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h i g h l i g h t s

� A t-SNARE domain-containing
effector HsSNARE1 was identified
from beet cyst nematode (BCN).

� Protein structure modeling analysis
found that three mutations (E141D,
A143T and �148S) altered regional
structure of HsSNARE1 from random
coils to a-helixes.

� Expression of HsSNARE1 significantly
enhanced while expression of its
highly homologous soybean cyst
nematode (SCN) HgSNARE1 and its
mutant HsSNARE1-M1, both of which
carry those above-mentioned three
mutations, remarkably suppressed
BCN susceptibility of Arabidopsis.

� HsSNARE1 promotes cyst nematode
disease by interaction with both
AtSNAP2 and AtPR1 via its t-SNARE
domain and N-terminal
uncharacterized fragment,
respectively, and significant
suppression of both AtSHMT4 and
AtPR1.

� This work pinpoints a new molecular
mode of action of the t-SNARE-
domain containing cyst nematode
effectors.
g r a p h i c a l a b s t r a c t
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Introduction: Plant parasitic cyst nematodes secrete a number of effectors into hosts to initiate formation
of syncytia and infection causing huge yield losses.
Objectives: The identified cyst nematode effectors are still limited, and the cyst nematode effectors-
involved interaction mechanisms between cyst nematodes and plants remain largely unknown.
Methods: The t-SNARE domain-containing effector in beet cyst nematode (BCN) was identified by In situ
hybridization and immunohistochemistry analyses. The mutant of effector gene was designed by protein
structure modeling analysis. The functions of effector gene and its mutant were analyzed by genetic
transformation in Arabidopsis and infection by BCN. The protein–protein interaction was analyzed by
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AtSNAP2
AtPR1
Interaction
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yeast two hybrid, BiFC and pulldown assays. Gene expression was assayed by quantitative real-time PCR.
Results: A t-SNARE domain-containing BCN HsSNARE1 was identified as an effector, and its mutant
HsSNARE1-M1 carrying three mutations (E141D, A143T and �148S) that altered regional structure from
random coils to a-helixes was designed and constructed. Transgenic analyses indicated that expression of
HsSNARE1 significantly enhanced while expression of HsSNARE1-M1 and highly homologous HgSNARE1
remarkably suppressed BCN susceptibility of Arabidopsis. HsSNARE1 interacted with AtSNAP2 and
AtPR1 via its t-SNARE domain and N-terminal, respectively, while HsSNARE1-M1/HgSNARE1 could not
interact with AtPR1 but bound AtSNAP2. AtSNAP2, AtSHMT4 and AtPR1 interacted pairwise, but neither
HsSNARE1 nor HsSNARE1-M1/HgSNARE1 could interact with AtSHMT4. Expression of HsSNARE1 signifi-
cantly suppressed while expression of HsSNARE1-M1/HgSNARE1 considerably induced both AtSHMT4 and
AtPR1 in transgenic Arabidopsis infected with BCN. Overexpression of AtPR1 significantly suppressed BCN
susceptibility of Arabidopsis.
Conclusions: This work identified a t-SNARE-domain containing cyst nematode effector HsSNARE1 and
deciphered a molecular mode of action of the t-SNARE-domain containing cyst nematode effectors that
HsSNARE1 promotes cyst nematode disease by interaction with both AtSNAP2 and AtPR1 and significant
suppression of both AtSHMT4 and AtPR1, which is mediated by three structure change-causing amino acid
residues.
� 2023 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Plant parasitic cyst nematodes (Heterodera and Globodera) are
sedentary endoparasites of plant roots and the primary nematode
pathogens of most crop species worldwide. Cyst nematodes secrete
many effectors into their hosts for initiating the formation of feed-
ing sites (syncytia) and for completing their whole life cycle in the
plant roots. The cyst nematode effectors are mainly secreted into
plant cells by esophageal gland via stylet, while one part of effec-
tors are secreted into plant cells by cuticle or amphid [1–4]. A
number of cyst nematode effectors have been identified, and they
play various vital roles in the parasitism. Some nematode effectors
such as HsCBP, a cellulose binding protein [5], 19C07 [6] and B-
type CLE peptides [7] can function in loosening and/or degrading
and modifying cell wall, and in inducing the formation and devel-
opment of feeding sites, while some other nematode effectors such
as Hg10A06 [8], 30C02 [9] and GLAND18 [10] can suppress the
defense reactions of plants and/or regulate the gene expression
of host plants, and the nuclear effector GLAND4 functioned to have
the DNA-binding ability [11]. Cyst nematodes could even synthe-
size and secrete hormone cytokinins into plants to mediate the cell
divisions and feeding site formation [12]. Meanwhile, progress has
been achieved in the detailed molecular modes of action of cyst
nematode effectors in the hosts. The effector 10A07 interacted
with IPK (interacting plant kinase) and IAA6 transcription factor,
IPK phosphorylated 10A07 to mediate its translocation from cyto-
plasm to nucleus and promote the parasitism [13]. The nematode
effector 25A01 could interact with various plant proteins such as
an Arabidopsis F-box-containing protein, a chalcone synthase and
the translation initial factor eIF-2bs to promote the susceptibility
to nematodes [14]. The effector 30D08 interacted with SMU2, an
auxiliary spliceosomal protein, to likely alter the pre-mRNA splic-
ing and regulate the gene expression [15]. The effector 4E02 targets
the vacuolar cysteine protease RD21A in Arabidopsis and mediates
its transport from vacuoles to the nucleus and cytoplasm, thus
interfering with carbohydrate metabolism and inhibiting the
defense response of host plants [16]. Two SCN effectors, 2A05
(Hg-VAP2) and 7E05 can interact with soybean Bcl-2 associated
anthanogene 6 (GmBAG6-1) to inhibit cell death induced by
GmBAG6-1 [17].

