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Abstract

Plant pathogenic Gram-negative bacteria evade the host plant immune system by secreting
Type Il (T3E) and Type IV effector (T4E) proteins into the plant cytoplasm. Mostly T3Es

are secreted into the plant cells to establish pathogenicity by affecting the vital plant process
viz. metabolic pathways, signal transduction and hormonal regulation. Ubiquitin-26S proteasome
system (UPS) exists as one of the important pathways in plants to control plant immunity and
various cellular processes by employing several enzymes and enzyme components. Pathogenic
and non-pathogenic bacteria are found to secrete effectors into plants with structural and/or
functional similarity to UPS pathway components like ubiquitin E3 ligases, F-box domains,
cysteine proteases, inhibitor of host UPS or its components, efc. The bacterial effectors mimic
UPS components and target plant resistance proteins for degradation by proteasomes, thereby
taking control over the host cellular activities as a strategy to exert virulence. Thus, the bacterial
effectors circumvent plant cellular pathways leading to infection and disease development. This
review highlights known bacterial T3E and T4E proteins that function and interfere with the
ubiquitination pathway to regulate the immune system of plants.
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1. Introduction

Plants confront beneficial and pathogenic microorganisms throughout their life cycle. The
ability of plant pathogenic bacteria to invade a host depends on its secretions, virulence, and
pathogenicity. To avert and defend against pathogens, plants have developed sophisticated
immune systems besides their inherent physical barriers. The first line of host defense or
the basal defense is triggered instantaneously upon the detection of conserved pathogen-

or microbe-associated molecular patterns (P/MAMPSs). The recognition of different PAMPs
by specific pattern recognition receptors (PRRs) initiates PAMP-triggered immunity (PTI)
(Shan et al., 2008; Zipfel, 2014). PPMAMPs are compounds produced or present only

in microorganisms like conserved cell surface structures, including bacterial flagellin,
elongation factor Tu (EF-Tu), lipopolysaccharides, and peptidoglycan, or fungal cell wall
components like chitin or glucan (Torres, 2010; Zipfel et al., 2006; Torres, 2010; Boller

and Felix, 2009). The PTI produces cellular responses that include production of reactive
oxygen species (ROS), ion fluxes and activation of defense-related genes, resulting in
callose deposition at the cell wall, defense hormone synthesis, stomatal closure (Zipfel,
2014) and localized cell death. Adapted plant pathogens overcome PTI by delivering type I11
secretory proteins or effector proteins (T3Es) directly into the host cell cytoplasm through
type 111 secretory system (T3SS) and induce effector-triggered susceptibilityl (ETS1) and
promote bacterial virulence.

To counter attack the pathogen-secreted effectors, plants have evolved a second line of
immune response. This response acts primarily inside the plant cell and relies upon the
ability to detect effector intrusion through intracellular immune receptors called nucleotide-
binding, leucine-rich repeat receptors (NLRS) or R proteins, resulting in effector triggered
immunity (ETI) (Jones and Dangl, 2006). ETI is an amplified and accelerated PTI response
resulting in disease resistance (Jones and Dangl, 2006). ETI is typically accompanied by
the hypersensitive response (HR), a form of localized programmed cell death (PCD) at

the primary infection site that restricts pathogen spread within infected tissue (Hofius

et al., 2009). Loss or modification of R proteins due to effector action can lead to
effector-triggered susceptibility2 (ETS2), which inhibits the ETI. When the R protein takes
over during localized pathogen attack, increased resistance toward secondary infection is
observed in uninfected parts of plants. This resistance is referred to as systemic acquired
resistance (SAR) (Craig et al., 2009; Fu and Dong, 2013). SAR-induced plants are said to
be sensitized or primed to respond more rapidly and effectively to secondary infection (Fig.
1). The arms race continues depending on the ability of the pathogenic effectors or the plant
immune system to co-evolve during the process of invasion and resistance.

Recent studies unite two major immune signaling cascades in plants viz., PTl and ETI, and
find PTI to be an integral component of ETI. Production of ROS as an early response during
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PTl is a critical early signaling event that play a major role in establishing the synergy
between PRR- and NLR-mediated immunity, and also the PRR mediated downstream
receptor signaling following the perception of pathogen is indispensable for producing an
effective ETI response (Yuan et al., 2021). Activation of both PTI and ETI immune systems
is necessary for mediating strong defenses against pathogens and either of them alone is
insufficient for establishing robust immune response and resistance in plants (Ngou et al.,
2021). Effective defense against pathogens relies on mutual potentiation of both PTI and
ETI components (Pruitt et al., 2021). These studies indicate the importance of both immune
responses for establishing a strong defense system.

Bacterial effectors or virulence factors, the main players for pathogen survival are delivered
by specialized and sophisticated protein secretion systems, which are grouped into at least
six different classes, designated type I to type VI (Costa et al., 2015; Hayes et al., 2010).
Among the secretion systems, type I, type 111, and type 1V are involved in virulence and are
highly conserved among the pathogens of plants and humans (Guttman, 2004). T3E proteins
interfere and modulate many plant regulatory processes viz., basal PTI defense, signal
transduction pathways, proteasome-dependent protein degradation, phytohormone signaling,
plant gene expression and the plant cytoskeleton (Buttner, 2016). T3SS are present in plant-
and animal-pathogenic bacteria viz., Aeromonas, Bordetella, Burkholderia, Chlamydia,
Erwinia, Escherichia, Pseudomonas, Ralstonia, Rhizobium, Salmonella, Shigella, Vibrio and
Xanthomonas spp. (Troisfontaines and Cornelis, 2005) as well as in the non-pathogenic
symbiotic bacterium Rhizobium (Dai et al., 2008). Bacteria have developed strategies to
invade plants using plant-like proteins, including E3 ligases, F-box proteins, efc., to increase
pathogenicity. T3Es from pathogenic and non-pathogenic bacteria have been reported to
modulate the ubiquitin-26S proteasome system (UPS) and other cellular processes (Angot
et al., 2007; Ashida et al., 2014; Ustiin et al., 2014; WeRling et al., 2014; Buttner, 2016).

