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Abstract: During plant-microbe interactions, plant immune signaling relies significantly on post-translational
modifications (PTMSs) to induce rapid downstream changes. Organization at protein level is extensively
complex and various forms of PTMs of transcript products provide a unique system in maintaining such
an organization. With current proteomic research some detailed mechanisms of these PTMs have started
to be uncovered. Pathogens also take PTMs as a virulence strategy to overturn host immunity through the
activities of their effector proteins. In this review, we will address the importance of PTMs other than
phosphorylation in plant defense response.
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Introduction

Plants are under constant interaction with pathogens. Unlike mammals, which have
highly specialized immune cells that can migrate to all parts of body, plants have evolved
strategies that upon infections cells are regulated to achieve immunity responses [WITHERS &
DONG, 2017]. There are two main types of molecular immunity response, pathogen-associated
molecular pattern (PAMP)-triggered immunity (PTI) and effector-triggered immunity (ETI).
Conserved microbial elicitors called pathogen-associated molecular patterns are recognized by
pattern recognition receptors (PRRs) on the external surface of the plant cell [DODDS &
RATHJEN, 2010; NEWMAN & al. 2013]. ETI can be initiated by cell surface perception or
intracellular perception [XING & al. 2017]. PRRs can recognize PAMP and host-derived
damage-associated molecular patterns (DAMPS) to activate immune response [XING & al.
2017]. Examples of these molecular patterns are pathogen cell wall components including
lipopolysaccharides, peptidoglycan, chitin, and proteins including flagellin, EF-TU and host
produced substances (DAMPSs) including plant peptides (PEP), oligogalacturonides and
extracellular ATP [TREMPEL & al. 2016]. The ligand recognition by PRR activates
downstream signaling pathways and eventually trigger defense response such as transcription
of defense-related genes, production of antimicrobial compounds, influx of Ca?*, rapid burst of
reactive oxygen species (ROS), and hypersensitive response (HR) [BIGEARD & al. 2015;
TREMPEL & al. 2016]. Through evolution, pathogens have developed mechanisms to deliver
pathogen effectors into plant cells to overcome plant PTI. As such, plants have developed R
gene products to recognize pathogen effectors and activate ETI. ETI is significantly stronger
than PTI and can lead to HR and massive transcriptional reprogramming [XING & al. 2017].
ETI also triggers systemic acquired resistance (SAR), which act away from the infection site to
protect the whole plant [CUI & al. 2015; WITHERS & DONG, 2017].
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To ensure a rapid switch of signaling pathway and the correct activation of immune
response, components of plant defense signaling pathways are under precise regulation through
PTMs. PTM plays roles in both the activation and the inhibition of PTI and ETI [WITHERS &
DONG, 2017]. Phosphorylation is one of the most commonly used and the best studied PTM in
plant defense response [XING & LAROCHE, 2011; XING & al. 2017]. Besides
phosphorylation, other PTMs also play critical roles. In some cases, they may not directly pass
immune signals to downstream components but can take part in maintaining the normal function
of signaling components or attenuating immune response [WITHERS & DONG, 2017]. In this
review, the role of these other PTMs including ubiquitination, glycosylation, SUMOylation, and
acetylation on plant immunity is discussed with the focus on some highly regulated defense
components.

Ubiquitination regulates PTI through degradation of existing components

Remodeling of the plasma membrane (PM) protein composition is emerging as a key
aspect regulating receptor signaling and mediating signal resolution in space and time. Receptor
ubiquitination may regulate protein levels by modulating PRR traffic at different stages after
endocytosis. Following internalization, cargoes go through a sorting process, which decides
whether they will be recycled and returned to the PM, or transported to the vacuole for
degradation [WITHERS & DONG, 2017]. In the secretory pathway, components of the
endoplasmic reticulum (ER)-quality control ensure the proper accumulation and function of
PRRs such as FLS2 receptors [WITHERS & DONG, 2017].

