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Summary
Potato is the third most important food crop worldwide. Potato production suffers from severe

diseases caused by multiple detrimental plant pathogens, and broad-spectrum disease resistance

genes are rarely identified in potato. Here we identified the potato non-specific lipid transfer

protein StLTPa, which enhances species none-specific disease resistance against various

pathogens, such as the oomycete pathogen Phytophthora infestans, the fungal pathogens

Botrytis cinerea and Verticillium dahliae, and the bacterial pathogens Pectobacterium

carotovorum and Ralstonia solanacearum. The StLTPa overexpression potato lines do not show

growth penalty. Furthermore, we provide evidence that StLTPa binds to lipids present in the

plasma membrane (PM) of the hyphal cells of P. infestans, leading to an increased permeability of

the PM. Adding of PI(3,5)P2 and PI(3)P could compete the binding of StLTPa to pathogen PM and

reduce the inhibition effect of StLTPa. The lipid-binding activity of StLTPa is essential for its role in

pathogen inhibition and promotion of potato disease resistance. We propose that StLTPa

enhances potato broad-spectrum disease resistance by binding to, and thereby promoting the

permeability of the PM of the cells of various pathogens. Overall, our discovery illustrates that

increasing the expression of a single gene in potato enhances potato disease resistance against

different pathogens without growth penalty.

Introduction

Potato is one of the most essential food crops worldwide (Zhang

et al., 2017). However, its production suffers from severe diseases

caused by multiple detrimental plant pathogens. For example, the

oomycete pathogen Phytophthora infestans is responsible for

the widespread and economically detrimental late blight disease,

resulting in substantial annual losses in potato production

worldwide. So far, breeding strategies for potato disease

resistance heavily rely on race-specific disease resistance genes,

which are easily overcome by the appearance of new strains of

the pathogen. Consequently, the development of potato cultivars

with durable and broad-spectrum resistance (BSR; Hao

et al., 2022) is recognized as the most sustainable way to secure

potato production. BSR encompasses two types of resistance:

species-specific (SS) and species-non-specific (SNS) resistance,

with SS BSR conferring resistance against a specific pathogen,

while SNS BSR confers resistance against more than two different

pathogens (Ke et al., 2017). Currently, there are two common

ways to improve crop BSR, which is by stacking multiple disease

resistance genes (Ghislain et al., 2019) and by knocking out of

susceptibility genes (Sha et al., 2023; Wang et al., 2022).

However, these two ways are either technically difficult to

perform or it results in resistant crops showing growth and yield

penalties, which hampers their utilization in food production.

The extracellular space of plants, also known as the apoplast,

acts as the front line in plant-pathogen interactions (Du

et al., 2016). After pathogen ingress into the apoplast, plants

have been shown to secrete a plethora of defence-related

proteins to fend off the invading pathogen, including, amongst

others, immune-related proteases, glucanases, chitinases and

additional pathogenesis-related (PR) proteins (Joosten and De

Wit, 1989). Some of these defence-related apoplastic proteins

have reported to have antimicrobial activities.

nsLTPs are encoded by a large gene family, and are cysteine-

rich proteins with molecular weights ranging from 6.5 to 10 kDa

and their presence is widely distributed over all higher plants.

nsLTPs bind to, and transport, various lipids, and have reported to

participate in plant growth and development, seed development

and germination and plant resistance to biotic and abiotic stresses
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(Gao et al., 2022). For example, wheat (Triticum aestivum) TaLTP4

is produced in response to both biotic and abiotic stresses (Safi

et al., 2015), and potato StLTP1 and StLTP7 were reported to

enhance potato drought stress tolerance (Wang et al., 2023).

Brassica rapa BrLTP2.1 shows antifungal activities (Schmitt

et al., 2018), whereas Arabidopsis thaliana AtLTP4.4 shows

antifungal activity, and overexpression of AtLTP4.4 or its wheat

homologue TaLTP3, increases wheat resistance to the pathogenic

fungus Fusarium graminearum (McLaughlin et al., 2021). How-

ever, Arabidopsis AtLTP3 was found to negatively regulate plant

resistance to Pseudomonas syringae pv. tomato (Pst) DC3000 (Gao

et al., 2016), which indicates that plant nsLTPs may play diverse

roles in the response of plants to pathogens. Whether StLTPs in

potato have anti-oomycete activity and whether StLTPs enhance

potato immunity to multiple detrimental plant pathogens,

especially the notorious late blight disease, remains to be shown.

Here we identified a potato StLTPa protein that enhances

potato species none-specific broad-spectrum disease resistance

against oomycete, fungal and bacterial pathogens. In vitro assays

show that StLTPa inhibits the proliferation of oomycetes, fungi

and bacteria, and the protein binds to lipids that are present on

the plasma membrane (PM) of the cells of pathogens. Lipid-

binding activity of StLTPa is required for promoting the

permeability of the PM and enhancing potato SNS BSR. Our

research provides evidence that increasing the expression level of

a single gene enhances crop broad spectrum disease resistance.

Results

Identification of secreted defence-related StLTPs
proteins from Nicotiana benthamiana and potato

To identify defence-related apoplastic proteins, Nicotiana

benthamiana leaves were inoculated with P. infestans zoospores.

Apoplastic fluid was subsequently extracted at 0 and 24 h post-

inoculation for analysis by mass spectrometry. Six NbLTP proteins

were identified in the apoplast of N. benthamiana leaves at 24 h

after P. infestans inoculation (Figure S1; Table S1). To determine

whether these LTPs play a role in plant immunity, we transiently

expressed the six NbLTPs, and the control SP-GFP consisting of GFP

fused to the signal peptide for extracellular targeting of NbLTPa, in

leaves of N. benthamiana, and performed detached leaf

inoculation assays. We observed that all NbLTPs-expressing

leaves developed significantly smaller lesions than the SP-GFP-

expressing leaves. In particular, the expression of

NbLTPa (Niben101Scf12307g01004) and NbLTPb

(Niben101Scf07809g00010) inhibited lesion expansion to a

greater extent than the other four NbLTPs. (Figure S2). We selected

NbLTPa and NbLTPb, providing a stronger resistance to potato late

blight, for further studies. To further confirm the function of these

NbLTPs in disease resistance, we silenced NbLTPa & -b by virus-

induced gene silencing (VIGS), using recombinant tobacco rattle

virus (TRV), and again performed P. infestans inoculation assays.

The TRV-NbLTP-inoculated plants developed significantly larger

lesions when compared to the control, TRV-GUS-inoculated,

plants, indicating that these two NbLTPs do play a positive

regulatory role in plant immunity (Figure S3).

