MPMI Vol. 38, No. 3, 2025, pp. 365—375, https://doi.org/10.1094/MPMI-08-24-0086-R

RESEARCH

The XopAE Effector from Xanthomonas phaseoli pv.
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Pathogenic bacteria use Type 3 effector proteins to manipu-
late host defenses and alter metabolism to favor their survival
and spread. The non-model bacterial pathogen Xanthomonas
phaseoli pv. manihotis (Xpm) causes devastating disease in cas-
sava. The molecular role of Type 3 effector proteins from Xpm
in causing disease is largely unknown. Here, we report that the
XopAE effector from Xpm suppresses plant defense responses.
Our results show that XopAE is a suppressor of basal defenses
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such as callose deposition and the production of reactive oxy-
gen species. XopAE targets a small heat shock protein (Mep23-1
cochaperone) in cassava and its homolog Atp23-1 in Arabidopsis.
XopAE localizes to the nucleus and in scattered points through-
out the cell border, whereas Mep23-1 shows a nucleocytoplasmic
localization. Upon interaction, XopAE hijacks Mep23-1 to the
scattered points throughout the cell border, and they also in-
teract in the nucleus. Our results indicate that the interaction
between XopAE and Mep23-1 is essential for suppressing basal
plant defense. This study is one of the first to address the molec-
ular mechanisms deployed by Xpm to cause disease in cassava,
a non-model crop plant.

Keywords: cassava, suppression of immunity, type 3 effectors,
Xanthomonas

Plants are constantly threatened by pathogen attacks, which
can result in either the establishment or restriction of disease.
Co-evolution with pathogens has shaped a two-tiered plant
immune system that perceives biotic threats and triggers the
corresponding defense responses. The first tier recognizes
pathogens by identifying highly conserved microbial molecules
known as microbe-associated molecular patterns (or pathogen-
associated molecular patterns [PAMPs]) (Boller 1995; Dangl
et al. 2013; Jones and Dangl 2006; Ngou et al. 2022; Wang
et al. 2020; Zipfel and Robatzek 2010). Diverse PAMPs, such
as fungal chitin, bacterial lipopolysaccharides, ergosterol,
bacterial elongation factor Tu, and flagellin, are recognized
by pattern-recognition receptors, inducing pattern-triggered
immunity (PTI) (Bittel and Robatzek 2007; Boutrot and Zipfel
2017; Dangl et al. 2013; Dow et al. 2000; Jones and Dangl 2006;
Ngou et al. 2022; Nicaise et al. 2009; Zipfel 2009). PTI results
in the activation of several processes associated with plant
defense, including plant cell wall strengthening, generation of
reactive oxygen species (ROS), callose deposition, activation
of mitogen-activated protein kinase cascades, and the synthesis
of antimicrobial compounds, which collectively contribute to
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restricting the establishment and growth of the pathogen within
the plant tissue (Boller and Felix 2009; Bolton 2009; Felix et al.
1999; Zipfel 2009; Zipfel et al. 2004).

The second tier is the perception of pathogens by the recog-
nition of pathogen-encoded virulence factors called effector
proteins. In the case of gram-negative pathogenic bacteria,
these proteins are translocated from the bacterial cytoplasm
into the plant cells through a molecular syringe known as the
type three secretion system (T3SS). These effector proteins, or
type three effectors (T3Es), contribute to pathogen fitness and
plant defense suppression, favoring survival and multiplication
(Galan and Collmer 1999; Hueck 1998). However, plants can
specifically recognize effectors through intracellular nucleotide
binding site-leucine-rich repeat (NLR) class receptors, which
leads to the activation of the second tier of plant defense,
known as effector-triggered immunity (ETI) (Cui et al. 2015;
Flor 1971; Jones and Dangl 2006; Ngou et al. 2022). The
responses in ETI tend to be more intense and prolonged than
in PTI. ETI commonly leads to a hypersensitive response (HR),
a form of localized programmed cell death that restricts the
spread of the pathogen (Dodds and Rathjen 2010). However,
emerging evidence suggests that PTI and ETI share signaling
mechanisms, which can be mutually potentiated to fence off
the pathogen’s attack (Ngou et al. 2021, 2022). Disease can
therefore occur when plants fail to detect pathogens or when
pathogens successfully suppress PTI and/or ETI.

Several T3Es have been described in the genus Xanthomonas,
and determining their role as suppressors of PTI and ETI in plant
defenses is a crucial step in understanding the development of
plant diseases. Among the diverse T3Es within the genus are the
Xanthomonas outer proteins (Xop) (Gémez-Cano et al. 2019;
Ryanetal. 2011; Timilsina et al. 2020; White et al. 2009; Z4rate-
Chaves et al. 2021a). Xop effectors act as modulators of plant
metabolism, as well as of PTI and ETI in several model plants,
and different approaches have been used to understand the role
of Xop effectors in the suppression of plant defenses and to
determine their targets in host plants (Arrieta-Ortiz et al. 2013;
Kay and Bonas 2009; Medina et al. 2018; Ustiin and Bornke
2014; White et al. 2009; Zarate-Chaves et al. 2021a).

