in the presence of 100-uM MG132 or
an equal volume of DMSO (control). Ponceau S staining of Rubisco was used as loading controls. G, Graph summarized relative endogenous
NbSHMT1 accumulation level in (E) and (F). Protein accumulation at the 0.5-h time point was normalized to rubisco and set as 1. Data are
means £sem (n = 3). H, Endogenous SHMT1 protein accumulation in WT, OE-NbMEL and Nbmel N. benthamiana plants. Actin was used as a load-
ing control. All the experiments were performed 3 times with similar results.
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Figure 4 Downregulation of NbSHMT1 mediated by NbMEL initiates plant immune signaling. A, Endogenous NbSHMT1 accumulation in mock
(CK-) and RSV-infected N. benthamiana systemic leaves at 10 dpi and 30 dpi, respectively. Actin was used as a loading control. B, Endogenous
NbSHMT1 accumulation in mock (CK-) and B. cinerea infected N. benthamiana leaves at 24, 48, and 96 hpi, respectively. Actin was used as a load-
ing control. C, Endogenous NbSHMT1 accumulation in mock (CK-) and RSV infected WT, NbMEL overexpressing transgenic (OE-NbMEL), and
NbMEL knockout (Nbmel) N. benthamiana plants at 30 dpi. Actin was used as a loading control. D, Endogenous NbSHMT1 accumulation in mock
(CK-) and B. cinerea infected WT, OE-NbMEL, and Nbmel N. benthamiana plants at 48 hpi. Actin was used as a loading control. E, DAB staining of
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remarkable difference of the NbSHMT1 transcript levels was
found between mock (CK-) and RSV infected N. benthami-
ana plants when analyzed by RT-qPCR at both 10 and 30
dpi (Supplemental Figure S10A), indicating that RSV infec-
tion does not affect NbSHMT1 transcription. Similarly, the
endogenous NbSHMT1 protein level was decreased after B.
cinerea infection from 48 hpi (Figure 4B). The RT-qPCR
analysis showed that the NbSHMT1 transcript levels were
downregulated after B. cinerea infection from 24 hpi
(Supplemental Figure S10B). These data indicate that RSV or
B. cinerea infection induces downregulation of NbSHMT1.
To address whether RSV or B. cinerea infection-induced deg-
radation of NbSHMT1 is dependent on NbMEL, we com-
pared the accumulation of NbSHMT1 in OE-NbMEL, Nbmel
and WT plants under pathogen infection. The RSV or B. cin-
erea infection-induced NbSHMT1 degradation was much
lower in Nbmel plants than that in WT or OE-NbMEL plants
(Figure 4, C and D). These data support that NbMEL is in-
volved in RSV or B. cinerea infection-induced degradation of
NbSHMT1.

To investigate the role of NbSHMT1 degradation,
NbSHMT1 was knocked out by CRISPR/Cas9-mediated ge-
nome editing. Sanger sequencing confirmed CRISPR/Cas9-
mediated genome  mutation in  NbSHMT1 ORF
(Supplemental Figure S11A). The RT-gPCR and immuno-
blotting analyses showed that NbSHMT1 transcript and pro-
tein were also significantly decreased in NbSHMT1 knockout
homozygous N. benthamiana leaves (Supplemental Figures
S8C and S11B). T1 generation of NbSHMT1 knockout homo-
zygous N. benthamiana leaves (Nbshmt1) displayed mild
chlorosis under normal light intensity (4000 Lux)
(Supplemental Figure S11C). When grown under high light
intensity (7,000 Lux) or longer photoperiod (18-h light/6-h
dark), these plants showed slightly reduced size and growth
retardation, and some upper leaves presented chlorosis
(Supplemental Figure S11, C and D). Mutation of
Arabidopsis SHMT1 resulted in excessive accumulation of
ROS (Moreno et al., 2005). DAB staining and H,O, accumu-
lation detection revealed that H,O, spontaneously accumu-
lated in Nbshmt1 leaves (Figure 4, E and F). Similar to
NbMEL overexpression in N. benthamiana, Nbshmt1 N.

Figure 4 (Continued)
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benthamiana plants displayed constitutive activation of
MAP kinases and induction of defense-related genes, includ-
ing PR1, PR2, PR4, PR5, and WRKY33 (Figure 4, G and H).

AtSHMT1 was reported to localize to mitochondria (Zhou
et al, 2012), and MitoProtll prediction showed NbSHMT1
was targeted to mitochondria due to the presence of an 18
aa mitochondrial targeting signal at its N-terminus. To test
the predicted mitochondrial localization of NbSHMT1,
NbSHMT1-GFP was transiently co-expressed with a mito-
chondrial marker (COX4-mCherry) in N. benthamiana
leaves. Confocal microscopy observation demonstrated that
NbSHMT1-GFP co-localized with COX4-mCherry in mito-
chondria (Supplemental Figure S12A). MitoTracker Red has
been widely used to label mitochondria (Todisco et al,
2006). The co-localization assay showed that NbSHMT1-GFP
punctate fluorescence is specifically located in the mito-
chondria labeled by MitoTracker Red (Supplemental Figure
S12B). In immune-gold labeling transmission electron mi-
croscopy analysis, compared with GFP, NbSHMT1-GFP was
distinctly labeled in mitochondria by the specific antibody
against GFP, and the number of gold particles labeled in mi-
tochondria was significantly larger in cells transiently
expressing NbSHMT1-GFP than that in those expressing
GFP (Supplemental Figure S12, C and D). Furthermore, the
predicted NbSHMT1 mitochondrial targeting signal 1-18 aa
was fused to GFP, and we found NbSHMT1 (1-18 aa)-GFP
co-localized with  COX4-mCherry at  mitochondria
(Supplemental Figure S12E), indicating that the region com-
prising 1-18 aa is responsible for NbSHMT1 protein target-
ing to mitochondria.

We then examined whether the decrease of SHMT1 could
induce mitochondrion-derived ROS production in OE-
NbMEL and Nbshmt1 N. benthamiana plants. CM-DCFDA
(chloromethyl-2’, 7’-dichlorodihydrofluorescein diacetate) is
a cell-permeant reagent that can react with ROS and is used
to assess the oxidant levels within the cell (Shang-Guan
et al, 2018). CM-DCFDA staining showed green punctiform
fluorescence co-localized with the mitochondrial marker
COX4-mCherry in OE-NbMEL and Nbshmt1 N. benthamiana
leaf epidermal cells while no green fluorescence was ob-
served in WT N. benthamiana leaf epidermal cells (Figure 4,

WT and Nbshmt1 N. benthamiana leaves. F, Relative H,O, accumulation in WT and Nbshmt1 N. benthamiana leaves was measured by Amplex
red. G, Defense-related gene expression in WT and Nbshmt1 N. benthamiana plants detected by RT-qPCR. Data are means£sp (n = 3). H, MAP ki-
nase phosphorylation assay in WT and Nbshmt1 N. benthamiana leaves. Immunoblot analysis was performed using an anti p42/p44-MAPK anti-
body. Actin was used as a loading control. |, Photographs of representative CM-H2DCFDA staining in mitochondria of WT, OE-NbMEL and
Nbshmt1 N. benthamiana leaf epidermal cells. Bar: 10 um. ), Comparison of fluorescence intensity of mtROS stained by CM-H2DCFDA in WT, OE-
NbMEL, and Nbshmt1 N. benthamiana leaf epidermal cells. COX4-mCherry was used as a mitochondrial marker. Bar: 10 pim. Data are means +sp
(n = 100). K, Photographs of representative RSV symptoms in WT and Nbshmt1 N. benthamiana plants at 20 dpi. L and M, RSV CP accumulation
(L) and relative quantification of H,O, accumulation (M) in RSV-infected systemically leaves of WT and Nbshmt1 N. benthamiana plants at 20
dpi. Actin was used as a loading control. N-P, Photographs of representative lesions and DAB staining (N), relative lesion diameter (O), and rela-
tive quantification of H,0, (P) of B. cinerea-infected leaves of WT and Nbshmt1 N. benthamiana plants at 96 hpi. Lesion size was measured at 3
dpi, Data are means=sem (n = 10). In (F), (M), and (P), H,O, accumulation was measured by Amplex red. Data are means+sp (n = 3). In (F), (G),
(), (M), (O), and (P), asterisks mark significant differences according to two-tailed Student’s t test, **P < 0.01. In (A-D) and (L), the bands in
immunoblots were quantified and the relative intensities (R-value) are shown above the band. All the experiments were performed 3 times with

similar results.
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I and ), indicating that NbMEL overexpression or NbSHMT1
knockout-caused intracellular ROS generation is closely asso-
ciated with mitochondria. Voltage-dependent anion-selective
channel protein 1-5 (VDAC1) accumulation detection indi-
cated the number and integrity of mitochondria were not
affected by NbMEL overexpression or NbSHMT1 knockout
(Supplemental Figure S13).