To investigate the role of LTPs in potato immunity to P. infestans,

we cloned thehomologous genes ofNbLTPa andNbLTPbof potato,

referred to as StLTPa (PGSC0003DMC400054441), StLTPb

(PGSC0003DMC400003396), and StLTPc (PGSC0003DMC4000

21169), from the potato cultivar ‘Desiree’ according to the

phylogenetic tree analysis of LTP proteins from potato, tomato,

N. benthamiana, pepper, A. thaliana and Oryza sativa (Figure S4).

Multiple sequence alignments show that the key motifs of the

various LTPs in potato, tomato,N. benthamiana andA. thaliana are

conserved (Figure S5). StLTPa/b/c were transiently expressed in

leaves of N. benthamiana and at 1 day post infiltration, zoospores

of P. infestanswere inoculated onto the infiltrated leaves.We again

observed that transient expression of StLTPa, StLTPb, and StLTPc

enhances N. benthamiana immunity to P. infestans and now the

StLTPa-expressing plants show the strongest increase in resistance

to P. infestans (Figure S6). Thus, we chose StLTPa for further study.

StLTPa promotes potato resistance to P. infestans

To analyse the role of StLTPa in resistance of potato, we

generated five independent transgenic lines (referred to as

StLTPa-1, -2, -3, -4, -5) with increased StLTPa expression, and

two independent StLTPa-RNAi lines (referred to as RNAi-8, RNAi-

11) with decreased expression of StLTPa, in potato cultivar

Desiree (Figure S7a–g). We observed a faster development of the

plants expressing StLTPa, at 2 weeks after planting when

compared to the wild-type Desiree control, while theStLTPa-

silenced potato transgenic lines showed slight developmental

defects (Figure S7a,d,f).

To further analyse the role of StLTPa in potato immunity to

P. infestans, we inoculated the StLTPa-overexpressing (OE) lines

and StLTPa-RNAi lines with P. infestans. We observed that all five

StLTPa-OE lines show enhanced immunity to different isolates

(14-3-GFP and 88069) of P. infestans (Figure 1a–d; Figure S7h,i).

Whole plant spray inoculations also showed that the StLTPa-OE

lines are more resistant to P. infestans than the Desiree control

(Figure 1e,f). In contrast, the StLTPa-RNAi lines showed compro-

mised resistance to P. infestans when compared with the wild-

type Desiree control (Figure 1g,h). To investigate whether the

StLTPa gene is transcriptionally regulated during the response of

potato to inoculation with P. infestans, we determined the

expression pattern of StLTPa in the P. infestans-susceptible and -

resistant cultivars Desiree and Qingshu 9, respectively, during the

early stages after pathogen inoculation. The qRT-PCR results

show that the expression of StLTPa is significantly induced upon

P. infestans inoculation in both potato cultivars, and that StLTPa

expression reached its peak at 3 h after inoculation. In addition,

we observed that the expression of StLTPa is more strongly

induced in the resistant potato cultivar Qingshu 9 than in

susceptible Desiree plants at 3 hpi (Figure S8).

StLTPa overexpressing potato plants show broad-
spectrum disease resistance to multiple pathogens

To verify whether the StLTPa-OE lines also have an enhanced SNS

BSR, the fungal pathogens Botrytis cinerea, which is a necro-

trophic pathogen that causes grey mould, and Verticillium dahliae

that causes vascular wilt of potato, were inoculated on either the

leaves or the roots, respectively, of the different potato lines.

The results show that the various StLTPa-OE lines display

significantly smaller lesions on their leaves when inoculated with

B. cinerea and less wilt upon V. dahliae inoculation, when

compared to the wild-type Desiree plants, while the StLTPa-RNAi

lines display significantly larger lesions on their leaves when

inoculated with B. cinerea (Figure 2a–d; Figure S9a,b). To further

confirm the role of StLTPa in SNS BSR, we inoculated the different

StLTPa-OE lines with the bacterial pathogens Pectobacterium

carotovorum and Ralstonia solanacearum, which cause blackleg

and bacterial wilt on potato, respectively. Our results show that

the overexpression of StLTPa also enhances potato immunity to
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both bacterial pathogens, whereas the StLTPa-RNAi plants

showed compromised resistance to Ralstonia solanacearum

(Figure 2e–h; Figure S9c,d).

Recombinant StLTPa protein exhibits broad-spectrum
antimicrobial activity

Since StLTPa contains a signal peptide for extracellular targeting,

we speculated that it may be secreted into the apoplast of the

plant. We isolated apoplastic fluids from N. benthamiana leaves

transiently expressing StLTPa-GFP and were able to detect the

protein in an apoplastic extract (Figure S10), indicating that it is

indeed secreted protein. Since it has been reported previously

that AtLTP4.4 shows antifungal activity, we decided to investigate

whether potato StLTPa also has antimicrobial activity. We purified

the GST-GFP control, GST-StLTPa (StLTPa without signal peptide)

and GST-StLTPa3A (GST-StLTPaR67A,Y102A,I104A), StLTPa without

signal peptide and with a mutation of three essential amino acids

in its lipid- binding domain (Cheng et al., 2004; Lee et al., 1998)

from Escherichia coli cell, heterologously producing the protein in

vitro, and incubated the proteins with zoospores from P. infestans

and P. capsici, and with spores from B. cinerea, at a concentration

of 5 lM. Five hours after incubation, we observed that in the GST-

GFP- and GST-StLTPa3A-treated samples, the zoospores and

spores from either the Phytophthora pathogens or Botrytis

started to germinate, whereas in the GST-StLTPa-treated samples

there was no germination observed (Figure 3a–d). In addition, the

GST-StLTPa treated P. infestans zoospores fail to form lesions on

leaves of N. benthamiana, while GST-StLTPa3A and GST-GFP

treated zoospores formed lesions (Figure 3e,f). This inhibition of

germination indicates that StLTPa indeed has antimicrobial

activity. To further confirm this, we determined mycelial growth

of P. infestans, P. capsici and B. cinerea on rye and sucrose agar

(RSA), CA and PDA solid medium, respectively, in the presence of

5 lM GST-StLTPa protein. Our results show that GST-StLTPa, but

not the GST-StLTPa3A mutant, significantly inhibits hyphal growth

of P. infestans and P. capsici and weakly inhibits hyphal growth of

B. cinerea (Figure 3g–j). Proliferation of the bacterial pathogens

P. carotovorum and R. solanacearum were also inhibited by a

5 lM concentration of the GST-StLTPa protein (Figure 3k,l). To

further confirm the broad antimicrobial activity of StLTPa, we

Figure 1 StLTPa over expression (OE) enhances plant immunity to P. infestans. (a) Representative images showing P. infestans strain 14-3-GFP lesion

development on leaves of wild-type (WT) Desiree and StLTPa-OE-transgenic lines at 4 days after inoculation (dai), CK, transformant with no DNA inserts. (b)

Bar graph showing the average lesion areas on all inoculated leaves from the lines shown in (a). Error bars show the standard errors (one-sided Student’s t-

test, **P < 0.01; n = 10). (c) Representative images showing symptoms of a compound leaf inoculated with zoospores of P. infestans strain 88069 from

Desiree and a StLTPa-3 OE line. The pictures were taken at 5 dai. (d) Bar graph showing the average lesion areas on all inoculated leaves from the lines

shown in (c). Error bars indicate the standard errors (one-sided Student’s t-test, **P < 0.01; n = 28). Scale bars for (a) and (c), 1 cm. (e) Phenotypes of

Desiree and the StLTPa-3 line that were spray-inoculated with zoospores of P. infestans strain 14-3-GFP. Pictures were taken at 10 dai. Scale bars, 5 cm. (f)

Bar graph showing the relative biomass of P. infestans in the lines shown in (e), as determined with quantitative reverse transcription qRT-PCR, at 10 dai.

