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Abstract
Background: 'Candidatus Liberibacter asiaticus' (Las) is the pathogenic bacterium that causes Huanglongbing
in citrus plants, as well as in several types of experimental plants. Las releases a set of effectors to modulate
host responses. One of these critical effectors is Sec-delivered effector 1 (SDE1), which induces chlorosis in
Nicotiana benthamiana.

Results: Four SDE1-interacting proteins were identi�ed from N. benthamiana, including DEAD-box RNA helicase
DDX3, 26S proteasome non-ATPase regulatory subunit PSMD14, an ARM repeat protein, and a hypothetical
protein. Gene silencing revealed that knockdown of the NbDDX3 gene led to chlorosis in N. benthamiana leaves.
Fluorescent signal detection revealed that SDE1 was localized to the cell membrane, cytoplasm, and nucleus.
Simultaneously, NbDD3 was expressed in cytoplasmic vesicles, as well as in the cell membrane. The
interactions between SDE1 and NbDDX3 were shown to be localized on cell membrane using co-localization and
bimolecular �uorescence complementation analysis. Moreover, the transcription of NbDDX3 gene was
substantially suppressed in N. benthamiana plants that expressed SDE1.

Conclusion: Las effector SDE1 interacts with NbDDX3 at the cell membrane. Most importantly, the transient
expression of SDE1 exerts a suppression effect on the transcription of NbDDX3 gene. The silencing of NbDDX3
leads to leaf chlorosis in N. benthamiana. This provided evidence to understand the molecular events in
association with chlorosis induced by SDE1.

Background
Citrus Huanglongbing (HLB), also known as citrus greening, is one of the most destructive citrus diseases that
causes severe losses in citrus production [3]. This disease has been associated with three species of phloem-
limited pathogenic liberibacters that include Candidatus Liberibacter asiaticus (Las), Candidatus Liberibacter
africanus, and Candidatus Liberibacter americanus [17]. The Las pathogen is highly prevalent and vectored
naturally between citrus plants by insects, such as the Asian citrus psyllid, Diaphorina citri [3]. The liberibacters
have been transferred to non-rutaceous hosts experimentally using Cuscuta (dodder). Plants that can serve as
hosts include Catharanthus roseus (Garnier and Bové 1983), Solanum lycopersicum [7], Nicotiana tabacum [11]
and Nicotiana benthamiana [30]. The characteristic disease symptoms include blotchy mottles on leaves and
dieback of twigs. In addition, the fruits sometimes exhibit unusual coloration with undersized seeds, high acidity,
and altered ripening dynamics [14].

Las-infected citrus plants exhibit a wide variety of types of physiological and biochemical transformation. After
colonizing the plant, Las pathogen is disseminated to all tissues and organs within three months to one year [6].
Coupled with Las replication in the sieve tubes, HLB can be diagnosed by a high accumulation of starches,
callose deposition, and multiple pockets of necrosis [10, 35]. Since the photosynthetic genes are down-regulated,
photoassimilated export is impaired in leaves [23, 26]. The leaves that show chlorosis symptom are usually
de�cient in N, Fe, Mg, and Zn [28, 33]. Moreover, HLB symptoms have been found to be closely related to a
severe de�ciency of phosphorus. In diseased citrus plants, a phosphorus de�ciency induces a high level of
expression of microRNA399. The exogenous application of phosphorus oxyanion solution signi�cantly
alleviates the severity of symptoms of HLB on citrus [41].
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Bacterial pathogens deliver a number of proteins from their cytoplasm into the host cells and environment
through speci�c protein secretion systems [1]. These secreted proteins are considered to have essential roles in
increasing attachment, promoting bacterial virulence, and disrupting host defense reactions. The Las pathogen
has been known to possess a general secretion system (Sec pathway) but without type II and type III secretion
systems [8]. Eighty-six proteins with functional Sec-dependent secretion from Las were found to be secreted
outside Escherichia coli cells using alkaline phosphatase fusion assays [32]. Many of these Sec-delivered
effectors (SDEs) exhibit different expression levels in citrus and psyllids to manipulate the host processes [36,
38]. The effectors CLIBASIA_03915 and CLIBASIA_04250 induce phloem necrosis in senescent leaves of N.
benthamiana [22]. The variations in symptoms on HLB-affected citrus plants are related to the genetic diversity
of Las populations within two Las prophage regions [42]. The second prophage SC2 replicates as a prophage
excision plasmid that encodes putative adhesin and peroxidase genes [40]. Transient expression of the
peroxidase suppresses H2O2-mediated defense signaling pathway in citrus plants [18].