To test whether NbSHMT1 plays a role in plant immunity,
Nbshmt1 plants were inoculated with RSV or B. cinerea. As
shown in Figure 4, K-M, both RSV-induced symptoms and
accumulation of the viral CP were significantly attenuated in
Nbshmt1 N. benthamiana plants, and higher H,0, accumu-
lation was detected in Nbshmtl N. benthamiana plants
infected with RSV, compared to that in WT N. benthamiana
plants. Meanwhile, B. cinerea inoculation showed that B. cin-
erea-induced lesions in Nbshmt1 N. benthamiana plants
were smaller and H,0, accumulated higher around the
lesions, compared to that in WT N. benthamiana plants
(Figure 4, N-P). These results indicate that NbMEL-
mediated downregulation of NbSHMT1 activates plant im-
munity including spontaneous mitochondrial ROS (mtROS)
accumulation, activation of MAPK cascades, and defense-
related genes.

NbMEL recognizes NbSHMT1 through its C-terminal
YoNL motif

To investigate the molecular basis underpinning the interac-
tion between MEL and SHMT1, Y2H assays were used to an-
alyze the interaction between different NbMEL truncated
forms with NbSHMT1 (Figure 5A). As shown in Figure 5B,
the C-terminus of NbMEL (207-242 aa), but not other
domains, strongly interacted with NbSHMT1. For example,
the Ub ligase inactive mutant NbMEL(H179Y) was still able
to interact with NbSHMT1 (Figure 5C). Interestingly, the C-
terminus (207-242 aa) of NbMEL is predicted to contain an
intrinsically disordered domain by DISOPRED 3 (http://bio
inf.cs.uclac.uk/psipred/) (Figure 5A). Next, we further nar-
rowed down the minimal domain of NbMEL that is required
for NbMEL binding of NbSHMT1 and found that the C-ter-
minal 23 residues located at positions 207-229 were still ca-
pable to interact with NbSHMT1 (Figure 5B).

Then, we retrieved and aligned this 23-residues region of
NbMEL homologs from 17 dicots, 7 monocots, 4 algae, and
ferns. Strong conservation was observed for a tyrosine (Tyr)
residue at position 216, a hydrophobic residue (Leu/Met/
Val/lle) at 217, an asparagine (Asn) residue at 218, and a
leucine (Leu) residue at 219 (Figure 5D). We hereafter refer
to this region as the YQNL motif, where @ represents a hy-
drophobic residue. The high sequence conservation of the
NbMEL Y@NL motif prompted us to determine whether the
YONL motif is required for NbSHMT1 recognition. We
substituted Tyr-216, Leu-217, Asn-218, and Leu-219, to Ala
simultaneously to generate a NbMEL(mY@NL) mutant, and
then tested its interaction with NbSHMT1. The result
showed that NbMEL(mY®NL) lost its interaction with
NbSHMTT1 in both Y2H (Figure 5B) and BiFC (Supplemental
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Figure S14A). We further showed that NbMEL(mY@NL)
lost its ability to ubiquitinate MBP-NbSHMT1 in vitro
(Figure  3C), while self-ubiquitination = of  GST-
NbMEL(mY@NL) was not affected (Figure 1D). Consistent
with those results, in the NbSHMT1-Flag accumulation as-
say, co-expression with NbMEL remarkably reduced
NbSHMT1-Flag accumulation, but NbMEL(mY@NL) and
GFP were unable to target NbSHMT1 for degradation
(Figure 5E). Moreover, N. benthamiana leaves transiently
expressing NDMEL(mYQNL)-Flag by Agrobacterium infiltra-
tion displayed remarkably attenuated H,O, generation, MAP
kinase activation, and HR-like cell death compared to those
expressing NbMEL-Flag (Figure 2, B and C). In line with
NbMEL(mY@NL)-Flag transient expression results, MAP
kinase activation, H,O, generation, and expression of
defense-related genes in transgenic N. benthamiana plants
overexpression NbMEL (mY@NL)-Flag (Supplemental Figure
S15, A and B) were indistinguishable from those in non-
transgenic plants (Figure 2, D-G). These results suggest
that the conserved Y@ONL motif embedded in the NbMEL
C-terminal intrinsically disordered region is responsible for
binding with NbSHMT1 and indispensable for the NbMEL-
mediated modulation of plant immune signaling.

NbMEL forms homodimers through intermolecular
disulfide bonds
In Y2H assays, we found that NbMEL can strongly self-
interact (Figure 5F), indicating that NbMEL might form olig-
omer. We further showed that the Ub ligase inactive mutant
NbMEL(H179Y) and the YoONL motif mutant
NbMEL(mYQNL) are still capable of self-interacting
(Figure 5F), indicating that the YQNL motif and Ub-ligase
activity domain are not required for NbMEL oligomerization.
Then, a series of NDMEL truncated mutants were con-
structed to identify the domains required for NbMEL oligo-
merization. As shown in Figure 5F, we found that NbMEL
(1-90 aa), harboring the SWIM domain, was sufficient to
mediate self-interaction. A close look into the sequence of
the SWIM domain unveiled that it comprises a characteristic
sequence motif CxCx,,CxH, conserved in all plant species an-
alyzed (Supplemental Figure S16A). Point mutations were
generated in this region at positions Cys-70, Cys-72, and
Cys-79 by replacing these cysteine residues with Ala, simulta-
neously, generating the NbMEL(m1-90 aa) mutant. Y2H
results indicated that NbMEL(m1-90 aa) loses the ability to
self-interact (Figure 5F). When these mutations were intro-
duced in the full-length NbMEL the resulting
NbMEL(mSWIM) mutant also abolished self-interaction in
Y2H (Figure 5F) and BiFC assays (Supplemental Figure S14B).
To test whether NbMEL could form oligomer in vivo,
NbMEL(H179Y)-Flag  or ~ NbMEL(mSWIM)-Flag ~ was
Agrobacterium-mediated transiently expressed in N. ben-
thamiana leaves. As shown in Figure 5G, a high molecular
mass band of approximately twice the size of that of the
NbMEL(H179Y)-Flag monomer was observed upon expres-
sion of NbMEL(H179Y), indicating that NbMEL(H179Y)


https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac055#supplementary-data
http://bioinf.cs.ucl.ac.uk/psipred/
http://bioinf.cs.ucl.ac.uk/psipred/
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac055#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac055#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac055#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac055#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac055#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac055#supplementary-data

1832 I THE PLANT CELL 2022: 34; 1822-1843 Fu et al.

A intrinsically AD-NbSHMT1  AD C
DISOPRED Plot disorder region 107 107 107 10 107 103
09>, - s
A = v BK-NbMEL BK-NbMEL+ AD-UB2D2
0.5fomnst B s 3 BK-NbMEL(1-140 AA) _- BK-NbMEL(H179Y)+AD-UB2D2
3 P ) 41
) 4 senoveLat-262.4) (TN BK-NBMEL(mSWIM}+AD-UB2D2
9% 20 40 60 BO 100 120140 160 180 200 220 240 BK-NOMEL(141-206 AR) --
o BK-NDMEL+AD-NbSHMT1
e | |
— BK-NDMEL(207-229 AA BK-NbMEL(H179Y)+AD-NbSHMT1
= [ ¢ ) --
X 140 BK-NBMEL(mY@NL) BK-NbMEL (mSWIM)+AD-NbSHMT1
SD Leu- Trp His-Ade SD-Leu-Trp-His-Ade

NbSHMT1-Flag

207 229
o o o K 0 0 10
& & & &
e & e @ BK-NBMEL+AD-NbMEL
S S \, A A .| K | K
éq\b\p‘,‘ c{‘?@\ W@ \§, @g, @Q, o BK-NbMEL(1-90 AA)+AD-NbMEL(1-90 AA)
BK-NBMEL{m1-90 AA)+AD-NBMEL{m1-90 AA)
10 08 10 10 10 14 10 17 R-Vale BK-NbMEL(H179Y)+AD-NbMEL(H179Y)
ﬂ}“ a-Flag BK-NBMEL(mYoNL)+AD-NBMEL(mYgNL)
:; ﬁ a-Actin BK-NbMEL(mSWIM)+AD-NbMEL(mSWIM)

-

BK-NbMEL(1-90 AA)+AD
BK+AD-NbMEL(1-90 AA)

G BK-NbMEL(m1-80 AA}+AD
BK+AD-NbMEL(m1-90 AA)

NbMEL(H179Y)-FI. NbMEL{mSWIM)-FI
7 Monocots { YFlag {MSWIM}-Fiag BK+AD-NbMEL(H179Y)

* - + H.0 BK+AD-NbMEL(mYgpNL)
e, BES E%‘E“YBN

.

