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Abstract

Plant receptor-like kinases (RLKs) regulate many processes in plants. Many RLKs perform significant roles in plant immunity. Lectin
receptor-like kinases (LecRLKs) are a large family of RLKs. However, the function of most LecRLKs is poorly understood. In this study,
we show that a potato LecRLK, StLecRK-IV.1, is involved in plant immunity against Phytophthora infestans. As a negative regulator
of immunity, StLecRK-IV.1 is downregulated by P. infestans and activated by abscisic acid. The transient expression of StLecRK-IV.1
in Nicotiana benthamiana enhanced P. infestans leaf colonization significantly. In contrast, the size of disease lesions caused by P.
infestans was reduced by virus-induced gene silencing of the StLecRK-IV.1 ortholog in N. benthamiana, NbLecRK-IV.1, as well as in potato
plants with stable RNA interference of StLecRK-IV.1. Tetraspanin-8 (StTET8) was identified to be interacting with StLecRK-IV.1 using
a membrane yeast two-hybrid system, which was further verified by co-immunoprecipitation, a luciferase complementation assay,
and a bimolecular fluorescence complementation test. StTETS is a positive immune regulator that restrains P. infestans infection. The
co-expression of StLecRK-IV.1 with StTET8 antagonized the positive roles of StTET8 against P. infestans. Moreover, the co-expression
of StTET8 with StLecRK-IV.1 affected the stability of StTET8, which was confirmed by a western blot assay and confocal assay.
Taken together, our work first reveal that a potato L-type lectin RLK, StLecRK-IV.1, negatively regulates plant immunity by targeting

a positive regulator, StTETS, through affecting its stability.

Introduction

The plant membrane-associated pattern recognition
receptors (PRRSs) play pivotal roles in regulating immune
responses by perceiving pathogen-associated molecular
patterns (PAMPs) or host-derived damage-associated
molecular patterns (DAMPs) and ensuing activating or
inhibiting downstream signal transduction to ward off
microbes [1]. Plant PRRs include receptor-like kinases
(RLKs) and receptor-like proteins (RLPs) [1]. RLKs consist
of an extracellular domain, a transmembrane domain,
and an intracellular kinase domain, but RLPs lack the
latter. According to the characteristics of the ligands rec-
ognized, PRRs generally contain extracellular domains
such as leucine-rich repeats (LRRs), lectin-like motifs,
lysin motifs (LysMs), or epidermal growth factor (EGF)-
like domains [1, 2].

Lectin receptor-like kinases (LecRKs) contain an extra-
cellular Lectin_legB domain. The LecRK family of PRRs

is quite extensive. In Arabidopsis thaliana, 75 LecRK
members are grouped into three categories, including
1 C-type, 32 G-type, and 42 L-type LecRKs. Among
them, the 42 L-type LecRKs are further classified into
nine major clades [3, 4]. Plant LecRKs play vital roles
in immunity throughout the plant kingdom [5]. In
Arabidopsis, AtLecRK-IX.1 and AtLecRK-IX.2 were found
to positively regulate resistance to Phytophthora [6, 7].
AtLecRK-VI.2 also contributes to disease resistance
against the necrotrophic bacterium Pectobacterium caro-
tovorum and the hemibiotrophic Pseudomonas syringae by
activating the pattern-triggered immunity (PTI) response
[8]. AtLecRK-1.9 regulates jasmonic acid signaling com-
ponents and perception of ATP in the face of invasion
by P. syringae [9, 10]. As a potential host target of an
RXLR effector, overexpression of AtLecRK-1.9 enhances
resistance to both Phytophthora brassicae and Phytophthora
infestans [11, 12]. AtLecRK-V.2 and AtLecRK-VIL.1 enhance
the resistance of plants via a function in stomatal
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immunity [13]. Overexpressing AtLPK1 (AtLecRK-1V.3)
enhances resistance to Botrytis cinerea infection and
results in increased expression of a collection of defense-
related genes [14]. AtLecRK-V.5 adversely affects closure
of stomata on bacterial infection, and overexpression of
LecRK-V.5 in Arabidopsis leads to enhanced susceptibility
to P. syringae pv. tomato DC3000 [15]. Some Arabidopsis
LecRLKs have been reported to contribute to P. infestans
resistance in solanaceous plants [11, 16]. Besides these,
there are also a few LecRLKs studied in Solanaceae
plants. In Nicotiana benthamiana, NbLRK1 was activated
during defense responses and interacted with P. infestans
elicitin INF1 and inhibits the hypersensitive response
induced by INF1 [17, 18]. Clade IX LecRLKs in tomato and
N. benthamiana are involved in Phytophthora resistance
[19]. A pepper CaLecRK-S.5 has been found to confer
broad-spectrum resistance by initiating activation and
positively functioning in the defense response mediated
by Phytophthora elicitin [20].

Tetraspanins, belonging to the transmembrane 4
superfamily (TM4SF), as integral membrane components
for endosome organization, are widely distributed in
mammals, insects, fungi, mosses, and higher plants [21].
As transmembrane junction proteins, tetraspanins are
involved in intercellular and cell-to-cell signal transduc-
tion and participate in transport processes, membrane
fusion, membrane recognition, and mutualistic com-
munication in host plants and animals [22-24]. As the
indispensable component of the extracellular vesicles
(EVs), tetraspanins are considered to be key players in
the intercellular communication of transferring proteins,
RNAs, and lipids. These intercellular communications
are involved in biological and non-biological stress
responses, particularly in plant immune responses [25].
In mammals, tetraspanins CD63, CD81, and CD9 were
considered as specific exosome markers [26]. There are
17 Tetraspanin (TET)-like genes encoded in the Arabidopsis
genome [21], of which TET8 and TET9 are mammalian
CD63 orthologs. The Arabidopsis tet8 mutant shows the
reduced formation of EVs accompanied by impaired
reactive oxygen species (ROS) burst in response to
stressors, suggesting the role of TET8 in EV creation [27].
Like CD63 in mammals, TET8 is considered a specific
marker for exosomes in plants, and TET8-associated
EVs can be considered plant exosomes. B. cinerea induces
TET8 and TETS-associated vesicle accumulation at the
sites of infection. TET8- and TETS-associated exosomes
contribute to plant immunity against B. cinerea infection
by transferring host small RNAs (sRNAs) into fungal
cells to suppress pathogenicity by targeting virulence
genes [28].

Potato late blight is a severe danger to potato pro-
duction and global food security, caused by the destruc-
tive P. infestans [29]. Many reports revealed that LecRLKs
play very important roles in plant-pathogen interac-
tions against diverse pathogens [4]. In potato, 113 LecRLKs
were identified, including 2 C-type, 26 L-type, and 85 G-
type members [30]. However, their function, especially

in plant immunity, has been poorly characterized. As a
novel resource of cell surface receptors, LecRLKs have the
potential to be utilized to improve the durability of potato
resistance against P. infestans [5]. In our previous work,
we found that transient expression of StLecRK-IV.1 in N.
benthamiana leaves significantly promotes the coloniza-
tion of P. infestans. Here we further study the functional
mechanism of StLecRK-IV.1 in the regulation of plant
immunity. We demonstrate that a potato L-type lectin
RK, StLecRK-IV.1, negatively regulates plant immunity by
affecting the stability of one of its interacting proteins,
StTETS, a positive regulator of immunity to P. infestans.

Results

Structure, localization, and induction pattern of
StLecRK-IV.1

StLecRK-IV.1 was cloned from potato material DM1-3. This
gene encodes a protein that shares 60% of its identity
with AtLecRK-IV.1 (Arabidopsis L-type lectin domain
containing receptor kinase IV.1, NP_181307.1) and thus
was named StLecRK-IV.1 (XP_006341207.2). Structural
prediction showed that StLecRK-IV.1 contains a typical
LecRLK structure, including a signal peptide, an N-
terminal extracellular Lectin_legB domain, a transmem-
brane domain, and a predicted tyrosine kinase domain
(Fig. 1a). The Lectin_legB domain has saccharide binding
sites and a hydrophobic cavity structure, suggesting that
it may be involved in the interaction with hydrophobic
ligands. It also contains potential Ca?* and Mn?* binding
sites (at amino acid positions 143-149), which can
stabilize the saccharide binding sites (Fig. 1a).

Phylogenetic analysis was performed to investigate the
relationship between StLecRK-IV.1 and the LecRK family
members from N. benthamiana, Solanum lycopersicum, and
Arabidopsis. StLecRK-IV.1 was grouped in clade IV with
four Arabidopsis LecRLKs and other orthologs from N.
benthamiana and S. lycopersicum. In particular, StLecRK-
IV.1 shares 72% of its identity with a N. benthamiana lectin
receptor-like kinase (NbS00015931g0001.1) in this clade
(Supplementary Data Fig. 1).