SNARE (soluble NSF attachment protein receptor) proteins are a
superfamily characterized by the presence of specific SNARE
domains [18]. SNARE proteins are classified into Qa-, Qb-, Qc-,
SNAP25-like, and R-SNAREs, based on the conserved amino acids
of SNARE motifs with coiled-coil helices [19,20]. The SNARE
28
proteins can mediate the fusion between vesicular and target
membranes. Many studies have shown that the plant SNARE
domain-containing proteins play a vital role in the defense of
plants against parasitic nematodes. The R-SNARE VAMP727 and
Qa-SNARE SYP22 regulated Arabidopsis defense against root-knot
nematodes (RKNs) by interacting with the plasma membrane
(PM)-bound receptor BRASSINOSTEROID INSENSITIVE1 (BRI1) to
control BRI1 intracellular trafficking [21,22]. In soybean, the
resistant-type rhg1 a-SNAP (soluble NSF attachment protein,
GmSNAP18) would be abnormally accumulated in the feeding sites
of soybean cyst nematode (SCN, Heterodera glycines) and show
cytotoxicity to interrupt the SNARE complexes and vesicular traf-
ficking when SCN infects soybean, such might result in resistance
to SCN [23]. However, the soybean NSFRAN07 (N-ethylmaleimide-
sensitive fusion protein, Glyma.07 g195900) could strongly bind
and balance the cytotoxicity of rhg1 a-SNAP by destroying SNARE
complex circulation to ensure the normal growth of plants [24].
Recently, two t-SNARE domain-containing soybean syntaxins
(Glyma.12 g194800 and Glyma.16 g154200) were identified to
strongly bind rhg1-b a-SNAP (rhg1-b GmSNAP18) and mediate
resistance of rhg1-b to SCN [25]. An a-SNAP-interacting protein
GmSYP31A (Glyma.02 g255700), a Qa-SNARE protein in soybean,
was characterized to be involved in regulation of VDAC-mediated
mitochondrial membrane potential, and to induce SCN resistance
of soybean by activating cell death at the feeding sites [26].

However, the functions and mechanisms of SNARE domain-
containing proteins of cyst nematodes in the parasitism were sel-
dom reported. A t-SNARE domain-containing gene HgSLP-1 was
identified in SCN by allelic imbalance analysis, and HgSLP-1 could
physically interact with soybean rhg1-a GmSNAP18 (rhg1-a a-
SNAP), which underlies SCN resistance in Peking-type soybeans
[27], but it was not yet functionally characterized. The main objec-
tives of this study were to identify the t-SNARE domain-containing
proteins from cyst nematodes (SCN and beet cyst nematode (BCN)
Heterodera schachtii) that can act as the effectors, and to function-
ally characterize the molecular modes of their actions using the
Arabidopsis-BCN compatible interaction system. In this study, a
SNARE domain-containing effector HsSNARE1 was identified in
BCN, with comparison to the actions of its mutant HsSNARE1-M1
and its highly homologous HgSNARE1 identified in SCN, a novel
molecular mechanism of effectors promoting nematode disease
was deciphered by HsSNARE1 directly interacting with both an
a-SNAP (AtSNAP2) and a pathogenesis-related protein AtPR1 and
significantly suppressing the expression of AtSHMT4 and AtPR1 in
Arabidopsis.

http://creativecommons.org/licenses/by-nc-nd/4.0/
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Materials and methods

Cyst nematodes and plant materials

SCN HG Type 1.2.3.5.7 (race 4) was used in this study and prop-
agated on soybean cultivar ‘Zhonghuang 130 that is susceptible to
SCN [28]. BCN was propagated on beets (Beta vulgaris L.). Arabidop-
sis Col-0 was used as the wild-type Arabidopsis that can be
infected by BCN.

In-situ hybridization

In-situ hybridization was carried out using pre-parasitic J2s
(pre-J2s), the specific primers of HsSNARE1were used to synthesize
digoxigenin (DIG)-labelled sense and antisense cDNA probes
(Roche, Germany), the fixation, hybridization, color rendering all
were performed as described [29,30]. Observation was performed
and pictures were captured under an Olympus BX53 upright
microscope (Olympus, Tokyo, Japan).

Gene expression analysis

Regarding the expression of HsSNARE1 in nematodes, the pre-
parasitic J2s (pre-J2s) of BCN were hatched at 28 ℃ in the dark.
The parasitic BCN juveniles and adults at different stages were iso-
lated with the method described by Elling et al. [31]. As for the
expression of AtSNAP2, AtSHMT4, AtPR1 and AtNPR1 in Arabidopsis,
each Arabidopsis seedling was inoculated with 300 BCN J2s. Roots
were collected at 0 h, 24 h, 36 h, and 5 d post inoculation (hpi/dpi),
respectively. The mRNA was extracted using approximately 1,000
nematodes at different stages, or from the collected Arabidopsis
roots at different time-frame points employing the Dynabeads
mRNA DIRECT kit (Invitrogen, Vilnius, Lithuania), and the cDNA
was synthesized using the PrimeScriptTM RT reagent kit with gDNA
Eraser kit (Takara, Kusatsu, Japan). Quantitative real-time PCR
(qRT-PCR) reaction solutions were prepared using the TB GreenTM

Premix Ex TaqTM (Tli RNaseH Plus) kit (Takara, Kusatsu, Japan), and
qRT-PCR was conducted on a 7500 Fast Real-Time PCR system
(Applied Biosystems, USA). HsActin and AtActin were used as the
reference genes for the expression of nematode and Arabidopsis
genes, respectively. The corresponding primers were listed in
Table S1. The relative expression was calculated relative to the
expression level in the nematode eggs or in the wild-type Col-0
at 0 hpi by the 2-DDCt method [32]. Three replicates were set each
time for these experiments, and the experiments were replicated
thrice. The significant difference of HsSNARE1 expression in nema-
todes was statistically analyzed by Duncan’s multiple range test
(P < 0.05), and the significant difference of gene expression in the
transgenic Arabidopsis relative to in the wild-type Col-0 at the
same time-frame point was statistically analyzed by one-way
ANOVA method, using SPSS version 25 software (IBM, Armonk,
NY, USA).