v - + 0.01% Glutaraldehyde

%)
ol
E
1Y
¥
=

b
I
g
b
a
2 2

A LA kDa BK-NBMEL({mSWIM}+AD
"""" 70 = . cm— Dimeric NbMEL BK+AD-NBMEL(mSWIM)
P 554 a-Flag
5. 4 algaes and ferns 40 —
£ 35 — NbMEL
'
i me s e = — a-Actin
"
NbMEL(H179Y)-Flag NbMEL(H179Y)-Flag
CK- +RsV CK- + B.cinerea
R-Value of R-Value of
10 10 10 18 20 20 kDa 1 1
kDa Dimeric NbBMEL 170 TLte i L 4 Dimeric NBMEL
NbMEL(H178Y)-Flag NbMEL{mSWIM)-Flag gg 130
100
DITO 1 100 0 1 100 mM 100
kDa 70 70
el T —Dimeric NBMEL «Dimeric NbMEL — Dimeric NGMEL
55— 55 55
- - - a-Flag a-Flag
40— a-Flag 40 40
35— T T w— gy S @ | \\onomeric NDMEL 35 « Monomeric NbMEL 35 Monomeric NBMEL
I — I —
NBMEL(H179Y)-GFP o NOOHMTieg:
= o S
CK- +R8V + B.cinerea 300 o @:\"!\ ‘5\‘@
B f N
] AF & ¥
Qo Kk A o \:\Q}'\ ¢?>‘ ‘g}'
E 1 L
2 i y
9 200 [ 1.0 17 1.0 21 R-Value
3 : a
a A
5 3 g —- .
&= o
£™ £ -
a-Actin
E i
—

Figure 5 NbMEL recognizes NbSHMT1 through the Y@NL motif and forms homodimers dependent on the SWIM domain. A, Intrinsically disor-
dered region in NbMEL predicted by DISOPRED 3 and schematic representation of NbMEL truncated mutants. Green box indicates the NbMEL
C-terminal intrinsically disordered region interacting with NbSHMT1. Black thick lines represent mutants that are unable to interact with
NbSHMT1; orange thick lines represent mutants that are able to interact with substrates. B, Interaction of NbMEL, its truncated or point mutants
with NbSHMT1 tested by Y2H assay. C, Interaction of NbMEL, NbMEL(mSWIM), NbMEL(H179Y) with NbSHMT1 or UB2D2 tested by Y2H assay.
D, Sequence conservation of NbMEL C-terminal 23 aa region constructed from 28 MEL homologs and drawn by WebLogo. E, NbSHMT1-Flag
in vivo accumulation assay when it was co-expressed with NbMEL, NbMEL(mY@NL) or GFP (control) by agroinfiltration in N. benthamiana leaves.
Actin was used as a loading control. F, Y2H assay detection of the self-interaction of NbMEL, its truncated or point mutants. G, Agrobacterium-
mediated expressed NbMEL(H179Y)-Flag forms homodimer but that of NbMEL(mSWIM)-Flag was in monomeric form in vivo. Orange triangles
indicate the homodimeric or monomeric forms of NbMEL. The chemical cross-linker glutaraldehyde (0.01%) was infiltrated to N. benthamiana
leaves 2 h before samples were harvested. Actin was used as a loading control. H, The reducing agent DTT breaks homodimerization of
NbMEL(H179Y)-Flag expressed by agroinfiltration in N. benthamiana leaves. The supernatant of total protein extracts was treated with
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forms a homodimer. Glutaraldehyde works as a crosslinker
that covalently binds to oligomers and stabilizes its structure
(Cubillos-Rojas et al, 2016). The dimer form of
NbMEL(H179Y)-Flag was significantly increased in sample
leaves preinfiltrated with 0.01% glutaraldehyde 2 h before to-
tal protein extraction, whereas only the band corresponding
to the monomeric form was observed for NbDMEL(mSWIM)-
Flag (Figure 5G). These results suggest that NbMEL can form
homodimer in vivo. Moreover, increasing amounts of reduc-
ing agent Dithiothreitol (DTT) from 0 to 100 mM led to the
shift of NbMEL(H179Y)-Flag from its dimeric to its mono-
meric form (Figure 5H), suggesting that NbMEL homodime-
rization depends on the formation of intermolecular
disulfide bonds. Taken together, these results strongly sug-
gest that conserved cysteine residues in the SWIM domain
contribute to the homodimerization of NbMEL.

Next, we want to know whether NbMEL forms dimer dur-
ing pathogen infection. As E3 ligase inactive mutant
NbMEL(H179Y) is more stable, we tested NbMEL(H179Y)-
Flag accumulation during RSV or B. cinerea infection.
NbMEL(H179Y)-Flag  accumulation was detected in
pathogen-infected N. benthamiana leaves. Dimerization of
NbMEL(H179Y)-Flag was remarkably increased when
NbMEL(H179Y)-Flag was transiently expressed in RSV-
infected leaves as compared with that in mock (CK-) leaves
(Figure 5l). In addition, we inoculated B. cinerea spores in
leaves that had transiently expressed NbMEL(H179Y)-Flag,
we found NbMEL(H179Y)-Flag converted from monomeric
to dimeric after B. cinerea infection at 48 hpi (Figure 5J).
Bands migrating above 100kDa were also observed
(Figure 5, | and ), these bands might be multimerized form
of NbMEL(H179Y)-Flag. We then monitored NbMEL
(H179Y)-GFP localization in pathogen-infected N. benthami-
ana leaves. We found microtubule-localized NbMEL
(H179Y)-GFP was mainly localized in cytoplasmic discrete
fluorescence bodies in RSV-infected N. benthamiana leaf
epidermal cells (Figure 5, K and L). In NbMEL(H179Y)-GFP
transiently expressed N. benthamiana leaves 48-h post
B. cinerea inoculation, the formation of discrete
NbMEL(H179Y)-GFP bodies was observed in the cytoplasm
(Figure 5, K and L). These results indicate that NbMEL
locates on cytoplasm discrete bodies during RSV or B. cin-
erea infection and forms a homodimer in response to RSV
or B. cinerea infection.

We next aimed to understand if NbMEL homodimeriza-
tion has biological functions. In  Y2H  assays,
NbMEL(MmSWIM) interacted with the human E2 Ub-

Figure 5 (Continued)
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conjugating enzyme UB2D2 but lost the ability to interact
with NbSHMT1 (Figure 5C). BiFC assays also showed that
NbMEL(MmSWIM) lost its interaction with NbSHMT1
(Supplemental Figure S14A). These results suggest that
homodimerization of NbMEL is indispensable for the inter-
action with NbSHMT1. An in vitro ubiquitination assay
showed that GST-NbMEL(mSWIM) retains the capacity to
self-ubiquitinate (Figure 1D) but loses the ability to ubiquiti-
nate MBP-NbSHMT1 (Figure 3C). Compared to co-
expression with NbMEL-Myc, NbSHMT1 protein was more
stable when co-expressed with NDMEL(mSWIM)-Myc in N.
benthamiana plants (Figure 5M), indicating that the mono-
meric NbMEL(mSWIM) was unable to ubiquitinate the sub-
strate NbSHMT1 for 26S proteasome-mediated degradation.
Moreover, agrobacterium-mediated transient expression of
NbMEL(mSWIM)-Flag did not trigger H,O, generation, MAP
kinase activation, and HR-like cell death (Figure 2, B and C).
Consistent with these results, in NbMEL(mSWIM)-Flag-
overexpressing  transgenic  N.  benthamiana  plants
(Supplemental Figure S15, C and D), MAP kinase activation,
H,O, generation, and expression of defense-related genes
were comparable to those in WT plants (Figure 2, D-G).
These results revealed that MEL forms homodimers through
intermolecular disulfide bonds dependent on three-cysteine
aa localized in the SWIM domain, and homodimerization is
essential for NbMEL to positively regulate plant immunity.

The MEL-SHMT1 module is an evolutionarily
conserved regulator of plant broad-spectrum
disease resistance
To assess if the MEL-SHMT1 module-mediated regulation
of plant immunity is conserved in other plant species, we in-
vestigated the functions of this protein module in O. sativa.
Phylogenetic analysis and protein alignment evidenced that
MEL is evolutionarily conserved in plants (Supplemental
Figure S16, A and B). Rice MEL (OsMEL, LOC_Os06g36030.1)
was cloned and subcellular localization assay showed that
OsMEL-GFP  co-localized with the microtubule marker
MAP65-mCherry, which was abolished by oryzalin treatment
(Supplemental Figure S17A). OsSHMT1 (LOC_Os03g52840.1)
localized to mitochondria as indicated by co-localization
with mitochondrial marker COX4-mCherry (Supplemental
Figure S17B).