The most poorly understood Xop effectors are those from
non-model systems, such as Xanthomonas phaseoli pv. mani-
hotis (Xpm), the causal agent of bacterial blight in cassava
(Manihot esculenta Crantz) and the most important bacterial
disease affecting this crop (Boher and Verdier 1994; Lozano
1986; Verdier et al. 2004; Zarate-Chaves et al. 2021a). Depend-
ing on environmental conditions, Xpm causes yield losses that
range between 30 and 100% (Timilsina et al. 2020; Zarate-
Chaves et al. 2021a). Xpm lives as an epiphyte and enters
leaves through natural openings and wounds. Once inside, Xpm
multiplies in the mesophyll, reaches the vascular tissue, and
moves systemically in the plant (Zarate-Chaves et al. 2021a).
Therefore, this pathogen can induce symptoms such as angular
leaf spots, blight, stem cankers, gum exudates, and plant death
(Zarate-Chaves et al. 2021a). Previous efforts to describe cassava
bacterial blight have focused on population genetic studies
(Arrieta-Ortiz et al. 2013; Bart et al. 2012; Botero et al. 2020;
Gomez-Cano et al. 2019; Zarate-Chaves et al. 2021b) and
pathogen detection (Bernal-Galeano et al. 2018; Flores et al.
2019) rather than mechanistic approaches to understand the in-
volvement of Xop effectors during disease at a molecular level.

XopAE is a highly conserved T3E within Xpm populations.
It is catalogued as one of the nine core effectors among Xpm
strains; its sequence varies very little among strains worldwide
(Arrieta-Ortiz et al. 2013; Bart et al. 2012) and is adjacent to
the cluster encoding the T3SS in the genome of Xpm reference
strain CIO151 (Arrieta-Ortiz et al. 2013). XopAE contains a
leucine-rich repeat (LRR) domain (Kim et al. 2003), a structural
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component of pattern-recognition receptors and NLRs in plants
that is essential for the recognition of pathogens from different
kingdoms (Caplan et al. 2008; Eitas and Dangl 2010; McHale
et al. 2006). Interestingly, effectors from X. euvesicatoria (Xeu),
such as XopL, also contain an LRR domain, which is essential for
protein-protein interactions with its host targets for suppression
of PAMP-elicited gene expression. The LRR portion of XopL is
required for programmed cell death elicitation in the host plant,
but it is dispensable for the ubiquitin ligase activity (Singer et al.
2013). XopAE was previously described as a suppressor of PTI-
related responses in Xeu, probably through an E3 ubiquitin ligase
activity (Popov et al. 2016, 2018). However, the XopAE of Xeu,
reported as a PTI suppressor (Popov et al. 2016), is encoded in
a locus split into two open reading frames (ORFs) (HpaF and a
truncated XopAE; Supplementary Fig. S1) by a frameshift mu-
tation, and the XopAE segment has been further characterized,
revealing the E3 ubiquitin ligase activity of this effector (Popov
et al. 2018). Despite the role of XopAE as a suppressor of PTI,
its targets in host plants have yet to be identified. To elucidate
the role of XopAE from Xpm during the development of cassava
bacterial blight disease, we evaluated the potential involvement
of this T3E as a plant defense suppressor using heterologous
systems. Our findings reveal that XopAE suppresses PTI but not
ETI responses. We also identified a XopAE target in cassava, an
HSP20-like p23 protein, and show its role in plant defense. Our
results suggest that XopAE interaction with the host protein p23
is crucial for inhibition of plant defense. This study is the first
molecular characterization of a Xop effector from Xpm targeting
a protein in its native host, cassava.

Results

XopAE suppresses PTI but not ETI in non-host plants

To determine if XopAE can suppress PTI, we used the
engineered nonpathogenic bacterium P. fluorescens to deliver
XopAE (NCBI accession no. RWU20036) into plant cells.
P. fluorescens naturally elicits PAMP responses in A. thaliana.
The engineered strain, carrying pML123, expresses the func-
tional T3SS from the plant-pathogenic bacterium P. syringae
and is able to deliver bacterial effectors into plant cells (Guo
et al. 2009). As expected, when A. thaliana Col-0 plants were
inoculated with the P. fluorescens strain with T3SS (Pf::T3SS),
the number of callose deposits was higher than in mock-treated
plants (Fig. 1A). In contrast, the callose deposit count was sig-
nificantly lower when plants were inoculated with P. fluorescens
carrying XopAE (Pf::XopAE) (Fig. 1A), and they were com-
parable to those inoculated with P. fluorescens carrying XopN
(Pf::XopN), which we had previously reported (Medina et al.
2018). We next tested XopAE’s impact on ROS induced during
PTIL. For this, we infiltrated Pf::T3SS and Pf::XopAE strains into
Nicotiana tabacum leaves, and ROS levels were measured. The
ROS burst was lower in plants inoculated with Pf::XopAE com-
pared with plants inoculated with the Pf::T3SS control strain
(Fig. 1B; Supplementary Fig. S2). These results indicate that
XopAE can suppress typical PTI responses such as callose de-
position and ROS burst.