Nematode immunolocalization analysis

Anti-HsSNARE1 antibody was generated using 1-210th amino
acid residues of HsSNARE1 at ABclonal (Wuhan, China). Western
blotting was conducted to test the specificity. Immunolocalization
assay was done using BCN pre-parasitic J2s by the method of Zhao
et al. [33]. The final anti-HsSNARE1 antibody concentration was
quantified to 10 lg/mL, and then FITC-labeled Goat Anti-Rabbit
IgG (H + L) (1:300) (Beyotime Institute of Biotechnology, Haimen,
Jiangsu, China) was used for immunofluorescence staining. In the
end, the fluorescence was observed using a Zeiss LSM 980 laser
confocal microscope (Zeiss, Jena, Germany).
29
Plant immunohistochemistry analysis

Two-week-old beet seedlings were inoculated with pre-
parasitic BCN J2s. At 7 dpi, the root sections containing BCN feeding
sites were collected, and then dissected into small pieces. The pro-
cess of tissue fixation, dehydration, osmosis and rehydration were
conducted as describe by Zhao et al. [33]. In a brief, the tissues
were placed in 8 % paraformaldehyde, vacuumed and fixed at 4
℃ for one week. After dehydration with gradient ethanol (15 %,
30 %, 50 %, 70 %, 85 %, and 100 %) on ice, the tissues were immersed
in 100 % butylmethylmethacrylate for at least 1 week. The samples
were placed in an embedded box containing 100 % methacrylate +
0.5 % benzoin ethyl ether + 1 mM dithiothreitol and polymerized
under UV for at least 4 h. The sections were incubated in acetone
for 1 h to remove butylmethylmethacrylate. Sections were incu-
bated with anti-HsSNARE1 antibody (5 lg/mL) at 4 ℃ overnight
in a damp box. Finally, slides were incubated with FITC-labeled
Goat anti-Rabbit IgG (H + L) (1:300) (Beyotime Institute of Biotech-
nology, Haimen, Jiangsu, China). Observation was performed under
a Zeiss LSM 980 laser confocal microscope (Zeiss, Jena, Germany).

Subcellular localization analysis

HsSNARE1was amplified using the corresponding primers listed
in Table S1 and cloned into pYBA1132 fused with a GFP at the C-
terminus. By the method of Luo et al. [34], the plasmid including
the empty vector pYBA1132 was transformed into Agrobacterium
tumefaciens EHA105 competent cells to prepare Agrobacterium sus-
pensions, and the suspensions were then injected into Nicotiana
benthamiana leaves using a 1 ml syringe. At 36–48 hours post
injection, the fluorescence is observed under a Zeiss LSM 980 laser
confocal microscope (Zeiss, Jena, Germany). The GFP fluorescence
signals were excited at 488 nm, and collected at 505–550 nm.

Arabidopsis transformation

HsSNARE1, HgSNARE1, and HsSNARE1-M1 were cloned into
pH7WG2D with a CaMV35S promoter by the Gateway method
using Gateway BP ClonaseTM II Enzyme Mix kit (Invitrogen, Carls-
bad, USA). AtPR1 was cloned into pDT7 with a Bar tag to construct
pDT7:AtPR1.The constructs were transformed into Agrobacterium
tumefaciens GV3101. The Arabidopsis transformation was per-
formed by the flower bud soaking method [35]. The transformed
seedlings were drained a little, and grew for 24 h in the dark and
then under the normal growth conditions. The harvested seeds
were screened on the 1/2 MS medium with hygromycin or basta
to obtain positive seedlings. The positive seedlings were further
identified by RT-PCR using the corresponding primers listed in
Table S1, and the seeds were harvested from the positive plants.
Following progeny test, the homozygous T2 generation plants were
used for the phenotyping and gene expression measurement.

Phenotyping Arabidopsis infected with BCN

Eight identified homozygous transgenic Arabidopsis lines
expressed with HsSNARE1 (HsSNARE1-1 and HsSNARE1-2),
HgSNARE1 (HgSNARE1-1 and HgSNARE1-2), HsSNARE1-M1
(HsSNARE1-M1-1 and HsSNARE1-M1-2), or AtPR1 (AtPR1-OE-1
and AtPR1-OE-2), respectively (Figure S7) were phenotyped with
the infection of BCN by the method [5] with some modifications.
Briefly, the wild-type and transgenic Arabidopsis seeds first germi-
nated on the 1/2 MS medium following seed sterilization, about
one week after germination, the seedlings were transplanted into
the plastic cups filled with sand and soil (7:3, w/w) and grew for
3–4 weeks at 24 ℃ under 16 h/8h light/dark. Then, each seedling
was inoculated with 300 hatched J2s. The samples including the
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seedlings and soils were collected at different dpi to observe and
the BCN at each developmental stage (J2, J3, J4, female and cyst)
was counted under an Olympus SE61 stereomicroscope (Japan).
The experiments were carried out independently thrice with at
least 6 replicates each line each time. The significant difference
was statistically analyzed by one-way ANOVA using SPSS version
25 software (IBM, Armonk, NY, USA).

Modeling of SNARE domain-containing cyst nematode proteins

The Phyre 2 (https://www.sbg.bio.ic.ac.uk/phyre2/html/page.

cgi?id = index) was employed to perform the modeling and analyze
the structure of cyst nematode t-SNARE domain-containing pro-
teins HsSNARE1 and HgSNARE1.

Yeast two hybrid assay

The cDNAs of HgSNARE1 and HsSNARE1 were amplified using
SCN HG Type 1.2.3.5.7 (race 4) and BCN cDNA, respectively, using
the primers listed in Table S1 and then cloned into pGADT7 using
the ClonExpress II One Step Cloning kit (Vazyme, Nanjing, China).
In the same way, HsSNARE11-729/730-933/934-1032 fragments were
cloned into pGADT7. AtSNAP2 (AT3G51690) was cloned into
pGBKT7 to obtain pGBKT7:AtSNAP2, which was then transformed
into Saccharomyces cerevisiae strain Y2H Gold using the Match-
maker Gold Yeast Two-Hybrid System (Takara, Mountain View,
USA) and used as the bait. Their interactions were performed by
yeast two hybrid assay following the instruction of Matchmaker
Gold Yeast Two-hybrid User Manual (https://www.clontech.com).

