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Ralstonia solanacearum (Rso) is a causal agent of bac-
terial wilt in Solanaceae crops worldwide including 
Republic of Korea. Rso virulence predominantly relies 
on type III secreted effectors (T3Es). However, only a 
handful of Rso T3Es have been characterized. In this 
study, we investigated subcellular localization of and 
manipulation of plant immunity by 8 Rso T3Es predict-
ed to harbor a nuclear localization signal (NLS). While 
2 of these T3Es elicited cell death in both Nicotiana 
benthamiana and N. tabacum, only one was dependent 

on suppressor of G2 allele of skp1 (SGT1), a molecular 
chaperone of nucleotide-binding and leucine-rich repeat 
immune receptors. We also identified T3Es that differ-
entially regulate flg22-induced reactive oxygen species 
production and gene expression. Interestingly, several 
of the NLS-containing T3Es translationally fused with 
yellow fluorescent protein accumulated in subcellular 
compartments other than the cell nucleus. Our findings 
bring new clues to decipher Rso T3E function in planta.

Keywords : bacterial wilt, innate immunity, Nicotiana spp., 
Ralstonia solanacearum, type III effectors 
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Plants have evolved a sophisticated immune system to 
protect themselves from pathogen infection. Perception of 
conserved microbial molecules termed pathogen-associated 
molecular patterns (PAMPs), such as bacterial flagellin, 
leads to pattern-triggered immunity (PTI). PAMP recog-
nition at the cell surface induces downstream responses 
including production of reactive oxygen species (ROS) and 
expression of defense-related genes, which ultimately re-
strict pathogen infection (Couto and Zipfel, 2016). To over-
come PTI, successful pathogens secrete virulence proteins 
termed effectors. In turn, plants have developed another 
layer of the immune system, effector-triggered immunity 
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(ETI), which relies on the recognition of effector presence 
by intracellular nucleotide-binding and leucine-rich repeat 
receptors (NLRs). ETI leads to amplified defense responses 
and is often accompanied by a form of programmed cell 
death at the infection site known as the hypersensitive re-
sponse (HR) (Jones and Dangl, 2006). 

Ralstonia solanacearum (Rso) is a devastating pathogen 
that causes bacterial wilt in a wide range of crops world-
wide. Rso can inject more than 70 effectors or Ralstonia-
injected proteins (Rip) into plant cells by type III secre-
tion system. Rips play a crucial role in the pathogenicity 
(Deslandes and Genin, 2014; Genin and Denny, 2012; 
Peeters et al., 2013b). Biological and molecular functions 
of several Rso type III-dependent effectors (T3Es) have 
been characterized and are so far mainly related to the sup-
pression of the plant immune system (Fujiwara et al., 2016; 
Mukaihara et al., 2016; Nakano et al., 2017; Sang et al., 
2018; Sun et al., 2019; Wei et al., 2017). However, most 
functions of Rso T3Es remain to be characterized. 

Functional studies on T3Es from different bacterial 
pathogens revealed that one of major roles of T3Es is to 
suppress PTI response (Macho and Zipfel, 2015). Howev-
er, T3Es also target multiple cellular pathways such as sig-
nal transduction, phytohormone biosynthesis, cytoskeleton 
function, and development in plant cells (Büttner, 2016). 
Manipulation of these processes may result in indirect 
suppression of plant immunity and contribute to pathogen 
virulence (Macho, 2016). Therefore, identifying the mode 
of action by which T3Es hijack host target processes is im-
portant to better understand how pathogens overcome host 
defense and cause disease. 