We next tested whether XopAE also suppresses ETI. For this,
we used P. fluorescens (pHIR11) expressing the HopAl T3E
from P. syringae pv. tomato (Pf::HopAl), which is recognized
by tobacco plants and induces HR (Alfano et al. 1997). To test
whether XopAE can suppress HR induced by HopAl, we co-
infiltrated different concentrations of Pf::HopAl mixed with
Pf::XopAE and Pf::HopAl alone into tobacco leaves. No dif-
ferences in HR were observed between infiltration spots with
Pf::HopA1 alone or co-infiltrated with Pf::XopAE (Fig. 1C), in-
dicating that XopAE cannot suppress HR induced by HopA1l in
tobacco.



XopAE interacts with a small heat shock protein (sHSP)

To explore the molecular mechanisms of action of XopAE
in planta, a yeast two-hybrid screen was conducted using
XopAE as the bait and a complementary DNA (cDNA) library
from cassava variety SG107-35 infected with Xpm (Gonzilez
Almario and Lopez Carrascal 2008) as the prey. One of the iden-
tified XopAE-interacting proteins is an sHSP, specifically an
HSP20-like protein (locus name: cassava4.1_017133m.g [also
Manes.01G217800]; http://www.phytozome.net/), described as
a p23 cochaperone in A. thaliana. This interactor, hereafter re-
ferred to as Mep23-1, contains a CS (CHORD-containing pro-
tein and SGT1) domain that is present in eukaryotic cochaperone
proteins such as SGT1(suppressor of the G2 allele of skp1) that
play an important role in plant defense (Austin et al. 2002).

To further confirm the interaction between XopAE and
Mep23-1, atargeted yeast two-hybrid assay was performed using
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none of the proteins is auto-active in the yeast two-hybrid
system. Interestingly, we observed a positive interaction when
yeasts were transformed with plasmid constructs expressing the
Mep23-1 fused to BD or AD domains (Fig. 2A), suggesting that
cassava p23 can form homodimers.

Furthermore, the interaction between XopAE and Mep23-1
was verified in an in-planta co-immunoprecipitation assay. For
this, Mep23-1 fused to the 3xMyc tag and XopAE fused
to the 3 xHA tag were transiently expressed in N. benthamiana
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Fig. 1. XopAE suppresses pattern-triggered immunity but not effector-triggered immunity responses in non-host plants. A, Representative images of callose
deposition in Arabidopsis thaliana Col-0 leaves infiltrated with Pseudomonas fluorescens (pLN1965) carrying a type three secretion system (Pf::T3SS) or
XopAE (Pf::XopAE) and XopN (Pf::XopN). Mock infiltration with morpholine ethane sulfonic acid buffer was used as the negative control (Mock). Results
represent 10 examined spots from each of three independent plants. This experiment was repeated five times with similar results. EV, empty vector. B, Suppression
of reactive oxygen species (ROS) production by XopAE. Pf::T3SS and Pf::XopAE were infiltrated in Nicotiana tabacum cultivar Xanthi leaves, and ROS
production was measured over time. Error bars represent 95% confidence intervals. RLU, relative light units. C, Hypersensitive response (HR) suppression
assay. N. tabacum cultivar Xanthi leaves were infiltrated with different amounts of a mixture of Pf::HopA1 plus Pf::pLN1965 (left) and a mixture of Pf::HopA1l
plus Pf::pLN1965 (XopAE) (right). HR responses were visualized at 24 h postinfiltration. The strain P. fluorescens (pHIR11) carrying pML123 was used as a
positive control for HR elicitation, as it holds a T3SS and the effector HopA1 from P. syringae pv. syringae, which is recognized in N. tabacum cultivar Xanthi.
This strain was mixed with P. fluorescens (pLN1965) carrying pLN615:XopAE. This experiment was repeated three times with similar results.
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leaves. XopN fused to 3xHA was used as a control. XopAE
but not XopN co-immunoprecipitated with Mep23-1 (Fig. 2B).
These results indicate that Mep23-1 specifically interacts with
XopAE in vivo.

Subcellular localization and in planta interaction of
Mep23-1 and XopAE

To better understand the interaction in planta between
Mep23-1 and XopAE, we first determined the subcellular
localization of these proteins. XopAE was fused to citrine and
expressed under the control of the constitutive 35S promoter in
N. benthamiana leaves using Agrobacterium-mediated transient
expression. After 30 h, XopAE was observed to localize to the

Fig. 2. XopAE interacts with an A

nucleus and punctate sites throughout the cell border (Fig. 2C;
Supplementary Fig. S3). Mep23-1 fused to citrine, on the other
hand, localized to the cytoplasm and the nucleus (Fig. 2C). To
determine the subcellular site of interaction between XopAE
and Mep23-1, we performed a noninvasive bimolecular flu-
orescence complementation (BiFC) assay (Kerppola 2008).
For this, we transiently co-expressed XopAE::CCitrine and
Mep23-1::NCitrine fusions under the control of the consti-
tutive 35S promoter (Padmanabhan et al. 2013). The citrine
fluorescence was only reconstituted when both XopAE and
Mep23-1 were present, and the fluorescence was observed in
the nucleus and in the punctate sites through the cell border
(Fig. 2D; Supplementary Fig. S4). No citrine fluorescence was
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observed when XopAE or Mep23-1 was expressed alone. These
results indicate that XopAE and Mep23-1 both localize to the
nucleus, but XopAE also localizes to the punctate structures
and Mep23-1 localizes to the cytoplasm. XopAE interacts with
Mep23-1 in the nucleus and punctate structures.