BiFC assay

The AtSNAP2, AtSHMT4 and AtPR1 were cloned into pSPYNE(R)
173 to generate pSPYNE(R)173:AtSNAP2, pSPYNE(R)173:AtSHMT4,
and pSPYNE(R)173:AtPR1. HgSNARE1, HsSNARE1, HsSNARE11-729,
HsSNARE1730-933, HsSNAR1-M1, AtSHMT4 and AtPR1 were cloned
into pSPYCE(M) to generate pSPYCE(M):HgSNARE1, pSPYCE(M):
HsSNARE1, pSPYCE(M):HsSNARE11-729, pSPYCE(M):HsSNARE1730-933,
pSPYCE(M):AtSHMT4, pSPYCE(M):AtPR-1, and pSPYCE(M):
HsSNARE1-M1, respectively. The primers were listed in Table S1.
As described by Luo et al. [34], the constructs were transformed
into Agrobacterium tumefaciens EHA105 to prepare Agrobacterium
suspensions, which were then injected into Nicotiana benthamiana
leaves using a 1 ml syringe. About 2–3 days after injection, the flu-
orescence was observed under a Zeiss LSM 880 laser confocal
microscope (Zeiss, Jena, Germany). OsHAK5 (Os1g0930400) and
Hg15982 (Hetgly.T000015982.1, a C2H2-type zinc finger protein
of SCN Heterodera glycines) were used as the negative controls.

Pulldown assay

The bait proteins and target proteins were respectively cloned
into pGEX-4T-1 and pET-32a to express GST- and His-fusion pro-
teins in E. coli strain BL21 Gold (DE3). The fusion proteins were
expressed and purified by the method [36]. The proteins were
induced by adding 0.5 mM isopropylthio-b-Dgalactopyranoside
(IPTG, Sigma) at 16 ℃ for 16 h, and the GST- fusion proteins were
purified using a glutathione (GST) agarose affinity chromatography
column (Glutathione Sepharose 4B, GE Healthcare, Sweden), while
His-fusion proteins were purified using a histidine-labeled affinity
chromatography column (Ni Sepharose HP, GE Healthcare, Swe-
den). GST-mediated pulldown assay was performed as described
by the method [36]. The GST- fusion proteins were separately
mixed with His-fusion proteins by 3:1 and then incubated with
the prewashed glutathione (GST) beads at 4 ℃ overnight. The
30
pGEX-4T-1 expressed with His-fusion proteins were used as the
negative control. The bound proteins were eluted and mixed with
SDS loading buffer, boiled, and then analyzed using SDS-PAGE and
immunoblotting with a GST-Tag Mouse mAb (ABclonal, Wuhan,
China) and a His-Tag Mouse mAb (ABclonal, Wuhan, China).
Results

Identification of a t-SNARE domain-containing BCN effector HsSNARE1

The genome of SCN ‘TN100 has been sequenced as the reference
genome of SCN [37] and its genome and transcriptome databases
are available (https://www.scnbase.org). A t-SNARE domain-
containing gene HgSLP-1 (GenBank Acc. No.: KM575849) has been
isolated from SCN [27]. In this study, according to the reference
transcriptome of SCN ‘TN100 (Heterodera Glycines V1 CDS),
another t-SNARE domain-containing gene was isolated from SCN
HG Type 1.2.3.5.7 (race 4) [28]. This isolated gene showed three
SNPs (single nucleotide polymorphisms) different from Hetgly.
T000011771.1 in the cDNA sequence with only one amino acid
alteration in the predicted protein sequence. This gene is 1035
bps in length containing an uncharacterized fragment (1–732
bps) in the N-terminal, one t-SNARE domain (733–936 bps) and
one transmembrane (TM) domain (970–1023 bps) in the C-
terminal (Figure S1). The predicted protein sequence encoded by
this gene is significantly different from that of HgSLP-1 (Figure S2).
We named this gene as HgSNARE1 hereafter. Afterwards, while
using the same set of primers to conduct PCR-amplification
employing the cDNA of BCN, we obtained a homologous gene with
similar gene structure, which encodes a protein with 96.8 % of sim-
ilarity to HgSNARE1 (Figure S3). We hereafter named this gene as
HsSNARE1.

Subsequently, HsSNARE1 was selected for characterization. The
in-situ hybridization analysis indicated that the transcripts of
HsSNARE1 was specifically accumulated in the subventral gland
in BCN (Fig. 1A, S4). The immunolocalization analysis verified that
HsSNARE1 was localized in the subventral gland of nematodes
(Fig. 1B, S5). The qRT-PCR analysis showed that HsSNARE1 was
mainly expressed at the J3 (J3) stage, and then at the parasitic J2
(Par-J2) stage (Fig. 1C). Subsequently, the localization of HsSNARE1
in plants was analyzed after BCN infection. The immunolocaliza-
tion results indicated that HsSNARE1 was secreted into cells of
roots of beet seedlings (Fig. 1D, S6). All these results indicate that
HsSNARE1 acted as an effector. Furthermore, the transient analysis
showed that HsSNARE1 was localized on the plasma membrane
and in the nucleus of cells of Nicotiana benthamiana leaves (Fig. 1E).
Opposite functions of HsSNARE1 and HgSNARE1 in susceptibility of
transgenic Arabidopsis to BCN

Three SNARE domain-containing soybean syntaxins mediate
the SCN resistance [25,26]. To understand the impact of the t-
SNARE domain-containing cyst nematode genes on the responses
of plants to nematodes, the transgenic lines expressed with either
HsSNARE1 or HgSNARE1 were generated using wild-type Arabidop-
sis Col-0 (Figure S7A, B), and the homozygous T2 transgenic Ara-
bidopsis seedlings were inoculated with BCN.