Sec-delivered effector 1 (SDE1) is a protein composed of 154 amino acids, and it can be secreted outside the
cell through the Sec pathway upon expression in E. coli [32]. An SDE1-based polyclonal antibody has been
successfully generated to diagnose and detect the bacterium owing to its speci�city for Las pathogens [29]. The
mature SDE1 protein without a signal peptide induces cell death in N. benthamiana in Agrobacterium-mediated
transient transformation. In contrast, the full length SDE1 lacks the ability to induce cell death [29]. In addition,
the deletion of a chloroplast targeting sequence resulted in starch accumulation and chlorosis but not cell death
[30]. These �ndings indicate that SDE1 plays a pleiotropic role in inducing diverse host reactions, possibly by
modulating different host target genes. The citrus papain-like cysteine proteases have been �rst characterized
as SDE1-interacting proteins from hosts. However, their roles in HLB development remain unclear [4].

In this study, SDE1-interacting proteins were screened from N. benthamiana using a yeast two-hybrid (Y2H)
technique. Their essential roles in SDE1-induced chlorosis were examined in gene silenced plants. These studies
provide a detailed examination into the molecular events associated with SDE1-induced chlorosis, which will
facilitate an understanding of the production of blotchy mottle phenotype of HLB.

Results
The full length SDE1 gene is not transcribed during Agrobacterium-mediated transient expression in N.
benthamiana

The levels of expression of SDE1 were measured in N. benthamiana leaves subjected to Agrobacterium-
mediated transformation to determine the reason for the lack of induction of cell death during transient
expression experiments of the full length SDE1 [31]. The coding sequences of full length SDE1 and mature SDE1
(SDE1mp) were separately cloned into the binary vector pHB (Fig. 1a). The transient expression of SDE1mp
induced chlorosis in N. benthamiana at 3 days post in�ltration (dpi), while no chlorosis was observed in the
in�ltration area that transiently expressed the full-length SDE1 (Fig. 1b). Using EF1a as an internal control,
quantitative RT-PCR (qRT-PCR) was conducted to evaluate the transcript levels of SDE1 and SDE1mp. The
results showed that a high transcript level of SDE1mp was detected. In contrast, the transcript level of SDE1 was
extremely low (Fig. 1c). No transcript level of SDE1 was detected from uninoculated leaves or the leaves
in�ltrated with Agrobacterium that harbored empty vector pHB in all the qRT-PCR analyses (Fig. 1c). To
determine the expression of SDE1 at protein level, SDE1 and SDE1mp were fused to the C-terminus of red
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�uorescent protein (RFP) in pGDR vector. At 2 dpi, a strong �uorescence signal was observed from N.
benthamiana cells that expressed the RFP-SDE1mp fusion, and the signal was distributed in the cell membrane,
cytoplasm, and nucleus (Fig. 1d). In contrast, no �uorescence was observed from the cells that expressed RFP-
SDE1 fusion (Fig. 1d). These results demonstrated that the full length SDE1 did not induce cell death in N.
benthamiana merely because it could not be transcribed in Agrobacterium-mediated transient transformation.
The mature protein SDE1mp was used to test phenotypes in N. benthamiana in the following research.