After delivery into plant cells, T3Es localize to different 
subcellular compartments where they act as plant proteins, 
mimicking or/and interacting with host proteins (Hogenhout 
et al., 2009). In order to act on specific host targets and to 
exert their biochemical activities, localization at specific 
subcellular compartments is critical (Hicks and Galan, 
2013). Certain T3Es may possess eukaryotic organelle-
targeting signals (Khan et al., 2018). For example, AvrBs3 
from Xanthomonas euvesicatoria and PopP2 (RipP2) from 
Rso are nuclear-localized T3Es that subvert host transcrip-
tion to promote pathogen virulence (Deslandes and Rivas, 
2011; Le Roux et al., 2015; Marois et al., 2002; Sarris et al., 
2015). Interestingly, the homologs of AvrBs3, transcrip-
tional activator-like (RipTAL) T3Es across the Rso species 
complex possess multiple nuclear localization signal (NLS) 
and localize to the nucleus when transiently expressed in N. 
benthamiana (Li et al., 2013). Similarly, PopP2 localizes to 
the nucleus in host cells and harbors an NLS in the N-ter-
minal region, although this motif is not strictly required for 

nuclear import (Deslandes et al., 2003; Sarris et al., 2015). 
In the nucleus, PopP2 interacts with WRKY transcription 
factors to impair defense signaling (Le Roux et al., 2015; 
Sarris et al., 2015). Furthermore, given the importance of 
nuclear trafficking in plant immune signaling, presence of 
eukaryotic NLS in T3Es might be indicative of virulence 
function (Motion et al., 2015).

In this study, we characterized 8 predicted NLS-con-
taining Rso T3Es by Agrobacterium-mediated transient 
expression in N. benthamiana. These T3Es were screened 
for their ability to induce cell death or to suppress PTI re-
sponses. In addition, subcellular localization of the T3Es 
was examined, and interestingly, several of them local-
ized outside the nucleus in different cell compartments. 
We expect that this work will help to elucidate biological 
functions of these T3Es in order to develop bacterial wilt-
resistant crops. 

Materials and Methods 

Cloning of R. solanacearum predicted NLS-containing 
T3E library and organelle-specific fluorescent markers. 
All T3E sequences of the reference strain GMI1000 were 
extracted from R. solanacearum T3E database (Peeters 
et al., 2013a) and searched for NLS using two prediction 
programs cNLS Mapper and NLStradamus (Kosugi et al., 
2009; Nguyen Ba et al., 2009). Sequences of selected NLS-
containing T3Es were divided into 1 to 1.5 kb modules. 
Module DNA was amplified from GMI1000 genomic 
DNA with the flanking BsaI site-containing primers listed 
in Supplementary Table 1. PCR products were ligated into 
the entry vector pICH41021 and each module construct 
was verified by Sanger sequencing. Entry modules were 
assembled into the binary vector pICH86988 in fusion 
with a C-terminal 3×FLAG tag or yellow fluorescent pro-
tein (YFP) under the Cauliflower mosaic virus 35S pro-
moter using the Golden Gate cloning method (Engler and 
Marillonnet, 2014). Assemblies confirmed by restriction 
analysis were mobilized into Agrobacterium tumefaciens 
AGL1 strain. To generate a lipid body marker, the coding 
sequence of AtLDIP (lipid drop-associated protein 3-inter-
acting protein, At5g16550) (Pyc et al., 2017) was amplified 
from Arabidopsis thaliana Col-0 cDNA and assembled 
into the vector pICH86988 in fusion with C-terminal 
mCherry fluorescent tag. Recombinant plasmids for the 
plastid, nucleus, and endoplasmic reticulum (ER) markers 
fused with mCherry are described in Park et al. (2017). 

Agrobacterium-mediated transient expression assays. 
Agrobacterium-mediated transient transformation of N. 
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benthamiana leaf was carried out as described previously 
(Newman et al., 2019). A. tumefaciens AGL1 cells contact-
ing T3E constructs were grown on Luria-Bertani medium 
with selective antibiotics. Cells grown overnight were cen-
trifuged and resuspended in infiltration medium (10 mM 
MgCl2 and 10 mM MES-KOH, pH 5.6) to reach OD600nm 
0.4. The suspensions were infiltrated into fully expanded 
leaves of 5-week-old N. benthamiana plants using a blunt 
end syringe.