Similar to NbMEL, OsMEL could interact with human
UB2D2 in yeast, whereas a mutant in which His-196 has
been replaced with Tyr in the C4HC3-type RING domain

0-100 mM DTT at 25°C for 20 min. Black triangles above the band indicate increasing amounts of reducing agent DTT from 0 to 100 mM. Orange
triangles indicate the dimeric or monomeric form of NbMEL(H179Y). |, In vivo accumulation assay of NbMEL(H179Y)-Flag expressed by agroinfil-
tration in mock (CK-) or RSV-infected N. benthamiana leaves. J, In vivo accumulation assay of NbMEL(H179Y)-Flag expressed by agroinfiltration in
mock (CK-) or B. cinerea infected N. benthamiana leaves. K, Subcellular localization of NbMEL(H179Y)-GFP expressed by agroinfiltration in mock
(CK-), RSV infected and B. cinerea inoculated N. benthamiana leaves. Confocal images were taken at 48 hpi. Bar: 20 um. L, Number of
NbMEL(H179Y)-GFP fluorescence bodies in mock, RSV infected and B. cinerea inoculated N. benthamiana epidermal cells. Data are means+sp
(n = 25). Asterisks mark significant differences according to two-tailed Student’s t test, **P < 0.01. In (E) and (I-J), the bands in immunoblot were
quantified and the relative intensities (R-value) are shown above the band. M, NbSHMT1-Flag in vivo accumulation assay when it was co-
expressed with NbMEL or NbMEL(mSWIM) by agroinfiltration in N. benthamiana leaves. Actin was used as a loading control. All the experiments

were performed 3 times with similar results.
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could not (Supplemental Figure S18A). In the in vitro self-
ubiquitination assay, high molecular weight Ub conjugates
were observed for GST-OsMEL, but not for GST-
OsMEL(H196Y) (Supplemental Figure S18B). The interaction
of OsMEL and OsSHMT1 was also validated by both Y2H
and BIiFC assays (Supplemental Figure S18, C and D). Self-
interaction of OSMEL or OsSHMT1 in BiFC indicated all pro-
teins used in BiFC had expressed in vivo (Supplemental
Figure S18D). Moreover, polyubiquitinated MBP-OsSHMT1
could be detected when MBP-OsSHMT1 was co-incubated
with GST-OsMEL in the in vitro ubiquitination assay; in con-
trast, the Ub ligase-inactive mutant GST-OsMEL(H196Y)
could not ubiquitinate MBP-OsSHMT1 (Supplemental
Figure S18E). Furthermore, Agrobacterium-mediated tran-
sient co-expression of OsMEL-Flag with OsSHMT1-GFP re-
markably reduced the accumulation of OsSHMT-GFP in
N. benthamiana leaves (Supplemental Figure S18F). Therefore,
OsSHMTT1 is a direct substrate of OsMEL.

Next, OsMEL overexpressing transgenic (OE-OsMEL-25/34)
and OsMEL knockout (Osmel) O. sativa (Cultivar ZH11)
plant lines were generated (Supplemental Figure S19, A and
B). Sanger sequencing confirmed CRISPR/Cas9-mediated ge-
nome mutation in OsMEL ORF (Supplemental Figure S19A).
Importantly, OsSHMT1 accumulated to higher levels in T1
generation of Osmel O. sativa plants but to remarkable
lower levels in the T1 generation of OsMEL-overexpressing
O. sativa plants when compared to WT O. sativa plants
(Supplemental Figure S19C). Our results indicate that MEL
ubiquitinates and controls the steady-state level of SHMT1
in a system that is highly conserved in plants.

We observed that OE-OsMEL O. sativa plants displayed
smaller in plant size compared with Osmel and WT O. sativa
plants (Figure 6A). Besides, H,O, accumulation was higher
in OsMEL overexpressing transgenic O. sativa leaves than
that in Osmel and WT O. sativa leaves (Supplemental Figure
$19, D and E). In addition, defense-related genes were re-
markably induced in OE-OsMEL O. sativa plants but sup-
pressed in Osmel O. sativa plants (Supplemental Figure
S19F). Oryza sativa plants overexpressing OsMEL phenocop-
ied the homozygous OsSHMT1 knockout O. sativa
(Osshmt1) plants, but Osshmt1 plants showed more severe
chlorosis, dwarfism, and ultimately lethality concomitant to
massive accumulation of H,O, as demonstrated by DAB
staining (Supplemental Figure 520, A-C). In parallel, defense-
related genes were remarkably suppressed in transgenic rice
overexpressing OsSHMT1 (OE-OsSHMT-8/10) (Supplemental
Figure S20, D and E).

As plant immunity signaling was activated in OE-OsMEL
and suppressed in Osmel and OE-OsSHMT1 rice, we asked
whether the OsMEL-OsSHMT1 module could regulate O.
sativa innate immunity against invading multiple pathogens.
Interestingly, as previously observed in N. benthamiana, we
found that the OsSHMT1 protein accumulation was also
prominently reduced in response to RSV, Magnaporthe ory-
zae, or Xanthomonas oryzae pv. oryzae (Xoo) infection on O.
sativa (Supplemental Figure S21). RSV inoculation by RSV-
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viruliferous small brown plant hopper (Laodelphax striatel-
lus) revealed that overexpression of OsMEL in O. sativa (OE-
OsMEL-25/34)  attenuated  RSV-triggered  symptoms
(Figure 6, A and B), concomitant to lower accumulation of
the RSV CP (Figure 6C). On the contrary, Osmel plants dis-
played more severe stunting and symptom severity upon
RSV infection (Figure 6, A and B), accompanied by a higher
accumulation of the RSV CP (Figure 6C). Similar to Osmel
plants, RSV infection on OE-OsSHMTT1 O. sativa plants (OE-
OsSHMT-8/10) displayed more severe stunting and symp-
tom severity (Figure 6, D and E), accompanied by enhanced
accumulation of the RSV CP, compared with that in WT
plants (Figure 6F). We did not observe statistical differences
in L. striatellus survival on OE-OsMEL, Osmel, or OE-SHMT1
compared to WT O. sativa.

Punch inoculation of hemibiotrophic fungal pathogen M.
oryzae (Guy 11) conidia on these transgenic O. sativa plants
demonstrated that OE-OsMEL O. sativa plants were more
resistant to M. oryzae, with reduced lesion size, whereas
Osmel and OE-OsSHMT1 O. sativa plants were more suscep-
tible (Figure 6, G-J). Spray inoculation confirmed that
OE-OsMEL O. sativa plants were more resistant and Osmel
O. sativa plants were more susceptible to M. oryzae
(Supplemental Figure S22). Following inoculation with hemi-
biotrophic bacterial leaf blight pathogen Xoo (PXO99A), the
lesion length was much longer in Osmel or OE-OsSHMT1 O.
sativa and significantly shorter in OE-OsMEL O. sativa plants
than in the WT control (Figure 6, K-N). Taken together,
these results demonstrate that the OsMEL and OsSHMT1
play similar immunity regulating functions as their orthologs
in dicots, and the MEL-SHMT1 module is an evolutionarily
conserved regulator of plant broad-spectrum resistance.

Discussion

MEL-SHMT1-mediated regulation of plant
immunity is associated with both microtubules and
mitochondria

A mesh of cytoskeleton stretches from the nucleus to the
plasma membrane constructing a complex, dynamic, and
high-speed signaling network in cells (Hardham, 2013; Li and
Day, 2019). This cytoskeleton works as the frontline of plant
defense and pathogen virulence, providing a platform for
pathogens-plant contact and battle (Li and Day, 2019).
Microtubules, a key component of the cytoskeleton, have
been deciphered to be involved in the activation and signal-
ing of plant immunity during the infection by fungal, bacte-
rial, or viral pathogens (Hardham, 2013; Wang et al, 2016;
Hornikova et al,, 2020). As a key player responsible for regu-
lating eukaryotic cellular homeostasis responses, mitochon-
dria supply ATP and biosynthetic intermediates for energy
metabolism, redox, and cell death (West et al, 2017;
Lisowski et al., 2018). Beyond their primary role as the cellu-
lar “energy plant,” as a centrally positioned hub in the mam-
malian and plant innate immune systems, mitochondria are
one of the major sources for the generation of intracellular
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Figure 6 OsMEL-OsSHMT1 module enhances rice broad-spectrum disease resistance. A-C, Comparisons of symptoms (A), symptom severity (B),
and CP accumulation (C) in WT (ZH11), OsMEL overexpressing transgenic (OE-OsMEL-25/34), OsMEL knockout (Osmel) O. sativa (Cultivar ZH11)
plants after RSV infection. Picture was taken at 40 dpi. Actin was used as a loading control. Data are means=sp (n = 45). D-F, Comparisons of
symptoms (D), symptom severity (E), and CP accumulation (F) in ZH11 or OsSHMT1-overexpressing transgenic (OE-OsSHMT1-8/22) O. sativa
plants after RSV infection. The photograph was taken at 40 dpi. Actin was used as a loading control. Data are means+sp (n = 45). G and H,
Comparisons of symptoms (G) and lesion length (H) in OE-OsMEL-25/34, Osmel, and ZH11 O. sativa plants after punch inoculation with
M. oryzae. Lesions were photographed at 5 dpi. Data are means+SD (n = 15). | and ), Comparisons of symptoms (I) and lesion length (J) in
OE-OsSHMT1-8/22 and ZH11 O. sativa plants after punch inoculation with M. oryzae. Lesions were photographed at 5 dpi. Data are means +sp
(n = 15). K and L, Comparisons of symptoms (K) and lesion length (L) in OE-OsMEL-25/34, Osmel, and ZH11 O. sativa plants inoculated with Xoo.
Lesions were photographed at 20 dpi. Data are means=SD (n = 15). M and N, Comparisons of symptoms (M) and lesion length (N) in
OE-OsSHMT1-8/22 and ZH11 O. sativa plants inoculated with Xoo. Lesions were photographed at 20 dpi. Data are means=SD (n = 15). All the
experiments were performed 3 times with similar results. Asterisks in (H), (J), (L), and (N) mark significant differences according to two-tailed
Student’s t test; *P < 0.05; **P < 0.01. In (C) and (F), the bands in the immunoblots were quantified and the relative intensities (R-value) are
shown above the band.
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ROS (West et al, 2011; Dan Dunn et al, 2015; Li et al,
2017). Mitochondria are dynamic organelles. Precise mito-
chondrial positioning is essential for many cell types (mam-
mals, yeast, etc.) in response to changes in environment
conditions such as biotic or abiotic stress. The intracellular
transport of mitochondria mainly relies on the cytoskeleton
including microtubule (De Rossi et al, 2018; Melkov and
Abdu, 2018). The interaction of mitochondria with some cy-
toskeletal proteins was found to be involved in the coordi-
nation of mitochondrial function (Rostovtseva et al, 2012;
Kuznetsov et al, 2020). In our study, we found that the
NbMEL promoter was activated in response to pathogen in-
vasion (Supplemental Figures S2 and S4), and the activated
microtubule-localized MEL interacts with mitochondrion-
localized SHMT1 (Figure 3; Supplemental Figure S6). The
interaction between MEL and SHMT1 leads to SHMTI-
dependent mtROS generation, activation of MAPK cascades,
and reprogramming of defense-related transcripts, ultimately
leading to attenuated viral, fungal, and bacterial invasion
(Figure 2), indicating that the MEL-SHMT1-mediated regula-
tion of plant immunity may closely be associated with both
microtubules and mitochondria.