In addition, plant viruses are found to regulate host UPS (Chen et al., 2020; Gao and

Luo, 2006; Gustin et al., 2011), and eukaryotic plant-parasitic nematodes are identified that
secrete Ub extension proteins to interfere with the UPS in plant cells (Tytgat et al., 2004).
The effectors mimicking UPS from animal and human pathogens have been well-reviewed
(Angot et al., 2007; Ashida et al., 2014; Kim et al., 2014; Lin and Machner, 2017). However,
plant pathogenic bacterial effectors regulating UPS are less explored despite numerous
plant pathogenic bacteria. With this perspective, the current review bestows an overview

of the effectors from pathogenic and non-pathogenic bacteria that are associated with
ubiquitination and/or the UPS pathway to remodel the immune response in plants.

2. Ubiquitin-26S proteasome system

The UPS and autophagy are the major protein degradation pathways that occur in
eukaryotes. Regulated protein turnover by UPS and autophagy controls many facets of

plant immunity, including recognition of pathogens, immune receptor accumulation, and
downstream defense signaling (Langin et al., 2020; Leary et al., 2019; Ustiin et al., 2017,
2018). Autophagy was considered as a non-specific recycling process that occurs during
nutrient limitation; however, several reports have shown that autophagy can act selectively to
degrade protein aggregates, organelles, and specific proteins (Kraft et al., 2009; Randow and
Youle, 2014; Zaffagnini and Martens, 2016).
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In autophagy, double-membrane vesicles termed autophagosomes form that sequester and
deliver cytoplasmic cargo to vacuoles for breakdown and recycling. In this pathway, protein
aggregates, specific proteins, macromolecules like ribosomes and proteasomes, fragments of
endoplasmic reticulum (ER) or nuclei, whole organelles like mitochondria, peroxisomes,
and chloroplasts, and possibly even invading pathogens, can be selectively eliminated
(Marshall and Vierstra, 2018). Viral effectors are reported to target the autophagic pathway
(YYang et al., 2018; Hafren et al., 2017, Hafren, 2018). However, bacterial effectors targeting
autophagy-mediated degradation has been reported only in a few bacteria (Ustiin et al.,
2018; Leong et al., 2021). More research is needed to identify bacterial effectors that target
autophagic pathway (Langin et al., 2020).

In contrast to autophagy where bulk protein, organelles or pathogens are degraded, UPS
mainly degrades short-lived proteins or mis-folded proteins through a process called
ubiquitination. Ubiquitination is a post-translational modification (PTM) of proteins that
controls a variety of processes in eukaryotic cells. Ubiquitination can target a protein for
degradation (turnover) by 26S proteasomes resulting in the removal of rate-limiting enzymes
in regulation and mis-folded proteins in protein quality control as well as the maintenance
of amino acid pools during growth and starvation. Ubiquitination also regulates hormonal
signaling (Wang and Deng, 2011; Kim et al., 2016), stress response (Shu and Yang, 2017;
Stone, 2014), defense response (Luo et al., 2010; Lin et al., 2008), programmed cell death
(Lin et al., 2008), vesicle trafficking (Xu et al., 2009; Glickman and Ciechanover, 2002;
Foot et al., 2017; Pickart and Eddins, 2004), cell cycle (Petroski and Deshaies, 2005), DNA
repair (Chen and Sun, 2009) efc. Ubiquitination targets immune receptors and downstream
signaling components to maintain homeostasis in the absence of pathogen (Copeland and Li,
2019). Genome-wide studies predict nearly 6 % of the Arabidopsis thaliana genome encodes
UPS components (Vierstra, 2009). In this pathway, ubiquitin (Ub), a small regulatory
protein, serves as a reusable tag that targets proteins for selective turnover as well as
alterations in protein-protein interactions, localization and enzyme activity. Monomeric units
or polymeric chains of Ub are formed as covalent attachments on protein targets through a
three-step cascade composed of three major enzymes: E1 (ubiquitin-activation enzyme), E2
(ubiquitin-conjugating enzyme) and E3 (ubiquitin ligase) (Thrower et al., 2000; Weissman
et al., 2011) (Fig. 2A). The pathway originates with the activation of ubiquitin that requires
an ATP and the formation of a thioester linkage between the carboxy-terminal glycine of
ubiquitin and a specific cysteine residue of the E1. The activated ubiquitin is transferred to
the E2 protein, after which the E3 ligase mediates the transfer of ubiquitin from E2 to a
lysine residue on the substrate. Efficient poly ubiquitination is facilitated by multi-ubiquitin
chain assembly factors, E4, to transfer additional ubiquitin moieties (Koegl et al., 1999).
Ubiquitin has eight linking options to form the polymeric Ub chains, including seven lysine
residues (K6, K11, K27, K29, K33, K48, and K63) and its N-terminal methionine residue
(M1) (Swatek and Komander, 2016). Ubiquitin linkages on Ser, Thr and Cys residues of
target proteins are also reported (McClellan et al., 2019). Target proteins with more than four
Ubs attached in K48 linkages are typically degraded by 26S proteasomes (Thrower et al.,
2000).

The process of ubiquitination requires variety of enzymes and enzyme components, and the
substrate specificity of this system depends on multiple E2 and E3 combinations. Plants
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usually encode for only one or two E1 proteins that activate the Ub through adenylation

and thioester intermediate formation (Callis et al., 1995). The E2 Ub conjugating enzymes
that serve to transfer the Ub from the E1 to the E3s or substrate are more numerous

and clustered into 12 groups (Callis and Vierstra, 2000). The E3 Ub ligases that transfer

the Ub from an E2-Ub thioester to the substrate protein are the most diverse class of
enzymes that define the substrate specificity of ubiquitination. More than 1000 E3s occur

in plants and are found to function as a single component or multi-subunit complex

(Chen and Hellmann, 2013). E2s share many well-conserved catalytic domains, but E3s
share only a few conserved motifs. E3 enzymes are classified into two broad structural
classes: i) Homologous to E6-associated protein Carboxyl Terminus (HECT) and ii) Really
Interesting New Gene (RING)/U-box domain. The RING-type E3 enzymes simply catalyze
Ub transfer without being ubiquitinated, whilst the HECT-type E3s form an intermediate
thioester complex and transfer Ub to the target (Vierstra, 2009). RING-type E3s function

as monomers, dimers, or as multi-subunit complexes and are divided into three broad
categories: i) S-phase kinase-associated protein 1 (SKP1)-cullin 1 (CUL1)-F-box (SCF), ii)
Cullin3-Bric-a-BracTramtrackBroad-complex (CUL3-BTB), and iii) Cullin4-DNA-Damage
Binding 1 (CUL4-DDB1). The multi-component E3s contain: i) a catalytic RING domain,
e.g., RING-box 1 (RBX1) or Anaphase Promoting Complex 11(APC11), ii) an assembly
platform, e.g., CUL1-4 or APC2, and iii) a substrate recognition domain, é.g., F-box, BTB,
or DDBL. RING E3s can act independently or as part of a multi-subunit complex such as
SCF. The type of cullin subunit determines which recognition protein is to be incorporated
into the complex. A fourth multi-subunit E3 is named APC/C (APC/cyclosome) that consists
of 11 subunits (Zhang et al., 2014) (Fig. 2B, Supplementary Figs. S1 and S2). Ubiquitin-
like proteins (UBLs/UIps), Nedd8 (or Rubl) and small ubiquitin-related modifier proteins
(SUMOs) have also been identified that can be covalently attached to target proteins similar
to Ub (Vierstra, 2012).