As for the HsSNARE1-expressed Arabidopsis, at 35 days post
inoculation (dpi), the cysts per plant were significantly increased
in both identified homozygous transgenic lines (HsSNARE1-1 and
HsSNARE1-2), compared to wild-type Col-0 (P < 0.01 in
HsSNARE1-1 and P < 0.0001 in HsSNARE1-2, Fig. 2A). The obtained
results indicate that expression of HsSNARE1 enhanced the suscep-
tibility of Arabidopsis to BCN.

https://www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id
https://www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id
https://www.clontech.com
https://www.scnbase.org


Fig. 1. Localization and temporal expression pattern of HsSNARE1. (A) In-situ hybridization with the HsSNARE1 sense probe (left) and digoxigenin-labelled anti-sense probe
(right) to pre-parasitic second-stage BCN juveniles (J2s) Bar=50lm. (B) Immunolocalization of HsSNARE1 in pre-parasitic BCN J2s using anti-HsSNARE1 antibody Bar=20lm.
(C) Temporal expression pattern of HsSNARE1 in BCN. The relative expression was quantified for each nematode stage relative to the egg stage. Pre, pre-parasitic; Par,
parasitic; J, juvenile. Different letters represent statistically significant difference by Duncan’s multiple range test (P < 0.05). (D) Immunolocalization of HsSNARE1 in beet
seedling roots using anti-HsSNARE1 antibody. S, syncytium; N, nematode Bar=10lm. (E) Subcellular localization of HsSNARE1 in Nicotiana benthamiana cells by transient
expression Bar=20lm. The GFP fluorescence signals were excited at 488 nm, and collected at 505–550 nm.
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Regarding the HgSNARE1-expressed transgenic Arabidopsis, at
35 dpi, the amount of females in the roots of each plant of the
two transgenic lines were extremely less than that in wild-type
Col-0 (P < 0.001), and the cysts in the roots and rhizosphere soils
per plant of the two transgenic lines were also significantly
decreased when compared to wild-type Col-0 (Fig. 2B). These
results clearly indicate that expression of HgSNARE1 enhanced
the resistance of Arabidopsis to BCN, contrast to the function of
HsSNARE1 (Fig. 2A).

Subsequently, to further understand the reverse functions
between HsSNARE1 and HgSNARE1 (Fig. 2A, B), their structures
were modeled. In the whole protein sequences, the residues 64–
305 in both HsSNARE1 and HgSNARE1 were modeled, covering
from almost of the uncharacterized fragment in the N-terminal
to the whole t-SNARE domain, but excluding the TM domain. Obvi-
ously, two regions display differences between them from the
modeled structures as arrows directed in Fig. 2C, the details are
shown in Fig. 2D. The first different region (red arrows directed)
is located at the residues 141 to 149, and the 2nd different region
(blue arrows directed) is located at the residues 198–225 (Fig. 2D).
Within these two different regions, the structure of the second dif-
ferent region does not show obvious difference, whereas the struc-
ture of the first different region exhibits complete difference: a
random coils structure is exhibited in HsSNARE1, while it is chan-
31
ged into an a-helixes structure in HgSNARE1, with three amino
acid residues polymorphisms: E141D, A143T and -148S (Fig. 2D).

We hypothesized that the structure alterations between ran-
dom coils and a-helixes might play an important role in mediating
the shifts of functions of HsSNAER1 and HgSANRE1. Hence, we con-
structed a mutant of HsSNARE1, HsSNARE1-M1, using the cDNA
sequences of HgSNARE1 flanking the region encoding those three
polymorphic amino acid residues (E141D, A143T and -148S) in
the a-helixes to replace the corresponding sequences in the ran-
dom coils of HsSNARE1 (Fig. 2E). Then, the HsSNARE1-M1 was
induced into Arabidopsis Col-0 to generate the transgenic lines
(Figure S7C). At 20 dpi of BCN, the females in two homozygous
HsSNARE1-M1-expressed transgenic lines (HsSNARE1-M1-1 and
HsSNARE1-M1-2) were exceptionally decreased when compared
to wild-type Col-0 (P < 0.0001, Fig. 2F). At 35 dpi, compared to
wild-type Col-0, both females and cysts in both transgenic lines
were also significantly reduced (P < 0.01 at least, Fig. 2G). Thus,
similar to HgSNARE1-expressed Arabidopsis plants (Fig. 2B), the
resistance of HsSNARE1-M1-expressed Arabidopsis plants to BCN
was significantly boosted. It could therefore be concluded that
the mutations of the three polymorphic amino acid residues
(E141D, A143T and -148S) caused the regional structure alteration
and consequently, loss-of-function of HsSNARE1 was occurred in
Arabidopsis while infected with BCN.