LecRKs belong to the receptor-like kinases. To inves-
tigate the cellular localization of StLecRK-IV.1, StLecRK-
IV.1-GFP, made by fusing green fluorescent protein (GFP)
to the C-terminal of StLecRK-IV.1, was co-overexpressed
in N. benthamiana together with a plasma membrane
marker, OFP-CBL1n [31]. StLecRK-IV.1-GFP was observed
by confocal microscopy to co-localize with OFP-CBL1n in
the plasma membrane (Fig. 1b).

To investigate the response of StLecRK-IV.1 to P. infes-
tans, leaves of potato variety ‘E-potato-3’ (E3) were inoc-
ulated with P. infestans isolate HB09-14-2. StLecRK-IV.1 was
downregulated at 24 hours post-inoculation and then
restored to normal level (Fig. 1c). Hormones are vital
substances for regulating plant innate immunity [32, 33].
To test whether the expression level of StLecRK-IV.1 is
regulated by hormones, potato E3 leaves were treated
with various plant defense hormones, and gqRT-PCR was
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Figure 1. StLecRK-IV.1 structure, localization, and induction pattern. a Schematic structure of StLecRK-IV.1. SP, signal peptide; TM, transmembrane
domain, Pkinase_Tyr, Tyr kinase. b StLecRK-IV.1 localizes on the plasma membrane (PM). Left to right: green channel (StLecRK-IV.1-GFP), orange
channel (OFP-CBL1n, PM-marker), merge channel, StLecRK-IV.1 (green), and OFP-CBL1n (orange) fluorescence intensity plots across white arrow.
StLecRK-IV.1-GFP co-localized with OFP-CBL1n. N. benthamiana leaves were agroinfiltrated by GV3101 containing StLecRK-IV.1-GFP and CBL1n
constructs. ¢ Relative expression levels of StLecRK-IV.1 in response to P. infestans. Leaves were sampled at 0, 24, 48, and 72 hours after P. infestans
inoculation. d Relative expression levels of StLecRK-IV.1 in potato in response to plant defense hormones. Leaves were collected 6 hours after
treatments with 1 mM ABA, 0.05 mM brassinolides [applied as epibrassinolide (Epi)], 1 mM ethylene (ET, applied as ACC), 1 mM salicylic acid (SA),

1 mM methyl jasmonate (MeJA), and ddH,O. All solutions contained 1% DMSO. The samples were used to extract RNA. gRT-PCR was used to detect
transcript accumulations. The combined data are from three biological repeats. In ¢ and d, error bars indicate mean =+ standard error of the mean
(n =3). Lower-case letters above the bars represent significant differences (one-way ANOVA and Tukey’s HSD test: P <.05).

performed to measure the expression level of StLecRK-
IV.1. The results show that StLecRK-IV.1 was upregulated
by abscisic acid (ABA) and amino cyclopropanecarboxylic
acid (ACC, a precursor in ethylene biosynthesis) to a
lesser extent (Fig. 1d), suggesting a possible role of LecRK-
IV.1 linking to the ABA and ethylene signaling pathways.

StLecRK-IV.1 negatively regulates plant
resistance against P. infestans

Several Arabidopsis LecRKs have been implicated in plant
immunity [/-9, 14, 15, 34]. As StLecRK-IV.1 responds to
P infestans infection (Fig.1c), we further investigated
the potential role of StLecRK-IV.1 in regulating defense
against P. infestans. StLecRK-IV.1-GFP was transiently
expressed in N. benthamiana leaves, which were then inoc-
ulated with P infestans isolate 88069. The expression of
StLecRK-IV.1-GFP in N. benthamiana leaves was confirmed
by western blot and fluorescence microscopy (Supple-
mentary Data Fig. S2A). At 5 days post-inoculation (dpi),
N. benthamiana leaves with overexpression of StLecRK-
IV.1 had significantly increased P. infestans colonization
with bigger lesion diameters compared with the control
(Fig. 2a). On the contrary, we performed virus-induced
gene silencing (VIGS) to knock down the expression of
NbLecRK-IV.1 (NbS00015931g0001.1) in N. benthamiana
(Supplementary Data Fig. S2B and C). gqRT-PCR was

carried out to confirm VIGS silencing efficiency. Com-
pared with the control TRV-GFP plants, TRV-NbLecRK-
IV.1 plants showed a 75% reduction in the expression of
NbLecRK-IV.1 (Supplementary Data Fig. S2E). It is worth
noting that silencing NbLecRK-IV.1 by VIGS had no effect
on plant development and growth in terms of plant size,
leaf color, and leaf morphology (Supplementary Data Fig.
S2D). P. infestans 83069 was inoculated in the VIGS plants.
Compared with control, VIGS of NbLecRK-IV.1 resulted in
markedly smaller disease lesions at 5 dpi (Fig. 2b). These
results suggested a negative role of LecRK-IV.1 in plant
resistance to P. infestans.

To further verify the role of LecRK-IV.1 in potato resis-
tance, stable RNAI transgenic potato lines were created to
silence StLecRK-IV.1 in potatoes (Supplementary Data Fig.
S3). Three transgenic potato lines (lines 11, 13, and 20)
with a significantly reduced expression level of StLecRK-
IV.1 were selected for inoculation of P. infestans isolate
HB09-14-2. Consistent with the lesion reduction observed
on NbLecRK-IV.1 VIGS N. benthamiana plants, the StLecRK-
IV.1 RNAI lines showed a significantly smaller lesion area
(P< .05 or P<0.01) (Fig. 2c and d) and fewer sporangia
compared with the control E3 (Fig. 2e) at 5 dpi. There
was no positive correlation between silencing efficiency
and resistance (Fig. 2c—e; Supplementary Data Fig. S3D).
Similar to NbLecRK-IV.1 VIGS plants, no discernible dif-
ferences in growth or morphology between the RNAi lines

€20z Areniga4 g0 uo Jasn Aysioaiun Bunied Aq 8169259/0109BUN/AU/EE0 L 0L/I0P/9[oIME/IY/WOd"dNO"D1WSPED.//:Sd))Y WOl PapEOjuMOd


https://academic.oup.com/hortresjournal/article-lookup/doi/10.1093/hortresjournal/uhac010#supplementary-data
https://academic.oup.com/hortresjournal/article-lookup/doi/10.1093/hortresjournal/uhac010#supplementary-data
https://academic.oup.com/hortresjournal/article-lookup/doi/10.1093/hortresjournal/uhac010#supplementary-data
https://academic.oup.com/hortresjournal/article-lookup/doi/10.1093/hortresjournal/uhac010#supplementary-data
https://academic.oup.com/hortresjournal/article-lookup/doi/10.1093/hortresjournal/uhac010#supplementary-data
https://academic.oup.com/hortresjournal/article-lookup/doi/10.1093/hortresjournal/uhac010#supplementary-data
https://academic.oup.com/hortresjournal/article-lookup/doi/10.1093/hortresjournal/uhac010#supplementary-data

4 | Horticulture Research, 2022, 9: uhac010

A pK7FWG2.0 StLecRK-IV.1-GFP B TRV2-GFP

TRV2-NbLecRK-IV.1

2

Mean lesion diameter (mm)
Mean lesion diameter (mm)

0

pPK7FWG2.0 StLecRK-‘!VA»GFP TRVZ-GFP  TRV2- LecRK-IV.1

C StLecRK-IV.1 Ri line
E3 line-11 line-13 line-20
D E 100000

80000

60000

40000

Lesion area( mm?)
Sporangia per ml

20000

o
S S 3
¢ & & v

N N N
e SN
Y

R

Figure 2. StLecRK-IV.1 promotes P. infestans colonization. a Graph
presenting transient overexpression of StLecRK-IV.1-GFP markedly
suppressed the disease resistance of N. benthamiana against P. infestans
compared with the control (empty vector). Demonstrative images (under
UV light) were taken at 7 dpi following P. infestans isolate 88069
inoculation. Mean lesion diameter (mm) at sites of transient expression
of StLecRK-IV.1-GFP and control was measured at 5 dpi. Values are
means =+ standard deviation (two-tailed t-test, ***P <.0001, three
repeats, n =95). b Silencing of NbLecRK-IV.1 by VIGS construct
(TRV-NbLecRK-IV.1) significantly reduces P. infestans colonization on N.
benthamiana leaves expressing each construct as indicated in
representative leaf images (under UV light). Mean lesion diameter after
P. infestans inoculation was measured 5 days later (two-tailed t-test,
**#%P <.0001, n =175). c Representative images showing disease lesions
on StLecRK-IV.1 RNAi and control E3 potato leaves 5 days after
inoculation with P. infestans isolate HB09-14-2. d Lesion sizes on
StLecRK-IV.1-Ri11, StLecRK-IV.1-Ri13, StLecRK-IV.1-Ri20, and E3 control
potato leaves at 5 dpi. These tests were carried out at least three times.
Each experiment included at least 15 leaves from four independent
plants. One-way ANOVA was used for statistical analysis (*P < .05, **

P <.01). Bars show mean lesion sizes =+ standard error. e Significant
reduction of sporangia number collected from P. infestans-infected
StLecRK-IV.1-Ri potato leaves compared with E3 control. *P < .05
indicates a significant difference (one-way ANOVA). StLecRK-1V.1
interacts with tetraspanin protein StTETS.

and the E3 controls were observed (Supplementary Data
Fig. S3C), implying that this gene may have only a small
role in development.

