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Abstract: The conventional phytopathogen Pseudomonas syringae has been identified several
significant virulence determinants against Caenorhabditis elegans, but their mechanisms of action
remain elusive. Here, we report the nematicidal activity and action receptor of a methyl-accepting
chemotaxis protein (MCP03) of a wild-type P. syringae MB03 against C. elegans. Purified MCP03
exhibited significant nematicidal toxicity against C. elegans, with a half-lethal concentration of 124.4
pug mL™, and detrimental effects on the growth and brood size of C. elegans. Additionally, MCP03-
treated worms showed severe pathological destruction of the intestine and ovary, and depressed
wrinkles of the cuticle. Through yeast two-hybrid assays, we identified a subunit of a COP9
signalosome, namely CSN-5, functionated as an action receptor of MCPO03. In vitro pull-down and
in vivo co-localization assays verified the binding interaction between MCP03 and CSN-5. RNA
interference assays confirmed that MCPO03 acts on CSN-5 to adversely affect the brood size, growth,
and cuticle integrity of C. elegans. Following MCP03 infection, the expression of several genes
relative to reproduction, growth, and cuticle formation, such as kgb-1, unc-98, and col-117, were
significantly downregulated, which implicated the pathological changes of MCPO03-treated
nematodes. Thus, this study demonstrates that MCP03 acted on the receptor protein CSN-5 causing
lethality and detrimental effects on the fertility, growth, and morphogenesis of C. elegans, which will
provide new insights into the signaling pathways and mechanism underlying the nematicidal action
of MCPO03 towards C. elegans.

Keywords: Pseudomonas syringae; methyl-accepting chemotaxis protein; Caenorhabditis elegans;
receptor protein; nematicidal activity

1. Introduction

Plant-parasitic nematodes (PPNs) are a large group of soil-borne roundworms that primarily
attack underground plant parts, leading to stunted growth and endangering nutrient supply from
the soil, and causing a first-hand globally annual yielding loss of over $157 billion [1]. These
nematodes also increase the susceptibility of plant roots to other pathogenic fungal and bacterial
infections and serve as vectors for certain plant-pathogenic viruses [2]. Although various chemical
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nematicides and agricultural managements have been the typical implements for controlling PPNs
for a long time, integrated biological control has gained increasing incentive as a prioritized approach
to combating PPNs due to its sustainability and eco-friendly nature [3,4].

A variety of soil-borne bacteria, mainly belonging to several genera including Bacillus [5,6],
Pseudomonas [7,8], Pasteuria [9], and Burkholderia [10], etc., have been confirmed the significant
nematicidal activity. These bacteria have developed various strategies, such as the production of
external toxins, invasive enzymes, or other active substances to trap and kill nematodes; and/or acting
as external parasites by utilizing extracellular proteases to digest the nematode cuticle [11]; or
producing nematode-toxic metabolites after entering the nematode's body, for instance, the Cry
proteins from a nematicidal bacterium Bacillus thuringiensis formed lytic pores in the cell membrane
of intestinal epithelial cells upon ingestion [12].

Chemotaxis is a conventional behavior by bacteria to sense chemical cues in their surroundings,
enabling them to relocate to favorable niches away from toxic substances. The methyl-accepting
chemotaxis proteins (MCPs) are a family of chemoreceptors responsible for the chemotactic behaviors
of many bacteria [13]. Structurally, MCPs consist of a typical C-terminal cytoplasmic signaling
domain (SD), two membrane-spanning helices, and an N-terminal periplasmic ligand-binding
domain (LBD). The highly conserved SD domain contains methylated glutamate residues that
interact with downstream signaling components, while the less conserved LBD typically contains
signal peptide sequences that act as transmembrane segments in mature proteins [14]. Most MCPs
also contain a histidine kinases, adenylate cyclases, methyl-accepting proteins, and phosphatases
(HAMP) domain that propagates signals from the sensing domain to the cytoplasmic domain [15].
Upon perceiving an external environmental signal, MCP undergoes a conformational change by
adopting a hairpin structure, where a series of sensor kinases (such as CheA, CheB, and CheW, etc.)
were phosphorylated or self-phosphorylated to stepwise activate the response regulator CheY, which
enables phosphorylating the flagellar matrix, resulting in a change in the direction of flagellar rotation
[14]. Moreover, chemotaxis is also involved in the pathogenicity of various bacterial pathogens,
including Vibrio cholera [16], Coronobacter sakazakii [17], Campylobacter jejuni [18], Pseudomonas
aeruginosa [18], and Pseudomonas syringae [19]. The connection between chemotaxis and pathogenicity
relies on the detection of pathogenicity-related signal molecules in the hosts by MCPs, which play a
critical role in regulating certain cellular activities, such as biofilm formation, toxin production,
exopolysaccharide production, flagellum biosynthesis, cell survival, motility, pathogenicity, and
antibiotic resistance [20].