The opposing action of ubiquitination is carried out by the deubiquitinase (DUBS), that
act on the ubiquitinated substrates and either edit or disassemble the Ub linked target,
leading to an alternative pathway (Nijman et al., 2005). DUBs can release Ub from an
inactive precursors that are translated from Ub gene fusions or can cleave Ub moieties that
are attached post-translationally to the target protein (Hepowit et al., 2012). DUBs are the
second most diverse group of UPS components with around 64 members, as reported in A.
thaliana (Vierstra, 2009).

Proteins modified with K48 linked poly-ubiquitin chains are substrates for the 26S
proteasome, a 2.5 MDa ATP-dependent protease complex that is present in both

the cytoplasm and nucleus. The 26S proteasome of yeast, mammals and some plant
(Arabidopsis and rice) are quite similar and comprised of 31 subunits divided into two
sub-complexes, the 20S core protease (CP) and 19S regulatory particle (RP). However
plants have more advanced 26S proteasome with assembled multiple isoforms (Smalle and
Vierstra, 2004). The opening to this chamber is sufficiently narrow to restrict entry to

only those substrates that are unfolded and threaded inside. The regulatory particle (RP)

is found on either or both ends of the CP. The RP is involved in ubiquitin-conjugate
recognition, Ub recycling, unfolding the target protein, transporting the target protein into
the CP chamber and presumably releasing the breakdown products. More specifically, a ring

Microbiol Res. Author manuscript; available in PMC 2022 September 30.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ramachandran et al.

Page 6

of six RP triple-A (AAA+) ATPases (RPTs 1-6) covers the opening to the CP and assists
in target unfolding. The RP non-ATPases (RPNs) 10 and 13 are Ub receptors, and RPN11
is a deubiquitylating enzyme (DUB) that helps to release bound ubiquitins. The functions
of many of the RP subunits have not been elucidated. However, several RP subunits in

A. thaliana had substrate-specific functions. RPN10 and RPN12a participate in ABA and
cytokinin signalling, respectively. RPN1 and RPNS5 are essential for embryogenesis and
RPT2a participates in root development (Vierstra, 2009).

Owing to the importance of the UPS in various plant cellular processes and host defense,
this system has become a major target for pathogenic microbes to subvert plant immunity
and gain control over plants to enable pathogen survival. Important plant pathogenic bacteria
and non-pathogenic bacteria, like Rhizobium spp., produce effectors that have similarities to
plant proteins participating in the UPS pathway, thereby interfering with the host cellular
immunity. The ‘arms race’ between pathogens and host plants might have led to the
evolution of numerous types of effectors in microbial pathogens that converge and have

high degree of interaction on common host plant proteins and defense-related or R proteins
in plants (Rovenich et al., 2016; Wef3ling et al., 2014 Langin et al., 2020).

3. Pseudomonas syringae: RING/U-box domain like-effectors and

proteasome inhibitors

The pathogen P, syringae pv. tomato (Psf) that causes bacterial speck disease in tomato

is one of the best-studied pathosystems for plant-microbe interaction. Psteffectors viz.,
AvrPto and AvrPtoB are the pioneer effectors in the T3E studies to describe the modulation,
evolution and interplay of bacterial effectors in plants. Pstdelivers about 30 effectors
through T3SS into the plant cell, and a subset of eight effectors are shown to be sufficient
to establish full virulence in one of its plant hosts (Cunnac et al., 2011). Among this

subset, AvrPtoB (HopAB?2) is an T3E of Pstthat targets the plant UPS and acts with
priority in suppressing immunity in the modulation, evolution and interplay of the bacterial
pathogen with its host. AvrPtoB triggers the HR and immunity in plant during pathogenesis
(Guo et al., 2009). The tomato gene conferring resistance to bacterial speck disease is

‘Pto’ (resistance to £ syringae pv. tomato) which encodes for the kinase protein Pto. The
Pto-mediated ETI in tomato is the best example of effector evolution and the R-protein
mediated defense to counteract the effectors. The interplay between pathogen and plant is
well studied, and at least 25 genes in the Pto-mediated ETI are reported (Oh and Martin,
2011). In tomato genotypes that are immune to speck disease, the Psteffectors AvrPtoB as
well as AvrPto were recognized by the tomato R protein Pto, to initiate HR and resistance
leading to ETI. Pto interacts with another R protein Prf and, upon binding of AvrPtoB
induces resistance, viaprogrammed cell death (PCD), thereby limiting the pathogen growth
(Oh and Martin, 2011; Pedley and Martin, 2003) (Fig. 3). Fen is evolved in plants to
activate defense signaling. To counteract Fen recognition and suppress the basal defense
mechanism induced in tomato plants, the N-terminal domain of AvrPtoB from Psthad
acquired a C-terminal E3 ligase domain to mediate the Fen degradation (Rosebrock et al.,
2007). Finally, the Pto was evolved to restore resistance response to suppress AvrPtoB
ubiquitination activity. Pto possibly phosphorylates AvrPtoB near its E3 ubiquitin ligase
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domain to prevent the targeted ubiquitination and degradation of plant defense proteins
(Mathieu et al., 2014).