Electrolyte leakage assays. Electrolyte leakage assays 
were carried out as described previously (Jayaraman et 
al., 2017). Agrobacterium infiltration was carried out as 
described above and two leaf discs were taken for each 
sample (n = 4) at 0 and 3 days post infiltration (dpi) using 
an 8 mm diameter cork borer. Leaf discs were floated on 
2 ml deionized water in 12-well tissue culture plate with 
shaking at 150 rpm for 2 h. Water conductivity in each well 
was measured using a Horiba B-771 LAQUA twin com-
pact conductivity meter (Horiba, Kyoto, Japan). 

Virus-induced gene silencing (VIGS). VIGS was per-
formed using a tobacco rattle virus vector as previously 
described (Choi et al., 2017; Peart et al., 2002). For semi-
quantitative reverse transcription polymerase chain reac-
tion (RT-PCR) analysis to confirm NbSGT1 silencing, total 
RNA was extracted from silenced plants using AccuZol 
total RNA extraction solution (Bioneer, Daejeon, Korea). 
cDNA was synthesized from 2.5 μg of RNA with the 
Maxima First Strand cDNA synthesis kit (Thermo Fisher 
Scientific, Waltham, MA, USA). cDNA amplification was 
performed with NbSGT1 and actin specific primers listed 
in Supplementary Table 1. 

Measurement of ROS production. Luminol-based mea-
surement of ROS production was carried out as described 
by Sang and Macho (2017). Leaf discs expressing each ef-
fector and GFP were collected using a 5 mm biopsy punch 
and were floated on 150 μl of deionized water overnight. 
The water was replaced with 100 μl of assay solution con-
taining 100 μM luminol (Sigma, St. Louis, MO, USA), 2 
μg of horseradish peroxidase, and 100 nM of flg22 (Peptron, 
Sigma) as elicitor. Luminescence was measured in relative 
light unit for 75 min using GloMax 96 microplate lumi-
nometer (Promega, Madison, WI, USA).

Quantitative RT-PCR. Agrobacterium-infiltrated N. ben-
thamiana leaf discs were collected 24 h post-infiltration 
and floated on deionized water overnight. Discs were 
treated with 100 nM flg22 or water for 60 min before RNA 

extraction. For quantitative RT-PCR, cDNA template 
was combined with GoTaq qPCR master mix (Promega) 
and PCRs were performed using the marker gene-specific 
primers (Segonzac et al., 2011) in triplicate with a CFX 
connect real-time system (Bio-Rad, Hercules, CA, USA). 
Expression was normalized to the reference gene NbEF1α. 
Primers used for this analysis are listed in Supplementary 
Table 1.

Confocal microscopy. Equal volumes of A. tumefaciens 
AGL1 strains carrying T3E-YFP (OD600nm = 0.6), organelle 
marker–mCherry (OD600nm = 0.6), and silencing suppressor 
p19 (OD600nm = 0.1) (Qiu et al., 2002) were mixed and infil-
trated into 4-week-old N. benthamiana leaves. Microscopic 
observation was performed 48 h post infiltration. Images 
were obtained with a confocal laser scanning microscope 
(+Super-resolution) SP8X (Leica Microsystems, Wetzlar, 
Germany) using 40× water immersion objective. 514-nm 
laser and 561-nm white light laser were used for YFP and 
mCherry excitation, respectively. 

Protein detection. Recombinant T3E proteins were detect-
ed by immunoblotting as described previously (Newman 
et al., 2019). Briefly, N. benthamiana leaf expressing each 
T3E was harvested at 2 dpi and frozen in liquid nitrogen. 
Total proteins were extracted in protein extraction buffer 
(10% glycerol, 50 mM Tris-HCL pH 7.5, 2 mM EDTA 
pH 8, 150 mM NaCl, 5 mM DTT, 0.2-0.5% IGEPAL 
[Sigma], and 1 tablet of cOmplete mini protease inhibitor 
cocktail/10 ml [Sigma]). Total proteins were separated by 
sodium dodecyl sulfate polyacrylamide gel electrophoresis, 
transferred to polyvinylidene difluoride membrane (Merck 
Millipore, Burlington, MA, USA), and probed with anti-
FLAG (Sigma) or anti-GFP antibodies (Santa Cruz Bio-
tech, Dallas, TX, USA) and subsequent anti-mouse horse-
radish peroxidase secondary antibodies. 