The conventional phytopathogen P. syringae has been identified significant nematicidal activity
against the model nematode Caenorhabditis elegans [21,22], and a recent genome-wide prediction
analysis of nematicidal factors in a P. syringae wild-type strain MB03 revealed significant nematicidal
virulence potential of an MCP (namely MCP03) against C. elegans [23]. However, the nematicidal
activity and action mechanism of MCP03 remain understudied. In the current study, we investigated
the nematicidal activity and action receptor protein of MCP03 for elucidating its pathogenic
mechanism. Owing to the current technical limitations of molecular genetic studies on PPNs, C.
elegans was used as a target nematode due to its well-characterized genetic background [24]. We
identified a subunit of a COP9 signalosome (CSN) that served as a receptor protein (namely CSN-5)
of MCPO03 in C. elegans, which associatively exerted destructive effects on the intestinal tract and the
ovary, enabled lethal and detrimental effects on the egg-laying, growth, and surface cuticle formation
by downregulating the expression of genes relative to these activities. Thus, a putative outline
mechanism underlying the nematicidal action of MCP03 following the binding with CSN-5 was
proposed.

2. Materials and Methods

2.1. Bacterial and Nematode Strains, Plasmids, and Culture Conditions

Bacterial strains and plasmids used in this study are listed in Supplementary Table S1. Briefly, a
wild-type strain of P. syringae MB03 [25] (CCTCC No. M2014114, China Center for Type Culture
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Collection) provided the gene resource of mcp03. Escherichia coli strains DH50, BL21(DE3), and
HT115(DE3) were used for cloning, or expression of certain genes using different plasmid vectors,
while E. coli OP50 cells were used as food for feeding C. elegans unless specified. P. syringae and E.
coli cells were routinely cultured at 28 °C and 37 °C in Luria—Bertani (LB) medium [26] supplemented
with 100 pg mL-! ampicillin (Amp), or 50 ug mL-! kanamycin (Kan) or 20 pg mL-" tetracycline (Tet)
when required, respectively. C. elegans strains used in this study include the wild-type Bristol strain
N2, the green fluorescence protein (GFP)-labeled transgenic strains FT63 (dlg::¢fp) and LG333 (skn-
1b::gfp) that were obtained from Caenorhabditis Genetics Centre (CGC) (College of Biological Sciences,
University of Minnesota, MN55108, USA), and the csn-5 silenced strain by RNAi. All C. elegans strains
were cultivated at 20 °C under standard conditions on a nematode growth medium (NGM) [22] with
E. coli OP50 as food. The synchronized worms were prepared following the standard protocol [27].

2.2. Cloning, Expression, Purification, and Labelling of MCP03 Protein

The oligonucleotide primers used in this study are listed in Supplementary Table S1. To
construct recombinant plasmid pMB831 [Figure 1A(a)], the mcp03 gene was amplified by a
polymerase chain reaction (PCR) from P. syringae MB03 genome (GenBank accession No.
NZ_LAGV00000000.1) using the primers F-pET28a-mcp03/ R-pET28a-mcp03. The amplified
fragment was inserted into the Xho I and EcoR I sites of E. coli expression vector pET28a to generate
pMBS831. This recombinant plasmid was then transformed into E. coli BL21(DE3) to yield a
recombinant strain MB831.
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Figure 1. Expression, structural organization, and nematicidal activity of MCP03. In (A), (a) Schematic
representation of the construction of plasmid pMB831 expressing the mcp03 gene; (b) SDS-PAGE
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analysis of whole-cell lysate of recombinant E. coli MB831, E. coli BL21(DE3) was used as negative
control; (c) Whole-cell nematicidal activity of E. coli strain MB831 against C. elegans. P. syringae MB03
and E. coli BL21(DE3) were used as positive and negative control, respectively. In (B), Conserved
domain analysis of MCP03. In (C), SDS-PAGE (a) and Western blot analysis (b) of purified MCP03
protein. (D) Nematicidal activity assay of purified MCP03 protein against C. elegans. Error bars
represent the standard deviations from the mean of three independent experiments.

To induce MCP03 expression, E. coli MB831 cells were cultured in LB broth with Kan at 37 °C
until a cell optical density at 600 nm (ODsw) reached 0.6, then 0.2 mmol L isopropyl-#D-
thiogalactopyranoside (IPTG) was added to the cultures, which were further incubated at 30 °C for 6
h. The cells were harvested by centrifugation (5000 rpm, 10 min), resuspended in phosphate-buffered
saline (PBS, pH 7.4), and were homogenized using a high-pressure homogenizer (NS1001L 2K, Niro
Soavi, Germany) at 1000 psi. The supernatants were collected by centrifugation (12000 rpm, 10 min,
and 4 °C). The MCPO03 protein was purified from the supernatants using a nickel nitrilotriacetic acid
spin column (Qiagen). The protein samples were then solubilized using 20 mmol L™ HEPES (pH 6.0)
and stored at —80 °C after quantification [28]. While acquired, the purified MCP03 was labeled with
N-hydroxysuccinimide-rhodamine (Rho) (Pierce 46102) according to the previously described
protocol [29].

2.3. Nematicidal Bioassay

The nematicidal activity of recombinant E. coli intact cells, and the half-lethal concentration
(LCs0) of purified MCP03 against C. elegans was determined using a previously described method
[22]. The growth inhibition and brood size assays were performed following previously described
procedures [22,30].