Bars represent P. infestans strain 14-3-GFP ITS levels, relative to potato Stactin gene expression levels, with standard deviation, in a sample of three pooled

plants. Above experiments were repeated three times, with similar results. (g) Representative images showing P. infestans strain 14-3-GFP lesion

development on leaves of WT Desiree and StLTPa-RNAi-transgenic lines at 4 days after inoculation (dai). Scale bars, 1 cm. (h) Bar graph showing the

average lesion areas on all inoculated leaves from the lines shown in (g). Error bars show the standard errors (one-sided Student’s t-test, **P < 0.01;

n = 10). The experiments were repeated at least two times, with similar results.
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inoculated GST-StLTPa- or GST-GFP-treated P. capsici and B.

cinerea zoospores onto leaves of N. benthamiana and observed

that the GST-StLTPa-treated zoospores cause smaller lesions than

the GST-GFP control (Figure S11). Taken together, these results

indicate that StLTPa exerts antimicrobial activity towards oomy-

cete, fungal and bacterial pathogens, which explains why its

overexpression causes resistance to infection by different types of

pathogens.

Figure 2 StLTPa confers broad spectrum disease resistance in potato. (a) Representative images showing lesion development on leaves of Desiree and

StLTPa-OE lines that were inoculated with Botrytis cinerea, at 2 dpi. Scale bar, 1 cm. (b) Bar graph showing the average lesion areas on all inoculated leaves

from the lines shown in (a). Error bars show the standard errors, asterisks indicate significant differences (one-sided Student’s t-test, **P < 0.01; n ≥ 20). (c)

Typical disease symptoms of Desiree and StLTPa-OE-transgenic lines upon inoculation with V. dahliae, at 21 dai. Scale bars, 5 cm. (d) Bar graph showing the

relative biomass of V. dahliae in the lines shown in (c), as determined with real-time PCR at 21 dai. Bars represent V. dahliae ITS levels relative to potato

Stactin gene expression levels, with standard deviation, in a sample of six pooled plants. One-sided Student’s t-tests were used to assess significance,

**P < 0.01. (e) Representative images showing P. carotovorum lesion development on detached petioles of StLTPa-OE potato lines and the control Desiree

at 2 dpi. Scale bar, 200 mm. (f) Bar graph showing the average lesion length caused upon inoculation with P. carotovorum of the lines shown in (e).

Statistical analysis was performed using one-sided Student’s t-test (**P < 0.01, n = 7). Error bars represent the standard errors. (g) Representative images

showing wilt symptoms in wild-type Desiree and StLTPa-OE lines upon inoculation with R. solanacearum. W/T indicates the number of wilted plants with

respect to the total number of inoculated plants. Scale bar, 1 cm. (h) Statistical analysis of the colonization levels by R. solanacearum of the stems of the

lines shown in (g). Two-week-old potato plants were inoculated with R. solanacearum by the hydroponic inoculation method and photographed at 5 dai.

Error bars show the standard deviations from six replicates. Two-sided Student’s t-tests were used to assess significance: **P < 0.01. The experiments were

repeated three times with similar results.
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StLTPa binds to various lipids and is able to enhance the
permeability of the PM of the cells of pathogens

To further investigate the mechanism behind the antimicrobial

activity of StLTPa, we first determined whether StLTPa directly

binds to the oomycete PM. For this, protoplasts of P. infestans

and potato, as a control, were incubated with GST-StLTPa and

GST-StLTPa3A and the PM fraction was subsequently obtained.

GST-StLTPa, but not GST-StLTPa3A, was more abundant in the PM

fraction than in the cytosolic fraction of the P. infestans

protoplasts and in the supernatant collected through centrifuga-

tion after the incubation, indicating binding of StLTPa to the PM

of P. infestans. However, both GST-StLTPa and GST-StLTPa3A

were more abundant in the supernatant of the potato pro-

toplasts, indicating that both GST-StLTPa and GST-StLTPa3A do

not bind to the PM of potato cells (Figure 4a–d). Furthermore, we

checked whether StLTPa binds to various lipids and if so, to which

types of lipids it does bind to. The results of lipid blot assays

revealed that StLTPa strongly binds to phosphatidylinositol (3,5)-

bisphosphate (PtdIns(3,5)P2 or (PI3,5)P2), phosphatidylinositol (3)-

phosphate (PtdIns(3)P or PI(3)P). Furthermore, it binds weakly to

phosphatidylinositol (4)-phosphate (PtdIns(4)P, or PI(4)P), phos-

phatidylinositol (5)-phosphate (PtdIns(5)P, or PI(5)P), phosphati-

dylinositol (4,5)-bisphosphate (PtdIns(4,5)P2 or (PI4,5)P2),

phosphatidylinositol (3,4,5)-triphosphate (PtdIns(3,4,5)P3 or

(PI3,4,5)P3) and phosphatidic acid (PA). Interestingly, we observed

that the GST-StLTPa3A mutant has completely lost its lipid-binding

activity (Figure 4e). To investigate whether the lipid-binding

activity is related to mediating disease resistance and StLTPa

antimicrobial activity, we again performed pathogen inoculations

and mycelium growth inhibition assays and observed that

StLTPa3A has not only lost the ability to enhance resistance to

P. infestans, but also has lost the ability to inhibit mycelial growth

of P. infestans (Figure S12; Figure 3g,h). Since the lipid binding

activity of StLTPa appears to play an essential role in pathogen

inhibition, we hypothesized that StLTPa might inhibit

pathogen proliferation by binding to, and thereby disrupting,

the PM of the cells of the invading pathogen. To proof this, we

verified whether retention of the StLTPa protein takes place by

the major components of the oomycete PM, which are

phosphatidylethanolamine (PE), 1,2-dipalmitoyl-sn-glycero-3-

phosphocholine (DPPC), 1,2-dioleoyl-sn-glycero-3-

phosphocholine (DOPC), and sphingomyelin (SM). Concerning

the fungal PM, the main component ergosterol was taken along,

and cell walls of P. infestans were used as a control. The above-

mentioned components were individually coated onto glass discs

and then air-dried. Subsequently, they were covered with GST-

StLTPa and the negative control GST-StLTPa3A. Interestingly, the

StLTPa protein is retained by the various components of the

oomycete and fungal PM, while the mutant StLTPa3A protein is

not (Figure 4f,g).