Results and Discussion

Construction of R. solanacearum NLS-containing T3E 
library. Nuclear localization of T3Es plays a crucial role 
for interaction with key host factors to interrupt defense 
signaling. To identify T3Es that affect host cellular func-
tions, we screened Rso GMI1000 T3E repertoire sequences 
for the presence of NLS. Protein sequences of 80 GMI1000 
T3Es were downloaded from the database Ralsto T3E 
(https://iant.toulouse.inra.fr/T3E) and searched with two 
NLS-prediction programs, NLStradamus and cNLS map-
per (Table 1) (Kosugi et al., 2009; Nguyen Ba et al., 2009; 
Peeters et al., 2013a). Interestingly, about 25% of GMI1000 
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T3Es (19 out of 80) were predicted to have a putative NLS 
according to at least one of the two softwares. Among 
these, we further selected the predicted NLS-containing 
T3Es based on the coding sequence length (less than 5 
kb), %GC content and presence of repeats for simplified 
cloning. Altogether, we generated recombinant binary 
constructs for 8 T3Es (RipA1, RipAB, RipAD, RipAF1, 
RipAO, RipD, RipE1, and RipL) in C-terminal fusion with 
3×FLAG or YFP under the control of the constitutive 35S 
promoter. 

RipA1 and RipE1 elicit cell death in Nicotiana spp. To 
test whether the predicted NLS-containing T3Es can elicit 
plant defense response, cell death was monitored in N. ben-
thamiana and N. tabacum leaf transiently expressing each 
T3E. As a positive control, we used Bcl-2-associated X 
(BAX), a mammalian proapoptotic regulator which causes 
programmed cell death when overexpressed in tobacco 
(Lacomme and Santa Cruz, 1999). As a negative control, 
we used PopP2 that does not cause cell death in Nicotiana 
spp. (Sohn et al., 2014). Rapid and robust cell death was in-
duced within 2 days in every leaf spot expressing BAX (Fig. 
1). Similarly, RipA1 and RipE1 induced cell death within 
2 or 3 days in N. benthamiana and N. tabacum. Consis-
tently, increased electrolyte leakage levels were observed 
in N. benthamiana leaf cells expressing RipA1 or RipE1 
compared to GFP (Supplementary Fig. 1). On the con-
trary, macroscopic cell death nor electrolyte leakage were 
observed in N. benthamiana and N. tabacum leaf express-
ing the negative control PopP2 or any of the 6 other tested 
T3Es (RipAB, RipAD, RipAF1, RipAO, RipD, and RipL). 
Protein accumulation and stability were confirmed by im-
munoblotting with anti-FLAG antibodies (Supplementary 
Fig. 2). Taken together, our results suggest that RipA1 and 
RipE1 might be recognized by and elicit activation of the 
immune system of Nicotiana spp. On another hand, we can 
hypothesize that the 6 T3Es that did not trigger cell death 
may exert a virulence function in Nicotiana spp. cells. 

The Rso GMI1000 strain is nonpathogenic on Nicotiana 
spp. due to the presence of two T3Es, AvrA (RipAA) and 
PopP1 (RipP1) that elicit cell death (Peeters et al., 2013b; 
Poueymiro et al., 2009). RipA1, previously named AWR1 
was shown to trigger a mild necrosis in N. benthamiana 
(Solé et al., 2012). The robust RipA1-induced cell death 
observed in our conditions could be due to different Agro-
bacterium strains, binary construct used, and expression 
conditions. RipE1 harbors 50% similarity at the amino acid 
level with T3Es of the AvrPphE (HopX) family (Nimchuk 
et al., 2007). Interestingly, HopX also elicits cell death in 
host tissues, dependent on putative catalytic residues con-