XopAE targets the CS domain of Mep23-1

We next sought to identify the role of the highly conserved
KVDWDKWYVDED motif of p23-1 cochaperones in protein-
protein interaction (Zhang et al. 2010). To this end, we predicted
the 3D structures of Mep23-1 and XopAE. We used these struc-
tures to simulate the XopAE- Mep23-1 interaction using the
protein-protein docking tool of MOE software. From the 100
docked poses generated by MOE (Supplementary Fig. S5A),
we selected the best one (Supplementary Fig. SSA and B) for
epitope analysis. The epitope analysis predicted that XopAE
binds to seven amino acids (Metl1, Lys84, Trp86, Trp87, Lys88,
Trp105, and Aspl106) of Mep23-1 (Fig. 3B). It is suggestive
that most of the predicted interacting residues relay in the N-
terminus of Mep23-1, and W105 and D106 belong to the highly
conserved motif among p23-1 cochaperones. Thus, we posit that
the C-terminal region and CS motif of p23-1 cochaperones are
essential for their interaction with other proteins and might be a
target of XopAE and other T3Es from plant pathogens.

The Mep23-1 homolog is important for basal defense in
Arabidopsis

Because XopAE interacts with Mep23-1 and contains a CS
domain that is present in other cochaperones that play a role
in plant defense, including SGT1 (Austin et al. 2002), we were
interested in determining whether Mep23-1 is involved in plant
immunity. Given the lack of mutant resources in cassava and
the time-consuming and laborious effort to generate knockout or
RNA interference transgenic plants in this species, we attempted
to evaluate the importance of Mep23-1 in plant defense in the
A. thaliana model system. For this, a reciprocal tblastn using
the Mep23-1 protein sequence was used to identify a putative
ortholog in A. thaliana. This gene has been reported as Atp23-1
(AT4G02450) and encodes a p23 cochaperone protein. Atp23-1
and Mep23-1 proteins share 83% similarity at the CS domain in
the N-terminus and have an overall identity of 46%. In contrast,
they differ at the C-terminus, mainly due to 17 MGG repeats
present in Arp23-1 (Fig. 3A).

To support the use of the A. thaliana heterologous system for
assays with XopAE from Xpm, we confirmed that XopAE in-
teracts with Afp23-1 in the yeast two-hybrid assay (Fig. 2A).
Furthermore, similar to Mep23-1, Afp23-1 can also interact with
itself in the yeast two-hybrid system (Fig. 2A). These results
support a possible functional homology between Mep23-1 and
Atp23-1. To test the function of Arp23-1 in plant defense, we
obtained an Arabidopsis insertional transfer DNA (T-DNA) mu-
tant line for this gene (SAIL_245_HO06) from the Arabidop-
sis Biological Resource Center and named it atp23-1. We per-
formed callose deposition assays in the atp23-1 mutant line and
in Col-0 wild-type plants to assess the role of Afp23-1 in basal
plant defense. For this, we infiltrated A. thaliana leaves with
Pf::T3SS and compared the amount of callose deposits between
plant genotypes. p23-1 T-DNA mutant plants showed a signif-
icantly decreased callose deposit count compared with Col-0
plants when inoculated with Pf::T3SS. To further evaluate the
role of p23-1, we generated stable transgenic plants expressing
Atp23-1 in the p23-1 mutant background (p23-1::35S:A1p23-1).
There was no significant difference in callose deposition be-
tween p23-1::35S:Atp23-1 and Col-0 wild-type plants (Fig. 4),
indicating successful complementation of the phenotype. These
results indicate that Arp23-1 acts as a positive regulator of
PTI in A. thaliana, as the Atp23-1 mutant genetic background

has an impaired callose deposition response. To determine
whether Mep23-1 is also involved in PTI, we generated a trans-
genic Mep23-1 overexpression line in the Atp23-1 mutant back-
ground. The callose deposition upon infiltration with Pf::T3SS in
Atp23-1::355:Mep23-1 was comparable to that in Col-0 and in
Atp23-1::35S:Atp23-1 (Fig. 4). Taken together, these results in-
dicate functional homology between Atp23-1 and Mep23-1, con-
firming the role of Mep23-1 in basal defense.

Aip23-1 is required for the PTI suppression activity
of XopAE in Arabidopsis

We next determined whether a functional A#p23-1 is required
for the PTI suppression activity of XopAE. For this, we infiltrated
atp23-1 mutant and Col-0 wild type plants with Pf::XopAE.
In the A7p23-1 mutant background, we observed increased cal-
lose deposition upon infiltration with Pf::XopAE compared with
Col-0, p23-1::35S:Atp23-1, or p23-1::35S:Mep23-1 plants (Fig.
4). In Col-0, we observed reduction in callose deposits upon
infiltration with Pf::XopAE compared with Pf::T3SS (Fig. 4)
as expected based on the PTI suppression activity of XopAE.
To test whether suppression of callose deposition is specifically
mediated by XopAE, atp23-1, Col-0, p23-1::35S:A1p23-1, or
p23-1::35S5:Mep23-1 plants were inoculated with Pf expressing
the T3E effector XopAO1 from Xpm. Pf0::XopAO1 inhibited
callose deposition in all four tested plant lines (Fig. 4), regard-
less of their genotype. These results confirm that the functional
Arp23-1 and Mep23-1 are specifically required for XopAE-
mediated suppression of PTI response.