Taken together, the results of transient expression
of the StLecRK-IV.1, VIGS of NbLecRK-IV.1, and StLecRK-
IV.1 RNAI transgenic potato lines support the role of
StLecRK-IV.1 and NbLecRK-IV.1 in negatively regulating

resistance against P. infestans in these solanaceous
plants.

To identify putative interacting proteins of StLecRK-
IV.1involved in regulating the plant’s resistance, a yeast-
two-hybrid (Y2H) screen was performed against a potato
DUALmembrane system-based Y2H library with cDNAs
generated from potato leaf material inoculated with P.
infestans (Fig. 3a). The split-ubiquitin mechanism [35,
36] is used by the DUALmembrane system to detect the
interaction between an integral membrane protein and
its interaction partners. A total of 132 potential candi-
date interacting proteins were obtained, and then 10
candidate interacting proteins of interest were selected
through consulting the literature and bioinformatics
analysis for further verification. The DUALmembrane
pairwise interaction assay finally confirmed three
StLecRK-IV.1interacting proteins: tetraspanin-8-like (cor-
responding to potato XP_006343564.1, hereafter referred
to as StTET8), aquaporin PIP2-1 (XP_006357563.1), and
outer envelope protein 61 (XP_006361116.1) (Fig. 3b).
StTET8 shares high protein similarity with AtTETS8
(Supplementary Data Fig. S4A and B), which is a
tetraspanin and plays a crucial role in plant immunity
[28]. Hence, we focused on StTETS for further study.

The interaction between StLecRK-IV.1 and StTET8 was
further confirmed in planta by co-immunoprecipitation
conducted using Agrobacterium-mediated transient
expression of protein fusions in N. benthamiana. Expres-
sion of each target protein was confirmed by western
blot using «-GFP and «-cMyc antibodies in input samples
(Fig. 3c, lanes 1-6). Following pull-downs with GFP-
trap beads, StLecRK-IV.1-GFP was specifically associated
with cMyc-StTET8 (Fig. 3c, lane 7) but control EV-
GFP did not (Fig. 3c lane 8). GFP-trap beads could not
immunoprecipitate cMyc-StTET8 alone (Fig.3c lane
10), and GFP-StTET8 could not co-immunoprecipitate
a control membrane protein, cMyc-BAK1 (Fig. 3c lane 9).
In addition, following the incubation of samples with
cMyc-trap beads, cMyc-StTET8 co-immunoprecipitated
StLecRK-IV.1-GFP (Fig. 3c lane 12), but cMyc-trap beads
did not pull down StLecRK-IV.1-GFP (Fig.3c lane 11).
The results showed that StTET8 specifically inter-
acts with StLecRK-IV.1 but not with control mem-
brane protein StBAK1 (Fig.3c; Supplementary Data
Fig. S5A).

A luciferase complementation assay was also per-
formed to confirm their interaction. The combination
of NPR3 and NPR4 was used as positive control [37].
The results showed that the luciferase signal could be
detected in the infiltration area where StLecRK-IV.1-
nLuc and cLuc-StTET8 were co-expressed rather than
the control infiltrated areas (Fig.3d; Supplementary
Data Fig. SS5B). To provide more evidence for StLecRK-
IV.1 and StTETS interaction, a bimolecular fluorescence
complementation (BiFC) test was also conducted. cYFP-
StLecRK-IV.1 was co-expressed with nYFP-StTETS8, nYFP
(N terminus-encoding portions of yellow fluorescent
protein), or nYFP-StP2-like (pathogenesis-related protein
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Figure 3. StLecRK-IV.1 interacts with StTETS8 in yeast and in planta. a Potential StLecRK-IV.1 interaction yeast clones were screened by the
DUALmembrane system. Four yeast clones in the last row in each picture are controls: +, positive control, —, negative control. b StLecRK-IV.1 interacts
with StTETS in yeast pairwise interaction assay. First row: the positive control combination indicates that pBT3-SUC-StLecRK-IV.1 was fully expressed,
and the Cub moiety is accessible to interact with the Ost1-Nubl moiety expressed by pOst-Nubl control prey. Second row: negative control
combination. pBT3-SUC-StLecRK-IV.1 does not interact with the Nub-fused nonsense-peptide expressed by pPR3-N control prey. Third row:
PBT3-SUC-StLecRK-IV.1 interacts with pPR3-N-StTET8. Fourth row: positive control. Fifth row: negative control; pink color indicates negative
interaction. ¢ Co-immunoprecipitation assays confirmed the interaction of StTET8 and StLecRK-IV.1 in planta. Following pull-downs with GFP-trap
beads, StLecRK-1V.1-GFP associated with cMyc-StTET8 (lane 7) but EV-GFP-did not (lane 8). GFP-trap beads could not immunoprecipitate cMyc-StTET8
alone (lane 10). GFP-StTET8 could not pull-down cMyc-StBAK1 (lane 9). Following pull-downs with cMyc-trap beads, cMyc-StTET8 immunoprecipitated
StLecRK-IV.1-GFP (lane 12) but cMyc-trap beads could not pull down StLecRK-IV.1-GFP (lane 11). Expression of constructs in N. benthamiana leaves is
indicated by a + sign. Protein size markers are indicated in kilodaltons (kDa), and protein loading is indicated by Ponceau stain (PS). Three additional
repeats are shown in Supplementary Data Figure 5A. d The luciferase complementation assay confirmed that StLecRK-IV.1 interacts with StTET8. The
figure shows the luminescence signal on N. benthamiana leaves collected by the plant live imager. White circles indicate the agroinfiltrated areas.
Co-expression of StLecRK-IV.1-nLUC with cLUC-StTET8 shows a strong fluorescence signal, while the negative control StLecRK-IV.1-nLUC with cLUC,
nLUC with cLUC-StTETS, or nLUC with cLUC shows no fluorescence signal. The combination of NPR3 and NPR4 is the positive control.

P2-like precursor) by agroinfiltration in N. benthamiana  interaction in the plant cell (Supplementary Data Fig.
leaves. The results showed that only the combination S5C). Taken together, all these results demonstrate that
of cYFP-StLecRK-IV.1 and nYFP-StTET8 exhibited yellow  StLecRK-IV.1 interacts with StTET8 both in yeast and in
fluorescence on the cell membrane, indicating their planta.
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Figure 4. Transient overexpression of StTET8

reduces P. infestans leaf colonization, while StLecRK-IV.1 attenuates its
function. a Demonstrative leaf image (under UV light) shows P. infestans
lesions on N. benthamiana leaves transiently expressing cMyc-StTET8
and cMyc-EV. b Graph showing measurement of lesion diameter on

P. infestans 88069-inoculated leaves (two-tailed t-test, ****P <.0001, three
repeats, n = 90); values are mean =+ standard error. c Image taken under
UV light at 6 dpi (left) and d measurement of lesion diameter; transient
overexpression of StTET8 improved disease resistance of N. benthamiana
against P. infestans compared with the EV control, whereas co-expression
of StLecRK-IV.1 with StTET8 significantly increased disease lesions versus
StTETS, indicating that StLecRK-IV.1 attenuated StTETS8 positive function
in disease defense. Experiments were repeated three times. Statistical
significance was determined using one-way ANOVA (**P < .01, **P <.001,
#*#*P <.0001, n =60). Data represent the mean + standard error.

Overexpression of StTET8 reduces P. infestans
leaf colonization and StLecRK-IV.1 attenuates
StTET8 function

As StLecRK-IV.1 negatively regulates plant immunity to
P. infestans (Fig. 2), we transiently overexpressed its inter-
acting protein, StTETS, in N. benthamiana leaves (Supple-
mentary Data Fig. S4C) to test the function of StTET8
in the immune response. Compared with the cMyc-EV
control, transient overexpression of cMyc-StTET8 in N.
benthamiana leaves resulted in considerably (P <.0001,
two-tailed t-test) reduced P. infestans colonization (Fig. 4a
and b). This finding showed that StTET8 is a positive
regulator of P. infestans immunity.

The contrasting roles of StLecRK-IV.1 and StTET8 in
resistance to P. infestans led us to examine whether
they had an antagonistic effect when they were co-
expressed. Empty vector (cMyc-EV), StLecRK-IV.1, StTETS,
and StLecRK-IV.1 + StTET8 were transiently expressed in
different parts of the same N. benthamiana leaf (Fig. 4c).
Twenty-four hours after agroinfiltration, P infestans
88069 was inoculated on each part, and lesion areas
were measured 5 dpi. Again, the results confirmed
that StLecRK-IV.1 enhanced and StTETS restricted leaf
colonization of P. infestans compared with cMyc-EV

(Fig. 4d). Interestingly, when they were co-expressed, the
immune function of each was attenuated significantly
compared with expressing them alone (Fig.4d). The
lesion diameters with co-expression were smaller than
those with StLecRK-IV.1 expression (Fig. 4d), suggesting
that StTETS8 partially antagonized the StLecRK-1V.1 func-
tion. The lesion diameters with co-expression were bigger
than that of cMyc-EV control (Fig. 4d), indicating that
StLecRK-IV.1 negative regulatory function overwhelmed
the positive regulatory function of StTET8 but was
compromised by overexpressed StTET8 to some extent.