MEL targets SHMT1 for 26S proteasome

degradation

We demonstrate that the MEL-SHMT1 module can regulate
plant immunity. The broad-spectrum resistance of MEL-
overexpressing plants is likely dependent on MEL interacting
with, ubiquitinating, and targeting SHMT1 for 26S protea-
some degradation (Figures 3 and 4). Interestingly, we
showed that endogenous SHMT1 was decreased in plants
after infection with various pathogens, including RSV, M.
oryzae, B. cinerea, and Xoo (Figure 4; Supplemental Figures
S9 and S21). However, NbSHMT1 s relatively stable after
flg22 or chitin treatment (Supplemental Figure S23). It
seems that depletion of endogenous SHMT1 is a common
phenomenon in plant response to pathogen infection. As a
critical enzyme in one-carbon metabolism, SHMT reversibly
transfers a methyl group from seine to THF, producing gly-
cine and methylene-THF, which provides one-carbon units
for nucleotide synthesis, aa homeostasis (glycine, serine, and
methionine), methylation, and redox defense (Ducker and
Rabinowitz, 2017). Mutation or downregulation of SHMT1
might interfere with plant one-carbon metabolism, which
has been reported to result in folate deficiency that leads to
starvation of plant—parasitic nematode (Liu et al, 2012a;
Kandoth et al, 2017; Korasick et al,, 2020). The fungal patho-
gens M. oryzae and B. cinerea, as well as the bacterial patho-
gen Xoo, obtain nutrients from living cells or damaged
tissues (Zhang et al, 2018). The aa homeostasis disturbance
caused by MEL overexpression or SHMT1 knockout might
affect nutrient uptake from host cells by pathogens, nega-
tively influencing pathogen multiplication.

The role of mtROS in plant innate immunity
ROS have been proposed to act as antimicrobial directly or
to function as local and systemic signal molecules that
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trigger antimicrobial defenses (Van Acker and Coenye, 2017;
Waszczak et al, 2018). The production of a ROS burst is a
ubiquitous response of plants to pathogen invasion and
plays a vital role in plant defense against RSV, M. oryzae, B.
cinerea, and Xoo. Higher basal ROS accumulation generated
from L-ascorbate oxidase has been shown to enhance anti-
RSV defense (Wu et al, 2017). Increasing accumulation of
ROS in OsBAG4, ebr1, and Oscul3a O. sativa plants display
broad-spectrum resistance to M. oryzae and Xoo (You et al,
2016; Liu et al, 2017). The pub25 pub26 double mutant
exhibited increased ROS burst and resistance to both B. cin-
erea and Pto DC3000 hrcC (Wang et al, 2018). In our study,
we found that MEL overexpression constitutively generated
more ROS that may initiate a plethora of downstream sig-
naling events. Importantly, we found the burst of ROS accu-
mulation from mitochondria in NbMEL overexpression and
Nbshmt1 knockout N. benthamiana plants, as confirmed by
CM-DCFDA staining (Figure 4, | and J). A growing body of
evidence has highlighted the vital roles of mtROS in innate
immune responses in mammals (Ye et al, 2014; Ducker and
Rabinowitz, 2017), but the function of mtROS in plant im-
mune response is still unclear. Our study provides insights
into the positive role of mtROS in the regulation of plant in-
nate immunity. Further research will elucidate the down-
stream signaling events that occurred after mtROS burst.

The potential role of MEL in MAPK cascades

MAPK cascades, consisting of MAPKKK-MAPKK-MAPK,
represent a “core signaling module” that links different
receptors to their downstream targets and are present in all
eukaryotes (Meng and Zhang, 2013). We demonstrated that
MEL has high similarity to the N-terminal region of human
ZSWIM2 and MEKK1. Both human ZSWIM2 and MEKK1
act as an E3 ligase harboring a SWIM domain and a C4HC3-
type RING domain in their N-terminal region, while MEKK1
has an additional protein kinase domain in its C-terminal re-
gion (Lu et al,, 2002; Nishito et al., 2006). The C-terminal ki-
nase domain of human MEKKT1 functions as an activator of
extracellular signal-regulated kinases (ERKs), and the N-ter-
minal regulatory region of human MEKK1 negatively regu-
lates ERK1 and ERK?2 activation and offers binding sites to a
variety of proteins including ERK2, 14-3-3, ai-actin, and c-Jun
amino-terminal kinases (JNKs) (Karandikar et al, 2000;
Bonvin et al, 2002; Lu et al, 2002; Rieger et al, 2012). In
plants, overexpression of plant MEKK1 (homologous to hu-
man MEKK1 kinase domain) leads to constitutive MAP ki-
nase activation (Yang et al, 2021). We found overexpression
of MEL leads to constitutive activation of plant MAP kinases
that are closely related to the mammalian ERK subfamily of
MAP kinases (Figure 2, C and D; Meng and Zhang, 2013).
Thus it will be interesting to know whether MEL can directly
interact with plant MAP kinases and decipher the molecular
mechanism of how the N-terminal region of human MEKK1
inhibits ERK1 and ERK2 while plant MEL activates plant
MAP kinases. Expression of human ZSWIM2 or MEKK1 effi-
ciently promotes apoptosis (Bonvin et al, 2002; Lu et al,
2002; Nishito et al, 2006). Transient overexpression of MEL
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induced HR-like cell death, which shares morphological and
mechanistic features with mammalian apoptosis (Figure 2, A
and B; Lord and Gunawardena, 2012). Notably, similarly to
MEL transient overexpression, transient overexpression of
some plant MAPKKK genes such as AtMEKK2 (Kong et al,
2012), MAPKKKS (Yamada et al, 2016), MAPKKKo (del Pozo
et al, 2004), and MAPKKKe (King et al., 2014) also leads to
over-accumulation of H,O, and pathogen-independent acti-
vation of cell death. Although plants possess dozens of
MAPKKKs, none of them have been described to date as
having an N-terminal regulatory region containing SWIM
and C4HC3-type RING domains (Hamel et al, 2006). It
seems that plants evolved a unique MEL protein containing
SWIM and C4HC3-type RING domains that is different from
the mammalian MEL integrated with a protein kinase do-
main to be a MAPKKK (MEKKT1). Further research will be re-
quired to untangle the intertwined MAPK cascades signaling
webs mediated by MEL in plants.

The YQNL motif in MEL C-terminal region confers
specificity of binding to its substrate SHMT1

In the ubiquitination/26S proteasome pathway, substrate
specificity is dependent on E3 Ub ligases (Verchot, 2016;
Calil and Fontes, 2017). Most canonical RING E3 ligases have
their E2-binding domain and the substrate-binding domain
together in the RING domain (Deshaies and Joazeiro, 2009).
However, we showed that, in MEL, the C4HC3-type RING
domain is only responsible for the interaction with the E2.
This discrepancy might be due to the different configura-
tions of cysteine and histidine residues in RING domains
(Stone et al, 2005; Sun et al, 2019). Intrinsically disordered
sequences are highly flexible, and that property enables
them to function as hubs in protein-interaction networks
(Wright and Dyson, 2015). We showed that MEL utilizes an
intrinsically disordered region at its C-terminus to bind
SHMT1 (Figure 5, A and B). Intrinsically disordered regions
function in substrate recognition in the yeast proteins San1,
Bag6, and some human E3 ligases (Rosenbaum et al,, 2017;
Wang et al, 2011; Boomsma et al,, 2016). The physical char-
acteristics of intrinsically disordered regions, such as the
presence of small recognition elements and conserved se-
quence motifs to mediate binding interactions, allow an ex-
quisite level of control of cellular signaling processes (Wright
and Dyson, 2015); this notion is further supported by our
finding that the evolutionarily conserved YQNL motif, em-
bedded in MEL C-terminal intrinsically disordered region,
confers the ability to bind its substrate SHMT1 with high
specificity (Figure 5).