Four SDE1-interacting proteins are screened from N. benthamiana

Using SDE1 as bait, a Y2H experiment was conducted to identify SDE1-interacting proteins from a N.
benthamiana cDNA library. We obtained �ve positive clones, which corresponded to four N. benthamiana genes.
The duplicate clone was DEAD-box RNA helicase DDX3, while the other three included a 26S proteasome non-
ATPase regulatory subunit PSMD14, an ARM repeat protein Niben101Scf05290g02006.1, and unknown protein
Niben101Scf04231g02014.1 (Table 1). The amino acids of four interactors shared more than 58% identity with
their homologs in citrus species, including Citrus sinensis and C. clementine (Table 1). The pGADT7 plasmids
recovered from yeast were co-transformed separately into AH109 cells using pGBKT7-SDE1. Each transformant
was subjected to growth analysis on selective dextrose (SD) media SD/-Ade/-Leu/-Trp/-His/ and assayed for β-
galactosidase to con�rm the interaction (Fig. 2).

Table 1
The SDE1-interacting proteins of Nicotiana benthamiana and homologs in citrus plants

No. Gene ID Gene products Homologs in citrus plants

Citrus sinensis
(Identity%)

Citrus clementine
(Identity%)

1 Niben101Scf02762g01005.1 DEAD-box ATP-
dependent RNA
helicase 3

orange1.1g011124m
(70)

clementine0.9_002897 m
(70)

2 Niben101Scf05290g02006.1 ARM repeat
protein

orange1.1g005044m
(81)

clementine0.9_003622 m
(81)

3 Niben101Scf04231g02014.1 Uncharacterized orange1.1g033279m
(58)

clementine0.9_025591 m
(58)

4 Niben101Scf02762g01005.1 DEAD-box ATP-
dependent RNA
helicase 3

orange1.1g011124m
(70)

clementine0.9_002897 m
(70)

5 Niben101Scf07364g00017.1 26S
proteasome
non-ATPase
regulatory
subunit 14

orange1.1g032384m
(99)

clementine0.9_016406 m
(99)

Silencing of NbDDX3 results in mottled leaves

To investigate the functions of four screened proteins, we created plants in which the respective transcripts were
knocked down by virus-induced gene silencing (VIGS) using a tobacco rattle virus (TRV) vector. At 15 dpi, the
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NbDDX3-silenced plants exhibited yellow colors on the leaves, similar to the silencing of phytoene desaturase
gene (PDS) in positive control plants (Fig. 3a). The mottled phenotype of NbDDX3-silenced plants was observed
on the �rst three leaves after inoculation with a TRV construct. The late budding leaves on plants were
completely bleached when they became mature. The NbPSMD14-silenced plants exhibited a severe
developmental abnormality. At 15 dpi, new budding leaves immediately died (Fig. 3a). In contrast, the silencing
of Niben101Scf05290g02006.1 or Niben101Scf04231g02014.1 genes did not lead to distinctive growth
phenotypes. The silencing e�ciency of each gene was evaluated using qRT-PCR analysis (Fig. 3b).

Examination of the chlorosis induced by SDE1 in gene-silenced plants

To determine whether the screened genes were involved in SDE1-mediated chlorosis, SDE1 and SDE1mp were
transiently expressed in gene-silenced plants. Owing to the leaf death in silencing of NbPSMD14, those plants
were not analyzed in this trial. Similar to the phenotype in wild type, full length SDE1 did not induce chlorosis on
all gene-silenced plants. The transient expression of SDE1mp induced chlorosis in both negative control and
PDS-silenced plants (Fig. 4). The induction of chlorosis was di�cult to discern on NbDDX3-silenced plants,
since the leaves became mottled (Fig. 4). In the leaves from Niben101Scf05290g02006.1 or
Niben101Scf04231g02014.1 gene-silenced plants, the transient expression of SDE1mp induced a chlorotic
phenotype similar to that found in wild type (Fig. 4).

Transient expression of SDE1 suppresses the transcription of NbDDX3

The phenotypes on NbDDX3-silenced plants encouraged us to determine the expression pattern of NbDDX3 in
response to SDE1. Therefore, the transcript levels of NbDDX3 were measured in N. benthamiana leaves that
transiently expressed SDE1mp. The transcript level of NbDDX3 was reduced by 70% in plants that expressed
SDE1mp in comparison with the uninoculated control at 2 dpi (Fig. 5). This demonstrated that the transcription
of NbDDX3 gene was signi�cantly suppressed when SDE1mp was transiently expressed in N. benthamiana. It
appeared that the chlorosis induced by SDE1mp was caused by down-regulation of NbDDX3 transcription.