StTET8-associated vesicles accumulate around P.
infestans hyphae

StTET8 shares 69% amino acid identity with AtTETS,
and both contain four transmembrane domains and
the same topology structures (Supplementary Data Fig.
S4A and B), indicating they may share similar functions.
AtTETS8-associated vesicles accumulated at the infection
sites of the fungal pathogen B. cinerea [28]. Thus, we tested
whether StTET8 performs similar functions in potato
upon the oomycete pathogen P. infestans.

When StTET8-GFP was expressed by agroinfiltration
in N. benthamiana leaves, clear green fluorescence was
observed around the cell membrane, which was reflected
by plasma membrane marker FM4-64 staining of the
cell membrane (red channel) (Fig. 5a; Supplementary
Data Fig. S6A and B). This is consistent with the
result reported by Cai et al. [28]. After P. infestans
inoculation, many there were many StTET8-associated
vesicles near the cell membrane, as indicated by the
presence of numerous GFP-labeled vesicles (Fig. 5b;
Supplementary Data Fig. S6C). In addition, we also
observed the presence of StTET8-associated vesicles
in the extracellular matrix (Fig. 5c), which might be
transferred into the extracellular matrix as cargoes when
challenged by P infestans. Furthermore, we observed
that StTET8-associated vesicles accumulated at the
infection site around the invaded P. infestans hyphae
rather than the control leaves (mock treatment with
water) (Fig.5a and d; Supplementary Data Fig. S6A
and D). This is also consistent with the observation
of AtTETS8-associated vesicles responding to B. cinerea
infection [28]. Similar results were obtained when red
fluorescent protein (RFP) was used to label StTET8 (RFP-
StTETS8) (Fig. Se; Supplementary Data Fig. S6E). These
data revealed that StTET8-associated vesicles responded
to P. infestans challenge and accumulated around the P.
infestans infection sites.

StLecRK-IV.1 affects StTETS8 stability

The attenuation of the positive immune function of
StTET8 by StLecRK-IV.1 (Fig. 4) prompted us to inves-
tigate whether StTET8 protein stability was affected
by StLecRK-IV.1. To test this hypothesis, N. benthamiana
leaves were transiently co-expressed with StLecRK-IV.1-
GFP and cMyc-StTET8. The results showed that co-
expression of cMyc-StTET8 with StLecRK-IV.1-GFP led to
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Figure 5. P. infestans triggers the accumulation of StTET8-associated vesicles around infection hyphae. a Images showing StTET8-GFP localization
without P. infestans inoculation. The cell membrane was stained by FM4-64, showing red fluorescence. FM4-64 staining was conducted by incubation in
8 uM dye for 20 minutes. b Images showing StTET8-associated vesicles induced by P. infestans around the cell membrane (dashed rectangular areas).
The images were captured by confocal microscopy 3 days after P. infestans inoculation. ¢ Images showing that StTET8-associated exosomes might be
transferred into extracellular areas (dashed rectangular areas). Agroinfiltration was used to transiently express StTET8-GFP in N. benthamiana leaves,
following inoculation of P. infestans strain 88069 1 day later, and cells were visualized by confocal microscopy 3 days after P. infestans inoculation. d, e
Images taken around the infection site of P. infestans show different sizes of StTET8-associated vesicles accumulated around hyphae. Both C-terminal
GFP-labeled StTET8 (StTET8-GFP), shown in (d), and N-terminal RFP-labeled StTET8 (RFP-StTETS), shown in (e) StTET8-associated vesicles (green or red
fluorescence-labeled), accumulated around the intracellular hyphae of P. infestans. Arrows show infection hyphae. Scale bar represents 10 pm.

reduction of cMyc-StTETS8 protein level (Fig. 6a and b;
Supplementary Data Fig. S7A, C, and D, dotted red
rectangle). However, StLecRK-IV.1-GFP did not affect
cMyc-GUS stability compared with GFP-EV control
(Supplementary Data Fig. S7C, dotted blue rectangle,
three repeats).

Reduction of stability of cMyc-StTET8 by StLecRK-IV.1-
GFP could be due to the function of proteasomes. We used
proteasome inhibitors MG132 (for 26S) and bortezomib
(for 20S) to test this theory The results showed that

the presence of MG132 or bortezomib did not prevent
the cMyc-StTET8 protein reduction when it was co-
expressed with StLecRK-IV.1-GFP (Fig. 6a and b; Supple-
mentary Data Fig. S7A and B, dotted orange rectangle).
Interestingly, there was a 27-kDa band accompanied
by a 37.5-kDa band when cMyc-StTET8 was expressed
without MG132 (Fig. 6a, dashed red rectangle; Sup-
plementary Data Fig. S7D), but a very weak 27-kDa
band appeared when MG132 was added [Fig. 6a (purple
rectangle) and b].
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Figure 6. StLecRK-IV.1 affects the protein stability of StTET8. a Western blot showing that co-expression of StTET8 with StLecRK-IV.1 leads to
reduction of StTET8 compared with StTET8 expression alone in the absence of MG132 (emphasized by the dashed red rectangle) or presence of MG132
(dashed orange rectangle). MG132 did not affect StTET8 and StLecRK-IV.1 expression level (dashed purple rectangle). b Western blot showing that
bortezomib did not inhibit the reduction of StTETS8 triggered by StLecRK-IV.1 (dashed black rectangle), and co-expression of GFP with StTET8 did not
trigger StTETS8 reduction (dashed green rectangle). Transient expression was performed by agroinfiltration in N. benthamiana leaves. Western blots were
conducted using cMyc and GFP antibodies. The construct’s expression in leaves is denoted by +. KDa indicates protein size markers, and protein
loading was marked by Ponceau stain (PS). Additional Western blot repeats are found in the Supplementary Data File. ¢ Graph showing relative StTET8
protein levels when co-expressed with different partners. The results demonstrated that StLecRK-IV.1 led to a reduction in StTETS, reflected by a weak
western blot band, but not by GFP control. To quantify cMyc-StTET8 protein level, each western blot band intensity of cMyc-StTET8 was normalized by

the Ponceau stain band signal. Data collected from three or four independent repeats (from panels a and b; Supplementary Data Fig. S7) were
combined and statistically analyzed. d Images showing that stronger expression of GFP-StLecRK-IV.1 leads to weak fluorescence intensity of
RFP-StTET8 in the same plant cell, indicating that StLecRK-IV.1 affects the stability of StTETS8 in plant cells. Protein transient expression was

performed by agroinfiltration in N. benthamiana leaves.

To quantify cMyc-StTETS8 protein levels, each western
blot band intensity of cMyc-StTET8 was normalized
by the Ponceau stain band signal. Data from three or
four independent repeats (Fig. 6; Supplementary Data
Fig. S7) were combined and statistically analyzed. As
shown in Fig. 6¢, StLecRK-IV.1-GFP significantly affected
the protein stability of cMyc-StTET8 when they were co-
expressed in a condition with or without MG132. GFP-EV
did not affect cMyc-StTETS stability when they were co-
expressed in N. benthamiana leaves, demonstrating that
StLecRK-IV.1 specifically affected the stability of cMyc-
StTETS.

To provide additional evidence, StLecRK-IV.1-GFP and
RFP-StTET8 were co-expressed in N. benthamiana leaf.
Confocal microscope observation showed that when
they were co-expressed in the same cell, stronger red
fluorescence on the membrane was accompanied by
weak green fluorescence, while weak red fluorescence
on the membrane was accompanied by stronger green
fluorescence (Fig. 6d). However, co-expressing GFP with
RFP-StTETS did not affect RFP-StTET8 red fluorescence
intensity (Supplementary Data Fig. S7E). These data
further confirmed that StLecRK-IV.1 affects the stability
of StTET8 in plant cells. Taken together, both the western

blot and fluorescent microscope observation results
strongly support the idea that StLecRK-IV.1 affects
StTETS stability.