HsSNARE1 HgSNARE1

C

HsSNARE1

HgSNARE1

HsSNARE1

HgSNARE1

D

A B

F G

121               141 143 148                168
HsSNARE1 TEELTAMFGHSKRLIKLIEEEDADKLA-SSSSFSKLRHNVVASLLLVL

HsSNARE1-M1 TEELTAMFGHSKRLIKLIEEDDTDKLASSSSSFSKLRHNVVASLLLVL
HgSNARE1 TEELTAMFGHSKRLIKLIEEDDTDKLASSSSSFSKLRHNVVASLLLVL  

E

0

2

4

6

8

10

12

Female Cyst

Nu
m

be
rs

 p
er

 p
la

nt

Col-0
HgSNARE1-1
HgSNARE1-2

*** ***

** *

0

2

4

6

8

10

12

14

16

Female Cyst

tnalprepsreb
muN

Col-0
HsSNARE1-1
HsSNARE1-2

**

****

0
2
4
6
8

10
12
14
16
18

Female Cyst

Nu
m

be
rs

  p
er

 p
la

nt

Col-0
HsSNARE1-M1-1
HsSNARE1-M1-2

**

**** ** **

0

2

4

6

8

10

12

14

J2 J3 J4 Female

sreb
muN

tnalprep

Col-0
HsSNARE1-M1-1
HsSNARE1-M1-2

*

****
****
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Fig. 3. Interactions of HsSNARE1, HsSNARE1-M1, HgSNARE1 and the t-SNARE domain with AtSNAP2. (A) Interactions of HsSNARE1 and HgSNARE1 with AtSNAP2 by yeast
two hybrid assay. (B)-(D) Interactions of HsSNARE1, HsSNARE1-M1 and HgSNARE1 with AtSNAP2 by pulldown assay. GST and His are the tags. PD, pulldown; WB, western
blotting. (E) Interactions of HsSNARE1, HsSNARE1-M1, HgSNARE1 and the t-SNARE domain (HsSNARE1730-933) with AtSNAP2 by BiFC assay. AtSNAP2 + Hg15982 (Hetgly.
T000015982.1), HsSNARE1 + OsHAK5 (Os01g0930400), HsSNARE1-M1 + OsHAK5, HgSNARE1 + OsHAK5, and HsSNARE1730-933 + OsHAK5 were used as the negative controls.
(F) Interactions of each part of HsSNARE1 with AtSNAP2 by yeast two hybrid assay. HsSNARE11-729, HsSNARE1730-933 and HsSNARE1934-1032 represent uncharacterized
fragment, t-SNARE domain and transmembrane domain region, respectively.
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Interactions of HsSNARE1 and HgSNARE1 with AtSNAP2

A t-SNARE SCN protein HgSLP-1 could interact with soybean
rhg1-a GmSNAP18 (Glyma.18 g022500, Peking-type rhg1
GmSNAP18, [38]) [27]. Three SNARE soybean syntaxins all could
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terminal of HsSNARE1.
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bind rhg1-b a-SNAP (PI 88788-type rhg1 GmSNAP18, [39])
[25,26]. By yeast two hybrid, we tested for the interactions of
HgSNARE1 and HsSNARE1 with AtSNAP2 (At3g51690), which is
highest similar to rhg1-a GmSNAP18 (GenBank Acc. No.
KX147332) in Arabidopsis (75.1 %) [40]. The results show that both
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AtPR1. (A)-(D) Interactions of HsSNARE1 and HsSNARE11-729, HsSNARE1-M1 and
western blotting. (E) Interactions of HsSNARE1, HsSNARE11-729, HsSNARE1-M1 and
the negative control. HsSNARE11-729 represents uncharacterized fragment in the N-
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exhibited interactions with AtSNAP2 (Fig. 3A). Both pulldown
(Fig. 3B-D) and bimolecular fluorescence complementation (BiFC,
Fig. 3E) assays showed the interactions of HsSNARE1, HsSNARE1-
M1 and HgSNARE1 with AtSNAP2.

To analyze which domain (fragment) is responsible for the
interactions of HsNSARE1, HsSNARE1-M1 and HgSNARE1 with AtS-
NAP2, on the basis of the gene (cDNA) structures of HsSNARE1 and
HgSNARE1 (Figure S3), different plasmids containing various frag-
ments of HsSNARE1 were constructed. The yeast two hybrid results
indicated that only the t-SNARE domain (HsSNARE1730-933), which
is identical among HsSNARE1, HsSNARE1-M1 and HgSNARE1 (Fig-
ures S3, 2E), could interact with AtSNAP2 (Fig. 3E, F), indicating
that the t-SNARE domain is responsible for the interactions of
HsSNARE1, HsSNARE1-M1 and HgSNARE1 with AtSNAP2.
Pairwise interactions among AtSNAP2, AtSHMT4 and AtPR1

In soybean, rhg1-a GmSNAP18, Rhg4 GmSHMT08
(Glyma.08 g108900, [41]) and GmPR08-Bet VI
(Glyma.08 g230500) pairwise interacted for the resistance of
Peking-type soybean to SCN [42]. We blasted and gained the
orthologous Arabidopsis gene of Rhg4 GmSHMT08 (GenBank Acc.
No. JQ714080), AtSHMT4 (At4g13930), with the highest similarity
(88.7 %) [40]. Subsequently, AtSNAP2, AtSHMT4 and the Arabidop-
sis pathogenesis-related protein AtPR1 (At2g14610) were tested
for the interactions. The results of both pulldown and BiFC assays
showed that the interactions occurred between AtSNAP2 and
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AtSHMT4, between AtSNAP2 and AtPR1, and between AtSHMT4
and AtPR1 (Fig. 4), indicating the pairwise interactions among AtS-
NAP2, AtSHMT4 and AtPR1. However, the homolog of AtPR1, AtPR5
(At1g75040) could interact neither AtSNAP2 nor AtSHMT4
(Figure S8).
No interactions of HsSNARE1 and HgSNARE1 with AtSHMT4

Subsequently, the interaction relationships of HsSNARE1,
HsSNARE1-M1 and HgSNARE1 with AtSHMT4 were tested. The
pulldown assay results showed that none of HsSNARE1,
HsSNARE1-M1, and HgSNARE1 could interact with AtSHMT4 (Fig-
ure S9A-C). The BiFC assay further validated no interactions of
HsSNARE1, HsSNARE1-M1 and HgSNARE1 with AtSHMT4
(Figure S9D).
Interaction of HsSNARE1 rather than HgSNARE1 with AtPR1

The pulldown assay results showed that HsSNARE1 and
HsSNARE11-729 (N-terminal uncharacterized fragment) could inter-
act with AtPR1, while neither HsSNARE1-M1 nor HgSNARE1 could
interact with AtPR1 (Fig. 5A-D). These interactions were confirmed
by BiFC assay (Fig. 5E). Together with the interactions of
HsSNARE1, HsSNARE1-M1 and HgSANRE1 with AtSNAP2 (Fig. 3),
we can conclude that HsSNARE1, HsSNARE1-M1 and HgSNARE1
all could interact with AtSNAP2 through the t-SNARE domain,
but HsSNARE1 rather than HsSNARE1-M1 or HgSNARE1 could still
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interact with AtPR1 through the N-terminal uncharacterized frag-
ment. Because only 3 amino acid residues polymorphisms
(E141D, A143T and -148S) in the uncharacterized fragment in
the N-terminal exist between HsSNARE1 and its mutant
HsSNARE1-M1 (Fig. 2E), the N-terminal uncharacterized fragment
of HsSNARE1 was responsible and the E141 and A143 amino acid
residues and deletion of the 148th amino acid residue were essen-
tial, for the interaction between HsSNARE1 and AtPR1. Therefore,
the SNARE domain interacts with AtSNAP2 (Fig. 3E, F), while the
N-terminal uncharacterized fragment interacts with AtPR1, in
HsSNARE1.
Opposite expression patterns of AtSHMT4 and AtPR1 between
HsSNARE1- and HgSNARE1-expressed Arabidopsis infected with BCN