Discussion

Xpm causes significant losses in cassava, affecting people who
rely on this plant as a main source of food and income (Zarate-
Chaves etal. 2021a). Despite the importance of cassava, there are
scarce resources available for the study of candidate genes using
reverse genetics in this plant. Hence, using heterologous systems
that allow for evaluating gene function is useful for the study of
the Xpm-cassava pathosystem. The T3Es from Xanthomonas are
proteins involved in nutrient acquisition and suppression of de-
fenses in various host plants (Timilsina et al. 2020; White et al.
2009). So far, there are only two reports elucidating the involve-
ment of Xop effectors from Xpm in virulence and suppression
of plant immunity (Medina et al. 2018; Mutka et al. 2016). In
this study, we report the role of the effector XopAE in suppres-
sion of basal plant defenses. Using the A. thaliana-P. fluorescens
system, which has been previously used to demonstrate the role
of Xpm T3Es in virulence and immune response suppression
(Medina et al. 2018), we showed that XopAE suppresses PTI re-
sponses such as callose deposition and ROS production but not
HopA1l-mediated ETI in tobacco. Previously, XopAE from Xeu
has been shown to inhibit flg22-induced gene expression and to
suppress callose deposition in A. thaliana and enhance disease
symptoms in tomato plants (Popov et al. 2016). Because PTI
responses are conserved across plants, our results showing that
XopAE can suppress PTI in Arabidopsis suggest that XopAE
can also suppress PTI in cassava.

We showed that XopAE directly interacts with the
sHSP Mep23-1 from cassava in yeast two-hybrid, co-
immunoprecipitation, and BiFC assays. XopAE can also target
the Mep23-1 homologue in Arabidopsis Atp23-1, which is a
HSP20-like cochaperone protein, known to bind HSP90-client
complexes and stabilize them through the N-terminal CS do-
main (Garcia-Ranea et al. 2002; Li et al. 2015). The CS do-
main is highly conserved in Mep23-1 and is characterized by the
presence of an antiparallel B-sandwich fold formed by several
B-strands, which is required for binding to HSP90 in an ATP-
dependent manner in Arabidopsis (Garcia-Ranea et al. 2002;
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Lambert et al. 2011; Li et al. 2015). p23 homologs from various
plants share high identity, and their N-terminal region is highly
conserved, as shown for A7p23-1 and Mep23-1. The amino
acid sequence KVDWDKWVDED following the CS domain
(residues 102 to 112) remains invariant among plant p23 cochap-
erones. The highest divergence between Afp23-1 and Mep23-1is

found at the C-terminus due to the presence of an MGG repeat
segment in the Arp23-1 protein, which is absent in Mep23-1.
This glycine-rich region is not essential for binding to HSP90,
and it may therefore not dictate the role of Arp23-1 (Forafonov
et al. 2008; Johnson et al. 2007). As previously reported for the
human p23 cochaperone and many plant sHSPs (Guo et al. 2020;
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Fig. 3. A, Protein structure prediction and molecular docking simulations suggest that the XopAE leucine-rich repeat domain binds to the N-terminus of
Mep23-1. Alignment of Arp23-1 (AT4G02450.1) and Mep23-1 (cassava4.1_017133m.g) amino acids. Prediction of the secondary structures according to
PSIPRED is shown above the amino acid alignment. Black shaded regions include identical residues. B, Ribbon of XopAE-Mep23-1 interaction. XopAE is
colored gray, and Mep23-1 is colored green. The epitope analysis indicates that in the best cluster of interactions (score: —9.58), XopAE binds to the Metl,
Lys84, Trp86, Trp87, Lys88, Trp105, and Asp106 residues of Mep23-1 (highlighted in yellow).
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Santhanagopalan et al. 2018), we found that Mep23-1 and
Atp23-1 can form homodimers. However, the function and bio-
logical relevance of the formation of dimers or complexes of
higher molecular order require further investigation.

Whereas XopAE localizes to the nucleus and punctate struc-
tures, Mep23-1 localizes to the nucleus and the cytoplasm,
like the localization reported for its homologue in Arabidopsis
Atp23-1 (D’ Alessandro 2013; Tosoni et al. 2011). When both
XopAE and Mep23-1 are co-expressed, XopAE seems to hijack
Mep23-1 to the punctate structures and to the nucleus, where they
interact. However, we cannot distinguish whether these punctate
structures are in the cytosol or in the plasma membrane. It has
been shown that HSPs can form granules when plants experi-
ence abiotic stress, but little is known about the participation
of those structures in responses to biotic stress (Maruri-Lépez
et al. 2021). One report showed that the viral RNA-dependent
RNA polymerase from the rice stripe virus interacts with the
sHSP HSP20 from rice and its ortholog in N. benthamiana. In

Fig. 4. Atp23-1 and Mep23-1 A
function in pattern-triggered

addition, RNA-dependent RNA polymerase modifies the sub-
cellular localization of those HSPs by inhibiting the formation
of sHSP granules (Li et al. 2015). We cannot affirm that the
punctates where XopAE localizes are sHSp granules, but the
XopAE-Mep23-1 in vivo interaction evidenced an apparent hi-
jacking that may be relevant for the PTI suppression by XopAE.