SDE1 Interacts With NbDDX3 At The Cell Membrane

The fused RFP-SDE1mp was found to be localized on cell membrane, nuclei, and cytoplasm (Fig. 1d). A GFP-
NbDDX3 fusion was constructed to investigate its interaction with SDE1mp in vivo. Fluorescent signal detection
revealed that GFP-NbDDX3 accumulated to high levels in cytoplasmic vesicles with a small amount localized to
the cell membrane (Fig. 6a). To examine the spatial interaction, GFP-NbDDX3 and RFP-SDE1mp were transiently
co-expressed in N. benthamiana cells. RFP-SDE1mp was observed in the cell membrane, nucleus, and
cytoplasm Nevertheless, the subcellular location of GFP-NbDDX3 was altered. In comparison with expression
alone, a portion of NbDDX3 was located in the nucleus, with the exception of the cell membrane and organelles.
Furthermore, an additional number of NbDDX3 proteins were recruited to the cell membrane. GFP-NbDDX3 and
RFP-SDE1mp were co-localized at the cell membrane and nucleus (Fig. 6b). A bimolecular �uorescence
complementation assay was performed to further con�rm the interaction between NbDDX3 and SDE1mp. This
resulted in a clear yellow �uorescence that emitted from the cell membranes. In addition, the degrees of
expression of SDE1mp-YC and NbDDX3-YN were analyzed using a western blot (Fig. 6c). RFP-SDE1mp was
additionally co-expressed with GFP-XAC1347. GFP-XAC1347 is expressed in the membrane when transformed
into N. benthamiana cells, implying that RFP-SDE1mp was truly localized to the cell membrane (Supplementary
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Table 1). In this case, yellow �uorescence was observed from the cell membrane (Supplementary Fig. 1). These
results suggested that a fraction of NbDDX3 interacts with SDE1mp at the cell membranes.

Discussion
The transcript level of SDE1 gene was analyzed using qRT-PCR in Las-infected citrus, periwinkle, and psyllids in
previous studies [29, 31]. Since a genetic manipulation system has not been established in Las, the secretion of
SDE1 via Sec system was experimentally validated in E. coli cells [32]. In addition, diseased trees showed a
positive signal against SDE1 polyclonal antibody [29]. These studies suggested that SDE1 functions as an
effector during Las infection.

Various bacterial pathogens of plants are dependent on the type III secretion system to deliver virulence
effectors into host cells [1]. These effectors were involved in the interference of host innate immunity, as well as
mediating an incompatible interaction following recognition by plants [20]. Las is a phloem-limited bacterium
with a small genome (1.23 Mb) that does not possess the type III secretion system and related pathogenic
effectors [8]. However, Las is transmitted directly into plant phloem cells through its insect vector in a manner
similar to those of spiroplasmas and phytoplasmas [15]. Several effectors identi�ed in phytoplasmas are
transported to host cells via plasmodesmata before reaching the host cell cytoplasm [2, 16, 37]. Thereafter,
SDE1 is proposed to be transported with the photosynthate transport �ow [29].

The structural components of SDE1 were deciphered using a bioinformatics analysis. The N-terminal 24 amino
acids represent a signal peptide, which is presumed to be cleaved by Las upon translocation [30]. The mature
SDE1 without a signal peptide (SDE1mp) induces cell death and chlorosis in N. benthamiana following
Agrobacterium-mediated transient expression. However, the full length SDE1 does not induce any phenotype
[30]. To obtain a more complete understanding of this difference, the expression of SDE1 was examined at
mRNA transcriptional and protein translational levels. Our results showed that full length SDE1 was not
transcribed during Agrobacterium-mediated transient transformation. This indicated that it was a failure of gene
expression that precluded the full length SDE1 from causing chlorosis or cell death in N. benthamiana. We
assumed that, during Las infection, the plants are able to recognize SDE1 effector regardless of whether signal
peptide is cleaved or not.