To further dissect the mechanism about the different functions
of HsSNARE1, HsSNARE1-M1, and HgSNARE1 in Arabidopsis
(Fig. 2), we measured the expression patterns of AtSNAP2, AtSHMT4,
and AtPR1 in the transgenic Arabidopsis with the infection of BCN.
Additionally, expression of AtNPR1, which is a key regulatory gene
in salicylic acid (SA) signaling pathway mediating AtPR1, was also
measured. At 5 dpi, AtSNAP2 was significantly induced in all
HsSNARE1-, HsSNARE1-M1- and HgSNARE1-expressed Arabidopsis
when compared to the wild-type (Fig. 6A). AtSHMT4 was omi-
nously suppressed in HsSNARE1-expressed Arabidopsis, in contrast,
AtSHMT4 was significantly induced in both HsSNARE1-M1- and
HgSNARE1-expressed Arabidopsis after infected with BCN when
compared to the wild-type (Fig. 6B). Similar to AtSHMT4, expres-
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sion of AtPR1 was also remarkably inhibited in HsSNARE1-
expressed Arabidopsis but significantly enhanced in both
HsSNARE1-M1- and HgSNARE1-expressed Arabidopsis before and
after infected with SCN when compared to the wild-type
(Fig. 6C). Regarding AtNPR1, it was suppressed in HsSNARE1-
expressed Arabidopsis while boosted in both HsSNARE1-M1- and
HgSNARE1-expressed Arabidopsis at 5 dpi when compared to the
wild-type (Fig. 6D). These results indicate that both AtSHMT4 and
AtPR1 exhibited opposite expression patterns between HsSNARE1-
expressed Arabidopsis and HsSNARE1-M1/HgSNARE1-expressed
Arabidopsis with infection of BCN. Due to the reverse functions
of HsSNARE1 and HsSNARE1-M1/HgSNARE1 in the parasitism of
BCN (Fig. 2A, B, F, G), and significant enhancement of the BCN resis-
tance of Arabidopsis by overexpression of AtSHMT4 [40], clearly,
AtSHMT4 negatively mediates BCN susceptibility of Arabidopsis
that is positively regulated by HsSNARE1.
Enhancement of BCN resistance of Arabidopsis by overexpression of
AtPR1

Based on the opposite expression patterns of AtPR1 between
HsSNARE1- and HgSNARE1/HsSNARE1-M1-expressed Arabidopsis
(Fig. 6C), AtPR1 is likely associated with the BCN susceptibility of
Arabidopsis positively mediated by HsSNARE1. To validate the
involvement of AtPR1 in negatively mediating the susceptibility
of Arabidopsis to BCN, we transformed and induced AtPR1 into Ara-
bidopsis, and the obtained homozygous T2 transgenic plants (Fig-
ure S7D) were inoculated with BCN. The females and cysts were
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significantly reduced in the transgenic plants overexpressed with
AtPR1 at both 20 and 35 dpi when compared to the wild-type
(Fig. 7A). These results show that overexpression of AtPR1 signifi-
cantly enhanced BCN resistance of Arabidopsis, similar to the reac-
tions of GmPR08-Bet VI-expressed transgenic soybean to the SCN
infection [42]. Combined with the different expression patterns
of AtPR1 in HsSNARE1-, HsSNARE1-M1- and HgSNARE1-expressed
transgenic plants (Fig. 6C), it could be concluded that like AtSHMT4,
AtPR1 also negatively regulates susceptibility of Arabidopsis to BCN
positively mediated by HsSNARE1. The expression patterns of AtS-
NAP2, AtSHMT4 and AtNPR1 were measured using homozygous
AtPR1-overexpressed Arabidopsis. The results show that both
AtSHMT4 and AtNPR1were significantly induced by overexpression
of AtPR1 before and after infection of BCN, but AtSNAP2 was not
when compared to the wild-type (Fig. 7B-D), suggesting that AtPR1
stimulates expression of AtSHMT4, meanwhile, AtPR1 also posi-
tively promotes expression of AtNPR1 while mediated by AtNPR1
in the SA signaling pathway.
Discussion