2.4. Analysis of C. elegans Intestinal Pathology

The wild-type C. elegans N2 and the transgenic C. elegans FT63(DLG::GFP) were fed with Rho-
labeled MCP03 and unlabeled MCP03, respectively, with bovine serum albumin (BSA) as the
negative control. The worms were incubated for 72 h and were subjected to fluorescence microscope
examination. To facilitate imaging, the worms were rendered unconscious using a 15 mmol L™
sodium azide and then fixed on a microscopic slide coated with 2% agarose. Images of the worms
were captured using a fluorescence microscope (80i, Nikon, Japan) in two different modes: green
fluorescence (GFP) and red fluorescence (RFP).

2.5. Yeast Two-Hybrid Assay

The yeast two-hybrid (Y2H) assays were performed to screen the potential receptor of MCP03
following the standard protocol [31] that was schematically illustrated in Supplementary Figure S1.
Briefly, a cDNA library from C. elegans was constructed using the plasmid vector pGADT?7 and
transformed into a yeast strain Y187. Full-length MCP03 was fused to the GAL4 DNA binding
domain in the vector pGBKT?7 to yield the recombinant plasmid pMB832 (Supplementary Figure S2),
and was transformed into the yeast host strain Y2H Gold to yield the recombinant MB832. Two-
hybrid interactions were screened by mating MB832 with A.D. fusion C. elegans cDNA library. Blue
colonies on SD/-Trp-Leu medium supplemented with X-a Gal and AbA were further analyzed on
SD/-Trp-Leu-His-Ade/X-a Gal/AbA (QDO/X/A) medium. The resultant clones that appeared on
QDO/X/A medium were subjected to colony PCR using specific primers to identify the interacting
partners. The resultant csn-5 was cloned into the vector pGADT?, and the interaction with MCP03
was tested in a Y2H X-gal assay [31].

2.6. Expression and Purification of Recombinant Proteins from C. elegans

Total RNA was extracted from the wild-type strain N2 of C. elegans using the Trizol method [32].
Subsequently, cDNA synthesis was performed using the TransScript One-Step gDNA Removal and
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cDNA Synthesis SuperMix (TransGen Biotech). Briefly, the gene csn-5 was amplified using the F-
pGEX-6P-1-csn-5 and R-pGEX-6P-1-csn-5 primers (Supplementary Table S1) and then cloned into the
expression vector pGEX-6P-1 using Gibson one-step assembly method [33] to generate the
recombinant pMB833 (Supplementary Figure S3), which was transformed into E. coli BL21(DE3) to
yield recombinant E. coli MB833. For induced CSN-5 expression, MB833 cells were cultured in LB
broth until reaching an ODew of 0.6 at 37 °C, then 0.2 mmol L™ IPTG was added and the cultures were
further incubated for 4 h at 30 °C. The recombinant protein was purified using affinity
chromatography with glutathione Sepharose 4B. The eluted protein was subsequently dialyzed and
stored at —80 °C.

2.7. Scanning Electron Microscope (SEM)

The worm surface morphology of C. elegans N2 and MCP03-treated N2 was observed under an
SEM (JSM-6390/LV, JEOL, Japan) following the previously described sample preparation and fixation
procedures [34].

2.8. Pull-Down Assay

E. coli MB831 and MB833 expressing His-tag fused MCP03 and glutathione S-transferase (GST)
tagged CSN-5, respectively, and E. coli MB830 harboring plasmid pGEX-6P-1 (as the negative control)
were IPTG-induced following above protocols. Cells were harvested by centrifugation at 12000 rpm
for 10 min at 4 °C, then were resuspended with PBS (pH 7.4), and were homogenized using a high-
pressure homogenizer (NS1001L 2K, Niro Soavi, Germany) at 1000 psi. Following centrifugation of
the disrupted suspensions, the supernatants from MB831/MB833 and MB831/MB830 (negative
control) were grouped to incubate with glutathione-coupled Sepharose beads in a rotative incubator
for 3 h at 4 °C, and were centrifuged, followed by washing the beads with pre-cooled (4 °C) PBS (pH
7.4) for at least 5 times to elute unbound proteins. The bead-bound proteins were detected using
12.5% SDS-polyacrylamide gel electrophoresis (PAGE) and Western blot analysis with an anti-His
tag antibody, following the standard protocols [26].

2.9. Western Blot Analysis

To analyze the expression of MCPO03 in E. coli MB831, and the binding interaction between
MCPO03 and CSN-5, after the separation of total proteins via 10% and 12.5% SDS-PAGE, respectively,
the gels were electro-transferred to a nitrocellulose membrane, were then incubated overnight with
a 1:11000 dilution of anti-His tag antibody, followed by incubation with an HRP-conjugated
secondary antibody at a 1:1500 dilution. The membrane was visualized using an enhanced
chemiluminescence substrate as described by the manufacturer (Biorad Hercules, CA, USA).