AvrPtoB is a bifunctional and bipartite effector with its N-terminal domain possessing the
structural features that control hypersensitive cell death suppression and the C-terminal
domain exhibiting /n vitro E3 Ub ligase activity (Janjusevic et al., 2006; Abramovitch

et al., 2006). The C-terminal domain of AvrPtoB resembles RING/U-box E3 ligases
(Supplementary Fig. S3). In the suppression of PTI, AvrPtoB functions in the ubiquitination
of PRRs, like flagellin-sensitive 2 (FLS2) receptor, chitin elicitor receptor kinase 1
(CERKZ1), and elongation factor thermo unstable receptor (EF-Tu receptor/EFR) (Gimenez-
Ibanez et al., 2014; Gohre et al., 2008; Langin et al., 2020; Shan et al., 2008). AvrPtoB also
interacts with the PRR-associated proteins BRI1-Associated Kinasel (BAK1) and Botrytis-
Induced Kinasel (BIK1) and prevents the MAPK (Mitogen-Activated Protein Kinase)
cascade (Shan et al., 2008). AvrPtoB also binds the host R proteins, including the protein
kinases Pto and Fen as well as the nucleotide-binding site-leucine-rich repeat protein Prf
leading to their ubiquitination and degradation (Mathieu et al., 2014; Munkvold and Martin,
2009; Rosebrock et al., 2007). In addition, AvrPtoB interacts with the plasma membrane-
anchored protein RIN4 (RPM1-resistance to £ syringae pv. maculicola 1 interacting protein
4), an important regulator of plant immunity (Luo et al., 2009; Ray et al., 2019). Through
this interaction, AvrPtoB targets RIN4 for degradation and activates PTI in the presence of
Pto and Prf (Luo et al., 2009).

Another effector from £ syringae is HopM1, which promotes the ubiquitination of the
immunity-associated protein AtMIN7 (BIG5) to inhibit the induced defense responses
(Nomura et al., 2006). AtMIN7 functions in PTI, ETI, and salicylic acid (SA)-regulated
immunity in A. thaliana, with homologs widespread in plants. AtMIN7 is an ADP
ribosylation factor-guanine nucleotide exchange factor that localizes to the trans-Golgi
network/early endosome, where it regulates the endocytic cycling of proteins in the plasma
membrane (Nomura et al., 2011; Tanaka et al., 2009). The bacterial HopM1 facilitates the
ubiquitination and the destruction of AtMIN7 v/athe host UPS (Nomura et al., 2006). The
712 amino acid HopM1 is translocated via the bacterial T3SS into the host cell and acts

in a host endomembrane compartment or compartments to promote disease (Nomura et al.,
2011). HopML1 recruits AtMIN7, or an AtMIN7-containing complex, v/aits N terminus and
promotes the subsequent ubiquitination and degradation of AtMIN7 viathe host proteasome
(Nomura et al., 2006).

Jasmonate ZIM-domain (JAZ) family proteins are key regulators of jasmonate (JA) signaling
in the immunity and development of plants that can be altered by plant pathogens. JAs are
essential phytohormones in plant growth and development. JAZ proteins negatively regulate
the transcriptional activation of these JA responses. To overcome this repression, JA triggers
the degradation of JAZ proteins through the SCF (COI1) E3 ubiquitin ligase associated UPS
(Chini et al., 2007; Thines et al., 2007). Pathogenic P, syringae secretes T3Es and several
toxins such as coronatine (COR), which mimic the plant hormone jasmonate-isoleucine (JA-
Ile). Like JA-lle, COR functions as an SA antagonist to promote virulence via suppression
of host defenses. Only a few £ syringae pathovars produce COR, and this toxin can act
synergistically with bacterial T3Es to induce the JA pathway. JA-1le and its COR mimic
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activation of plant responses by promoting physical interaction between the E3 ligase
COI1 and JAZ repressors. This interaction leads to JAZ ubiquitination and subsequent
degradation by 26S proteasomes, releasing transcription factors from repression. A major
regulatory mechanism of JAZs in the presence of JA or COR is through COI-dependent
UPS degradation of host proteins. COI1 is an F-box protein that determines the substrate
specificity of a SCF E3 ubiquitin ligase-SCFCO!L, COR can also suppress host defense
responses by triggering JA signaling in a COIl1-dependent manner, thus, altering the normal
progression of plant immunity and development (Katsir et al., 2008).

Other P, syringae plant pathogens that do not produce COR are still found to alter the host
JAZ repressors. For example, the P syringae pv. tabaci 11528, which does not produce COR,
activates the JA pathway to promote susceptibility by degrading JAZ repressors through

its effector HopX1. HopX1 acts as a cysteine protease that associates with JAZ proteins
through its central ZIM domain and JAZ degradation occurs in a proteasome- and COI1-
independent manner. HopX1 adopts different strategies to target similar host components

as an alternative evolutionary solution to COR with similar physiological outcomes. JAZ
proteins are direct targets of HopX1 to promote the activation of JA-induced defenses

and susceptibility in Arabidopsis (Gimenez-lbanez et al., 2014). £, syringae T3E HopZ1a,
which belongs to the widely distributed YopJ family of cysteine proteases/acetyl transferases
produced by plant and animal bacterial pathogens, is also found to interact with and modify
the JAZ proteins in plant hosts. HopZ1a activates JA signaling and promotes bacterial
multiplication in Arabidopsis. HopZ1a subverts host immunity by directly targeting the
receptor complex of a defense-associated hormone in plants (Jiang et al., 2013).

Proteasome activity is intensely induced during basal defense in plants, and proteasomal
mutations render plants susceptible to increased growth of virulent strains of 2 syringae
(Ustiin et al., 2016). Bacteria appear to have taken advantage of this susceptibility by
secreting effector proteins that inhibit the plant proteasomes. The P, syringae pv lachrymans
HopZ4, a member of the YopJ family of T3Es, interacts with the host Rpt6, an AAA
ATPase subunit of the 19S RP of 26S proteasomes, and inhibits proteasome activity during
infection (Ustiin et al., 2014). In effect, this results in decreased turnover of the salicylic
acid (SA) master regulator Non-expressor of Pathogenesis Related genesl (NPR1) and the
attenuation of SA-dependent defense responses. The Pst effectors were screened to find
potential T3Ss that may interfere with proteasome activity, resulting in the identification

of HopM1, HopAO1, HopAl, and HopG1 as putative proteasome inhibitors. HopM1 was
identified to interact with several E3 ubiquitin ligases and proteasome subunits, suggesting it
may have an additional role beyond promoting the ubiquitination and degradation of MIN7
proteins (Ustiin et al., 2016).