Fig. 1. RipA1 and RipE1 induce cell death in Nicotiana spp. N. 
benthamiana (N.b) and N. tabacum (N.t) leaves were infiltrated 
with Agrobacterium tumefaciens AGL1 strain carrying C-termi-
nally 3×FLAG-tagged T3E, BAX, or PopP2. Photographs were 
taken 4 days post-infiltration. The number of patches showing 
cell death out of total infiltrated patches for that treatment in more 
than three independent experiments is indicated under each pho-
tograph panel. 
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served in bacterial transglutaminases (Choi et al., 2017; 
Nimchuk et al., 2007). Of note, RipAB from the R. so-
lanacearum UW551 (phylotype IIB) strain was recently 
shown to trigger mild necrosis when transiently expressed 
in N. benthamiana (Zheng et al., 2019). We did not observe 
any cell death symptoms or significant ion leakage in our 
experiment with RipAB from GMI1000. However, there 
are significant differences at the amino acid sequence level, 
notably in the N-terminal region that could explain the dif-
ference in cell death-inducing activities of RipAB variants. 

RipE1 requires SGT1 to induce cell death in N. ben-
thamiana. Plant cell death induced by T3E expression 
could be associated either with necrosis caused by effector-
induced cellular toxicity (Alfano and Collmer, 2004) or 
by HR following T3E recognition by NLR proteins. Sup-

pressor of G2 allele of skp1 (SGT1) is a major stabilizing 
factor of NLR proteins and is required for T3E-triggered 
HR (Kadota et al., 2010; Peart et al., 2002). To investigate 
the SGT1 requirement for RipA1- or RipE1-induced cell 
death, NbSGT1 expression was knocked-down using VIGS 
(Choi et al., 2017; Gimenez-Ibanez et al., 2018; Peart et 
al., 2002). As observed in non-silenced N. benthamiana 
plants, RipA1 or RipE1 expression triggered cell death in 
empty vector (EV)-silenced plants (Fig. 2A). Similar to 
BAX-induced cell death, RipA1-induced cell death was 
not affected in NbSGT1-silenced plants. Conversely, RipE1 
expression did not induce cell death in NbSGT1-silenced 
plants. Using RT-PCR, we confirmed that NbSGT1 tran-
script level was significantly reduced in SGT1-silenced 
plants compared to EV-silenced plants (Fig. 2B). Our 
results showed that NbSGT1 is required for the cell death 
induced by RipE1 but not by RipA1 expression, suggesting 
a possible recognition of RipE1 by an NLR in N. benthami-
ana. 

Similar to RipA1, several Pseudomonas syringae T3Es 
induce cell death independent of NbSGT1 (Choi et al., 
2017; Gimenez-Ibanez et al., 2018). Although SGT1 might 
not be required for every NLR function, it is possible that 
the cell death observed following expression of these T3Es 
is not related to their recognition by R protein but rather 
indicative of a form of cellular toxicity. 

Several predicted NLS-containing T3Es impair flg22-
induced ROS production in N. benthamiana. Rapid gen-
eration of apoplastic ROS upon PAMP perception plays 
an important role in the activation of disease resistance 
mechanisms in plants (Qi et al., 2017). To test whether the 
predicted NLS-containing T3Es could suppress innate im-
munity, the ability to suppress PAMP-triggered ROS pro-
duction for the 6 T3Es that did not induce cell death was 
assayed in N. benthamiana. We used flg22, the active epit-
ope of bacterial flagellin perceived by the receptor flagellin 
sensitive2 (FLS2) in N. benthamiana as an elicitor in this 
experiment (Hann and Rathjen, 2007; Heese et al., 2007). 
AvrPto, a T3E from Pseudomonas syringae pv. tomato 
that suppresses flg22-triggered ROS production, was used 
as a positive control (Hann and Rathjen, 2007). We found 
that RipAD and RipD suppressed the flg22-induced ROS 
production to about 17% of GFP control (Fig. 3). RipAF1-
expressing leaf tissue consistently showed delayed ROS 
generation in all experiments; the peak of ROS production 
was reached about 5 to 10 min later in RipAF1-expressing 
tissues than in the GFP control. However, RipAF1 expres-
sion did not reduce the total ROS production (Fig. 3B). 
Taken together, RipAD, RipD, and RipAF1 interfered with 