Upon flg22 perception, Arabidopsis BAK1 and PUB12/13 associate with FLS2. BAK1
phosphorylates PUB 12/13 to induce the polyubiquitination of cytosolic domain of FLS2, which
leads to the degradation of FLS2 by 26S proteasome [LU & al. 2011]. PUB 12/13-deficient
mutant display enhanced immune responses and ROS production upon flg22 perception [LU &
al. 2011]. The recruitment of E3 ligases to FLS2 modulates PTI through the attenuation of
immune signaling [LU & al. 2011]. CERKL is a membrane localized receptor-like kinase that
can activate PTI by sensing chitin and chitosan [YAMAGUCHI & al. 2017]. Similar to FLS2,
PUB12-CERKT1 interaction upon the recognition of chitin targeted CERK1 for degradation and
attenuated immune response [YAMAGUCHI & al. 2017].

Interestingly, PRRs also regulate the activity of ubiquitin ligase and hence facilitate
downstream immune response. In rice, PID2, a transmembrane lectin receptor-like kinase,
confers resistance to Magnaporthe oryzae infection [CHEN & al. 2006]. OsPUB15, a rice U-
box/ARM repeat protein, is reported to possess E3 ligase activity and interact with PID2
[WANG & al. 2015]. Upon PAMP recognition, activated PID2 proteins homo-dimerize to
phosphorylate OsPUB15 to activate its E3 ligase function. Overexpression of OsPUB15 up-
regulated expression of pathogenesis-related (PR) genes, increased ROS production, and
enhanced resistance to rice blast [WANG & al. 2015]. Based on these findings, OsPUB15 acts
as an inducer of PID2-triggered immunity and up-regulates PT1 [WANG & al. 2015].

Ubiquitination of cytosolic components of PTI signaling pathway also contributes to
the regulation of PTI. The regulation of BIK1 is explained by the modulation of non-activated
and activated BIK1 pools [WANG & al. 2018]. E3 ubiquitin ligase PUB25 and PUB 26
negatively regulate PTI by targeting the degradation of non-activated BIK1 [WANG & al. 2018].
In this model, CPK28, heterotrimeric G proteins (AGG1, AGG2, XLG2, and AGB1), and
PUB25/26 together regulate BIK1-induced downstream immune responses [WANG & al.
2018]. Before pattern recognition, BIK1 is not phosphorylated by FLS2 and is susceptible to
PUB25/26 mediated degradation. Heterotrimeric G proteins associate with FLS2-BIK1 complex
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and stabilize BIK1 by inhibiting PUB25/26 E3 ligase activity [LIANG & al. 2016]. Upon pattern
recognition, BIK1 is phosphorylated by FLS2 and activated [WANG & al. 2018]. The
perception of flg22 by FLS2 increases the phosphorylation of PUB25/ 26 by CPK28 and hence
the E3 ligase activity of PUB25/26 [WANG & al. 2018]. However, PUB25/26 do not have ligase
activity on activated BIK1 but non-FLS2 interacting BIK1 is rapidly removed by active
PUB25/26 [WANG & al. 2018]. Ubiquitination of BIK1 modulates PTI by retaining necessary
signaling and removing excess signaling component to prevent unnecessary immune response
[WANG & al. 2018].

PUB4, a CERK1-interacting E3 ubiquitin ligase, has also been reported to regulate
immunity by ubiquitinating BIK1 [DERKACHEVA & al. 2020]. Arabidopsis Pub4 mutant
display reduced ROS burst upon flg22 and elf8 treatment, suggesting that PUB4 positively
regulates PTI [DERKACHEVA & al. 2020]. PUB4 associates with FLS2/EFR-BIK1 complex
and targets the degradation of only non-activated BIK1 [DERKACHEVA & al. 2020]. The E3
ligase up-regulates downstream immune response and ROS burst and acts as a positive regulator
of PTI by promoting the accumulation of activated BIK1 upon PAMP perception
[DERKACHEVA & al. 2020]. The degradation of non-active BIK1 stabilizes the system in a
resting state, which contributes to the activation of immunity in this case.