To further proof that StLTPa binds to the PM, instead of the cell

wall of P. infestans, we performed cell wall binding assays. The

results show that StLTPa does not bind to the cell wall of

P. infestans (Figure 4h). To investigate whether StLTPa disturbs

the functioning of the PM of the pathogen, we incubated

zoospores of P. infestans with a 10 lM solution of the StLTPa

protein for a period of 5 h and determined the integrity of the PM

and viability of the zoospores by using the PM-impermeable DNA-

binding dye propidium iodide (PI). PI cannot cross the PM of cells

that are alive but can penetrate the cells and stain their nucleus

when the PM is damaged. We observed that the PM of the

zoospores that were treated with GST-StLTPa were severely

damaged, as these showed strong red fluorescence in their

nucleus, while the GST-GFP- and GST-StLTPa3A treated zoospores

were fully intact and normally geminated (Figure 5a,b). Ion

leakage assays revealed that the ion leakage of the GST-StLTPa-

treated zoospores was significantly higher than the ion leakage of

the zoospores that had been subjected to the control GST-GFP

treatment (Figure 5c). In addition, the protoplasts of P. infestans

treated with GST-StLTPa or GST-StLTPa3A (5 lM) proteins were

stained with FM4-64 dye, and 5 h after treatment we observed

that StLTPa treatment resulted in increased membrane perme-

ability indicated by the enhanced cytoplasmic staining of FM4-64,

compared to StLTPa3A treated samples (Figure 5d). Furthermore,

we also observed at 5 hpi (hours post incubation) StLTPa induces

a clear permeability of the P. infestans protoplasts and at 6 hpi

the protoplasts collapsed completely, while StLTPa does not

damage potato protoplasts at 5 hpi (Figure 5e; Figure S13). To

test whether adding of lipids could compete the binding of StLTPa

with P. infestans PM, we incubated GST-StLTPa, PI(3)P or PI(3,5)P2
with protoplasts for 5 h, and ion leakage results show that adding

of both PI(3)P or PI(3,5)P2 reduced cytolytic activity of StLTPa in a

phosphoinositide concentration–dependent manner (Figure 5f).

The mycelium growth assays showing adding of 10*PI(3,5)P2 or

10*PI(3)P compromised StLTPa mediated mycelium growth

inhibition of P. infestans (Figure 5g,h). These results indicate that

the lipid binding activity of StLTPa is essential for enhancing the

permeability of the PM of the pathogen, and to thereby confer

antimicrobial activity and trigger SNS BSR.

Here we report that the potato StLTPa protein has antimicrobial

activity and enhances potato broad-spectrum disease resistance

by binding to the lipids on the PM and perturbing the PM of the

cells of various pathogens (Figure 5i).

Discussion

In this study we identified a potato StLTPa protein that enhances

species none-specific broad-spectrum disease resistance against

oomycete, fungal and bacterial pathogens (Figures 1–3). We

provide evidence that StLTPa binds to lipids present in the PM of

the hyphal cells of P. infestans, somehow leading to an increased

permeability of its PM (Figures 4 and 5). Further investigations

showed that the lipid-binding activity of StLTPa is essential for its

role in pathogen inhibition and promotion of potato disease

resistance to various pathogens (Figures 3 and 5). Our discovery

illustrates that increasing the expression of a single gene in potato

enhances broad-spectrum disease resistance (Figure 5).

The role of LTPs as antifungal and antibacterial proteins has

been reported previously (Chen et al., 2021a; McLaughlin

et al., 2021; Patkar and Chattoo, 2006). However, by which

mechanism they confer this anti-microbial activity and whether

they also confer anti-oomycete activity is not known. Here we

provide evidence that StLTPa binds to the lipids present in the PM

of P. infestans, thereby promoting its permeability (Figures 4 and

5). Besides, we also show that StLTPa inhibits the germination

and growth of various microbial pathogens, such as the oomycete

P. infestans, the fungus B. cinerea and the bacteria P.

carotovorum and R. solanacearum (Figure 3). StLTPa does not

bind to the PM of potato cells (Figure 4c,d; Figure S13), indicating

that potato may have special mechanisms by which its PM is

protected from being targeted and permeabilised by StLTPa.

Our study shows that an increased expression of StLTPa

enhances potato SNS BSR (Figures 1 and 2). In most cases,
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enhancement of disease resistance by up regulation of resistance

genes or depletion of susceptibility genes is accompanied by

compromised growth of crops. These growth-defence trade-offs

can be attributed to the re-allocation of resources or competition

of the regulating pathways between these two processes

(Brown, 2003; Neuser et al., 2019). However, there are

exceptions, as plants are able to recruit beneficial microbes to

improve their growth, fitness, stress response and yield (Compant

et al., 2019; Gao et al., 2021). For example, Trichoderma spp are

important bio-control fungi that promote plant growth and

immunity through competition, the production of inhibitory

secondary metabolites, heavy parasitism, and induction of disease

resistance in various crops, such as melon, bean, tomato and rice

(Evidente et al., 2003; Gao et al., 2021; Mart�ınez-Medina

et al., 2014; Mayo et al., 2015; Medeiros et al., 2017; Nawrocka

and Malolepsza, 2013).

The potato genome encodes more than 100 nsLTP proteins, and

the subcellular localization of the various nsLTPs is diverse, as most

of them are found in the apoplast, whereas others are found in the

cell wall, the PM and the cytoplasm. Consequently, regarding their

diverse subcellular localization, lipid-binding and lipid transfer

capacity, and expression profiles, StLTPs must have evolved diverse

mechanisms to regulate potato immune responses and growth.

However, to date very few StLTPs have been studied in relation to

their role in plant immunity and growth. A single report has been

published on StLTP10, which was shown to interact with the ABA

receptor PYRABACTIN RESISTANCE 1-LIKE 4 (PYL4) to regulate

stomata closure and thereby enhance resistance of potato to P.

infestans colonization (Wang et al., 2021). Our research provides

evidence that the up regulation of the expression of a single gene

can enhance crop broad spectrum disease resistance. Our work

also sets a good example for the breeding of BSR crops, without a

penalty in growth.