MEL recognizes and ubiquitinates its substrates in a
homodimeric form

Dimerization is a common theme for proteins involved in
immune processes, including the activation of many mam-
malian and plant pattern recognition receptors (Liu et al,
2012b; Hayafune et al,, 2014). RING E3 ligases have also been
found to form homodimers or heterodimers dependent on
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the RING domain or other domains outside (Deshaies and
Joazeiro, 2009; Metzger et al, 2014). The SWIM domain has
been reported to be an ancient metal-binding module, in-
volved in DNA binding and protein—protein interactions
(Makarova et al, 2002). In our research, we reveal that MEL
converts from monomer to homodimer in response to
pathogen infection, and homodimer formation is dependent
on its N-terminal SWIM domain (Figure 5, F-]). Mutations
in the C4HC3-type RING domain or the Y@NL motif do not
affect MEL homodimerization. However, mutating Cys-70,
Cys-72, and Cys-79 of SWIM domain to Ala causes MEL con-
version to a monomer, which does not affect MEL self-
ubiquitination, but remarkably impairs MEL self-interaction,
and abolishes MEL interacting with and ubiquitinating on
SHMT1, suggesting that MEL recognizes and ubiquitinates
its substrates in a homodimeric form (Figures 1, D, 3, C, and
5, F). We further showed that DTT disrupts MEL homodi-
merization, indicating that MEL homodimerization via inter-
molecular disulfide bonds (Figure 5H). Oxidation of protein
cysteine thiols to disulfides represents molecular switches for
transferring oxidant signals into dynamic biological
responses (Waszczak et al, 2018; Wu et al., 2020). The three-
cysteine aa in the SWIM domain were shown to act as sites
for oxidation sensing, indicating that MEL conversion be-
tween monomer and homodimer is redox dependent.
However, the molecular mechanism underlying how Cys in
the MEL SWIM domain is oxidized to form intermolecular
disulfide bonds-dependent homodimerization and reduced
to prevent constitutive activation remains to be determined.

Overall, we provide evidence showing that infections with
multiple pathogens induce MEL transcriptional expression,
and then the formation of MEL homodimers activates MEL
E3 ligase activity, triggering SHMT1 degradation by the 26S
proteasome pathway, and causing ROS generation from mi-
tochondria followed by activation of plant immune
responses conferring broad-spectrum resistance to pathogen
invading (Figure 7). Our study provides a fundamental con-
ceptual framework for the future engineering of the MEL-
SHMT1 module to fine-tune plant immune responses and
to confer staple crops with broad-spectrum resistance to
multiple pathogens.

Materials and methods

Plant materials, plant transformation, and
agroinfiltration

The full-length ORFs of NbMEL, NbSHMT1, OsMEL, and
OsSHMT1 were amplified from N. benthamiana or O. sativa
cDNA generated by reverse transcription of total RNA.
cDNA was synthesized using ReverTra Ace qPCR RT Master
Mix with gDNA Remover (TOYOBO, Osaka, Japan) accord-
ing to the manufacturer’s instructions. Point mutations were
introduced into NbMEL or OsMEL by site-direct mutagenesis.
In our experiment, Phusion High-Fidelity DNA polymerase
(New England Biolabs, Ipswich, MA, USA) was used in all
primary PCR amplifications. All primers used for cloning in
this study are listed in Supplemental Table S1.


https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koac055#supplementary-data

1838 | THE PLANT CELL 2022: 34; 1822-1843

M. oryzae/

Fu et al.

B. cinerea RSV Xoo Broad-spectrum resistance
==
C_‘\,\f:gr“% \
MEL s YONL /- -‘
monomer 'CWIMLEING i
MAPK
MEL e cascades 99?93
dimer Rivg \
=2 | *ROS
Nucleus SWin) ®NG
SWIN g ELELLI)
Qg o
—
= j / Mitochondrion
— —
\ Degradation Ubiquitination 4

Figure 7 Working model for MEL regulation of plant broad-spectrum resistance against pathogens. Microtubule-localized C4HC3 RING-type E3 li-
gase (MEL) transcript is activated by the invasion of pathogens. MEL forms homodimers through intermolecular disulfide bonds depending on the
SWIM domain and then hijacks its substrate SHMT1 through the Y@NL motif, triggering SHMT1 ubiquitination and 26S proteasome-dependent
degradation. SHMT1 localize on mitochondria. The degradation of SHMTT1 initiates a plant immune signaling cascade, including enhancement of
mtROS generation, activation of MAPK cascades, and activation of defense-related genes, ultimately conferring broad-spectrum resistance to mul-
tiple pathogen species in both the dicot N. benthamiana and the monocot O. sativa.

Nicotiana benthamiana plants were grown in the chamber
at 26°C and 65% relative humidity under 16/8-h day/night
at a photon fluence rate of 200+ 10 umol m™ s™' condi-
tions. Oryza sativa plants were grown in the chamber at
28°C and 80% relative humidity under 16/8-h day/night at a
photon fluence rate of 300+10umol m™ s™' conditions.
CRISPR/Cas9-based knockout of NbMEL and NbSHMT1 in N.
benthamiana plants were generated by transformation with
the binary vector BGKO1 (Biogle, Hangzhou, China) in-fusion
with single-guide RNA designed to target the ORFs and their
respective alleles simultaneously. CRISPR/Cas9-based knock-
out of OSMEL or OsSHMTT1 in ZH11 (O. sativa ssp, Japonica)
were generated by transformation with the binary vector
BGKO03 (Biogle, Hangzhou, China) in-fusion with single-guide
RNA designed to target the ORFs. The synthesized sgRNA
oligo was annealed and then ligated to BGKO1 or BGK03
with T4 DNA ligase (Thermo Fisher, Waltham, MA, USA).
All single-guide RNA used for cloning in this study are listed
in Supplemental Table S1.

For transgenic overexpression of NbMEL, NbMEL(H179Y),
NbMEL(mSWIM), and NbMEL(Y@NL), Agrobacterium tumefa-
ciens  EHA105  strains  carrying 2 x 355-NbMEL/
NbMEL(H179Y)/NbMEL(mSWIM)/NbMEL(Y®NL)-flag  were
used for transformation in N. benthamiana plants using
standard protocols (Fu et al, 2018). For overexpression of
OsMEL, NbMEL, and OsSHMT1 in rice ZH11, A. tumefaciens
EHA105 carrying 2 X 355-OsMEL/NbMEL/OsSHMT 1-flag
were used for transformation using standard protocols (Fu
et al, 2018). RT-gPCR and immunoblot were conducted to
verify the gene expression. Primers are listed in
Supplemental Table S1.

Five/seven-leaf N. benthamiana plants were used for
Agrobacterium infiltration, as described before (Hu et al,
2020). Briefly, the transformed A. tumefaciens (EHA105)

were grown individually until an ODggy of 0.6. The cultures
were collected and resuspended in inoculation buffer (10-
mM MgCl,, 100-mM MES (pH 5.7), 2-mM acetosyringone)
at room temperature. The suspensions were adjusted to an
ODgqp of 0.5 and then used for agroinfiltration in five/seven-
leaf N. benthamiana plants.

RSV, M. oryzae, X. oryzae pv. oryzae, and B. cinerea
inoculation
Crude extracts from RSV-infected O. sativa leaves ground in
phosphate buffer (0.1 M) were used for rub-inoculation in
five/seven-leaf N. benthamiana plants. After 12-h incubation
in the dark, plants were transferred to the growth chamber.
RSV CP accumulation was evaluated by immunoblotting
with an anti-CP antibody (Huang et al, 2019). For RSV inoc-
ulation in O. sativa, RSV-viruliferous L. striatellus was trans-
ferred onto four-leaf stage rice seedlings for 72h and then
removed. Fifteen to 20 plants were used for each treatment
and RSV-inoculated seedlings were transferred back to
insect-free chamber to observe symptom development daily.
Magnaporthe oryzae isolate Guy11 was used for inocula-
tion. Magnaporthe oryzae was grown in a growth chamber
at 25°C in the 12-h/12-h day/night conditions. Magnaporthe
oryzae spores were collected in sterile water, and the spore
concentration in the suspension was adjusted to
1 x 10° conidia/mL and used for punch or spray inocula-
tion. For punch inoculation, dip 5-uL spore suspension for
each drop at two spots on each leaf, kept in moist condi-
tions in a culture dish, then transferred to the growth cham-
ber at 25°C and 90% relative humidity. Lesion length was
measured at 5 dpi. For spray-inoculation, conidial suspen-
sions with 1 x 10° conidia/milliliter diluted in 0.05% Tween-
20 were spray-inoculated using an artist’s airbrush onto rice
plants. Inoculated seedlings were kept in black plastic bags
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for 24h to maintain high humidity and then transferred to
a growth chamber at 25°C and 90% relative humidity.
Relative fungal DNA was calculated by RT-qPCR detecting
M. oryzae Pot2 DNA against the rice genomic Ub DNA
(Park et al,, 2012). All inoculation experiments were repeated
3 times independently.