A previous study reported that SDE1 is localized to the vesicles surrounding the chloroplast and induces cell
death in N. benthamiana [31]. With the exception of the signal peptide at N-terminus, a chloroplast targeting
sequence was found from SDE1 neighboring signal peptide. Deletion of the sequence converts cell death to the
chlorosis phenotype [30]. By using a different fusion system, this study identi�ed several subcellular
localizations for RFP-SDE1mp, including the cell membrane, protoplasm, and nuclei. In addition to the
involvement of NbDDX3 in leaf chlorosis, the SDE1-interacting NbPSMD14 plays a role in growth of N.
benthamiana and could possibly be involved in SDE1-mediated cell death. These results support the concept
that SDE1 targets several host genes to manipulate diverse plant responses.

RNA helicases are known to catalyze the unwinding of active and stable duplex RNA secondary structures in an
ATP-dependent manner and have been generally observed in RNA metabolism [5, 25]. Plant DEAD-box RNA
helicases are involved in growth and development, as well as in the response to biotic and abiotic stresses [19,
39, 43]. Even though DEAD-box RNA helicases were �rst discovered from chloroplast-localized members, recent
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reports have demonstrated that plant DEAD-box RNA helicases are not limited to chloroplasts. Arabidopsis RNA
helicase LOS4 is localized in the cytoplasm and enriched at nuclear rim [13]. Two stress response suppressors,
STRS1 and STRS2, are localized in the nucleolus and nucleoplasm [21]. This study showed that N. benthamiana
NbDDX3 was localized to the cell membrane with the exception of cytoplasmic vesicles. When NbDDX3 was co-
expressed with SDE1, a number of NbDDX3 proteins were recruited to the cell membrane, which may facilitate
its interaction with SDE1.

SDE1-interacting proteins were cloned from tobacco plants in this study because N. benthamiana exhibits cell
death and a chlorosis phenotype in response to SDE1 transient expression. In fact, N. benthamiana is a non-
natural host for Las even though it displays HLB symptoms similar to those of citrus hosts [30]. Fortunately, four
SDE1-interacting proteins that have been cloned in this study have homologs in citrus plants. Further studies are
needed to verify their functions in citrus hosts.

Conclusions
Four SDE1-interacting proteins have been identi�ed from N. benthamiana. Gene silencing demonstrated that
NbDDX3-silenced plants showed mottled leaves, which resemble the chlorosis phenotype induced by SDE1.
These provide insights to characterize the key genes involved in chlorosis induced by SDE1.

Methods
Bacterial Strains and Plasmids

The plasmids and strains used in this study are listed in Supplementary Table 1. E. coli and A. tumefaciens
strains were cultivated in Luria-Bertani media at 37 °C and 28 °C, respectively. Yeast strain AH109 was cultured
in YPD media (1% yeast extract, 2% peptone, and 2% glucose) at 30 °C. Antibiotics were used at the following
concentrations: Kanamycin (Km), 50 µg/mL; Rifampicin (Rif), 50 µg/mL; Ampicillin (Ap), 50 µg/mL;
Spectinomycin (Sp), 25 µg/mL.
DNA Manipulation And Plasmid Construction

DNA isolation, restriction enzyme digestion, and plasmid transformation were performed using standard
methods [34]. The PCR primers used for molecular cloning and qRT-PCR analysis are listed in Supplementary
Table 2.

To study the transcription levels in transient transformation, the coding sequences of full length SDE1 and
signal peptide-deleted SDE1mp were cloned separately into binary vector pHB at BamH I and Sac I sites. The
coding sequence of SDE1mp was fused to C-terminus of RFP in pGDR at Sal I and BamH I sites to understand
its subcellular localization and co-localization. NbDDX3 was fused to the C-terminus of GFP in pGDG. The
coding sequences of SDE1mp and NbDDX3 were cloned into 1301-YC and 1301-YN at Xba I and Kpn I sites,
respectively, for bimolecular �uorescence complementation analysis. The resultant constructs were transformed
into A. tumefaciens GV3101 using electroporation. A pGDG-XAC1347 construct was used for co-transformation
with pGDR-SDE1mp to provide additional con�rmation that the SDE1 protein is localized to cell membrane [9].
To isolate the interacting protein from N. benthamiana, the coding sequence of SDE1 gene was cloned into
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pGBKT7 at EcoR I and Pst I sites to generate pGBKT7-SDE1. The alternative translation start codon GTG of
SDE1 gene was replaced by ATG in forward primer (Supplementary Table 2).