Bacterial effectors target the autophagy pathway for pathogen survival in host cells. The

P, syringae pv. tomato DC3000 (PsDC3000) activates autophagy in a HopM1 dependent
manner and stimulates the autophagic removal of proteasomes that suppress immune
responses in plants and supports bacterial proliferation. PstDC3000 induces autophagy and
increases autophagic flux upon delivery of the HopM1 (Ustiin et al., 2018). While the
PsDC3000 induced autophagy promotes bacterial proliferation, processes associated with
the selective autophagy cargo receptor NBR1 counteract this proliferation by suppressing
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the formation of HopM1 induced water-soaked lesions (aqueous extracellular space).
Distinct autophagy pathways are also shown to contribute to host immunity and bacterial
pathogenesis during PsDC3000 infection with intimate crosstalk between proteasomes

and autophagy. Thus, autophagic pathways with opposing pro- and antimicrobial functions
appear to act in parallel during PstDC3000 infection, which is predicted to be a consequence
of the long-lasting co-evolution of plants and their associated bacterial pathogens (Ustiin et
al., 2018).

4. Ralstonia solanacearum: F-box domain effector

R. solanacearum is a gram-negative soil-borne plant pathogenic bacterium that causes
bacterial wilt in more than 450 plant species (Cunnac et al., 2004; Remigi et al., 2011).
Analysis of the R. solanacearum genome reveals a large repertoire of up to 80 candidates
of putative T3SS effectors, among which seven are homologs of plant-specific leucine-
rich repeat (LRR) proteins. These seven T3SS effectors were found to have a conserved
GAXALA motif in their LRR and, thus, are referred to as “GALA” proteins. These GALA
proteins contain not only a leucine-rich repeat region but also an F-box domain related

to plants (Angot et al., 2006). F-box proteins typically interact with Skp1 and Cullinl

to form SCF E3 Ub ligases that control ubiquitination. The bacterial GALA proteins

are able to mimic plant F-box proteins by interacting with a subset of the 19 different
Avrabidopsis Skpl-like proteins. Deletion or mutation of the seven GALA effector genes of
R. solanacearum results in the loss of pathogenesis on Arabidopsis and reduced virulence
on tomato. Of these, the R. solanacearum GALAT is found to be a host specificity factor
in Medicago truncatula that requires its F-box domain for virulence function (Angot et al.,
2006). Thus the T3E from R. solanacearum, GALAT, appears to hijack the host SCF-type
E3 Ub ligases and affect the host UPS to promote disease.

5. Agrobacterium tumefaciens: type IV effector VirF contains F-box

domain

A. tumefaciens is known to cause crown gall disease in many plants by its virulence (vir)
region-encoded transport system (Schrammeijer et al., 2001). Agrobacterium genetically
transforms plant hosts using a DNA-protein complex (T-complex) composed of a single
T-DNA strand and the bacterial protein effectors VirD2, VirE2, and VirE3 (Li et al., 2018).
The T-DNA is transported into the plant nucleus and subsequently integrated into the host
genome. T-DNA nuclear import is mediated by the bacterial protein effectors, along with
the host protein interactors AtKAP-a5 and VirE2 interacting protein 1 (VIP1), and integrated
by host cell proteins. A. tumefaciens encodes and translocates VirF, to facilitate infection
and suppress host immune system. VirF is an F-box protein that localizes into the plant cell
nucleus and interacts with the nuclear protein VIP1. The VirF-containing SCF E3 ligase
complex targets the VIP1 and VirE2 for proteolysis, leading to the release of T-DNA from
the DNA-protein complex. Upon release, the T-DNA is integrated into the host chromatin
(Tzfira et al., 2004). Some plant species do not require the bacterial VirF for transformation.
In these latter cases, A. tumefaciens can induce the expression of a plant F-box protein,
VIP1-binding F-box protein (VBF), that can functionally replace VirF. VBF interacts with
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the plant SKP1-like component (ASK1) in the SCF-VBF complex. VBF also binds VIP1
and its associated VirE2 to form a ternary VBF-VIP1-VirE2 complex. VBF then turns

to destabilize both VIP1 and VirE2 viathe SCF-VBF pathway leading to its proteolytic
degradation (Zaltsman et al., 2010) (Fig. 3).

6. Xanthomonas spp.: E3 and SUMO proteases

Approximately 27 species of Xanthomonas are known to infect a wide range of
economically important crop plants, such as rice, citrus, banana, cabbage, tomato, pepper,
bean etc. (Ryan et al., 2011). T3Es that interfere with UPS have been studied from X. oryzae
pv. oryzae (X00) that causes bacterial leaf blight, X. campestris pv. vesicatoria (XcV) that
causes bacterial spot of pepper and tomato, X. axonopodis pv. citri (Xac) that causes citrus
canker, and X. axonopodis pv. manihotis (Xam) that causes cassava bacterial blight (CBB)
(Ustiin and Bérnke, 2014). From a few of these species, the T3Es are characterized using

a sequence-based approach (Furutani et al., 2009; Darrasse et al., 2013; Roux et al., 2015).
In Xoo MAFF311018, about 16 effectors are found to be translocated v7a T3SS and among
them, nine are homologs to known effectors in other plant-pathogenic bacteria (Furutani et
al., 2009). The T3Es are generally conserved among Xanthomonas spp. with some specific
to Xoo (Furutani et al., 2009). .X. fuscans subsp. fuscans (Xf# that causes bacterial blight

of bean was predicted to encode 29 T3Es (Darrasse et al., 2013). Comparative genome
sequence analysis of pathovar strains of X. campestris revealed XopP, XopF1 and XopAL1
formed a common core of putative T3Es among pathovar /ncanae, pathovar raphaniand a
pathovar formerly named barbareae (Roux et al., 2015). Of the numerous T3Es reported, few
have been characterized for their interference with UPS and the immune system of plants
(Table 1; Fig. 3).

In rice, the OsPUB44 encoding E3 Ub ligase positively regulated the immune response
against Xoo pathogen, while the XopP effector released by the rice pathogen Xoo strongly
suppressed peptidoglycan (PGN) and chitin-triggered resistance (Ishikawa et al., 2014). This
was effected by targeted binding of XopP to U-box domain of OsPUB44 viatwo amino-acid
residues, thereby reducing the E3 ligase activity (Ishikawa et al., 2014).