Experimental procedures

Plasmid construction

For transient expression assays and stable transformations, the

StLTPa (PGSC0003DMC400054441), StLTPb (PGSC0003DMC

400003396) and StLTPc (PGSC0003DMC400021169) gene were

amplified from cDNA generated from potato cultivar Desiree and

cloned into the pART27-CGFP vector using XhoI and HindIII sites,

to generate the StLTPa-GFP, StLTPb-GFP and StLTPc-GFP plas-

mids. For potato transformation, targeted DNA fragment of

StLTPa was cloned into the 35s-pART27 vector using XhoI and

EcoRI sites, and the antisense DNA targeted fragment of StLTPa

was cloned into the same vector using Xbal and HindIII sites to

generate the RNA interference plasmid (StLTPa-RNAi). For the

assessment of antimicrobial activity of the LTP protein, GFP,

StLTPa and the triple mutant StLTPaR67AY102AI104A were cloned

into the pGEX-6p-1 vector using the BamH1 and SaL1 sites, to

generate the GST-GFP, GST-StLTPa and GST-StLTPaR67AY102AI104A

plasmids, respectively. The primers that were used are listed in

Table S2.

Agro-infiltration and VIGS

Agrobacterium tumefaciens strain C58C1, harbouring plasmids

for expression in planta, was cultured at 28 °C in LB medium with

the appropriate antibiotics, for 1 day. The bacteria were collected

by centrifugation at 3000 g for 5 min, after which they were re-

suspended in infiltration medium as described by Van der Hoorn

et al. (2000). The optical density (OD) of the bacterial suspension

was adjusted to an OD600 of 0.3 for transient expression in N.

benthamiana. For VIGS assays, a 343 bp sequence of the NbLTP

gene was selected to generate the TRV-NbLTP plasmid. The TRV1

and TRV2-NbLTP plasmids were transformed into Agrobacterium

strain C58C1 and the transformants were mixed in a 1 : 1 ratio to

a final OD600 of 0.6 for agroinfiltration. Two weeks old N.

benthamiana seedlings were agroinfiltrated with TRV-NbLTP or

TRV-GUS, and 3 weeks after agroinfiltration the silencing

efficiency was determined by qRT-PCR, using the primers listed

in Table S2.

Potato transformation

A. tumefaciens-harbouring StLTPa-GFP and StLTPa-RNAi were

transformed into potato cv Desiree by stem segment transfor-

mation as described by Sun et al. (2016). The rooted

transformants were transferred to MS medium without antibi-

otics in a climate chamber with a 16/8 h day/night cycle at 23 °C
and incubated for 3 weeks, before being planted into plastic

Figure 3 StLTPa inhibits pathogen germination and growth. (a) StLTPa inhibits spore germination of P. infestans, P. capsici and B. cinerea. Representative

images were taken after 5 h of incubation with the GST-GFP control, GST-StLTPa and the GST-StLTPa3A triple mutant, all at a concentration of 5 lM. Scale

bars, 20 lm; for each treatment n > 100 spores were incubated. Bar graphs showing the spore germination rates for P. infestans (b), P. capsici (c),

B. cinerea (d). Error bars indicate the standard error. Significance is indicated with asterisks (n = 10; one-sided Student’s t-test, ** indicates P < 0.01, ns

indicates non-significant differences). (e) Zoospores of P. infestans were incubated in a solution of 5 lM of purified GST-GFP, GST-StLTPa and GST-StLTPa3A

proteins for 5 h, after which they were used to inoculate N. benthamiana leaves. Pictures showing lesion development on N. benthamiana leaves upon

inoculation with zoospores of P. infestans were taken under blue light at 5 days after inoculation (dai). Scale bar, 1 cm. (f) Bar graph showing the average

lesion areas on the inoculated leaves of which an example is shown in (e). Error bars indicate the standard error from 8 technical replicates. Significance is

indicated with asterisks (one-sided Student’s t-test, ** indicates P < 0.01, ns indicates non-significant differences). (g) GST-StLTPa inhibits radial growth of

P. infestans Pi14-3-GFP, P. capsici BS11-1 and B. cinerea B05.10 strains at a concentration of 5 lΜ, while the GST-StLTPa3A and GST-GFP proteins do not

affect radial growth. Images were taken at 7 days after inoculation of the plates with P. infestans and at 4 days after inoculation with P. capsici and at

3 days after inoculation with B. cinerea. Scale bar, 1 cm. Average colony diameters of P. infestans (h), P. capsici (i), B. cinerea (j), as measured over time. In

(h–j), the error bars represent the standard deviations from at least five biological replicates. Significance is indicated with asterisks (n ≥ 5, one-sided

Student’s t-test, * indicates P < 0.05, ** indicates P < 0.01). (k) Multiplication of P. carotovorum is inhibited by GST-StLTPa in TSB medium, while the GST-

StLTPa3A and GST-GFP proteins do not inhibit the multiplication of P. carotovorum. Graphs display the average OD600 of P. carotovorum cultures from three

biological replicates. (l) Multiplication of R. solanacearum is inhibited by StLTPa in LB medium. Graphs display the average OD600 of R. solanacearum

cultures incubated with the purified proteins GST-StLTPa, GST-StLTPa3A and the control GST-GFP protein. In (k) and (l), the error bars represent standard

deviations from three biological replicates. The experiment was repeated at least three times with similar results.
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pots. For testing the StLTPa transformation construct, more than

five independent StLTPa-OE transformants and two StLTPa-RNAi

transformants were obtained and confirmed by PCR and qRT-

PCR, using the primers listed in Table S2.

Pathogen strains and growth conditions

Phytophthora infestans isolate 14-3-GFP was grown on RSA

plates at 18 °C in the dark for approximately 2 weeks, before

zoospores were collected. P. capsici isolate BS11-1 was grown on

5% carrot juice agar (CA) plates at 23 °C in the dark for 4–
5 days, and the zoospores were prepared as described previously

(Fan et al., 2018). Botrytis cinerea strain B05.10 was grown on

potato dextrose agar (PDA) plates in the dark at 23 °C for 3–
4 days, before spores were collected. Ralstonia solanacearum

strain GMI1000 was grown in liquid LB medium overnight at

28 °C in a shaker at 200 rpm. Verticillium dahliae stain DVD-S26

was grown on PDA plates in the dark for 3–4 days before spores

were collected. Pectobacterium carotovorum subsp. Brasiliense

strain 212 was grown on tryptic soy agar in the dark at 28 °C for

1 days, after which the bacteria were cultured at 28 °C in tryptic

soy broth (TSB) medium in a shaker at 200 rpm.