Agrobacterium -mediated Transient Expression

A. tumefaciens strain GV3101 containing corresponding constructs was cultivated overnight in LB media. The
cells were suspended in buffer (10 mM MgCl2, 10 mM MES, and 200 µM acetosyringone, pH 5.7) to a �nal
concentration of OD600 = 0.2. After 2 h of incubation, GV3101 cells were in�ltrated into the leaves of N.
benthamiana grown in a growth room for 4 weeks at 25 °C with a 14 h light/10 h dark cycle. N. benthamiana
leaves were collected at 2 dpi, and images were taken to detect the localization of �uorescent fusion protein
using a Leica confocal laser scanning microscope (SP8, Leica, Wetzlar, Germany). Three different samples were
examined under the microscope for each experiment. The phenotypes of N. benthamiana induced by SDE1 and
SDE1mp were observed at 3 dpi. All the experiments were repeated four times.

qRT-PCR

RNA preparation and cDNA synthesis were performed as previously described [9]. qRT-PCR experiments were
performed on a CFX Connect real-time system (Bio-Rad, Hercules, CA, USA) using iTaq Universal SYBR Green
Supermix (Bio-Rad, Shanghai, China). The PCR thermal cycle conditions were as follows: denaturation at 95 °C
for 30 s and 40 cycles for 95 °C, 5 s; 58 °C, 20 s. The expression of EF1a was used as an internal control. The
relative expression level was determined and statistical analysis performed using CFX Maestro software (Bio-
Rad). The average threshold cycle was normalized according to the internal control in the Mode of Normalized
expression (∆∆Cq). Each experiment was repeated four times.

Y2H

A yeast two-hybrid assay was performed to screen SDE1-interacting proteins from a cDNA library of N.
benthamiana. The initial Y2H screening was performed on SD/-Leu/-Trp/-His/ media using SDE1 as bait.
pGADT7 plasmids were obtained from positive clones for DNA sequencing and a BLAST search. These
plasmids were subsequently used to repeat the Y2H experiment to con�rm interaction with SDE1. The positive
clones were cultivated on SD/-Ade/-Leu/-Trp/-His/ media supplemented with 20 µg/mL of X-α-galactosidase.
The repeated Y2H experiment was performed three times.
VIGS

The partial sequences of four SDE1-interacting genes were ampli�ed by PCR and inserted into a pTRV2 vector.
The resultant pTRV2 constructs were transformed into A. tumefaciens GV3101 using electroporation. A mixture
of GV3101 cultures (1:1, v/v) containing pTRV1 and pTRV2 constructs were co-in�ltrated into 20-day-old N.
benthamiana leaves. The mixture of pTRV1 and pTRV2 empty vectors was used as a negative control, and the
mixture of pTRV1 and TRV-PDS was used as a control for VIGS e�ciency [24]. Agrobacterium-in�ltrated plants
were cultivated at 25 °C using a 16 h light/8 h dark photoperiod. The transient expression of SDE1 was
performed when new leaves had completely expanded. Each silencing experiment was repeated four times that
included three independent plants.
Western Blot Analysis
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Total protein was extracted from N. benthamiana leaf disks using Laemmli buffer at 2 dpi [27]. The proteins
were then resolved by 12% SDS-PAGE and subjected to immunoblot analysis. Anti-GFP was used to verify the
expression of SDE1mp-YC, and anti-Myc was used to verify the expression of NbDDX3-YN fusion.

Sequence Analysis

A BLAST search was performed in the Sol Genomics Network (https://solgenomics.net/) to �nd N. benthamiana
genes based on the cDNA sequence located in pGADT7. The homologs of four SDE1-interacting genes in C.
sinensis and C. clementine were obtained from the Citrus Genome Database
(https://www.citrusgenomedb.org/).