2.10. Construction of csn-5 RNAi Strain

An RNAI strain (namely E. coli MB834) was constructed and was used for silencing csn-5
expression in C. elegans N2 following a previously described protocol [35]. The csn-5 fragment was
PCR-amplified from the cDNA of C. elegans N2 using the primers F-RNAi.csn-5 and R-RNAi.csn-5
(Supplementary Table S1), the amplified fragment was then digested with Hind III, and was cloned
into an RNAi plasmid vector pL4440 to yield recombinant pMB834 (Supplementary Figure S4A),
which was transformed into E. coli HT115 to generate E. coli MB834. The expression of dsRNA in
MB834 was induced with 1 mmol L™ IPTG at the final concentration (Supplementary Figure S4B).

2.11. Co-Localization

The rhodamine (Rho) labeled MCP03 was fed to GFP-labeled transgenic C. elegans LG333 (skn-
1b::gfp) strain for 48 h. The labeling of MCP03 with Rho was performed according to a previous
protocol [6]. The fluorescent morphology of individual worm was observed under a Confocal Laser
Scanning Microscope (CLSM) (N-STORM, Nikon, Japan) using GFP and RFP modes. The co-
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localization was confirmed by the merged GFP and RFP fluorescence. C. elegans LG333 (skn-1b::gfp)
strain fed with E. coli OP50 cells was used as the control.

2.12. Real-Time Quantitative PCR (RT-qgPCR)

Synchronized C. elegans N2 L4 stage worms were fed with the purified MCP03 or BSA (negative
control). The worms were collected at the 24 h after feeding, and were used for extracting total RN As
according to a previously reported protocol [32]. RT-qPCR was performed to determine the
expression levels of selected C. elegans genes using the comparative cycle threshold method (2-““CT.
method) [36]. The primers used for RT-qPCR analysis of the selected genes were listed in
Supplementary Table S1. The gene GAPDH was used as an internal reference gene, while RNAs from
BSA-fed C. elegans N2 were used as the negative control.

2.13. Data Analysis

Statistical analysis was performed using GraphPad Prism 8.3 (GraphPad Software, LLC, Boston,
MA, USA), and data were derived from at least three biological replicates unless otherwise indicated.
p <0.05 was defined as statistical significance.

3. Results

3.1. Molecular Characterization, Expression and Purification, and Nematicidal Activity of MCP03

The gene mcp03 (gene locus “VT47_10710") from the genome of P. syringae MBO03 was
characterized using the online tool BLASTn in the GenBank nucleotide sequence database at the
National Centre for Biotechnology Information (NCBI) server
(https://blast.ncbi.nlm.nih.gov/Blast.cgi). The MCP03 protein was predicted to encode a 598 amino
acid (AA) protein with a theoretical molecular weight (Mw) of approximately 66 kDa. Conserved
domain architecture analysis revealed that MCP03 contains two domains: a HAMP domain, spanning
AAs 93 to 149, and an MCP signal domain, spanning AAs 154 to 424 (Figure 1B). The gene mcp03 was
amplified from the P. syringae MB03 genome, and its sequence was confirmed to be identical to that
of the open reading frame (ORF). Figure 1A(b) showed that an additional band with a molecular mass
apparently equal to that of the predicted MCP03 was present in the E. coli MB831 profile (indicated
by arrow) but was not found in the BL21(DE3) profile (the negative control), indicating the successful
expression of MCPO03 in E. coli MB831 cells. Subsequently, a liquid-based bioassay was performed to
evaluate the virulence potential of E. coli MB831 intact cells toward C. elegans. As shown in Figure

1A(c), MB831 exhibited pronounced nematicidal activity against C. elegans compared with that of the
negative control E. coli BL21(DE3) cells (P. syringae MBO03 intact cells were used as a positive control).
Therefore, the MCP03 protein expressed in MB831 was purified, and the product was subjected to
SDS-PAGE [Figure 1C(a)] and Western blot analysis [Figure 1C(b)], which confirmed MCP03 was
purified as alone protein component at high purity. Thus, we further evaluated the nematicidal
activity of the purified MCP03 against C. elegans. Figure 1D shows the purified MCP03 exhibited
significant nematicidal activity against C. elegans in a dose-dependent pattern, with a calculated LCso
value of 124.47 (99.22-147.47) ug mL™, indicating the high toxicity of this protein against C. elegans.

3.2. MCPO03 Affects Different Phenotypes of C. elegans

The effects of purified MCP03 on the spawning number and growth of C. elegans N2 were
investigated to further evaluate the virulence of this protein, using BSA as the negative control. Figure
2A shows that MCP03 exhibited a significant detrimental effect on the brood size of worms following
the increased dose from 0 to 120 ug mL-!, and the spawning rate declined to 0 under 120 pg mL-!
MCPO03, indicating that feeding of MCP03 caused pathogenic impairment on the reproductive system
of C. elegans N2. Moreover, Figure 2B shows that low MCP03 concentration (lower than 20 ug mL-)
had only slight repressive effect on the size of the synchronized L1-stage C. elegans worms; however,
higher MCP03 concentrations caused the greater decrease of worm size, and at 120 ug mL-" of MCP03,
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the area of the worm was only 20 % compared with that of the control BSA, thereby indicating a dose-
dependent detrimental effect of MCP03 on the growth of C. elegans.