Discussion

Plant LecRKs have been reported to play vital roles
in plant development as well as in plant responses
to biotic and abiotic stressors [4, 38, 39]. Multiple
studies have revealed that plant LecRKs are involved
in plant immunity against various pathogens, including
bacteria, fungi, and oomycetes. Most reported LecRKs
positively regulate plant immunity [5]. Some of them
play a dual role in controlling different pathogen
defenses. Overexpressing LecRK-V.5 in Arabidopsis leads
to more resistance to Phytophthora capsica but higher
susceptibility to P. syringae pv. tomato DC3000 [15].
Phylogenetic analysis showed that AtLecRK-IV.3 and
StLecRK-IV.1 are located in the same clade (clade IV)
(Supplementary Data Fig. S1). AtLecRK-IV.3 (AtLPK1)
has been reported to positively regulate Arabidopsis
resistance against B. cinerea infection [14]. Our results
showed that StLecRK-IV.1 is a negative regulator of
plant immunity, as RNAi of StLecRK-IV.1 in potato
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or VIGS silencing of NbLecRK-IV.1 in N. benthamiana
showed enhanced resistance against P. infestans, while
transient expression of StLecRK-IV.1 in N. benthamiana
led to plants being more susceptible to P. infestans
(Fig. 2). Some LecRKs have been reported to be involved
in plant development [40-42]. In the present study,
however, StLecRK-IV.1 RNAi potato lines and VIGS of
NbLecRK-IV.1 in N. benthamiana plants showed no obvious
developmental alterations. It would be an appropriate
target gene for potato late blight resistance improvement
by a knockout strategy using gene-editing technolo-
gies such as the CRISPR-Cas9 system, as shown by
Kieu et al. [43].

Many LecRK genes respond to different biotic and
abiotic stresses, which is crucial for the activation of their
function. Our findings revealed that StLecRK-IV.1 expres-
sion was suppressed by P. infestans at an early stage. Upon
P infestans infection, StLecRK-IV.1 was downregulated at
24 h (Fig. 1c), which is in agreement with Zhang et al.
[30] (refer to potato transcript PGSC0003DMP400015651).
According to Zhang et al. report [30], StLecRK-IV.1 also
responds to P. carotovorum ssp. brasiliense (Pcb), meaning
that it may engage in more pathogen resistance. In
addition, StLecRK-IV.1 was significantly induced by ABA,
which indicated that StLecRK-IV.1 might be involved in
abiotic stress. It has been reported that LecRK is regulated
by ABA and involved in stomatal closure [15, 44]. Inter-
estingly, one of the StLecRK-IV.1l-interacting proteins,
StPIP2-1, is an aquaporin protein, which is considered to
be related to stoma regulation and associated with ABA
[45, 46]. Therefore, it would be interesting to investigate
whether StLecRK-IV.1 is engaged in ABA-mediated
stomatal immunity and abiotic stress response in
potatoes.

TETs have been proven to play crucial roles in regulat-
ing plant immunity [28]. In Arabidopsis, tet8/tet9 double
mutantlines showed enhanced susceptibility to B. cinerea.
TET8-associated vesicles accumulated at the sites of fun-
gal infection and were involved in enhancing resistance
to the fungus by taking the host small RNAs (sRNAs)
into fungal cells to inhibit the invasion [28]. In this study,
we found that StTETS, an ortholog of Arabidopsis TETS,
interacts with StLecRK-IV.1. Transient overexpression of
StTET8 in N. benthamiana reduces P infestans coloniza-
tion, demonstrating StTETS8 is a positive plant immunity
regulator (Fig. 4). In accordance with TET8-associated
vesicles accumulating at the sites of B. cinerea infection,
we also found that StTET8-associated vesicles accumu-
lated at the sites of P infestans infection around the
hyphae (Figs 5d and e; Supplementary Data Fig. S6D and
E), suggesting that StTET8 is involved in host immunity
in the same manner as AtTETS. In the battle between
plants and pathogens, fungal pathogens transfer sSRNAs
into host plants to silence plant immunity genes [47].
On the contrary, host plants deliver sRNAs into fungal
cells to inhibit the expression of genes related to fungal
virulence [28, 48]. There is no report showing that host
plants transfer sRNAs into P. infestans cells to suppress
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colonization at present; however, our results indicated
that potato plants might share the same mechanism to
combat the oomycete pathogen P. infestans.

LecRKs utilize different mechanisms to manipulate
plant immunity. LecRLKs contain a Ser/Thr kinase
domain that confers Ser/Thr kinase activity [49]. Some
LecRLKs may appear as dual activities of both Ser/Thr
kinase and Tyr kinase [50]. It has been reported that
LecRK-VI.2 fulfills its function by forming a complex
with FLS2 to activate the MAPK signaling cascade and
induce PTI marker genes such as FRK1 and WRKY53,
and control stomata closure during PTI [8, 51]. LecRK-
1.9 detects extracellular ATP signals and phosphorylates
RBOHD (Respiratory burst oxidase homolog protein D)
directly, triggering Ca?* influx, MAPK activation, ROS
accumulation, and defense gene expression [10, 52, 53].
To regulate ABA-mediated stomatal movements, LecRK-
V1.4 phosphorylates many proteins, closely related to
stomatal function, involved in aquaporin activity, H*
pump activity, and the Ca?* signaling pathways [34].

StTETS8 acts as a positive plant immunity regulator
(Fig. 4a and b), whose function was attenuated by the
co-expression of StLecRK-IV.1 (Fig. 4c and d). Consistent
with this, StTETS8 protein stability is also reduced by co-
expression of StLecRK-IV.1 (Fig. 6a and b). Considering
that StLecRK-IV.1 contains a tyrosine kinase domain
(Fig. 1), we speculate that StLecRK-IV.1 reduced the
stability of StTET8 through the phosphorylation of
StTETS; subsequently, the phosphorylated StTET8 was
turned over by an unknown mechanism. It has been
reported that tyrosine phosphorylation controls the
transcriptional activity of CjWRKY1 by reducing binding
activity and promoting its degradation to regulate
benzylisoquinoline alkaloid biosynthesis by the protea-
some [54]. Moreover, a Phytophthora sojae crinkler (CRN)
effector has been found to mediate the phosphorylation
and degradation of plant aquaporin proteins in order
to reduce host immunity [55]. However, the 26S and
20S proteasome inhibitors MG132 and bortezomib did
not inhibit the protein reduction of StTET8 caused by
StLecRK-IV.1 (Fig. 6a and b), indicating that StLecRK-
IV.1-triggered StTET8 degradation was independent of
the 26S and 20S proteasomes. More biochemical and
enzymatic studies are needed in the future to clarify the
mechanism of how StLecRK-IV.1 affects the stability of
StTETS.

As a potential cell surface receptor, future research
will focus on its detailed regulation mechanisms, the
ligand of StLecRK-IV.1, and how StLecRK-IV.1 perceives
extracellular signals and transduces the perceived sig-
nals, and also what components are associated with
and can be phosphorylated by StLecRK-IV.1. Overall, our
evidence demonstrated that a potato StLecRK-IV.1 nega-
tively regulates late blight resistance by interacting with
and affecting the protein stability of a positive regulator,
StTET8. This study provides a novel interaction mech-
anism of how a plant LecRLK regulates the immunity
of plants.
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Materials and methods
Plasmid constructs

The StLecRK-IV.1 gene was cloned using a two-step PCR
from potato line DM1-3 (which was used for potato
genome sequencing) cDNA with gene-specific primers
modified to contain the Gateway® (Invitrogen) attB
recombination sites. pDONR221 (Invitrogen) was used
for recombination with the purified PCR product to
generate entry clones. A Y2H membrane prey library
was used to amplify the full length of StTET8. The
entry clones were also generated in the same way. All
the proteins were fused with a tag through combined
entry clones with plant expression vectors as follows:
pK7FWG2.0 [for C-terminal enhanced GFP (eGFP) fusion]
or pK7WGR?2 (for N-terminal RFP fusion). For luciferase
complementation assays, StLecRK-IV.1 and StTET8 were
cloned into pCAMBIA1300-Nluc/Cluc using Kpnl and Sall
sites to produce StLecRK-IV.1-nLUC and cLUC-StTETS,
respectively. For split-YFP constructs, StLecRK-IV.1 and
StTET8 were recombined with pCL113 (for N-terminal
CYFP fusion) and pCL112 (for N-terminal nYFP fusion),
respectively. pH7LIC 9.1 was produced utilizing the
ClonExpress Entry One Step Cloning Kit (Vazyme) for N-
terminal tagging. Primer sequences used in this research
are shown in Supplementary Data Table S1.

Potato transformation and plant growth
conditions

The RNAI construct was designed at the 1657-1956 bp
sites of StLecRK-IV.1 and cloned into pHellsgate 8
(an expression vector) to generate pHellsgate8-35S-
StLecRK-IV.1-RNAi interference vector, and Agrobacterium
tumefaciens containing the pHellsgate8-35S-StLecRK-IV.1-
RNAI vector was transformed into the potato cultivar
‘E-potato-3’ (E3) utilizing a microtuber disk as explant,
as described by Tian et al. [56]. Putative transgenic
potato plants harboring pHellsgate8-35S-StLecRK-IV.1-
RNAI vector were first screened on differential medium
[Murashige and Skoog medium (MS) + 30 g/l sucrose
+ 0.5 mg/l 6-benzylamino purine (6-BA) + 0.2 mg/l
gibberellin A3 (GA3) + 0.2 mg/l indole-3 acetic acid (IAA)
+ 2 mg/l zeatin + 2.2 g/l Phytagel, pH 5.9], second shift to
selective medium (MS + 30 g/l sucrose + 0.5 mg/l 6-BA
+ 0.2 mg/l GA3 + 0.2 mg/l IAA + 2 mg/l zeatin + 75 mg/l
kanamycin 4+ 400 mg/l cefotaxime + 2.2 g/l Phytagel,
pH 5.9), and then transferred to root generation medium
(MS + 50 mg/l kanamycin + 400 mg/1 cefotaxime + 2.2 g/1
Phytagel, pH 5.9). Positive lines were confirmed by RT-
PCR, and further assessment of gene expression levels
was performed by qRT-PCR. Positive potato plantlets
were cultured at 23°C in a temperature-controlled
environment (16 hours light and 8 hours dark). Then,
the positive potato plants were transplanted into a
greenhouse, and the leaves were used for experiments
8 weeks after transplantation. The N. benthamiana plants
used were cultured in a controlled chamber at 22°C for
16 hours during the day and 8 hours at night. In different

experiments, we chose appropriate N. benthamiana leaves
of different seedling ages, between 3 and 5 weeks old
in general (3—4 weeks old for BiFC and 4-5 weeks for P.
infestans inoculation).