Plant growth conditions and pathogen inoculation
assays

Potato andN. benthamianawere grown in a climate chamber with

a 16/8 h day/night cycle at 25 °C. Four- to five-week-old

N. benthamiana and 5-week-old potato plants were used for

inoculation assays. For this, zoospores from P. infestans isolate 14-

3-GFP were collected as described previously (Du et al., 2021) and

detached leaf assays were performed by inoculating 10 lL of a

zoospore suspension, containing 1000 zoospores, onto one potato

leaflet. The inoculated leaves were kept at 100% relative humidity

in the dark at 18 °C and the lesion diameters were measured at

4 days after inoculation (dai). For B. cinerea inoculation, the spore

suspension was prepared as described previously (Zhang and van

Kan, 2013), and for each leaf, a 2 lL spore suspension that

contained approximately 2000 spores was used. The inoculated

leaves were kept in a box with 100% relative humidity at room

temperature, and at 2 dai the lesion diameters were measured. For

P. carotovorum inoculation, overnight cultures of P. carotovorum

subsp. Brasiliense strain 212 (Henan Agricultural University) in TSB

medium were grown, and the bacteria were collected by

centrifugation at 1000 g for 5 min, after which the bacteria were

re-suspended in infiltration buffer (10 mM MgCl2, 200 lM acet-

osyringone, 1 mMMES, pH 5.6) at anOD600 of 0.1. For inoculation,

the petioles from the 4th to 6th leaf positions of 5–6 weeks-old

potatoes were soaked in the P. carotovorum suspensions. For

R. solanacearum inoculation, overnight cultureswere collected and

washed two times before dilution with distilled tap water to an

OD600 of 0.1. Two-week-old potato plants were inoculated with

R. solanacearum suspensions using the method described previ-

ously (Wang et al., 2019). Wilting symptoms were determined at 5

dai, and the number of bacteria residing in the aerial parts of the

infected plants (cfu/fresh weight) was counted as described

previously. V. dahliae conidiospores were collected from 7 to

10 days-old cultures grown on PDA plates and washed with tap

water. Disease assays were performed on potato plants using the

root-dipping inoculation method, as previously described (Fradin

et al., 2009). Disease symptoms were photographed at 14 days

post inoculation (dpi). For V. dahliae biomass quantification, stems

from six inoculated plants were harvested at 14 dpi. The samples

were ground into a fine powder in liquid nitrogen and genomic

DNA was isolated. Real-time PCR was subsequently conducted by

using the fungus-specific primers ITS-F and ST-VE1-R (Table S2).

Antimicrobial activity assays

To assay the effect of the StLTPa protein on the germination of

zoospores from P. infestans and P. capsici, and spores from

B. cinerea, in vitro bioassays were performed as described by

Guevara et al. (2002). The spores were incubated with purified

GST-StLTPa, GST-StLTPa3A or GST-GFP protein for 5 h, and

germination was observed using a differential interference

contrast (DIC) microscope. For plate growth assays, P. infestans,

P. capsici, and B. cinerea, were grown on RSA, CA, and PDA

media, respectively, containing 5 lM concentration of GST-

StLTPa, GST-StLTPa3A and control GST-GFP proteins, and colony

diameters were measured from at least five replicates. For in vitro

bactericidal assays, P. carotovorum and R. solanacearum were

Figure 4 StLTPa binds to various lipids from plasma membrane. (a–d) StLTPa retention capability of various cell component of protoplasts assay. (a, c)

Western blot analysis of the presence of GST-StLTPa and GST-StLTPa3A protein in the cytoplasm, PM and supernatant fractions of protoplasts of P. infestans

(a) and potato (c) respectively, which were detected using GST-antibodies. Bar graphs showing the concentration of GST-StLTPa and GST-StLTPa3A in each

fraction of the protoplasts of P. infestans (b) and potato (d), as determined from three biologically independent samples. Different letters indicate

significantly different groups (P < 0.05, ANOVA, Tukey’s HSD). The experiments were repeated at least two times with similar results. (e) Lipid binding

properties of StLTPa in a protein/lipid overlay assay. GST-StLTPa and GST-StLTPa3A were purified from Escherichia coli the proteins were incubated with a

commercial PIP strip, after which anti-GST antibodies were used to detect bound GST-StLTPa or GST-StLTPa3A. LPA, lysophosphatidic acid; LPC,

lysophosphocholine; PI, phosphatidylinositol; PI(3)P, phosphatidylinositol (3)-phosphate; PI(4)P, phosphatidylinositol (4)-phosphate; PI(5)P,

phosphatidylinositol (5)-phosphate; PE, phosphatidylethanolamine; PC, phosphatidylcholine; S1-P, sphingosine 1-phosphate; PI(3,4)P2, phosphatidylinositol

(3,4)-bisphosphate; PI(3,5)P2, phosphatidylinositol (3,5)-bisphosphate; PI(4,5)P2, phosphatidylinositol (4,5)-bisphosphate; PI(3,4,5)P3, phosphatidylinositol

3,4,5-triphosphate; PA, phosphatidic acid; PS, phosphatidylserine. The experiment was repeated twice with similar results. (f, g) Capability of various

plasma membrane lipids of P. infestans to retain GST-StLTPa or GST-StLTPa3A. Glass slides that had been coated with the indicated lipids were incubated

with the GST-StLTPa and GST-StLTPa3A proteins, and retained proteins were detected by Western blot using anti-GST antibodies (f). (g) The GST-StLTPa and

GST-StLTPa3A proteins were quantified by Coomassie brilliant blue (Bradford), in five technical replicates. Error bars show the standard errors. Different

letters indicate significantly different groups (P < 0.05, ANOVA, Tukey’s HSD). PE, phosphatidylethanolamine; DPPC, 1,2-dipalmitoyl-sn-glycero-3-

phosphocholine; DOPC, 1,2-dioleoyl-sn-glycero-3-phosphocholine; SM, sphingomyelin; EGR, ergosterol. (h) Cell wall binding assay of P. infestans for

recombinant GST-StLTPa and GST-StLTPa3A proteins. H2O, GST-StLTPa
3A or GST-StLTPa, GST-GFP proteins were incubated with an insoluble cell wall

preparation of P. infestans strain Pi14-3-GFP, after which the suspensions were centrifuged. Subsequently, the supernatant and pellet phases were analysed

for the presence of GST-GFP, GST-StLTPa and GST-StLTPa3A proteins through SDS-PAGE, followed by Coomassie brilliant blue staining. Note that none of

the proteins bind to the cell walls. The experiments were repeated three times with similar results.
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Figure 5 Lipid-binding activity is essential for the promotion of permeability of the plasma membrane of the cells and growth inhibition of pathogens. (a)

Capability of the StLTPa protein to permeabilize the PM of spores of P. infestans. Spores of P. infestans were incubated with GST-GFP (left), GST-StLTPa

(middle), and GST-StLTPa3A (right) proteins at 10 lM. Spores were then stained with propidium iodide (PI). Scale bars, 10 lm. Representative images were

taken after 5 h of incubation of n > 100 spores. (b) The percentage of P. infestans spores showing PI staining after the protein incubation as shown in (a).