Fig. 2. NbSGT1 is required for cell death triggered by RipE1. (A) 
Effector-triggered cell death in silenced plants. Nicotiana ben-
thamiana plants silenced for EV or NbSGT1 were infiltrated with 
Agrobacterium tumefaciens AGL1 strain carrying RipA1, RipE1, 
BAX, or GFP (as in Fig. 1). Photographs were taken 7 days post-
infiltration. The number of patches showing cell death out of total 
infiltrated patches for that treatment in three independent experi-
ments is indicated under each photograph panel. (B) Analysis of 
NbSGT1 gene expression in silenced plants. NbSGT1 and NbAc-
tin gene-specific fragments were amplified by reverse transcrip-
tion polymerase chain reaction..
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flg22-triggered ROS production. 
At least two other Rso T3Es have been reported to impair 

or completely suppress flg22-triggered ROS production 
when expressed in planta (Mukaihara et al., 2016; Nakano 
et al., 2017; Sang et al., 2018). RipAL localizes to chloro-
plasts and the conserved catalytic residues of its predicted 
lipase-like domain are required for flg22-ROS suppression 
(Nakano et al., 2017). RipAY is a nucleocytoplasmic glu-
tathione-degrading enzyme that associates with regulators 
of the plant redox balance (Mukaihara et al., 2016; Sang et 
al., 2018). Although RipD does not possess any conserved 
domains, it bears significant homology (61% similarity at 
the amino acid level) with XopB, a Xanthomonas euvesi-
catoria T3E that also suppresses flg22-ROS production 

when expressed in Arabidopsis thaliana or N. benthamiana 
(Priller et al., 2016). 

Several predicted NLS-containing T3Es disturb flg22-
induced gene expression in N. benthamiana. PAMP per-
ception induces defense-oriented transcriptional reprogram-
ming (Navarro et al., 2004; Zipfel et al., 2004). To examine 
the effect of the selected T3Es on flg22-induced defense 
gene expression, we monitored expression of the well-char-
acterized PTI marker genes NbCYP71D20, NbACRE31, 

Fig. 3. RipAD, RipAF1, and RipD impair flg22-induced reactive 
oxygen species (ROS) production. ROS production upon treat-
ment with 100 nM flg22 was continuously recorded for 75 min 
for Nicotiana benthamiana leaf tissue expressing T3E, GFP, or 
AvrPto. (A) ROS production curve over duration of the experi-
ment, and (B) total ROS production for the experiment. Data pre-
sented in (A) are mean ± standard error of mean (SEM; n = 16) 
of relative light units (RLU) from one representative experiment. 
Total ROS production (B) is presented as mean percentage rela-
tive to total ROS production in GFP from one representative ex-
periment. A statistically significant difference compared to GFP-
expressing leaf is indicated by asterisks (Student’s t-test, ***P < 
0.001). 

Fig. 4. RipAD, RipAO, and RipD impair flg22-induced defense 
gene expression. Induction of defense marker gene expression in 
Nicotiana benthamiana leaf tissue expressing T3E or GFP was 
monitored 60 min after 100 nM flg22 treatment. Mock treatment 
(water) in GFP-expressing leaf is included as a negative control. 
Gene expression was normalized by NbEF1α expression and is 
shown as the ratio of expression level (%) compared to flg22-
treated GFP sample. Data presented are the mean of three inde-
pendent experiments ± standard error of mean (n = 3). Statistical 
significance compared to GFP-expressing leaf is indicated by 
asterisks (Student’s t-test, *P < 0.05, **P < 0.01, ***P < 0.001).
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and NbACRE132 in flg22-treated N. benthamiana (Heese 
et al., 2007; Le Roux et al., 2015; Segonzac et al., 2011). 
As previously shown, PopP2 expression significantly im-
paired the induction of NbCYP71D20 and NbACRE132 
(Fig. 4) (Le Roux et al., 2015). Similarly, RipAD, RipAO, 
and RipD expression caused decreased NbCYP71D20 in-
duction. RipD also reduced the expression of NbACRE31 
to about 60% of the GFP control. Our data indicate that 

these T3Es might affect flg22-induced signaling that leads 
to the transcriptional reprogramming. 