Plant treatments and gene expression assay

Potato plant leaves were used when they reached 6 weeks
old. A total of three leaves (from the top third to fifth
compound leaf) from three separate plants were inoc-
ulated with P infestans HB09-14-2. For each time point
(0, 24, 48, 72 hours following P infestans inoculation),
three leaves were taken from individual plants and snap-
frozen in liquid nitrogen. For plant defense hormone
treatment, potato leaves were treated by spraying 1 mM
ABA, 0.05 mM brassinolide (applied as epibrassinolide),
1 mM ethylene (applied as ACC), 1 mM salicylic acid,
1 mM methyl jasmonate and ddH,0O. All solutions con-
tained 1% dimethyl sulfoxide (DMSO). Six hours later
three leaf disks (9 mm in diameter) were collected and
frozen in liquid nitrogen. For RNA extraction we used
the Plant Total RNA Kit (Zoman Biotechnologies, Beijing,
China), and 5x All-In-One RT MasterMix (ABM) was used
for the synthesis of the first-strand cDNA. Power SYBR
Green was used for qRT-PCR experiments (Bio-Rad). The
comparative AACt method was used for gene expression
level analysis utilizing StEFle as the reference gene for
potato. Supplementary Data Table S1 lists the primer
sequences.

P. infestans isolates and the inoculation assay

P. infestans isolates 88069 and HB09-14-2 (race 1.2.3.4.5.6.
7.9.10.11, collected from Hubei Province, China), were
cultured and propagated with Rye Suc Agar plates for
14 days at 16°C in the dark. The former was mainly used
to infect N. benthamiana leaves, and the latter was used to
inoculate the leaves of potatoes. Petri dishes containing
14-day-old cultures were cleaned and diluted in sterile
distilled water to collect sporangia. The spore concentra-
tion of the inoculum was 2 x 10° ml~* for N. benthamiana
leaves (transient expression assay and VIGS leaves) and
8 x 10* ml~! for potato leaves. After a 2-hour incubation
period at 4°C, the zoospores were harvested. Then, 10-ul
droplets were inoculated on leaves of N. benthamiana or
potato, which were put on moist paper towels in a sealed
transparent box. The mean lesion diameter on leaves
was assessed at 7 dpi, sporangia were counted at 10 dpi,
and leaves from StLecRK-IV.1-RNAi potato plants were
rinsed in 5 ml of H,O. All data analysis was performed by
one-way ANOVA, and Graphpad Prism 7.0 software was
used for pairwise or multiple comparisons. The error bars
in the figures and all the values shown are averages =+
standard deviations or standard errors of three or more
replicates.

Transient expression mediated by Agrobacterium

Agrobacterium strain GV3101 containing target construct
was cultured in yeast extract beef medium with adequate
antibiotics at 28°C and 200 rpm. After overnight culture,
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the cells were centrifuged at 4000 g for 10 min-
utes, and the pellet was resuspended in appropriate
sterile 10 mM MES (4-Morpholineethanesulfonic acid),
10 mM MgCl,, and 200 mM acetosyringone. Before
infiltrating N. benthamiana leaves, the culture was diluted
to an ultimate ODggo (0.1 for infection assays, 0.05-0.1 for
BiFC, and 0.5-1.0 for western blot).

Bioinformatic analysis

NCBI (https://www.ncbinlm.nih.gov/) was used to
retrieve the gene and amino acid sequences of Solanum
tuberosum LecRK-IV.1, TET8 SMART software (http://sma
rt.embl-heidelberg.de/), and NCBI conserved domains
(https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi)
was used for protein structure and sequence analysis.
The SignalP 5.0 server ((https://services.healthtech.dtu.
dk/service.php?SignalP-5.0)) predicted the existence and
location of signal peptides as well as their cleavage
sites. Transmembrane domains were predicted using
Phobius prediction (https://www.ebi.ac.uk/Tools/pfa/
phobius/). The maximum likelihood approach and
a JTT matrix-based model were used to infer the
evolutionary history. The tree with the highest log
likelihood (—54881.59) was shown. Initial tree(s) for
the heuristic search were obtained automatically by
applying Neighbor-Join and BioNJ algorithms to a matrix
of pairwise distances estimated using a JTT model, and
then selecting the topology with a superior log-likelihood
value. MEGA X was used to undertake evolutionary
analysis. ClustalX and Genedoc were used to align amino
acid sequences between probable orthologs in different
species.

DUALmembrane system yeast-based screen
assay

The DUALmembrane system uses the split-ubiquitin
mechanism [36] to detect the interaction between
membrane proteins (www.dualsystem.com). StLecRK-IV.1
was cloned into pBT3-SUC vector to produce bait vector,
and the bait plasmid was then co-transformed with the
positive control plasmids pOst1-Nubl and negative plas-
mids pPR3-Ninto the reporter strain NMY51, respectively.
Using the selective plate (SD-trp-leu) to ensure that
the bait was working properly in the DUALmembrane
system, we screened the bait against a potato membrane
yeast library [cDNA fused with NubG (pPR3-N)], and
co-transformed pTSU2-APP with pNubG-Fe65, pTSU2-
APP with pPR3-N into NYM51, respectively, were utilized
as positive and negative control, respectively. The
interaction between pBT3-SUC-StLecRK-IV.1 and its
interactors was confirmed by pairwise interaction assay,
and SD-leu-trp-his-ade with 5 mM 3-aminotriazole (3-AT)
was used as a selective medium. Testing the activation
of reporter genes in the X-gal assay was used to identify
transformants. For each transformation, plasmid DNA
(transformation reaction: 1.5 pug pBT3-SUC-StLecRK-
IV.1 for bait transformation, 7 pg for screening library)
and 100 pl denatured sheared salmon sperm DNA were
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mixed together with 2.5 ml PEG/liOAC mix and 600 ul
yeast competent cells; PEG/liOAC mix contains 100 mM
lithium acetate/10 x TE (Tris-EDTA) buffer pH 7.5/40%
PEG 3350. Then all components were vortexed and
incubated at 30°C for 45 minutes. A total of 160 ul
DMSO was added, vortexed and heat-shocked at 42°C
for 20 minutes, and centrifuged at 700 x g for 5 minutes;
the cells were then resuspended in 3 ml 2 x YPDA (Yeast
Peptone Dextrose Adenine) Medium and were recovered
at 30°C for 90 minutes at 150 rpm, and centrifuged
for 5 minutes at 700 x g. The pellet was resuspended
in 4.8 ml 0.9% NacCl, plated on selective medium, and
incubated for 4 days at 30°C.

Confocal imaging

An A. tumefaciens strain GV3101 containing target
constructs was infiltrated into the leaves of 3- to 4-
week-old N. benthamiana plants. Using a confocal laser
scanning microscope (Leica TCS-SPE), leaves expressing
fluorescent protein fusions were observed and imaged
at 2 days after agroinfiltration. The plasma membrane
was stained with 8 uM FM4-64 dye (Invitrogen) for
20 minutes. GFP was stimulated at 488 nm with an
argon laser, and its emissions were detected between
495 and 531 nm. Monomeric RFP and mOrange were
stimulated at 561 nm and their emissions were detected
at 600-630 nm. FM4-64-stained samples were stim-
ulated at 514 nm and detected at a maximum of
640 nm. Split-YFP was stimulated at 514 nm and
emissions were detected between 530 and 575 nm. To
reduce ectopic protein expression artifacts, images were
taken from leaf cells with medium to low levels of
fluorescence.

Luciferase complementation assay

The target plasmids were transformed into A. tumefaciens
strain GV3101 and infiltrated into the leaves of N. ben-
thamiana. cLUC-StTET8 was agroinfiltrated 1 day before
StLecRK-IV.1-nLUC. Leaf samples were collected 2 days
after the agroinfiltration of StLecRK-IV.1-nLUC. A total
of 15 mM of luciferin was sprayed onto leaves, which
were kept in the dark for 15 minutes, and the leaves were
then detached to observe the fluorescence. The luciferase
complementation assay images were captured using the
NightShade LB 985 In Vivo Plant Imaging System. The
experiment was repeated twice.