Rice plants were inoculated with Xoo by the leaf-clipping
method. Bacterial cells from the Xoo strain PXO99A were
suspended in distilled water and adjusted to 1 x 10°cfu/
mL. Scissors were dipped into the bacterial suspensions and
then used to remove the distal tips (3cm) of flag leaves. At
least five individual plants and three tillers of each plant
were inoculated Xoo. The infected plants were grown in a
growth chamber at 28°C in a 12/12-h day/night regime. The
disease was scored by measuring the lesion length at 20 dpi.

Potato dextrose agar medium (200-g/L potato, 20-g/L glu-
cose, 15-g/L agar) was used for B. cinerea strain B05.10 culti-
vation. Plates were incubated at 24°C with a 12/12-h day/
night regime. Conidia were collected and washed twice by
centrifugation (8,000g, 5min) before being resuspended in
potato dextrose broth. A single droplet of 5-uL spore sus-
pension (5 x 10°spores/mL) was placed on a leaf of five/
seven-leaf plants. Inoculated plants were kept under a trans-
parent dome to maintain high humidity until disease lesions
were recorded 4 days later.

Histochemical staining of GUS, H,0,, and cell death
For GUS staining plant tissues and leaves were carefully
transferred to 50-mL polypropylene tubes and completely
covered with GUS staining solution (50-mM sodium phos-
phate pH 7.0, 10-mM EDTA, and 0.5-mg/mL X-gluc). Tubes
were incubated at 37°C in the dark overnight. The GUS
staining solution was discarded, and absolute ethanol was
added, samples were incubated in the water bath at 90°C to
clear the chlorophyll. H,0, staining was performed as de-
scribed previously with minor modification (Bach-Pages and
Preston, 2018). Briefly, leaves were carefully transferred to
50-mL polypropylene tubes and completely covered with
freshly prepared DAB solution (1-mg/mL, PH 3.8; Sigma, St
Louis, MO, USA) and then kept in the dark for 6-8 h. The
DAB solution was discarded, absolute ethanol was added,
and the tubes were incubated in the water bath at 90°C to
clear the chlorophyll. Cell death staining by trypan blue was
performed as described previously (Bach-Pages and Preston,
2018).

H,0, measurement

H,O, was measured using the Amplex Red Hydrogen
Peroxide/Peroxidase Assay kit (Invitrogen, Waltham, MA,
USA). Briefly, three 100 mg independent pieces of leaf discs
from each treatment were pooled and ground to a fine
powder with liquid nitrogen, then 500-puL 50-mM sodium
phosphate (pH 7.4) was added to the power as one repli-
cate, the mixture was incubated on ice for 10 min. After
centrifuging at 12,000g for 10 min at 4°C, the supernatant
was used for measuring H,O, by the Amplex Red Hydrogen
Peroxide/Peroxidase Assay Kit (Invitrogen) following the
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manufacturer’s directions. The fluorescence was measured
with a fluorescence microplate reader (Molecular Devices,
FlexStation3) using excitation at 530nm and fluorescence
detection at 580-600 nm. The fluorescence value in control
was set as 1. Measurements were conducted at least 3
times.

Confocal microscopy observation of cellular ROS by
DCFDA

Membrane-permeable ROS indicator chloromethyl-2/,7'-
dichlorodihydrofluorescein diacetate (CM-H2DCFDA) was
used for intracellular ROS measurement as described previ-
ously with some modifications (Shang-Guan et al, 2018).
Five/seven-leaf N. benthamiana plants were preinfiltrated
with COX4-mCherry, 48-h postinfiltration, the infiltrated
leaves stain with CM-H2DCFDA for 30 min in the dark fol-
lowed by washing with distilled water. DCF fluorescence was
observed by confocal microscope (Zeiss 880) with excita-
tion/emission spectra at 495/529 nm. COX4-mCherry was
observed by confocal microscope with excitation/emission
spectra at 580/610 nm.

Y2H assays

Yeast (Y2HGold) competent cells were chemically induced
with 100 mM LiAc for 30 min at 30°C. Competent cells were
resuspended in suspension solution (30% PEG3350, 100 mM
LiAc, 250-ng/mL Salmon DNA). Five hundred nanogram of
each plasmid were mixed with 350-pL competent cells, then
subjected to heat shock at 42°C for 30min. Then the
competent cell mix was centrifuged at 16,000g at room
temperature for 1min and resuspended in 50-uL H,O.
Co-transformants were grown in SC/-Leu-Trp for 3 days at
30°C and then cultured on a selection medium (SC/-Leu-
Trp—His or SC/-Leu-Trp-His—Ade) to detect the
interactions.

Co-IP assays

Agrobacterium tumefaciens EHA105 strains carrying the ex-
pression constructs were infiltrated into N. benthamiana
leaves. Total proteins were extracted with IP buffer contain-
ing 50-mM TRIS-MES pH 8.0, 0.5 M sucrose, 1-mM MgCl,,
10-mM EDTA, 5-mM DTT, 50-pM MG132, and proteinase
inhibitor cocktail (Roche, Basel, Switzerland) followed by
centrifugation at 12,000g at 4°C for 20 min. Then the solu-
ble proteins were immunoprecipitated with 30-pL anti-Flag
magnetic beads (Sigma) at 4°C for 2h with slow shaking.
Beads were washed 3 times using IP buffer. Then, the bound
protein was eluted by incubating with 50 uL of 20-ug/mL
3 X Flag peptide (Sigma) for 1h. The eluted protein was sep-
arated by sodium dodecyl sulfate polyacrylamide gel electro-
phoresis (SDS-PAGE) and detected by immunoblotting.

In vitro ubiquitination assays

In vitro ubiquitination assay was performed as described
previously (Shen et al, 2016). GST-fused, His-fused, and
MBP-fused recombinant proteins were expressed in
Escherichia coli strain BL21 and affinity-purified with GST-
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binding, His-binding, and MBP-binding resin, respectively.
Purified GST-tagged NbMEL was incubated with His-
E1(AtUBA1), Human E2 (UB2D2/UBCH5b), and HA-Ub at
30°C within ubiquitination buffer (50-mM Tris—HCI pH 7.4,
2-mM ATP, 5-mM MgCl,, and 2-mM DTT) followed by agi-
tation for 1.5h. After the reaction, SDS loading buffer was
added to the samples, and the samples were heated to 95°C
for 10 min, followed by immunoblotting. E1 was obtained
from the Yan Liang laboratory (Zhejiang University). Human
E2 (UB2D2) was obtained from Qi Xie's laboratory (Chinese
Academy of Science). To determine whether NbSHMT1/
OsSHMT1 protein could be ubiqutinated by NbMEL/OsMEL,
purified MBP-tagged NbSHMT1/OsSHMT1 was incubated at
30°C with the ubiquitination mixture for 1.5h. SDS loading
buffer was added to the samples and the samples were
heated to 95°C for 10 min, followed by immunoblotting.

In vivo ubiquitination assays

To detect ubiquitination of SHMT1 in vivo, we transiently
co-expressed NbSHMT1-Flag, NbDMEL-Myc, and Ub-Myc in
N. benthamiana leaves, 100-uM MG132 was preinfiltrated
into infiltrated leaves 4h before total protein extraction.
Total proteins were extracted using IP buffer and
NbSHMT1-Flag was immunoprecipitated using anti-Flag
beads. The poly-ubiquitination of NbSHMT1-Flag was
detected with the anti-Flag or anti-Ub antibody.

BiFC and subcellular localization assays

BiFC and subcellular localization assays were performed as
described previously (Fu et al, 2018). To test the microtu-
bule localization of NbMEL or OsMEL, 50-mM microtubule-
depolymerizing drug oryzalin was used. Agrobacterium tume-
faciens  EHA105 strains carrying constructs to express
NbMEL-GFP or OsMEL and MAP65-mCherry were co-
infiltrated into the abaxial side of N. benthamiana leaves.
After being expressed for 24h, the leaf was re-infiltrated
with DMSO or 50 mM oryzalin. About 12 h later of infiltra-
tion, samples were observed under the confocal microscope
(Zeiss 880). The MitoProtll program was used for predicting
NbSHMT1 mitochondrial targeting sequences (https://ihg.
gsf.de/ihg/mitoprothtml). To stain mitochondria by Mito-
Tracker Red CMXRos (Beyotime, Jiangsu, China), 1-mM
Mito-Tracker Red CMXRos was infiltrated into N. benthami-
ana leaves that had transiently expressed NbSHMT1-GFP, af-
ter incubation for 30 min, samples were observed under the
confocal microscope (Zeiss 880) with excitation/emission
spectra at 579/599 nm. Gold labeling was visualized using an
H7650 TEM (Hitachi, Ibaraki, Japan) at an acceleration volt-
age of 80 kV.