The T3E XopD of Xcvis a cysteine protease with plant-specific SUMO substrate specificity.
XopD is a member of the ubiquitin-like protease family that includes the yeast Ulpl
demonstrated to cleave SUMO/SMT3-conjugated proteins, thus, removing the SUMO tag.
During Xcv pathogenesis, XopD is translocated to subnuclear loci of the host cell where

it hydrolyzes SUMO-conjugated proteins. XopD interferes with the regulation of host
proteins during Xcv infection by mimicking endogenous plant SUMO isopeptidases. The
C-terminal domain (amino acids 322-520) is the portion of XopD related to the C48 family
of cysteine peptidases with amino acids 309-481 homologous to the C-terminal catalytic
domain of Ulpl. The XopD H409, D421 and C470 residues are predicted to form the
catalytic core based on their relationship to the active site residues of the Ulp1 cysteine
protease. Substrate recognition residues are also conserved. The target proteins affected by
XopD proteolysis appear to be specific for plant SUMO isoforms, as XcvXopD cleaves a
C-terminal hemagglutinin (HA) tag from plant SUMO but not mammalian SUMO isoforms.
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Thus, XopD is hypothesized to alter SUMO protein targets in the plant nucleus to control
plant susceptibility and/or plant defense (Hotson et al., 2003).

The XcvXopD, not only cleaves SUMO-conjugates but also alters host transcription.
Structure-function studies of XopD performed /n vitroand in planta suggest that XopD
mimicks the function of some plant transcriptional regulators (Kim et al., 2013, 2008).
XopD alters host gene transcription by modulating senescence- and defense-associated
MRNA levels. A putative helix-loop-helix region spanning amino acids 113-131 in the
N-terminal domain of XopD appears to participate in DNA binding; however, this binding
appears non-specific to DNA sequence. By contrast, the transcriptional repression activity of
XopD appears specific and dependent upon two tandem EAR (ERF-associated amphiphilic
repression) motifs in a region distinct from the cysteine protease active site. These EAR
motifs are important for XopD to repress SA- and JA-induced gene transcription /in planta.
Thus, XopD appears multifaceted in its ability to cleave SUMO-conjugates and repress
transcription to mediate virulence. In this virulence pathway, XopD is associated with
promoting Xcv growth and suppressing host defense and pathogen-induced cell death
responses (Kim et al., 2013, 2008).

The XopD homolog of Xcc8004 (XopDXcc8004) also appears to alter host components in
initiating disease tolerance and enhancing bacterial survival. Through its EAR motif region,
XopDXcc8004 interacts with the DELLA domain of the host protein RGA (repressor of
gal-3) (Tan et al., 2014). DELLA domain proteins, such as RGA, repress gibberellin (GA)
signaling and promote host tolerance during plant stress. GA is important in signaling plant
development processes and induces degradation of DELLA proteins by the UPS (Feng et
al., 2008). By binding RGA, XopDXcc8004 apparently interferes with the GA-induced
binding of the GA receptor GID1 to RGA. This interference appears to partially stabilize
DELLA proteins in the nucleus and delay their GA-induced degradation v7a. the UPS.
XopDXcc8004 cannot deubiquitinate the ubiquitination of RGA and does not appear to alter
the RGA transcript levels. Thus, the protein: protein interaction of XopDXcc8004 with RGA
is proposed to lead to disease suppression and enhanced bacterial survival (Tan et al., 2014).

Four XcvT3Es (AvrXv4, AvrBsT, AvrRxv, and XopJ) are identified to be members of

the YopJ/AvrRxv family (Lewis et al., 2011). YopJ family T3Es are proposed to have

three basic functional domains: translocation, interaction, and catalytic, including cysteine
protease and/or acetyltransferase activity (Whalen et al., 2008). Of the XcvYopJ family
proteins, AvrXv4 functions as an apparent cysteine protease that cleaves SUMO-conjugates
during Xcv-plant interactions, as its expression in planta leads to a reduced abundance

of SUMO-conjugates (Roden et al., 2004). The localization of the Ulp1-related XopD to
the plant nucleus (Hotson et al., 2003) and AvrXv4 to the plant cytoplasm (Roden et al.,
2004) suggests that these R proteins have evolved to recognize bacterial SUMO proteases
in distinct cellular compartments. Like AvrXv4, the Xcv AvrBsT is an apparent cysteine
protease as it exhibits a weak protease activity /n vitro that is dependent upon its conserved
catalytic cysteine residue. /n vivo, AvrBsT localizes to the cytoplasm and nucleus of plant
cells (Roden et al., 2004). In the cytoplasm, AvrBsT suppresses the induction of the AvrBs1-
specific HR apparently via interaction with the SNF1-related kinase (SnRK1) in pepper
plants (Szczesny et al., 2010). The YopJ-like XopJ is targeted to the host plasma membrane
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when expressed in plant cells (Noél et al., 2003; Thieme et al., 2007). In addition to its
homology to YopJ, XopJ has a conserved N-myristoylation motif that is required for plasma
membrane localization (Thieme et al., 2007). Thus, targeting XopJ to the host membrane

is thought to occur through N-myristoylation. XopJ also interacts with the AAA ATPase
proteasomal subunit RPT6 in yeast and /7 planta, and this appears to inhibit proteasome
activity. Proteasome inhibition prevents the accumulation of the defense phytohormone SA
and attenuates SA mediated symptom development as well as pathogen-induced senescence
(Bartetzko et al., 2009; Ustiin et al., 2013; 2014, Ustiin and Bérnke, 2015). AvrRxv has a
cysteine protease catalytic core important in eliciting the HR and inhibiting bacterial growth
in resistant plants (Bonshtien et al., 2005). In host cells, AvrRxv localizes predominantly

to the cytoplasm and may associate with plasma and nuclear membranes (Bonshtien et al.,
2005). AvrRxv binds the host 14-3-3 protein called AvrRxv Interactor 1 (ARI1), which is
associated with HR-inducing activity in tomato (Whalen et al., 2008). 14-3-3 proteins are
involved in a range of protein-protein interaction (PPI) functions in plants (Ryan et al., 2011,
Sehnke et al., 2002).

In pursuit of new T3Es in the Xcvmodel strain 85-10, the F-box motif protein Xopl was
identified. A plant-inducible promoter (PIP) box, upstream of the encoding gene, suggests
transcriptional expression of xop/is regulated by HrpX (Schulze et al., 2012). HrpX is an
AraC-type transcriptional activator that binds to PIP box motifs and controls the expression
of T3Es in plant pathogens (Koebnik et al., 2006). Translocation of Xopl into plant cells is
dependent on the T3SS chaperone HpaB (Schulze et al., 2012). While F-box proteins are
typically one of three components of SCF complexes that mediate protein ubiquitination for
degradation by the UPS, the function of the F-box in Xopl is not yet elucidated.