In this study, a t-SNARE domain-containing BCN HsSNARE1 was
identified to enhance BCN susceptibility of Arabidopsis by interact-
ing with both a pathogenesis-related AtPR1 and AtSNAP2 through
its N-terminal uncharacterized fragment and t-SNARE domain,
respectively (Figs. 3, 5), and overexpression of AtPR1 significantly
enhanced BCN resistance of Arabidopsis (Fig. 7A). The
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pathogenesis-related (PR) gene is one of the marker genes in the
salicylic acid (SA) signaling pathway, which is a very important
pathway to mediate the resistance of plants to pathogens. PR genes
are also involved in mediating the plant resistance to nematodes
[42–45]. However, whether and how nematodes regulate plant
PR genes in the parasitism remain unknown. Our experimental
results obtained in this study reveal that neither the mutant
HsSNARE1-M1 of HsSNARE1, which carries three mutations
(E141D, A143T and -148S) (Fig. 2E), nor its highly homologous
SCN HgSNARE1 could interact with AtPR1 (Fig. 5). Those three
amino acid mutations (polymorphisms) cause regional structure
alteration between random coils of HsSNARE1 and a-helixes of
HgSNARE1/HsSNARE1-M1 in the uncharacterized fragment of N-
terminal (Fig. 2C). Therefore, this regional structure change might
result in no interaction of HsSNARE1-M1 with AtPR1. Based on
the additional interaction relationships between the cyst nema-
tode t-SNARE proteins with AtSNAP2 (Fig. 3) and with AtSHMT4
(Figure S9), and among AtPR1, AtSNAP2 and AtSHMT4 (Fig. 4),
the difference between the actions of HsSNARE1 and HsSNARE1-
M1/HgSNARE1 is that HsSNARE1 rather than HsSNARE1-M1 or
HgSNARE1 could interact with AtPR1 in Arabidopsis. AtPR1 was
significantly suppressed in HsSNARE1-expressed Arabidopsis while
remarkably induced in both HsSNARE1-M1- and HgSNARE1-
expressed Arabidopsis (Fig. 6C). Thus, AtPR1 negatively mediates
BCN susceptibility of Arabidopsis positively regulated by
HsSNARE1.
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together with rhg1-a GmSNAP18 simultaneously controls SCN
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resistance of Peking-type soybeans [38,41]. In this study, compared
to the wild-type Col-0, AtSHMT4 was significantly suppressed in
HsSNARE1-expressed Arabidopsis (Fig. 6B), which showed
enhanced susceptibility to BCN, while remarkably induced in both
HsSNARE1-M1- and HgSNARE1-expressed Arabidopsis, both of
which displayed boosted resistance to BCN (Fig. 2A, 2B, 2F, 2G).
These results are consistent with the results of Zhao et al. [40] that
AtSHMT4 was suppressed in GmSNAP18-overexpressed Arabidop-
sis, which showed significantly enhanced BCN susceptibility when
compared to the wild-type Arabidopsis, indicating the negative
modulation of AtSHMT4 in BCN susceptibility of Arabidopsis that
is positively mediated by HsSNARE1.

AtSNAP2 was induced in all HsSNARE1-, HsSNARE1-M1- and
HgSNARE1-expressed Arabidopsis at 5 dpi (Fig. 6A). Clearly, the
opposite BCN-infection phenotypes of HsSNARE1- and HsSNARE1-
M1/HgSNARE1-expressed transgenic Arabidopsis were not caused
by the expression patterns of AtSNAP2. In soybean, GmSNAP18
induces expression (transcription) of GmSHMT08 upon infection
of SCN [42]. In Arabidopsis, the interactions among HsSNARE1, AtS-
NAP2 and AtPR1 (Figs. 3, 5) might suppress transcription of
AtSHMT4, while interaction between HsSNARE1-M1/HgSNARE1
and AtSNAP2 (Fig. 3) likely promotes transcription of AtSHMT4.
Additionally, overexpression of AtPR1 significantly stimulated
expression of AtSHMT4 in Arabidopsis (Fig. 7C), and overexpression
of AtSHMT4 also ominously promoted expression of AtPR1 in Ara-
bidopsis [40]. So, AtPR1 and AtSHMT4 can positively mediate their
expression in Arabidopsis mutually. AtNPR1 in the SA signaling
pathway positively mediates expression of AtPR1. In this study,
AtNPR1 was inhibited in HsSNARE1-expressed Arabidopsis while
significantly induced in both HsSNARE1-M1- and HgSNARE1-
expressed Arabidopsis at 5 dpi (Fig. 6D), and overexpression of
AtPR1 stimulated expression of AtNPR1 in Arabidopsis before and
after infection of BCN (Fig. 7D). Therefore, AtPR1 and AtNPR1 can
positively mediate their expression each other in Arabidopsis.

Plant nematode effectors play very important roles in the para-
sitism. Previously, an HgSLP-1 containing a t-SNARE domain was
identified in SCN, but its effector functions were not characterized
[27]. Recently, three SNARE soybean proteins were reported to
bind rhg1 a-SNAP and be involved in the mediation of rhg1 resis-
tance to SCN [25,26]. These reports suggest the importance of
SNARE domain-containing genes in mediating nematode resis-
tance. In this study, we isolated the t-SNARE domain-containing
gene HsSNARE1 from BCN (Figure S3). The transcripts of HsSNARE1
was specifically accumulated in the subventral gland of BCN
(Fig. 1A, 1B, S4, S5). Further analysis indicated that HsSNARE1
was secreted into cells of beet roots (Fig. 1D, S6). HsSNARE1 was
therefore identified as a BCN effector.

Through these comparisons among HsSNARE1, HsSNARE1-M1
and HgSNARE1, a hypothesized model for actions of the t-SNARE
cyst nematode proteins in Arabidopsis is summarized in Fig. 8. It
can be concluded that the cyst nematode effector HsSNARE1 estab-
lishes nematode disease by directly interacting with both the
pathogenesis-related AtPR1 through its N-terminal uncharacter-
ized fragment and AtSNAP2 through its t-SNARE domain, and by
significantly suppressing the AtSHMT4 and AtPR1 expression, in
Arabidopsis. This is a new molecular mode of action of the SNARE
domain-containing proteins, no matter in plant parasitic nema-
todes, or in plants, different from the previous reports about SNARE
proteins [21,22,25].
Conclusions

In this study, a t-SNARE domain-containing BCN HsSNARE1 was
identified as an effector, and its mutant HsSNARE1-M1 carrying
three mutations (E141D, A143T and �148S) that altered regional
39
structure from random coils to a-helixes was designed and con-
structed through protein structure modeling analysis between
HsSNARE1 and its highly homologous HgSNARE1. Transgenic anal-
yses demonstrated that expression of HsSNARE1 ominously
boosted while expression of HgSNARE1/HsSNARE1-M1 fairly inhib-
ited BCN susceptibility of Arabidopsis. Such opposite functions
between HsSNARE1 and HgSNARE1 is caused by those three amino
acid residue polymorphisms. HsSNARE1 promotes cyst nematode
disease by directly targeting both AtSNAP2 and AtPR1 via its t-
SNARE domain and N-terminal uncharacterized fragment, respec-
tively, and remarkable suppression of both AtSHMT4 and AtPR1.
This work reveals a new molecular mode of action of the t-
SNARE-domain containing cyst nematode effectors, providing a
novel insight into interactions between cyst nematodes and host
plants.
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