Glycosylation is required for the normal function of receptors of PTI

Protein glycosylation is required for ER/Golgi processing and trafficking of membrane
proteins to plasma membrane [TREMPEL & al. 2016]. Oligosaccharyl transferase (OST)
complex in the ER lumen is significantly involved in the regulation of asparagine-linked
glycosylation (N-glycosylation) in ER [AEBI, 2013]. Tunicamycin (TM), an N-glycosylation
inhibitor, weakens overall immune system and disturbs ER quality control (ERQC)
[CHAKRABORTY & al. 2017]. N-glycosylation of PRR is required for the localization of PRR
to PM and ligand binding of PRR [AEBI, 2013]. STT3A gene encodes a subunit of OST and is
critical for N-glycosylation in ER [HAWEKER & al. 2010]. STT3A loss-of-function mutant has
showed that N-glycosylation plays critical function for the EFR ligand binding and translocation
to PM [HAWEKER & al. 2010; FARID & al. 2013]. Asingle loss of EFRN*#3 glycosylation site
in the leucine-rich repeat (LRR) ectodomain impaired the receptor stability and ligand
recognition but not its translocation from ER to PM [HAWEKER al. 2010]. Unlike EFR, FLS2
is relatively insensitive to mutation of putative N-glycosylation sites [SUN & al. 2012].
However, this does not mean that flg22-trigger PAMP signaling is independent of N-
glycosylation. Studies found that flg22 induced pathogenesis-related protein 1 (PR1)
accumulation is lowered in stt3a [KANG & al. 2015] and FLS2 with octuple-PGS [putative N-
linked glycosylation sites] mutations partially lost flg22 responsiveness [SUN & al. 2012]. In
tomato Cf-9, all PGSs except PGS18 were shown to be N-glycosylated and all of the
glycosylation sites were important for Cf-9 activity [VAN DER HOORN & al. 2005].

When wild type plant was treated with TM, the binding of ligand and translocation to
PM of FLS2 was impaired [HAWEKER & al. 2010]. Upon the perception of PAMP by PRR,
extracellular calcium influxes into cytoplasm. As a result, under-glycosylation of PRR should
display impaired calcium influx. Arabidopsis cce2/cce3 mutants display reduced calcium
elevations after treatment with MAMP or DAMP including flg22, elf18, chitin, LPS and AtPepl
[TREMPEL & al. 2016]. CCE2/CCE3 encode o-1,3-mannosyltransferase, ALG3, and its
activity in alg3 mutant was reduced and PRRs of cce2/cce3 were under-glycosylated but they
were still localized to PM [TREMPEL & al. 2016]. This seems to indicate that N-glycosylation
of PRRs is responsible for calcium elevation of PTI signaling [TREMPEL & al. 2016]. Similar
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results were observed in Arabidopsis ccel mutant with a mutated ALG12 [TREMPEL & al.
2020].

Chitosan oligosaccharide (COS), generated by enzymatic hydrolysis of chitosan, can
have priming effect on plant-pathogen interaction by enhancing PR1 expression and activating
salicylic acid (SA)- and/or jasmonic acid (JA)-dependent signaling pathway [JIA & al. 2018].
The increase of resistance of plant by COS involves glycosylation. Stt3a and Manl mutants are
N-glycosylation impaired and are more susceptible to Pst DC3000 infection [JIA & al. 2018].
However, Pst DC3000 infection was rescued in Stt3a and Manl mutants by pretreatment with
COS [JIA & al. 2018]. This indicates the under-glycosylation of immune signaling components
is restored by COS. Also, COS-pretreated and Pst DC3000-infected plants showed differences
in the accumulation of nucleotide sugar donors [JIA & al. 2018]. The finding indicates that N-
glycosylation of plant innate immune response and COS induced resistance are regulated via
partially non-overlapping pathways [JIA & al. 2020].