A new family of E3 Ub ligases with a novel structural domain (termed NEL for Novel E3
Ligase) distinct from either the RING or HECT domains is identified in select bacteria.
This family is exemplified by the Shigella spp. 1paH9.8 and Salmonella spH1 proteins
which display E3 Ub ligase activity despite lacking sequence similarity to any known E3
ligases (Singer et al., 2008). NEL E3 ligases comprise a large family of bacterial effector
proteins encoded by a subset of pathogenic bacteria (Hicks and Galan, 2010; Rohde et al.,
2007; Zhu et al., 2008). From plant pathogenic bacteria X. campestris pv. vesicatoria (XcV),
the effector XopL is identified to have a novel E3 ligase domain that induces plant cell
death and suppresses PTI (Singer et al., 2013). XopL is encoded by a gene that has a PIP
(pathogen-inducible promoter) box in its promoter region that contributes to virulence and
suggests the co-regulation of this gene with the T3SS. The C-terminal domain of XopL
catalyzes E3 ligase activity and explicitly interacts with the plant E2 to form K11-linked
poly-ubiquitin chains. The crystal structure of the XopL C-terminal domain reveals a novel
fold, termed the XL-box. The N-terminal region of XopL confirmed the presence of a
LRR domain and may form a protein-protein interaction module for ubiquitination target
recognition and suppression of PAMP responses while the E3 ligase activity-induced plant
cell death (Singer et al., 2013).

The X. axonopodis pv. citri T3E PthA modulates host transcription to promote citrus
canker. PthA belongs to the AvrBs3/PthA protein family and has a central domain of
tandem 34 amino acid repeats that mediate protein-protein and protein-DNA interactions
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(Domingues et al., 2010). PthA proteins are encoded as multiple variants in a single bacterial
strain. These PthA variants localize in the nucleus of plant cells and form homo- and
heterodimers. The PthA heterodimers are hypothesized to include interactions with distinct
host targets. PthA2 and PthA3 appear to interact with the citrus cyclophilin and TDX
(tetratricopeptide domain-containing thioredoxin) proteins. In addition, PthA2 and PthA3
associate with the E2 complex of Ubc13 and Uev (Ub conjugating E2 variant), required for
K63-linked ubiquitination and DNA repair. The citrus Ubc13 and Uev proteins complement
the DNA repair phenotype of the yeast, indicating that they are also involved in K63-linked
ubiquitination and DNA repair. PthA2 inhibits K63-linked ubiquitination required for DNA
repair (Domingues et al., 2010).

Similar to effectors altering UPS, microbes have evolved mechanisms to modulate
autophagy through their T3Es. One such effector is XopL secreted by Xcvthat acts

as E3 ligase and exerts its role in a novel way by self-modifying T3Es to trap host

cellular degradation pathways. A sub proportion of XopL undergoes self-ubiquitination,
subsequently triggering its own degradation by the NBR1/Joka2-mediated autophagy

to act as a bait to trap host cellular degradation machineries to boost virulence of

Xcv by attenuating autophagic degradation. XopL inhibits autophagy by interacting and
subsequently degrading the autophagic component SH3P2 via. its E3 ligase activity. By
degrading the SH3P2, it partially escapes its own degradation and blocks autophagy (Leong
etal., 2021).

7. Rhizobium sp.: NEL domain effectors and cysteine protease

The NopM (nodulation outer protein M) effector of the nitrogen-fixing Sinorhizobium sp.
(Rhizobium sp.) strain NGR234 is an IpaH family effector with NEL domain. NopM is
similar to IpaH family effectors and consists of a variable N-terminal domain composed of
LRR domain and a conserved C-terminal NEL domain. /n vitro, NopM has E3 Ub ligase
activity, including the formation of unanchored poly Ub chains and auto-ubiquitination
activity (Xu et al., 2018). /n vivo, NopM, but not the active site variant NopMC338A,
promotes symbiotic nodulation of the host legume Lablab purpureus (Xin et al., 2012).
When expressed in yeast, NopM inhibits mating pheromone signaling, a MAPK pathway.
Consistent with this finding, NopM can be phosphorylated /in vitro by the tobacco MAPK,
the SA-induced protein kinase (NtSIPK). In addition, NopM is phosphorylated at Ser2 in
planta (Xu et al., 2018). NopM inhibits the plant defense response in Nicotiana benthamiana
through reduced ROS production in response to the flagellin peptide flg22 and defense gene
expression. These results suggest NopM as a functional NEL domain E3 Ub ligase that is
serine phosphorylated and can interact with itself, with Ub, and with MAPKs.

The novel rhizobial T3E (named NopT for nodulation outer protein T) is secreted via., the
T3SS in Rhizobium sp. NGR234 causing chlorotic and necrotic symptoms in Arabidopsis
plants (Dai et al., 2008; Kambara et al., 2009). Tobacco plants expressing nopT elicit an HR
response, a form of programmed cell death that would block the further attack (Kambara
etal., 2009). The NopT of NGR234 is related in sequence to the NopT of Bradyrhizobium
Japonicum USDA110 and the T3Es AvrPphB of the pathogen P, syringae pv. phaseolicola,
YopT from Yersiniaspp., and LopT from P Juminescens. NopT contains the conserved
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active site residues required for proteolytic activity of cysteine proteases (C/H/D residues;
invariant catalytic triad in proteins belonging to the YopT-AvrPphB cysteine protease family)
(Shao et al., 2002) and induces an R protein-mediated defense response in non-host plants
(Kambara et al., 2009). By acting as cysteine protease, NopT elicits HR, a localized PCD
response in tobacco and induces cytotoxic effects in Arabidopsis (Dai et al., 2008).

8. Conclusion and future perspective

Bacterial effectors that alter the plant UPS pathway and thereby affect the immune system
of plants have been characterized in several important plant pathogenic and non-pathogenic
bacteria. The P syringae AvrPtoB effector is a good example of how bacterial and plant
proteins co-evolve in an arms race to develop immunity. R. solancarum promotes itself
through its mimicry of F-box proteins and establishes inside plants. A. tumificiencs uses
TAEs to genetically transform plants, revealing how bacterial genes can be integrated into
the genome of plant systems to enable efficient colonization. The genus Xanthomonas
includes several important pathogens and encodes a set of effectors that mimic E3s or

its subunits to alter plant responses. Some of the Xanthomonas effectors act as SUMO
and/or cysteine proteases and others target proteins for degradation by the UPS to alter