Interestingly, MCPO03 also exerted disruptive impairment on the surface cuticles of C. elegans N2,
as severe depressed dents and wrinkles of the cuticles were clearly visualized under SEM on the
surface phenotype of worms fed with MCP03 in 72 h, which strongly contrast to the smooth surface
of worms fed with BSA (Figure 2C).

Az B p =
:E o s e IDUTVTI\—.—'—.—*—!
£ ] -.
Y g 80 -
z s -
3 * £ 60 |
T;‘_‘ m \ ,g 404
) L ] —
B ] “ - § 204 * .
b T z ]
e T T T T T — T T T T T T T
£ 0 2w 40 e S0 100 120 0 20 40 60 80 100 120
Protein concentration (pg ml.‘l) Protein concentration (ugml{l]
§ C. elegans N2 Rho-labeled MCPO3 in C. elegans N2 GFP-tagged transgenic
C (72 h) D (72 h) E € clegans FT63 (dlg::gfp) (72 h)

MCP03 feeding

BSA feeding

Figure 2. Detrimental effects of MCP03 on C. elegans N2. (A) Brood size assay of C. elegans under
different concentrations of MCPO03. (B) Worm size assay of C. elegans treated with different doses of
MCPO03. (C) SEM micrography of surface morphology of C. elegans after feeding with MCP03 or BSA.
(D) Fluorescence micrography of Rho-labelled C. elegans N2 fed with MCP03. Rho-labelled BSA was
used as the negative control. The yellow dotted-circle region indicates the destructive intestinal tract.
(E) Fluorescence micrography of GFP-tagged C. elegans FT63 (dlg::gfp) fed with MCP03. The yellow
dotted-circle region indicates the impaired ovary, and the red dotted-circle region indicates the

destructive intestinal tissues.

To investigate whether MCP03 acted on the intestinal tract of worms, we examined the intestinal
morphology of two C. elegans worms that were fed with Rho-labeled MCP03 in 72 h: the wild-type
N2 and GFP-tagged FT63 (dlg::gfp). Figure 2D shows that the intestinal tract of N2 that was treated
with MCP03 appeared to be pathologically changed under the upper CLSM micrography, as
disseminative red fluorescence distributed throughout the entire worm body, and some destructive
structures were distinctly visible in the intestinal tract (indicated by dotted-circle region), while the
control N2 fed with Rho-labeled BSA displayed red fluorescence confined to only the intestinal tract.
Moreover, the destructive effect on the integrity of epithelial junctions of worms by feeding MCP03
was also confirmed by MCP03-treated FT63(dlg::¢fp) worms, as significant disruption of epithelial
junctions was clearly visible under the upper CLSM micrography (Figure 2E) (indicated by red
dotted-circle region), whereas the control worm fed with BSA exhibited an integrated intact bamboo-
shaped intestinal tract. It is noteworthy that the disseminative GFP fluorescence was found in the
ovary region of the MCP03-treated FT63 (dlg::¢fp) worm (indicated by yellow dotted-circle region),
an apparent impairment on this organ by feeding MCP03, which is conducive to explaining the
detrimental effect of MCP03 on the reproductive functionality of C. elegans.
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3.3. Identification of CSN-5 As A Putative Receptor of MCP03

To identify the receptor protein that interacts with MCPO03 to potentially actuate the
pathogenicity of C. elegans N2, we performed an N2 genome-wide yeast two-hybrid (Y2H) screening
with MCPO03 as the bait. Figure 3A shows a typical trilobite pattern of mating yeast cells, indicating
the successful mating of MB832 and the Y187 Y2H library cells carrying various fractions of C. elegans
cDNA; Figure 3B shows blue colonies on QDO/X/A plates, indicating that the presence of potential
prey proteins interacting MCP03 in these colonies. Therefore, these four colonies were subjected to
PCR amplification of their harbored prey cDNAs, which showed that all four prey cDNA fragments
were in similar size in the electrophoresis profiles (approximately 1100 bps) (Figure 3C). These
fragments were sequenced, and were found to be an identical ORF consisting of 1107-bp nucleotide
sequences, which can be further identified as the csn-5 gene of C. elegans by searching the WormBase
database (https://wormbase.org//). The predicted protein CSN-5 is composed of 369 AA with a
theoretical Mw of ~67 kDa, and is a key subunit of a subunit of a COP9 signalosome, a conserved
protein complex that plays critical roles in regulating gene expression, cell proliferation, and cell cycle
of eukaryotes [37]. Conserved domain architecture analysis revealed that CSN-5 has an MPN
superfamily domain (AA45-AA292), which contains three motifs, Mov34/MPN/JAMM, and a Zinc
binding site with metalloproteinase activity (Figure S5A). The three-dimensional structure modeling
of CSN-5 shows it contains multiple a-helices and {-sheets that constitute a barrel fold. These
structural characteristics suggest the potential of CSN-5 in functionally involved in the interaction
with other proteins.