Chemical treatments and semi-in vivo protein
degradation assay

Semi-in vivo and in vivo protein degradation analyses were
performed as described previously (Shen et al, 2016). Briefly,
the chemical concentration is 20-mM ATP (Sigma) dissolved
in ddH,O, and 100-uM MG132 (Sigma) or cycloheximide
(Sigma) dissolved in DMSO. Samples were extracted with
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native extraction buffer (50-mM Tris-MES pH 8.0, 0.5 M su-
crose, 1-mM MgCl,, 10-mM EDTA, 5-mM DTT, proteinase
inhibitor cocktail [Roche]). For in vitro oligomerization assay,
total protein was extracted from N. benthamiana leaves by
native extraction buffer without DTT. The supernatant of
total protein extracts was treated with 0-100mM DTT at
25°C for 20 min, followed by adding SDS loading buffer and
the samples were heated to 95°C for 10 min. The samples
were then separated on 12% nonreducing (-DTT) SDS-
PAGE followed by immunoblotting,

Data mining and phylogenetic analyses

MEL homologous proteins in the plant kingdom were re-
trieved by Blast search in EnsemblPlants (http://plants.
ensembl.org/index.html). All retrieved MEL orthologs were
submitted to InterProScan (http://www.ebi.ac.uk/
InterProScan/) to confirm the presence of SWIM
(IPRO06564) and C4HC3-type RING (IPRO13083) domains.
To investigate the evolutionary relationship of plant MEL
orthologs, the MEL sequence from 17 dicots (Actinidia chi-
nensis, Arabidopsis thaliana, Beta vulgaris, Corchorus capsula-
ris, Cucumis sativus, Daucus carota, Gossypium raimondii,
Helianthus annuus, Manihot esculenta, Medicago truncatula,
Nicotiana attenuata, Populus trichocarpa, Prunus persica,
Solanum lycopersicum, Solanum tuberosum, Theobroma ca-
cao, Vitis vinifera), seven monocots (Brachypodium dis-
tachyon, Leersia perrieri, Musa acuminate, O. sativa, Panicum
hallii, Triticum aestivum, Zea mays), four algae and ferns
(Amborella  trichopoda,  Chlamydomonas  reinhardtii,
Physcomitrella patens and Selaginella moellendorffii) were
subjected to multiple full-length protein sequence alignment
followed by maximum likelihood (ML) phylogenetic tree
construction using MEGA version 7 software (Kumar et al.,
2016).

Immunoblotting and antibodies

Immunoblotting was performed as described previously (Fu
et al, 2018). Membranes were probed with primary anti-Flag
(Sigma-Aldrich, St Louis, MO, USA; Cat# M8823); anti-MYC
(Vazyme, Nanjing, China; Cat#: Ab307-02); anti-GFP
(Abclonal, Woburn, MA, USA; Cat# AE012) anti-Actin
(ABclonal, Cat#: AC009); anti-SHMT1 (Agrisera, Vénnis,
Sweden; Cat#: AS05 075); anti-MBP (ABclonal, Cat#: AE016);
anti-His (Vazyme; Cat#: Ab305-02); anti-Ub (Agrisera; Cat#:
AS08 307A); anti-p44/42 MAPK (Erk1/2) (Cell Signaling
Technology, Danvers, MA, USA; Cat#9101S); anti-HA
(Roche; Cat#:11583816001), followed by the corresponding
secondary antibodies conjugated to horseradish peroxidase
[Goat anti-Rabbit 1gG (H + L) Secondary Antibody, HRP
(Thermo Fisher; Cat#:31460); Goat anti-Mouse 1gG (H + L)
Secondary Antibody, HRP (Thermo Fisher; Cat#:31430)]. The
mouse monoclonal antibody against the RSV capsid protein
was generated in the author’s laboratory (Huang et al,
2019). The blotted signal was visualized using chemilumines-
cence according to the manufacturer's manual (GE
Healthcare, Chicago, IL, USA), and signal band quantification
was performed with Image) (https://imagej.nih.gov/ij/).
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Quantification and statistical analysis

All experiments involving measurements, quantifications,
and imaging were repeated at least 3 times with similar
results. GraphPad Prism version 8 or Excel was used for data
plotting and statistical tests. Statistical parameters such as
mean +standard deviation (sp), standard error (se), or 95%
confidence intervals are indicated in figure legends. In all
graphs, asterisks mark statistical significance (*0.01<P
< 0.05; **P < 0.01; NS, P > 0.05, not significant) according
to two-tailed Student’s t test (two-tailed).

Accession numbers

Sequence data from this article can be found in the EMBL/
GenBank data libraries under accession numbers: NbMEL
(MW674931), OsMEL(MW674932), AtMEL (AT5G11620),
NbSHMT1-1 (OK377067), NbSHMT1-2 (OK377068),
NbSHMT2 (OK377069), NbSHMT3 (OK377070), NbSHMT4
(OK377071), OsSHMT1 (LOC_Os03g52840.1), ZSWIM2
(151112), and MEKK1 (4214).

Supplemental data

The following materials are available in the online version of
this article.

Supplemental Figure S1. NbMEL is a C4HC3 RING-type
E3 ligase activated by RSV infection and negatively regulates
RSV infection (supports Figure 1).

Supplemental Figure S2. Transcript expression and pro-
moter activity assay of NbMEL in different N. benthamiana
plant tissues (supports Figure 1).

Supplemental Figure S3. Analysis of transcript, protein, and
growth phenotype of transgenic N. benthamiana plants over-
expressing NbMEL or its mutants (supports Figures 1 and 2).

Supplemental Figure S4. Analysis of NbMEL promoter or
transcript in response to B. cinerea infection or MD (sup-
ports Figure 2).

Supplemental Figure S5. Sequence comparison and phy-
logenetic tree of SHMT homologs from N. benthamiana, O.
sativa, and Arabidopsis (supports Figure 3).

Supplemental Figure S6. NbMEL
NbSHMTT1 (supports Figure 3).

Supplemental Figure S7. NbSHMT1 is ubiquitinated by
NbMEL (supports Figure 3).

Supplemental Figure S8. Specificity of SHMT1 antibody
(supports Figures 3 and 4).

Supplemental Figure $9. NbSHMT1 protein downregu-
lated in response to RSV infection quantified by iTRAQ
(supports Figure 4).

Supplemental Figure S10. Relative mRNA levels of NbSHMT1
in response to RSV or B. cinerea infection (supports Figure 4).

Supplemental Figure S11. NbSHMT1 knock-out and
overexpression in N. benthamiana (supports Figure 4).

Supplemental Figure S12. NbSHMT1 localizes in mito-
chondria (supports Figure 4).

Supplemental Figure S13. VDAC1 accumulation in
OE-NbMEL and Nbshmt1 N. benthamiana plant leaves (sup-
ports Figure 4).
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Supplemental Figure S14. BiFC assay to test the self-
interaction of NDMEL or its mutants, and the interaction be-
tween NbMEL mutants and NbSHMT1 (supports Figure 5).

Supplemental Figure S15. Analysis of transcript, protein
expression of transgenic N. benthamiana plants overexpress-
ing NbMEL(mY@NL) or NbMEL(mSWIM) (supports Figure 5).

Supplemental Figure S16. MEL is highly conserved in the
plant kingdom (supports Figure 5, Figure 6).

Supplemental Figure S17. Subcellular localization of
OsMEL and OsSHMT1 (supports Figure 6).

Supplemental Figure S18. OsMEL is an E3 ligase that
interacts, ubiquitinates, and promotes degradation of
OsSHMT1 (supports Figure 6).

Supplemental Figure $19. The phenotype of OsMEL over-
expression (OE-OsMEL-25/34) and knockout (Osmel) Oryzae
sativa plants (supports Figure 6).

Supplemental Figure S20. The phenotype of OsSHMT1
overexpression (OE-OsSHMT-8/22) and knockout (Osshmt1)
O. sativa plants (supports Figure 6).

Supplemental Figure S21. Comparison of endogenous
OsSHMT1 accumulation in RSV (A), M. oryzae (B), or Xoo
(C)-infected O. sativa plants with mock (CK-) O. sativa
plants (supports Figure 6).

Supplemental Figure S22. OsMEL positively regulates O.
sativa plants resistance to M. oryzae (supports Figure 6).

Supplemental Figure $23. NbSHMT1 protein accumula-
tion assay under flg22 or chitin treatment (supports
Figure 4).

Supplemental Table S1. Primers used in this work.
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