Tobacco rattle virus-based VIGS NbLecRK-IV.1 in
N. benthamiana

The N. benthamiana database of Genome and Transcrip-
tome (http://benthgenome.qut.edu.au/) and Solanaceae
Genomics Network (https://solgenomics.net/) were used
to identify the orthologs of StLecRK-IV.1 in N. benthamiana.
The region sharing low identity with other sequences in
N. benthamiana was selected to make the VIGS construct.
For the VIGS experiment, plasmids pTRV1 and pTRV2
were utilized [57]. The selected region of NbLecRK-IV.1
was amplified from N. benthamiana cDNA and inserted
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into pTRV2 vectors between BamHI and EcoRI sites in
antisense orientation. A pTRV?2 vector fused with GFP was
used as a control [58]. A. tumefaciens harboring pTRV1 and
pTRV2 gene vectors combined at a 1:1 ratio with ODgqo
0.3 were injected into a four-leaf-stage N. benthamiana.
NbLecRK-IV.1 silencing efficiency was checked by gRT-
PCR 2 or 3 weeks after infiltration and afterwards used for
P. infestans inoculation. Three biological duplicates were
performed in each assay.

Co-immunoprecipitation and western blot

StLecRK-IV.1-GFP with cMyc-StTETS8, cMyc-StBAK1 with
GFP-StTETS, GFP with cMyc-StTETS8, cMyc-StTETS8 alone,
and StLecRK-IV.1-GFP alone were agroinfiltrated into
the leaves of 4- or 5-week-old N. benthamiana plants.
Leaves were harvested at 2 dpi, and membrane protein
was extracted using the Minute™ Plasma Membrane
Protein Isolation Kit for Plants (SM-005-P, Invent). Using
GFP Agarose Beads (KTSM1301, Alpalife) and cMyc
Agarose Beads (KTSM1306, Alpalife), GFP-tagged and
cMyc-tagged StLecRK-IV.1/TET8 fusions were immuno-
precipitated. Sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) was used to separate the
obtained samples. Immunoprecipitated GFP or cMyc
fusions and co-immunoprecipitated cMyc or GFP fusions
were detected using an appropriate antibody. For the
StTET8 degradation assay, by agroinfiltration with an
A. tumefaciens strain (GV3101) containing corresponding
constructs, target proteins were transiently expressed
in N. benthamiana leaves. Two days later, four leaf
disks (9 mm in diameter) were harvested, frozen in
liquid nitrogen, and pulverized into powder. MG132 and
bortezomib (40 uM) were infiltrated into leaves 8 h before
samples were collected. Four hundred microliters of
extraction buffer (10% glycerol, 25 mM Tris-HCL pH 7.5,
300 mM NaCl, 1 mM EDTA) with 10 mM dithiothreitol
(DTT), 0.2% Nonidet P40, 1 mM phenylmethylsulfonyl
fluoride, and protease inhibitor cocktail (Sigma) were
added to each sample for protein extraction, then the
samples were placed on ice for 30 minutes to thaw
completely, and vortexed briefly for 10 minutes. Then, the
samples were centrifuged at 13 000 rpm for 10 minutes at
4°C, and the supernatant was transferred to a precooled
Eppendorf tube. The samples were then incubated for
10 minutes at 95°C in 2 x SDS buffer supplemented
with 200 mM DTT. SDS-PAGE was used to separate
the samples, which were then transferred to a PVDF
membrane for western blot analysis. The conditions
for western blotting were according to Ren et al. [59].
The relative protein quantification in the graph was
calculated by Image J software.

Acknowledgements

We are grateful for financial support from the National
Natural Science Foundation of China (grant numbers
31761143007, 32072121, and 31471550).

Author contributions

Z.T. and W.L. conceived the research and designed the
experiments. L.G. conducted most of the experiments.
Y.Q. performed VIGS and made the plants. YM. per-
formed the partial Y2H screen and constructed the plas-
mids. J.Z. performed pathogen assays. L.G. and Z.T. per-
formed data analysis and made the figures. L.G., W.L.
and Z.T. wrote the paper with contributions from all the
authors. Z.T. secured funding. All authors contributed to
the final version of the manuscript.

Data availability

All data are available in the manuscript or the supple-
mentary material.

Conflict of interest

All authors declare no conflict of interests.

Supplementary data

Supplementary data is available at Horticulture Research
online.

References

1. Couto D, Zipfel C. Regulation of pattern recognition receptor
signalling in plants. Nat Rev Immunol. 2016;16:537-52.

2. SaijoY,Loo EPL, Yasuda S et al. Pattern recognition receptors and
signaling in plant-microbe interactions. Plant J. 2018;93:592-613.

3. Bouwmeester K, Govers F. Arabidopsis L-type lectin receptor
kinases: phylogeny, classification, and expression profiles. J Exp
Bot. 2009;60:4383-96.

4. Sun YL, Qiao Z, Muchero W et al. Lectin receptor-like kinases:
the sensor and mediator at the plant cell surface. Front Plant Sci.
2020;11:596301.

5. WangY, Bouwmeester K et al. L-type lectin receptor kinases: new
forces in plant immunity. PLoS Pathog. 2017;13:e1006433.

6. Luo XM, Xu N, Huang J et al. A lectin receptor-like kinase
mediates pattern-triggered salicylic acid signaling. Plant Physiol.
2017;174:2501-14.

7. Wang Y, Cordewener JHG, America AHP et al. Arabidopsis lectin
receptor kinases LecRK-IX.1 and LecRK-IX.2 are functional
analogs in regulating Phytophthora resistance and plant cell
death. Mol Plant Microbe Interact. 2015;28:1032-48.

8. Singh P, Kuo YC, Mishra S et al. The lectin receptor kinase-
VI.2 is required for priming and positively regulates Arabidopsis
pattern-triggered immunity. Plant Cell. 2012;24:1256-70.

9. Balagué C, Gouget A, Bouchez O et al. The Arabidopsis thaliana
lectin receptor kinase LecRK-1.9 is required for full resistance to
Pseudomonas syringae and affects jasmonate signalling. Mol Plant
Pathol. 2017;18:937-48.

10. ChoiJ, Tanaka K, Cao Y et al. Identification of a plant receptor for
extracellular ATP. Science. 2014;343:290-4.

11. Bouwmeester K, Han M, Blanco-Portales R et al. The Arabidopsis
lectin receptor kinase LecRK-1.9 enhances resistance to Phytoph-
thora infestans in solanaceous plants. Plant Biotechnol J. 2014;12:
10-6.

12. Bouwmeester K, de Sain M, Weide R et al. The lectin receptor
kinase LecRK-1.9 is a novel Phytophthora resistance component

€20z Areniga4 g0 uo Jasn Aysioaiun Bunied Aq 8169259/0109BUN/AU/EE0 L 0L/I0P/9[oIME/IY/WOd"dNO"D1WSPED.//:Sd))Y WOl PapEOjuMOd


https://academic.oup.com/hortresjournal/article-lookup/doi/10.1093/hortresjournal/uhac010#supplementary-data
邹子鸿
Underline


13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

and a potential host target for a RXLR effector. PLoS Pathog.
2011;7:€1001327.

Yekondi S, Liang FC, Okuma E et al. Nonredundant functions of
Arabidopsis LecRK-V.2 and LecRK-VIL.1 in controlling stomatal
immunity and jasmonate-mediated stomatal closure. New Phy-
tol. 2018;218:253-68.

Huang P, Ju HW, Min JH et al. Overexpression of L-type lectin-
like protein kinase 1 confers pathogen resistance and regulates
salinity response in Arabidopsis thaliana. Plant Sci. 2013;203-204:
98-106.

Desclos-Theveniau M, Arnaud D, Huang TY et al. The Arabidopsis
lectin receptor kinase LecRK-V.5 represses stomatal immunity
induced by Pseudomonas syringae pv. tomato DC3000. PLoS Pathog.
2012;8:€1002513.

Wang Y, Nsibo DL, Juhar HM et al. Ectopic expression of Arabidop-
sis L-type lectin receptor kinase genes LecRK-1.9 and LecRK-IX.1
in Nicotiana benthamiana confers Phytophthora resistance. Plant Cell
Rep. 2016;35:845-55.

Kanzaki H, Saitoh H, Takahashi Y et al. NbLRK1, a lectin-like
receptor kinase protein of Nicotiana benthamiana, interacts with
Phytophthora infestans INF1 elicitin and mediates INF1-induced
cell death. Planta. 2008;228:977-87.

Sasabe M, Naito K, Suenaga H et al. Elicitin-responsive lectin-
like receptor kinase genes in BY-2 cells. DNA Seq. 2007;18:
152-9.

Wang Y, Weide R, Govers F et al. L-type lectin receptor kinases in
Nicotiana benthamiana and tomato and their role in Phytophthora
resistance. ] Exp Bot. 2015;66:6731-43.