Positive
control
2000

— cst-5
(1107 bp)
=SNS5

Figure 3. Yeast Two-hybrid assay for the identification of MCPO03 interacting receptor. (A)
Micrography of the mating yeast cells. The red arrow indicates a typically successful trilobite mating
pattern. In (B), (a)-(d) indicate positive colonies in the preliminary screening on QDO/X/A medium
plate. (C) Electrophoresis of PCR-amplified plasmid ¢cDNAs from positive colonies. Lane M, DNA
Mw marker. Lane (a)-(d), PCR-amplified products from the colony a-d on (B). (D) Yeast response
validation on CSN-5 by co-transformation of bait plasmid pMB832 and prey plasmid pGADT7-csn-5
into Y187.

3.4. In Vivo and In Vitro Binding Interaction of MCP03 with CSN-5

An in vivo yeast response validation on CSN-5 by co-transformation of bait plasmid pMB832 and
prey plasmid pGADT7-csn-5 into Y187 showed positive colony by CSN-5 (Figure 3D), thereby in
principle verifying the binding between CSN-5 and MCPO03. In wvitro Pull-down affinity
chromatography assay and Western blot analysis were also performed to confirm the binding activity
of the purified GST-tagged CSN-5 protein (GST-CSN-5) and MCPO03. Figure 4A shows GST-CSN-5
was successfully expressed in E. coli MB833, with the predicted Mw of ~ 67 kDa (Figure 4A, lane 2
indicated by blue arrow), while His-tagged MCP03 was expressed in MB831 at the Mw of ~ 66 kDa
(Figure 4A, lane 3 indicated by red arrow). After co-incubation of the purified GST-CSN-5 and
MCPO03, they formed a binding complex that was identified in the SDS-PAGE profile (Figure 4A, lane
5), whereas no detected binding complex occurred in the co-incubation of alone GST and MCP03
(Figure 4A, lane 4). Western blot analysis using a specific anti-His antibody further visualized an ~
67 kDa positive band in the GST-CSN-5/MCP03 complex, a little higher than that of the control
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MCPO03 at ~ 66 kDa, which appeared to be caused by the complex formed with GST-CSN-5 at
relatively higher Mw. Collectively, these results confirm the binding activity between MCP03 and
CSN-5.
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Figure 4. Binding interaction between MCP03 and CSN-5. (A) SDS-PAGE analysis of recombinant E.
coli cells expressing CSN-5 and in vitro Pull-Down assay of MCP03 and CSN-5 interaction. (B) Western
blot analysis of the Pull-Down fractions.

We further investigated in vivo co-localization of CSN-5 and MCPO03 in C. elegans to verify CSN-
5 bound to MCP03 as a receptor protein. Several previous studies have revealed that the proteins
CSN-5 and SKN-1 were localized in the cell nucleus of C. elegans [38,39]. Due to the current
unavailability of a CSN-5::GFP strain, we employed a C. elegans SKN-1::GFP strain (namely, LG333
(skn-1b::gfp)) as a substitute. After 72 h of feeding LG333 worms with Rho-labeled MCP03, the CLSM
observations showed clear in-situ overlapped green and red fluorescence that can be merged as
notable yellow coloration (Figure 5), indicating that co-localization between the Rho-labeled MCP03
and GFP-labeled SKN-1 (which refers to Rho-labeled MCP03 and CSN-5) within the C. elegans.

C. elegans LG333 (skn-1b::gfp) fed with Rho-labeled MCP03

Phase contrast Under GFP fluorescence Under Rho fluorescence Merged fluorescence

Figure 5. Co-localization analysis MCP03 and CSN-5 protein in C. elegans LG333 (skn-1b::gfp) strain.
The captured GFP and RFP images were merged using Image ] software. Yellow color refers to the
binding interaction between MCP03 and CSN-5.

3.5. Effects of Silencing csn-5 by RNAi on Brood Size, Growth Size, and Cuticle Integrity

RNAi experiments were performed to silence csn-5 of C. elegans N2 (the RNAi-treated C. elegans
N2 was named “N2-CSN-5-RNAi”), then compared the N2-CSN-5-RNAi with N2 in terms of growth,
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brood size, and cuticle morphology. The csn-5 gene of N2 was cloned to pL4440 to construct pMB834,
and a 1273-bp dsRNA specific for csn-5 RNAi was synthesized upon IPTG induction in E. coli MB834
cells harboring pMB834 (Figure S4B). The C. elegans N2-CSN-5-RNAi worms were yielded by feeding
this dsSRNA to N2. Figure 6 shows only a limited effect of csn-5 RNAi on the growth of N2 under
microscopic observations (Figure 6A) and measured average individual size (Figure 6B) of two
worms, indicating that CSN-5 did not significantly involve in regulating the growth of C. elegans.
However, the RNAi on csn-5 caused a significant inhibitory effect on the brood size of N2-CSN-5-
RNAi compared to N2, as the N2-CSN-5-RNAi worms laid approximately 65% decrease of eggs
compared with that of the wild-type N2 (p < 0.05) (Figure 6C), indicating that CSN-5 served as the
action receptor of MCP03 in suppressing the reproduction system of C. elegans. Moreover, the csn-5
RNAIi caused morphological changes in the surface cuticles of worms, as the crumples and depressed
dents of the cuticles were clearly visible in the N2-CSN-5 RNAi worms (Figure 6D, indicated by red
arrow), in consistent with the similar pathological pattern of MCP03 treatment (Figure 6D), further
identifying that CSN-5 is functional action acceptor of MCPO03.
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Figure 6. Effects of csn-5 RNAi on the worm size, brood size, and surface cuticle of C. elegans N2. (A)
Worm size assay of the wild-type and csn-5 RNAI treated C. elegans N2 worms. (B) Worm size
quantification of the wild-type and csn-5 RNAi-treated C. elegans. (C) Quantification of the average
spawning number of the wild-type and csn-5 RNAi-treated C. elegans. (D) SEM micrography of the
csn-5 RNAi-treated C. elegans worms fed with MCP03. The wild-type N2 worms fed with BSA and
MCPO03 were used as the negative and positive control, respectively. The red arrow indicates the
depressed dent of the worm surface.