Our results indicate that the afp23-1 mutant shows low cal-
lose deposition, a sign of impaired basal plant immune re-
sponses. Subsequent trans-complementation of mutant plants
with Mep23-1 confirmed the involvement of this protein in re-
sponses related to PTIL, such as cell wall thickening through cal-
lose papillae. We hypothesize that p23-1 might have a role in
stabilizing protein complexes involved in either the direct syn-
thesis of callose deposition or in signaling processes that lead
to basal immune responses. The SGT1 protein involved in plant
defense responses shares the CS domain of p23 cochaperones
and associates with HSP90. SGT1 is required for disease resis-
tance triggered by a range of NLR proteins in diverse plants,
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such as Arabidopsis, barley, and N. benthamiana, in complex
with RAR1 and HSP90 (Austin et al. 2002). Silencing HSP18 in
aresistant rice variety increased its susceptibility to X. oryzae pv.
oryzae, and overexpression of this gene significantly enhanced
resistance in a susceptible accession (Kuang et al. 2017). Strong
evidence shows that sHSPs play essential roles in response to bi-
otic stress in plants. It is reasonable to conclude that sHSPs are
conserved targets of effector proteins from different pathogens,
as in the XopAE and Mep23-1 interaction. Nevertheless, the
finely tuned interplay between hormone regulation, signal trans-
duction, development, and immunity can also link p23-1 to plant
defense.

It has been reported that HSP90 and RAR1 bind to the small
GTPase Racl to promote ROS accumulation in response to
pathogens (Thao et al. 2007). We hypothesize that XopAE might
associate with Mep23-1 to prevent it from forming a complex
with HSP9O, thereby affecting the processes in which such com-
plex is involved, namely folding, stabilization, or activating sig-
naling proteins involved in the induction of defense responses
(Felts and Toft 2003; Pearl and Prodromou 2006). XopAE might
interfere with the HSP90 complex, explaining its ability to sup-
press ROS bursts in tobacco. Surprisingly, without a functional
p23-1 cochaperone, XopAE cannot suppress callose deposition,
which suggests a dual role of p23-1 in plant immunity and in-
dicates the XopAE requirement of a functional host target for
its ability to suppress basal host defense. Intriguingly, although
XopAE might target the HSP90 complex required for R protein
accumulation via p23-1, it was not shown to suppress ETI re-
sponses triggered by the recognition of HopA1 in tobacco. How-
ever, we cannot rule out the possibility that XopAE affects the
stabilization of other R proteins in cassava, thereby promoting
disease.

Conclusion

The control of cassava bacterial blight caused by Xpm relies
on improving sanitary agricultural practices. There must be ade-
quate and sustainable strategies to control and eradicate the prob-
lem. Thus, generating resistant varieties based on R genes is the
most efficient strategy to tackle disease incidence. Nonetheless,
little is known about R genes recognizing Xpm T3Es in cassava.
The HSP90 complex is required to stabilize and accumulate sev-
eral R proteins. It is still unknown whether the same occurs in
cassava. Recent transcriptome analysis in a cassava variety resis-
tant to cassava brown streak disease showed that the expression
of HSPs, chaperone proteins, and NLR proteins is synchronized
during infection (Anjanappa et al. 2018), suggesting a syner-
gistic relationship between these proteins to confer a resistance
phenotype. Here, we found that XopAE, a core Xpm T3E, sup-
presses plant defenses, most likely by targeting an HSP20-like
chaperone protein. Hence, our research is an essential step to-
ward understanding the molecular interaction between Xpm and
cassava, thus providing relevant information for developing ef-
fective, durable resistance to cassava bacterial blight.

Materials and Methods

Bacterial and yeast strains

The plasmids and bacterial and yeast strains used in this work
are listed in Supplementary Table S1. Escherichia coli DH5a and
Agrobacterium tumefaciens GV3101 (Koncz and Schell 1986)
were grown on Luria-Bertani agar at 37 and 28°C, respectively.
Pseudomonas fluorescens was grown on King’s B agar at 28°C.
Media were supplemented with the appropriate antibiotics when
necessary (Supplementary Table S1). Saccharomyces cerevisiae
strains were grown in 1% yeast extract, 2% peptone, 2% dex-
trose (YEPD) and synthetic defined (SD) media supplemented
with the appropriate amino acids at 30°C (Supplementary
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Table S1). Plasmids were introduced into E. coli, A. tumefaciens,
and P, fluorescens by electroporation as previously described by
Shubeita et al. (1987).

Plant material and selection of homozygous mutants

Arabidopsis thaliana Col-0 and T-DNA mutant plants were
grown in a plant growth chamber at 23°C with 8 h of light and
50% humidity. N. tabacum cultivar Xanthi and N. benthamiana
plants were grown with a photoperiod of 12 h of light at 24°C.
T-DNA insertional mutant SAIL_245_HO06 (Sessions et al. 2002)
(hereafter atp23-1) was obtained from the Arabidopsis Biolog-
ical Resource Center. The zygosity of mutant plants was con-
firmed by PCR amplification as described for T-DNA insertions
(Li et al. 2007).