the immune system of plants in favor of the pathogen. Interestingly, T3Es from the non-
pathogenic Rhizobium spp. include those that function as components of E3s and cysteine
proteases in non-host plants. At present, approximately 126 whole-genome sequences of
pathogenic bacteria are available (Xu and Wang, 2019). Screening for potential E3 subunits
or other UPS components from these genomes might reveal new bacterial proteins that
mimic plant proteins in pathogenesis. The main strategy adopted by bacterial pathogens in
altering the UPS and immunity of plants is through structural mimicry, binding, modifying,
inhibiting, or degradation of target proteins of the plant host. Finding ways to circumvent the
effector invasion inside plants and identifying plant targets would benefit plant defense. The
process underlining protein co-evolution in plants and microbe for its survival during the
plant-microbe interaction is yet another aspect that is less understood. Yet, whole-genome
mapping of plant and pathogen may help to identify new novel variants in R and effector
gene; and understanding its target role may widen the opportunities to develop resistant
cultivars through molecular or mutational breeding and genome editing. Besides targeting
the effector binding sequences and susceptible genes in plants for increased immunity

to prevent disease (Joshi et al., 2020) as a promising strategy, the plant UPS mimicking
effectors can also be targeted for resistance in the future.
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BIK1 Botrytis-induced kinasel
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CuL cullin

DUBs deubiquitinase

DDB1 DNA-Damage Binding 1

El ubiquitin-activation enzyme

E2 ubiquitin-conjugating enzyme

E3 ubiquitin ligase
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ET ethylene

FLS2 flagellin-sensitive 2 receptor

GA gibberellins

HR hypersensitive response

JA jasmonate

JAZ jasmonate ZIM-domain, JA-ZIM domain (JAZ) repressor
proteins
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leucine-rich repeat

mitogen-activated protein kinase

neddylation

nonexpressor of pathogenesis related genes 1

novel E3 ubiquitin ligase

pathogen- or microbe-associated molecular patterns
pattern recognition receptors

post-translational modification

programmed cell death

resistance to Pseudomonas syringaepathovar (pv.) tomato
reactive oxygen species

regulatory particle non-ATPases

resistance proteins

repressor of gal-3

RPM1- resistance to £ syringaepv. maculicola 1 interacting
protein 4

RING-box 1

rubylation

salicylic acid

S-Phase Kinase Associated Protein 1
small ubiquitin related modifier proteins

S-phase kinase-associated protein 1 (SKP1)-cullin 1
(CUL1)—F-box

systemic acquired resistance
type Il secretory system
ubiquitin

ubiquitin 26S proteasome system
ubiquitin-like proteins
VIP1-binding F-box protein

VIirE2 interacting protein 1
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ZIM zinc-finger inflorescence meristem
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Fig. 1.

Ac?tivation of plant immune system. A two-tiered immune system comprising pattern-
triggered immunity (PTI) and effector-triggered immunity (ETI) occur in plants. The instant
immune response is mediated by PRRs that triggers PT1 whereas NLR activate ETI upon
translocation of T3E into the cytoplasm via. T3SS. Signalling events by PRRs and NLRs
leads to overlapping downstream cellular responses, including defense-gene expression,
production of ROS and callose deposition. The primary plant immune receptors viz. PRRs
and NLRs function synergistically to ensure a robust level of key immune components
during ETI. SAR is induced when the ETI takes over the pathogenic effector and plants are
able to resist secondary infection in uninfected parts of plants.
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(A?). Ubiquitination-26S proteasome pathway.

Ubiquitin is first activated by ubiquitin-activating enzyme (E1), at the expenditure of ATP.
Then, the ubiquitin molecule is passed on to the second enzyme, ubiquitin-conjugating
enzyme (E2). The final enzyme, ubiquitin ligase (E3), recognizes target substrate and binds
and labels it with the ubiquitin. The poly-ubiquitination is facilitated by E4, which transfers
additional ubiquitin moieties. Proteins modified by sequential linkage of multiple ubiquitin
residues of at least four v/a ubiquitin degradation are targeted by the 26S proteasome. In the
non-proteasomal pathway, deubiquitinase (DUBS) catalyze the disassembly and editing of
the Ub moieties attached to protein substrates. The various plant effectors that interfere with
the UPS are indicated along the pathway.

(B). Plant E3 ubiquitin ligases.

E3 can be divided into HECT and RING/U-box domain-containing E3s based on their mode
of transfer of Ub. RING E3s catalyze the transfer of Ub, whereas in the HECT, the E3

Microbiol Res. Author manuscript; available in PMC 2022 September 30.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Ramachandran et al.

Page 26

forms an intermediate and transfers to the target. The RING/U-box E3s are the multi-subunit
complex of E3s viz., SCF, CUL3-BTB, CUL4- DDB1 and APC/C.
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Fig. 3.
Illﬂstration of bacterial effectors that manipulate the plant ubiquitination pathway. The
action of effectors delivered from Gram-negative bacteria into the plant cell cytoplasm
through the T3SS or T4SS is depicted. The effectors exert their action by acting as E3
ubiquitin ligase with domains RING/U-box or F-box of SCF or NEL, SUMO or cysteine
protease, that binds with proteasome subunit and interfere with signaling pathway. (A) The
P, syringae T3E AvrPtoB has U-box/RING- E3 ubiquitin ligase activity that mimics plant
E3. It has both kinase and E3 ligase activity that enable functions in the ubiquitination
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and degradation of PRRs (FLS2, BAK, CERK, EFR) and R proteins (Pto, Fen, Prf). This
prevents the downstream MAPK cascade and inhibits PTI and degradation of R protein
that leads to prevention of ETI. HopZ4 acts on the 26S proteasome subunit component
Rpt6 and thereby preventing SA-mediated defense. (B) The R. solanacearum has GALA
protein that has LRR and an F-box domain that mimic plant E3, thereby promoting disease.
(C) A. tumefaciens VirF has F-box domain and it mimics SCF E3 ligase that targets the
VIP1 and VirE2 proteolysis thereby enabling integration of the DNA to promote crown
gall. (D) The Rhizobium sp. NopM is a NEL family E3 and it reduce the ROS production
and NopT effector induces PCD. (E) The Xanthomonas sp. harbors many effectors that has
been characterized from few species. The T3E XopP from Xoo has RING/U-box domain
with E3 activity. XcvXopD has SUMO protease activity that promotes senescence in plants,
XccXopD alters host components RGA and interferes with signaling to promote infection.
Similarly, Xcv AvrXv4 possess SUMO protease activity, Xcv 85-10 Xopl with F-box
domain was identified, and XcvXopL with NEL domain effector and E3 activity has been
reported.
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