3.6. RT-qPCR Analysis of Selected Genes of N2

RT-qPCR analysis of several selected genes relative to growth, brood size, and cuticle formation
in C. elegans was performed to investigate gene expression levels following MCP03 treatments. These
genes include col-117, which encodes a collagen belonging to the Col-3 family, and serves as a main
component of stratum corneum on the C. elegans surface [40]; kgb-1, a gene involved in regulating the
reproductive function of C. elegans [41]; unc-98, a gene involved in the assembly and maintenance of
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myofibrils [42,43]; and mpk-1, a gene involved in regulating the resveratrol-mediated longevity of C.
elegans through MPK-1 signaling pathways [44]. Figure 7 shows after feeding MCP03 for 24 h, the
expression levels of col-117, kgb-1 and unc-98 in C. elegans N2 were significantly downregulated, while
mpk-1 was significantly upregulated, and c¢sn-5 remained unchanged. Apparently, the
downregulation of col-117 expression is consistent with the observed depressed morphology of
stratum corneum on the worm surface after feeding MCP03 (Figure 6D); the down-expression of kgb-
1 affected the fertility of worms, as identified previously, as both KGB-1 and CSN-5 interacted with
GLH-1 and regulated the reproductive function of nematodes [43]; and the down-expression of unc-
98 affected the formation of C. elegans muscle tissue [45]. Collectively, these results suggest that
MCP03 bound to CSN-5 actuated multiple signal pathways to regulate significant genes relative to
the growth, reproduction, and worm morphology.

col-117
csn-3
kgb-1
mpk-1

unc-98
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the transcript level
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Figure 7. RT-qPCR of expression activities of several selected genes relative to fertility, growth, and
cuticle formation of C. elegans.

4. Discussion

This study aimed to investigate the action mechanism underlying the nematicidal activity of
MCP03, a methyl-accepting chemotaxis protein, in the P. syringae MBO03-C. elegans infection model.
We evaluated not only the direct nematicidal activity of MCP03 against C. elegans, but also the
detrimental effects on the growth, brood size, and external and internal morphology of C. elegans. We
identified CSN-5 as an MCP03-binding protein in C. elegans. Although the role of MCPs as key players
in chemotaxis and pathogenicity has been well-characterized in different bacteria [14], this study for
the first time provides new insights into the nematicidal activity and action mechanism of a bacterial
MCP against nematodes.

In P. syringae MBO3 genome, total of 46 MCP-encoding genes (chemoreceptor genes) were
annotated. Interestingly, the genome-wide prediction of nematicidal genes of P. syringae MB03
showed the nematicidal potential of MCP03 among these MCPs [23]. In consistent with this
prediction, the bioassays of heterologously expressed MCP03 exhibited a significantly lethal activity
again C. elegans, with an LCso of 124.47 (99.22~147.47) pg mL-!, and multiple detrimental effects on
the growth, reproduction, and morphology of C. elegans. Although the activity is relatively lower
than that of Cry5Dal, a well-known eminent bacterial nematicidal toxin of B. thuringiensis with an
LCso of 36.69 pg mL- against C. elegans [46], given the multifaceted nematode-toxic activities, MCP03
still holds promise as a potential nematode-pest control agent for pursuing in agricultural,
horticultural or forestry applications.

A subunit of COP9 signalosome, CSN-5, is primarily localized in the cytoplasm and nucleus as
its interacting partner. C. elegans contains seven CSN subunits; CSN 1, 2, 3, 4, and 7 possess PCI
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domains that promote protein-protein interactions and have nucleic acid binding properties [47]. In
contrast, CSN-5 and CSN-6 possess an MPN domain with a JAMM (Jab/MPN/Mov34) sequence and
exhibit metalloproteinase activity [48]. CSN-5 is also involved in ubiquitin-dependent protein
degradation, regulation of the cell cycle, and also regulate multiple signal transduction processes [49].
In the current study, CSN-5 was identified as the binding receptor of MCP03 through multiple in vitro
and in vivo experiments. The data shown in Figure 2 indicate that MCP03 targeted the intestinal
tissues of N2, and caused severe destructive impairment on the integrity of epithelial junctions and
other organs (such as the ovary). We currently presume that these pathological changes could be the
main lethal determinants of MCP03 treatment, as these changes definitely associated with other
stepwise pathological processes, such as the decrease of food intake, the collapse of substance and
energy metabolisms, the occurrence of septicemia, among others, which ultimately led to the death
of C. elegans. However, whether these pathological processes were related to the binding of MCP03
and CSN-5 remained unknown. Further studies are required to elucidate the role and action
mechanism of the MCP03-CSN-5 binding complex in the pathogenesis of MCP03 targeting the
intestinal tract of worms.