Abbreviations
Las : Candidatus Liberibacter asiaticus; SDE1: Sec-delivered effector 1; SDE1mp: SDE1 mature protein; DDX:
DEAD-box RNA helicase; PSMD: 26S proteasome non-ATPase regulatory subunit; HLB: Huanglongbing; qRT-PCR:
Quantitative RT-PCR; dpi: Days post in�ltration; RFP: Red �uorescent protein; GFP: Green �uorescent protein;
Y2H: Yeast two-hybrid; TRV: Tobacco rattle virus; PDS: Phytoene desaturase gene; SD: Selective dextrose.
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cloning and qRT-PCR in this study. Figure S1. Colocalization of RFP-SDE1 and GFP-XAC1347 in N. benthamiana
cells. Yellow �uorescence showing the colocalization in the cell membrane was indicated by arrows. Samples
were examined under the microscope at 2 dpi. Scale bar denotes 50 µm.
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Figure 1

Expression of SDE1 in N. benthamiana by Agrobacterium-mediated transformation. a. Schematic diagram for
full length SDE1 and mature SDE1 (SDE1mp) for transient expression. The N-terminal 24 amino acids were
deleted to generate SDE1mp. b. Chlorosis induced by SDE1mp. The phenotype was observed at 3 dpi. c. qRT-
PCR assay of the transcript levels of SDE1 and SDE1mp. The relative expression levels were normalized to
internal control EF1a. Asterisks indicate signi�cant differences (*P< 0.05, **P< 0.01, n=3). d. Visualization of
RFP-SDE1 and RFP-SDE1mp fusion proteins in N. benthamiana cells. The localization of RFP-SDE1mp in the
cell membrane, cytoplasm, and nucleus is indicated by arrows. Samples were examined under the microscope at
2 dpi. Bar denotes 50 μm.
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Figure 2

Screening of SDE1-interacting genes in N. benthamiana. AH109 transformants were grown on SD/-Ade/-Leu/-
Trp/-His media supplemented with 20 μg/mL X-α- galactosidase.
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Figure 3

Silencing of SDE1-interacting genes in N. benthamiana. a. Growth phenotypes of NbDDX3- and NbPSMD14-
silenced plants. Mottling leaf in NbDDX3-silenced plant and dead leaf in NbPSMD14-silenced plant are indicated
by white arrows. b. qRT-PCR analysis of the transcript level for each silenced gene. The expression of EF1α was
used as internal control. The expression level of each gene in wild type plants was set to “1”. The fold change in
silenced plants was calculated by comparison with wild type. Error bars indicate standard deviations, and
asterisks denote statistical signi�cance (**P 0.01, n=3).

Figure 4
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Examination of the chlorosis induced by SDE1mp in gene silenced plants. The phenotype was recorded at 3 dpi.
The in�ltrated areas on each leaf are indicated by dotted circles.

Figure 5

NbDDX3 transcript levels in N. benthamiana plants that transiently expressed SDE1mp. A qRT-PCR analysis was
performed at 2 dpi. The expression of EF1a was used as an internal control. The level of expression of NbDDX3
in uninoculated plants was set to “1”. The fold change in plants expressing SDE1mp was calculated by
comparison with uninoculated plants. Error bars indicate standard deviations, and asterisks denote statistical
signi�cance (**P 0.01, n=3).
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Figure 6

Subcellular localization of NbDDX3 and its interaction with SDE1mp in N. benthamiana cells. a. Subcellular
localization of GFP-NbDDX3 fusion proteins. b. Co-localization of RFP-SDE1mp and GFP-NbDDX3 on the cell
membrane. c. Bimolecular �uorescence complementation analysis showing the spatial interaction of SDE1 and
NbDDX3. Protein expression levels in the in�ltrated plant leaves were collected for immunoblotting assays with
anti-GFP and anti-Myc antibodies. Ponceau S staining indicates equal loading of the proteins. Samples were
examined under the microscope at 2 dpi. Bar represents 50 μm.
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