WooJY, Kim Y], Paek KH et al. CaLecRK-S.5, a pepper L-type lectin
receptor kinase gene, accelerates Phytophthora elicitin-mediated
defense response. Biochem Biophys Res Commun. 2020;524:951-6.
Boavida LC, Qin P, Broz M et al. Arabidopsis tetraspanins are con-
fined to discrete expression domains and cell types in reproduc-
tive tissues and form homo- and heterodimers when expressed
in yeast. Plant Physiol. 2013;163:696-712.

Berditchevski F, Odintsova E. Tetraspanins as regulators of pro-
tein trafficking. Traffic. 2007;8:89-96.

Jimenez-Jimenez S, Hashimoto K, Santana O et al. Emerging
roles of tetraspanins in plant inter-cellular and inter-kingdom
communication. Plant Signal Behav. 2019;14:e1581559.
Jimenez-Jimenez S, Santana O, Lara-Rojas F et al. Differen-
tial tetraspanin genes expression and subcellular localization
during mutualistic interactions in Phaseolus vulgaris. PLoS One.
2019;14:e0219765.

Rutter BD, Innes RW. Extracellular vesicles isolated from the leaf
apoplast carry stress-response proteins. Plant Physiol. 2017;173:
728-41.

Kowal ], Arras G, Colombo M et al. Proteomic comparison
defines novel markers to characterize heterogeneous popula-
tions of extracellular vesicle subtypes. Proc Natl Acad Sci USA.
2016;113:E968-77.

Liu NJ, Bao JJ, Wang L] et al. Arabidopsis leaf extracellular vesicles
in wound-induced jasmonate accumulation. Plant Signal Behav.
2020;15:1833142.

Cai Q, Qiao L, Wang M et al. Plants send small RNAs in extra-
cellular vesicles to fungal pathogen to silence virulence genes.
Science. 2018;360:1126-9.

Kamoun S, Furzer O, Jones JDG et al. The top 10 oomycete
pathogens in molecular plant pathology. Mol Plant Pathol.
2015;16:413-34.

Zhang WN, Chen Z, Kang Y et al. Genome-wide analysis of lectin
receptor-like kinases family from potato (Solanum tuberosum L.).
Peer]. 2020;8:€9310.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Guoetal. | 13

. Batistic O, Waadt R, Steinhorst L et al. CBL-mediated targeting

of CIPKs facilitates the decoding of calcium signals emanating
from distinct cellular stores. Plant J. 2010;61:211-22.

Asselbergh B, Vleesschauwer DD, Hofte M. Global switches and
fine-tuning—ABA modulates plant pathogen defense. Mol Plant
Microbe Interact. 2008;21:709-19.

Lopez MA, Bannnberg G, Castresana C. Controlling hormone
signaling is a plant and pathogen challenge for growth and
survival. Curr Opin Plant Biol. 2008;11:420-7.

Zhang C, Guo X, Xie H et al. Quantitative phosphoproteomics of
lectin receptor-like kinase VI.4 dependent abscisic acid response
in Arabidopsis thaliana. Physiol Plant. 2019;165:728-45.

Stagljar I, Korostensky C, Johnsson N et al. A genetic system
based on split-ubiquitin for the analysis of interactions between
membrane proteins in vivo. Proc Natl Acad Sci USA. 1998;95:
5187-92.

Johnsson N, Varshavsky A. Split ubiquitin as a sensor of protein
interactions in vivo. Proc Natl Acad Sci USA. 1994:91:10340—-4.

Fu ZQ, Yan S, Saleh A et al. NPR3 and NPR4 are receptors for the
immune signal salicylic acid in plants. Nature. 2012;486:228-32.
Wang Y, Bouwmeester K, Baseh P et al. Phenotypic analyses of
Arabidopsis T-DNA insertion lines and expression profiling reveal
that multiple L-type lectin receptor kinases are involved in plant
immunity. Mol Plant Microbe Interact. 2014;27:1390-402.

Bellande K, Bono JJ, Savelli B et al. Plant lectins and lectin
receptor-like kinases: how do they sense the outside? Int ] Mol
Sci. 2017;18:1164.

Cheng XY, Wu'Y, Guo] et al. Arice lectin receptor-like kinase that
is involved in innate immune responses also contributes to seed
germination. Plant J. 2013;76:687-98.

Xin ZY, Wang A, Yang G et al. The Arabidopsis A4 subfamily
of lectin receptor kinases negatively regulates abscisic acid
response in seed germination. Plant Physiol. 2009;149:434-44.
Wan JR, Patel A, Mathieu M et al. A lectin receptor-like kinase
is required for pollen development in Arabidopsis. Plant Mol Biol.
2008;67:469-82.

Kieu NP, Lenman M, Wang ES et al. Mutations introduced in sus-
ceptibility genes through CRISPR/Cas9 genome editing confer
increased late blight resistance in potatoes. Sci Rep. 2021;11:4487.
Deng KQ, Wang Q, Zeng]J et al. Alectin receptor kinase positively
regulates ABA response during seed germination and is involved
in salt and osmotic stress response. ] Plant Biol. 2009;52:493.

Li GJ, Chen T, Zhang Z et al. Roles of aquaporins in plant-
pathogen interaction. Plants. 2020;9:1134.

Rodrigues O, Reshetnyak G, Grondin A et al. Aquaporins facilitate
hydrogen peroxide entry into guard cells to mediate ABA- and
pathogen-triggered stomatal closure. Proc Natl Acad Sci USA.
2017;114:9200-5.

Weiberg A, Wang M, Lin FM et al. Fungal small RNAs suppress
plant immunity by hijacking host RNA interference pathways.
Science. 2013:342:118-23.

He BY, Cai Q, Qiao L et al. RNA-binding proteins contribute to
small RNA loading in plant extracellular vesicles. Nat Plants.
2021;7:342-52.

Hervé C, Serres J, Dabos P et al. Characterization of the Arabidop-
sis lecRK-a genes: members of a superfamily encoding putative
receptors with an extracellular domain homologous to legume
lectins. Plant Mol Biol. 1999;39:671-82.

Taylor I, Wang Y, Seitz K et al. Analysis of phosphorylation of
the receptor-like protein kinase HAESA during Arabidopsis floral
abscission. PLoS One. 2016;11:e0147203.

Singh P, Chien CC, Mishra S et al. The Arabidopsis LECTIN
RECEPTOR KINASE-VI.2 is a functional protein kinase and is

€20z Areniga4 g0 uo Jasn Aysioaiun Bunied Aq 8169259/0109BUN/AU/EE0 L 0L/I0P/9[oIME/IY/WOd"dNO"D1WSPED.//:Sd))Y WOl PapEOjuMOd



14

52.

53.

54.

55.

| Horticulture Research, 2022, 9: uhac010

dispensable for basal resistance to Botrytis cinerea. Plant Signal
Behav. 2013;8:22611.

Wang LM, Wilkins KA, Davies JM et al. Arabidopsis DORN1
extracellular ATP receptor; activation of plasma membrane
K*- and Ca?*-permeable conductances. New Phytol. 2018;218:
1301-4.

Chen DQ, Cao Y, Li H et al. Extracellular ATP elicits DORN1-
mediated RBOHD phosphorylation to regulate stomatal aper-
ture. Nat Commun. 2017;8:2265.

Yamada Y, Sato F. Tyrosine phosphorylation and protein degra-
dation involved in benzylisoquinoline alkaloid biosynthesis. Sci
Rep. 2016;6:31988.

Al G, Xia Q, Song T et al. A Phytophthora sojae CRN effector
mediates phosphorylation and degradation of plant

56.

57.

58.

59.

aquaporin proteins to suppress host immune signaling. PLoS
Pathog. 2021;17:€1009388.

Tian Z, He Q, Wang H et al. The potato ERF transcription factor
StERF3 negatively regulates resistance to Phytophthora infestans
and salt tolerance in potato. Plant Cell Physiol. 2015;56:992-1005.
Liu YL, Schiff M, Dinesh-Kumar SP. Virus-induced gene silencing
in tomato. Plant J. 2002;31:777-86.

McLellan H, Boevink PC, Armstrong MR et al. An RxLR effector
from Phytophthora infestans prevents re-localisation of two plant
NAC transcription factors from the endoplasmic reticulum to
the nucleus. PLoS Pathog. 2013;9:€1003670.

Ren Y], Armstrong M, Qi Y et al. Phytophthora infestans RXLR
effectors target parallel steps in an immune signal transduction
pathway. Plant Physiol. 2019;180:2227-39.

€20z Areniga4 g0 uo Jasn Aysioaiun Bunied Aq 8169259/0109BUN/AU/EE0 L 0L/I0P/9[oIME/IY/WOd"dNO"D1WSPED.//:Sd))Y WOl PapEOjuMOd



	Potato StLecRK-IV.1 negatively regulates late blight resistance by affecting the stability of a positive regulator StTET8
	Introduction 
	Results
	Discussion
	Materials and methods
	Acknowledgements
	Author contributions
	Data availability
	Conflict of interest
	Supplementary data