Bar graph showing the percentages of PI staining after the different incubations. Significance is indicated with asterisks (n > 10, one-sided Student’s t-test,

**P < 0.01, ns indicates non-significant differences). (c) Quantification of ion leakage from P. infestans zoospores treated with the different proteins. Bar

graph showing the relative ion leakage of the zoospores upon the treatment shown in (a). Error bars indicate the standard error from five technical

replicates. Significance is indicated with asterisks (one-sided Student’s t-test, **P < 0.01, ns indicates non-significant differences). (d) Protoplasts of P.

infestans treated with GST-StLTPa (5 lM) or control GST-StLTPa3A (5 lM) were stained with FM4-64 dye and observed at the indicated timepoints after

treatment. Scale bar, 10 lm. (e) Representative images were taken after incubation of protoplasts of P. infestans with GST-StLTPa and GST-StLTPa3A at a

concentration of 5 lM at different timepoints (0–6 h). Scale bars, 10 lm. (f) Bar graph showing the relative ion leakage of protoplasts of P. infestans were

co-incubated with GST-StLTPa and different concentration of PI(3, 5)P2 or PI(3)P. Error bars indicate the standard error from 3 technical replicates.

Significance is indicated with asterisks (one-sided Student’s t-test, *P < 0.05, **P < 0.01, ns indicates non-significant differences). (g) GST-StLTPa inhibits

radial growth of P. infestans Pi14-3-GFP which was mitigated by PI(3)P and PI(3,5)P2 in a concentration-dependent manner. Scale bars, 1 cm. (h) Average

colony diameters of P. infestans (g) as measured over time. In (h), the error bars represent the standard deviations from at least four biological replicates. In

(f–h), GST-GFP was used as a control. The experiment was repeated at least two times with similar results. (i) Proposed model for StLTPa-mediated broad-

spectrum disease resistance. StLTPa is secreted by potato plants into the apoplast, and it binds to and perturbs, plasma membrane lipids of plant pathogens,

thereby inhibiting pathogen growth.
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grown in TSB and LB medium, respectively, at 28 °C with

continuous shaking overnight at 200 rpm, before the bacteria

were harvested by centrifugation at 3000 g for 5 min. The

bacteria were then resuspended in the appropriate medium to an

OD600 of 0.1. A 5 lM solution of the StLTPa protein was co-

incubated with the bacteria in a 96-well cell culture dish. The

concentration of the bacteria (OD600) was determined at 7 or

12 h after incubation for P. carotovorum or R. solanacearum,

respectively, using a microplate reader.

Confocal microscopy imaging assay

To visualize PI-stained spores and FM4-64-stained protoplasts of

the P. infestans, the fluorescence was observed using a confocal

laser scanning microscope (Leica TCS-SP8 SR). RFP excitation was

performed using a 552 nm solid-state laser, and fluorescence

was detected at 590–640 nm, and the intensity and gain were

9.1% and 800, respectively. Pinholes were adjusted to 1 Airy Unit

for each wavelength. Images were post-processed using the Leica

LAS X software (Version 3.7.2) and ImageJ 1.8.0.

Apoplastic fluid isolation and LC–MS/MS analysis

Middle leaves of 4-week-old N. benthamiana plants were

detached and inoculated at 30 positions for each leaf with P.

infestans zoospore suspension (1000 zoospores per infection

site). The leaves were harvested at 0 and 24 h post inoculation

(hpi) for apoplastic fluid isolation, using the method as described

by Joosten (2012). The collected apoplastic fluid was added to a

0.45 lM ultrafiltration tube in batches, centrifuged at 3000 g to

remove impurities, and the protein-containing liquid was

collected through the filtration membrane, and stored at

�80 °C, after freeze drying. The proteins present in the

apoplastic fluid were digested with trypsin and subjected to

analysis by high-sensitivity LC–MS/MS, using an QExactive HF-X

spectrometer (ThermoFisher, Waltham, MA).

PIP strip assay

Lipid-binding assays were performed using a PIP strip (Echelon

Biosciences, catalogue no. P-6001), following a protocol described

previously (Casamayor and Snyder, 2003). GST-StLTPa and GST-

StLTPa3A constructs were transformed to Escherichia coli strain

BL21-CodonPlus (DE3) and the produced proteins were purified as

describedby Liet al. (2014). ThePIP stripmembranewasblocked for

1 h at room temperaturewith a PIP strip blocking buffer containing

10 mMTris (pH7.4), 150 mMNaCl, 3%fatty acid-free bovine serum

albumin and0.1% (v/v) Tween-20. The PIP stripwas then incubated

with approximately 2 lg of GST-StLTPa or GST-StLTPa3A protein in

5 mL of fresh PIP strip blocking buffer, overnight at 4 °C. After
washing three times (for 10 min each), bound proteins on the strip

were incubated for 1 h with a GST antibody (#AE006, ABclonal),

diluted at 2000 times in the PIP stripwash buffer. The stripwas then

washed three timesand incubatedwith thesecondaryantibodyHRP

goat anti-mouse IgG (H + L) antibody (#AS003, ABclonal) for 1 h.

The PIP strip membranes were developed using a chemilumines-

cence western kit (CWBIO, Beijing, China) and visualized in a

ChemiDoc XRS+ Imaging System (Bio-Rad).

Proteins molecule retention assay

The StLTPa molecule retention assay was performed as described

earlier (Songetal.,2019).First,protoplastsofP. infestansandpotato

were prepared according to previous reports (Fang et al., 2017; Yoo

et al., 2007), and the protoplastswere subsequently incubatedwith

the GST-StLTPa and GST-StLTP3A proteins. Then, cells and

supernatants were collected separately by centrifugation (100 g

for 5 min) and the protoplasts were treated with buffer A (20 mM

Tris–HCl, 2 mM EDTA, 1 mMdithiothreitol and 10%glycerol) on ice

to disrupt the PM. Cytosol and membrane fragments were

separated by ultracentrifugation (17 000 g for 20 min, at 4 °C).
The membrane fragments were subsequently dissolved in buffer B

(bufferAwith1%TritonX-100). StLTPa in the fractionswasdriedby

rotary evaporation and resolved with DMSO in equivalent volumes

and subsequently detected using the Western blot using a-GST
antibodies. The amount of StLTPa present in each sample was

quantifiedbyCoomassie brilliant blueG250 (Bradford). Thebinding

ability of the StLTPa protein to various lipids was analysed using a

lipid-binding assay (Song et al., 2019; Xu et al., 2022). For this,

1 mg/mL of each lipid species was dissolved in chloroform andwas

coated on round glass slides by evaporation. Then, the glass slides

were incubated with 10 lMGST-StLTPa or GST-StLTPa3A protein in

dimethyl sulfoxide (DMSO) (1%), with 0.01 M PBS, at 37 °C. After
the incubation, the glass slides were washedwith PBS for five times

and the lipidswere dissolved in DMSO. The binding ability of StLTPa

to the various lipids present in each sample was subsequently

determined by Western blotting using a-GST antibodies. The

amount of StLTPa in each sample was measured by Coomassie

brilliant blue G250 (Bradford). The lipids PE (1535744), DOPC

(850375), DPPC (850355) (Avanti Polar Lipids), SM (860061) and

ergosterol (45480, Sigma-Aldrich) were used. The relative amount

of StLTPa was calculated from five technical replicates.