More than 100 genes involved in plant defense are dif-
ferentially regulated during Rso infection of Arabidopsis 
roots (Zhao et al., 2019). This could be the result of direct 
interaction between T3Es and host transcription factors, as 
demonstrated for PopP2 (Le Roux et al., 2015; Sarris et al., 
2015). Indeed, PopP2 acetylates several WRKY transcrip-
tion factors, altering the expression of the WRKY target 
genes and thereby contributes to dampen PTI (Le Roux et 
al., 2015). 

Subcellular localization of NLS-containing T3Es in N. 
benthamiana. To correlate immuno-suppressive activity 
of the predicted NLS-containing T3E with subcellular lo-
calization, each T3E fused with YFP at the C-terminus was 
transiently expressed in N. benthamiana leaves. At 2 dpi, 
the T3E-YFP proteins were visualized by confocal micros-
copy (Fig. 5). RipAB and RipAO exclusively localized in 
the nucleus of epidermal cells. RipAF1 localized in both 
cytoplasm and the nucleus. Intriguingly, RipAD was de-
tected in cytosol and chloroplasts, while RipD and RipL lo-
calized to vesicle-like structures. To confirm these observa-
tions, we co-expressed individual T3E-YFP with organelle 
markers fused with mCherry (Fig. 5). RipAB and RipAO 
indeed co-localized with the nucleus-mCherry marker. 
RipAD co-localized with the chloroplast-mCherry marker 
in addition to being detected in the cytosol. The vesicular 
structures marked with RipD-YFP also contained the ER-
mCherry marker. The structures highlighted by RipL-YFP 
were too large to correspond to vesicles within the cytosol. 
We hypothesized that they could be lipid droplets, the ER-
derived structures that store newly synthesized neutral lip-
ids (Guo et al., 2009; Jacquier et al., 2013). Therefore, we 
cloned “lipid drop-associated protein 3-interacting protein” 
(AtLIDP), a gene whose product is known to localize in the 
lipid droplets, in fusion with C-terminal mCherry (Pyc et 
al., 2017). Strikingly, the RipL-YFP and AtLIDP-mCherry 
signals co-localized in N. benthamiana cells (Fig. 5). The 
stability of the T3E-YFP fusion proteins was confirmed 
by immunoblotting (Supplementary Fig. 3). These results 
show that these T3Es are localized in distinct cellular com-
partments where they might fulfill different functions. 

Despite being predicted by two different NLS-prediction 
tools, it is clear that the presence of a putative NLS is insuf-
ficient for nuclear localization of some Rso T3Es. More-
over, proteins smaller than ~100 kD can diffuse passively 
through the nuclear pore complex independent of an NLS 
(Wang and Brattain, 2007). On the other hand, it is plau-
sible that the observed localization of the nonnuclear T3Es 

Fig. 5. Subcellular localization of the predicted nuclear local-
ization signal-containing T3Es. Nicotiana benthamiana leaves 
were infiltrated with Agrobacterium tumefaciens AGL1 strain 
carrying YFP-tagged T3E and different organelle markers fused 
with mCherry (-mC) as indicated. Fluorescence was observed 
2 days post-infiltration by confocal microscopy. Pictures are 
representative of three independent experiments. Scale bars = 25 
μm (RipAD, RipAB, RipAO, and RipD), 50 μm (RipL), 10 μm 
(RipAF1).
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(RipAD, RipD, and RipL) might be biased by our over-ex-
pression system. For example, it is possible that RipD-YFP 
accumulates in the ER due to improper processing (Stras-
ser, 2018). Nonetheless, both RipAD and RipD suppressed 
flg22-triggered ROS presumably from the chloroplast and 
ER compartment, respectively. Therefore, different subcel-
lular localization of the T3Es shown in this study suggests 
distinct mechanisms of host immune suppression by Rso 
T3Es. 

In conclusion, our data provide an initial framework to 
investigate the relationships between the subcellular lo-
calization and the virulence function of several Rso T3Es. 
Moreover, the robust cell death-inducing activity of RipA1 
and RipE1 provide an opportunity for future research to 
design new disease resistance strategies to bacterial wilt in 
Solanaceae crops. 
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