Several investigations have demonstrated that CSN-5 interacted with UNC-98 and UNC-96
involved in the assembly and maintenance of myofibers [42]. The outer surface of MCP03-treated N2
was severely shrunk (Figure 2C), the expression of col-117 and unc-98 was significantly
downregulated (Figure 7), and the CSN-5 RNAi-silenced worms retrieved surface cuticle integrity to
an extent (Figure 6D). These results suggest that MCP03 interacts with CSN-5, resulting in the
downregulation of the expression of collagen and certain muscle-related proteins, and causing the
severely depressed wrinkles of the worms' surface. Additionally, MCPO03 also suppressed the brood
size to a lesser extent (Figure 2A), and RNAi with csn-5 significantly reduced the spawning rate of
N2 (Figure 6C), confirming the critical role of CSN-5 in regulating the fertility activity of C. elegans,
which could be attributed to the downregulation of the kgb-1 expression, as CSN-5 and KGB-1 are
capable of regulating the expression of GLH-1 which is crucial for the fertility of C. elegans [41]. It is
noteworthy that the expression of csn-5 in N2 remained unchanged following MCP03 treatment. We
speculate that MCP03 was bound to CSN-5, and enabled inhibiting its activity to some extent without
significantly reducing the protein's expression. However, it is possible that MCP03 has other but
undetected receptors in C. elegans, owing to the coverage limitations of the cDNA library and
insufficient screening processes in the current study.

Based on the results obtained in this study, we propose the following outline for the
pathogenicity of MCPO03 against C. elegans. Following the entry of MCP03 into the intestinal tract of
C. elegans by feeding, MCP03 entered the intestinal epithelial cells, thereby triggering the
physiological and pathological changes of the epithelial cells, leading to a series of lesions such as
intestinal perforation, disruption of osmotic balance, and destruction of partial intestinal tissues,
ultimately causing the death of C. elegans worms. Meanwhile, MCP03 bound to its receptor protein
CSN-5 to form an MCP03-CSN-5 complex in some target cells, thereby activating multiple signaling
pathways, including downregulating the genes col-117, kgb-1 and unc-98, and upregulating other
genes including mpk-1, among others. The activity changes ultimately lead to adverse effects on the
fertility capability, growth, and cuticle integrity of C. elegans. Of these continuous signaling pathways,
some behind signaling molecules, such as DAF-16, MPK-1, and GLH-1, etc., which activating various
subsequent pathological lesions following the MCP03-CSN-5 binding are conducive for
pathogenesis. In fact, DAF-16 has been proved to be positively regulated when worms were infected
and the epidermis were damaged [50]; MPK-1 was able to promote resveratrol-mediated nematode
lifespan in a non-dependent manner through the SIR-2.1/DAF-16 (closely related to regulating
nematode lifespan and immunity) pathway by regulating the accumulation of SKN-1 in the nucleus
[44]. 1t is therefore of particular interest to further investigate the signaling pathways underlying the
interactions of these proteins that function as signaling molecules to actuate the pathogenesis of C.
elegans worms; such an investigation is now one of our primary goals.
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Figure 8. The proposed action mechanism underlying MCP03 pathogenicity against C. elegans.

5. Conclusions

The current study demonstrates the significant nematicidal activity of MCP03 against C. elegans,
and the detrimental effects on the intestinal tissues, fertility capability, growth, and surface cuticle
morphology. Through Y2H assays, a subunit of the CSN signaling complex, CSN-5, was identified as
an action receptor of MCP03. The binding interaction between MCP03 and CSN-5 was confirmed
through in vitro pull-down and in vivo co-localization assays on different tagged worms. Following
the RNAIi on csn-5 of C. elegans, several genes relative to fertility, growth, and cuticle formation were
found to be downregulated in MCP03-treated worms. Due to its relatively high nematicidal virulence
and multiple detrimental activities, MCP03 holds the potential to be pursued for development of a
bionematicide.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org, Figure S1: Schematic illustration of yeast two-hybrid system used for
identification of MCP03-binding receptor protein; Figure S2: The construction and verification of recombinant
plasmid pMB832 expressing the mcp03 gene; Figure S3: The construction and verification of recombinant
plasmid pMB833 expressing the csn-5 gene; Figure S4: The construction of pMB834 and verification of the
expression of dsSRNA in yeast MB834; Figure S5: Structural illustration of conserved domains and the predicted
three-dimensional configuration of the CSN-5 protein; Table S1: Bacterial, yeast and nematode strains, plasmids
and oligonucleotide primers used in this study.
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