Defection in N-glycosylation was also shown to up-regulate some defense responses
[CHAKRABORTY & al. 2017]. TM treatment induced PR1 expression independently of PTI
but the increased PR1 did not enhance pathogen resistance, possibly offset by the negative effect
of ER stress and the negative effect of under-glycosylation of plant defense pathways on the
immunity. As PR1 is a PTI activation marker and a SAR (systemic acquired resistance)
mediator, this study seems to indicate that inhibition of N-glycosylation could trigger some plant
immune responses even though the pathway is unknown. [CHAKRABORTY & al. 2017].

SUMOylation affects protein-protein interaction

SUMOylation is similar to ubiquitination, where E1, E2, and E3 enzymes are involved.
SUMOylation modulates protein stability, protein-protein interaction and protein subcellular
localization, and is involved in plant defense mechanism [NIU & al. 2019]. An example is
SCEL1, an Arabidopsis SUMO E2 enzyme, which induces SUMO1/2 conjugation to suppress
immune response [SKELLY & al. 2019]. Upon pathogen recognition, the increased nitric oxide
(NO) level induced S-nitrosylation of SCE1 at Cys139, suppressed SCE1-mediated
SUMOylation and hence up-regulated immune response [SKELLY & al. 2019].

As a master regulator of basal and SAR, NPR1 confers immunity through a
transcriptional cascade including transcription activators (e.g. TGA3) and repressors (e.g.
WRKY70) [FU & DONG 2013; SALEH & al. 2015]. SA accumulation promoted
dephosphorylation of Ser55/Ser59 through an unknown mechanism and induced SUMOQylation
of NPR1, resulting in dissociation from WRKY 70 and inactivation of this repressor [SALEH &
al. 2015]. Modification of NPR1 by SUMO3 was required for its phosphorylation at
Ser11/Serl15 to form a signal amplification loop to generate more activated NPR1 [SALEH &
al. 2015]. This activated form of NPR1 interacted with the TGA3 transcription activator to
induce PR1 gene expression [SALEH & al. 2015]. Subsequently, the modified NPR1 was
ubiquitinated and targeted for degradation by the 26S proteasome mediated by interaction with
NPR3 to ensure the transient nature of the immune induction [SALEH & al. 2015].

SUMOylation on PRR is required for progression of PTI signaling pathway. FLS2,
BAK1 and BIK1 form complex during flg22 perception [TANG & al. 2017]. SUMOylation of
FLS2 promoted the dissociation of activated BIK1 from the complex to allow downstream BIK1
induced signaling [TANG & al. 2017]. Desi3a, one of the eight Desi type SUMO proteases,
deSUMOylated FLS2 to down-regulate immune response [OROSA & al. 2018]. The amount of
Desi3a was reduced when flg22 was present, suggesting that Desi3a take part in maintaining
the system in the resting state in non-pathogenic conditions [OROSA & al. 2018].
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Acetylation regulation in ETI

Acetylation of proteins are involved in plant defense mainly in two ways, the
modification of histone to regulate gene expression, and the acetylation of non-histone proteins
by pathogen type 111 effectors that function as acetyltransferase to alter plant immunity [SONG
& WALLEY, 2016]. Several pathogen effector proteins encode acetyltransferase enzymes that
directly acetylate host proteins (e.g. RRS1, RPM1, WRKY and cell skeleton proteins) and alter
plant immunity [SONG & WALLEY, 2016]. Nucleotide binding leucine-rich repeat (NB-LRR)
receptor protein was shown to interact with pathogen effector and the downstream immune
response was down-regulated [LEE & al. 2015]. Bacterial effector PopP2 acetylated the C-
terminal WRKY transcription factor domain of RRS1 as well as WRKY transcription factors
and abolished DNA binding activity and suppressed immunity [TASSET & al. 2010; LE ROUX
& al. 2015; SARRIS & al. 2015]. Another pathogen effector, HopZ3, was shown to inactivate
RPM1 immune complex by acetylating its members including RIN4 and RIPK [LEE & al.
2015]. It was also reported that the acetylation of non-histone protein of maize by a plant-
encoded histone deacetylase was involved in immune response [WALLEY & al. 2018].