Transformation of T-DNA mutants

A. tumefaciens GV3101 strains carrying pCAMBIA1305.2:
Mep23-1 or pPCAMBIA1305.2:Atp23-1 T-DNA plasmids (Sup-
plementary Table S1) were used to transform the atp23-1 mu-
tant. Mep23-1 and Atp23-1 are under the control of the 35S
promoter and nopaline synthase (NOS) terminator. Transforma-
tion of the atp23-1 mutant was performed through the flower dip
method with A. tumefaciens as previously described by Zhang
et al. (2006). Seeds collected after transformation were surface-
sterilized and plated in selection media (1/2x Murashige and
Skoog salts, 0.8% [wt/vol] agar, 25 ug ml~! hygromycin). Trans-
formed TO seedlings were transplanted to soil and grown to the
flowering stage to confirm the presence of the sequences of inter-
est by PCR. Quick DNA extraction from leaf tissue for PCR con-
firmation was performed as described by Edwards et al. (1991).
Further experiments involving transformed plants were carried
out with T1 and T2 generations.

Cloning procedures

Total RNA from cassava or A. thaliana leaves was isolated us-
ing the InviTrap Spin Universal RNA Mini Kit (Stratec Biomed-
ical, Birkenfeld, Germany) following the manufacturer’s in-
structions. cDNA synthesis was performed using the iScript
Select cDNA Synthesis Kit (Bio-Rad Laboratories, Hercules,
CA, U.S.A)). cDNA was amplified by PCR using Pfu DNA
polymerase (Invitrogen, Carlsbad, CA, U.S.A.). For cloning in
non-Gateway vectors, restriction enzymes and T4 ligase (New
England Biolabs, Ipswich, MA, U.S.A.) were used according to
the manufacturer’s instructions. For Gateway cloning, the cod-
ing sequences were cloned into pENTR/D-TOPO (Invitrogen)
following the manufacturer’s instructions and then subcloned
into Gateway destination vectors using Gateway LR Clonase II
enzyme mix (Invitrogen) following the manufacturer’s instruc-
tions. The plasmid constructs used in this study are described in
Supplementary Table S1.

Yeast two-hybrid assay

For the yeast two-hybrid screening, a cassava cDNA li-
brary (Gonzdlez Almario and Lépez Carrascal 2008) was con-
structed in the pPLAW11 (activation domain, AD) Gateway vec-
tor (Cantu et al. 2013). XopAE was cloned into the pLAW10
(DNA-binding domain, BD) Gateway vector. The library DNA
and XopAE construct were transformed into Saccharomyces
cerevisiae strain AH109. Yeast co-transformation with both
pLAW10 and pLAW11 vectors was performed using the lithium
acetate method (Clontech Laboratories 2008; Gietz and Woods
2002). Transformed yeast colonies were selected on SD me-
dia lacking leucine and tryptophan (SD -L-W) to verify both
plasmids’ presence. Positive interactions were determined in
triple dropout SD media lacking leucine, tryptophan, and histi-
dine (SD -L-W-H). Controls with empty vectors were performed
to remove false positives or autoactivation.



Co-immunoprecipitation

The XopAE target in cassava (hereafter Mep23-1) was cloned
into the pSDK?2484 vector with a fusion to the 3 xMyc tag, and
XopAE or XopN was cloned into the pSDK?2483 vector with a fu-
sion to the 3 x HA tag using the Gateway cloning system. A. tume-
faciens GV2260 carrying Mep23-1-3xMyc was co-inoculated
at an ODggp of 0.7 in N. benthamiana leaves with A. tumefaciens
GV2260 containing either XopAE-3xHA or XopN-3xHA at
an ODgqp of 1.2 or 0.7, respectively. Leaves were collected 48 h
postinoculation (hpi) and ground into a fine powder with lig-
uid nitrogen. Cells were lysed with extraction buffer (50 mM
NaCl, 20 mM Tris pH 7.5, 1 mM ethylenediaminetetraacetic
acid [EDTA], 0.1% Triton X-100, 10% glycerol, 5 mM dithio-
threitol [DTT], 2 mM NaF, 1 mM phenylmethylsulfonyl fluoride
[PMSF], 1 x protease inhibitor [Roche, Basel, Switzerland]) and
centrifuged at 14,000 rpm for 10 min at 4°C. The supernatant
was collected and tumbled with Protein G Sepharose beads (GE
Healthcare, Chicago, IL, U.S.A.) at 4°C for 30 min to pre-clear
the extract. The mixture was then centrifuged at 3,000 x g for
1 min at 4°C, and the supernatant was collected. The pre-cleared
extract was tumbled with a-Myc agarose beads (Sigma, St.
Louis, MO, U.S.A.) at4°C for 3 h. Beads were washed four times
with washing buffer (300 mM NaCl, 20 mM Tris pH 7.5, 1 mM
EDTA, 0.1% Triton X-100, 10% glycerol, 5 mM DTT, 2 mM
NaF, 1 mM PMSEF, 1 x protease inhibitor [Roche]), boiled in 2 x
loading buffer, and then centrifuged at 10,000 rpm for 2 min.
The supernatants were then analyzed by western blotting.