Cell wall preparations

P. infestans isolate 14-3-GFP were culture in liquid Rye-sugure

medium at 18 °C in the dark for 9 days. The mycelium were

harvested for protein-free cell wall isolation as described by

Wawra et al. (2016). Prior to use, the obtained polysaccharide

pellet was ground to a fine powder.

For cell wall polysaccharide pull down assays, 50 mg of

P. infestans cell wall powder was weighted into sterilized

centrifuge tubes and 600 lL of water was added. The poly-

saccharides were then sonicated for 30 s before the addition of

300 lL of protein solution of either 20 lM GST-StLTPa or GST-

StLTPa3A, to obtain a final buffer condition of 10 mM sodium

acetate pH 5.0, containing 300 mM NaCl. The mixture was

incubated for 1 h at room temperature before centrifugation for

10 min at 12 000 g. Supernatant fractions were obtained by

removal of 600 lL clear protein solution that was precipitated

with 500 lL 40% trichloroacetic acid, overnight at 4 °C. The

supernatant samples were centrifuged for 30 min at 12 000 g

(4 °C) and the pellets were washed three times with 100%

acetone before drying. SDS-PAGE samples were obtained by

boiling the samples for 5 min at 100 °C with 100 lL of Laemmli

SDS sample buffer (8 M urea, 2 M thiourea) and 20 lL of each

sample were loaded onto SDS-PAGE gels for analysis.

Gene expression assays

Plant total RNAs were extracted by using the RNA Kit (TianGen,

Beijing, China, Cat No. DP419). cDNA was synthesized using a

Real-Time Kit for qPCR (Accurate Biology, Hunan, China, Cat No.

AG11705). Stactin (XM_006350963) and Nbactin were used as

reference genes in potato and N. benthamiana, respectively, for

normalization (Chen et al., 2021b).

Accession numbers

Accession numbers are as follows: StLTPa, PGSC0003DMP4000

54441; StLTPb, PGSC0003DMP400003396; StLTPc, PGSC000
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3DMP400021169; StLTPd, PGSC0003DMP400022245; StLTPe,

PGSC0003DMP400044290; StLTPf, PGSC0003DMP400044288;

StLTPg, PGSC0003DMP400022731; StLTP2, PGSC0003DMP4000

10171; AtLTP1, At2g38540; AtLTP2, At2g38530; AtLTP2.1,

At1g43665; NbLTPa, Niben101Scf12307g01004; NbLTPb,

Niben101Scf07809g00010; NbLTPc, Niben101Scf02655g01005;

NbLTPd, Niben101Scf02335g03005; NbLTPe, Niben101Scf04600

g00005; NbLTPf, Niben101Scf02655g01009; SlLTPa, Solyc10g0

75050; SlLTPb, Solyc09g018010; SlLTPc, Solyc10g075110;

SlLTPd, Solyc10g075107; CaLTPI, Ca10g08490; CaLTPII, Ca10

g12060; CaLTPIII, Ca06g12690; NtLTP1, BAK 19105; OsLTP1.4,

Os05g40010; OsLTP1.5, Os06g06340; OsLTP2.1, Os01g49640;

OsLTP2.2, Os01g49650.
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of potato.

Table S2 Sequence of the primers used in this study

ª 2024 The Authors. Plant Biotechnology Journal published by Society for Experimental Biology and The Association of Applied Biologists and John Wiley & Sons Ltd., 1–13

StLTPa enhances broad-spectrum disease resistance 13

 14677652, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/pbi.14310 by W

ageningen U
niversity A

nd R
esearch Facilitair B

edrijf, W
iley O

nline L
ibrary on [23/03/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense


	 Summary
	 Identification of secreted �defence-related� StLTPs proteins from Nicotiana benthamiana and potato
	 StLTPa promotes potato resistance to P. infestans
	 StLTPa overexpressing potato plants show �broad-spectrum� disease resistance to multiple pathogens
	 Recombinant StLTPa protein exhibits �broad-spectrum� antimicrobial activity
	pbi14310-fig-0001
	pbi14310-fig-0002
	 StLTPa binds to various lipids and is able to enhance the permeability of the PM of the cells of pathogens
	 Plasmid construction
	 �Agro-infiltration� and�VIGS
	 Potato transformation
	pbi14310-fig-0003
	 Pathogen strains and growth conditions
	 Plant growth conditions and pathogen inoculation assays
	 Antimicrobial activity assays
	pbi14310-fig-0004
	pbi14310-fig-0005
	 Confocal microscopy imaging�assay
	 Apoplastic fluid isolation and LC-MS/�MS analysis
	 PIP strip�assay
	 Proteins molecule retention�assay
	 Cell wall preparations
	 Gene expression assays
	 Accession numbers
	 Data availability statement

	 References
	pbi14310-bib-0001
	pbi14310-bib-0002
	pbi14310-bib-0003
	pbi14310-bib-0004
	pbi14310-bib-0005
	pbi14310-bib-0006
	pbi14310-bib-0007
	pbi14310-bib-0008
	pbi14310-bib-0009
	pbi14310-bib-0010
	pbi14310-bib-0011
	pbi14310-bib-0012
	pbi14310-bib-0013
	pbi14310-bib-0014
	pbi14310-bib-0015
	pbi14310-bib-0016
	pbi14310-bib-0017
	pbi14310-bib-0018
	pbi14310-bib-0019
	pbi14310-bib-0020
	pbi14310-bib-0021
	pbi14310-bib-0022
	pbi14310-bib-0023
	pbi14310-bib-0024
	pbi14310-bib-0025
	pbi14310-bib-0026
	pbi14310-bib-0027
	pbi14310-bib-0028
	pbi14310-bib-0029
	pbi14310-bib-0030
	pbi14310-bib-0031
	pbi14310-bib-0032
	pbi14310-bib-0033
	pbi14310-bib-0034
	pbi14310-bib-0035
	pbi14310-bib-0036
	pbi14310-bib-0037
	pbi14310-bib-0038
	pbi14310-bib-0039
	pbi14310-bib-0040
	pbi14310-bib-0041
	pbi14310-bib-0042
	pbi14310-bib-0043
	pbi14310-bib-0044
	pbi14310-bib-0045

	pbi14310-supitem