Other PTMs in ETI

PTMs modulates the recognition of pathogen effectors at host-pathogen interface.
Ubiquitination has been reported to up-regulate a virus induced ETI by targeting a protease and
hence stabilize an R protein [LIM & al. 2018]. Virus can express suppressors that inhibit host
RNA silencing to facilitate infection and these suppressors can be recognized as effectors by
plant R proteins and trigger ET1 [CHOI & al. 2004]. HRT, an R protein in Arabidopsis, can be
activated by turnip crinkle virus (TCV) coat protein to trigger HR and resistance [LIM & al.
2018]. Double stranded RNA binding protein (DRB) 1 and 4 play a role in stabilizing HRT and
are required for resistance to TCV [LIM & al. 2018]. TOP1, an E3 ligase, positively regulates
TCV-induced ETI by negatively regulating proteases that target the degradation of DRB1 and
DRB4 [LIM & al. 2018]. S-acylation also plays a role in ETI. RPS5 is responsible for immune
response during Pseudomonas syringae infection [Ql & al. 2012]. The activation of RPS5 was
shown to require the cleavage of PBS1 protein kinase by AvrPphB, the effector of Pseudomonas
syringae [Ql & al. 2014]. The localization of PBS1 to PM and its cleavage both required N-
terminal S-acylation on its Cys residues [Ql & al. 2014].

SUMOylation modulates SA-dependent immune response and suppresses
autoimmunity. S1Z1, a SUMO E3 ligase, regulates SA-dependent immune response by
mediating SNC1 activity [GUO & al. 2017]. Overexpression of TOPLESS-RELATED 1
(TPR1), a SUPPRESSOR OF nprl-1, CONSTITUTIVE 1 (SNC1)-interacting protein, resulted
in autoimmunity that reduced plant growth and development [NIU & al. 2019]. Loss of function
of S1Z1, a SUMO E3 ligase, was shown to induce an autoimmune response, partially due to the
elevated SNC1 levels [NIU & al. 2019]. S1Z1 physically interacted with TPR1 and facilitated
its SUMO maodification, with K282 and K721 residues in TPR1 as critical sites for SUMO
attachment [NIU & al. 2019].
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Figure 1. Post-translational modifications in plant defense mechanisms and challenges to research
approaches

Conclusions

PTMs are used by plants to regulate immune response. Phosphorylation plays a critical
role in defense signaling while other types of PTMs are increasingly shown to contribute to the
regulation of plant-microbe interactions in various ways (Figure 1). Glycosylation works mainly
in the preparation of the system by ensuring the production and translocation of the receptor.
However, it is less involved during the modulation of signal transduction. This is probably
because glycosylation is required for the maturing of protein and the process have to be done
within ER and Golgi. The transportation of cytosolic signaling components into endomembrane
system can be costly. On the other hand, ubiquitination is more dynamic and plays roles mainly
in stabilizing the system rather than participating in signal transduction directly. The beauty of
ubiquitination is that Ub can be attached to an individual protein precisely without affecting
proteins in a complex. Taking this advantage, plant can finetune defense response accurately.
For most of the time, a single immune signaling component is regulated by multiple other
components and PTMs. This ensures the plant defense system in a resting state without pathogen
and is turned on rapidly when a pathogen attacks. The components (e.g. BIK1) crosslink
multiple pathways and are highly regulated. The advantage of PTM is that it does not involve
transcription and many of them are reversible. This allows fast and accurate switch of
physiology upon interaction with pathogen.

PTM study is much more challenging in the study of plant defense mechanisms as there
is an additional interaction, i.e. the host plant and the microbe. A comprehensive understanding
at PTM level with various forms of modifications is essential to uncover the mechanisms that
govern this interaction and particularly the response by host plants. It is highly likely that
detailed mechanisms of all types of PTMs remain to be elucidated. It is worth mentioning that
some topics are covered by other recent reviews [WITHERS & DONG, 2017; DE VEGA & al.
2018; ZHANG & ZENG, 2020].
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