Subcellular localization and BiFC assay

For localization, XopAE and Mep23-1 were fused to citrine
fluorescent protein (vector pSPDK1677:Citrine) and expressed
under the control of the 35S promoter and a NOS terminator as
previously described (Padmanabhan et al. 2013). A. tumefaciens
carrying XopAE:Citrine and Mep23-1:Citrine were infiltrated at
an ODgg of 1.2 and 0.7 in leaves of 4-week-old N. benthami-
ana plants. For BiFC, XopAE was fused to the C-terminal por-
tion of citrine fluorescent protein (vector SPDK1794:CCitrine),
and Mep23-1 was fused to the N-terminal part of citrine (vec-
tor SPDK1823:NCitrine). The BiFC fusions expressed under
the control of the 35S promoter and a NOS terminator (Lal
et al. 2020; Padmanabhan et al. 2013). A. tumefaciens with
XopAE:CCitrine and Mep23-1:NCitrine were co-infiltrated at
an ODgq of 1.2 and 0.5, respectively, in leaves of 4-week-old
N. benthamiana plants. A higher OD was used for the construct
expressing XopAE because its in planta expression was very
inefficient. Leaves were collected 24, 30, 36, and 48 hpi and
visualized immediately. Citrine was excited at 488 nm and flu-
orescence detected between 498 and 525 nm to detect the fluo-
rescence from tagged proteins. All the imaging was performed
using a confocal laser scanning microscope (TCS SP8, Leica
Microsystems, Wetzlar, Germany).

Protein structure prediction and protein-protein interaction
modeling

Using the predicted translation for Mep23-1 from the cassava
genome, the predicted three-dimensional (3D) structures were
obtained from Robetta using a three-track neural network (Baek
et al. 2021). For XopAE, the best prediction was obtained from
I-TASSER with an estimated score of 0.68 (Roy et al. 2010; Yang
etal. 2015; Zhang 2008). The PDB files of the predicted 3D mod-
els for XopAE and Mep23-1 were used as input and processed
using the QuickPrep function implemented in MOE (Molecu-
lar Operating Environment, version 2020.0901, Chemical Com-
puting Group, Montreal, Canada). The QuickPrep function of
MOE adds hydrogen atoms to the structure by assessing partial
charges and protonation states. Then, the XopAE-Mep23-1 in-
teraction was modeled using the Protein-Protein Docking tool

of MOE. Mep23-1 was set as the receptor and XopAE as the lig-
and molecule (full-length proteins were docked using the default
parameters). We then selected the best model retrieved from the
docking based on the MOE Docking Score, which is based on the
energy of conformed and restoring scores for each pose, where
the most negative score is the best ranked. The best-rated pose
was used for epitope analysis, where the most organized clus-
ter of interactions (based on the score) was selected to identify
which residues of Mep23-1 are targeted by XopAE.

Callose deposition assay

Callose deposition assays in A. thaliana plants were per-
formed using a P. fluorescens system (Guo et al. 2009; Medina
etal.2018). A. thaliana plants were syringe-infiltrated with P, flu-
orescens (pLN1965) carrying the pML123 empty vector (which
expresses a T3SS but no T3Es) as a positive control for induction
of callose deposition, P. fluorescens (pLN1965) carrying either
pLN615:XopAE or pLN615:XopAO1, or mock infiltrated with
5 mM morpholine ethane sulfonic acid (MES, pH 5.6). Bacterial
suspensions were infiltrated at an ODgg of 0.01, and leaves were
collected at 16 hpi. Leaves were bleached and stained with ani-
line blue to visualize callose deposits as previously described
(Medina et al. 2018). Leaf sections were visualized under a
10x objective in a fluorescence microscope (Nikon Corporation,
Minato, Tokyo, Japan), and the number of callose deposits was
determined using Fiji software (Schindelin et al. 2012). At least
eight fields were observed per leaf, and three were analyzed per
treatment. Experiments were repeated at least twice. Significant
differences among plants were determined using Kruskal-Wallis
and Dunnet tests (P < 0.05), providing the data did not show a
normal distribution. Statistical analyses were performed using
RStudio version 1.1.442 (RStudio, Boston, MA, U.S.A.).

Quantification of ROS

To quantify ROS in plant tissue, N. tabacum cultivar Xan-
thi leaves were infiltrated with P. fluorescens (pLN1965, at
2 x 108 CFU ml~! in MES, pH 5.6) carrying pLN615:XopAE
and pML123. ROS production was determined 16 h later us-
ing previously described procedures (Kobayashi et al. 2007).
Chemiluminescence was monitored every 30 s using a photon
image processor with a sensitive CCD camera (ARGUS-50 or
Aquacosmos 2.5; Hamamatsu Photonics, Shizuoka, Japan).

HR suppression assay

The HR suppression assay was performed as previously de-
scribed (Guo et al. 2009; Medina et al. 2018). The strain
P. fluorescens (pHIR11) carrying pML123 was used as a pos-
itive control for HR elicitation, as it holds a T3SS and the ef-
fector HopAl from P. syringae pv. syringae, which is recog-
nized in N. tabacum cultivar Xanthi. This strain was mixed with
P. fluorescens (pLN1965) carrying pLN615:XopAE (each at
1 x 10 CFU ml™!' in 5 mM MES, pH 5.6). Three fivefold
serial dilutions of the bacterial suspension were infiltrated in
N. tabacum cultivar Xanthi leaves. HR responses were recorded
at 24 hpi (Guo et al. 2009). The experiment was repeated twice.
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